
COGNITIVE DEFICITS IN 
SCHIZOPHRENIA AND 
OTHER NEUROPSYCHIATRIC 
DISORDERS: CONVERGENCE 
OF PRECLINICAL AND 
CLINICAL EVIDENCE
EDITED BY : Ales Stuchlik and Tomiki Sumiyoshi
PUBLISHED IN : Frontiers in Behavioral Neuroscience 

http://journal.frontiersin.org/researchtopic/1370/cognitive-deficits-in-schizophrenia-and-other-neuropsychiatric-disorders-convergence-of-preclinical
http://journal.frontiersin.org/researchtopic/1370/cognitive-deficits-in-schizophrenia-and-other-neuropsychiatric-disorders-convergence-of-preclinical
http://journal.frontiersin.org/researchtopic/1370/cognitive-deficits-in-schizophrenia-and-other-neuropsychiatric-disorders-convergence-of-preclinical
http://journal.frontiersin.org/researchtopic/1370/cognitive-deficits-in-schizophrenia-and-other-neuropsychiatric-disorders-convergence-of-preclinical
http://journal.frontiersin.org/researchtopic/1370/cognitive-deficits-in-schizophrenia-and-other-neuropsychiatric-disorders-convergence-of-preclinical
http://journal.frontiersin.org/researchtopic/1370/cognitive-deficits-in-schizophrenia-and-other-neuropsychiatric-disorders-convergence-of-preclinical
http://journal.frontiersin.org/journal/behavioral-neuroscience
http://journal.frontiersin.org/researchtopic/1370/cognitive-deficits-in-schizophrenia-and-other-neuropsychiatric-disorders-convergence-of-preclinical


1 October 2015 | Cognitive Deficits in SchizophreniaFrontiers in Behavioral Neuroscience 

Frontiers Copyright Statement

© Copyright 2007-2015 Frontiers 
Media SA. All rights reserved.

All content included on this site,  
such as text, graphics, logos, button 

icons, images, video/audio clips, 
downloads, data compilations and 

software, is the property of or is 
licensed to Frontiers Media SA 

(“Frontiers”) or its licensees and/or 
subcontractors. The copyright in the 

text of individual articles is the property 
of their respective authors, subject to 

a license granted to Frontiers.

The compilation of articles constituting 
this e-book, wherever published,  

as well as the compilation of all other 
content on this site, is the exclusive 

property of Frontiers. For the 
conditions for downloading and 

copying of e-books from Frontiers’ 
website, please see the Terms for 

Website Use. If purchasing Frontiers 
e-books from other websites  

or sources, the conditions of the 
website concerned apply.

Images and graphics not forming part 
of user-contributed materials may  

not be downloaded or copied  
without permission.

Individual articles may be downloaded 
and reproduced in accordance  

with the principles of the CC-BY 
licence subject to any copyright or 

other notices. They may not be 
re-sold as an e-book.

As author or other contributor you 
grant a CC-BY licence to others to 

reproduce your articles, including any 
graphics and third-party materials 

supplied by you, in accordance with 
the Conditions for Website Use and 

subject to any copyright notices which 
you include in connection with your 

articles and materials.

All copyright, and all rights therein,  
are protected by national and 

international copyright laws.

The above represents a summary 
only. For the full conditions see the 

Conditions for Authors and the 
Conditions for Website Use.

ISSN 1664-8714 
ISBN 978-2-88919-679-1  

DOI 10.3389/978-2-88919-679-1 

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering 
approach to the world of academia, radically improving the way scholarly research 
is managed. The grand vision of Frontiers is a world where all people have an equal 
opportunity to seek, share and generate knowledge. Frontiers provides immediate and 
permanent online open access to all its publications, but this alone is not enough to 
realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online 
journals, promising a paradigm shift from the current review, selection and dissemination 
processes in academic publishing. All Frontiers journals are driven by researchers for 
researchers; therefore, they constitute a service to the scholarly community. At the same 
time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing 
system, initially addressing specific communities of scholars, and gradually climbing up to 
broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative 
interactions between authors and review editors, who include some of the world’s best 
academicians. Research must be certified by peers before entering a stream of knowledge 
that may eventually reach the public - and shape society; therefore, Frontiers only applies 
the most rigorous and unbiased reviews. 
Frontiers revolutionizes research publishing by freely delivering the most outstanding 
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting scholarly 
publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: 
they are collections of at least ten articles, all centered on a particular subject. With their 
unique mix of varied contributions from Original Research to Review Articles, Frontiers 
Research Topics unify the most influential researchers, the latest key findings and historical 
advances in a hot research area! Find out more on how to host your own Frontiers 
Research Topic or contribute to one as an author by contacting the Frontiers Editorial 
Office: researchtopics@frontiersin.org

http://journal.frontiersin.org/researchtopic/1370/cognitive-deficits-in-schizophrenia-and-other-neuropsychiatric-disorders-convergence-of-preclinical
http://journal.frontiersin.org/journal/behavioral-neuroscience
http://www.frontiersin.org/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:researchtopics@frontiersin.org


2 October 2015 | Cognitive Deficits in SchizophreniaFrontiers in Behavioral Neuroscience 

Neuropsychiatric diseases, such as schizophrenia, Alzheimer’s disease, and etc.,  represent a serious 
medical and socioeconomic problems. These diseases are often accompanied by impairments of 
cognitive function, e.g., abstract thinking, decision-making, attention, and several types of mem-
ory. Such deficits significantly disrupt quality of life and daily functioning of  patients. Cognitive 
deficits in neuropsychiatric diseases are associated with alterations of brain morphology and 
function, and are often resistant to therapeutic interventions. In schizophrenia and related dis-
orders, cognitive deficits are also defined as endophenotypes, i.e. measurable phenotypes linking 

COGNITIVE DEFICITS IN SCHIZOPHRENIA 
AND OTHER NEUROPSYCHIATRIC DISORDERS: 
CONVERGENCE OF PRECLINICAL  
AND CLINICAL EVIDENCE

A photograph of a Nogo-A-deficient transgenic rat (see Enkel et al., 2014, Petrasek et al., 2014, both 
within the Topic) developed in cooperation between Central Institute of Mental Health, Mannheim and 
University of Heidelberg, Germany and ETH Zurich, Switzerland
Photo: Anna Zemanová.

Topic Editors:  
Ales Stuchlik, Czech Academy of Sciences, National Institute of Mental Health and Charles 
University, Czech Republic
Tomiki Sumiyoshi, National Center Hospital, National Center of Neurology and Psychiatry, 
Japan

http://journal.frontiersin.org/researchtopic/1370/cognitive-deficits-in-schizophrenia-and-other-neuropsychiatric-disorders-convergence-of-preclinical
http://journal.frontiersin.org/journal/behavioral-neuroscience


3 October 2015 | Cognitive Deficits in SchizophreniaFrontiers in Behavioral Neuroscience 

these disaeses with discrete heritable and reproducible traits.  This points to the importance of 
elucidating these endophenotypes in translational studies. Animal models may not mimic the 
full spectrum of clinical symptoms, but may act as analogies of particular behaviors or other 
pathological outcomes. They are useful to search for the etiology of particular psychiatric illnesses 
and novel therapeutics.  Moreover, several behavioral tests to measure cognitive performance 
in rodents and other species have been implemented. The primary focus of the present topic 
is to provide up-to-date information on cognitive deficits of neuropsychiatric disorders, such 
as schizophrenia. This Research Topic also delineates future directions for translational studies 
aimed at developing novel treatments/interventions of cognitive disturbances.
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Neuropsychiatric disorders, such as schizophrenia, mood disor-
ders, and dementias, produce huge medicinal and socioeconomic
burdens for patients and society, posing significant challenges to
clinical and preclinical researchers. For example, animal mod-
els of neuropsychiatric disorders allow more advanced phar-
macological, biochemical, immune-histochemical, electrophysi-
ological, and other techniques to be applied compared to cases
with human subjects. Therefore, preclinical investigations are
expected to provide valuable information for the development of
novel therapeutic options that may benefit patients with specific
disorders.

Disturbances of cognitive function, e.g., several types of mem-
ory, executive function, attention/information processing, and
fluency, are core symptoms of schizophrenia, Alzheimer’s dis-
ease (AD), obsessive-compulsive disorder (OCD), epilepsy, etc. In
fact, impaired cognition has been shown to negatively affect daily
function, sociability, and long-term outcome of patients.

The aim of this e-book is to provide cutting-edge knowledge
and reviews of cognitive deficits of neuropsychiatric diseases, in
relation to brain function, from a variety of standpoints.

Three intriguing papers (Zawadzki et al., 2013; Fajnerová et al.,
2014; Ledoux et al., 2014) report preclinical and clinical evidence
for brain correlates of cognitive deficits in schizophrenia. An inter-
esting hypothesis was presented by Nekovarova et al. (2014a) who
proposed a translation of findings from animal studies into clinical
symptoms of schizophrenia. Specifically, Higuchi et al. described
electrophysiological and neuropsychological evidence for cogni-
tive disruptions in subjects at-risk for schizophrenia (Sumiyoshi
et al., 2013b; Higuchi et al., 2014). Furthermore, Sumiyoshi et al.
(2013a) have provided a theory of a neural basis for atypical
antipsychotic drugs to improve cognition in schizophrenia.

Several lines of preclinical evidence on cognitive disturbances
are presented. Takashi et al. (2014) found the ability of tan-
dospirone, a 5-HT1A partial agonist, to alleviate aberrant lactate
production. Their observations point to a potentially novel thera-
peutic target for treating schizophrenia-related cognitive deficits.
Pei et al. (2014) report divergent phenotypes of neuregulin-1-
mutant mice, an animal model of schizophrenia, and the effect
of valproate, a mood stabilizer, to improve cognition. Kubík et al.
(2014) employed a pharmacological animal model of acute psy-
chosis using the NMDA receptor antagonist MK-801. They found

a selective deficit in the co-ordination of multiple informational
streams and contextual specificity of neuronal activity, measured
by the expression of immediate-early genes.

A totally different serotonergic model of schizophrenia is pre-
sented by Rambousek et al. (2014). The study shows effects of
psilocin, an active serotonergic hallucinogen of Psylocibe mush-
rooms, on the acquisition, retrieval, and consolidation of memory
in two spatial navigation tasks. Another three studies (Kristofikova
et al., 2013; Enkel et al., 2014; Petrasek et al., 2014) examined a very
promising model of schizophrenia based on transgenic rats with
reduced activity of Nogo-A (a protein inhibiting axonal growth).
These rats exert neurodevelopmental abnormalities, and disrup-
tions were found in their brain biochemistry, motivation, higher
cognitive functions, and circadian rhythms.

Another part was dedicated to AD. Wesierska et al. (2013) show
that memantine, a compound used to treat the early stages of
AD, improves working memory in a spatial memory task; inter-
estingly only after acute application. The next three papers are
clinical, Vlček and Laczó (2014) review neural correlates and spa-
tial orientation changes in mild cognitive impairment and AD.
Urbanova et al. (2014) demonstrate an intriguing potential of
neurosonology as a non-invasive approach for detecting cere-
brovascular disruptions associated with AD, and Marciniak et al.
(2014) review beneficial changes in meditation on the cognitive
functions associated with aging and neurodegeneration.

Another section is dedicated to depression, which is also
accompanied by subtle cognitive deficits, although more pro-
nounced disruptions are seen in the mood and motivation. A
theory paper by Nekovarova et al. (2014b) discusses the relation
between depression and pain and raises an interesting question,
whether antidepressants may also act as analgesics. Holubova
et al. (2014) report an antidepressant effect of pregnanolone glu-
tamate, a newly patented steroid derivative previously shown to
exert neuroprotective activity and acting mainly via use-dependent
inhibition of NMDA receptors. The final part of the book deals
with OCD, epilepsy, and three cognition- and neuropsychiatric
disorder-related reviews. A report by Hatalova et al. (2014) uses
an animal model of OCD based on sensitization by quinpirole, a
D2-like receptor agonist, and suggests evidence for disrupted cog-
nitive flexibility tested in spatial memory, cognitive co-ordination,
and flexibility tasks. Evidence of cognitive flexibility in OCD in
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clinical studies yielded mixed results; however, this task (called
active place avoidance with reversal on an apparatus called a
Carousel) contains a time limitation (animals have to respond
within 1 min). Alterations in cognitive flexibility in this model are
seen even in an undrugged state in sensitized animals, strongly
corroborating the face validity of this particular model of OCD,
especially for cognition studies. A relatively novel phenomenon
is Internet addiction, which is the topic of another article by
Zhou et al. (2013), who examine error-related negativity poten-
tials in Internet-addicted subjects. Two preclinical papers from
the field of epileptology (both by Mikulecká et al., 2014a,b) report
delayed negative consequences of the postnatal administration of
clonazepam on cognitive and social behaviors. This has great sig-
nificance, since in some countries, clonazepam is used for treating
pediatric epileptic patients. These papers suggest that great cau-
tion should be used in these prescriptions. Finally, three reviews
provide an update for cognition, behavior, and neuropsychiatric
disorders; Stuchlik (2014) discusses memory in dynamic environ-
ments and its relation to synaptic plasticity. Takeuchi et al. (2014)
examined, for the first time, the effect of sleep on the organi-
zation of memory processes. Finally, Karatsoreos (2014) reviews
relationships between circadian rhythms and neuropsychiatric
disorders.

The Book provides an up-to-date review on the integration
of preclinical and clinical approaches to cognitive deficits in neu-
ropsychiatric disorders. Our edition is expected to give greater
insight into treatment options with higher benefit/risk ratios.
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Objectives: Cognitive deficit is considered to be a characteristic feature of schizophrenia
disorder. A similar cognitive dysfunction was demonstrated in animal models of
schizophrenia. However, the poor comparability of methods used to assess cognition in
animals and humans could be responsible for low predictive validity of current animal
models. In order to assess spatial abilities in schizophrenia and compare our results with
the data obtained in animal models, we designed a virtual analog of the Morris water maze
(MWM), the virtual Four Goals Navigation (vFGN) task.

Methods: Twenty-nine patients after the first psychotic episode with schizophrenia
symptoms and a matched group of healthy volunteers performed the vFGN task. They
were required to find and remember four hidden goal positions in an enclosed virtual
arena. The task consisted of two parts. The Reference memory (RM) session with a stable
goal position was designed to test spatial learning. The Delayed-matching-to-place (DMP)
session presented a modified working memory protocol designed to test the ability to
remember a sequence of three hidden goal positions.

Results: Data obtained in the RM session show impaired spatial learning in schizophrenia
patients compared to the healthy controls in pointing and navigation accuracy. The DMP
session showed impaired spatial memory in schizophrenia during the recall of spatial
sequence and a similar deficit in spatial bias in the probe trials. The pointing accuracy
and the quadrant preference showed higher sensitivity toward the cognitive deficit than
the navigation accuracy. Direct navigation to the goal was affected by sex and age of the
tested subjects. The age affected spatial performance only in healthy controls.

Conclusions: Despite some limitations of the study, our results correspond well with
the previous studies in animal models of schizophrenia and support the decline of spatial
cognition in schizophrenia, indicating the usefulness of the vFGN task in comparative
research.

Keywords: schizophrenia, spatial navigation, learning and memory, virtual reality environment, cognitive deficit,

Morris Water Maze (MWM), psychotic disorders, spatial behavior

INTRODUCTION
The impairment of cognitive functions is considered to be a
characteristic and permanent manifestation in patients with
schizophrenia disorder (Andreasen, 1999; Elvevag and Goldberg,
2000). The MATRICS (Measurement and Treatment Research
to Improve Cognition in Schizophrenia) initiative identified
seven crucial cognitive areas typically influenced in schizophre-
nia: attention, psychomotor speed, working memory, logi-
cal thinking, problem solving, social cognition, and verbal
and visuo-spatial learning (Green et al., 2004). Although the
extent of cognitive decline in schizophrenia has considerable
inter-individual variability, it has been shown that the overall
performance in neuropsychological tests is more than 1 SD lower

in schizophrenia when compared to the healthy population (Keefe
et al., 2005). This deficit is demonstrated in 82–84% of the
patients (Reichenberg et al., 2009).

Various “paper-and-pencil” or simple computer tests are tradi-
tionally used to assess cognitive deficit in schizophrenia. However,
these methods are not comparable with the behavioral tasks used
in animal research and such limitation can be shown in a low
predictive validity of the animal models of schizophrenia (Pratt
et al., 2012). Considerable attention is therefore devoted to the
assessment of visuo-spatial abilities in schizophrenia and in ani-
mal models of this disorder, since spatial behavior and spatial
memory can be measured using similar methods in various
species. It was demonstrated that schizophrenia patients exhibit
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FIGURE 1 | Morris water maze—the hidden platform paradigm - and its human analogs. (A) Scheme of the original MWM apparatus for rats. (B)

Schematic view of the real human analog called Blue Velvet Arena (BVA). (C) Virtual analog of BVA (view of the virtual tent from the outside).

impaired performance on all levels of spatial cognition, from the
most basic level of mental rotations of letters and objects (de
Vignemont et al., 2006) to more complex spatial navigation abil-
ities (Weniger and Irle, 2008; Landgraf et al., 2010). Numerous
studies demonstrated the deficit of the visuo-spatial working
memory in schizophrenia (see review; Piskulic et al., 2007) using
various tasks. These findings motivate the development of human
analogs of animal spatial tasks for application in comparative
clinical research.

One of the most often used spatial tasks in animal research
is the Morris water maze (MWM; Morris, 1981). This goal-
directed task was originally developed for rats and requires them
to learn and remember the position of a hidden platform located
in a circular swimming pool in relation to distal visual cues
(Figure 1A). The MWM apparatus is used in several basic ver-
sions (shortly described in Morris, 2008) or protocols (for further
information see section Materials and Methods): (1) the ref-
erence memory protocol, with the hidden platform placed in a
stable position; (2) the reversal protocol, with a changing plat-
form position; (3) the delayed-matching-to-place (DMP) protocol
often referred to as the “working memory protocol” which uses
variable inter-trial intervals and 4) the probe trial with the plat-
form removed. Measurable impairment of visuo-spatial abilities
in MWM has already been demonstrated in several animal models
of schizophrenia (see review; Bubenikova-Valesova et al., 2008).
Several animal studies including the work of our group confirmed
that the rodent model of schizophrenia based on administration
of MK-801 (dizocilpine, a non-competitive NMDA glutamate
receptor antagonist) leads to decreased cognitive functioning in
rats, resulting in compromised performance in all variants (refer-
ence, reversal, and working memory protocol) of the MWM task
(Stuchlik et al., 2004; Vales et al., 2006; van der Staay et al., 2011;
Lobellova et al., 2013).

Several real space human MWM analogs have been devel-
oped to test the human spatial navigation, mostly in dry circular
arenas (Overman et al., 1996; Skolimowska et al., 2011). A real
analog of the MWM has also been developed in our labora-
tory as an apparatus named the “Blue Velvet Arena (BVA)”
(Stepankova et al., 1999; Laczo et al., 2010; see Figure 1B). The
development of virtual environments (VE) provided a significant
methodological advance, allowing the detailed recording of the

subject’s behavior, along with easy handling and presentation of
stimuli. Several virtual reality versions of the MWM have been
designed using the reference memory protocol with a stable goal
position (Bohbot et al., 1998; Jacobs et al., 1998; Moffat and
Resnick, 2002; Astur et al., 2004; Mueller et al., 2008; Goodrich-
Hunsaker et al., 2009) or working memory paradigm (Rodriguez,
2010). However, only the reference memory protocol has been
applied to schizophrenia patients (Hanlon et al., 2006; Folley
et al., 2010).

Thus, our aim was to extend the current comparative research
by attempting to incorporate several MWM variants into a small
test battery named the “virtual Four Goals Navigation” (vFGN)
task. The vFGN task is completed in a virtual analog of the real
BVA apparatus designed previously by our group (Stepankova
et al., 1999; depicted in the Figure 1C). The presented study
describes the newly-developed vFGN task and presents first
data obtained in a group of patients after the first episode of
schizophrenia psychosis in comparison to a group of healthy
volunteers, in order to express its sensitivity toward the present
cognitive deficit. To minimize possible effects of sex, age and edu-
cation level, both groups were carefully matched according to
these variables. In order to assess the usefulness of the vFGN task
in preclinical studies, we compare the data obtained in the vFGN
task with the previously published animal studies.

On the basis of animal and human literature, we hypothesized
that the schizophrenia patients would perform worse compared
to the healthy controls in the vFGN task in terms of: (1) impaired
spatial learning during the Reference memory (RM) session; and
(2) decreased working memory performance in the Delayed-
matching-to-place (DMP) session. Since several studies described
sex differences in spatial abilities of rodents (see meta-analysis
by Jonasson, 2005) and humans (e.g., Astur et al., 1998, 2004),
we hypothesized to find similar differences in our subjects as
well. In addition, the effect of age variable was analyzed in order
to understand how the age affects performance in the vFGN
task and if this effect is the same in both groups. Moreover,
the effect of several clinical parameters, such as the duration
of untreated psychosis (DUP), general functioning (GAF score),
clinical symptoms (PANSS scores) and antipsychotic medication
[dose calculated in chlorpromazine (CPZ) equivalents], was eval-
uated in the group of patients.
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MATERIALS AND METHODS
EXPERIMENTAL SUBJECTS
Twenty-nine patients (17 males and 12 females) after the first
psychotic episode with schizophrenia symptoms were recruited
for the study. All patients have been diagnosed with schizophre-
nia or related psychotic disorders according to ICD-10 cri-
teria (Paranoid Schizophrenia F20.0: n = 3; Undifferentiated
Schizophrenia F20.3: n = 1; Simplex Schizophrenia F20.6: n =
1; Acute psychotic disorder: F23.0: n = 4; F23.1: n = 18; F23.2:
n = 2). They were recruited in the early remission phase dur-
ing their first psychiatric hospitalization (therefore considered to
be first-episode psychotic patients with schizophrenia symptoms,
FEP) with a variable duration of untreated psychosis (DUP, 6.4
± 13 months). DUP defined as the duration of untreated but
clearly presented psychotic symptoms, was obtained from the

detailed interview with the patients and family members. All of
the patients were tested prior to the end of their hospitalization.
In order to cover the whole spectrum of the first episodes of
schizophrenia, both early and late onset patients were recruited
for the study (in the age between 18 and 35 years).

The patients were individually matched to healthy volunteers
(n = 29; see Table 1) in terms of sex, age (within 2 years dif-
ference), education level and gaming experiences (both within 1
level of difference). Healthy subjects were recruited from the same
socio-demographic background via a local advertisement. To pro-
vide sufficient homogeneity of the examined group, most of the
recruited participants were regular users of computer devices with
none or mild gaming experience. The inclusion criteria for both
groups were: (1) no history of neurological disease or loss of con-
sciousness longer than 10 min; and (2) native in Czech/Slovak

Table 1 | Patients with schizophrenia were individually matched with healthy controls for sex, age (within 2 years), education level and

gaming experience (both within one level of difference).

Group mean (SD) Group differences

Demographic variable Schizophrenia patients (SZ) Healthy Controls (HC) Mann-Whitney U p-value

N 29 29

Sex (M: F) 17: 12 17: 12

Age 25.8 ± 6.2 25.7 ± 5.4 419.5 0.994

Education level (1–6) 3.1 ± 1.6 3.7 ± 1.2 323 0.131

Gaming experience (0–2) 1.1 ± 0.7 0.6 ± 0.5 258 0.012

Clinical assessment SZ HC

PANSS score 56 ± 16 –

PANSS-positive 13.6 ± 6 –

PANSS-negative 15 ± 6 –

PANS-general 27 ± 7.7 –

GAF 64 ± 20.5 –

Duration of illness 12 ± 20.8 –

DUP 6.4 ± 13 –

Hospitalization duration 30 ± 12 –

Medication (CPZ equivalents) 426 ± 145 –

Neurocognitive assessment Raw test scores—Mean (SD)

SZ HC Mann-Whitney U p-value

TMT—A 38 ± 12.1 26.5 ± 8 131.5 0.0001

TMT—B 98 ± 44 50 ± 11.5 82 0.0001

RCFT—copy 31.6 ± 5 35.7 ± 0.9 98.5 0.0001

RCFT—3 min recall 17.2 ± 8 26.2 ± 5.5 108.510 0.0001

RCFT—30 min recall 17.7 ± 7 26 ± 4.9 4.5 0.0001

Digit Span (WAIS-III)—forward 9.3 ± 3.7 10 ± 2.3 254.5 0.09

Digit Span (WAIS-III)—backward 5.3 ± 2.1 7.4 ± 2.1 137.5 0.0001

Spatial Span (WMS-III)—forward 8.5 ± 1.8 9 ± 1.4 281.5 0.42

Spatial Span (WMS-III)—backward 7.5 ± 2.5 9 ± 1.4 218.5 0.046

SZ, first episodes schizophrenia patients; HC, healthy controls; Education level: 1 = less than high school, 2 = started high school, 3 = completed high school, 4 =
started university, 5 = completed university, 6 = started postgraduate studies; Gaming experience: 0 = none, 1 = mild, 2 = good; PANSS, Positive and Negative

Symptoms Scale; GAF, Global of Assessment of Functioning; DUP, duration of untreated psychosis; TMT, Trial Making Test; RCFT, Rey-Osterrieth Complex Figure.

WMS-III, Wechsler Memory Scale III edition; WAIS-III, Wechsler adult intelligence scale III edition.
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FIGURE 2 | Virtual version of the BVA apparatus from the inside—one

trial procedure. (A–D) demonstrate individual phases of one trial using the
first-person previews from the vFGN task. The short instructions used as a
reminder for the participants were translated to English. (A) The starting
position is presented as a red sphere. (B) Two visible orientation cues (from a
set of three cues with various shapes and colors) and yellow cross in the
middle of the screen used to point toward the hidden goal direction. (C) Goal
position visualized after 60 s trial time limit. (D) Movement blocked after the

entrance to the goal position enabling only rotational movement in 10 s
memorizing. (E) Illustration of the two parameters measured in all trials
(except the probe trial). Lateral axis present the interval of values gained in
both parameters. The central pictures illustrate good and poor performance in
the vFGN task. Trajectories (line of blue points) from the both tested groups
are presented as an overview scheme of the spatial configuration in one
hidden-goal trial. The red arrow illustrates the pointing error parameter. The
trajectory length is transformed to the path efficiency parameter.

language. The main exclusion criterion for the control subjects
was personal history of any psychiatric disorder. All tested sub-
jects signed a written informed consent approved by the Ethics
Committee.

APPARATUS AND SOFTWARE
The virtual scene was displayed on a 24′′ LCD monitor using
the Unreal Tournament game engine (UT2004; Epic Games,
2004). A Java software toolkit called “SpaNav” (Šupalová, 2009)
was programmed to configure an experimental setup and to
record detailed experimental data for further analysis. A three-
dimensional circular arena was designed as a virtual model of
the BVA apparatus, an arena enclosed by a white curtain wall
and with floor covered with a gray carpet (Stepankova et al.,
2003), with the utmost realism. Because the virtual environment
enabled us to enlarge the size of the virtual arena, an arena 20
times larger than the original BVA apparatus (2.8 m in diame-
ter) was used. Three orientation cues were located in the arena
near the circular wall. These objects were fully colored and had
various rotational shapes. The goal location had a circular shape
with a red border and occupied about 10% of the arena diame-
ter (see Figure 2C). The tested subject moved through the virtual
maze in a first person view. In order to facilitate movement in
VE for participants without gaming experience, only one stick
of the gamepad device (Logitech F310) was used, enabling only
forward/backward movement and left/right rotation.

CLINICAL AND NEUROPSYCHOLOGICAL ASSESSMENT
All of the patients completed a psychiatric interview prior to
the experiment in order to obtain information about their cur-
rent symptoms using the Positive and Negative Symptoms Scale
(PANSS; Kay et al., 1987) and the GAF (Global Assessment of
Functioning) scale (Jones et al., 1995). Only stabilized patients

who mainly scored 3 points or lower in their individual scores
were recruited for the experiment. All of the patients were treated
by second generation antipsychotics (olanzapin, risperidon, and
amisulpirid). The dose of antipsychotic medication was CPZ
equivalents (according to Woods, 2003; Andreasen et al., 2010).
For details on the clinical parameters see Table 1.

Overall cognitive performance was measured in both patients
and healthy controls with several neuropsychological tests com-
patible with the MATRICS battery to assess psychomotor speed,
mental flexibility, learning, and memory (see Table 1): Trial
Making Test (A and B; Reitan and Wolfson, 1993 modified by
Preiss, 1997); Rey-Osterrieth Complex Figure (Meyers and Meyers,
1995); Digit span of the WAIS-III (Wechsler, 1997a); Spatial span
(computer version adapted from the Corsi block test in the PEBL
battery (PEBL, 2012) and modified according to Spatial span of
the WMS-III (Wechsler, 1997b).

PRE-TRAINING OF MOTOR CONTROL
Prior to the task, all of the participants underwent a short (5 min
long) pre-training of movement control using the gamepad appa-
ratus (see time schedule in Figure 3). Afterwards, the participants
performed a simple task in a complex virtual labyrinth maze with
instructions to “follow the route highlighted by six objects (stars)
on each crossroad and get to the end of the route as fast as pos-
sible.” After completing the pre-training, all of the tested subjects
performed the vFGN task.

THE VIRTUAL FOUR GOALS NAVIGATION (vFGN) TASK
In each trial of the vFGN task the subjects were required to find
a hidden circular goal placed on the arena floor using the direct
trajectory to the goal. Each trial started by moving toward a
pseudorandom starting position displayed as a red sphere near
the arena wall (see Figure 2A). Then, three orientation cues were
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FIGURE 3 | The virtual Four Goals Navigation (vFGN) task. (A) upper panel
presents the time schedule of the experiment. Spatial configurations with the
goal positions used in individual sessions are presented on the left and the
procedure of individual parts of the task on the right. (B) REFERENCE MEMORY
session with a stable goal position over 11 trials. T1, 1st search trial; Block
1-Block 4, pairs of standard trials with repeated search for hidden goal; T6, probe

trial with inactivated goal position; T11, control trial testing navigation toward a
visible goal. (C) DELAYED-MATCHING-TO-PLACE session with goal in three
possible positions ordered in a spatial sequence (A,B,C). ACQUISITION phase,
each goal position is repeated in 3 consecutive trials (9 trials in total); RECALL
phase, two rounds of the spatial sequence ABC (6 trials in total); PROBE phase,
one spatial sequence ABC with inactivated goal positions (3 trials).

visualized in the arena. At this moment, the subject’s movement
was blocked at the starting position and only rotational move-
ments were enabled. Apart from the first trial when the goal
position was unknown, the subject was instructed to point toward
the hidden goal position using the yellow cross in the middle of
the screen (see Figure 2B) and then press the green button on the
gamepad (in all standard, probe, and control trials) to activate
his or her movement. Thereafter, the 60 s time limit for locating
the hidden goal began. After entering the correct area, the goal
became visible and a short beeping sound was played. If the goal
was not found within the 60 s time limit, it became visible (see
Figure 2C) and a short warning beep was played. The subject was
then instructed to enter the visible goal position. Upon entering
the goal area, the movement was blocked in the middle of the goal
position and the participant had 10 s to remember the goal posi-
tion for consecutive trials using only rotational movements (see
Figure 2D). This “learning time” represented the analogy of an
animal standing on a platform for several seconds after each trial.

The vFGN task consisted of two parts: the RM and the DMP
sessions; both administered successively in 1 day protocol (Time
schedule in Figure 3).

Part I—Reference memory (RM) session
In the session completed at the beginning of the vFGN task, was
designed according to the original reference memory protocol

(Morris, 1981, 1984; Morris et al., 1982). Similar to other human
MWM analogs (Jacobs et al., 1998; Astur et al., 2002) the task was
shortened into 1 day protocol to test spatial learning and memory
by monitoring the performance improvement in 11 consecutive
trials (see Figure 3B). In the “first search” trial (T1) the partic-
ipants were instructed to find the hidden goal location on the
arena floor by free exploration of the arena and to remember it for
the following trials using the three orientation cues. In the follow-
ing standard trials T2-T5 and T7-T10, displayed as four blocks of
2 trials in Figures 3, 4, the subjects were required to look for the
hidden goal repeatedly while starting from pseudo-randomized
starting positions. One probe trial (T6) was inserted in the middle
of the RM session in order to test the effect of extinction pro-
cess as a sort of interference in the course of learning (inspired by
the human learning tasks). This probe trial was aimed at memory
precision and confidence (by evaluating the time spent in the goal
proximity) while the goal was inactivated. The final CONTROL
trial (T11) used the navigation toward the visible goal and served
as a test of secondary effects generated by impairment of vision
and motor abilities.

Part II—Delayed-matching-to-place (DMP) session
In order to prevent any transfer from the RM session, the color
and the shape of the orientation cues were changed for the fol-
lowing DMP session. The DMP session was designed as a working
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FIGURE 4 | Reference Memory (RM) session group performance. (A) The
pointing error (mean ± s.e.m) and (B) the path efficiency (mean ± s.e.m)
measured in individual trials and/or blocks of trials. The probe trial T6 is not

depicted in the path efficiency parameter, the control trial T11 is marked by
letter V (as displayed). HC—Healthy controls; SZ—first-episode schizophrenia
patients.

memory protocol constructed by combining two different ani-
mal protocols for assessment of working memory adapted for
humans. The DMP session consists of three consecutive phases
(graphically depicted on Figure 3C):

(1) The ACQUISITION phase involved 9 trials with the goal
placed successively in three various positions (A, B, or C) in
relation to three distal orientation cues. The goal was moved
after each 3 trials (see Figure 3B). It was based on a modi-
fied reversal protocol of the MWM, in which the goal position
is changed over the days used to test mental flexibility (Lipp
et al., 1998; Vorhees and Williams, 2006; Garthe et al., 2009;
Lobellova et al., 2013) and/or working memory (Morris et al.,
1986). Unlike in rats, the change in goal position was sepa-
rated not by days of testing but by an announcement to the
subjects, in order to test their memory for spatial sequence
(ABC) in the subsequent phases.

(2) The RECALL phase together with the Acquisition phase rep-
resents a modified version of the DMP paradigm (for review
see Dudchenko, 2004; also in Morris et al., 1986; Steele and
Morris, 1999; O’Carroll et al., 2006) designed for assessment
of the working memory functions in rodents using delayed
recall. Our task was designed to test spatial memory processes
by evaluating the performance decline measured between
the Acquisition and the Recall phase. To increase the diffi-
culty and adapt the task for human participants, the task
combined the DMP protocol applied in rats with the spa-
tial sequence encoding in the Corsi Block Test (developed by
Corsi in 1972) used in many variants to test spatial working
memory in humans (Fischer, 2001). This modified protocol
required them to retrieve the correct sequence of three goal
positions (ABC) previously learned in the Acquisition trials
and identify them successively (according to instructions) in
two consecutive rounds (see Figure 3B).

(3) The PROBE phase, involving 3 trials with inactivated goal
position, was conducted directly after the Recall phase as
a final third round of the spatial sequenced recall (see
Figure 3B). The probe trials, with a removed hidden platform
adopted from the animal studies, provide an important

demonstration of memory processes in terms of spatial bias
(Morris et al., 1982, 1990; Sutherland et al., 1983; Whishaw,
1991). In rats probe trials are usually conducted in the
reference memory protocols, but sometimes after reversal
condition as well (Lobellova et al., 2013).

MEASURED PARAMETERS AND DATA ANALYSIS
Latency to find the goal and distance traveled to reach it are
usually measured in standard trials in animals (for review see
D’Hooge and De Deyn, 2001) and in human studies (Hanlon
et al., 2006; Moffat, 2009; Folley et al., 2010). In our study the
latency parameter was not evaluated, since the decision about
the correct goal position was already done while pointing to it.
Therefore, we address the spatial performance in all trials except
probes using the pointing accuracy later referred to as the pointing
error. This parameter was recorded at the moment when the sub-
ject stands on the starting position and points toward the hidden
goal by pressing one of the gamepad keys. It was calculated as the
absolute angular difference between the pointed and linear direc-
tion toward the goal position and its value decreases with growing
precision in pointing performance (see Figure 2E). The distance
parameter expresses the navigation accuracy and it is referred to as
path efficiency (abbr. path eff) with the range of 0–1. It was cal-
culated as a ratio between the minimal possible path length (the
actual distance between the start and the goal position) and the
real distance traveled by the subject, using the following formula:
path eff = pathmin/pathreal (see Figure 2E). Contrary to the stan-
dard distance parameter its value increases with the precision of
navigation and enables us a direct comparison between individual
trials by considering the possible minimal distance. In addition,
we measured two common parameters in all of the probe trials:
goal quadrant preference calculated as a proportion of the overall
trial time spent in the goal quadrant (arena quadrant containing
the hidden goal in its center); and number of entrances calculated
as number of crossings through the inactivated goal position.

To analyze the data recorded in SpaNav, a custom-made PHP
program called drf2track was used to produce primary data
tables and trajectory pictures. Further statistical analysis was per-
formed using the Statistica software (Statistica v.9, StatSoft, Czech
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Republic). The group differences in the demographic variables
(age, education level and gaming experience) are calculated using
non-parametric Mann-Whitney U Test. Identical method was
used to analyze the raw scores obtained in neuropsychological
tests. The group and sex differences in individual parts of the
vFGN task were calculated using the GLM repeated measure anal-
ysis of variance with two categorical predictors (group × sex).
Significant interactions were analyzed using a Newman-Keuls
post-hoc test. A correlation analysis was performed separately for
both groups between the age variable and the spatial performance
of individual subjects averaged for individual parts of the vFGN
task. The t-test for independent groups was used to compare the
groups in a single visible goal trial and in a single probe trial in
the RM session. The t-test for single means against a reference
constant was used in order to show that the quadrant preference
measured in probe trials is different from the chance level (0.25).
The effect of clinical characteristics (age of illness onset, DUP,
PANSS, and GAF scores and antipsychotic medication calculated
in CPZ equivalents) on averaged performance in the vFGN task
was calculated using forward stepwise multiple linear regression
analysis (with F to enter set to 1.00 and F to remove to 0). The
overall level of significance was set to 0.05.

RESULTS
The groups did not differ significantly in any of the demographic
parameters, except the gaming experience, where patients showed
to be more experienced than the healthy controls (see Table 1).
As expected, group of patients showed significantly lower cog-
nitive performance on all neuropsychological tests, except the
forward Digital and Spatial Span task performance (see Table 1).
The modification from 3D to 2D version of the Spatial Span could
cause lower sensitivity of the test in comparison to other standard
methods. Group differences measured in individual parts of the
vFGN task are graphically depicted as performance curves for all
of the evaluated parameters (see Figures 4–8).

GROUP DIFFERENCES IN THE vFGN TASK
RM session
To analyze the group differences in the RM session a GLM analysis
was performed with the group as one of the main factors (group
× sex) and block (pairs of standard trials, see Figure 3A) as a
repeated measure factor. This analysis showed impaired learning

performance of the schizophrenia group in both measured
parameters (see Figure 4). While a robust effect of the group fac-
tor was identified in the pointing error parameter [F(1,54) = 9.5;
p < 0.01], a significant interaction (block × group) was found
in path efficiency parameter [F(3,162) = 6.2; p < 0.001]. A post-
hoc test on this interaction revealed that the groups differed in
path eff (on level p < 0.01) in the second block of trials (T4 and
T5). Interestingly, the navigation performance in healthy controls
improved significantly in the beginning of training between the
first two blocks of trials (p < 0.001), while in the group of patients
similar improvement occurred later on after the completion of
probe trial in the middle of the training (only blocks completed
before the probe trial showed lower performance than blocks
completed after the probe trial; p < 0.05). Block as repetition
factor was significant in both tested parameters (p < 0.001).

To compare the first search trial (T1) of the RM session with
the remaining standard trials, another GLM analysis was per-
formed on individual trials. The interaction identified between
the group and repetition trials was tested by the post-hoc test
and revealed that T1 differed significantly from all of the follow-
ing standard trials in the RM session (p < 0.05) in both of the
measured parameters. This demonstrates fast learning of the goal
position after one learning episode.

One probe trial (T6) was inserted in the middle of the RM ses-
sion (see Figure 5) to assess spatial memory by evaluating the goal
quadrant preference. While the control subjects spent 75 ± 11%
of the trial time in the correct arena quadrant, the mean value
in the patients was only 57 ± 23%. The goal quadrant prefer-
ence of both groups differed from the chance level (25%). The
t-test revealed a main group effect in the goal quadrant prefer-
ence [t(56) = 3.9, p < 0.001] but not in the number of entrances
to the inactivated goal [t(56) = 1.4, p = 0.16].

The visible goal trial (T11, marked as V in Figure 4) used as
a control of visuo-motor functioning at the end of the RM ses-
sion showed minimal interpersonal variability. No group effect
was revealed by the t-test for two independent samples in either
of the parameters; in pointing error [t(56) = 0.57; p = 0.57] or in
path eff parameter [t(56) = 0.09; p = 0.93].

DMP—ACQUISITION phase
The main effect of the trial as repeated measures factor was
found in the Acquisition phase of the DMP session (p < 0.001)

FIGURE 5 | Probe trial (trial T6) performance in the middle of RM session. (A) The goal quadrant preference (mean ± s.e.m) and (B) the number of entrances
(mean ± s.e.m) into the inactivated goal position. Annotation: ***p < 0.001 group difference. HC, Healthy controls; SZ, first-episode schizophrenia patients.
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tested using GLM analysis (group × sex) with repeated measures
(goal × trial) (see Figure 6). The main group effect was found in
the pointing accuracy for trials 2 and 3 [F(1, 54) = 7.8; p < 0.01].
The 1st search trials—A1, B1, C1—representing the free explo-
ration trials were excluded from the analysis as they represent
random performance. However, no group differences were iden-
tified in the path efficiency parameter, even the interaction effect
(trial × group) only approached the significance level [F(2,108) =
2.8, p = 0.068]. No other significant interactions were obtained
from the analysis.

DMP—RECALL phase
The GLM analysis with repeated measures (round × goal) was
used to analyze the performance in the two Recall rounds in
comparison to the performance observed in the last Acquisition
trials—A3, B3, and C3 (see Figure 7). The analysis performed

on both Recall rounds showed significant group differences in
both measured parameters, as a main effect in pointing error
[F(1, 54) = 20.4; p < 0.001] and in path eff [F(1, 54) = 9.9; p <

0.01]. Interestingly, while the path efficiency parameter showed
only main effect of round as repetition factor (p < 0.001), we
identified an interaction effect (group × round) in the point-
ing error [F(2, 108) = 4.4; p < 0.05]. The post-hoc test on this
interaction revealed that healthy controls showed stable per-
formance over the DMP session (individual rounds did not
differ in the group of healthy controls), but the schizophrenia
group showed significant drop of performance after the time
delay between the last trials of the Acquisition phase (trials
3) and the first Recall round (p < 0.001). No differences have
been identified between the two Recall rounds. Interestingly,
no main effects or interactions of the goal position were
identified.

FIGURE 6 | The performance of both groups in the Acquisition phase of

the DMP session. The behavior is measured after three consecutive spatial
changes, the hidden goal is placed in three possible goal positions (A, B, C),
in different relationships to the orientation cues. Trials marked as A1, B1, and
C1 required the subject to search for the hidden goal after announcement of

the positional change. The next 2 trials required repeated search for the
hidden goal. The behavior is shown in all 9 trials presented in the order
applied during the Acquisition phase using the two following parameters: (A)

The pointing error (mean ± s.e.m) and (B) the path efficiency (mean ±
s.e.m). HC, Healthy controls; SZ, first-episode schizophrenia patients.

FIGURE 7 | Pointing and Navigation accuracy in the Recall phase of

the DMP session in comparison to the performance in the 3rd trial of

the Acquisition phase. (A) The pointing error (mean ± s.e.m) and (B) the
path efficiency (mean ± s.e.m) measured in individual trials. Panels 1st
Rec and 2nd Rec show the group performance in the two rounds of the
Recall phase. Each round requires recalling the previously learned goal

positions in the correct sequence (ABC). Gray area on the left (marked as
3rd Acq) represents the performance achieved in the last (3rd) repetitions
of each goal position (A3, B3, and C3) in the Acquisition phase. It
illustrates the drop in behavioral performance due to time delay between
the last Acquisition trial and the Recall phase. HC, Healthy controls; SZ,
first-episode schizophrenia patients.
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FIGURE 8 | PROBE phase of the DMP session. (A) The goal
quadrant preference (mean ± s.e.m) and (B) the number of
entrances (mean ± s.e.m) into the inactivated goal position

presented separately for individual goal positions. Annotation:
***p < 0.01 group difference. HC, Healthy controls; SZ, first-episode
schizophrenia patients.

Table 2 | Correlation analysis between the age variable and the performances averaged for individual parts of the vFGN task, analyzed

separately for group of schizophrenia patients and healthy volunteers.

Correlation analysis Age correlations

Schizophrenia patients N = 29 Healthy Controls N = 29

Averaged performance r (X,Y ) t p r (X,Y ) t p

avgPath-RM1 −0.48 −2.83 0.009 0.10 0.50 0.62

avgPoint-RM1 0.14 0.77 0.456 −0.20 −1.04 0.31

avgPath-AcqDMP −0.38 −2.12 0.043 −0.06 −0.31 0.76

avgPoint-AcqDMP 0.33 1.82 0.079 0.10 0.55 0.59

avgPath-RecDMP −0.49 −2.95 0.006 0.01 0.06 0.95

avgPoint-RecDMP 0.42 2.43 0.022 0.14 0.76 0.45

avgQuadrant- ProbeDMP −0.36 −2.01 0.054 0.01 0.07 0.95

avgEntrances-ProbeDMP −0.49 −2.92 0.007 −0.18 −0.96 0.35

avgPath, averaged path efficiency performance; avgPoint, averaged pointing error; avgQuadrant, averaged goal quadrant preference; avgEntrances, averaged number

of entrances to the goal; RM1, first half of the RM session; AcqDMP, Acquisition phase of the DMP session; RecDMP, Recall phase of the DMP session; ProbeDMP,

Probe phase of the DMP session; r (X,Y), correlation coefficient.

DMP—PROBE phase
The performance of both groups in the PROBE phase (conducted
as the last repetition of the spatial sequence after the Recall ses-
sion) is shown in Figure 8. Despite the fact that the performance
of both groups differed from the chance level (0.25), the GLM
analysis with goal as repetition factor identified significant group
differences in the goal quadrant preference [F(1,54) = 16.9; p <

0.001]. However, we found no differences between the individual
goal positions. The performance in healthy controls shows that
well-trained subjects search for all three goal positions most of the
time in the correct quadrant of the arena, as can be seen in their
goal quadrant preference of around 73 ± 18%. The averaged per-
formance in the schizophrenia group is lower for all three goals
(50 ± 23%). No significant group differences were identified in
the number of entrances to the goal position.

SEX AND AGE DIFFERENCES
In order to show the possible effects of sex on spatial perfor-
mance in the vFGN task, sex has been used as additional main
factor in the GLM analysis (group × sex) with repeated measures

performed on individual phases of the task. Interestingly, some
sex differences have been observed in almost all parts of the
task but exclusively only for the parameter of path efficiency.
The main effect of sex was found significant only in the path
efficiency in the RM session [F(1, 54) = 4.2, p < 0.05]. Sex dif-
ferences approached the significance level in the path efficiency
measured in the Acquisition [F(1, 54) = 3.6, p = 0.064] and the
Recall phase [F(1, 54) = 3.7, p = 0.06] of the DMP session. In
all cases males showed superior performance in comparison to
females. No differences have been observed either in the point-
ing accuracy or in the quadrant preference measured in the probe
trials. Importantly, no interaction of sex and group factor was
observed.

In order to analyze how the age of our participants had affected
their performance in the vFGN task, we performed a correlation
analysis. The spatial performance of individual participants was
averaged for all trials in individual parts of the vFGN task and cor-
related with the age variable, separately for group of patients and
for healthy volunteers (see Table 2). The averaged path efficiency
in the group of healthy volunteers negatively correlated with the
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age of individual subjects in all parts of the task. Similarly, the
averaged pointing error in the Recall phase and the number of
entrances in the Probe phase was significantly affected by the age
variable. Importantly, no such correlation was identified for the
group of schizophrenia patients.

REGRESSION MODEL OF CLINICAL VARIABLES EFFECT ON
PERFORMANCE IN THE vFGN TASK
From the set of the potential clinical and demographic factors
that could contribute to the cognitive decline observed in the
group of patients, the following predictors were added to the
regression model (age, DUP, PANSS-P, PANSS-N, PANSS-G,
GAF, and CPZ level) analyzing their effect on performance
measured in the vFGN task (averaged separately for individual
vFGN parts—RM session and three parts of the DMP session).
A stepwise forward multiple regression analysis employed using
these predictors only identified the following significant effects—
positive effect of GAF score on spatial learning ability expressed
as the averaged pointing accuracy (bGAF = −0.52; p < 0.05)
and the navigation accuracy (bGAF = 0.49; p < 0.05) in the RM
session. The full model was significant only for pointing accuracy
(R = 0.57; R2 = 32%; p = 0.045), but not for the path efficiency
(R = 0.54; R2 = 30%; p = 0.06), both with GAF and DUP
predictors added in 2 steps (all other predictors were removed).
In the Recall DMP phase measured by the path efficiency, a
significant effect of PANSS-G (bPANSS−G = 0.68; p < 0.05) and
CPZ level (bGAF = 0.7; p < 0.05) was identified. The whole
model, with non-significant DUP and PANSS-N as additional
predictors added in the succeeding steps, was not significant
(R = 0.67; R2 = 44%; p = 0.066). No other significant effects
were found by applying this regression model.

DISCUSSION
Both parts of the newly developed virtual vFGN task demon-
strated sufficient sensitivity toward the impairment of visuo-
spatial functions identified in our schizophrenia patients using
standard neuropsychological methods. First, it is important to
discuss the sensitivity of the parameters measured in our study.
The pointing error parameter has yet not been applied in similar
studies, with the exception of the bearing error used to address
spatial abilities in a virtual maze (Waller et al., 2001). This point-
ing error parameter showed higher sensitivity toward behavioral
impairment in schizophrenia than the path efficiency parameter.
This finding indicates that the simple pointing paradigm could
be used to assess spatial abilities separately. Possible explanation
of different sensitivity of measured parameters is that the navi-
gation accuracy (expressed in path eff) could be more affected
by sex and age differences, connected to skill learning abilities.
The common spatial bias parameter (Morris, 1984, 2008) calcu-
lated as percentage of time in the correct arena quadrant was more
sensitive toward the impairment in schizophrenia than the other
applied parameter, the number of entrances to the goal.

SPATIAL LEARNING PERFORMANCE IN THE RM SESSION
The spatial performance measured during the RM session in
our participants strengthen the idea of spatial learning impair-
ment in schizophrenia demonstrated in other human studies
(Hanlon et al., 2006; Folley et al., 2010) and animal models

of schizophrenia (Gorter and de Bruin, 1992; Latysheva and
Rayevsky, 2003; Sircar, 2003; Stuchlik et al., 2004). We found
decreased performance in the schizophrenia patients in both
pointing and navigation accuracy to the goal. However, the nav-
igation accuracy was decreased only in the first half of the RM
session.

We were able to demonstrate the continual improvement of
performance in healthy controls during the whole RM session,
expressed by the decreasing pointing error and path shorten-
ing (growing path efficiency). This is in agreement with the
evidence that the latency is shortened in animals during consec-
utive RM sessions (D’Hooge and De Deyn, 2001; Mulder and
Pritchett, 2003; Vorhees and Williams, 2006) and in RM blocks
tested in human virtual analogs (Nadel et al., 1998; Leplow et al.,
2003). Similar continual improvement was present in our group
of schizophrenia patients, but interestingly only in the point-
ing accuracy. In agreement with another human study (Hanlon
et al., 2006) the path efficiency of the schizophrenia group did
not improve in the first half of the RM session (trial T2-T5). The
discrepancy between these two measured parameters supports the
idea that navigation performance could be divided into two dis-
tinct parts (directional vs. place navigation in Hamilton et al.,
2008): (1) selection of direction to the goal at the beginning of the
navigation process represented here by the pointing accuracy and
(2) precise determination of goal position represented by the path
efficiency. We assume that while the patients do improve in direc-
tional navigation by remembering the approximate position of
the goal (near a particular cue), they do not improve in direct nav-
igation to the goal due to imprecise perception and memorizing
of spatial information.

This assumption is supported by the fact that the navigation
accuracy improved after the insertion of a single probe trial (in the
middle of the RM session) that could facilitate their motivation
to focus on important spatial information due to the previous
unsuccessful search. This finding supports our assumption that
the measured spatial performance is affected by attention deficit
measured using standard neuropsychological tests (TMT and
Digit span, see Table 1).

In addition, results obtained in the probe trial showed impair-
ment of spatial bias in schizophrenia, in accordance to animal
studies (Norris and Foster, 1999; Stuchlik et al., 2004). In rats,
the probe test is known to start extinction process; we expected
human subjects to respond similarly. The probe trial was therefore
applied in the middle of the RM session as a form of interfer-
ence (often used in learning tasks). Interestingly in animal studies
only first half of the probe trial (first 30 s) shows group differences
in rodent model of schizophrenia (e.g., Entlerova et al., 2013), as
afterwards even the intact animals tend to leave the unrewarded
position. However, due to the verbal instruction, our subjects
tend to look for the goal during the whole trial. Despite these dif-
ferences, the human analog of probe trial shows the same pattern
as observed in the rodent model of the MWM; lower occupancy of
the goal quadrant in the group of schizophrenia patients in com-
parison to the healthy controls. On the other hand, the number of
entrances parameter failed to show significant group differences.
This discrepancy indicates that most of the subjects (from both
groups) identified the correct goal position, but only the healthy
controls tend to stay in the goal area.
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Importantly, the final visible goal trial showed that the
impaired performance observed in the group of schizophrenia
patients was not produced by locomotor or sensory deficits. This
one-trial finding is in accordance with other human (Hanlon
et al., 2006) and animal studies (e.g., Gorter and de Bruin, 1992;
Vales et al., 2006), suggesting that the usual block (of several trials)
procedure is not essential for demonstrating the control perfor-
mance of navigation toward a visible goal. Taken together, our
findings confirm the designed RM session as a useful tool for
assessing visuo-spatial learning in schizophrenia.

MENTAL FLEXIBILITY AND WORKING MEMORY PERFORMANCE IN THE
DMP SESSION
The ACQUISITION phase
A major performance improvement in the Acquisition phase of
the DMP session appeared immediately after the 1st search trial.
Similar behavior was also observed in animal studies where only
an improvement between the first and the second trial is present
in well-trained animals in the DMP or reversal protocol (Garthe
et al., 2009; Saab et al., 2011). Despite the observed group differ-
ences in the pointing accuracy, the announcement of positional
change to our participants was probably responsible for the low
group differences in this part of vFGN task. In addition, in order
to be able to compare the group performance in later recall of
the spatial sequence regardless of individual goal positions, the
goals were placed in identical positions (in the meaning of spa-
tial relationship between the goal position and the orientation
cues). Such settings could be a source of skill learning effect that
could explain the lack of between-group differences observed in
the navigation accuracy. Nevertheless, the low sensitivity of the
reversal protocol toward the cognitive deficit in schizophrenia is
in accordance with the animal studies that failed to find group dif-
ferences after application of lower doses of MK-801 (Watson and
Stanton, 2009; Lobellova et al., 2013). Interestingly, similar rever-
sal protocol applied in the avoidance task on the rotating arena
showed that the pre-training of animals in the task (as in our RM
session) can lead to lack of group differences after application of
MK-801 (Zemanova et al., 2013).

Importantly, the performance of individual groups achieved in
the Acquisition phase (in the last repetition of the goal positions
A3, B3, and C3) did not differ between the three goal positions,
enabling us to test the consecutive recall of this sequence after a
time delay.

The RECALL phase
Our study was the first to demonstrate impairment in schizophre-
nia patients using the analog of the DMP MWM protocol. Our
results showed impaired recall of spatial sequence in schizophre-
nia patients in both pointing and navigation accuracy. The work-
ing memory performance was here expressed in the performance
decrease observed after the time delay between the Acquisition
phase and the first round of the Recall phase. The strong per-
formance decline in the group of patients (but not in healthy
controls) demonstrates the working and/or long-term memory
deficit in schizophrenia. These findings are in agreement with the
data obtained in animal models of schizophrenia using the DMP
protocol (van der Staay et al., 2011).

The PROBE phase
We demonstrated the schizophrenia specific disturbance of spa-
tial bias expressed as decreased goal quadrant preference in the
PROBE trials completed in the end of the task. The observed
behavioral impairment is similar to the observations of rats
injected with dizocilpine or scopolamine in pharmacological
screening models of schizophrenia and dementia, respectively
(Entlerova et al., 2013; Lobellova et al., 2013), which exhibit
disturbed performance in probe trials. Nevertheless, in most of
the schizophrenia patients the observed probe trial performance
was better than in rats after lesion of the hippocampus (Morris
et al., 1982; Sutherland et al., 1983) performing by random search
patterns.

EFFECT OF DEMOGRAPHIC VARIABLES
Based on the studies describing sex differences in spatial abil-
ities of both rodents (e.g., Roof and Stein, 1999; Cimadevilla
et al., 2000) and humans (e.g., Astur et al., 1998, 2004), we
expected to find similar effects in spatial abilities measured by
the vFGN task. However, we identified significant sex differences
only in learning abilities assessed in the RM session. In addition,
sex differences have been observed exclusively for the navigation
accuracy (path eff) parameter. This fact and the lack of significant
sex differences in other parts of the task suggest the following:
(1) the simple circular environment prevents the usage of abil-
ities found to be affected by sex (environmental geometry); (2)
the directional information was gained similarly in males and
females, yet females tend to use less precise trajectories when
navigating toward the goal. This could be due to sex differences
in motor skill learning; (3) the animal experiments done with
pre-training in MWM protocol showed to exhibit smaller sex dif-
ferences (Jonasson, 2005), as all the three goal positions have been
placed in geometrically identical positions. The lack of interac-
tion between sex and group factor in the measured parameters
shows that the presented group effects are independent of the sex
differences.

According to the current literature describing negative effect
of aging on spatial learning and memory processes (e.g., (Moffat
and Resnick, 2002; Moffat, 2009)), we expected to find signifi-
cant correlation between the age and spatial performance in the
vFGN task, both during learning and recall of the spatial informa-
tion. We confirmed this hypothesis as we observed age effects in
all parts of the vFGN task in our healthy volunteers. Interestingly,
such effect was fully suppressed in schizophrenia patients. This
finding supports the idea that the observed cognitive decline
is a characteristic pattern in schizophrenia disorder. This result
is in contrary to the current meta-analysis (Rajji et al., 2009),
which assumed a better prognosis and less expressed cognitive
deficit in patients with a lower age of illness onset. However, our
study describes the visuo-spatial deficit only in the early remission
phase after the first psychotic episode; repeated assessment in the
full remission could reveal a different pattern.

EFFECT OF PSYCHIATRIC SYMPTOMS AND ANTIPSYCHOTIC
MEDICATION
One of the currently monitored clinical parameter is the DUP
defined as the time from appearance of the first psychotic
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symptom to the initiation of suitable antipsychotic treatment (for
review see; Marshall et al., 2005). In accordance to a recently
published follow-up study (Barnes et al., 2008), we found no
significant effect of DUP.

Current literature describes a strong association of cognitive
functions and negative symptoms, but the absence of a posi-
tive symptom effect on cognitive deficit in schizophrenia (e.g.,
Addington et al., 1991; Rossi et al., 1997). Interestingly, we found
no significant effect of negative or positive symptoms on the per-
formance in the vFGN task. However, we observed a strong con-
nection between the GAF score and spatial learning performance
in the RM session and effect of generalized symptoms in the Recall
phase of the DMP session. These results demonstrate that high-
functioning patients perform better in the cognitive tasks than
the low-functioning individuals in the group of schizophrenia
patients (Green et al., 2004).

Older studies described negative effects of the first-generation
antipsychotic treatment on the cognitive functioning in
schizophrenia (Spohn and Strauss, 1989). On the contrary,
the current studies addressing atypical antipsychotics reported
slightly positive effects of some drugs on the cognitive functioning
in schizophrenia patients (e.g., Meltzer and McGurk, 1999) and
in an NMDA model of schizophrenia in rats (Bubenikova et al.,
2005). Interestingly, only the memory deficit found in the Recall
phase of the DMP session was affected by the antipsychotic
dosage calculated in CPZ equivalents in the navigation accuracy
parameter. We did not find any other effect of the atypical
antipsychotic treatment on the overall cognitive performance
in the vFGN task. Nevertheless, our study was not aimed at
individual antipsychotic compounds and this could distort the
analysis.

LIMITATIONS OF THE STUDY
There are some limitations to the current study. Firstly, both ani-
mal protocols (RM and DMP) were modified in order to test the
human subjects, inducing possible behavioral changes.

The lack of a strong reward motivation present in animal
studies (escape from water reaching the platform) could change
the motivation to higher performance in the task. However, we
assume that our subjects had been motivated as they all voluntar-
ily participated in the study. Moreover, in the group of patients,
the vFGN task was performed in the time of neuropsychologi-
cal assessment aimed to support the diagnostic process. We do
believe that during this time period our patients were motivated
toward higher performance in general. In addition, both groups
judged the level of entertainment during the task similarly as aver-
aged (not reported). Nevertheless, some positive reward could be
applied in order to prevent possible lack of motivation in future
studies.

In order to enable fast assessment of our participants in
only 1 day, the RM protocol could be considered too short to
assess long-term memory processes. However, 1-day protocols are
common in human studies testing learning abilities and long-
term memory in standard tasks (such as verbal or non-verbal
learning memory tasks) and in virtual MWMs that have been
considered a valid human analogy of spatial RM in rats, and
supported by both behavioral data (e.g., Jacobs et al., 1998) and

dependence on hippocampal function (e.g., Astur et al., 2002;
Goodrich-Hunsaker et al., 2009).

Also the DMP session in our study is not fully comparable
to the animal DMP protocol and was modified in the follow-
ing three details: (1) The inter-trial interval was not controlled
directly but was naturally formed by the number of trials included
before the recall trial (6 trials for goal A, 4 for B and 2 for
C); and (2) Positional changes applied in our study between
acquisition and recall of the goal position are not usual in ani-
mal studies; (3) The acquisition of the goal position (spatial
sequence) was repeated for several (3) trials, as an analog to a
reversal protocol, and due to that the spatial information could be
retained in the long-term and not the working memory. Despite
these modifications we were able to demonstrate that the results
obtained in the individual phases of the vFGN task could be
compared to the performance patterns obtained in the animal
models.

Secondly, despite the smaller number of participants in our
study, we were able to demonstrate the deficit in spatial cogni-
tion in schizophrenia group. However, matching of the healthy
controls to the patients produced an unbalanced distribution in
demographic variables, such as the two-peak age distribution
in analyzed groups and variable age distribution in males and
females caused by the typical age of the early and late onset of
schizophrenia.

Thirdly, it is important to note that the navigation perfor-
mance of schizophrenia patient group observed in the vFGN task
was not unitary and showed higher individual variability than the
performance in the healthy control group. This variability could
be partly produced by the early assessment of patients. Despite
these limitations, our findings are supported by the results of
studies describing variability of the cognitive deficit level mea-
sured in individual first-episode schizophrenia patients (Keefe
et al., 2005). In order to understand how the spatial performance
was affected by the present attention or memory deficits, fur-
ther analysis of the spatial performance measured in the vFGN
task and its association to standard measures of cognitive deficit
is required. A separate paper will be devoted to tracking the
possible effects of demographic variables, gaming experiences
and cognitive functioning in the group of healthy volunteers, in
order to produce normative data for vFGN task performance (in
preparation).

CONCLUDING REMARKS
The novel vFGN task covered several MWM protocols in a single
task and was sensitive toward the impairment of spatial navi-
gation performance, which was observed in nearly all parts of
the designed battery. Our results documented strong parallels
between the real animal MWM and the presented virtual ana-
log for humans. Therefore, this novel computer task could serve
as a useful method of preclinical trials for assessment of spa-
tial behavior and complex cognitive processes in schizophrenia.
According to the animal studies, we propose that the vFGN task
could be used to assess spatial learning, attention, mental flexi-
bility and spatial working and/or long-term memory processes in
three-dimensional space. Future work should confirm the validity
of the individual parts of the designed task using a simultaneous
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examination of the related cognitive functions by standardized
neuropsychological methods.

FUTURE DIRECTIONS
The data presented in this paper demonstrated the sensitivity of
the vFGN task toward the cognitive deficit in the first episodes of
schizophrenia, confirmed by standard neuropsychological meth-
ods. We do believe that the vFGN task assessing complex visuo-
spatial behavior could serve as an ecologically valid screening
method more sensitive toward the future course of illness in
individual patients than the standard methods measuring sin-
gle cognitive functions. In order to test this sensitivity, a second
assessment session takes place 1 year later in the same patients.
This time delay is used to evaluate possible cognitive deficit per-
sisting in our patients after the full remission of symptoms or
due to potential relapse of the illness. Longitudinal data reveal-
ing the trajectory of vFGN performance during the course of
schizophrenia are needed.
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Lucie Konrádová recruited the participants, performed the behav-
ioral and neuropsychological testing and Pavol Mikoláš collected
the clinical data. Cyril Brom and his students provided all VR
software used in the study. Iveta Fajnerová and Kamil Vlček
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Objective: To develop a virtual reality platform that would serve as a functionally
meaningful measure of cognition in schizophrenia and that would also complement
standard batteries of cognitive tests during clinical trials for cognitive treatments
in schizophrenia, be amenable to human neuroimaging research, yet lend itself to
neurobiological comparison with rodent analogs.

Method: Thirty-three patients with schizophrenia and 33 healthy controls matched for age,
sex, video gaming experience, and education completed eight rapid, single-trial virtual
navigation tasks within a naturalistic virtual city. Four trials tested their ability to find
different targets seen during the passive viewing of a closed path that led them around
different city blocks. Four subsequent trials tested their ability to return to four different
starting points after viewing a path that took them several blocks away from the starting
position.

Results: Individuals with schizophrenia had difficulties in way-finding, measured as
distance travelled to find targets previously encountered within the virtual city. They were
also more likely not to notice the target during passive viewing, less likely to find novel
shortcuts to targets, and more likely to become lost and fail completely in finding the
target. Total travel distances across all eight trials strongly correlated (negatively) with
neurocognitive measures and, for 49 participants who completed the Quality of Life Scale,
psychosocial functioning.

Conclusion: Single-trial, goal-directed navigation in a naturalistic virtual environment is a
functionally meaningful measure of cognitive functioning in schizophrenia.

Keywords: schizophrenia, cognition, psychosocial functioning, virtual reality, navigation

INTRODUCTION
Schizophrenia is a chronic mental illness presenting with psy-
chotic symptoms of delusions and hallucinations against a back-
ground of neurocognitive impairment, poor motivation, and
poor psychosocial functioning (Heinrichs and Zakzanis, 1998;
Wong et al., 2003). Cognitive deficits are a significant predictor of
functional outcome (Green, 1996; Harvey et al., 1998; Green et al.,
2000, 2004), and are current targets for psychopharmacological
treatment (Hyman and Fenton, 2003).

A number of neuropsychological tests assess cognitive domains
that are particularly impaired in schizophrenia (Nuechterlein
et al., 2004). These have been incorporated into a standard

battery of cognitive tests for use in clinical trials by the
Measurement and Treatment Research to Improve Cognition
in Schizophrenia (MATRICS) initiative (Nuechterlein et al.,
2008). In order to provide tools for clinical trial evaluation,
the Cognitive Neuroscience Treatment Research to Improve
Cognition in Schizophrenia (CNTRICS) initiative identified addi-
tional tests from cognitive neuroscience literature that are sensi-
tive to schizophrenia (Barch et al., 2009). However, the US Food
and Drug Administration stipulates a requirement for a function-
ally meaningful measure of overall outcome in addition to an
accepted battery of cognitive tests for clinical trials for cognitive
treatments in schizophrenia (Green et al., 2011).

Frontiers in Behavioral Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 180 |

BEHAVIORAL NEUROSCIENCE

25

http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/about
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/journal/10.3389/fnbeh.2013.00180/abstract
http://www.frontiersin.org/people/u/99981
http://www.frontiersin.org/people/u/64197
http://www.frontiersin.org/people/u/106246
http://community.frontiersin.org/people/AliciaRodrigues/121330
http://www.frontiersin.org/people/IshraqSiddiqui/123074
http://www.frontiersin.org/people/u/5101
http://www.frontiersin.org/people/u/1429
http://www.frontiersin.org/people/u/51942
http://www.frontiersin.org/people/AlbertWong/123044
mailto:albert.wong@utoronto.ca
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Zawadzki et al. Simulating real world functioning in schizophrenia

Goal-directed navigation offers a powerful paradigm for
studying neural system interactions during complex human
behaviors (Spiers and Maguire, 2006). Rodent models have
detailed the neurobiology of various cognitive processes including
perception, motivation, planning, and decision making at
molecular, cellular, and systems level analysis (Burgess, 2008;
Moser et al., 2008; Penner and Mizumori, 2012). The neu-
rotransmitter dopamine, an important target in schizophre-
nia research (Laruelle and Abi-Dargham, 1999), plays a
dominant role in the modulation of the neuroanatomi-
cal structures and networks engaged in rodent navigation
(Penner and Mizumori, 2012).

Several core brain regions involved in successful goal-directed
navigation in humans (Aguirre et al., 1996; Wolbers et al., 2004;
Wolbers and Hegarty, 2010) including the hippocampus, pre-
frontal cortex and striatum (Maguire et al., 1998; Astur et al.,
2002; Driscoll et al., 2003; Ekstrom et al., 2003; Hartley et al.,
2003; Iaria et al., 2003; Bohbot et al., 2004; Voermans et al.,
2004; Spiers and Maguire, 2006; Doeller et al., 2008; Brown
et al., 2012), are also strongly implicated in the pathophysiol-
ogy of schizophrenia (Weinberger et al., 1986; Goldberg et al.,
1987; Weinberger, 1987; Bogerts et al., 1990; Csernansky et al.,
1999; Laruelle and Abi-Dargham, 1999). Optimum navigation is
associated with the ability to flexibly switch between hippocam-
pal and striatal networks (Hartley et al., 2003; Iaria et al., 2003;
Etchamendy and Bohbot, 2007) and to integrate wayfinding net-
works with prefrontal cortex working memory (Wolbers et al.,
2007; Hanlon et al., 2012) and executive functions (Maguire et al.,
1998; Hartley et al., 2003). The virtual reality (VR) navigation
paradigms used for schizophrenia research, by focusing on spe-
cific neural structures or cognitive domains, have tended to be
based on rodent models or necessarily circumscribed environ-
ments within a paradigm of trial and error learning or extensive
exploratory activity prior to testing to ensure familiarity with
landmark locations (Astur et al., 2004; Hanlon et al., 2006, 2012;
Weniger and Irle, 2008; Folley et al., 2010; Spieker et al., 2012).

Table 1 | Patients with schizophrenia were individually matched with

healthy controls for age (within 4 years), sex, and video gaming

experience (within 1 level of difference).

Age Gaming Education WAIS-III pro-

experience rated FSIQ

SZ HC SZ HC SZ HC SZ HC

Mean 40 39 0.8 0.7 4.1 4.2 107 116

Median 43 43 0 1 4 4 108 116

Standard
deviation

10.9 11.3 1.3 0.9 0.9 1.0 17.8 14.0

Range 21–54 21–55 0–4 0–4 2–5 2–5 78–137 91–145

As a group they were also matched for education. HC, healthy controls; SZ,

patients with schizophrenia; FSIQ, pro-rated full scale IQ. Gaming experience:

0 = never, 1 = a few times per year, 2 = a few times per month, 3 = a few

times per week; 4 = daily; Education: 1 = less than high school, 2 = some high

school, 3 = completed high school, 4 = some post-secondary, 5 = completed

post-secondary.

We sought to extend this work by designing a more realis-
tic human VR task that would assess goal-directed navigation
in a naturalistic city environment. In addition, rather than using
a multiple-trial incremental learning paradigm, we developed
a single-trial paradigm more analogous to daily events such as
going to a shopping mall and trying to find the shop you spotted
on your way to the drug store or trying to find your way back to
your parked car. Here we report on the results of the behavioral
testing of performance by patients with schizophrenia using a
single-trial navigation paradigm in a naturalistic virtual city.

MATERIALS AND METHODS
PARTICIPANTS
All experiments were conducted with the approval of our
institutional research ethics board. Informed consent was
obtained from all participants. Diagnosis was based on the Mini
International Neuropsychiatric Inventory (MINI) (Sheehan et al.,
1998) which enables diagnosis based on DSM-IV. Thirty-three
outpatients diagnosed with schizophrenia (n = 22) or schizoaf-
fective disorder (n = 11) and on stable doses of antipsychotics
for the preceding 4 weeks took part in this study. All patients
were chronically ill with durations of illness ranging from 2 to
39 years (M = 15, median = 11.5). Thirty-three healthy con-
trols were individually matched with patients for age, sex (total
42 male, 24 female), and experience with first person action com-
puter games. As a group, patients, and controls were also matched
in education (Table 1).

Patients were recruited from the Center for Addiction and
Mental Health, Toronto, Canada. Healthy controls were recruited
by advertisements within the local community. Exclusion cri-
teria for healthy controls were—no personal or family history
of psychiatric dysfunction; for patients—no other DSM-IV Axis
I disorder. Inclusion/exclusion criteria for both groups were:
(1) 18–55 years of age; (2) no history of substance abuse
in the past 3 months; (3) no history of neurological disease
or loss of consciousness longer than 15 min; (4) a Wechsler
Adult Intelligence Scale-III (WAIS-III) (Wechsler, 1997) pro-
rated full scale IQ score greater than 75; and, (5) fluency in
English.

CLINICAL AND NEUROPSYCHOLOGICAL ASSESSMENT
Current positive and negative symptoms were assessed by using
the Scales for the Assessment of Positive Symptoms (SAPS) and
Negative Symptoms (SANS) (Andreasen, 1983, 1984). General
intellectual ability was assessed using four subscales (vocabulary,
similarities, block design, and matrix reasoning) of the WAIS-
III (Wechsler, 1997), prorated to obtain estimated full scale IQ
scores (Schrimsher et al., 2008). Participants also completed the
Repeatable Battery for the Assessment of Neuropsychological
Status (RBANS; Randolph, 1998). Education level was classi-
fied along five categories: “less-than-high-school,” “some high
school,” “completed high school,” “some post-secondary,” and,
“completed-post- secondary.” Forty-nine of the participants in
this study (twenty-five with schizophrenia and twenty-four
healthy controls) participated in a concurrent study that used
the Quality of Life Scale (Heinrichs et al., 1984) to evaluate cur-
rent psychosocial status. Those results were incorporated into this
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study. Clinical evaluations were completed during one session,
typically 1–2 weeks prior to a single session of cognitive, and
navigation trials.

VIRTUAL REALITY ENVIRONMENT
The VR environment consisted of a 6 x 6 block cityscape with
a central park and over 80 residential, commercial, institutional,
and office buildings. Embedded within the city were various

“targets” such as a playground and hospital (Figures 1, 2). The
environment included distal cues to aid in orienting such as a
mountain range along one boundary, a hot air balloon, and a tall
radio tower. Participants used a video game controller with simple
forward/reverse and left/right levers to navigate. A 5 min practice
session of free navigation before the beginning of trials, restricted
to an area of the virtual city not used during subsequent trials,
ensured familiarity with controller operations.

FIGURE 1 | Virtual city. (A) Screen shot of the VR software operator showing an aerial map view of the virtual city and a 3-D isometric projection of the 6 × 6
block city. (B) Detailed aerial view showing the location of a few landmarks. These views were not seen by the participants.
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FIGURE 2 | Virtual city. Examples of subject views of the environment are
shown.

NAVIGATION TRIALS
A total of eight different navigation trials were carried out, each
within different areas of the VR city. Each trial commenced with
passive viewing of a pre-recorded path taken along several blocks
of the virtual city, followed by a single attempt by the participant
to locate a target shown during the passive viewing portion of
the trial. The first four trials assessed participant ability to find
a target seen during the passive viewing of a closed path that led
them in a loop around one or more city blocks (“closed-loop” tri-
als, Figure 3). The second four trials assessed participant ability
to return to a starting point after viewing a path that took them
a few blocks away from the starting position (“return-path” tri-
als, Figure 3). All trials were presented in the same fixed random
order to all participants.

For all trials, participants were instructed to take the shortest
route possible to find the targets. Participants were asked to con-
firm that they had noticed the target immediately after passive
viewing in each of the trials. Targets were typically focused on for
2–3 s during path viewing. Those who failed to see the target were
allowed to view the pre-recorded path a second time. For those
who failed to find the target, distances travelled were measured as
total distances travelled until the participant admitted being lost
and gave up further searching.

FIGURE 3 | Prerecorded paths viewed by participants during the

passive viewing of each trial. Shown is the aerial view of each path.
During eye-level passive viewing the paths shown in yellow (four closed
loop paths numbered according to order of presentation) and red (four
return paths, similarly ordered) were followed by the participant starting at
the open circle. For the closed loop trials the star represents the target and
the small arrow pointing to the target indicates the position along the path
where path movement temporarily halted and attention was directed
toward the target for 2–3 s before proceeding to the end of the path. For
the return path trials the star represents the target focused on at the start
of the trial and the small arrow at the end of the path the direction of view
at the end of the prerecorded path. At the end of the passive viewing
portion of each trial the participant was asked to locate the target using the
shortest route they could think of, beginning where the passive viewing
portion ended. 8a represents the passive viewing portion of trial 8, ending
at a position affording a view of the overhead balloon (B) and radio tower
(R); 8b represents the starting position, facing the overhead balloon, for the
subsequent attempt, during trial 8, by the participant to return to the
starting position at 8a. M, mountain range.

Each of the navigation trials took approximately 2–5 min to
complete. Completion of all 8 trials ranged from a low of 15 min
to a high of 60 min with an overall average of 30 min for patients
and 22 min for controls.

HARDWARE AND SOFTWARE
The VR environment was rendered and presented on the testing
computer to participants using an advanced graphics workstation
and a 30′ widescreen LCD display. A separate computer, con-
nected via a local area network to the testing computer, controlled
task settings for each trial. The scene assets for the 3D virtual city
were created in Maya and Adobe Photoshop. The simulation was
rendered using Ogre, an open source 3D graphics engine. Data on
distance travelled, time on task, and path directions travelled were
stored automatically throughout the trials, and a video recording
of the path followed by participants was made during each trial.

STATISTICAL ANALYSES
Success at finding targets or returning to original starting posi-
tions was measured as the distance travelled to find the tar-
get or return to origin. Non-parametric statistics were used
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because all trials showed non-normal distributions in total dis-
tances travelled, with Shapiro-Wilk statistics typically significant
at p < 0.01. The two matched samples were compared using
the Wilcoxon Signed-ranks test (SRT) which yields a Z-statistic.
Corresponding effect sizes were calculated as the SRT Z-value
divided by the square root of sample size. Correlation analysis
(Spearman’s rho) was used to assess the relationships between
distances travelled across all eight trials and scores on clinical
(SAPS/SANS), cognitive (WAIS-III and RBANS), and psychoso-
cial functioning (Quality of Life) measures. A logistic regression
was undertaken to determine the role played by VR performance
(distance travelled) in predicting group membership as com-
pared to cognitive testing (RBANS total score, prorated WAIS-III
full scale IQ), and psychosocial functioning (total score on the
Quality of Life Scale). Pearson’s r was used to assess relationships
between normally distributed cognitive and clinical symptom
scores. Correlations between task performance (distance trav-
elled) and cognitive tests (RBANS, pro-rated WAIS-III full scale
IQ) as well as the Quality of Life Scale scores were conducted
on all subjects. Regression analysis of task performance with
cognitive and psychosocial tests similarly represents all subjects.
Correlations with clinical tests (SAPS/SANS) were conducted
only on patients. Results were evaluated at an alpha-level of 0.05.
SPSS v13.0 was used for the statistical analysis.

RESULTS
In order to compare performances across trials, distances trav-
elled were standardized by conversion to z-scores (Figure 4).
A Friedman test of the four closed-loop trials indicated that there
were no significant differences in difficulty between the trials for
either schizophrenia [χ2

(3) = 0.82, p = 0.85] or control subjects

[χ2
(3) = 3.22, p = 0.37]. Similarly, a Friedman test of the four

return-path trials showed no significant differences in difficulty
for either schizophrenia [χ2

(3) = 2.56, p = 0.47] or healthy par-

ticipants [χ2
(3) = 7.01, p = 0.07]. Distances across each of the

four trials were therefore added together for a composite distance
travelled score for the closed-loop and return-path trials. Across
the four closed-loop trials, patients travelled significantly further
(median = 9564) than their matched healthy controls (median =
5467), Z = −4.05, p < 0.001, r = 0.50 (Table 2). Across the four
return-path trials the patient group again travelled significantly
further (median = 19,214) than controls (median = 12,579),
Z = −3.58, p < 0.001, r = 0.44 (Table 2). Figure 5 illustrates,
using one of the closed loop trials, differences between the two
groups’ path trajectories based on the representative median for
each group.

The time parameter had similar results. Across the four closed-
loop trials, patients took significantly longer in their attempts
to find their targets (median = 8.3 min., range = 2.6–20.4 min.)
than their matched healthy controls (median = 4.4 min., range =
1.9–14.5 min.), Z = −3.92, p < 0.001, r = 0.48. Across the four
return-path trials the patient group again took significantly
longer (median = 13.2 min, range = 5.0–38.0 min.) than controls
(median = 8.5 min., range = 4.0–22.0 min.), Z = −3.23, p <

0.001, r = 0.40.
Twenty-three of the pre-recorded portions of the trials

were repeated a second time because thirteen individuals with

FIGURE 4 | Individuals with schizophrenia travelled further to find

targets in a virtual city than healthy controls. Shown are the
standardized distances (z-scores) travelled across each of eight trials. Group
means and standard errors are illustrated. Trials 1–4 = closed loop trials;
trials 5–8 = return path trials. Asterisks represent between-group
comparisons; ∗p ≤ 0.05; ∗∗p < 0.01.

schizophrenia and three healthy controls reported failure to
notice targets during passive viewing—a statistically signifi-
cant difference between groups, χ2

(1, n = 66) = 8.25, p = 0.004,
phi = − 0.35. Twenty-nine individuals with schizophrenia were
unable to find at least one of the eight targets (median = 2,
range = 0–6) compared to twenty healthy controls (median =
1, range = 0–4); a statistically significant difference as measured
by a Wilcoxon SRT, Z = −4.21, p < 0.001, r = −0.52. Healthy
controls were more likely to use shortcuts during wayfinding to
locate targets than individuals with schizophrenia. Thirty healthy
controls were able to find the shortcut for at least one of the tri-
als (median = 3 trials) compared to twenty-two individuals with
schizophrenia (median = 1 trial), a statistically significant dif-
ference as measured by a Wilcoxon SRT, Z = −3.82, p < 0.001,
r = − 0.47.

Although patients diagnosed with schizoaffective disorder
travelled numerically shorter distances to find targets (median =
15,875, range = 8,490–27,409) than patients diagnosed with
schizophrenia (median = 21,492, range = 13,523–51,901) the
differences, measured by Mann Whitney U, were not statistically
significant, Z = −1.53, p = 0.13. Similarly, there were no signif-
icant differences in the number of targets not found, the number
of shortcuts used and the number of prerecorded portions of trials
that had to be repeated because of failure to notice targets during
passive viewing.

Total target-finding distances across all eight trials were sig-
nificantly and negatively correlated with RBANS total score
(rho = − 0.48, p < 0.001) and the WAIS III pro-rated full
scale IQ (rho = − 0.40, p < 0.001). Moreover, the differences
in standardized z-scores between individuals with schizophre-
nia and controls in our goal-directed navigation task were as
robust as RBANS total scores and almost double that of estimated
full scale IQ (Table 2). However, as shown in Table 2, there was
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Table 2 | A comparison of mean differences between patient and control groups illustrates the ability of goal-directed navigation to obtain

results similar to that of standard neurocognitive measures.

SCZ HC Difference in group means(a)

Mean SD Mean SD

NAVIGATION TRIALS

1–4 total 10,328 4611 6029 3128 − 0.96

5–8 total 20,856 8606 14,115 5350 − 0.86

1–8 total 31,185 11,045 20,143 7065 − 1.03

RBANS

Immediate memory 92 20 105 14 − 0.71

Visuospatial/Constructional 86 17 104 15 − 0.95

Language 94 13 101 14 − 0.53

Attention 89 18 104 14 − 0.88

Delayed memory 88 17 101 8 − 0.91

Total 86 15 105 14 − 1.08

WAIS-III

Pro-rated verbal IQ 109 21 113 14 − 0.27

Pro-rated performance IQ 105 18 116 16 − 0.63

Pro-rated full scale IQ 107 18 116 14 − 0.54

Distances are expressed in virtual units wherein 500 units = approximately 1 virtual block; N = 66; (a) = scores were standardized prior to group comparisons; HC,

healthy controls; SCZ, individuals with schizophrenia. For consistency, all variables were scored such that (−) differences represent a schizophrenia-related deficit.

FIGURE 5 | Individuals with schizophrenia used longer routes to find

targets than healthy controls. Shown are the median distances travelled
and their respective routes by patients and healthy controls for closed loop
trial #2. The target, identified by the yellow star, is a fire hall. The yellow
circle marks the trial start position. Participants unable to recognize a
shortcut route typically attempted to retrace the forward path seen during
passive viewing or attempted a reverse path to the target. Errors typically
occurred when individuals failed to turn at the proper intersection.

some variation across individual indices, with RBANS z-scores
for group differences ranging from 0.53 (language) to 0.95 (visu-
alspatial/construction) and WAIS-III performance deficits more
than double the effect-size for verbal. These results highlight the
importance of assessing visual-spatial abilities in schizophrenia
and that our task is at least as sensitive to detecting cognitive
deficits as the standardized batteries.

Spearman correlations of distances travelled by individ-
uals with schizophrenia to find targets and clinical symp-
toms, as measured by SAPS/SANS were non-significant: SAPS
(rho = −0.17); SANS (rho = −0.01). Correlations between

clinical symptoms and cognitive scores were weak for SAPS
(RBANS, r = 0.10; WAIS FSIQ, r = 0.004) to moderate for SANS
(RBANS, r = −0.26; WAIS FSIQ, r = −0.31). Spearman cor-
relations of distances travelled by individuals with schizophre-
nia to find targets and antipsychotic medications, computed as
chlorpromazine equivalents, were non-significant, rho = −0.06.
For the 49 individuals in this study that also completed the
Quality of Life scale (25 with schizophrenia, 24 healthy controls),
distances travelled across all eight trials correlated negatively
with total score results (rho = −0.37, p = 0.009); i.e., longer
travel distances correlated with lower psychosocial functioning.
The correlation between distances travelled and psychosocial
function was largely, but not completely, reflective of group
differences.

A logistic regression analysis was conducted to predict group
membership (schizophrenia or healthy control) using distance
travelled, RBANS total score, pro-rated WAIS full scale IQ, and
Quality of Life total score as predictors. A test of the full model
against a constant only model was statistically significant, indi-
cating that the predictors as a set reliably distinguished between
individuals with schizophrenia and healthy controls (chi square =
40.49, p < 0.001). Nagelkerke’s R2 of 0.750 indicated a mod-
erately strong relationship between prediction and grouping.
Prediction success overall was 83.7% (84% for schizophre-
nia, 83.3% for healthy controls). The Wald criterion demon-
strated that only Quality of Life (Wald = 8.45) and distance
travelled (Wald = 6.67) made significant contribution to pre-
diction (p = 0.004, p = 0.01, respectively). Neither pro-rated
WAIS full scale IQ (Wald = 1.24) nor RBANS (Wald = 2.72)
made significant contributions (p = 0.23, p = 0.1., respectively).
Running the model using only Quality of Life and distance
travelled as predictors provided an overall prediction success
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rate of 81.6% (80% for schizophrenia and 83.3% for healthy
controls).

DISCUSSION
The present study investigated the ability of people with
schizophrenia to return to a starting position or accurately find
a target within a naturalistic virtual cityscape after a single expo-
sure to the target while passively viewing a path taken within the
virtual environment. Individuals with schizophrenia had signifi-
cantly more difficulty than healthy controls matched for age, sex,
gaming experience, and education during these rapid, single-trial
navigation tasks. Patients travelled significantly further than con-
trols, were less likely to find novel shortcuts to targets, and were
more likely to fail in finding the target. Although patients were
also more likely to fail to notice the target during passive viewing,
the above difficulties persisted even after the passive viewing seg-
ments of the trials were repeated to ensure participants saw the
relevant target.

Both types of trials posed equal levels of difficulty for individ-
uals with schizophrenia compared to healthy controls and were
as effective as RBANS and WAIS III prorated full scale IQ in sep-
arating patient from control performance (Table 2). Navigation
distance on our task also significantly correlated (negatively) with
RBANS total score and the WAIS III pro-rated full scale IQ. We
also found that navigation performance across trials was signifi-
cantly inversely correlated with psychosocial functioning. Logistic
regression demonstrated that of the three cognitive variables—
distance travelled, RBANS and pro-rated WAIS full scale IQ,
only distance travelled made a significant contribution to predict-
ing group membership in a model that included Quality of Life
self reports. The combination of Quality of Life self reports and
distances travelled demonstrated an overall prediction of group
membership success rate of 81.6%. Green and colleagues, in their
study of meaningful measures of functioning for use in clinical
trials (Green et al., 2011) considered both performance-based and
interview-based measures as potential coprimary measures. These
results would suggest that a combination of the two might be the
more effective strategy.

With respect to clinical symptoms, SANS scores were mod-
erately and SAPS scores weakly correlated with cognitive perfor-
mance, while correlations between distance travelled and clinical
symptoms were non-significant. Schizophrenia symptom correla-
tions with cognitive performance have tended to be inconsistent,
but generally minimal for positive symptoms and modest for neg-
ative or disorganized symptoms (Gold, 2004; Keefe et al., 2006).
The relative independence of cognitive impairment from psy-
chotic symptoms, combined with the presence of cognitive prob-
lems before symptom onset (David et al., 1997; Cornblatt et al.,
1999; Reichenberg et al., 2002; Niendam et al., 2003; Khandaker
et al., 2011; Dickson et al., 2012) and strong relationship to func-
tional outcome (Green, 1996; Harvey et al., 1998; Green et al.,
2000, 2004), support the recent focus on cognitive impairment as
a unique target for treatment (Hyman and Fenton, 2003).

However, cognitive deficits in schizophrenia are broad and dis-
play significant heterogeneity (Joyce and Roiser, 2007). Various
factor analytic studies have demonstrated a high level of inter-
relatedness for domains found to be impaired in schizophrenia

(Gladsjo et al., 2004; Dickinson et al., 2006; Keefe et al., 2006;
Dickinson and Harvey, 2009). These observations are consistent
with the argument that schizophrenia may be a neurodevelop-
mental disorder (Weinberger, 1987; Seidman, 1990; Lewis and
Levitt, 2002) characterized by disturbed functional connectivity
(Weinberger et al., 1992; Friston and Frith, 1995; Bullmore et al.,
1997; Friston, 1999; Meyer-Lindenberg et al., 2001; Stephan et al.,
2006, 2009; Garrity et al., 2007; Liu et al., 2008; Ellison-Wright
and Bullmore, 2009; Rotarska-Jagiela et al., 2010). While separate
tests for different cognitive domains have shown to be effective
for identifying localized dysfunctional areas in the brain, they
may not be adequate for understanding functional coordination
difficulties. Indeed, the growing use of neuroimaging method-
ologies such as functional magnetic resonance imaging has led
to an increased awareness and emphasis on neural circuits or
systems implicated in schizophrenia rather than traditional neu-
ropsychological taxonomies (Minzenberg and Carter, 2012; Gold
and Dickinson, 2013).

To the best of our knowledge, all the virtual navigation studies
in schizophrenia have used a necessarily constrained paradigm of
place learning using rodent models such as the Morris water maze
(Morris et al., 1982; Astur et al., 2004; Hanlon et al., 2006, 2012;
Folley et al., 2010) and radial arm maze (Olton and Samuelson,
1976; Spieker et al., 2012) or circumscribed environments such
as a virtual park (Weniger and Irle, 2008) and virtual town
(Ledoux et al., 2013). These were designed to test specific neural
structures, principally the hippocampus, and/or specific cognitive
domains, such as allocentric memory (Weniger and Irle, 2008;
Folley et al., 2010), working and reference memory (Spieker et al.,
2012), working and relational memory (Hanlon et al., 2012),
and episodic memory (Ledoux et al., 2013). These studies were
typically based on a multiple-trial learning paradigm where per-
formance is measured across repetitive trial and error attempts
to find one or more game-like rewards, or required extensive
exploratory navigation prior to testing to ensure familiarity with
all the landmarks subsequently used as targets.

When combined with brain imaging these simplified nav-
igation environments are capable of uncovering dysfunctional
circuitry associated with other neural structures and networks
in schizophrenia. For example, Astur et al. (2004), in addition
to finding reduced hippocampal activation in schizophrenia, also
found altered cingulate, insular, and prefrontal cortex activations
during virtual navigation. Folley et al. (2010) found anoma-
lous patterns in four widely distributed neural circuits. Hanlon
et al. (2012) found lower frontotemporal anatomical connectivity
using diffusion tensor imaging. Hanlon et al. (2012) also found
that longer path lengths to find the submerged platform in the
Morris water maze predicted lower everyday functioning as mea-
sured by the UCSD Performance-Based Skills Assessment (UPSA;
Patterson et al., 2001). However, the Morris water maze or radial
arm maze might not be considered functionally meaningful tests
of overall outcome for human clinical trial testing. In addition,
Folley et al. (2010), using the virtual Morris water maze, found
that impaired performance for both the hidden and exposed plat-
forms was associated with negative symptom severity, suggesting
possible motivation difficulties by patients using their paradigm
based on a rodent task.
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Although not a study of schizophrenia, Spiers and Maguire
(2006), using a very realistic model of downtown London (UK)
and a single-trial challenge, were able to demonstrate that human
goal-directed navigation is not simply a hippocampal place learn-
ing phenomenon but rather, a “complex choreography of neural
dynamics.” Their model, however, required extensive previous
driving experience within this particular city environment.

Our study builds upon these prior findings in presenting a
paradigm based on a single-trial attempt at finding typical urban
facilities previously seen and located within different areas of a
novel realistic virtual city. Each of the four closed-loop trials could
be viewed as somewhat similar to trying to find the shortcut to the
recreational facility spotted while a passenger during a round trip
shopping excursion. Each of the return-path trials were somewhat
similar to finding the shortest way back home after being driven to
a doctor’s appointment. The trial designs of this study have been
shown to be as effective as the navigation paradigms used to-date
in schizophrenia research in identifying poor functional perfor-
mance by individuals with schizophrenia and have demonstrated
significant correlations with neuropsychological testing and func-
tional outcome. In addition they represent a meaningful test
of every day functioning and were judged by most participants
as engaging and challenging. The lack of correlation between
distance travelled and SANS scores are consistent with these self-
reports, and that, unlike the Folley et al. (2010) results based on
the virtual Morris water maze, decreased motivation to perform
was not apparent during our more naturalistic virtual environ-
ment. It should be noted, however, that Hanlon et al. (2012),
also using the virtual Morris water maze, found no evidence of
amotivation in their results.

The results of these trials support the use of single-trial goal-
directed navigation in a naturalistic virtual environment as a
measure of cognitive functioning with specific, real life conse-
quences (e.g., getting lost). Future applications will verify success-
ful replication of the task findings, including among subsamples
other than the high-functioning patients used here, and more
directly explore both specific and global neurocognitive mech-
anisms accounting for impaired performance among patients.
For clinical trial use, the four closed loop trials would appear to
be adequate in assessing cognitive functioning, thereby reducing
overall trial durations to an average of 15 min plus 5 min for prac-
tice and explanation of procedure. In addition, the amenability of
this tool in neuroimaging studies in humans and cross referenc-
ing results with those of rodent studies will aid in uncovering the
aetiology and pathophysiology of schizophrenia.

AUTHOR CONTRIBUTIONS
Albert H. C. Wong and Todd A. Girard designed the study and
wrote the original protocol. John A. Zawadzki and Jason P. Lerch
refined the protocol. John A. Zawadzki and Alicia Rodrigues
recruited the participants, obtained the informed consents, per-
formed the behavioral testing and collected the data. Ishraq
Siddiqui completed various VR software refinements. John A.
Zawadzki processed the data and undertook the statistical anal-
ysis. Todd A. Girard, George Foussias and Cheryl Grady con-
tributed to data interpretation. John A. Zawadzki wrote the first
draft of the manuscript. Albert H. C. Wong supervised the study.

All authors discussed the results and contributed to the final
version of the paper and have approved its final version.

ACKNOWLEDGMENTS
The authors would like to thank the two reviewers whose helpful
comments served to improve the quality of the final manuscript.
We would also like to thank Sathasan Thavabalasingam, Nasteho
Hasan, and Krysta McDonald for their assistance with data
collection on this study and Ed Sykes, Bob Jones, Song Ahn,
Ian Howatson, Jonathan Eger, and Damian Domagala of the
Visualization Design Institute (VDI) of the Sheridan Institute
of Technology and Advanced Learning and Darian Segura for
their work in developing the VR application. John A. Zawadzki
was supported by an Ontario Graduate Scholarship, Ontario
Ministry of Training, Colleges and Universities and a Fellowship
from the Institute of Medical Sciences, University of Toronto.
Albert H. C. Wong was supported by a CIHR Clinician-Scientist
Fellowship, a NARSAD Independent Investigator award and an
OMHF Mid-career Investigator Fellowship. We would like to
thank the Ministry of Health and Long-Term Care (MOHLTC)
for supporting this research through the Academic Health Science
Center AFP Innovation Fund. This research was also sup-
ported by the Canadian Foundation for Innovation (#16014 and
#20289), the Ontario Ministry of Research and Innovation, the
CAMH Foundation, the Schizophrenia Society of Ontario (Gary
Remington and George Foussias) and a CIHR Clinician-Scientist
Training Award (George Foussias).

REFERENCES
Aguirre, G. K., Detre, J. A., Alsop, D. C., and Desposito, M. (1996). The parahip-

pocampus subserves topographical learning in man. Cereb. Cortex 6, 823–829.
doi: 10.1093/cercor/6.6.823

Andreasen, N. C. (1983). Scale for the Assessment of Negative Symptoms (SANS).
Iowa City, University of Iowa.

Andreasen, N. C. (1984). Scale for the Assessment of Positive Symptoms (SAPS). Iowa
City, University of Iowa.

Astur, R. S., St Germain, S., Mathalon, D. H., D’Souza, D. C., Krystal, J.
K., Constable, R. T., et al. (2004). Using virtual reality to investigate
functioning of the hippocampus in schizophrenia. Cyberpsychol. Behav. 7,
269–269.

Astur, R. S., Taylor, L. B., Mamelak, A. N., Philpott, L., and Sutherland, R. J.
(2002). Humans with hippocampus damage display severe spatial memory
impairments in a virtual Morris water task. Behav. Brain Res. 132, 77–84. doi:
10.1016/S0166-4328(01)00399-0

Barch, D. M., Carter, C. S., Arnsten, A., Buchanan, R. W., Cohen, J. D., Geyer, M.,
et al. (2009). Selecting paradigms from cognitive neuroscience for translation
into use in clinical trials: proceedings of the third CNTRICS meeting. Schizophr.
Bull. 35, 109–114. doi: 10.1093/schbul/sbn163

Bogerts, B., Ashtari, M., Degreef, G., Alvir, J. M. J., Bilder, R. M., and Lieberman, J.
A. (1990). Reduced temporal limbic structure volumes on magnetic-resonance
images in 1st episode schizophrenia. Psychiatry Res. 35, 1–13. doi: 10.1016/0925-
4927(90)90004-P

Bohbot, V. D., Iaria, G., and Petrides, M. (2004). Hippocampal function and spatial
memory: evidence from functional neuroimaging in healthy participants and
performance of patients with medial temporal lobe resections. Neuropsychology
18, 418–425. doi: 10.1037/0894-4105.18.3.418

Brown, T. I., Ross, R. S., Tobyne, S. M., and Stern, C. E. (2012). Cooperative inter-
actions between hippocampal and striatal systems support flexible navigation.
Neuroimage 60, 1316–1330. doi: 10.1016/j.neuroimage.2012.01.046

Bullmore, E. T., Frangou, S., and Murray, R. M. (1997). The dysplastic net
hypothesis: an integration of developmental and dysconnectivity theories
of schizophrenia. Schizophr. Res. 28, 143–156. doi: 10.1016/S0920-9964(97)
00114-X

Frontiers in Behavioral Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 180 | 32

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Zawadzki et al. Simulating real world functioning in schizophrenia

Burgess, N. (2008). “Spatial cognition and the brain,” in Year in Cognitive
Neuroscience 2008. (Malden, MA: Wiley-Blackwell), 77–97.

Cornblatt, B., Obuchowski, M., Roberts, S., Pollack, S., and Erlenmeyer-
Kimling, L. (1999). Cognitive and behavioral precursors of schizophrenia. Dev.
Psychopathol. 11, 487–508. doi: 10.1017/S0954579499002175

Csernansky, J. G., Wang, L., Joshi, S., Gado, M., Kido, D., Morris, J. C., et al. (1999).
Hippocampal shape deformities specific to schizophrenia suggest a disturbance
of hippocampal-prefrontal connections. Schizophr. Res. 36, 193–194.

David, A. S., Malmberg, A., Brandt, L., Allebeck, P., and Lewis, G. (1997). IQ
and risk for schizophrenia: a population-based cohort study. Psychol. Med. 27,
1311–1323. doi: 10.1017/S0033291797005680

Dickinson, D., and Harvey, P. D. (2009). Systemic hypotheses for generalized cog-
nitive deficits in schizophrenia: a new take on an old problem. Schizophr. Bull.
35, 403–414. doi: 10.1093/schbul/sbn097

Dickinson, D., Ragland, J. D., Calkins, M. E., Gold, J. M., and Gur, R. C. (2006).
A comparison of cognitive structure in schizophrenia patients and healthy
controls using confirmatory factor analysis. Schizophr. Res. 85, 20–29. doi:
10.1016/j.schres.2006.03.003

Dickson, H., Laurens, K. R., Cullen, A. E., and Hodgins, S. (2012). Meta-
analyses of cognitive and motor function in youth aged 16 years and younger
who subsequently develop schizophrenia. Psychol. Med. 42, 743–755. doi:
10.1017/S0033291711001693

Doeller, C. F., King, J. A., and Burgess, N. (2008). Parallel striatal and hippocampal
systems for landmarks and boundaries in spatial memory. Proc. Natl. Acad. Sci.
U.S.A. 105, 5915–5920. doi: 10.1073/pnas.0801489105

Driscoll, I., Hamilton, D. A., Petropoulos, H., Yeo, R. A., Brooks, W. M.,
Baumgartner, R. N., et al. (2003). The aging hippocampus: cognitive, biochem-
ical and structural findings. Cereb. Cortex 13, 1344–1351. doi: 10.1093/cer-
cor/bhg081

Ekstrom, A. D., Kahana, M. J., Caplan, J. B., Fields, T. A., Isham, E. A., Newman, E.
L., et al. (2003). Cellular networks underlying human spatial navigation. Nature
425, 184–187. doi: 10.1038/nature01964

Ellison-Wright, I., and Bullmore, E. (2009). Meta-analysis of diffusion ten-
sor imaging studies in schizophrenia. Schizophr. Res. 108, 3–10. doi:
10.1016/j.schres.2008.11.021

Etchamendy, N., and Bohbot, V. D. (2007). Spontaneous navigational strate-
gies and performance in the virtual town. Hippocampus 17, 595–599. doi:
10.1002/hipo.20303

Folley, B. S., Astur, R., Jagannathan, K., Calhoun, V. D., and Pearlson, G. D. (2010).
Anomalous neural circuit function in schizophrenia during a virtual Morris
water task. Neuroimage 49, 3373–3384. doi: 10.1016/j.neuroimage.2009.11.034

Friston, K. J. (1999). Schizophrenia and the disconnection hypothesis. Acta
Psychiatr. Scand. Suppl. 395, 68–79. doi: 10.1111/j.1600-0447.1999.tb05985.x

Friston, K. J., and Frith, C. D. (1995). Schizophrenia—a disconnection syndrome.
Clin. Neurosci. 3, 89–97.

Garrity, A. G., Pearlson, G. D., McKiernan, K., Lloyd, D., Kiehl, K. A., and Calhoun,
V. D. (2007). Aberrant “default mode” functional connectivity in schizophrenia.
Am. J. Psychiatry 164, 450–457. doi: 10.1176/appi.ajp.164.3.450

Gladsjo, J. A., McAdams, L. A., Palmer, B. W., Moore, D. J., Jeste, D. V., and Heaton,
R. K. (2004). A six-factor model of cognition in schizophrenia and related psy-
chotic disorders: relationships with clinical symptoms and functional capacity.
Schizophr. Bull. 30, 739–754. doi: 10.1093/oxfordjournals.schbul.a007127

Gold, J. M. (2004). Cognitive deficits as treatment targets in schizophrenia.
Schizophr. Res. 72, 21–28. doi: 10.1016/j.schres.2004.09.008

Gold, J. M., and Dickinson, D. (2013). “Generalized cognitive deficit” in
schizophrenia: overused or underappreciated? Schizophr. Bull. 39, 263–265. doi:
10.1093/schbul/sbs143

Goldberg, T. E., Weinberger, D. R., Berman, K. F., Pliskin, N. H., and Podd, M. H.
(1987). Further evidence for dementia of the prefrontal type in schizophrenia—
A controlled-study of teaching the Wisconsin Card Sorting Test. Arch. Gen.
Psychiatry 44, 1008–1014. doi: 10.1001/archpsyc.1987.01800230088014

Green, M. F. (1996). What are the functional consequences of neurocognitive
deficits in schizophrenia? Am. J. Psychiatry 153, 321–330.

Green, M. F., Kern, R. S., Braff, D. L., and Mintz, J. (2000). Neurocognitive deficits
and functional outcome in schizophrenia: are we measuring the “right stuff”?
Schizophr. Bull. 26, 119–136. doi: 10.1093/oxfordjournals.schbul.a033430

Green, M. F., Kern, R. S., and Heaton, R. K. (2004). Longitudinal studies of cog-
nition and functional outcome in schizophrenia: implications for MATRICS.
Schizophr. Res. 72, 41–51. doi: 10.1016/j.schres.2004.09.009

Green, M. F., Schooler, N. R., Kern, R. S., Frese, F. J., Granberry, W., Harvey, P. D.,
et al. (2011). Evaluation of functionally meaningful measures for clinical trials
of cognition enhancement in schizophrenia. Am. J. Psychiatry 168, 400–407. doi:
10.1176/appi.ajp.2010.10030414

Hanlon, F. M., Houck, J. M., Klimaj, S. D., Caprihan, A., Mayer, A. R., Weisend,
M. P., et al. (2012). Frontotemporal anatomical connectivity and working-
relational memory performance predict everyday functioning in schizophrenia.
Psychophysiology 49, 1340–1352. doi: 10.1111/j.1469-8986.2012.01448.x

Hanlon, F. M., Weisend, M. P., Hamilton, D. A., Jones, A. P., Thoma, R. J.,
Huang, M. X., et al. (2006). Impairment on the hippocampal-dependent
virtual Morris water task in schizophrenia. Schizophr. Res. 87, 67–80. doi:
10.1016/j.schres.2006.05.021

Hartley, T., Maguire, E. A., Spiers, H. J., and Burgess, N. (2003). The well-
worn route and the path less traveled: distinct neural bases of route fol-
lowing and wayfinding in humans. Neuron 37, 877–888. doi: 10.1016/S0896-
6273(03)00095-3

Harvey, P. D., Howanitz, E., Parrella, M., White, L., Davidson, M., Mohs, R. C.,
et al. (1998). Symptoms, cognitive functioning, and adaptive skills in geriatric
patients with lifelong schizophrenia: a comparison across treatment sites. Am. J.
Psychiatry 155, 1080–1086.

Heinrichs, D. W., Hanlon, T. E., and Carpenter, W. T. (1984). The quality of life
scale—an instrument for rating the schizophrenic deficit syndrome. Schizophr.
Bull. 10, 388–398. doi: 10.1093/schbul/10.3.388

Heinrichs, R. W., and Zakzanis, K. K. (1998). Neurocognitive deficit in schizophre-
nia: a quantitative review of the evidence. Neuropsychology 12, 426–445. doi:
10.1037/0894-4105.12.3.426

Hyman, S. E., and Fenton, W. S. (2003). Medicine: what are the right targets for
psychopharmacology? Science 299, 350–351. doi: 10.1126/science.1077141

Iaria, G., Petrides, M., Dagher, A., Pike, B., and Bohbot, V. D. (2003). Cognitive
strategies dependent on the hippocampus and caudate nucleus in human
navigation: variability and change with practice. J. Neurosci. 23, 5945–5952.

Joyce, E. M., and Roiser, J. P. (2007). Cognitive heterogeneity in schizophrenia. Curr.
Opin. Psychiatry 20, 268–272. doi: 10.1097/YCO.0b013e3280ba4975

Keefe, R. S., Bilder, R. M., Harvey, P. D., Davis, S. M., Palmer, B. W., Gold, J. M.,
et al. (2006). Baseline neurocognitive deficits in the CATIE schizophrenia trial.
Neuropsychopharmacology 31, 2033–2046. doi: 10.1038/sj.npp.1301072

Khandaker, G. M., Barnett, J. H., White, I. R., and Jones, P. B. (2011). A quanti-
tative meta-analysis of population-based studies of premorbid intelligence and
schizophrenia. Schizophr. Res. 132, 220–227. doi: 10.1016/j.schres.2011.06.017

Laruelle, M., and Abi-Dargham, P. (1999). Dopamine as the wind of the psychotic
fire: new evidence from brain imaging studies. J. Psychopharmacol. 13, 358–371.
doi: 10.1177/026988119901300405

Ledoux, A.-A., Lynne Phillips, J., Labelle, A., Smith, A., Deborah Bohbot,
V., and Boyer, P. (2013). Decreased fMRI activity in the hippocampus of
patients with schizophrenia compared to healthy control participants, tested
on a wayfinding task in a virtual town. Psychiatry Res. 211, 47–56. doi:
10.1016/j.pscychresns.2012.10.005

Lewis, D. A., and Levitt, P. (2002). Schizophrenia as a disorder
of neurodevelopment. Annu. Rev. Neurosci. 25, 409–432. doi:
10.1146/annurev.neuro.25.112701.142754

Liu, Y., Liang, M., Zhou, Y., He, Y., Hao, Y. H., Song, M., et al. (2008).
Disrupted small-world networks in schizophrenia. Brain 131, 945–961. doi:
10.1093/brain/awn018

Maguire, E. A., Burgess, N., Donnett, J. G., Frackowiak, R. S., Frith, C. D., and
O’Keefe, J. (1998). Knowing where and getting there: a human navigation
network. Science 280, 921–924. doi: 10.1126/science.280.5365.921

Meyer-Lindenberg, A., Poline, J. B., Kohn, P. D., Holt, J. L., Egan, M. F., Weinberger,
D. R., et al. (2001). Evidence for abnormal cortical functional connectivity dur-
ing working memory in schizophrenia. Am. J. Psychiatry 158, 1809–1817. doi:
10.1176/appi.ajp.158.11.1809

Minzenberg, M. J., and Carter, C. S. (2012). Developing treatments for
impaired cognition in schizophrenia. Trends Cogn. Sci. 16, 35–42. doi:
10.1016/j.tics.2011.11.017

Morris, R. G. M., Garrud, P., Rawlins, J. N. P., and Okeefe, J. (1982). Place nav-
igation impaired in rats with hippocampal-lesions. Nature 297, 681–683. doi:
10.1038/297681a0

Moser, E. I., Kropff, E., and Moser, M. B. (2008). Place cells, grid cells, and
the brain’s spatial representation system. Annu. Rev. Neurosci. 31, 69–89. doi:
10.1146/annurev.neuro.31.061307.090723

Frontiers in Behavioral Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 180 | 33

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Zawadzki et al. Simulating real world functioning in schizophrenia

Niendam, T. A., Bearden, C. E., Rosso, I. M., Sanchez, L. E., Hadley, T.,
Nuechterlein, K. H., et al. (2003). A prospective study of childhood neurocog-
nitive functioning in schizophrenic patients and their siblings. Am. J. Psychiatry
160, 2060–2062. doi: 10.1176/appi.ajp.160.11.2060

Nuechterlein, K. H., Barch, D. M., Gold, J. M., Goldberg, T. E., Green, M.
F., and Heaton, R. K. (2004). Identification of separable cognitive fac-
tors in schizophrenia. Schizophr. Res. 72, 29–39. doi: 10.1016/j.schres.2004.
09.007

Nuechterlein, K. H., Green, M. F., Kern, R. S., Baade, L. E., Barch, D. M.,
Cohen, J. D., et al. (2008). The MATRICS consensus cognitive battery, part
1: test selection, reliability, and validity. Am. J. Psychiatry 165, 203–213. doi:
10.1176/appi.ajp.2007.07010042

Olton, D. S., and Samuelson, R. J. (1976). Remembrance of places passed—
spatial memory in rats. J. Exp. Psychol.Anim. Behav. Process. 2, 97–116. doi:
10.1037/0097-7403.2.2.97

Patterson, T. L., Goldman, S., McKibbin, C. L., Hughs, T., and Jeste, D. V. (2001).
UCSD performance-based skills assessment: development of a new measure
of everyday functioning for severely mentally ill adults. Schizophr. Bull. 27,
235–245. doi: 10.1093/oxfordjournals.schbul.a006870

Penner, M. R., and Mizumori, S. J. Y. (2012). Neural systems analysis of deci-
sion making during goal-directed navigation. Prog. Neurobiol. 96, 96–135. doi:
10.1016/j.pneurobio.2011.08.010

Randolph, C. (1998). Repeatable Battery for the Assessment of Neuropsychological
Status (RBANS). San Antonio, Tx: Harcourt Brace and Company.

Reichenberg, A., Weiser, M., Rabinowitz, J., Caspi, A., Schmeidler, J.,
Mark, M., et al. (2002). A population-based cohort study of pre-
morbid intellectual, language, and behavioral functioning in patients
with schizophrenia, schizoaffective disorder, and nonpsychotic bipo-
lar disorder. Am. J. Psychiatry 159, 2027–2035. doi: 10.1176/appi.ajp.
159.12.2027

Rotarska-Jagiela, A., van de Ven, V., Oertel-Knochel, V., Uhlhaas, P. J., Vogeley,
K., and Linden, D. E. J. (2010). Resting-state functional network correlates
of psychotic symptoms in schizophrenia. Schizophr. Res. 117, 21–30. doi:
10.1016/j.schres.2010.01.001

Schrimsher, G. W., O’bryant, S. E., O’Jile, J. R., and Sutker, P. B. (2008). Comparison
of tetradic WAIS-III short forms in predicting full scale IQ scores in neu-
ropsychiatric clinic settings. J. Psychopathol. Behav. Assess. 30, 235–240. doi:
10.1007/s10862-007-9066-9

Seidman, L. J. (1990). The neuropsychology of schizophrenia: a neurodevel-
opmental and case study approach. J. Neuropsychiatry Clin. Neurosci. 2,
301–312.

Sheehan, D. V., Janavs, J., Baker, R., Harnett-Sheehan, K., Knapp, E., Sheehan, M.,
et al. (1998). MINI—Mini International Neuropsychiatric Interview—English
Version 5.0.0—DSM-IV. J. Clin. Psychiatry 59, 34–57.

Spieker, E. A., Astur, R. S., West, J. T., Griego, J. A., and Rowland, L. M. (2012).
Spatial memory deficits in a virtual reality eight-arm radial maze in schizophre-
nia. Schizophr. Res. 135, 84–89. doi: 10.1016/j.schres.2011.11.014

Spiers, H. J., and Maguire, E. A. (2006). Thoughts, behaviour, and brain dynam-
ics during navigation in the real world. Neuroimage 31, 1826–1840. doi:
10.1016/j.neuroimage.2006.01.037

Stephan, K. E., Baldeweg, T., and Friston, K. J. (2006). Synaptic plastic-
ity and dysconnection in schizophrenia. Biol. Psychiatry 59, 929–939. doi:
10.1016/j.biopsych.2005.10.005

Stephan, K. E., Friston, K. J., and Frith, C. D. (2009). Dysconnection in schizophre-
nia: from abnormal synaptic plasticity to failures of self-monitoring. Schizophr.
Bull. 35, 509–527. doi: 10.1093/schbul/sbn176

Voermans, N. C., Petersson, K. M., Daudey, L., Weber, B., Van Spaendonck, K. P.,
Kremer, H. P. H., et al. (2004). Interaction between the human hippocampus
and the caudate nucleus during route recognition. Neuron 43, 427–435. doi:
10.1016/j.neuron.2004.07.009

Wechsler, D. (1997). Wechsler Adult Intelligence Scale-III. San Antonio, TX: The
Psychological Corporation.

Weinberger, D. R. (1987). Implications of normal brain-development for the patho-
genesis of schizophrenia. Arch. Gen. Psychiatry 44, 660–669. doi: 10.1001/arch-
psyc.1987.01800190080012

Weinberger, D. R., Berman, K. F., Suddath, R., and Torrey, E. F. (1992). Evidence
of dysfunction of a prefrontal-limbic network in schizophrenia—a magnetic-
resonance-imaging and regional cerebral blood-flow study of discordant
monozygotic twins. Am. J. Psychiatry 149, 890–897.

Weinberger, D. R., Berman, K. F., and Zec, R. F. (1986). Physiological dysfunc-
tion of dorsolateral prefrontal cortex in schizophrenia.1. regional cerebral
blood-flow evidence. Arch. Gen. Psychiatry 43, 114–124. doi: 10.1001/arch-
psyc.1986.01800020020004

Weniger, G., and Irle, E. (2008). Allocentric memory impaired and ego-
centric memory intact as assessed by virtual reality in recent-onset
schizophrenia. Schizophr. Res. 101, 201–209. doi: 10.1016/j.schres.2008.
01.011

Wolbers, T., and Hegarty, M. (2010). What determines our naviga-
tional abilities? Trends Cogn. Sci. 14, 138–146. doi: 10.1016/j.tics.2010.
01.001

Wolbers, T., Weiller, C., and Buchel, C. (2004). Neural foundations of emerg-
ing route knowledge in complex spatial environments. Cogn. Brain Res. 21,
401–411. doi: 10.1016/j.cogbrainres.2004.06.013

Wolbers, T., Wiener, J. M., Mallot, H. A., and Buchel, C. (2007). Differential recruit-
ment of the hippocampus, medial prefrontal cortex, and the human motion
complex during path integration in humans. J. Neurosci. 27, 9408–9416. doi:
10.1523/JNEUROSCI.2146-07.2007

Wong, A. H. C., Macciardi, F., Klempan, T., Kawczynski, W., Barr, C. L., Lakatoo,
S., et al. (2003). Identification of candidate genes for psychosis in rat models,
and possible association between schizophrenia and the 14-13-3 gene. Mol.
Psychiatry 8, 156–166. doi: 10.1038/sj.mp.4001237

Conflict of Interest Statement: Gary Remington has sat on advisory boards for
Roche, Neurocrine, and Synchroneuron, received speaker’s fees from Novartis and
research support from Neurocrine as well as Medicure. All other authors declare
that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

Received: 03 August 2013; accepted: 11 November 2013; published online: 26
November 2013.
Citation: Zawadzki JA, Girard TA, Foussias G, Rodrigues A, Siddiqui I, Lerch JP,
Grady C, Remington G and Wong AHC (2013) Simulating real world functioning
in schizophrenia using a naturalistic city environment and single-trial, goal-directed
navigation. Front. Behav. Neurosci. 7:180. doi: 10.3389/fnbeh.2013.00180
This article was submitted to the journal Frontiers in Behavioral Neuroscience.
Copyright © 2013 Zawadzki, Girard, Foussias, Rodrigues, Siddiqui, Lerch, Grady
Remington and Wong. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Behavioral Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 180 | 34

http://dx.doi.org/10.3389/fnbeh.2013.00180
http://dx.doi.org/10.3389/fnbeh.2013.00180
http://dx.doi.org/10.3389/fnbeh.2013.00180
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BEHAVIORAL NEUROSCIENCE
ORIGINAL RESEARCH ARTICLE

published: 14 March 2014
doi: 10.3389/fnbeh.2014.00088

Structural hippocampal anomalies in a schizophrenia
population correlate with navigation performance on a
wayfinding task
Andrée-Anne Ledoux 1,2,*, Patrice Boyer 1,3, Jennifer L. Phillips1, Alain Labelle1, Andra Smith2 and
Véronique D. Bohbot 4

1 University of Ottawa Institute of Mental Health Research, Ottawa, ON, Canada
2 School of Psychology, University of Ottawa, Ottawa, ON, Canada
3 Université Paris Diderot – Paris 7, Paris, France
4 Douglas Mental Health University Institute, McGill University, Montreal, QC, Canada

Edited by:
Tomiki Sumiyoshi, National Center of
Neurology and Psychiatry, Japan

Reviewed by:
José M. Delgado-García, University
Pablo de Olavide, Spain
Masayoshi Kurachi, Fukushima
Medical University, Japan

*Correspondence:
Andrée-Anne Ledoux, University of
Ottawa School of Psychology, 136
Jean-Jacques Lussier, Ottawa, ON
K1N 6N5, Canada
e-mail: aledoux@uottawa.ca

Episodic memory, related to the hippocampus, has been found to be impaired in schizo-
phrenia. Further, hippocampal anomalies have also been observed in schizophrenia. This
study investigated whether average hippocampal gray matter (GM) would differentiate per-
formance on a hippocampus-dependent memory task in patients with schizophrenia and
healthy controls. Twenty-one patients with schizophrenia and 22 control participants were
scanned with an MRI while being tested on a wayfinding task in a virtual town (e.g., find
the grocery store from the school). Regressions were performed for both groups individ-
ually and together using GM and performance on the wayfinding task. Results indicate
that controls successfully completed the task more often than patients, took less time,
and made fewer errors. Additionally, controls had significantly more hippocampal GM than
patients. Poor performance was associated with a GM decrease in the right hippocampus
for both groups. Within group regressions found an association between right hippocampi
GM and performance in controls and an association between the left hippocampi GM and
performance in patients. A second analysis revealed that different anatomical GM regions,
known to be associated with the hippocampus, such as the parahippocampal cortex, amyg-
dala, medial, and orbital prefrontal cortices, covaried with the hippocampus in the control
group. Interestingly, the cuneus and cingulate gyrus also covaried with the hippocampus
in the patient group but the orbital frontal cortex did not, supporting the hypothesis of
impaired connectivity between the hippocampus and the frontal cortex in schizophrenia.
These results present important implications for creating intervention programs aimed at
measuring functional and structural changes in the hippocampus in schizophrenia.

Keywords: psychiatric population,VBM, allocentric strategy, episodic memory, spatial memory, hippocampus

INTRODUCTION
Cognitive dysfunction is believed to be among the core fea-
tures of schizophrenia. Despite abundant evidence of a prefrontal
impairment in schizophrenia, this type of deficit is not specific
to schizophrenia and has been extensively reported in different
psychiatric disorders (e.g., mood disorders, OCD spectrum; Clark
et al., 2010). Emerging research indicates that other types of deficits
are more characteristic of schizophrenia, such as an episodic mem-
ory deficit, thought to be related to a dysfunction at the level of the
hippocampal formation (Aleman et al., 1999; Boyer et al., 2007).

One of the most robust findings in schizophrenia is the abnor-
mal hippocampal structure (Weiss et al., 2005). Abundant evidence
from post-mortem evaluations (Bogerts et al., 1990) and in vivo
magnetic resonance imaging (MRI) studies has demonstrated a
reduced volume of the hippocampal regions (Nelson et al., 1998;
Wright et al., 2000). These MRI findings have also been observed
in prodromal and first episode subjects (Pantelis et al., 2003).
Structural MRI studies have demonstrated that the hippocampal

volume deficit is diffused throughout the anterior and posterior
portions and not localized to any given parts of the hippocampus
(Weiss et al., 2005). Studies have demonstrated shape differences
(Shenton et al., 2002) in the hippocampal structure but also
morphological differences (size, organization, and shape) in the
hippocampal neurons. Post-mortem studies have demonstrated
reduced neuronal size (Benes et al., 1991; Arnold et al., 1995;
Zaidel et al., 1997) and disorganized pyramidal cell (Luts et al.,
1998) in the hippocampus proper subfields CA1 (Arnold et al.,
1995), CA2, and CA3 (Zaidel et al., 1997) and subiculum (Kovel-
man and Scheibel, 1984; Arnold et al., 1995). Further, there have
been reports of decreased density of dendritic spines, and less
extensive apical dendritic trees in the pyramidal neurons of the
subicular complex (Rosoklija et al., 2000) and in the granule cells
of the dentate gyrus (Lauer et al., 2003).

It is now commonly accepted that the hippocampus plays a
critical role in learning, long-term memory, and spatial memory.
When the hippocampus is selectively lesioned, humans present
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with severe spatial memory deficits (Bohbot et al., 1998). It has
also been demonstrated that hippocampal lesions in rats produce
difficulties in solving spatial navigation tasks (Morris et al., 1982).
Visuospatial navigation has been shown to be critically depen-
dent on the hippocampus. Navigating is a cognitively demanding
task, and requires individuals to construct a mental representation
of the environment with allocentric and egocentric frameworks.
The allocentric representation of the environment is dependant
on the cognitive map. In other words to be successful at a task one
must learn the relations between landmarks (stimulus–stimulus
association; Bohbot et al., 2007). According to the cognitive map
theory, the main function of the hippocampus is to construct and
maintain spatial maps (learning the relationship between environ-
mental landmarks) of the environment (O’Keefe and Nadel, 1978;
Kumaran and Maguire, 2005). Therefore, the cognitive map allows
a target to be reached in a direct path from any given direction. In
contrast, individuals can use stimulus-response learning (Packard
et al., 1989) for example using a single landmark as a reference
(e.g., at the coffee shop turn left) or make decisions based on their
body movement, independent of landmarks in their environment
(Iaria et al., 2003). Patients with lesions at the level of the hip-
pocampus are unable to complete spatial allocentric tasks (Bohbot
et al., 1998). Recently, it was found in a behavioral study that
individuals with schizophrenia exhibit impairments in allocentric
memory while egocentric memory remained intact (Weniger and
Irle, 2008). Similarly, patients with brain damage to the medial
temporal lobe, which includes the hippocampus, are impaired
when they spontaneously use an allocentric spatial memory strat-
egy in a dual-solution task (Bohbot et al., 1998). However, similar
patients who spontaneously use the stimulus-response strategy
are not impaired (Bohbot et al., 2004). Neuroimaging studies have
greatly contributed to the literature by providing confirmatory
evidence that the hippocampus, together with the parahippocam-
pal gyrus, posterior parietal cortices, medial prefrontal cortex, and
striatum are engaged in visuospatial navigation (Aguirre et al.,
1996; Maguire et al., 1998; Burgess et al., 2001).

In a previous fMRI study that included the same research par-
ticipants (schizophrenia and control groups) as those included in
the current study, Ledoux et al. (2013) demonstrated an episodic
memory deficit in the schizophrenia group. Further, controls per-
formed significantly better on a virtual visuospatial navigation task
called the wayfinding task and had significantly increased fMRI
activity in the hippocampus compared to these patients while per-
forming the wayfinding task. The wayfinding task used by Ledoux
et al. (2013) and in the current study is identical to the one used by
Etchamendy and Bohbot (2007), and is modeled after the task used
by Hartley et al. (2003). In this task, participants are required to use
allocentric representations in order to be successful at finding their
way in the environment taking the shortest path. Therefore, in the
current paper, we asked whether the wayfinding deficit found in
patients with schizophrenia was associated with gray matter (GM)
loss in the hippocampus.

Though it is known that the hippocampus is involved in a more
general class of memory, such as episodic memory including mem-
ory across temporal delays such as trace conditioning (Gruart et al.,
2006), explicit memory (Eichenbaum et al., 2012), or relational
memory (Clarke et al., 2010), the current paper focuses on the role

of the hippocampus in spatial memory (Burgess et al., 2002). The
current study used voxel-based morphometry (VBM) to investi-
gate hippocampal GM in patients with schizophrenia and healthy
controls previously studied by Ledoux et al. (2013) and examined
the relationship between the region of interest in the hippocampus
and behavioral performance on the wayfinding task. In this study,
we sought to investigate whether performance on the wayfinding
task has a predictive relation with the morphological differences in
the hippocampus of patients and control participants. Further, we
investigated whether the different regions known to be anatomi-
cally connected to the hippocampus in a healthy population were
associated with the hippocampal GM in the schizophrenia group.
It was hypothesized that the patient group would have hippocam-
pal GM differences compared to the control group and that the
GM in the hippocampus would play a significant role in perfor-
mance on the hippocampus-dependent spatial memory task in
patients with schizophrenia and in healthy control participants.
Finally, in previous studies it was demonstrated that individu-
als with more GM in the hippocampus also had more GM in
an associated network of neuroanatomically connected regions,
which include the orbital prefrontal cortex, the parahippocampal
cortex, entorhinal and perirhinal cortices, and amygdala (Bohbot
et al., 2007; Konishi and Bohbot, 2013). Taking these previous
studies into consideration and the disconnectivity theories sug-
gesting connectivity impairments between the hippocampus and
prefrontal cortex (Weinberger et al., 1992), it was hypothesized
that the patient group would demonstrate differences in the asso-
ciated network of neuroanatomically connected regions, notably
in the orbital prefrontal cortex.

MATERIALS AND METHODS
PARTICIPANTS
A total of 43 study participants who comprised two groups: (1)
21 schizophrenia patients and (2) 22 control participants were
recruited for this study. Participants were male and female between
18 and 40 years old inclusively and right-handed (determined by
the Handedness Inventory; Oldfield, 1971) due to documented dif-
ferences in hippocampal areas linked to navigation skills associated
with the non-dominant hemisphere. Patients with a primary diag-
nosis of schizophrenia were recruited from the Outpatient Schizo-
phrenia Clinic at the Royal Ottawa Mental Health Centre. Controls
were recruited via newspaper and poster advertisement. The con-
trol group was closely matched to the schizophrenia patients in
terms of age, sex, and education level. Ethics for the current study
were accepted by the Research Ethics Board of the University of
Ottawa, Institute of Mental Health Research in Ottawa. Prior to
starting the study, all participants signed an informed consent
form authorizing the researcher to conduct research with their
information. Participants were paid a sum of $75 to take part in
the study.

Inclusion criteria for the patient group
Participants of this group needed to be clinically diagnosed with
schizophrenia by a psychiatrist, therefore they had to meet the
Diagnostic and Statistical Manual of Mental Disorders – Fourth
Edition criteria (DSM-IV-TR; American Psychiatric Association,
2000). Patients meeting the DSM-IV criteria for schizophrenia,
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disorganized, undifferentiated, or paranoid subtypes, were eligible
to participate in the study; catatonia subtypes and schizoaffec-
tive patients were excluded from the study. Patients needed to be
clinically stabilized. Stabilization is defined as having had no sig-
nificant change in symptom severity (i.e., level of severity), and no
changes in medication type or dosage or therapeutic methods fol-
lowing a 3-month retrospective chart review determined by their
psychiatrist.

Exclusion criteria for patient group
Participants with an acute psychotic episode on the total Pos-
itive Negative Symptoms Scale (PANSS; Kay et al., 1987) or
having a score of 4 on two or more of the following PANSS
items (conceptual disorganization, P2; hallucinatory behavior,
P3; suspiciousness, P6; unusual thought content, G9) were
excluded. Further, participants exhibiting comorbid depressive
symptoms [Calgary Depression Scale (CDS) score ≥7; Adding-
ton et al., 1990], taking typical antipsychotics, benzodiazepines,
or receiving electroconvulsive therapy (ECT) were excluded
from this study. Finally, the presence of extrapyramidal symp-
toms (EPS), or overt signs of tremor or movement disorder
could affect the quality of MRI image acquisition. Therefore,
patients exhibiting those symptoms were also excluded from this
study.

Exclusion criteria for control group
Presentation of a psychiatric condition corresponding to an Axis 1
DSM-IV TR diagnosis (using SCID-NP interview) was considered
an exclusion criteria. Also, participants reporting a psychiatric his-
tory concerning their siblings or other first-degree relatives did not
qualify for the study. Finally, having depressive symptoms [Hamil-
ton Scale for Depression (HAMD) score ≥10; Hamilton, 1960]
excluded participants from the study.

Exclusion criteria common for patient and control groups
Current diagnosis of alcohol abuse or other kinds of dependence
in the previous 12 months [Alcohol Use Disorders Identification
Test (AUDIT) score ≥8 in men or ≥7 in women; Saunders et al.,
1993] or current diagnosis or history of drug abuse or dependence
in the past 12 months [Drug and Abuse Screening Test (DAST)
score ≥6; Skinner, 1982] were exclusion criterion. Participants
with neurological disease, history of head injury, cardiovascular
disease, or stroke (determined by Medical Questionnaire) were
also excluded. The presence of any non-removable magnetic metal
on or in the body (such as cardiac pacemakers, metal prostheses),
as determined by the Medical Questionnaire, was also reason for
exclusion from the study.

MATERIAL AND PROCEDURE
Clinical assessment
The clinical assessment was a 2 h session separated into two
parts. The first hour of the assessment was the clinical inter-
view where the SCID, CDS, or HAMD, PANSS (for patients only)
were administered. The second part of the assessment consisted of
self-report questionnaires answered by participants. Participants
were required to assess themselves on the following questionnaires:
AUDIT, DAST.

MRI session
The MRI portion of this project occurred in two phases per-
formed on the same day: the pre-scan training phase followed
within 1 h by the scan phase. Since familiarity with first-person
videogames may have an impact in the virtual reality task per-
formance, before the pre-scan training participants were asked
about their video game habits [e.g., what type(s) of video game
played]. During the pre-scan training, participants were first famil-
iarized with the keyboard to ensure their ability to maneuver
through the environment. This was done in a virtual environ-
ment different from the virtual town used for the experiment.
They then navigated in the virtual town created with the game
editor of a commercially available computer game (Unreal Tour-
nament 2003; Epic Games, Raleigh, NC, USA). The virtual town is
a visually complex computer-based environment, which includes
several roads, intersections, and buildings, in addition to dis-
tinct landmarks (easily recognizable, labeled locations such as a
school or a hospital). Participants engaged in a free exploration
of the town for 20–30 min. During exploration, participants were
required to encounter every landmark twice and to travel along
all roads. The path taken and the amount of time participants vis-
ited each landmark was recorded. The free exploration provided
an opportunity for participants to encode and construct a cogni-
tive map of the environment by building relationships between
landmarks in the town. Participants were not permitted suffi-
cient exploration time to form habitual routes between landmarks.
Creating the paradigm using a modified video game framework
provided participants with a first-person perspective while navi-
gating. Following the training outside the MRI, participants were
scanned while performing tasks based on the navigation para-
digm. In the MRI, participants underwent a 15 min T1 structural
scan. During fMRI scanning which followed, participants were
required to complete the Navigation Task. For each eight navi-
gation trials, participants were placed in one location in the city
(e.g., school) and were required to navigate from there to another
landmark (e.g., movie theater) within the city. Successful comple-
tion of this task required taking the shortest route by deriving it
from a cognitive map, a task that critically requires the hippocam-
pus. During completion of the navigation trials, participants were
timed and their precise paths were recorded on a 2D aerial view of
the town.

Magnetic resonance imaging scans were acquired using a
1.5 Tesla Siemens Magnetom Symphony. The protocol generated
T1-weighted image volumes with a 1 mm isotropic resolution
using a three-dimensional spoiled gradient echo acquisition with
sagittal volume excitation (repetition time, 22; echo time, 9.2; flip
angle, 30°; field of view, 256 mm; 160 1 mm sagittal slices). An
MRI-compatible virtual reality system, Silent VisionTM Model SV-
7021 Fiber Optic Visual System with In Control Software (Avotec,
Inc.), was acquired for this study, as well as a four button fiber
optic touch pad.

DATA ANALYSES
Participants were matched according to their age, sex, and level
of education for all analyses in this study. Behavioral data (demo-
graphics and navigation performances) were analyzed using SPSS
(SPSS, 2008) software. Neuroimaging data was analyzed with
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Statistical Parametric Mapping software (SPM8, 2008) and the
VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/).

Behavioral data
The first hypothesis of a significant difference between patient and
control groups within the behavioral navigation performance was
analyzed with a multivariate ANOVA. Variables considered for the
analysis of navigation performance were Accuracy (i.e., percentage
of target locations reached), Percent error (i.e., percentage of extra
distance traveled+ distance remaining to reach the goal compared
to shortest distance needed to reach goal location), and mean time.

Percent error :
(
(x+z) − y/ (x+z)× 100

)
(i.e., x = total distance traveled, z = distance remaining to reach
the goal, y= shortest distance to goal). The z variable was included
to account for incomplete trials where the target landmark was not
reached. Since incomplete trials by definition are missing part of
the way to the goal location, the z variable was made to include
this missing distance. Therefore, the shortest distance from the
end point at which the trial was interrupted to the goal location is
added to the distance traveled (x + z).

Voxel-based morphometry and statistical analysis
We applied VBM as implemented in the VBM8 toolbox with
default parameters. Images were bias-corrected, tissue classified,
and registered using linear (12-parameter affine) and non-linear
transformations (warping), within a unified model (Ashburner
and Friston, 2005). Subsequently, analyses were performed on GM
and white matter (WM) segments, which were multiplied by the
non-linear components derived from the normalization matrix
in order to preserve actual GM and WM values locally (mod-
ulated GM and WM average). Finally, the modulated volumes
were smoothed with a Gaussian kernel of 12 mm full width at half
maximum (FWHM). GM, WM, and Cerebral Spinal Fluid (CSF)
maps were combined for total intracranial volume (TIV). Voxel-
wise GM and WM differences between schizophrenia patients
and controls were examined using independent-sample t -tests. In
order to avoid possible edge effects between different tissue types,
we excluded all voxels with GM or WM values of less than 0.1
(absolute threshold masking).

A first regression was performed on GM and navigation per-
formance to determine whether GM regressed with the percentage
errors made during the task, accuracy, and time.

The purpose of our study was primarily focused on the hip-
pocampal structure, and secondly the prefrontal cortex and cau-
date nucleus. Region of interests (ROI) analyses were restricted to
the hippocampus, parahippocampal gyrus, caudate nucleus, supe-
rior medial, and orbital prefrontal cortices. We created a mask for
all specified ROI with the Pick Atlas extension (Maldjian et al.,
2003) using the automated anatomical labeling atlas (Tzourio-
Mazoyer et al., 2002). This mask was then inserted as the explicit
mask in the VBM factorial analyses. Within the masks, significance
was set at a threshold of uncorrected p < 0.001, with a cluster-wise
correction at pFWE= 0.05 and a set cluster size larger than 10
voxels.

Pearson correlations were performed between subtracted hip-
pocampal GM regions at the peak voxel (MNI space x = 24,

y =−21, z =−15 and x =−24, y =−21, z =−18) and the
navigation behavioral variables in both groups.

Results of the first VBM regression were used to regress the GM
value at the peak voxel (MNI space coordinates, x = 24, y =−21,
z =−15) in the hippocampus against the entire MRI volume in
the control and patient groups. This second regression tested and
compared whether GM in the network of regions known to be
anatomically linked to the hippocampus covaried with hippocam-
pal GM in patients. A similar regression was also performed in
Bohbot et al. (2007) showing that navigational strategies correlate
with GM in the hippocampus or caudate of healthy participants.
In turn, GM in the hippocampus correlated with a network of
brain regions, known to be anatomically connected (i.e., orbital
prefrontal cortex, the parahippocampal, entorhinal and perirhinal
cortices, and amygdala).

RESULTS
DEMOGRAPHICS
Twenty-one patients with schizophrenia and 22 healthy controls
qualified and completed the study. All together, 20 pairs were
matched on age, sex and education. However, one patient (male
age 30) and three controls (one female age 22 and two males age 19
and 37) were not matched because their respective matched part-
ner was withdrawn from the study due to miscellaneous difficulties
(e.g., WM abnormalities, experiencing excessive anxiety in the
scanner). Therefore, matching of our samples was done at a group
level. Participant demographics are demonstrated in Table 1. No
significant differences were found in the main matching criteria
variables: age, sex, education, and no significant differences were
found in IQ scores, experience with first-person videogames, or
mean number of time participants visited the landmarks dur-
ing the learning phase (visited landmarks), p > 0.05 (Table 1).
Patients’ mean PANSS global score of 64 represents a very mod-
erate severity and slightly predominant but not marked negative
symptoms (18.4 vs. 15.4), in summary, a moderate and stabilized
population.

Table 1 | Participant demographics.

Controls

(n=22; SD)

Patients

(n=21; SD)

Sex (F/M) 6/16 5/16

Age (years) 30.45 (1.25) 32.05 (1.08)

Education (years) 16.68 (2.64) 15.10 (2.09)

IQ (NART) 111.32 (1.67) 109.09 (1.47)

Played first-person

videogame (yes/no)

13/9 13/8

Visited landmarks 20.64 (4.76) 21.38 (5.36)

Age of onset (years) 20.52 (4.81)

Duration of illness (years) 11.38 (4.93)

PANSS total 64 (13.0)

PANSS positive 15.14 (4.33)

PANSS negative 18.14 (5.68)

PANSS general score 30.71 (6.93)

p > 0.05 on all measures.
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Ledoux et al. Schizophrenia hippocampal anomalies and navigation performance

FIGURE 1 | Bar plot demonstrating differences between patient and control groups for the behavioral navigation variables: percent error
[F (1,41)=9.64, p=0.003]; mean time [F (1,41)=12.28, p=0.001]; and accuracy [F (1,41)=15.47, p=0.000].

BEHAVIORAL NAVIGATION SCORES
Compared to controls, patients with schizophrenia found
fewer target landmarks [F(1, 41)= 15.47, p= 0.000], traveled
longer distances [F(1, 41)= 9.639, p= 0.003], and took more
time [F(1, 41)= 12.28, p= 0.001] to find target landmarks,
Figure 1.

REGIONAL GM REDUCTION IN PATIENTS COMPARED TO CONTROL
PARTICIPANTS
Groups did not differ in overall TIV (t 41=−0.96, p= 0.34). In
order to investigate whether there were whole brain GM and
WM differences, independent-sample t -tests were performed.
Since there was no significant difference in age or TIV, these
variables were not used as covariables. Significant differences
in GM (Table 2 and Figure 2) were found between groups
(Controls > Patients). WM analysis showed significant differences
between controls and patients in the right middle frontal cortex
(MNI coordinates: 33, 18, 21; t = 4.48) and right frontal inferior
triangularis gyrus (MNI coordinates: 30, 39, 21; t = 4.02), as well
as in the ROI of the posterior left hippocampus (−12, −33, 9;
t = 4.22).

First regression: association between GM and behavioral variables
Whole group regressions were performed with GM and the behav-
ioral variables. Results (Table 3) indicate an inverse association
between the behavioral variables (Time and Percent error) and
the right hippocampus and right parahippocampal cortex GM.
Along the same lines, a positive correlation was found between
the right parahippocampal cortex GM and Accuracy. Scatter
plots of Percent error against hippocampus GM derived from
this analysis shows that the control group forms two separate
groups (Figure 3B) even if the scores in each axis seem almost
normally distributed. A subsequent analysis confirms a signifi-
cant difference between both subgroups for the variables percent
error and right hippocampus GM (F= 40.88, p < 0.01; F= 24.24,
p < 0.01). In addition, Figures 3A,B shows that patients have less
hippocampal GM and poorer navigation performance. Regres-
sion analyses for the separated groups show a significant negative
correlation (puncorr. < 0.001) between selected brain areas includ-
ing predominantly the right hippocampus, right parahippocampal
cortex, and left caudate GM and Time and Percent error in con-
trols. In addition, we found a significant negative correlation

Table 2 | Reductions of GM volume in patients with schizophrenia

compared to healthy controls (controls > patients).

Region Side MNI

coordinates

Z

value

t

value

x y z

Insula L −28 20 −2 5.98 7.61

Insula R 34 15 −20 4.60 5.29

Middle frontal gyrus R 34 36 18 4.50 5.15

Gyrus rectus L −2 39 −18 4.49 5.15

Frontal inferior triangular gyrus R 39 33 3 4.48 5.12

ROI

Hippocampus L −22 −22 −17 3.81 4.21

Hippocampus L −36 −12 −17 3.39 3.67

Hippocampus R 38 −9 −15 3.80 4.18

Hippocampus R 30 −15 −12 3.23 3.48

Caudate R 22 24 −2 3.90 4.32

Front inferior orbital L −30 27 −5 5.29 6.39

Frontal superior orbital L −26 14 −14 5.24 6.30

Frontal superior orbital R 22 18 −14 4.91 5.78

Frontal inferior orbital R 34 14 −20 4.51 5.16

Frontal medial orbital L −3 39 −15 4.39 5.00

Frontal medial orbital R 3 68 −2 4.20 4.73

ROI investigation at threshold 0.001 uncorrected, PFWE =0.05 cluster-wise correc-

tion.

(puncorr= 0.05) between predominantly the left hippocampus and
right parahippocampal cortex GM and time and percent error
in patients. A positive correlation was found between the right
parahippocampal cortex and accuracy in controls and the right
parahippocampal cortex and left hippocampus and accuracy for
the patient group (puncorr. < 0.01). Bivariate Pearson correlations
support these results where the right hippocampus seed region
correlated significantly with percent error and time in controls
(r =−0.484, p= 0.01; r =−0.482, p= 0.01) but not in patients
(r =−0.318, p= 0.80; r =−0.277, p= 0.11) and the left hip-
pocampus seed region correlated significantly with percent error
and time in the patient group (r =−0.401, p= 0.036; r =−0.429,
p= 0.026) but not in the control group (r =−0.344, p= 0.06;
r =−0.235, p= 0.15).
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Ledoux et al. Schizophrenia hippocampal anomalies and navigation performance

FIGURE 2 | Images demonstrating GM differences of the hippocampus
when contrasting controls and patients (controls > patients). The t
maps are superimposed onto an anatomical brain and displayed in the
sagittal, coronal, and horizontal planes. (A) GM differences in the left

hippocampus when contrasting the control group to the patient
group (−22, −22, −17). (B) GM differences in the right hippocampus
when contrasting the control group to the patient group right (36,
−9, −15).

Table 3 | All participants.

Condition Region MNI coordinates K E t value Z value

x y z

Accuracy (+) R parahippocampal cortex 33 −34 −15 80 3.89 3.57

R caudate 10 16 −11 80 4.00 3.65

L caudate −10 18 −11 104 3.78 3.48

Time (−) R parahippocampal cortex 33 −34 −15 274 4.62 4.12

R hippocampus 24 −21 −14 88 3.68 3.40

R caudate 10 15 −12 74 4.13 3.76

L caudate −8 −16 −11 139 3.84 3.53

L frontal inferior orbital −34 23 −9 760 4.27 3.86

L frontal superior orbital −22 17 −15 760 4.20 3.80

R frontal superior medial 8 35 60 193 3.80 3.49

Percent error (−) R parahippocampal cortex 30 −31 −17 222 4.12 3.74

R hippocampus 24 −21 −15 78 3.82 3.51

ROI investigation at threshold 0.001 uncorrected, PFWE =0.05 cluster-wise correction and k > 10, (R > right, L=Left, (+) = positive, (−) = negative).

Second regression: regression at the seed voxel of the hippocampus
In the control group, the regions covarying significantly with
the right hippocampus were the bilateral parahippocampal cor-
tex, left entorhinal cortex, contralateral hippocampus, amygdala,
frontal middle orbital cortex, and frontal superior medial gyrus
GM (Figure 4A). For the patient group, the bilateral parahip-
pocampal cortex, contralateral hippocampus, amygdala, cuneus,
frontal superior medial gyrus, and middle cingulate gyrus GM
covaried with the right hippocampus (Figure 4B). To sum-
marize, in the patient group the right hippocampus did not
covary with the entorhinal and middle orbital cortex as within
the control group but did covary with the cuneus and mid-
dle cingulate gyrus, which was not the case in the control
group.

DISCUSSION
The goal of this study was to investigate whether GM in the
hippocampus would predict performance on a hippocampus-
dependent spatial memory task in patients with schizophrenia
and in control participants. Furthermore, this study sought to
explore whether regions known to be anatomically connected
with the hippocampus covaried with the right hippocampus GM
region derived from the VBM regression analysis. To assess spa-
tial memory, a wayfinding task was utilized where participants
explored a virtual town and had to remember the location of
several landmarks. Spatial memory was tested by asking partic-
ipants to navigate from one landmark to another by taking the
shortest route possible. It was hypothesized that the patient group
would have a smaller hippocampal GM average compared to the
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Ledoux et al. Schizophrenia hippocampal anomalies and navigation performance

FIGURE 3 | (A) VBM Regression analysis of right hippocampus GM against
percent error on the wayfinding task (pFWEcorr. < 0.05). The t maps are
superimposed onto an anatomical brain and displayed in the sagittal, coronal,
and horizontal planes. (B) Scatter plot regression of right hippocampal cluster

at seed voxel (24, −21, −15; p < 0.001) with Percent error on the wayfinding
task. Pearson correlation between right hippocampus GM and percept error
for the control group (r =−0.484, p=0.01) and patient group (r =−0.318,
p=0.08).

control group and the size of the hippocampus could predict the
performance on the navigation task.

During the navigation task, individuals with schizophrenia
reached the target goal less often, took more time, and deviated
from the shortest route possible significantly more than controls.
When comparing controls to patients, GM volumetric analysis
revealed significantly lower GM average in the hippocampus of
the patient group. This analysis also revealed GM average differ-
ences in the insula, middle, and inferior frontal gyrus, gyrus rectus,
caudate nucleus, and frontal orbital cortex.

Whole group regression analysis revealed increased latency and
deviation from the shortest route were associated with a decrease
in the right hippocampus GM, indicating that more GM in the
hippocampus is associated with better performance (finding the
landmark by making fewer errors and taking less time to complete
the task). The anterior right hippocampus has also been associ-
ated with performance in navigation in other studies. Bohbot et al.
(2007) found that individuals using spontaneous spatial strate-
gies had greater GM in the hippocampus compared to individuals
using non-spatial strategies. As seen in the scatter plot (Figure 3)
there appears to be two clusters in the control group, the good per-
formers with greater right hippocampal GM and poor performers
with lower right hippocampal GM. In support of these findings,
Etchamendy and Bohbot (2007) found that approximately 50%
of their participants used a spontaneous spatial strategy and those
who maintained that strategy on the 4-on-8 virtual maze (the task

used to dissociate spatial and response strategies) performed sig-
nificantly better on the wayfinding task than participants who used
a response strategy navigating from their starting position. Spatial
learners on the 4-on-8 virtual maze also had significantly more
GM in the hippocampus than response learners, which would be
consistent with the current results. Head and Isom (2010) also
demonstrated more GM in individuals who were better at the
wayfinding task. Clearly, the current results show an association
between hippocampus GM and the ability to learn the relations
between the environmental landmarks in order to perform the
task successfully.

Compared to controls participants, patients performed signifi-
cantly worse at the navigation task and had a smaller hippocampus.
Low GM volumes have been previously reported in schizophrenia
(Wright et al., 2000) and also in first episode groups (Pantelis et al.,
2003). Lower GM volumes may be a risk factor for schizophre-
nia. These anatomical hippocampal anomalies may be the cause
of spatial learning impairments and other important cognitive
deficits seen in schizophrenia, such as an episodic memory deficit.
We previously demonstrated significant differences between both
groups, whereby patients made more errors at the immediate
and delayed recall of the family picture subtest of the Weschler
memory test (Wechsler, 1987) compared to the control group
(Ledoux et al., 2013), which is, an assessment that specifically tests
the ability to associate together the context and content of an event.
The literature postulates that the episodic memory deficit seen in
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FIGURE 4 | Regression at the seed voxel of the right hippocampus
(24, −21, −15) in controls (A) and in patients (B). The t maps are
superimposed onto an anatomical brain and displayed in the sagittal,
coronal, and horizontal planes. (A) Right hippocampus (region 3) in
controls covaries significantly with the frontal middle orbital cortex
(region 1), superior medial gyrus (region 2), right parahippocampal cortex

(region 4), and left hippocampus (region 5). Inferior orbital cortex (region
6) does not significantly correlate with the right hippocampus. (B) Right
hippocampus (region 3) of patients covaries significantly with the cuneus
(region 7), middle cingulate gyrus (region 8), superior medial frontal gyrus
(region 2), parahippocampal cortex (region 4), and left hippocampus
(region 5).

schizophrenia might be mediated by a contextual binding deficit
(Boyer et al., 2007), the ability to make associations between the
content (“what”) and the contextual features (the “where” and
“when”) of an event. Since the hippocampus is critical for con-
textual binding in episodic memory (Burgess et al., 2002; Maguire
and Frith, 2004), it seems appropriate to use the wayfinding task
which assesses similar mechanisms [i.e., in order to reach the target
location, participants are required to learn the relations between
the environmental landmarks (association of the event with its
spatial context)].

Interestingly, the wayfinding-hippocampus GM relation in
the patient group (Figure 3) shows a cluster, which overlaps
with the poor performers in the control group, i.e., with the
lower right hippocampus GM group. This indicates that both
the patient and the poor performer control groups are in the
lower range in terms of GM in the hippocampus and perfor-
mance on the spatial navigation task. Since, patients in their
prodromal and first psychotic episode groups have low hippocam-
pus GM (Pantelis et al., 2003), data in the literature suggest that
healthy participants with low hippocampus GM, similar to those
in our poor performer control group, may be at risk for neu-
rological and psychiatric disorders such as schizophrenia. The
current results suggest that the wayfinding task may be sensi-
tive to abnormalities in the hippocampus for different types of
populations.

The prefrontal cortex, striatum, and parahippocampal gyrus
are all regions that have been implicated in previous visuospa-
tial navigation studies (Aguirre et al., 1996; Bohbot et al., 1998;
Maguire et al., 1998; Burgess et al., 2002; Hartley et al., 2003; Iaria
et al., 2003). In this study, it was found that the GM of these regions
was also associated with the performance on the wayfinding task.

Regression between the seed region in the right hippocam-
pus and the entire brain demonstrates that the parahippocampal
cortex, entorhinal cortex, contralateral hippocampus, amygdala,
frontal middle orbital cortex, and frontal superior medial gyrus
GM regions correlate with the hippocampus in the control group.
In other words, when GM is greater in the hippocampus it will
also be greater in the above mentioned regions. These regions are
known to be anatomically connected to the hippocampus and were
also found to positively covary with the hippocampus in similar
navigation studies (Bohbot et al., 2007; Konishi and Bohbot, 2013).
Contrary to the control group, in the patient group the cuneus
and cingulate gyrus also covaried with the right hippocampus
but not the entorhinal and frontal orbital cortices. These regions
might be recruited to compensate for the structural and functional
deficit seen in schizophrenia while navigating. As previously men-
tioned the frontal orbital and hippocampal regions were found
to have less GM in the patient group. Empirical evidence sup-
ports a connection involving neuroanatomical projections from
the CA1 and subiculum fields to the medial prefrontal and orbital
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frontal cortices (Thierry et al., 2000). The hippocampo-prefrontal
pathway represents one of the major factors in learning and mem-
ory (Laroche et al., 2000). These results provide support to the
hippocampal-prefrontal connectivity hypothesis in schizophre-
nia, which suggests that the prefrontal deficit (such as executive
functioning) may in fact be more closely linked to a temporal
lobe deficit or associated with connectivity deficits between the
temporal lobe and the prefrontal cortex (Weinberger et al., 1992).

Maguire et al. (2000), found that taxi cab drivers, whom have
extensive navigation experience,had greater hippocampal volumes
than the control group, and a recent study by Lerch et al. (2011),
demonstrated in mice that spatial memory training causes neu-
roanatomical volume changes in the hippocampus. The wayfind-
ing task employed in this study seems to be particularly sensitive
to the hippocampus. Training individuals with schizophrenia on
hippocampal-dependent tasks, could potentially be used as a form
of therapy to help improve the function and structure of the hip-
pocampus, potentially alleviating cognitive deficits seen in this
population such as episodic memory problems and executive
dysfunction.

Finally, for future research, a study with a larger sample of par-
ticipants in each group would be a better sample to generalize these
results to this population (Steen et al., 2007).

CONCLUSION
In the current study, we investigated whether performance in
a wayfinding task could predictably be related to GM in a
healthy control group and in a schizophrenia patient group and
explore whether the same GM regions in both groups covaried
with the hippocampus. Control participants successfully found
more target locations in the environment than patients, took
less time to complete the task, and made fewer errors com-
pared to patients. Controls had a greater hippocampal GM aver-
age than patients. Whole group performance was significantly
related to the right hippocampus. Patients’ poor performance,
contextual binding deficit, and reduced hippocampal activity
while performing the wayfinding task, as demonstrated in our
previous study, may be attributed to hippocampal anomalies.
However, a greater sample size would be necessary to con-
firm these results. The second VBM regression analysis demon-
strated that orbital frontal cortex does not relate with the hip-
pocampal GM in the patient group, a result congruent with the
hippocampal-prefrontal connectivity hypothesis of schizophrenia.
Results of this study demonstrate that individuals with schizophre-
nia have a hippocampal disorder and directly targeting the hip-
pocampal structure might be important for improving cognitive
impairments.
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Schizophrenia is a complex neuropsychiatric disorder with variable symptomatology,
traditionally divided into positive and negative symptoms, and cognitive deficits. However,
the etiology of this disorder has yet to be fully understood. Recent findings suggest
that alteration of the basic sense of self-awareness may be an essential distortion of
schizophrenia spectrum disorders. In addition, extensive research of social and mentalizing
abilities has stressed the role of distortion of social skills in schizophrenia. This article aims
to propose and support a concept of a triple brain network model of the dysfunctional
switching between default mode and central executive network (CEN) related to the
aberrant activity of the salience network. This model could represent a unitary mechanism
of a wide array of symptom domains present in schizophrenia including the deficit of self
(self-awareness and self-representation) and theory of mind (ToM) dysfunctions along with
the traditional positive, negative and cognitive domains. We review previous studies which
document the dysfunctions of self and ToM in schizophrenia together with neuroimaging
data that support the triple brain network model as a common neuronal substrate of this
dysfunction.

Keywords: schizophrenia, self, theory of mind, forward model, default mode network, salience network, central
executive network

INTRODUCTION: PHENOMENOLOGICAL DOMAINS OF
SCHIZOPHRENIA
Schizophrenia is a severe neuropsychiatric disorder with complex
manifestations expressed in a wide variety of symptoms tradition-
ally divided into positive and negative symptoms, and cognitive
deficits (Crow, 1985; Andreasen, 1999; Sass and Parnas, 2003).
Positive symptoms refer to phenomena exceeding normal mental
functions, such as conceptual disorganization, abnormal thought
contents and hallucinations. Negative symptoms are character-
ized by a decline in normal functioning, flattened emotions,
decrease of social behavior and anhedonia. Cognition is affected
in several domains such as attention/vigilance, psychomotor
speed, cognitive coordination, visual and verbal learning and
memory, working memory, executive functions and social cogni-
tion (Green et al., 2004). However, the common etiology of these
disparate symptoms remains elusive.

Recent phenomenological research indicates that disturbance
of the basic sense of self-awareness (core self) may be a core
phenotypic marker of schizophrenia spectrum disorders (Nelson
et al., 2013, 2014). Self-awareness is an essential component
of more complex self-referential systems (self-representation).
The term “self ” refers traditionally to the human phenomenon
of one’s own experience including perceptions, thoughts, and
emotions (Vogeley and Fink, 2003). This intrinsic representation

(or meta-representation) of mental states as one’s own men-
tal states is paralleled by the representation of others, again
in terms of cognitive content (perceptions and thoughts) and
emotions (Vogeley et al., 2001). These cognitive and emotional
representations of others are linked to two domains of social
cognition, cognitively targeted “theory of mind” (ToM) and
empathy. To capture more clearly the dynamic features of a
complex self-concept, a two dimensional model of a human
mind’s representation could be delineated. The first dimension
of this model refers to the self-other distinction, and the second
represents the cognitive and emotional distinction (Figure 1).
In this context, we use the term “cognitive” for all processes
related to monitoring the perceptions, thoughts, planning and
action performance of ourselves or others. The term “emotional”
refers to the monitoring of motivational, positive and negative
(aversive) hedonic values automatically assigned to a current
situation or mental content. This model groups together four
domains (self, ToM, empathy and hedonic evaluation) with
one common denominator: meta-representation of the mind
(Figure 1).

Interestingly, all of these four categories have been identified
as dysfunctional in schizophrenia and represent an alternative
approach to schizophrenia phenomenology. It is tentative to
speculate that a common denominator could be a candidate
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FIGURE 1 | Model of a human mind’s representation
(inwards/outwards). The horizontal axis refers to “cognitive” dimension,
whereas the vertical axis refers to “emotional” dimension with stronger
motivational accent. We assume that these two axes can create a mental
representation of human mind, that can be focused outwards or inwards,
forming four domains: self, ToM, empathy and hedonic evaluation.

for a unified neurobiological mechanism underlying the wide
range of schizophrenia symptom manifestations. As we show
further in this paper, recent advances in neuroimaging have
proven that the array of bizarre perceptual experiences inher-
ent to schizophrenia, i.e., pathological beliefs and cognitive
deficits are part of the same core abnormality—prominent
disturbance in the orchestration of large-scale brain networks
that are conversely related to social cognition and emotional
valence evaluation (ToM and empathy) and self-attribution.
In order to explain co-occurrence of disparate symptoms of
schizophrenia, encompassing broad range phenomenological
domains, we have further elaborated the previously postulated
theory of the triple network dysfunctional theory (Menon,
2011).

In this article we focus on the disturbance of the cognitive
capability to represent ourselves/others as an unifying “super-
domain” in schizophrenia (Figure 1). The emotional domain will
be elaborated in a separate article. However, it is necessary to stress
that the disturbances of the poles of the emotional axis belong to
emotional flattening, a core negative symptom of schizophrenia
differing in an inward (anhedonia) and outward (poor rapport or
lack of empathy) perspective of reference.

This article aims to propose and advocate a concept of a
common neurobiological substrate for self and ToM and to doc-
ument its disturbance in schizophrenia. In the first two sections
we review previous studies which refer to the dysfunction of
self and ToM in schizophrenia together with neuroimaging data
elucidating the neuronal substrate of this dysfunction. Secondly,
we propose a triple network dysfunction as a candidate mecha-
nism for the deficit of self-awareness, autobiographical self and
ToM dysfunctions. Then, from this neurobiological perspective,

we provide support for the assumption that the disruption in the
orchestration of the triple network may underlie other prominent
domains of schizophrenia phenomonology as well.

SELF: SELF-MONITORING AND SELF-DISTURBANCE
In general, self is defined as an essential human phenomenon—
an intrinsic meta-representation of bodily and mental states (per-
ceptions, sensations, emotions and thoughts) that are experienced
as one’s own (Newen and Vogeley, 2003). Literature offers vari-
ous concepts of self, suggesting a plurality of this phenomenon.
Gallagher (2013) proposed a “pattern theory of self ”, an approach
allowing different aspects of self to coexist in parallel, in a “pat-
tern”, not exclusively. We use the term “self ” as a denomination
of the phenomenon itself. It is the most general term, linking and
including all other aspects of self.

For the purpose of this article we recognize self-awareness,
called “minimal” or “core self ” (also called “ipseity” from Latin
word ipse for “self ” or “itself ”), which refers to the fundamental
sense of self-presence, to the “center of existence as an indepen-
dent self-aware being”, to the ability to separate oneself from
others and to take a first person perspective (Sass and Parnas,
2003; Vogeley and Fink, 2003). Such perception of oneself as
an active agent of one’s own action is a central part of self-
consciousness (David et al., 2008).

In contrast, we use term “autobiographical self ” (Damasio,
1999) for a more complex phenomenon, based on autobiograph-
ical memory and on anticipation of a future, developing and
maturing gradually throughout a lifetime. It also underlies rep-
resentations of one’s own mental states, a process parallel to the
representation of the mental states of others (ToM). Newen and
Vogeley (2003) propose five different levels of complexity of self-
consciousness and emphasize the involvement of the minimal self
in each of them. Accordingly, we consider self-awareness (mini-
mal self) to be an intrinsic and essential component (prerequisite)
of autobiographical self, allowing the first-person perspective to
be taken in the representational processes.

The self-disorder or so-called ipseity-disturbance or ego-
disturbance is hypothesized to be a core impairment in
schizophrenia (Sass and Parnas, 2003; Sass, 2014). Self-awareness
disturbances (passivity phenomena), one of the hallmarks of
schizophrenia, are accompanied by a feeling of loss of one’s own
control and of being controlled by an external agent. This is com-
mon in patients suffering from false perception (hallucinations)
or from false beliefs (delusions).

Nevertheless, it has been suggested that a deficit in self-
monitoring could underlie abnormal perceptions and beliefs
behind other positive symptoms in schizophrenia, beyond the
scope of Schneider’s symptoms (Fletcher and Frith, 2009). Recent
evidence at a meta-analytical level has shown that a deficit in
self-monitoring is associated with auditory hallucinations per se
(Waters et al., 2012). Congruently, the impairment in the sense of
agency is present in schizophrenia patients even without first-rank
symptoms (Franck et al., 2001). Anomalous self-related experi-
ences frequently precede the onset of psychosis by many years
(Schultze-Lutter, 2009). In addition, self-monitoring deficit is
detectable also in unaffected siblings of patients with schizophre-
nia (Hommes et al., 2012). Those findings indicate that the
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deficit in this domain would belong to the endophenotype of
schizophrenia.

It has previously been proposed that self-disturbance
phenomena—delusions of alien control and thought insertion—
can be caused by a distraction of the so called “forward model”
(Frith et al., 2000; Frith, 2005; Leube et al., 2008). The forward
circuit is a mechanism that allows us to distinguish between
our own actions and actions initiated by an external source.
The concept has been initially documented in motor-system
control, in which two complementary elements were identified.
The inverse model (“controller”) provides motor commands
to perform a sequence of actions determined by an intended
goal. The forward model (“predictor”) allows us to represent
predicted consequences of actions. It creates an “efference copy”
processed in parallel with the motor action (Wolpert and Kawato,
1998; Blakemore et al., 2000; Frith et al., 2000; Leube et al.,
2008). In healthy subjects, self-monitoring could be based on
a comparatory system computing the deviation between the
predicted and the perceived consequences of both physical and
mental actions. If there is no deviation between predicted and
perceived, the action is experienced as self-initiated. Patients
with self-awareness-disturbances have problems to correctly
comparing predicted and perceived consequences and therefore
they misidentify their own acts as external intervention (Leube
et al., 2008).

Several brain regions have been assigned a role in this
automatic self-referencing mechanism. Functional brain imaging
studies confirmed that self-related processing may be specifically
mediated by cortical midline structures (CMS) and insula. Several
meta-analyses have demonstrated a predominant involvement of
the anterior and posterior CMS (anterior and posterior cingulate,
precuneus, the hubs of the default mode network (DMN)) in
the processing of self-specific stimuli that occur across various
functional domains in healthy subjects (Vogeley et al., 2001;
Northoff et al., 2006; van der Meer et al., 2010; Qin and Northoff,
2011; Murray et al., 2012).

Although neuroimaging data of self-processing in schizophre-
nia are sparse, Farrer et al. (2004) demonstrated clear func-
tional differences between schizophrenia patients with positive
symptoms and healthy subjects in the action-attribution test.
In this task the level of the subject’s control of a virtual hand
on a computer screen could be modulated by the experimenter.
Positron emission tomography showed that the activity of the
insular cortex along with right angular gyrus in healthy subjects
correlated with the individual’s control of a movement of the
virtual hand. In contrast, schizophrenia patients did not show
such a pattern of activity (Farrer et al., 2004).

In addition to forward system theory, some authors proposed
an alternative explanation of the self-disturbance in schizophre-
nia. Three complementary aspects that manifest differently in
the disease have been suggested (Sass and Parnas, 2003; Sass,
2014): (a) “Hyper-reflexivity” relates to an exaggerated form
of self-consciousness. The subject can project some aspects
of self-awareness onto external objects. (b) “Diminished self-
affection” in the sense of a decreased experience of existing as
an independent subject of awareness. This could be a source
of disruption of the first-person perspective in some cases of

schizophrenia disorder. (c) “Disturbed hold of the world” refers
to the “disturbance of the spatiotemporal pattern of the world”.
This disturbance could affect the organization and structure
of the field of awareness and a discrepancy between the per-
ceived, remembered and imagined (Sass and Parnas, 2003; Sass,
2014).

Sass and Parnas (2003) assume that the sense of self is a
deeply implicit phenomenon of the human mind and that there
is no need for a “separate channel of self-monitoring or a second
self-directed act of reflection”, as was proposed by Frith (1992).
Therefore, explicitly focused attention on an implicit experience
could paradoxically lead to a sense of “alienation” that is often
present in schizophrenia.

THEORY OF MIND
Humans have adopted the strategy to represent, anticipate and
think about the mental states of others. This ability, referred to
as the ToM or mentalizing, allows us to attribute and model
the mental states (perceptions, motivations, knowledge, beliefs,
emotions) of others and to predict their behavior. The term
“theory of mind” was first introduced by Premack and Woodruff
(1978). Initially, this term comprised the representation of the
mental states of both ourselves and others. However, there is
still an on-going and widespread discussion about the relation
between self, a meta-representation of our own mental states
(Vogeley et al., 2001), and ToM; and to what extent self is involved
in the modeling of the mental states of others and vice versa
(Brüne and Brüne-Cohrs, 2006).

Despite the variability in studies of ToM related neuronal
activation and its abnormalities in schizophrenia, the most fre-
quently replicated findings of these studies involve regions of the
prefrontal area, the temporo-parietal junction and the middle
brain structures (for review see Bosia et al., 2012).

In addition, Vogeley et al. (2001) demonstrated that ToM
(representation of other’s mental states) and SELF (representation
of one’s own mental states, a process parallel to ToM) capacities
rely on both different and common neuronal mechanisms. While
the ToM capacity predominantly activates mPFC along with the
anterior cingulate cortex (ACC), the SELF capacity particularly
activates the precuneus, bilaterally. In addition, an area within the
right prefrontal cortex is particularly activated during conditions
when an integration of ToM and SELF is demanded. Although
ToM and SELF tasks also partly activate different brain regions,
common brain areas are involved in both tasks.

It was demonstrated that the CMS including the medial pre-
frontal cortex (mPFC) and ACC are mainly activated in both
processes, i.e., during self-referential processing (evaluation of
one’s personality traits) as well as during third-person perspec-
tive taking or meta-cognitive representations (“thinking about
thinking”) (Amodio and Frith, 2006; D’Argembeau et al., 2007).
Interestingly, the degree to which the rostral part of mPFC was
activated while processing others’ personality traits correlated
with the degree of similarity perceived between one’s own and
others’ characteristics (Benoit et al., 2010). Mars et al. demon-
strated in their meta-analysis that the brain regions involved in
higher-order social tasks overlapped partly with the DMN, which
is connected with self-referential processes.
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These findings support the concept that self-referential (self-
reflection) processes are employed also while thinking about other
persons, where own person is used as a model for the evaluation of
others. Mitchell et al. (2005) suggest that self-reflection is used to
infer the mental states of others when they are sufficiently similar
to one’s own. This “social loop” is closed with the second level
of self-referencing, when thinking about our reputation, which
requires us to produce a representation of attributes that others
apply to us (Amodio and Frith, 2006).

Essentially, regardless of the mechanism involved, available
evidence suggests the importance of self-awareness processes in
the representation of one’s own mind (self) as well as in the repre-
sentation of the minds of others (ToM). This concept parallels the
fact that self-awareness, as a main component of self and also self-
recognition (Irani et al., 2006), together with ToM are comparably
affected in schizophrenia (horizontal axis of Figure 1).

ToM abnormalities were monitored in schizophrenia over
the last few decades based on the difficulties in evaluating the
mental states of others involved in the communication process,
observed in some schizophrenia patients. Today, nobody argues
the presence of the mentalizing deficit in schizophrenia, which
was confirmed using various methodological approaches that can
be divided into three categories: (a) verbal paradigms—indirect
speech utterances (Corcoran et al., 1995), verbal jokes (Corcoran
et al., 1997) and storytelling tasks involving false beliefs or decep-
tion (Andreasen et al., 2008); (b) nonverbal paradigms—comics
strips or cartoon tasks (Sarfati et al., 1997), Mind in the Eyes test
(Irani et al., 2006; Pentaraki et al., 2012) and false-belief picture
sequencing task (Langdon and Coltheart, 1999; Brüne, 2003); or
(c) combined methods—movies with actors for the assessment of
social cognition (Montag et al., 2011), moving shapes paradigm,
where the visual observations of actions are described verbally
(Koelkebeck et al., 2010; Das et al., 2012; Pedersen et al., 2012) or
verbal ToM stories presented simultaneously with cartoons that
display the action occurring in the stories (Mazza et al., 2001).

Nevertheless, apparent variability in the applied methods has
led to high heterogeneity in the obtained findings, making the
investigation of the complex ToM deficit very problematic. The
large degree of heterogeneity of ToM findings could be explained
by the state variables and task differences, as was shown in
a meta-analysis (Bora and Pantelis, 2013). In addition, it was
demonstrated that the ToM deficit is not uniform in individual
patients and is distributed varyingly among different components
of ToM (Bosco et al., 2009). This opens the question of possible
associations between the ToM impairment and psychopathology
and/or cognitive functioning in schizophrenia. Nevertheless, the
persistence of the ToM deficits in remitted patients (even less
pronounced than in non-remitted ones) suggests that there are
traits related to mentalizing impairments in schizophrenia as well
as some potential effects of residual symptoms (Bora and Pantelis,
2013).

Several studies reported symptom specific ToM deficits by
dividing the symptomatology into three subgroups according
to the triadic domains model of schizophrenia (psychomo-
tor poverty/negative symptoms, disorganization and reality
distortion symptoms) (e.g., Mazza et al., 2001). Most studies
observed a more prominent ToM deficit in patients with severe

negative symptomatology or disorganization of thought and
speech (Sarfati et al., 1997; Sarfati and Hardy-Bayle, 1999; Mazza
et al., 2001). It was also demonstrated that some reality distor-
tions, especially persecutory delusions, could be related to the
ToM deficit (Corcoran et al., 1995; Mazza et al., 2001; Pousa et al.,
2008). A current study showed that while negative symptoms are
associated with a lack of mentalizing, positive symptoms such
as delusions were associated with another type of error, over-
mentalizing (Montag et al., 2011). Importantly, patients without
symptoms present at the time of testing showed normal ToM
performance levels (Corcoran et al., 1997).

Interestingly, some studies focusing on schizotypal traits in
clinical and non-clinical populations found the ToM deficit
in a healthy population with higher schizotypy (Langdon and
Coltheart, 1999). In addition, high levels of schizotypal traits
(such as social anxiety, constricted affect and no close friends)
have been shown to be important for the ToM performance in
schizophrenia patients (Irani et al., 2007) which is more promi-
nent than in their first-degree relatives (Irani et al., 2006).

Since mentalizing abilities demand some level of intact
cognitive processes, several studies are focused on clarifica-
tion of the relationship between the ToM deficit and a deficit
in cognitive functioning present in schizophrenia. The poor
ToM performance was demonstrated to be strongly associated
with Intelligence Quotient (IQ) and measured cognitive per-
formance, especially executive abilities (Abdel-Hamid et al.,
2009) or working memory load (Brüne, 2003). However,
importantly, some studies controlled for cognitive performance
and IQ levels showed that the ToM deficit cannot be com-
pletely explained by the impairment of cognitive function-
ing in schizophrenia itself (Brüne, 2003; Bozikas et al., 2011;
Montag et al., 2011; Pentaraki et al., 2012). A systematic
review of the relationship between ToM and executive func-
tions confirms the idea that the impairments in ToM and
executive functions are independent of one another (Pickup,
2008).

TRIPLE NETWORK DYSFUNCTION: A CORE OF
SCHIZOPHRENIA?
Over the past few years the focus of neuroimaging research
has shifted from the localization of task-related neural activity
towards functional connectivity within and between organized
cerebral networks. A wealth of data based on temporal coupling
of fMRI responses during rest and context/stimulus-dependent
activations has identified a triple large-scale brain network model
consisting of the default mode network (DMN), salience net-
work (SN) and central executive network (CEN; Menon, 2011;
Figure 2). It is widely accepted that coordination of these net-
works plays a key regulatory role in organizing neural responses
underlying fundamental brain functions.

The DMN shows decreased activation during cognitive
task performance relative to resting-state or internally focused
tasks and is implicated in self-referential internal mentation
(Andrews-Hanna, 2012). Its subsystems include CMS, i.e.,
mPFC, posterior cingulate cortex and adjacent ventral pre-
cuneus, along with the medial, lateral and inferior parietal
cortex and a part of the medial temporal lobe. The second
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FIGURE 2 | Schematic figure of the triple network model consisting of
the default mode network (DMN), salience network (SN) and central
executive network (CEN). According to this model, the anterior insula
(belonging to the salience network) activates the CEN and deactivates the
DMN in response to the salient stimuli. Legend: ACC: anterior cingulated

cortex, DPLFC: dorsolateral prefrontal cortex, PPC: posterior parietal
cortex, mPFC: medial prefrontal cortex, PPC: posterior cingulate cortex,
INS: anterior insula. Adapted from Menon and Uddin (2010); Sridharan
et al. (2008), the images of networks derived from our in house resting
fMRI sample, n = 20.

network—CEN—engaged in externally oriented attention during
demanding cognitive tasks, includes primarily the dorsolateral
prefrontal cortex (DLPFC), and posterior parietal cortex (PPC;
Menon and Uddin, 2010). In general, cognitive states that acti-
vate the DMN typically deactivate the CEN and a vice versa.
The last large-scale SN, composed of the anterior cingulate and
the anterior insula, mediates selection of salient external and
interoceptive signals (Sridharan et al., 2008; Menon and Uddin,
2010).

Accumulating evidence from neuroimaging studies in healthy
individuals indicates that SN causally influences anticorrelated
activation of DMN and CEN. The existing evidence supports a
general role for the SN in switching between these two networks
upon salient stimuli mediated by midbrain dopaminergic input
(Menon and Uddin, 2010). The aberrant orchestration within
the triple network model has been suggested as a backbone for
some clinical and cognitive features of various psychiatric and
neurological disorders (Menon, 2011).

In this section, we examine how large-scale brain net-
works provide integrative albeit rather mechanistic models of
schizophrenia psychopathology, traditionally clustered into pos-
itive, negative and cognitive domains. Furthermore, we empha-
size a great deal of evidence accumulated over the last decade
suggesting that insula/ACC i.e., SN dysfunction is a unified cause
of brain-network disturbances observed in schizophrenia. Finally,

we propose that deficits in coordination of these neurocogni-
tive networks in schizophrenia may underlie a disruption in
self-related functions that causes and also antecedes a disparate
assortment of signs and symptoms encompassing such distant
phenomena as first rank symptoms and impaired social cognition.

As a starting point, we take into consideration numerous
resting-state and stimulus-evoked fMRI measurements in patients
with schizophrenia compared to healthy controls that repeatedly
showed aberrant functional connectivity within and between
DMN, SN and CEN (White et al., 2010; Camchong et al., 2011;
Kasparek et al., 2013; Moran et al., 2013; Orliac et al., 2013;
Palaniyappan et al., 2013; Guo et al., 2014a; Manoliu et al., 2014).

Those results converge on the conclusion that SN dysfunc-
tion may be causative to triple network dysfunction inherent to
the illness (Palaniyappan et al., 2012b). Indeed, based on non-
psychiatric lesion studies, it was clearly shown that structural SN
integrity plays a crucial role in the fine-tuned orchestration of
the other two major brain networks (Zhou et al., 2010; Bon-
nelle et al., 2012). This gains particular importance considering
concentration of the most often reproduced structural deviations
in schizophrenia in regions of insula and ACC, which represent
key hubs of SN. A prominent gray matter reduction within
these structures has been consistently and robustly reported in
the meta-analyses of morphometric MRI studies (Glahn et al.,
2008; Ellison-Wright and Bullmore, 2010; Bora et al., 2011;
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Shepherd et al., 2012). ACC and insula gray matter volume
reduction precede the occurrence of the first psychotic symptoms
and thus represent candidates for trait symptoms of the disease.
A transition to psychosis and further chronicity is associated with
additional morphological changes in the adjacent regions of the
mediofrontal cortex and the temporal lobe. (Chan et al., 2011).

Further, an impaired anti-correlated relationship between
task-positive CEN and task-negative DMN due to SN malfunc-
tion may be phenotypically expressed as major symptoms of
schizophrenia. Firstly, the existing data provide an explanation of
a fundamental representation of positive symptoms: auditory ver-
bal hallucinations (AVH). Data obtained from a resting state fMRI
in schizophrenia patients suggest aberrant functional connectivity
between the DMN and CEN as a denominator of AVH sever-
ity (Manoliu et al., 2014). Additionally, one recent fMRI study
showed aberrant down-regulation of the DMN during a resting
state that was concomitant with spontaneous hallucinations in
schizophrenia, whereas overall spatial and temporal instabilities of
the DMN correlated with the severity of hallucinatory experience
(Jardri et al., 2013). This is of particular importance, since, as
noted above, a large number of studies using both resting-state
and task-related fMRI studies in healthy human subjects implicate
the main hubs of DMN as being key structures for “self ” as
opposed to “other” discrimination (van der Meer et al., 2010; Qin
and Northoff, 2011).

Therefore, keeping in line with this, the phasic hallucinations
may emerge from a spontaneous switching off of the dysregu-
lated and unstable DMN, secondary to SN dysfunction (Northoff
and Qin, 2011). This may result in a malfunction of this self-
attributional tagging system with a consequent misattribution of
internal mental states to an external source. Along a somewhat
different line, both structural and functional changes within the
SN key node, the insular region, correlate with the occurrence
of AVH in schizophrenia (Jardri et al., 2011; Palaniyappan et al.,
2012a) and positive symptoms in general (Moran et al., 2014).

Correspondingly, a putative consequence of SN dysfunction,
i.e., instability of DMN hub, correlates with overall positive symp-
tom severity in schizophrenic patients (Rotarska-Jagiela et al.,
2010). Correlation between illness duration, positive and negative
symptom severity and an altered DMN cortical midline system
has been further confirmed by combined resting-state fMRI and
voxel-based morphometry (Guo et al., 2014b).

That is to say that a precise interlink between a triple network
dysfunction and occurrence of positive symptoms, namely those
beyond boundaries of first-rank symptoms, remains unclear.
However, preliminary evidence suggests that the theoretical
account presented herein may be complementary with the previ-
ously postulated alteration of the dopamine-dependent process of
salience attribution in a psychotic state (Howes and Kapur, 2009).

Dopamine-mediated salience dysfunction hypothesis in a
psychotic state has been suggested as an underlying cause for
highly prevalent non-ego-disorder delusions, such as persecu-
tory delusions and delusions of reference, whereas the theory
appears at first sight less applicable to ego-disturbances inher-
ent to first-rank symptoms in schizophrenia. Nevertheless, those
disparate delusional phenomena may share the same mechanism.
In a fMRI study, heightened self-relevance to ambiguous stimuli

in patients with schizophrenia with delusions of reference
compared to controls was associated with an increased blood-
oxygen-level dependent (BOLD) contrast imaging response in
DMN hubs as well as insula (SN) and midbrain dopaminergic
regions (Menon et al., 2011). This finding suggests a direct
link between dopamine-dependent aberrant salience and recruit-
ment of main DMN cortical midline regions in heightened self-
relevance that is thought to underlie delusions of reference.
On top of that, the activity in insula and ventral striatum
correlated with the strength of this particular type of delusions
in patients.

It is tempting to conclude that following a continuum model
approach, the same neural dysregulation within large scale brain
networks may, on the one hand, underlie the sensation of delu-
sions of reference and, on the other hand, lead—on its extreme
end delusional alienation—to mental processes resulting in first
rank symptoms of schizophrenia. This assumption is in accor-
dance with the recent shift from a categorical to a dimensional
concept of schizophrenia. It is in a general agreement with a
factor analysis carried out in a large cohort of psychotic patients
(Peralta and Cuesta, 2005). Based on this study, schizophrenia
may be viewed as the “end-stage” disease or the extreme pole of
the psychotic continuum. This and other evidence underline a
dimensional construct of schizophrenia and support the contin-
uum hypothesis of the psychotic illness.

Although the triple network theory provides a conceptual
framework for an integrative psychophysiological approach for
the study of a wide scope of positive symptoms, in the time being
it is unable to provide significant additional explanatory power
to the broadest context of schizophrenia-related variables, e.g.,
formal thought disorder, disorganized or catatonic behavior. On
the other hand it is capable of providing a theoretical ground for
a cognitive dimension of schizophrenia (Elvevåg and Goldberg,
2000).

It has been suggested that a lack of optimal DMN suppres-
sion during cognitive task engagement may be a source of the
general cognitive impairment (Anticevic et al., 2012). In previous
literature it has been proven that in healthy controls the mag-
nitude of task-induced deactivation within the DMN positively
correlates with cognitive performance (McKiernan et al., 2003;
Li et al., 2007). In schizophrenia, reduced suppression of the
DMN during various cognitive tasks represents a constant finding
(Meyer-Lindenberg et al., 2005; Garrity et al., 2007; Harrison
et al., 2007; Pomarol-Clotet et al., 2008; Whitfield-Gabrieli et al.,
2009; Nygård et al., 2012; Anticevic et al., 2013; Fryer et al.,
2013). Therefore, a breakdown in coordinated suppression of
DMN activity may impair the overall performance across various
cognitive domains in schizophrenia.

In line with the proposed role of SN structures in pathophysi-
ological processes related to cognitive dysfunction in schizophre-
nia, there is a direct interlink between morphology of insula and
inferior frontal gyrus (IFG) and a dysfunctional pattern of CEN
activation and DMN deactivation during working memory in
patients (Pujol et al., 2013). This is also in accordance with our
findings (Horacek et al., 2005) which suggest that the medial
forebrain pathways and cingulum bundle underlie the activity of
cortical structures required for Stroop test processing.
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Thirdly, deficits in social cognition (including ToM abilities)
have been well documented in schizophrenia using a wide variety
of tasks. Numerous studies suggested that brain areas associated
with the DMN, namely mPFC, are involved in this cognitive fac-
ulty that includes also ToM (Amodio and Frith, 2006; Schilbach
et al., 2006). This has been recently confirmed by an extensive
study that compared resting-state networks in healthy partici-
pants with brain areas showing consistent co-activation during
various task-based neuroimaging experiments archived in the
BrainMap database. The DMN was heavily tasked exclusively with
ToM and social cognition tasks (Laird et al., 2011). Concurrently,
the reverse approach has been applied in additional meta-analyses
of fMRI studies using the BrainMap database and likelihood
estimations of functional brain activity associated with either rest
or social cognition. Again, it has been shown that there is an
overlap between the “social brain network” activated during ToM
tasks and the DMN, both at the network level and at the level of
individual brain regions (Mars et al., 2012).

Further direct evidence of the crucial involvement of DMN
in theory of mind comes from a review performing a quanti-
tative meta-analysis of neuroimaging studies of ToM, using the
activation-likelihood estimation (ALE) approach (Mars, 2011).

Fourthly, an aberrant synchronization of large-scale networks
may underlie even a negative symptom dimension. Both func-
tional connectivity within and between distinct subsystems of the
DMN, SN and CEN were calculated and correlated in a resting-
state fMRI study. Internal functional connectivity between the
SN and CEN correlated with the severity of negative symptoms
in patients with schizophrenia (Bosia et al., 2012; Manoliu et al.,
2013).

To sum up, meta-analyses targeting consistent activations
across studies exploring the neural correlates of self (self-
awareness and self-representation) and social cognition, namely
ToM revealed shared activations within CMS. This finding par-
allels the simulation theory of social cognition based on the
assumption that the same neural networks support thinking
about self and other people.

Additionally, a recent large meta-analysis aimed at the iden-
tification of brain regions, which consistently show activations
during social cognition, emotional processing and resting state
showed a close convergence within CMS as well (Schilbach et al.,
2012).

This study provides robust evidence for a shared neural
network consisting of mPFC and precuneus that underlies acti-
vations during various emotional and social cognition tasks
along with deactivations across different types of experimental
paradigms. Identification of a common neural denominator of
those seemingly disparate faculties brings some support to the
above-mentioned two dimensional model of a human mind’s
representation.

In cognitive terms a commonality may exist between all three
types of states, which could be termed “introspective processing”.
This specific mental faculty may represent a prerequisite for the
processing either of one’s own or other people’s states on both a
cognitive and an emotional level.

In schizophrenia, dynamic dysregulation of the CMS, which
is considered the strongest part of the DMN, may substantially

impair translation of cognitive processes from an internal to
an external focus. This might explain schizophrenia symptoms
related to defective self-monitoring, such as AVH or other
ego-disturbances represented by thought insertion or thought
withdrawal.

Nevertheless, an out of control increase in DMN activity
or a failure of DMN deactivation may underlie a wide array
of other schizophrenia symptoms, including non-ego-disorder
positive symptoms, overall cognitive dysfunction and negative
symptoms. Taken together, available evidence suggests a testable
hypothesis that on the neural level, impaired self-monitoring,
social and affective processing in schizophrenia converge and rely
upon an aberrant recruitment of large scale brain networks. Prin-
cipal causes may plausibly include impaired regulating machinery
underlying the fine-tuned orchestration of those neural networks.

CONCLUSIONS AND FUTURE DIRECTIONS
This article aims to emphasize the concept of common self
and ToM mechanisms and their disturbances as a marker
of schizophrenia. We recognize the speculative nature of our
hypotheses. Our goal is to provide future directions for neurobi-
ological research in schizophrenia that extend beyond tradition-
ally studied phenomenological dimensions and regional specific
functional deviations. We propose an experimental approach
addressing behavioral and neuronal features in both self and ToM
paradigms in schizophrenia. This perspective provides us a novel
direction to study not only brain and behavioral alternations in
schizophrenia but also mutual relations between self and theory
of mind, e.g., the possible role of the forward system in more
complex processes. This approach reflects cumulating evidence
of a disordered integration of large-scale brain networks as a
critical pathophysiological mechanism underlying heterogeneous
symptomatology in schizophrenia.
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Introduction: We measured duration mismatch negativity (dMMN), P3a, and reorienting
negativity (RON) in subjects with at-risk mental state (ARMS), patients with first-episode
or chronic schizophrenia, and healthy volunteers. The main interest was to determine if
these event-related potentials provide a biomarker associated with progression to overt
schizophrenia in ARMS subjects.

Methods: Nineteen ARMS subjects meeting the criteria of the Comprehensive Assess-
ment of ARMS, 38 patients with schizophrenia (19 first-episode and 19 chronic), and 19
healthy controls participated in the study. dMMN, P3a, and RON were measured with an
auditory odd-ball paradigm at baseline.

Results: During the follow-up period (2.2 years), 4 out of the 19 ARMS subjects transi-
tioned to schizophrenia (Converters) while 15 did not (non-Converters). dMMN amplitudes
of Converters were significantly smaller than those of non-Converters at frontal and central
electrodes before onset of illness. dMMN amplitudes of non-Converters did not differ from
those of healthy controls, while Converters showed significantly smaller dMMN amplitudes
compared to control subjects. RON amplitudes were also reduced at frontal and central
electrodes in subjects with schizophrenia, but not ARMS. Converter subjects tended to
show smaller RON amplitudes compared to non-Converters.

Conclusions: Our data confirm that diminished dMMN amplitudes provide a biomarker,
which is present before and after the development of psychosis. In this respect, RON
amplitudes may also be useful, as suggested for the first time based on longitudinal
observations.

Keywords: mismatch negativity, reorienting negativity, event-related potentials, prodromal, schizophrenia

INTRODUCTION
Schizophrenia is a disorder characterized by positive symp-
toms (hallucination, delusion, thought disturbance, etc.), negative
symptoms (blunted affect, lack of volition, social withdrawal, etc.),
and a range of disturbances of cognitive functions (Heinrichs and
Zakzanis, 1998; Sumiyoshi et al., 2003; Harvey et al., 2004). In
particular, cognitive impairment of schizophrenia is considered to
largely determine the outcome of patients, including quality of life
and social function (Green, 1996).

Prolonged duration of untreated psychosis (DUP) has been
associated with poor long-term outcome, including work func-
tion, communication skills, and longer hospitalization (Loebel
et al., 1992; Edwards et al., 1999; Malla et al., 2004; Melle et al.,
2008; Yamazawa et al., 2008; Chang et al., 2011; Galderisi et al.,
2012). On the other hand, shorter DUP has been related with a
greater response to antipsychotic drugs in terms of symptoms and
quality of life (Perkins et al., 2005). For these reasons, early detec-
tion, intervention, and treatment of schizophrenia are needed. In
this context, it was reasonable that recent efforts have been directed
to subjects with “at-risk mental state (ARMS)” or “ultra-high-risk
patients” (McGorry et al., 2009).

The criteria for ARMS require that a young person aged
between 14 and 30 years being referred for mental health diffi-
culties met criteria for one or more of the following groups: (i)
attenuated psychotic symptoms group (APS): have experienced
sub-threshold, attenuated positive psychotic symptoms during the
past year; (ii) brief limited intermittent psychotic symptoms group
(BLIPS): have experienced episodes of frank psychotic symptoms
that have not lasted longer than a week and have spontaneously
abated; or (iii) trait and state risk factor group: have a first-degree
relative with a psychotic disorder or the identified client has a
schizotypal personality disorder, and they have experienced a sig-
nificant decrease in functioning during the previous year (Yung
et al., 1996; Broome et al., 2005).

To promote early diagnosis, objective markers, particularly
those based on brain morphology, neurophysiology, and neu-
ropsychology, have been reported to provide useful information
(Nakamura et al., 2004; Kawasaki et al., 2007b; Higuchi et al.,
2008, 2013b; Takahashi et al., 2011; Takayanagi et al., 2011; Lin
et al., 2012). Accordingly, event-related potentials (ERPs) have
been suggested to provide a biomarker for cognitive impairment
of schizophrenia.
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P300 (P3a and P3b) and mismatch negativity (MMN) have
been widely used for this purpose. Specifically, patients with
schizophrenia have been reported to show smaller P300 ampli-
tudes compared with normal control subjects (Roth et al., 1980;
Kawasaki et al., 1997; Bruder et al., 1998). Also, P300 amplitudes
have been shown to be reduced in subjects with ARMS (Ozgurdal
et al., 2008). On the other hand, P300 is affected by various fac-
tors, including medication (Umbricht et al., 1998; Higuchi et al.,
2008, 2013a; Sumiyoshi et al., 2009), suggesting the utility as a state
marker of psychotic disorders.

Mismatch negativity is another component of ERPs generated
in response to occasional variations (e.g., duration, frequency,
intensity) of acoustic stimuli, which occurs about 100–200 ms after
the onset of deviant stimulation, with peak amplitudes at fronto-
central leads (Naatanen et al., 2007, 2012). MMN amplitudes have
been suggested to reflect pre-attentive cognitive operations, and
decreased in patients with schizophrenia, as indicated by a recent
meta-analysis reporting a large effect size (Umbricht and Krljes,
2005). Unlike the case with P300, MMN amplitudes are generally
not affected by psychotropic drugs, for example, benzodiazepines
(Kasai et al., 2002) and dopamine antagonists (Leung et al., 2007).
For these reasons, MMN is considered to provide a trait marker
for schizophrenia.

Duration mismatch negativity (dMMN) amplitudes have been
shown to be reduced already in the prodromal stage of the illness
(Bodatsch et al., 2011; Jahshan et al., 2012; Shaikh et al., 2012;
Higuchi et al., 2013b). Furthermore, smaller dMMN amplitudes
have been reported in subjects with ARMS who later converted
to overt psychosis, compared to those who did not (Shaikh et al.,
2012; Higuchi et al., 2013b). Thus, reduced dMMN amplitudes are
regarded to predict conversion to schizophrenia in at-risk subjects
(Sumiyoshi et al., 2013).

P3a is a positive waveform that appears following MMN, i.e.,
between 250 and 300 ms after the presentation of stimuli. Its
amplitudes are largest at fronto-central electrodes. The P3a com-
ponent is assumed to reflect a pre-attentive index of deviance
detection, and represent the involuntary capture of attention
(Friedman et al., 2001).

A negative activity reflecting attentional “re”-orienting follows
P3a. This component is referred to as reorienting negativity (RON)
(Schroger and Wolff, 1998), which peaks at latencies between 400
and 600 ms, and is centered on fronto-central electrodes (Schroger
and Wolff, 1998; Otten et al., 2000; Schroger et al., 2000). The
MMN/P3a/RON complex has been shown to provide a neurophys-
iological index of the cascade of three main processes involved in
involuntary attention controls (i.e., automatic change detection,
orienting of attention, and reorienting of attention), following
deviant stimuli (Berti et al., 2004; Horvath et al., 2008).

Investigations into this series of ERP components should pro-
vide further insights into cognitive disturbances in schizophrenia
spectrum disorders, which have not been satisfactorily addressed.
Specifically, there is little information about the RON in schizo-
phrenia spectrum disorders. Jahshan et al. (2012) measured the
amplitudes of MMN, P3a, and RON complex, and found reduc-
tions of these parameters in schizophrenia patients. Also, ampli-
tudes of MMN and P3a, but not RON were diminished in indi-
viduals at-risk for psychosis. In spite of the above cross-sectional

study, further work is needed to test the utility of the ERP com-
plex for predicting progression to schizophrenia in vulnerable
individuals.

In this study, we measured dMMN, P3a, and RON ampli-
tudes in subjects with ARMS, first-episode schizophrenia (FES),
or chronic phase of the illness. These data were compared with
those of normal control subjects. We also attempted to determine
if these ERP parameters would predict later progression to schizo-
phrenia in ARMS subjects by means of longitudinal observations.
Specifically, preliminary data are provided on the evaluation of
RON in relation to transition to overt schizophrenia in vulnerable
subjects.

MATERIALS AND METHODS
PARTICIPANTS
Diagnosis was made based on the Structured Clinical Interview
for DSM-IV (SCID) for schizophrenia and the Comprehensive
Assessment of At-Risk Mental State (CAARMS) for ARMS (Yung
et al., 2005), by experienced psychiatrists. Most of these sub-
jects were referred from Psychiatric Health and Welfare Center
of Toyama (PHWCT), as previously described (Higuchi et al.,
2013b). Nineteen ARMS subjects followed at the University of
Toyama Hospital participated in this study [male/female= 9/10;
mean (SD) age= 19.4 (3.6) years]. Thirty-eight schizophrenia
patients also participated in this study. Patients with duration of
illness <2 years were defined as FES [n= 19; male/female= 9/10;
mean (SD) age= 22.8 (5.2) years], while those with duration of
illness 2 years or longer were defined as chronic schizophrenia
(CS) [n= 19; male/female= 9/10; mean (SD) age= 22.9 (3.6)
years] (Higuchi et al., 2013b). The patients who allocated “first
episode” are defined “single psychotic episode” and “duration of
illness is <2 years.” CS patients are defined “duration of illness
is more than 2 years.” Even if patients experienced only one psy-
chotic episode, they allocated to CS group. We recruited normal
control subjects from the community by advertisements. They
are healthy volunteers [n= 19; male/female= 9/10; mean (SD)
age= 19.4 (2.5) years] without any personal history of psychiatric
illnesses, including schizophrenia or other psychotic disorders. All
participants were right-handed. A psychiatric and treatment his-
tory was obtained from the subjects, families, and medical records.
Subjects with a current history of substance abuse or dependence,
seizure, or head injury were excluded from the study. Eligible
patients had a complete physical examination and standard lab-
oratory testing was normal. As clinical assessments, the Scale for
the Assessment of Positive Symptoms (SAPS) and the Scale for
the Assessment of Negative Symptoms (SANS) (Andreasen, 1990)
were administered by an experienced psychiatrist. Demographic
data at baseline evaluation are shown in Table 1A.

At-risk mental state subjects were followed-up at the hospital.
Four out of the 19 ARMS subjects transitioned to schizophre-
nia during the observation period. When DSM-IV criteria were
met, e.g., auditory hallucinations persisted or any delusion (for
example, disturbance of the self) clearly observed, the subject was
regarded to have converted to schizophrenia (Converters; Conv).
Subjects who did not develop psychosis were defined as non-
converters (Non-C). The average observation period for Non-C
subjects was 2.2± 1.5 years.
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Table 1 | (A) Demographic and clinical data; (B) ERP data.

(A) Healthy controls

(n = 19)

ARMS

(n = 19)

First-episode schizophrenia

(n = 19)

Chronic schizophrenia

(n = 19)

Group comparison

Male/female 9/10 9/10 9/10 9/10 n.s.

Age (years) 19.4 (2.5) 19.4 (3.6) 22.8 (5.2) 22.9 (3.6) F (3,74)=4.94, p=0.004

Age of onset (years) – – 22.2 (5.2) 17.9 (3.9) p=0.007

Duration of illness (years) – – 0.7 (0.6) 5.0 (2.3) –

Drug dosea – 0.1 (0.4) 1.7 (2.0) 3.7 (4.2) F (2,56)=8.54, p=0.001

SAPS – 17.3 (7.4) 27.0 (16.9) 19.2 (18.0) F (2,56)=2.29, p=0.11

SANS – 60.8 (24.3) 60.6 (27.2) 53.3 (22.9) F (2,56)=0.52, p=0.59

(B) Healthy controls

(n = 19)

ARMS

(n = 19)

First-episode schizophrenia

(n = 19)

Chronic schizophrenia

(n = 19)

Analyze of variance

(df = 3,75), group effect

F p

dMMN amplitude (µV)

F3 −6.9 (1.7) −6.2 (2.0) −5.0 (1.8) −4.6 (1.0) 7.505 <0.001**

F4 −7.5 (1.4) −6.5 (2.2) −5.2 (2.1) −4.6 (2.0) 7.767 <0.001**

Fz −7.4 (1.4) −6.5 (2.0) −5.4 (1.9) −4.8 (1.5) 8.322 <0.001**

Cz −6.0 (1.4) −5.6 (2.1) −4.8 (1.9) −3.7 (0.9) 6.831 <0.001**

Pz −4.2 (1.4) −4.5 (4.0) −3.3 (1.4) −2.2 (0.9) 6.240 0.001**

dMMN latency (ms)

F3 167.3 (15.1) 172.1 (17.5) 173.0 (23.0) 177.8 (30.7) 0.702 0.55

F4 169.1 (15.4) 175.8 (18.3) 172.5 (19.7) 176.6 (24.0) 0.404 0.75

Fz 172.2 (15.6) 177.3 (12.6) 173.0 (19.1) 176.8 (25.6) 0.364 0.77

Cz 168.4 (14.8) 182.3 (18.7) 174.6 (16.7) 177.6 (26.2) 1.675 0.18

Pz 173.0 (15.8) 188.6 (24.4) 178.3 (17.4) 174.8 (30.7) 1.753 0.16

P3a amplitude (µV)

F3 1.6 (1.8) 1.1 (1.4) 1.3 (2.2) 1.5 (1.3) 0.277 0.84

F4 1.4 (2.3) 1.2 (1.8) 1.6 (2.1) 1.4 (1.4) 0.110 0.95

Fz 2.0 (2.3) 1.7 (1.5) 1.7 (2.2) 1.7 (1.1) 0.179 0.91

Cz 2.4 (2.4) 2.1 (1.6) 2.5 (2.1) 2.1 (1.4) 0.209 0.89

Pz 2.0 (2.2) 1.8 (1.4) 2.3 (1.8) 1.8 (1.3) 0.408 0.74

P3a latency (ms)

F3 255.6 (23.5) 265.2 (25.0) 264.2 (28.3) 262.8 (23.0) 0.395 0.75

F4 256.9 (20.2) 269.7 (28.0) 262.9 (31.1) 255.2 (30.8) 0.755 0.52

Fz 254.6 (21.5) 268.7 (28.8) 261.8 (30.9) 262.3 (22.3) 0.314 0.81

Cz 255.1 (21.7) 266.0 (25.9) 254.8 (28.7) 262.2 (22.9) 0.509 0.67

Pz 255.7 (19.8) 272.2 (27.2) 254.7 (27.6) 261.4 (19.7) 0.359 0.78

RON amplitude (µV)

F3 −4.4 (1.7) −4.1 (1.7) −3.5 (1.3) −3.3 (1.3) 2.320 0.08

F4 −5.2 (1.8) −4.2 (1.5) −3.6 (1.7) −3.4 (1.6) 4.191 0.009**

Fz −5.1 (1.6) −4.2 (1.8) −3.9 (1.4) −3.4 (1.7) 3.143 0.03*

Cz −4.3 (1.9) −3.8 (2.1) −3.6 (1.6) −3.2 (1.6) 1.143 0.33

Pz −3.1 (1.8) −2.7 (1.7) −2.5 (1.5) −2.6 (1.6) 0.391 0.76

RON latency (ms)

F3 396.3 (51.8) 380.7 (49.4) 395.0 (42.7) 389.0 (52.6) 0.395 0.75

F4 392.7 (53.9) 404.0 (54.1) 409.1 (53.1) 385.4 (53.8) 0.755 0.52

Fz 396.2 (50.2) 397.2 (46.8) 409.3 (40.9) 397.7 (53.3) 0.314 0.81

Cz 401.2 (39.0) 398.3 (44.4) 412.5 (40.9) 397.0 (47.4) 0.509 0.67

Pz 409.5 (48.2) 401.7 (45.7) 411.7 (40.7) 397.4 (58.2) 0.359 0.78

Values represent mean (SD).
aRisperidone equivalent (mg/day), ARMS, at-risk mental state; SAPS, Scale for the Assessment of Positive Symptoms; SANS, Scale for the Assessment of Negative

Symptoms.

Values represent mean (SD). ARMS, at-risk mental state.

*p < 0.05, **p < 0.01.
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ELECTROENCEPHALOGRAM RECORDING
Electroencephalograms (EEGs) were recorded based on the pre-
vious report from our laboratory (Sumiyoshi et al., 2006, 2009;
Kawasaki et al., 2007a; Higuchi et al., 2008, 2010, 2013a,b; Itoh
et al., 2011).

A 32-channel DC-amplifier (EEG-2100 version 2.22J, Nihon
Kohden Corp., Tokyo, Japan) was used. Recordings were per-
formed using an electro cap (Electrocap Inc., Eaton, OH) in a
sound-attenuated room. Data were collected with a sampling rate
of 500 Hz. EEG data were collected from 29 scalp electrodes (Fp1,
Fp2, F3, F4, F7, F8, FC3, FC4, C3, C4, T3, T4, CP3, CP4, TP7, TP8,
P3, P4, T5, T6, O1, O2, FPz, Fz, FCz, Cz, CPz, Pz, and Oz according
to the extended International 10–20 system). All electrodes were
referred to the average amplitude of the ear electrodes (band-
width= 0.53–120 Hz, 60 Hz notch filter). Electrode impedance
was <5 kΩ.

Measurements of dMMN/P3a/RON complex were based on
our previous report (Higuchi et al., 2010). One-thousand auditory
stimuli were delivered binaurally through headphones with inter-
stimulus intervals 500 ms. Standard/target tones of 50/100 ms
duration were randomly presented with the presentation proba-
bility of 0.9/0.1. All tones were 60 dB, 1000 Hz, and with a rise–fall
time of 10 ms. The subjects were requested to watch silent anima-
tion movie (Tom and Jerry) and pay attention to the monitor and
ignore the tones.

Averaging of ERP waves and related procedures were performed
using Vital Tracer and EPLYZER II software (Kissei Comtec, Co.
Ltd., Nagano, Japan). Epochs were 600 ms, including a 100 ms pre-
stimulus baseline. Eye movement artifacts (blinks and eye move-
ments) were manually rejected. MMN waveforms were obtained
by subtract standard waveforms from target ones. MMN, P3a, and
RON peaks were identified within the 150–250 ms (minus peak),
200–350 ms (plus peak), and 250–500 ms (minus peak) search
windows, respectively.

STATISTICAL METHODS
Statistical analyses were performed using the Statistical Pack-
age for Social Sciences (SPSS) version 20 (SPSS Japan Inc.,
Tokyo, Japan). We performed comparison of age between four
groups (HC, ARMS, FES, and CS) by one-way analysis of
variance. Onset age and duration of illness of two schizo-
phrenia groups (first-episode and chronic) were compared by
independent t -test. Drug dose, SAPS, and SANS score among
three groups (ARMS, FES, and CS) were analyzed by one-way
ANOVA.

Event-related potential amplitudes and latencies were mea-
sured and analyzed at five electrodes; three from frontal lobe (F3,
F4, and Fz), and two from midline (Cz and Pz). They are typical
electrodes that commonly used on ERP studies. MMN ampli-
tudes are generally largest at frontal electrodes, so we choose three
electrodes from frontal lobe. Moreover, grand average waveforms
(Figures 1 and 3) and scatterplots (Figures 2 and 4) were drawn
and analyzed by Fz lead as a representative of electrodes because
amplitudes ERPs of Fz were largest. Laterality of ERPs was ana-
lyzed by F3/F4 comparison as we performed in previous report
(Higuchi et al., 2008), but there were no difference in this study
(data not shown).

FIGURE 1 | Duration mismatch negativity (dMMN), P3a, and
reorienting negativity (RON) complex waveforms at Fz for all subjects.
Waveforms are presented for healthy controls (HC, blue line), at-risk mental
state (ARMS, red line), first-episode schizophrenia (FES, light green line),
and chronic schizophrenia (CS, dark green line).

Two-way ANOVA was conducted on amplitudes and latencies
of dMMN, P3a, and RON, with “Stage” (HC, ARMS, FES, and CS)
and “Lead” (F3, F4, Fz, Cz, and Pz) as fixed factors. Main effects
(of Stage and Lead) were described on Table 1B (significant dif-
ferences were seen in all leads of dMMN amplitude and F4/Fz of
RON amplitude). The Stage-by-Lead interactions on amplitudes
(dMMN, F = 1.172, p= 0.30; P3a, F = 0.511, p= 0.90; RON,
F = 1.024, p= 0.42) and latencies (dMMN, F = 1.254, p= 0.246;
P3a, F = 1.475, p= 0.13; RON, F = 0.516, p= 0.904) were not
significant.

Gender difference between Conv and Non-C were analyzed
by Chi-square test. Other factors (age, drug dose, SAPS, SANS,
ERP amplitude, and latency) of them were calculated by indepen-
dent t -test. All analyses of variance were corrected by Bonferroni
correction.

Correlations of symptoms and ERP amplitudes were performed
by Pearson product–moment correlation coefficient. SAPS scores
(hallucinations, delusions, bizarre behavior, and positive formal
thought disorder) and SANS scores (affective flattening/blunting,
alogia, avolition-apathy, anhedonia-asociality, and attention) were
used.

Raters were not informed of subjects’ profiles and diagnosis.

RESULTS
SUBJECTS’ PROFILE
Demographic and clinical data of participants are shown in
Tables 1A and 2. There was significant group difference in age
[F(3,74)= 4.94,p= 0.004,ANOVA],and Conv subjects were older
than Non-C in age (p= 0.009, t -test). Male/female ratio did not
differ between of Conv. and Non-C groups [χ2

= 2.47, p= 0.3,
Chi-square test].
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FIGURE 2 | Distribution of amplitudes of duration mismatch negativity [dMMN; (A)] and reorienting negativity [RON; (B)] at Fz for all subjects. Data
are presented for healthy controls (HC), ARMS, first-episode schizophrenia (FES), and chronic schizophrenia (CS). *p < 0.05, **p < 0.01.

FIGURE 3 | Duration mismatch negativity (dMMN), P3a, and
reorienting negativity (RON) complex waveforms at the Fz lead.
Waveforms are presented for healthy controls (blue line), ARMS Converters
(Conv), and non-Converter (Non-C) (black lines), and FES (green line).

Sixteen out of 19 ARMS subjects were not taking any med-
ication, while three were prescribed a small dose of risperidone
(1.5 mg/day), aripiprazole (3 mg/day), and sulpiride (150 mg/day),
respectively, for acute psychosis episodes (sometimes with strong
agitation), based on the criteria of International Early Psychosis

Association Writing Group (2005). MMN recordings for these sub-
jects were conducted immediately after medications were started
(9, 15, and 27 days). Two out of the three subjects subsequently
developed schizophrenia. Thirteen out of 19 FES patients and
15 out of 19 CS patients were taking antipsychotic medica-
tions. There were no significant differences among ARMS, FES,
and CS groups in SAPS [F(2,56)= 2.29, p= 0.11, ANOVA] and
SANS [F(2,56)= 0.52, p= 0.59,ANOVA] scores. Conv and Non-C
groups did not differ in the SAPS and SANS scores at baseline
(p= 0.08, 0.24, respectively, t -test).

COMPARISONS OF ERP BETWEEN HEALTHY CONTROLS VS. ARMS VS.
SCHIZOPHRENIA
Grand average ERP waveforms in the Fz lead following deviant
stimulation are shown in Figure 1. Scatterplots of dMMN and
RON amplitudes at Fz lead are shown in Figures 2A,B, respec-
tively. P3a did not show any statistical differences so we skipped
making scatterplot of P3a. ARMS subjects showed relatively
smaller dMMN amplitudes at Fz (−6.5± 2.0 µV) compared to
those of healthy control subjects (−7.4± 1.4 µV), which was
not statistically significant (p= 0.13, t -test). On the other hand,
FES group showed significantly smaller dMMN amplitudes at
Fz (−5.4± 1.9 µV) compared to healthy control (p= 0.001, t -
test). Patients with CS showed greater amplitude reductions at
Fz (−4.8± 1.5 µV) compared to healthy controls (p= 0.000004,
t -test).

At-risk mental state subjects showed relatively smaller
RON amplitudes at Fz (−4.2± 1.8 µV) than healthy controls
(−5.1± 1.6 µV), which was not significant (p= 0.15, t -test).
On the other hand, FES group showed significantly smaller
RON amplitudes at Fz (−3.9± 1.4 µV, p= 0.02). Patients with
CS also elicited significantly smaller RON amplitudes at Fz
(−3.4± 1.7 µV) compared to healthy controls (p= 0.005, t -test).
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FIGURE 4 | Distribution of amplitudes of duration mismatch negativity [dMMN; (A)] and reorienting negativity [RON, (B)] at Fz for ARMS. Data are
presented Converters (Conv) and Non-Converter (Non-C). *p < 0.05.

Latencies of dMMN, P3a, and RON at any electrodes did not
differ among the four groups (see Table 1B).

COMPARISONS BETWEEN CONVERTERS VS. NON-CONVERTERS
Grand average ERP waveforms are shown in Figure 3. Scatter-
plots of dMMN and RON amplitudes at Fz lead are shown in
Figures 4A,B, respectively. P3a did not show any statistical differ-
ences so we skipped making scatterplot of P3a. Waveforms of Conv
group were similar to those of FES patients. By contrast, wave-
forms of Non-C subjects resembled to those of healthy controls.
Conv subjects showed significantly smaller dMMN amplitudes at
Fz and Cz electrodes compared with Non-C subjects (p= 0.03,
0.05 by t -test, respectively, Table 2). On the other hand, ampli-
tudes of Non-C did not differ from those of HC (p= 0.51 at Fz,
t -test, data not shown) and there was no significant difference in
dMMN amplitudes between Conv and FES subjects (p= 0.44 at
Fz, t -test, data not shown). In other electrode of Non-C vs. HC
and Conv vs. FES comparisons, differences were smaller and did
not reach significance.

Conv subjects tended to show smaller RON amplitudes com-
pared to those of Non-C subjects at Fz and F4 electrodes (p= 0.08,
p= 0.08 by t -test, respectively, Table 2). Also, HC group showed
relatively larger RON amplitudes at Fz lead compared to Conv sub-
jects, which did not reach significant level (p= 0.08, t -test, data
not shown). No significant differences were found at any electrode
between FES vs Non-C groups (data not shown).

Latencies of dMMN, P3a, and RON at any electrodes did not
differ between Conv and Non-C groups (see Table 2).

RELATIONSHIP BETWEEN SYMPTOMS AND ERPs
We evaluated the correlations between dMMN, P3a, and RON
amplitudes and symptoms (SAPS and SANS) in patients (schizo-
phrenia and ARMS, n= 57).

Data are shown in Table 3. There were significant correlation
between attention disorder score (SANS) and dMMN amplitude at
Fz and F3 lead (r = 0.317; p= 0.025, r = 0.290, p= 0.041, respec-
tively, by Pearson’s correlation). Moreover, there were significant
correlation between positive formal thought disorder score (SAPS)
and RON amplitude at Fz and F3 lead (r = 0.280; p= 0.049,
r = 0.346, p= 0.014, respectively, by Pearson’s correlation). Thus,
reduction of ERPs was correlated with severity of some symptoms.

DISCUSSION
Duration mismatch negativity amplitudes at frontal and central
leads were reduced in ARMS subjects who later converted to
overt schizophrenia in comparison with non-converters and nor-
mal subjects, consistent with previous reports (Bodatsch et al.,
2011; Shaikh et al., 2012; Higuchi et al., 2013b). Specifically,
the current data from gender matched subjects across groups
(Table 1) confirmed previous observations in patients with vari-
able demographic backgrounds (Bodatsch et al., 2011; Shaikh et al.,
2012; Higuchi et al., 2013b). Importantly, this study is the first
to suggest that RON provides a marker for the progression to
overt schizophrenia in subjects with ARMS, based on longitudinal
observations.

Three out of 4 Conv, 7 out of 15 Non-C, 7 out of 19 FES, 5 out
of 19 CS, and 9 out of 19 HC subjects overlapped with subjects in
our previous report (Higuchi et al., 2013b). We selected subjects
for the current study, according to the following considerations;
(1) ARMS subjects with a longer followed-up period, (2) gender-
match between HC and schizophrenia patients, (3) younger HC
and schizophrenia patients than those used in the previous study.
The current one used a longer observation period, and was gender-
matched across groups with less variation in age. According to a
previous report (Yung et al., 2003), 10–40% of ARMS subjects
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Table 2 | Comparison between converters and non-converters of

ARMS subjects.

ARMS (n = 19) Group

comparison (p)

Non-C (n = 15) Conv (n = 4)

Male/female 7/8 3/1 χ2=2.47, p=0.3

Age (years) 18.3 (2.2) 23.4 (4.9) 0.009

Drug dosea 0.1 (0.2) 0.4 (0.6) 0.12

SAPS 15.3 (7.0) 22.7 (5.8) 0.08

SANS 56.9 (26.3) 73.7 (9.6) 0.24

dMMN amplitude (µV)

F3 −6.5 (2.1) −4.9 (0.6) 0.16

F4 −7.0 (2.2) −4.6 (0.9) 0.06

Fz −7.0 (2.0) −4.7 (1.0) 0.03*

Cz −6.1 (2.1) −3.7 (0.6) 0.05*

Pz −3.8 (2.1) −3.0 (0.4) 0.48

dMMN latency (ms)

F3 169.3 (18.5) 182.5 (8.2) 0.19

F4 174.2 (20.1) 182.0 (8.1) 0.47

Fz 176.2 (13.6) 181.5 (8.2) 0.47

Cz 180.2 (19.7) 190.0 (13.3) 0.37

Pz 186.8 (25.2) 195.5 (23.2) 0.54

P3a amplitude (µV)

F3 1.0 (1.4) 1.5 (1.1) 0.60

F4 1.2 (2.0) 1.2 (1.1) 0.96

Fz 1.6 (1.5) 2.0 (1.2) 0.67

Cz 1.9 (1.6) 2.6 (1.4) 0.47

Pz 2.0 (1.4) 0.7 (0.8) 0.10

P3a latency (ms)

F3 264.7 (27.9) 267.0 (27.9) 0.88

F4 270.1 (31.3) 268.0 (31.3) 0.90

Fz 269.1 (32.3) 267.5 (32.3) 0.93

Cz 264.8 (28.8) 270.5 (28.8) 0.71

Pz 268.4 (29.0) 286.5 (29.0) 0.26

RON amplitude (µV)

F3 −4.3 (1.7) −3.1 (1.2) 0.20

F4 −4.5 (1.4) −3.1 (1.0) 0.08

Fz −4.6 (1.6) −2.8 (2.1) 0.08

Cz −4.2 (2.1) −2.5 (1.6) 0.16

Pz −2.7 (1.8) −2.7 (1.1) 0.97

RON latency (ms)

F3 388.0 (51.3) 353.5 (33.4) 0.22

F4 403.6 (51.4) 405.5 (72.0) 0.95

Fz 391.3 (44.8) 419.5 (53.8) 0.29

Cz 399.3 (48.6) 394.5 (28.4) 0.85

Pz 401.8 (51.3) 401.2 (33.4) 0.98

Values represent mean (SD).
aRisperidone equivalent (mg/day).

ARMS, at-risk mental state; Non-C., ARMS non-Converters; Conv., ARMS Con-

verters; SAPS, Scale for the Assessment of Positive Symptoms; SANS, Scale for

the Assessment of Negative Symptoms.

*p < 0.05.

later developed schizophrenia, consistent with our observations
that 21.0% progressed to the illness.

ARMS subjects as a whole have been reported to demonstrate
reduced dMMN amplitudes, but with a lesser degree compared
to patients with overt schizophrenia (Bodatsch et al., 2011; Atkin-
son et al., 2012; Jahshan et al., 2012), consistent with the present
results (Figure 1). On the other hand, the current data may be
partly different from our previous observations indicating the
lack of difference in dMMN amplitudes between ARMS sub-
jects as whole and healthy controls (Higuchi et al., 2013b). One
of the reasons for this discrepancy may include the difference
in age and gender ratio. In fact, as previous reports indicate
ERPs amplitudes gradually decrease by age, and male subjects
show relatively smaller amplitudes than female because of the
difference in skull thickness (Ikezawa et al., 2008; Matsubayashi
et al., 2008; Naatanen et al., 2012). Another confounding fac-
tor may include the observation periods for follow-up. While
our previous report (Higuchi et al., 2013b) employed a relatively
short period (mean± SD= 1.6± 0.8 years for non-converters),
the present study used a longer period (2.2± 1.5 years), similar
to those in the literature.

Compared to Non-C, Conv subjects elicited significantly
smaller dMMN amplitudes at F4 and Fz leads (Table 2). These
observations suggest the ability of dMMN amplitudes to differ-
entiate between high-risk individuals who later progress to schiz-
ophrenia and those who do not, as has been suggested (Higuchi
et al., 2013b; Sumiyoshi et al., 2013).

Little information has been available about the feature of RON
in schizophrenia. In this study, RON amplitudes of ARMS subjects
as a whole were not different from those of HC subjects, while FES
and CS group showed significantly smaller RON amplitudes at Fz
and F4 leads compared to the HC group. This finding is consistent
with observations by Jahshan et al. (2012). As the results of the
current study suggest that RON amplitudes may decrease accord-
ing to progression of clinical stages of schizophrenia (Table 1B;
Figure 1), they may provide an intermediate phenotype of the
illness.

Importantly, RON amplitudes of Conv subjects tended to be
smaller than those of Non-C at the Fz and F4 leads (Figure 4). The
failure to reach statistical significance may be due to the fact that
RON waveforms are not stable and smaller compared to dMMN
waveforms. Future investigations with a larger number of subjects
would be desirable to determine if the combined measurement
of RON and dMMN would further facilitate early detection of
schizophrenia.

P3a amplitudes were barely detectable in this study (Figures 1
and 3). These amplitudes have been reported to be decreased in
schizophrenia and ARMS (Friedman et al., 2001; Jahshan et al.,
2012; Mondragon-Maya et al., 2013; Nagai et al., 2013). Variations
of P3a amplitudes may be large, due, probably, to the difference in
measurement.

Limitations of this study include the small sample number,
especially in ARMS (n= 19) and Conv subjects (n= 4). Accord-
ing to the power analysis, at least 26 patients are needed to obtain
adequate effect size (i.e., 0.6). Investigations with a larger number
of patients will make the data more satisfactory. Second, sig-
nificant age difference was seen in the ARMS vs. HC and FES
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Table 3 | ERP amplitudes and symptoms.

SAPS

Hallucinations Delusions Bizarre

behavior

Positive formal

thought disorder

r p r p r p r p

dMMN amplitude (µV)

F3 0.039 0.786 0.011 0.938 −0.122 0.398 0.086 0.552

F4 0.071 0.625 0.066 0.648 −0.131 0.365 0.076 0.599

Fz 0.021 0.884 −0.016 0.910 −0.199 0.166 0.090 0.536

Cz −0.021 0.888 −0.036 0.805 −0.108 0.457 0.056 0.697

Pz −0.163 0.258 −0.178 0.216 −0.225 0.117 −0.069 0.636

P3a amplitude (µV)

F3 −0.148 0.305 −0.188 0.192 −0.188 0.191 −0.036 0.802

F4 −0.075 0.605 −0.190 0.187 −0.256 0.073 0.029 0.842

Fz −0.191 0.185 −0.181 0.209 −0.233 0.104 −0.008 0.956

Cz −0.149 0.302 −0.056 0.701 −0.213 0.138 0.020 0.891

Pz 0.022 0.879 0.046 0.753 −0.023 0.874 −0.117 0.417

RON amplitude (µV)

F3 0.014 0.926 −0.131 0.363 0.067 0.646 0.280 0.049*

F4 0.087 0.549 −0.092 0.523 −0.158 0.274 0.244 0.087

Fz −0.024 0.869 −0.109 0.450 −0.265 0.063 0.346 0.014*

Cz −0.033 0.818 −0.214 0.136 −0.081 0.578 0.151 0.295

Pz 0.002 0.990 −0.257 0.071 −0.025 0.861 0.022 0.881

SANS

Affective

flattening

Alogia Avolition-

apathy

Anhedonia-

asociality

Attention

r p r p r p r p r p

dMMN amplitude (µV)

F3 0.109 0.452 0.149 0.301 0.096 0.509 −0.102 0.483 0.317 0.025*

F4 0.142 0.325 0.122 0.399 0.016 0.910 −0.066 0.650 0.260 0.068

Fz 0.115 0.427 0.165 0.254 −0.014 0.923 −0.081 0.576 0.290 0.041*

Cz 0.060 0.680 0.147 0.307 0.117 0.420 0.050 0.730 0.262 0.066

Pz −0.041 0.778 0.066 0.650 0.122 0.400 −0.063 0.666 −0.007 0.963

P3a amplitude (µV)

F3 −0.029 0.843 −0.034 0.815 0.037 0.796 −0.037 0.796 0.130 0.368

F4 0.021 0.883 0.021 0.885 0.003 0.984 −0.102 0.480 0.148 0.306

Fz −0.043 0.767 0.032 0.823 −0.032 0.827 −0.090 0.533 0.101 0.487

Cz −0.066 0.649 −0.029 0.843 0.012 0.934 −0.010 0.943 0.112 0.441

Pz 0.063 0.662 −0.027 0.852 0.108 0.454 −0.046 0.753 0.032 0.827

RON amplitude (µV)

F3 −0.112 0.438 −0.111 0.441 −0.054 0.712 −0.215 0.134 −0.055 0.704

F4 0.022 0.882 0.039 0.788 −0.089 0.539 −0.103 0.475 −0.050 0.730

Fz −0.046 0.752 −0.017 0.905 −0.104 0.474 −0.073 0.617 −0.025 0.861

Cz 0.128 0.375 0.210 0.143 −0.040 0.781 0.002 0.988 −0.108 0.455

Pz 0.014 0.922 0.095 0.513 −0.123 0.393 −0.117 0.419 −0.242 0.090

SAPS, Scale for the Assessment of Positive Symptoms; SANS, Scale for the Assessment of Negative Symptoms.

*p < 0.05, r=Pearson product–moment correlation coefficient.
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vs. CS comparisons. Since part of ARMS subjects is regarded
as prodromal state of schizophrenia, it is natural that they are
mostly younger than schizophrenia patients. Therefore, adjust-
ment of age between FES/CS and ARMS subjects may increase
the number of certain type of schizophrenia, e.g., hebephrenic
type. Due to an effort to make the FES/CS groups more homoge-
neous, patients of these groups became somewhat older than the
ARMS group. Application of ANCOVA to 19 members may pro-
vide over-adjustment. Although MMN amplitudes are reduced
gradually by age, the decline is not substantial (−0.056 µV/year
in schizophrenia and −0.079 µV/year in healthy control) (Kiang
et al., 2009). ARMS/HC subjects are about 2.5 years younger than
FES/CS (Table 1). According to this formula, about 0.2 µV ampli-
tude reduction may occur between these two. Differences in our
data presented (at Fz lead) were 1.1 µV or greater (ARMS vs. FES
groups.), which was sufficiently large. Third, some ARMS subjects
and most schizophrenia patients were taking antipsychotic drugs,
which may be another limitation of the current study. Fourth, in
this study, we measured ERPs at baseline, and did not perform
follow-up measurements. Therefore, little information is available
about longitudinal data of ERPs parameters.

In conclusions, diminished amplitudes in dMMN/RON may
provide a biomarker that is present before and after the develop-
ment of psychosis. Our results should be interpreted with caution
before applying to the at-risk population, especially to avoid over-
diagnosis. Ideally, the combination with other cognitive modal-
ities, e.g., neuropsychological tests (Higuchi et al., 2013b), brain
morphology, and biochemical markers, would enhance the sensi-
tivity and specificity for early diagnosis. These efforts are expected
to help improve functional outcome in subjects with schizophrenia
and vulnerable individuals as well.
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Patients with schizophrenia show neurophysiological and psychological disturbances before
the onset of the illness. Mismatch negativity (MMN), an event-related potential, has been
shown to be associated with cognitive function. Specifically, duration MMN (dMMN) ampli-
tudes have been indicated to predict progression to overt schizophrenia in subjects with
at-risk mental state. The aim of this article is to provide a hypothesis that a combined
assessment of dMMN and neuropsychological performance would enhance accuracy for
predicting conversion to schizophrenia in at-risk subjects. Data from these neurocogni-
tive modalities in subjects with first-episode schizophrenia (FES) are also presented.There
is accumulated evidence that converters to schizophrenia among at-risk subjects show
significantly smaller dMMN amplitudes than those in healthy control (HC) subjects at
the frontal lead before the onset. In fact, the amplitudes in these converters have been
reported to be similar to those in FES to begin with. dMMN current source density, by
means of low-resolution brain electromagnetic tomography, was significantly lower in FES
than HC subjects, especially in some medial temporal regions which are implicated in
the pathophysiology of schizophrenia. Importantly, dMMN current density in the frontal
lobe was positively correlated with working memory performance in FES subjects. These
findings indicate the utility of the combination of electrophysiological/neuropsychological
assessments for early intervention into patients with schizophrenia and high-risk people.

Keywords: event-related potentials, mismatch negativity, dMMN, schizophrenia, cognition, early intervention

INTRODUCTION
Shorter duration of untreated psychosis (DUP) has been asso-
ciated with better prognosis in schizophrenia (Jackson and
McGorry, 2009). Also, early intervention into individuals who are
at risk of developing psychosis is important to attain better long-
term outcome (Jackson and McGorry, 2009). There is a suggestion
that brain-related markers, such as subtle morphological changes
revealed by magnetic resonance imaging, may provide a tool to
identify at-risk people vulnerable to schizophrenia (Takahashi
et al., 2009). Accordingly, we reported the utility of electrophys-
iological measures, such as event-related potentials (ERPs), as a
sensitive and feasible biomarker for the detection of individuals
who later developed schizophrenia (Higuchi et al., 2013b) and
early intervention into the illness (Higuchi et al., 2013a).

In this paper, we provide a theory for electrophysiological and
neuropsychological predictors of outcome in early psychosis. The
topics include: (1) cognitive function in prodromal phase psy-
chosis, as measured by neuropsychological performance; (2) the
role for mismatch negativity (MMN), a component of ERPs, in
early detection of schizophrenia; and (3) three-dimensional cur-
rent source imaging of MMN and its relation with cognitive
performance in early schizophrenia.

THE PSYCHOSIS HIGH-RISK STATE
The concept of the psychosis high-risk state has been reported
in several ways (e.g., Fusar-Poli et al., 2013). Starting treatment

in the early phase of psychosis, or minimizing DUP, is important
to improve long-term outcome for patients. If we can start inter-
vention in the prodromal phase, it may prevent progression to
psychosis. For this purpose, there have been efforts to establish bio-
logical or neuropsychological markers to identify high-risk people
who are likely to develop schizophrenia later, which is the main
focus of this article.

COGNITIVE FUNCTION BASED ON NEUROPSYCHOLOGICAL
MEASURES
There is abundant evidence that cognitive function is impaired in
patients with schizophrenia. Usually, the deficit is measured by
neuropsychological test batteries, such as the MATRICS Com-
prehensive Cognitive Battery (Green et al., 2004; Nuechterlein
and Green, 2006). In schizophrenia and related psychoses, sev-
eral domains of cognitive function are disturbed with a 1–
2 standard deviation decline. The cognitive deficit has been
reported to provide a vulnerability marker of schizophrenia,
so one would expect similar disturbances in high-risk peo-
ple for the disease. In fact, a recent meta-analysis of cognitive
functioning in people at risk for psychosis indicates impair-
ments in almost all cognitive domains which are typically
affected in schizophrenia, i.e., executive function, verbal flu-
ency, attention, visual memory, verbal memory, working mem-
ory, and social cognition, with a milder degree (Fusar-Poli et al.,
2012).

Frontiers in Behavioral Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 148 | 66

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/about
http://www.frontiersin.org/Journal/10.3389/fnbeh.2013.00148/abstract
http://www.frontiersin.org/Journal/10.3389/fnbeh.2013.00148/abstract
http://www.frontiersin.org/people/u/75208
http://www.frontiersin.org/people/u/111592
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive
mailto:tomikisumiyoshi840@hotmail.com
mailto:tomikisumiyoshi840@hotmail.com


Sumiyoshi et al. Neurocognition and prediction of schizophrenia

The Brief Assessment of Cognition in Schizophrenia (BACS)
battery (Keefe et al., 2004) is one of the most frequently used
tests to evaluate cognitive impairment of schizophrenia in Japan.
It takes only approximately 30 min to complete, and covers key
cognitive domains specifically impaired in schizophrenia (Keefe
et al., 2004; Kaneda et al., 2007). We recently investigated perfor-
mance on the BACS in people with at-risk mental state (ARMS),
and compared baseline data between subjects who later developed
schizophrenia and those who did not (Higuchi et al., 2013b). As
demonstrated in Figure 1, the two groups performed differently in
working memory, verbal fluency, and attention. These results are
generally consistent with the literature (Fusar-Poli et al., 2012), and
indicate impairment of frontal lobe function in vulnerable people
plays a role in the progression to schizophrenia (Higuchi et al.,
2013b; Miyanishi et al., 2013). Specifically, a recent meta-analytic
study (De Herdt et al., 2013) reports worse working memory
and visual (learning) memory for converters compared to non-
converters, supporting the above concept based on results from a
larger number of subjects.

MISMATCH NEGATIVITY
As discussed, data from neuropsychological performance may
provide some information to identify high-risk individuals who
later develop psychosis. However, the sensitivity of neuropsycho-
logical evaluation to predict conversion to schizophrenia may
be less than that of negative symptoms (Riecher-Rossler et al.,
2009). This prompts the search for neurocognitive markers from
other modalities, such as ERPs and other electrophysiological
paradigms.

MMN is a pre-attentive component of ERPs. When auditory
cortex automatically detects a change of stimuli, attention shifting

occurs in frontal cortex (Jahshan et al., 2012a,b). This neural
process generates MMN. For the measurement of MMN, audi-
tory stimuli were delivered to subjects. Standard and target tones
with different durations were randomly presented in the case for
duration MMN (dMMN). During the measurement, subjects are
requested to pay attention to a silent animation movie and ignore
the tones. MMN is obtained by subtracting standard waveforms
from target waveforms.

One of the strength of MMN is the limited number of gen-
erators, in contrast to the case for P300, another component of
ERPs (Figure 2). The generators for MMN are assumed to be
located mainly on superior temporal gyrus and prefrontal cortex.
This facilitates functional imaging evaluation. Importantly, MMN
amplitudes have been shown to be decreased in schizophrenia with
a large effect size (Umbricht and Krljes, 2005). Specifically, dMMN
amplitudes have been found to be decreased also in ARMS subjects
(e.g., Jahshan et al., 2012a).

Figure 3 demonstrated MMN waveforms at the frontal lead
for healthy controls (HCs), ARMS subjects, and first-episode
schizophrenia (FES). Converter subjects showed reduction in the
amplitudes before the onset, similar to patients with FES. By
contrast, MMN amplitudes of non-converters resembled those
of HCs (Higuchi et al., 2013b). These results are consistent with
some recent reports from other groups of investigators (Bodatsch
et al., 2011; Atkinson et al., 2012; Jahshan et al., 2012a; Shaikh
et al., 2012). A novel finding in our study was a positive corre-
lation between MMN amplitudes and verbal fluency in ARMS
subjects (Higuchi et al., 2013b). This indicates word production
during a given time would provide an estimate of an electro-
physiological activity which is predictive of progression to overt
schizophrenia.

FIGURE 1 | Neuropsychological performance, as evaluated by the BACS, in subjects with at-risk mental state. Transition to overt schizophrenia was
predicted by working memory (top), verbal fluency (bottom left), and attention (bottom right) before the onset of illness (extracted from Higuchi et al., 2013b).
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FIGURE 2 |The generators of ERPs. In contrast to multiple generators for
P300 (left), putative generators for MMN are limited to superior temporal
gyrus and prefrontal cortex, as demonstrated by fMRI (center) and

EEG-LORETA (right) methods. Images are extracted from Higuchi et al. (2008)
(left), Opitz et al. (2002) (center), and Marco-Pallares et al. (2005) (right),
respectively.

FIGURE 3 | Prediction of transition to schizophrenia by dMMN in
ultra-high risk subjects. MMN waveforms at the frontal lead are shown for
healthy controls, ARMS subjects, and first-episode schizophrenia. Converter

subjects showed reduction in the amplitudes before the onset, similar to
patients with first-episode schizophrenia. By contrast, MMN amplitudes of
non-converters resembled those of healthy controls (Higuchi et al., 2013b).

OTHER ELECTROPHYSIOLOGICAL AND
NEUROPSYCHOLOGICAL BIOMARKERS
There is evidence that amplitudes of P300, another component of
ERPs reflecting attentive cognitive abilities, are reduced in at-risk
subjects (e.g., Nagai et al., 2013). As noted above, visual memory
has been reported to differentiate between converters and non-
converters in individuals vulnerable to developing schizophrenia
(De Herdt et al., 2013). Further efforts are required to refine the
use of these biomarkers for early detection of psychosis.

THREE-DIMENSIONAL IMAGING OF dMMN CURRENT
DENSITY
Localization of generators for ERPs provides valuable informa-
tion. For this purpose, the low-resolution brain electromagnetic

tomography (LORETA) methods have been used (Pascual-Marqui,
1999, 2002). In these analyses, current source density of electrical
activity is calculated from scalp EEG. Specifically, the LORETA
methods can perform voxel-by-voxel comparisons of current
source density.

Recently, researchers from the University of California San
Diego conducted three-dimensional imaging of dMMN current
density in control subjects and patients with chronic schizophre-
nia (Takahashi et al., 2012). In that study, the mean duration of
illness was 24 years, which was lengthy. The comparison between
the two groups indicates reduced activations in the cingulate gyrus
and medial frontal gyrus in patients (Takahashi et al., 2012).

Regarding the early phase of schizophrenia, we recently
reported data from patients whose mean duration of illness was
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FIGURE 4 |Three-dimensional imaging of dMMN current density in early
schizophrenia. Duration of illness was <1 year for all patients. Comparison
between healthy subjects and patients showed decreased current density in

such brain regions as bilateral parahippocampal gyrus, left fusiform gyrus,
right hippocampus, and left anterior cingulate gyrus (data extracted from
Miyanishi et al., 2013).

FIGURE 5 | Correlation between dMMN current density in the frontal lobe and working memory, as evaluated by the BACS-J, in patients with early
schizophrenia. (Miyanishi et al., 2013).
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<1 year (Miyanishi et al., 2013). Figure 4 demonstrates the com-
parison of dMMN current density between healthy subjects and
patients. Early schizophrenia patients showed decreased current
density in medial temporal lobe structures and anterior cin-
gulate gyrus, i.e., brain areas related to the pathophysiology of
schizophrenia (Jensen et al., 2004; Hao et al., 2009).

An important part of our study was to determine if the change
in dMMN activations is associated with neuropsychological per-
formance. As demonstrated in Figure 5, dMMN current density
in the frontal lobe is positively correlated with working mem-
ory, as measured by the BACS, in early schizophrenia patients
(Miyanishi et al., 2013). These findings are consistent with the
concept that the prefrontal cortex plays a major role in this cog-
nitive domain. Further study is warranted to see if the association
between dMMN current density in the frontal lobe and working
memory is specific to schizophrenia, but not HCs, and if dMMN
current density predicts progression to schizophrenia in at-risk
people.

CONCLUSION
This paper provided a hypothesis regarding a role for neu-
ropsychological and electrophysiological markers in intervention
into early psychosis and high-risk subjects. The combination
of these modalities of neurocognition would be expected to
facilitate early detection of subjects who are likely to develop
psychosis, and identification of those who need immediate
treatment.
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Cognitive impairments are considered to largely affect functional outcome in patients with
schizophrenia, other psychotic illnesses, or mood disorders. Specifically, there is much
attention to the role of psychotropic compounds acting on serotonin (5-HT) receptors in
ameliorating cognitive deficits of schizophrenia. It is noteworthy that atypical antipsychotic
drugs (AAPDs), e.g., clozapine, melperone, risperidone, olanzapine, quetiapine, aripipra-
zole, perospirone, blonanserin, and lurasidone, have variable affinities for these receptors.
Among the 5-HT receptor subtypes, the 5-HT1A receptor is attracting particular interests as
a potential target for enhancing cognition, based on preclinical and clinical evidence. The
neural network underlying the ability of 5-HT1A agonists to treat cognitive impairments of
schizophrenia likely includes dopamine, glutamate, and gamma-aminobutyric acid neurons.
A novel strategy for cognitive enhancement in psychosis may be benefited by focusing
on energy metabolism in the brain. In this context, lactate plays a major role, and has
been shown to protect neurons against oxidative and other stressors. In particular, our
data indicate chronic treatment with tandospirone, a partial 5-HT1A agonist, recover stress-
induced lactate production in the prefrontal cortex of a rat model of schizophrenia. Recent
advances of electrophysiological measures, e.g., event-related potentials, and their imaging
have provided insights into facilitative effects on cognition of some AAPDs acting directly
or indirectly on 5-HT1A receptors. These findings are expected to promote the develop-
ment of novel therapeutics for the improvement of functional outcome in people with
schizophrenia.

Keywords: atypical antipsychotics, second generation, cognitive function, 5-HT receptors, lactate, energy metabo-
lism, neuropsychology, electrophysiology

INTRODUCTION
Atypical antipsychotic drugs (AAPDs), sometimes called “second
generation” antipsychotics, represent those exerting an antipsy-
chotic efficacy at doses that do not cause extrapyramidal side
effects (Meltzer, 1991, 2002; Sumiyoshi, 2008, 2013). With cloza-
pine as the prototype, this class of agents includes risperidone,
olanzapine, quetiapine, ziprasidone, aripiprazole, perospirone,
blonanserin, paliperidone, iloperidone, asenapine, and lurasidone
(Sumiyoshi, 2013). AAPDs share certain pharmacologic profiles
in common, i.e., a relatively greater affinity for serotonin-5-HT2A

receptors relative to dopamine-D2 receptors (Meltzer et al., 1989;
Stockmeier et al., 1993; Sumiyoshi et al., 1995). In contract,
haloperidol, a typical antipsychotic drug (TAPD), shows a pre-
dominantly higher affinity for D2 receptors compared to other
receptors (Meltzer et al., 1989; Stockmeier et al., 1993; Sumiyoshi
et al., 1995). In addition to the higher 5-HT2A/D2 binding affinity
ratio, there are some minor differences among the AAPDs. For
example, perospirone and aripiprazole show a relatively greater
affinity for 5-HT1A receptors, while lurasidone demonstrates a
relatively high affinity for 5-HT7 receptors (Sumiyoshi, 2013).

This paper provides a hypothesis regarding the neural basis for
the ability of AAPDs to improve cognition. This theoretical issue is
important from the perspective of the development of therapeutics
for enhancing long-term outcome in patients with schizophrenia.

DO AAPDs ENHANCE COGNITION IN SCHIZOPHRENIA?
Typical antipsychotic drugs, such as perphenazine, have been
reported to show some cognitive benefits in schizophrenia with
a small effect size, as reported in the CATIE trial (Keefe et al.,
2007). Importantly, Woodward et al. (2005) report an advantage
of AAPDs over TAPDs in terms of enhancing cognition with a
moderate effect size both in controlled and uncontrolled trials.
However, there have been challenges to the pro-cognitive efficacy
of AAPDs. For example, improvement of verbal memory by treat-
ment with risperidone or olanzapine has been suggested to be no
better than that of practice effect (or more precisely, test-retest
effect) in normal controls (Goldberg et al., 2007). However, it may
be premature to conclude that way, since no data were presented
in that study (Goldberg et al., 2007) as to whether schizophrenia
patients not receiving these AAPDs would have elicited the same
degree of improvement as that in treated patients (Sumiyoshi,
2013).

One of the suggestions for this debate comes from the ability
of lurasidone to dose-dependently improve cognitive functions, as
measured by a computer-based test battery (Maruff et al., 2009),
in a placebo-controlled double-blind study (Harvey et al., 2013;
Sumiyoshi, 2013). This result provides a support for the ability of
some AAPDs to enhance cognition in patients with schizophrenia,
which is independent of a practice effect.
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Another issue is what percentage of patients can be treated
with a clinically meaningful degree. It is reported that a larger
than 0.5 SD improvement in cognition substantially improves
quality of life for patients (Norman et al., 2003). Accordingly,
treatment with clozapine produced a significantly larger propor-
tion of patients showing a larger than 0.5 SD improvement in
letter fluency that predicts work outcome (Sumiyoshi and Meltzer,
in preparation). Again, these findings provide a support for the
proposition that AAPDs are superior over TAPDs for enhancing
cognition.

In spite of these lines of evidence, cognitive benefits of AAPDs
have been questioned, as noted above. One of the main reasons
may be that the neural mechanisms for it have not been fully elu-
cidated. Therefore, the following sections address this issue from
the perspective of electrophysiological imaging, neural network,
and energy metabolism.

ELECTROPHYSIOLOGICAL IMAGING
Figure 1 illustrates a rationale for electrophysiological approach
toward cognitive assessment. The combination of neuropsy-
chological and electrophysiological methods, e.g., event-related
potentials (ERPs), may be beneficial for the understanding of
mechanisms of cognitive enhancement, rational choice of psy-
chotropic drugs, and prediction of functional outcome.

Specifically, we reported the effect of olanzapine on cognition
and QOL, as well as P300, a component of ERPs, in patients
with schizophrenia (Higuchi et al., 2008). P300 has been used
as a marker of attentive cognitive processes. Figure 2 (right)
demonstrates P300 waveforms. At baseline, P300 amplitudes of
patients were diminished compared to those of control subjects.
After 6 month treatment with olanzapine, P300 amplitudes were
increased, as were scores of verbal memory and quality of life
(Figure 2, left).

We subsequently evaluated the effect of olanzapine on P300
current source density in discrete brain areas (Higuchi et al.,

2008) (Figure 3). At baseline, P300 current density in the left
superior temporal gyrus (STG) was decreased in patients. Olan-
zapine increased P300 current density in the left STG, but not
other regions, such as the prefrontal cortex (PFC). In fact, this
left-dominant pattern of P300 current density is similar to that
for control subjects. These observations provide the first evidence
that AAPDs ameliorate neurocognitive disturbances by correct-
ing three-dimensional distribution of electrophysiological activity
(Sumiyoshi et al., 2006, 2009; Higuchi et al., 2008).

An important aspect of this study was the correlation between
the change in P300 current density and cognition or functional
outcome. In fact, there was a significant positive correlation
between improvement of verbal memory and enhancement of
P300 current density in the left STG (Figure 4, right). Also, the
change in the Quality of Life score (Heinrichs et al., 1984) was
significantly correlated with enhancement of P300 current den-
sity in the left PFC (Figure 4, left). These results indicate that
the change of regional electrophysiological activities in response
to treatment can predict enhancement of cognitive and func-
tional outcomes (Higuchi et al., 2008; Sumiyoshi et al., 2009,
2011).

We also investigated the effect of perospirone on P300 cur-
rent density (Sumiyoshi et al., 2009). Perospirone is one of the
AAPDs marketed in Japan, and has high affinity for 5-HT1A

receptors (Araki et al., 2006; Sumiyoshi et al., 2009; Higuchi et al.,
2013). Unlike the case for olanzapine, perospirone enhanced P300
current density in the left PFC in patients with schizophrenia
(Figure 5). This change was correlated with improvement of cog-
nitive function relevant to daily living skills (Sumiyoshi et al.,
2009).

These observations are consistent with our previous report
that 5-HT1A receptor density is increased in the left PFC from
subjects with schizophrenia (Sumiyoshi et al., 1996). The up-
regulation of 5-HT1A receptors is hypothesized to reflect a com-
pensatory reaction to diminished neurotransmission through

FIGURE 1 | Electrophysiological approach toward cognitive assessment in schizophrenia. This strategy is expected to facilitate (1) elucidation of
mechanisms of cognitive enhancement, (2) rational choice of psychotropic drugs, and (3) prediction of functional outcome.
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these receptors (Sumiyoshi et al., 1996). The electrophysiological
findings, mentioned here, may be consistent with this hypoth-
esis, and explain distinct cognition-enhancing profiles of some
AAPDs with high affinity for 5-HT1A receptors, e.g., ziprasidone,

perospirone, aripiprazole, and lurasidone (Sumiyoshi, 2012, 2013,
in press; Sumiyoshi and Higuchi, 2013). This concept may explain
why perospirone, but not olanzapine enhanced P300 current
density in the PFC.

FIGURE 2 | P300 waveforms in response to olanzapine treatment
(right). P300 waveforms were averaged for 16 subjects per group. Black
lines represent P300 activity for control subjects. Blue lines show P300 for
patients at baseline, whose amplitudes are diminished compared to control

subjects. After 6 month treatment with olanzapine, P300 amplitudes
were increased, as indicated by redlines. Scores of verbal memory and
quality of life were also increased by olanzapine (inset). Bars represent
mean + SE.

FIGURE 3 | Effect of olanzapine on P300 current density, evaluated by
the LORETA methods, in patients with schizophrenia. At baseline, P300
current density in the left superior temporal gyrus was decreased.

Olanzapine increased P300 current density in this brain region (circled), and
this pattern of three-dimensional configuration was similar to that in control
subjects.
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FIGURE 4 | P300 current density change vs. cognition/QOL changes in
patients treated with olanzapine. There was a significant positive
correlation between improvement of verbal memory and enhancement of

P300 current density in the left superior temporal gyrus (STG) (left ). Also, the
improvement of the Quality of Life score was correlated with enhancement of
P300 current density in the left prefrontal cortex (PFC) (right ).

P300

5 μV

0 200 400 (ms)

Fz

Cz

Pz
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FIGURE 5 | Enhancement of P300 current density by perospirone in
schizophrenia. Left, grand average of ERP waveforms before (black lines)
and after (red lines) treatment with perospirone in patients with
schizophrenia. Right, 6 months treatment with perospirone enhanced

P300 current density, evaluated by the sLORETA method, in the left
superior frontal gyrus. Perospirone also improved social cognition, the
degree of which was correlated with P300 activity in the frontal brain
regions (see text).

NEURAL NETWORK MEDIATING COGNITIVE ENHANCEMENT
OF AAPDs
As discussed, 5-HT1A receptor agonism has been suggested to
enhance cognition [see also Sumiyoshi et al. (2008)]. In fact,
the addition of tandospirone, a 5-HT1A partial agonist, improved
executive function and verbal memory in patients treated with
TAPDs (Sumiyoshi et al., 2001a,b) (Figure 6). Data from these
clinical trials suggest 5-HT1A agonists enhance some of the key
cognitive domains, including those associated with frontal cortical
function.

Figure 7 illustrates a neural network providing a possible
basis for the ability of tandospirone and AAPDs acting on 5-
HT1A receptors to enhance cognition. Systemic administration of

5-HT1A agonists has been shown to selectively stimulate 5-HT1A

receptors located on gamma-aminobutyric acid (GABA) interneu-
rons in the PFC (Llado-Pelfort et al., 2011; Sumiyoshi and Higuchi,
2013). This diminishes the activity of GABA neurons, leading
to disinhibition of Glu neurons. This may explain the ability of
AAPDs to augment DA release in the PFC (Sumiyoshi and Higuchi,
2013), a putative mechanism for the ability of AAPDs to enhance
cognition, in a 5-HT1A receptor-dependent manner (Diaz-Mataix
et al., 2005; Bortolozzi et al., 2010). These neural events may
explain the ability of augmentation therapy with tandospirone
to restore mismatch negativity amplitudes (Higuchi et al., 2010),
an electrophysiological measure of glutamatergic activity that is
diminished in schizophrenia (Javitt et al., 2008). Other possible
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FIGURE 6 | Effect of tandospirone, a 5-HT1A partial agonist, on cognition in schizophrenia. Six-week treatment with tandospirone, but not placebo
enhanced executive function (effect size = 0.63) and verbal memory (0.70), two cognitive domains relevant to functional outcome, in patients receiving
haloperidol.

FIGURE 7 | Neural network in the prefrontal cortex involving
glutamate (Glu), gamma-aminobutyric acid (GABA), serotonin
(5-HT), and dopamine (DA) neurons. Systemic administration of 5-HT1A

agonists, such as 8-OH-DPAT, inhibits action potentials of GABA neurons,
leading to disinhibition of glutamate neurons (Llado-Pelfort et al., 2011;
Sumiyoshi and Higuchi, 2013). This also leads to activation of
meso-cortical dopamine neurons. For example, administration of

clozapine, a 5-HT1A agonist, increases extracellular DA concentrations in
the prefrontal cortex in mice, but it does not occur in mutant mice lacking
5-HT1A receptors (Bortolozzi et al., 2010). These neural events may explain
the ability of augmentation therapy with tandospirone to restore
mismatch negativity amplitudes (Higuchi et al., 2010), an
electrophysiological measure of glutamatergic activity that is diminished
in schizophrenia. VTA, ventral tegmental area.
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mechanisms may involve GABAB receptor-mediated transmis-
sions (Gronier, 2008) or other neurotransmitters (e.g., acetyl-
choline).

ROLE FOR ENERGY METABOLISM
Traditionally, energy supply into the brain has been considered
to depend on glucose. However, recent research suggests lactate
plays a significant role in energy production both in the aerobic
and anaerobic conditions, irrespective of the presence of glucose
(Wyss et al., 2011; Uehara and Sumiyoshi, 2013).

The lactate-dependent energy metabolism has been associated
with glutamatergic activity (Uehara et al., 2008). Specifically, glu-
tamatergic transmissions enhance lactate production, which is
mediated by N -methyl-d-aspartate (NMDA) receptors and gluta-
mate transporters, as well as astrocytes (Uehara et al., 2008; Uehara
and Sumiyoshi, 2013). Recently, lactate has been shown to exert
neuroprotective effects (Wyss et al., 2011). These lines of evidence
prompted us to use lactate metabolism as a biological basis for the
effect of pro-cognitive drugs.

Measurement of lactate in the extracellular space can provide
real-time information on its production (Uehara et al., 2008). Lac-
tate metabolism was hypothesized to reflect energy supply in the
brain areas crucial for cognitive functions, e.g., PFC. Figure 8
describes the effect of tandospirone on extracellular lactate con-
centrations in a rat model of schizophrenia (Uehara et al., 2012).
At the neonatal stage (postnatal days 7–10), rats were transiently
administered MK-801, an antagonist at the NMDA receptor. In
this experiment, these model rats showed suppression of the stress-
induced increment of lactate levels in the PFC, suggesting impaired
energy metabolism. This suppression in the model rats was inhib-
ited by chronic treatment with tandospirone (once daily for 14 days

before the measurement of lactate levels) (Uehara et al., 2012).
These results are consistent with clinical observations that 5-HT1A

agonists, such as tandospirone and buspirone, ameliorate cogni-
tive impairment related to PFC function (Sumiyoshi et al., 2001a,b,
2007).

PERSPECTIVES
A main topic of this article has been the role for 5-HT1A recep-
tors in cognitive improvement. On the other hand, other 5-HT
receptor subtypes have been suggested to be a potential candidate
for cognitive enhancers. These include 5-HT3 (e.g., mirtazap-
ine, ondansetron), 5-HT6 (Ro04-06790, Lu AE58054), and 5-
HT7 (SB25874, amisulpride, lurasidone) receptors [reviewed in
Sumiyoshi and Higuchi (2013)].

Another issue to be considered in the development of
promising agents is the assessment of functional outcome, in
addition to neurocognition (neuropsychological performance,
or “primary measures”). In this context, intermediate func-
tional measures, or “co-primary measures,” have attracted inter-
est as a target for therapeutic intervention (Sumiyoshi and
Sumiyoshi, in press). For example, a greater sensitivity to treat-
ment has been reported for co-primary measures compared to
primary measures in a clinical trial of lurasidone and ziprasi-
done (Harvey et al., 2011). Therefore, intermediate functional
measures (co-primary measures) deserve more attention in the
development of novel pharmacotherapy for schizophrenia and
related illnesses.

In conclusion, AAPDs have been shown to enhance cogni-
tion in a clinically meaningful manner. The mechanisms for it
may include several modes of action and neural networks, which
requires further explorations.

FIGURE 8 | Effect of tandospirone on lactate production in the
prefrontal cortex of a rat model of schizophrenia, as measured by
in vivo microdialysis. At the neonatal stage, rats were transiently
injected with MK-801, an antagonist at the N -methyl-D-aspartate
receptor, on postnatal days 7–10. These model animals showed

suppression of the stress-induced increment of lactate levels, as
represented by extracellular concentrations, in the adult stage. This
suppression in model rats was inhibited by chronic treatment with
tandospirone (once daily for 14 days before the measurement of lactate
levels).
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Rationale: Augmentation therapy with serotonin-1A (5-HT1A) receptor partial agonists
has been suggested to improve cognitive impairment in patients with schizophrenia.
Decreased activity of prefrontal cortex may provide a basis for cognitive deficits of
the disease. Lactate plays a significant role in the supply of energy to the brain, and
glutamatergic neurotransmission contributes to lactate production.

Objectives and methods: The purposes of this study were to examine the effect of
repeated administration (once a daily for 4 days) of tandospirone (0.05 or 5 mg/kg) on
brain energy metabolism, as represented by extracellular lactate concentration (eLAC) in
the medial prefrontal cortex (mPFC) of a rat model of schizophrenia.

Results: Four-day treatment with MK-801, an NMDA-R antagonist, prolonged eLAC
elevation induced by foot-shock stress (FS). Co-administration with the high-dose
tandospirone suppressed prolonged FS-induced eLAC elevation in rats receiving MK-801,
whereas tandospirone by itself did not affected eLAC increment.

Conclusions: These results suggest that stimulation of 5-HT1A receptors ameliorates
abnormalities of energy metabolism in the mPFC due to blockade of NMDA receptors.
These findings provide a possible mechanism, based on brain energy metabolism,
by which 5-HT1A agonism improve cognitive impairment of schizophrenia and related
disorders.

Keywords: 5-HT1A, cognition, schizophrenia, lactate, microdialysis, glutamate, NMDA receptor, animal model

INTRODUCTION
Disturbances of cognitive function, evaluated by psychologi-
cal and neurophysiological methods, have been shown to pre-
dict social outcome in patients with schizophrenia (Meltzer and
McGurk, 1999; McGurk and Meltzer, 2000). There is much atten-
tion to the role of psychotropic compounds acting on serotonin
(5-HT) receptors in ameliorating cognitive deficits of the dis-
ease. Among the 5-HT receptor subtypes, the 5-HT1A receptor
is attracting particular interests as a potential target for enhanc-
ing cognition (Newman-Tancredi and Albert, 2012; Ohno et al.,
2012; Sumiyoshi and Higuchi, 2013; Sumiyoshi et al., 2013).
It is reported that adjunctive treatment with selective 5-HT1A

receptor (partial) agonists, e.g., tandospirone or buspirone, was
associated with improvements in some types of cognitive func-
tion in patients with schizophrenia (Sumiyoshi et al., 2001b,
2007; Sumiyoshi and Higuchi, 2013). These observations pro-
vide the basis for the ability of 5-HT1A receptor stimulation to
enhance cognition, a therapeutic approach that have promoted

the development of novel antipsychotic drugs (Sumiyoshi, 2013;
Sumiyoshi et al., 2013).

The development of animal models of schizophrenia is impor-
tant to clarify the pathophysiology of the illness and facilitate
the development of novel therapeutics. Non-competitive antago-
nists at the N-methyl-D-asparate receptor (NMDA-R) have been
shown to induce schizophrenia-like symptoms, i.e., positive and
negative symptoms, as well as cognitive dysfunction in normal
subjects (Jentsch and Roth, 1999). Numerous studies reported
that NMDA-R antagonists, such as phencyclidine (PCP), MK-801
and ketamine, produce hyperlocomotion, stereotypy, informa-
tion processing deficits, impairments of cognitive functions and
social interactions, behavioral changes reminiscent of symptoms
of schizophrenia (Breese et al., 2002; Moghaddam and Jackson,
2003; Bubenikova-Valesova et al., 2008; Jones et al., 2011).

Four-day treatment with MK-801 changed behaviors and
expression of NMDA-Rs in a way that mimicked chronic treat-
ment (Bubenikova-Valesova et al., 2010). Especially, prepulse
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inhibition (PPI) was impaired, while locomotion was decreased
(Bubenikova-Valesova et al., 2010). PPI deficits are one of the
most widely used neurophysiological markers of the patho-
physiology of schizophrenia, and have been suggested to repre-
sent an aspect of cognitive deficits (Geyer, 2006; Singer et al.,
2013). Especially, a specific correlative link between working
memory and PPI has been reported in rodents (Singer et al.,
2013). On the other hand, the mPFC was the target brain
region in the current study because our aim was to clarify
the mechanisms underlying cognitive enhancement by 5-HT1A

receptor stimulation. Functional abnormality of the frontal cor-
tex has been associated with negative symptoms and cognitive
deficits (Volk and Lewis, 2002). Specifically, performance on
the cognitive tasks governed by the prefrontal cortex (PFC),
e.g., working memory and executive function, has been consis-
tently reported in patients with schizophrenia (Tamminga et al.,
1992; Volz et al., 1999; Hazlett et al., 2000; Ragland et al.,
2007).

Since the proposal of the astrocyte-neuron lactate shut-
tle (ANLS) hypothesis (Pellerin and Magistretti, 1994), lactate
has been found to play a crucial role in energy metabolism
in the brain (Tsacopoulos and Magistretti, 1996; Pellerin and
Magistretti, 2012). According to this hypothesis, lactate is pro-
duced in a neural activity-dependent and glutamate-mediated
manner in astrocytes, and is transferred to active neurons
(Pellerin et al., 1998, 2007; Pellerin, 2003; Uehara et al., 2008).
Moreover, it has been shown that lactate is a primary substrate for
energy metabolism in the brain of humans (Smith et al., 2003)
or rodents (Wyss et al., 2011) under working conditions if both
lactate and glucose is sufficiently available, as demonstrated by
in vivo studies (Wyss et al., 2011).

Whether or not abnormality of lactate metabolism exists in the
brain of schizophrenia patients remains to be discussed. A post-
mortem study reports altered transcription of genes in a large
number of metabolic pathways and increased lactate levels in
the PFC of patients with schizophrenia (Prabakaran et al., 2004).
However, another report argued that these changes are associated
with decreased pH, and are possibly related to antipsychotic treat-
ment rather than a primary metabolic abnormality (Halim et al.,
2008).

In this study, we investigated the effect of repeated (four
consecutive days) administration of MK-801, a non-competitive
NMDA-R antagonist, on energy metabolism indicated by extra-
cellular lactate concentration (eLAC) in the medial prefrontal
cortex (mPFC) of rats using microdialysis technique. Then, we
determined whether co-administration of low and high doses
(0.05 or 5 mg/kg) tandospirone affect lactate metabolism in the
MK-801 treated animals.

MATERIALS AND METHODS
ANIMALS
Adult male Wistar rats (Japan SLC Inc., Hamamatsu, Japan)
weighing 280–300 g (8 weeks postnatal) for microdialysis exper-
iments were housed 4–5 in a standard cage at 24 ± 2◦C under a
12-h light (07:00–19:00 h) 12-h dark cycle. The procedures com-
plied with the National Institutes of Health guide for the care and
use of Laboratory animals. All experiments were reviewed and

approved by the Committee of Animal Research, University of
Toyama.

DRUGS
Tandospirone was provided from Dainippon Sumitomo
Pharmaceuticals (Tokyo, Japan).

The treatment regimen with MK-801 (dizocilpine, 0.1 mg/kg,
Sigma-Aldrich, St. Louis, MO) and/or tandospirone was based on
a previous report (Bubenikova-Valesova et al., 2010) with minor
modifications. First, to evaluate the effect of 4 days treatment with
MK-801 on eLAC in the mPFC, rats received an intraperitoneal
(i.p.) injection of MK-801 (0.1 mg/kg) at a volume of 2 ml/kg
(MK-801 group, n = 6), or the equal volume of saline (saline
group, n = 5) once daily for 4 days. Second, to access the effect of
tandospirone on FS-induced eLAC changes, rats received a sub-
cutaneous (s.c.) injection of tandospirone at 0.05 mg/kg (low-T)
or 5.0 mg/kg (high-T) at a volume of 2 ml/kg or the equal volume
of saline. This yielded the following 6 groups: saline-saline group
(n = 5); saline-low-T group (n = 5); saline-high-T group (n =
5); MK-801-saline group (n = 5); MK-801-low-T group (n–5);
MK-801-high-T group (n = 5). The last injection was adminis-
tered 10 min before the start of foot-shock (FS) stress (Figure 1).

SURGERY
Extracellular lactate concentrations were measured by in vivo
microdialysis technique with an enzyme reactor/fluorometric
detector according to the method previously reported (Uehara
et al., 2003, 2005, 2006, 2007a). The animals were anesthetized
with pentobarbital sodium (Nembutal, Abbott Laboratories, IL,
USA) (40 mg/kg, i.p.), and were mounted on a stereotaxic appa-
ratus. A dialysis probe (molecular weight cutoff 10,000; 200 μm
in outer diameter) was implanted into the left mPFC accord-
ing to the atlas of Paxinos and Watson (1998), and was secured
with skull screws and dental acrylate. The exposed tip length of
the probe was 1.5 mm. Coordinates were A 3.2 mm, L 0.6 mm, V
5.2 mm from bregma for the mPFC. Following the surgery, the
rats were housed in individual cages with free access to food and
water.

FIGURE 1 | Schematic representation of the experimental protocol for

microdialysis experiments. Upper parts in each figure reveals drug
treatment for 4 days and lower parts time course in the 4th day (experiment
day).
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Forty-two to 48 h after surgery, the dialysis experiment was
carried out on the freely moving rats. Microdialysis experiments
were performed between 08:00 and 16:00. Artificial CSF (con-
sisting of 147 mmol/l NaCl, 3 mmol/l KCl, 1.2 mmol/l CaCl2,
1.2 mmol/l MgSO4, 0.4 mmol/l NaH2PO2, pH 7.40) was perfused
at a rate of 5.0 μl/min into the dialysis probe. The dialysates
were mixed on-line with an enzyme solution containing L-
lactate dehydrogenase and NAD+ in a T-tube. The enzyme
solution consisted of 5.0 μg/ml LDH (L-Malate: NAD oxidore-
ductase, E.C.1.1.1.27; isolated from pig heart, specific activity
ca.300 U/mg; Roche Diagnostics GmbH, Mannheim, Germany)
and 0.5 mmol/l NAD+ (Roche Diagnostics GmbH, Mannheim,
Germany) in a carbonate buffer (62.5 mmol/l, adjusted to pH 9.4
with NaOH). The solution was pumped using a Model 22 micro-
dialysis pump (Harvard Apparatus, Inc. Massachusetts, USA)
at the flow rate of 20 μl/min. The mixture from the T-tube
was passed for 20 min reaction before reaching a fluorometer
equipped with a 12 μl flow-cell (Shimazu RF-530, Kyoto, Japan).
During transport to the fluorometer, lactate was enzymatically
oxidized, and the fluorescence of the formed nicotinamid
adenosine dinucleotide diphosphate (NADH) was continuously
measured with excitation at 340 nm and emission at 450 nm.
A standard solution of 100 μmol/l lactate was used for calibration.

FOOT-SHOCK STRESS
Foot-shock (FS) stress was administered using a plastic commu-
nication box (CB5, MATYS, Toyama, Japan), according to the
method reported previously (Uehara et al., 2012a). The box (L
51 × W 51 × H 40 cm) was equipped with a grid floor composed
of stainless steel rods (6-mm in diameter) placed 16 mm apart.
The box was subdivided into nine compartments (17 × 17 cm) by
transparent plastic walls. In this study, we used 4 compartments
areas (34 × 34 cm) for the field of free moving and FS admin-
istration. The communication box was connected to a shock-
generator (MSG-001, MATYS, Toyama, Japan) and a timer-box
(MTB-001, MATYS, Toyama, Japan) to deliver FS as described
below. Each FS session consisted of a scramble shock of 0.3 mA
for 5 s administered every 30 s for 10 min.

At the end of the experimental sessions, all rats were deeply
anesthetized with pentobarbital sodium, and were sacrificed by
decapitation. The position of dialysis probes was verified micro-
scopically for all rats.

PRESENTATION OF THE RESULTS AND STATISTICS
Data were analyzed by analysis of variance (ANOVA) using SPSS
software (version 19.0 J for Mac; IBM, Tokyo, Japan).

Lactate levels in the dialysates are expressed as μmol/l cal-
culated by a standard solution of 100 μmol/l lactate. The aver-
age of the eLAC during the period preceding the last injection
(four measurements performed every 5 min) was used as the
basal concentrations of lactate. To access the effects of MK-
801 and tandospirone on basal lactate levels, two-way ANOVA
were carried out with MK-801 treatment (saline, MK-801) as
one factor and tandospirone treatment (saline, low-T, high-T)
as the second factor. Data from MK-801 administration was
analyzed using repeated measure ANOVA. MK-801 treatment
(saline, MK-801). Time was treated as repeated measures variable.

Data from FS stress procedures were analyzed using two-way
repeated measure ANOVA. MK-801 treatment (saline, MK-801)
and tandospirone treatment (saline, low-T, high-T) were treated
as between-group variable. Time was treated as repeated measures
variable. Thereafter, two-way repeated measures ANOVA were
performed for each group. Data were analyzed by Kruskal-Wallis
test at each time point, and statistical significance was further
examined by Mann-Whitney test for multiple comparisons.

To compare the results of with and without FS experiments,
we analyzed total increase amount of lactate after last injection
in each groups calculated by sum of eLAC data subtractiong the
basal concentration of eLAC from eLAC concentration at each
time point (from time 0 to time 110). These data were ana-
lyzed using one-factor ANOVA (8 groups; saline group without
FS, MK-801 group without FS, saline-saline group, saline-low-T
group, saline-high-T group, MK-801-saline group, MK-801-low-
T group, MK-801-high-T group) followed by post-hoc Bonferroni
test. A probability (P) of less than 0.05 was considered to be
significant.

RESULTS
BASAL LACTATE LEVELS
The basal concentrations of lactate in 8 groups (with or without
FS experiments) were shown in Table 1. There were no significant
interaction [F(2,35) = 0.48, P = 0.62], main effect of MK-801
treatment [F(1,35) = 0.48, P = 0.49] and tandospirone treatment
[F(2,35) = 0.19, P = 0.83].

EFFECT OF MK-801 ADMINISTRATION ON eLAC
Repeated measures ANOVA demonstrated that MK-801 treat-
ment increased eLAC in the mPFC [MK-801 x time interaction,
F(22,198) = 5.73, P < 0.001]. MK-801 administration increased
eLAC from 35 to 45 min (Figure 2).

EFFECT OF MK-801 AND TANDOSPIRONE COMBINATION ON
FS-INDUCED eLAC ELEVATION
Two-way ANOVA revealed that both MK-801 treatment x
time interaction and tandospirone treatment x time interac-
tion were significant [F(22,528) = 10.31, P < 0.001; F(44,528) =
5.65, P < 0.001; respectively]. These results indicated that

Table 1 | The basal concentrations of lactate in dailysates in each

grop.

Foot-shock Foot-shock

stress(−) stress (+)

Saline Tandospirone

Low (0.05 High (5.0

mg/kg) mg/kg)

Saline 50.92 ± 4.99 47.26 ± 4.99 51.46 ± 2.44 50.44 ± 2.63

MK-801 50.47 ± 1.20 47.62 ± 5.12 48.23 ± 2.5 43.96 ± 7.26

The basal concentrations of lactate in daily sates were presented the average

of the eLAC during the period preceding the last injection (four measurements

performed every 5 min). Values are expressed as mean ± SE, µmol/L.
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FIGURE 2 | Time course of the effect of 4 days treatment of MK-801 on

the extracellular lactate concentrations (eLAC) in the medial prefrontal

cortex. Rats were treated with saline (saline group, n = 6; open circle) or
MK-801 (MK-801 group, n = 5; closed circle). Lactate levels in the dialysates
are expressed as μmol/l calculated by a standard solution of 100 μmol/l
lactate. Data are mean ± s.e.m. The arrow indicates the timing of the last
injection. Asterisk showed p < 0.05 vs. saline group in each time point.

MK-801 treatment produced prolonged FS-induced eLAC eleva-
tion (Figure 3A), and that co-administration with tandospirone
(5.0 mg/kg) abolished this change (Figure 3C) but not tan-
dospirone (0.05 mg/kg) (Figure 3B). At each time point data
analysis, there were significant eLAC differences between MK-801
and saline group at 70, 75, and 85 min after the last injec-
tion in low-dose tandospirone administration group (Figure 3B),
whereas no significant differences at each time point in saline or
high-dose tandospirone administration group (Figures 3A,C).

EFFECT OF TANDOSPIRONE ON FS-INDUCED eLAC ELEVATION IN
SALINE TREATMENT GROUP
Two-way ANOVA revealed no significant tandospirone treat-
ment x time interaction [F(44,264) = 1.90, P = 0.08]. This result
demonstrated that 4 days treatment with tandospirone did
not affected on FS-induced eLAC elevation in the mPFC
(Figures 3A,C).

TOTAL INCREASE AMOUNT OF LACTATE AFTER LAST INJECTION
One-factor ANOVA demonstrated significant differences among
8 groups [F(7,33) = 6.01, P < 0.001]. Post-hoc Bonferroni test
showed significant differences between saline group without FS
and MK-801-saline group, saline group without FS and MK-
801-low-T group, MK-801 group without FS and MK-801-low-T
group, saline-high-T group and MK-801-low-T group (Figure 4).
These results indicated that repeated MK-801 administration by
itself have a temporary effect on eLAC changes in the mPFC.

DISCUSSION
This study obtained results showing; (1) acute treatment with
MK-801 in the 4th day increased eLAC to around 65 μmol/L
above the base line level, and 4-day treatment with MK-801 pro-
longed eLAC elevation induced by FS in the mPFC, whereas
its effect was temporary, and (2) co-administration with high-
dose tandospirone abolished the effect of MK-801 treatment on
prolonged eLAC elevation.

FIGURE 3 | Effect of tandospirone on foot-shock stress-induced

increment of the extracellular lactate concentrations (eLAC) in the

medial prefrontal cortex in rats treated with (A) saline (saline-saline

group, n = 5; MK-801-saline group, n = 5), (B) tandospirone 0.05 mg/kg

(saline-low-T group, n = 5; MK-801-low-T group, n-5) and (C) 5.0 mg/kg

tandospirone (saline-high-T group, n = 5; MK-801-high-T group, n = 5).

Rats were simultaneously treated with saline (open circle) or MK-801
(closed circle), respectively. Lactate levels in the dialysates are expressed
as μmol/l calculated by a standard solution of 100 μmol/l lactate. Data are
mean ± s.e.m. The arrow indicates the timing of the last injection.
Foot-shock is indicated by solid bars. Asterisk showed p < 0.05 vs. saline
group in each time point.

Four-day treatment with MK-801 at the young adult stage
resulted in increasing of eLAC after FS (Figure 3), while repeated
MK-801 treatment by itself may have little effect on total increase
amount of lactate (Figure 4). This finding is consistent with a
postmortem study reporting an increase in lactate levels in the
PFC of patients with schizophrenia (Prabakaran et al., 2004).
Possible mechanisms include glutamatergic neurotransmissions,
because eLAC has been suggested to be linked to them (Uehara
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FIGURE 4 | Total increase of lactate after injection (from time 0 to time

110 min) calculated by sum of (each eLAC concentration—basal

concentration of eLAC). Basal concentration of eLAC is the average of
eLAC during the period preceding the last injection (four measurements
performed every 5 min). Asterisk showed p < 0.05 between groups.

et al., 2008). Thus, glutamate taken up into astrocytes through
glutamate transporters (GLT) after synaptic release stimulates
glycolysis and lactate production in astrocytes. In this process,
glutamate uptake into astrocytes and the resulting increase in
intracellular Na+ have been identified as a key signal cou-
pling excitatory neural activity to increased glucose utilization
(Magistretti et al., 1999; Chatton et al., 2000). Moreover, glu-
tamate stimulates aerobic glycolysis in astrocytes (Pellerin and
Magistretti, 1994). This metabolic action of glutamate is medi-
ated by glutamate transporters, and involves the activity of
Na+/K+ ATPase in astrocytes (Pellerin and Magistretti, 1997).
In fact, local perfusion of the glutamate reuptake inhibitor dihy-
drokainate (DHK) has been reported to attenuated FS-induced
increment eLAC in the mPFC (Uehara et al., 2007b). On the
other hand, activation of NMDA-Rs increases eLAC in the mPFC
of rodents (Kuhr and Korf, 1988; Schasfoort et al., 1988). These
authors reported that infusion of NMDA (10 mM) or kainic acid
(0.5 mM) for 1 min resulted in an transient increase in extracel-
lular lactate concentrations, which lasted several minutes longer
than the drug administration period. Furthermore, MK-801, as
well as other NMDA-R antagonists, may produce disinhibition of
glutamate and γ-aminobutyric acid (GABA) or other inhibitory
inputs to the glutamate-containing neurons, thereby enhancing
the firing rate of these glutamatergic neurons. Such disinhibition
may occur locally at the PFC and/or at regions with ascend-
ing glutamatergic projections to the PFC (Moghaddam et al.,
1997). These findings suggest that systemic MK-801 administra-
tion increases glutamate levels in the synaptic cleft, and prolong
eLAC elevation in the mPFC.

We previously reported that the long-term effect of transient
MK-801 treatment in neonatal periods on lactate metabolism
in the mPFC of young adult rats (Uehara et al., 2012a).
According to the study, transient MK-801 treatment in neonatal
stage suppressed FS stress-induced eLAC elevation in the mPFC

without changes in the basal levels. Moreover, Neonatal NMDA-R
blockade-induced attenuation of lactate response was ameliorated
by 5-HT1A receptor stimulations for 14 days in young adult stage.
These findings were completely opposite effect to young adult rats
treated repeatedly with MK-801 in this study. It is possible that the
opposite effect on eLAC reactions to FS was based on the timing
of MK-801 administration. Administration of NMDA-R antago-
nists in the late fetal or early postnatal periods enhances neuronal
apoptosis (Ikonomidou et al., 1999; Beninger et al., 2002; Harris
et al., 2003). PCP administration in the neonatal stage has been
shown to induce apoptotic changes, gliosis (Wang et al., 2001,
2003) and to reduce spine density (Nakatani-Pawlak et al., 2009)
in the frontal cortex. These findings suggest that neonatal block-
ade of NMDA-R produced morphological changes and then
reduction of the production source and/or dysfunction of the
astrocyte-neuron lactate shuttle system. Furthermore, neonatal
blockade of the NMDA-R led to up-regulation of the NR1 recep-
tor subunit in the frontal cortex (Wang et al., 1999, 2001; Du Bois
and Huang, 2007). We reported neonatal MK-801 administration
reduced the number of parvalbumin-positive GABA interneurons
in the mPFC (Uehara et al., 2012b,c). Based on these findings,
it is possible that neonatal MK-801 treatment decreased gluta-
mate release in the mPFC, leading to the reduction of eLAC. On
the other hand, low doses of MK-801 (<3 mg/kg) induced tran-
sient vacuolization in cortical layers III and IV of adult rodents,
which was maximal 12 h after the drug and then gradually disap-
peared during the next 12–18 h (Olney et al., 1989). Therefore, it
is assumed that the dose of MK-801 (0.1 mg/kg) in this study may
have produced little morphological changes.

Co-administration of tandospirone, a 5-HT1A receptor par-
tial agonist, attenuated prolonged eLAC elevation in the mPFC
induced by MK-801 (Figure 3C). Acute treatment with tan-
dospirone has been shown to attenuate the eLAC elevation by
FS (Uehara et al., 2006). 5-HT1A agonists have been shown to
inhibit potassium-evoked glutamate release in vitro (Mauler et al.,
2001) while MK-801 increases glutamate in the mPFC in vivo
(Lopez-Gil et al., 2009). 5-HT1A receptors are also involved in the
modulation of excitatory glutamatergic neurotransmission, since
their activation reduces NMDA-mediated currents in PFC neu-
rons (Zhong et al., 2008). Moreover, 5-HT1A agonists block the
MK-801-induced increase in 5-HT concentrations in the mPFC
(Lopez-Gil et al., 2009). Therefore, it is possible that tandospirone
shortens the period of eLAC elevation through inhibition of
glutamate release and serotonergic transmissions.

Unexpectedly, 4-day treatment with tandospirone
(5.0 mg/kg/day, i.p.) did not suppress FS-induced eLAC ele-
vation in the mPFC of saline-treated rats, in contrast to our
previous observation with tandospirone at 2.0 mg/kg (Uehara
et al., 2006). Moreover, the drug at 0.1, 1.0, or 5.0 mg/kg attenu-
ated FS-induced eLAC increment (Uehara et al., 2012a), although
last injection was 24 h before eLAC measurement.

Chronic administration of 5-HT1A agonists has been shown
to desensitize 5-HT1A auto receptors in the raphe nucleus, but
not frontal cortex (Sim-Selley et al., 2000; Hensler et al., 2003).
After sustained treatment with these agents, 5-HT neurons in the
raphe nucleus gradually recover their baseline firing rates and
become normalized in 14 days (Blier and De Montigny, 1987;
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Godbout et al., 1991; Blier and Ward, 2003). Treatment with tan-
dospirone for 2 days (10 mg/kg/day, s.c.), markedly reduces the
firing activity of 5-HT neurons of the dorsal raphe, followed by
partial recovery after 7 days and complete recovery after 14 days
of tandospirone administration (Godbout et al., 1991). Therefore,
4-day treatment with tandospirone may decrease 5-HT release
into the synaptic cleft in the mPFC. On the other hand, postsy-
naptic 5-HT1A receptor stimulation inhibits NMDA antagonist-
induced glutamate release in the mPFC (Calcagno et al., 2006)
and potassium-evoked lactate release in vitro (Mauler et al., 2001).
Taken together, the discrepant results in our reports, above, may
be explained by the balance between autoreceptor desensitization
in the raphe nucleus and intensity of stimulation of post-synaptic
receptors in the mPFC.

In summary, stimulation of 5-HT1A receptors normal-
ized changes of lactate metabolism in the mPFC of rats
exposed to repeated NMDA-R injections. Our findings pro-
vide a possible mechanism underlying the clinical observations
that tandospirone improves cognitive deficits in patients with
schizophrenia (Sumiyoshi et al., 2000, 2001a,b). Importantly,
lactate metabolism may provide a novel probe for the develop-
ment of therapeutics for cognitive impairment of schizophrenia
(Uehara and Sumiyoshi, 2013).
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Accumulating evidence suggests that neuregulin 1 (NRG1) might be involved in the
neurodevelopment, neural plasticity, GABAergic neurotransmission, and pathogenesis
of schizophrenia. NRG1 is abundantly expressed in the hippocampus, and emerging
studies have begun to reveal the link between NRG1 signaling and cognitive deficits
in schizophrenic patients. Because the transmembrane domain of NRG1 is vital for
both forward and reverse signaling cascades, new Nrg1-deficient mice that carry a
truncation of the transmembrane domain of the Nrg1 gene were characterized and
used in this study to test a NRG1 loss-of-function hypothesis for schizophrenia. Both
male and female Nrg1 heterozygous mutant mice and their wild-type littermates were
used in a series of 4 experiments to characterize the impact of Nrg1 on behavioral
phenotypes and to determine the importance of Nrg1 in the regulation of hippocampal
neuromorphology and local GABAergic interneurons. First, a comprehensive battery of
behavioral tasks indicated that male Nrg1-deficient mice exhibited significant impairments
in cognitive functions. Second, pharmacological challenges were conducted and revealed
that Nrg1 haploinsufficiency altered GABAergic activity in males. Third, although no
genotype-specific neuromorphological alterations were found in the hippocampal CA1
pyramidal neurons, significant reductions in the hippocampal expressions of GAD67 and
parvalbumin were revealed in the Nrg1-deficient males. Fourth, chronic treatment with
valproate rescued the observed behavioral deficits and hippocampal GAD67 reduction in
Nrg1-deficient males. Collectively, these results indicate the potential therapeutic effect
of valproate and the importance of Nrg1 in the regulation of cognitive functions and
hippocampal GABAergic interneurons, especially in males.

Keywords: schizophrenia, transmembrane-domain Nrg1 mutant mice, cognitive function, hippocampus,

GABAergic interneuron, valproate

INTRODUCTION
Schizophrenia is a costly and devastating mental disorder that
afflicts ∼1% of the worldwide population (Insel, 2010). It appears
to be a multifactorial disorder with a strong genetic predisposi-
tion. Accumulating evidence from human genetic studies suggests
that multiple susceptibility genes or loci, including Neuregulin
1 (NRG1) (Schwab and Wildenauer, 2009), might contribute
to the pathogenesis of schizophrenia. The association between
NRG1 and schizophrenia was initially revealed in a study of
families in Iceland (Stefansson et al., 2002), and the associa-
tion has been further confirmed in other ethnic groups (Walker
et al., 2010). Reduced levels of the expression of NRG1 have also
been reported in schizophrenic post-mortem tissues (Bertram
et al., 2007; Nicodemus et al., 2009; Parlapani et al., 2010),
which indicates that alterations in NRG1 might contribute to the
pathophysiology of schizophrenia.

NRG1, a trophic factor, belongs to the neuregulin family of
growth factors, whose effects are mediated via four neuregulin
genes (NRG1-4) that bind to the ErbB (epidermal growth factor-
like receptor) family of tyrosine kinase transmembrane receptors
(ErbB1-4) (Harrison and Weinberger, 2005; O’Tuathaigh et al.,
2006). As a consequence of multiple promoters and rich alter-
native splicing, more than 30 different NRG1 isoforms produced
from a single NRG1 gene have been identified to date, and these
isoforms have been classified into at least 7 different isoform types
(Falls, 2003; Steinthorsdottir et al., 2004; Walss-Bass et al., 2006;
Mei and Xiong, 2008). Pro-Neuregulin 1, which contains a trans-
membrane domain (i.e., the TMc domain, a critical motif for
forward and reverse signaling cascades) that forms membrane-
anchored precursors, undergoes proteolytic cleavage leading to
mature NRG1. NRG1, as a ligand and a receptor for ErbB3 and
ErbB4, initiates forward or reverse signaling pathways that have
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numerous neurotrophic roles (Liu et al., 1998a,b; Bao et al., 2003;
Falls, 2003), and NRG1 is abundant in many brain regions, espe-
cially in the hippocampus (Law et al., 2004). Numerous roles for
NRG1 in CNS development and function have been identified,
including synapse formation, neuronal migration, axon guid-
ance, axon myelination, synaptic plasticity, and the regulation of
neurotransmitter expression (Harrison and Law, 2006; Mei and
Xiong, 2008; Iwakura and Nawa, 2013). The abundant expres-
sions of NRG1 and ErbB and the interactions of these molecules
with GABAergic (Yau et al., 2003; Vullhorst et al., 2009; Neddens
and Buonanno, 2010), glutamatergic (Hahn et al., 2006; Li et al.,
2007), and dopaminergic neurons (Abe et al., 2009; Kato et al.,
2011) imply that these molecules have critical roles in the regu-
lation of synaptic plasticity at excitatory and inhibitory synapses
that might be involved in the pathogenesis of the cognitive deficits
in schizophrenia. Indeed, a novel missense mutation (Val to Leu)
in the TMc domain of NRG1 was reported to be associated with
schizophrenia (Walss-Bass et al., 2006), suggesting a potential
causal mutations within this gene.

Evidence revealing the link between Nrg1/ErbB4 and cognitive
deficits in patients with schizophrenia has begun to accumulate
(Hall et al., 2006; Krug et al., 2010). A number of Nrg1-related
mutant mice have been generated to further elucidate the role
of Nrg1 in the pathogenesis of schizophrenia-related behavioral
and cognitive deficits (O’Tuathaigh et al., 2007; Chen et al., 2008;
Ehrlichman et al., 2009; Duffy et al., 2010; Wen et al., 2010;
Shamir et al., 2012). For example, Nrg1 heterozygous knock-
out mice with TMc-domain truncation of exon 11 were first
reported in 2002 (Stefansson et al., 2002) and this original TMc-
Nrg1+/− mutant strain has been reported to exhibit behavioral
deficits in locomotor activity, explorative behavior, and anxiety-
like behaviors (O’Tuathaigh et al., 2006; Boucher et al., 2007).
Age-dependent alterations in locomotor activity and exploratory
behavior have also been reported in these original TMc-Nrg1+/−
mutant mice (Karl et al., 2007). Alterations in social and cognitive
function have also been reported in these TMc-Nrg1+/− mutant
mice, such as increased aggression, increased social recogni-
tion, decreased prepulse inhibition, and impaired contextual fear
conditioning (Stefansson et al., 2002; O’Tuathaigh et al., 2007;
Chesworth et al., 2012; Desbonnet et al., 2012). Furthermore,
the involvement of Nrg1 in the modulation of cognitive func-
tions has been further bolstered by in vitro electrophysiological
studies in the hippocampus of EGF-like domain Nrg1+/− mice
(Bjarnadottir et al., 2007). A recent study also indicated that
ErbB4-null parvalbumin interneuron-restricted mutant mice and
EGF-like domain Nrg1+/− mice exhibit increased hippocampal
LTP (Shamir et al., 2012). These studies suggest the impor-
tance of Nrg1 in the regulation of basic behavioral functions
and hippocampal electrophysiology, which might account for the
alterations of cognitive functions in these mice. Although some
interesting findings were reported, these previous behavioral
phenotyping results appear to be somewhat inconsistent across
these Nrg1-related mutant mice or even across variants of some
lines of Nrg1 mutant mice from one study to another. It is
also difficult to make direct comparisons between different lines
of mutant mice because different gene targeting strategies were
used in different studies and because the expression levels of

Nrg1 protein in these haploinsufficient mice are not available
due to the lack of antibodies that are capable of recogniz-
ing the different isoforms. Besides, in the past decade, most of
Nrg1-related mouse studies were conducted in male mice and
only a few studies used either female mice or both male and
female mice. Interestingly, sex-specific effects were reported. For
example, using both male and female TMc-Nrg1+/− mutant
mice, it was previously found that only male mutant mice had
impaired performance in Barnes maze (O’Tuathaigh et al., 2007)
and only female mutant mice had reduced grooming behavior
(O’Tuathaigh et al., 2006). It is of interest to further compare
sex-specific effect on different behavioral tasks in Nrg1-related
mutant mice.

To further characterize the effects of Nrg1 haploinsufficiency
and to validate the impact of the complete truncation of the
Nrg1 TMc-domain on cognitive functioning and its behavioral
consequences in both males and females, a novel line of TMc-
domain Nrg1+/− mutant mice with a truncation from exon 9 was
obtained and used in this study. A set of four experiments was
designed. Because sex (or sex hormones) might have differential
effects on NRG/ErbB via glial-neuronal signaling in schizophrenic
patients (Lacroix-Fralish et al., 2006; Wong and Weickert, 2009)
and because sex-specific effects of Nrg1 on behavioral pheno-
types have not been well characterized in mice, both male and
female mice were used in Experiments 1–3. In Experiment 1,
a comprehensive battery of cognitive-related tasks (Experiment
1A) and basic behavioral tasks (Experiment 1B) was applied to
evaluate the behavioral phenotype of the novel TMc-Nrg1+/−
mutant mice. Experiments 2 and 3 were conducted to facil-
itate the interpretation of the behavioral deficits observed in
Experiment 1. Accordingly, in Experiment 2, MK-801 (an NMDA
receptor antagonist), methamphetamine (a potent psychostimu-
lant that increases the amount of extracellular dopamine), and
pentylenetetrazol (PTZ, a GABAA receptor antagonist) were used
to induce behavioral alterations and to reveal which neuro-
transmitters were more vulnerable in these novel TMc-Nrg1+/−
mutant mice. Neuromorphological and neurochemical alter-
ations in the hippocampi of these mutant mice were further
examined in Experiments 3A and 3B, respectively. Based on the
findings from the first 3 experiments, an effective and useful pro-
cedure of valproate (a GABA transaminase inhibitor) treatment
(Guidotti et al., 2009) was used to evaluate whether rescue of the
observed cognitive deficits in these novel TMc-Nrg1+/− mice was
possible.

MATERIALS AND METHODS
ANIMALS
All neuregulin 1 heterozygous mutant mice (Nrg1+/−) and
wild-type (WT) littermate mice used in this study were gen-
erated from Nrg1+/− breeding pairs with C57BL/6J genetic
backgrounds (n > 10). Only Nrg1+/− mice were used because
Nrg1 homozygous embryos die due to cardiac defects around
E10.5–E11.5 (Gassmann et al., 1995; Meyer and Birchmeier, 1995;
Kramer et al., 1996). Nrg1+/− mice were healthy, and basic phys-
ical examination revealed no observable physical damage. Mice
were weaned at 4 weeks and separated by sex. Littermates of
the same sex were caged separately and maintained in groups
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of 3–5 mice per cage. For behavioral testing, each mouse was
housed individually 1 week before behavioral testing. All mice
were housed, with food and water provided ad libitum, in indi-
vidually ventilated polysulfone cages (Alternative design Inc.,
U.S.A.) within the animal rooms of the Psychology Department
of National Taiwan University. All animals used in this study
were adult mice (at least 2 months of age). They were handled
and weighed daily for at least 1 week prior to each exper-
iment. All behavioral and pharmacological experiments were
conducted in the dark phase. Minimal numbers of mice were
used to meet the 3R reduction principle of animal use. All ani-
mal procedures were performed according to protocols approved
by the Animal Care and Use Committee of National Taiwan
University. Adequate measures were taken to minimize potential
pain and discomfort that the mice used in this study may have
experienced.

OBTAINMENT AND VALIDATION OF THE NOVEL TMc-Nrg1+/− MICE
Given the fact that the TMc domain of NRG1 is a critical motif for
NRG1 forward and reverse signaling cascades and that reduced
levels of the expression of NRG1 have been reported in some
schizophrenic post-mortem tissues, the validation of this novel
TMc-Nrg1 mutant mouse strain is important and this mouse
strain is beneficial to study the effect of TMc domain of Nrg1
in the pathogenesis of schizophrenia-related symptoms. In com-
plementary to other Nrg1-related mouse strains, this novel strain
of mice is also helpful to elucidate the functional consequences
of TMc domain ablation and the impact of Nrg1 TMc-domain
complete truncation on behavioral functions. The novel TMc-
Nrg1 mutant mice were originally generated by Lexicon Genetics
(NIH-0932, LEXKO-1007) using pKOS-53 with LacZ/Neo cas-
settes. Using homologous recombination, exon 9 of Nrg1, where it
was translated into the TMc domain, were targeted and truncated
by the LacZ/Neo cassettes. Further information about this mouse
has been described previously (http://www.informatics.jax.org/
external/ko/lexicon/4608.html). A schematic diagram of the tar-
geting strategy is depicted in Figure 1A. The entire sequence
encoding the TMc is encoded by a single exon so that the trun-
cated exon can be referred as the TMc exon. Likely due to
differences in exon annotations, the targeted TMc exon was pre-
viously referred to as exon 11 in the original TMc-Nrg1 mutant
strain (Stefansson et al., 2002) and it was referred to as exon 9
in our novel TMc-Nrg1 mutant strain here. The expected sizes
of the PCR products for the novel TMc-Nrg1 mice are indi-
cated in Figure 1A as well. Genomic DNA isolated from the tails
of the mice of the indicated genotypes was submitted to PCR,
and WT and recombinant alleles were distinguished with agarose
gel electrophoresis (Figure 1B). The following primers were used
to confirm the genotypes of the mice: 0932-8, 5′-GTCATGAAG
CATGCCAGCTG-3′; 0932-10, 5′-GTATTACTCAGTCGGGAAC-
3′; and Neo3a, 5′-GCAGCGCATCGCCTTCTATC-3′ (Figure 1).
The TMc domain of Nrg1 was truncated by the target vector,
which resulted in the lack of a C-terminal on Nrg1 and a resis-
tance to proteolytic release. The deletion included the sequence
VLTITGICIALLVVGIMCVVAY, which has been described previ-
ously as the TMc domain of Nrg1 (Walss-Bass et al., 2006). The
truncated region starts with a hydrophilic part and the majority

in this region appears to be hydrophobic (average hydrophobic-
ity = 1.233; >1 means this region is hydrophobic) based on
analyses with SOSUI (i.e., a classification and secondary struc-
ture prediction system for membrane proteins) (Hirokawa et al.,
1998). The result of hydrophobicity analysis predicts that this
region is in the very 5′ region of the TMc-domain of Nrg1 and it is
translated as a hydrophobic protein structure because most of the
amino acids in the TMc-domain are hydrophobic. The expres-
sion of Nrg1 protein in the cerebral cortex of the novel TMc-
Nrg1+/−mutant mice was further validated using Western blot
with a Nrg1 C-terminal antibody (Neuregulin-1α/β1/2, 1:500,
sc348, Santa Cruz Biotechnology). As indicated in Figure 1C,
compared to WT littermate controls, a significant (∼37%) reduc-
tion of Nrg1 protein (∼51 kDa) was found in the brains of the
novel TMc-Nrg1+/− mice [WT: 1 ± 0.013; Nrg1+/−: 0.628 ±
0.110; t(4) = 3.373; p = 0.027].

EXPERIMENT 1: EXAMINATION OF THE COGNITIVE AND BASIC
BEHAVIORAL FUNCTIONING OF THE NOVEL TMc-Nrg1+/−
MUTANT MICE
Two cohorts of male and female adult TMc-Nrg1+/− mice
and their WT littermates were used in this experiment. Two
series of experiments were conducted to examine the effects of
Nrg1 haploinsufficiency on the cognitive functions (Experiment
1A) and the basic behaviors (Experiment 1B) in these mice.
Cognitive function-related behavioral tasks used in this experi-
ment included the object recognition task, contextual and cued
fear conditioning, the Morris water maze task, prepulse inhi-
bition, and social preference and recognition task. The object
recognition task, contextual fear conditioning, Morris water
maze, and social recognition task are considered to be related
to hippocampus-dependent function. Cued fear conditioning is
considered to rely heavily upon the amygdala. Prepulse inhibi-
tion was performed to measure sensorimotor gating function in
these mice. Basic behaviors (Experiment 1B) were evaluated with
a battery of behavioral tasks that consisted of an open-field loco-
motor assay, a hole board task, an elevated plus maze task, a
sucrose preference task, and a hot plate task. Because it has been
reported that some basic behaviors might be age-dependent in the
original TMc-Nrg1 mutant mice (Karl et al., 2007), both novel
TMc-Nrg1+/− and WT mice were tested twice at ages close to
2 and 6 months for basic behavioral phenotyping and clarifica-
tion of age-dependent effects. Two cohorts of mice were used.
The first cohort of mice (n = 12 each) was sequentially tested
with the novel object recognition task on post-natal days 63–65
(PND 63–65), with the fear conditioning task on PND 66–70 and
with the Morris water maze on PND 90–110. The other cohort of
mice (male = 12; female = 10) was tested with the open field task
on PND 63 and PND 189, with the hole board task on PND 65
and PND 191, the elevated plus maze task on PND 67 and PND
193, the social preference and recognition task on PND 71, the
sucrose preference task on PND 72–75 and PND 199–202, and the
prepulse inhibition task on PND 78. The details of the behavioral
tasks are briefly described in the Supplementary Materials. These
behavioral tasks have been evaluated with varying degrees of test
validities for assessing schizophrenia-relevant behavioral deficits
in mice (Brooks and Dunnett, 2009; Lai et al., 2014).
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FIGURE 1 | (A) Schematic diagram of the targeting strategy for the novel
TMc-Nrg1+/− mutant mice. Upper panel, wild type (WT) Nrg1 locus
including 13 exons, shown as black boxes. The target vector, pKOS-53 with
a LacZ/Neo cassette, was targeted to exon 9 of Nrg1 by homologous
recombination. Lower panel, primer 0932-8, primer 0932-10, and primer
Neo3a were used to distinguish WT alleles (346 bps) from mutant alleles
(258 bps). (B) Mouse-tail DNA was submitted to PCR analysis. N: negative
control. (C) The expression level of Nrg1 proteins in the brain of both WT
and Nrg1+/− mice. ∗P < 0.05 between two genotypes.

EXPERIMENT 2: EVALUATION OF DRUG-INDUCED BEHAVIORAL
ALTERATIONS IN THE NOVEL TMc-Nrg1+/− MICE
Based on three major neurotransmitter-based hypotheses of
schizophrenia (i.e., the dopamine, glutamate, and GABA
hypotheses), three related drugs were selected to investigate which
neurotransmitter system was most vulnerable to the alterations of
behavioral performance observed in our TMc-Nrg1+/− mutant
mice. Three cohorts of male and female TMc-Nrg1+/− and
WT adult (2 months of age; n = 12 each) mice were used
in this experiment. Mice from Experiments 2A–C received an
acute administration of MK-801 (an NMDA receptor antagonist,
0.25 mg/kg, i.p.), methamphetamine (a potent psychostimulant,

2 mg/kg, i.p.), or pentylenetetrazol (PTZ, a GABAA receptor
antagonist, 60 mg/kg, s.c.). The volume of administration was
5 ml/kg and the vehicle used in this study was saline (0.9%). The
subsequent behaviors of these mice in a polyvinylchloride cham-
ber (48 × 24 × 25 cm) were recorded using an EthoVision video
tracking system or ETHOM software (Shih and Mok, 2000). On
the day of the measurements, the total distances traveled (cm) by
both the male and female mice in the first cohort were recorded in
the chamber for 60 min after the administration of saline (0.9%,
5 ml/kg) as a baseline. Then, locomotor activity was recorded for
two 60-min periods after the injection of MK-801. For the sec-
ond cohort of male and female mice, total distances traveled (cm)
were also recorded for a 60-min baseline period following the
administration of saline and for two 60-min periods following
methamphetamine injection. The doses of MK-801 and metham-
phetamine were chosen to avoid stereotypic behaviors in the open
field as described previously (Wu et al., 2005; Van Den Buuse
et al., 2009; Chen et al., 2012, 2014). The third cohort of male
and female mice received an injection of PTZ to induce a seizure
response, and their behaviors were videotaped and recorded in
the chamber for 1 h. The dose of PTZ was chosen based on previ-
ous dose studies of C57BL/6 mice (Itoh and Watanabe, 2009). The
severities of the seizure responses were scored blindly using the
following previously described scale: 0, no response; 1, hypoac-
tivity; 2, partial clonus; 3, generalized clonus; and 4, tonic-clonic
(maximal) seizure (Ferraro et al., 1999, 2010).

EXPERIMENT 3: EXAMINATION OF THE NEUROMORPHOLOGICAL AND
NEUROCHEMICAL ALTERATIONS IN THE HIPPOCAMPI OF THE NOVEL
TMc-Nrg1+/− MICE
Based on the behavioral deficits observed in Experiment 1A,
Experiment 3 concentrated on examination of the neuromor-
phological alterations of the hippocampi of mutant and WT
mice. Based on the findings regarding the drug-induced behav-
ioral alterations of the TMc-Nrg1+/− mutant mice in Experiment
2C, we further examined the expression of GABAergic mark-
ers in the hippocampi of these mutant mice. Both male and
female TMc-Nrg1+/− and WT adult (2–4 months of age) mice
were used in this experiment. Neuromorphological analyses were
first conducted to evaluate whether the haploinsufficieny of Nrg1
resulted in neuromorphological alterations of the pyramidal neu-
rons of the CA1 region of the hippocampus (Experiment 3A).
Hippocampal samples from both mutant and WT mice were
harvested after behavioral testing to examine protein expression
using Western blot (Experiment 3B).

Experiment 3A—neuromorphological analysis of hippocampal CA1
pyramidal neurons
As a follow up to the observations of hippocampal-dependent
impairments in the novel TMc-Nrg1+/− mutant mice, hip-
pocampi were examined for any neuromorphological alterations
in the mutant mice that could partially account for the behavioral
deficits. Because pyramidal neurons of the CA1 region of the hip-
pocampus are critical for the afferent and efferent connections of
the hippocampus, the C57BL6-Tg (GFPm) driven by the Thy1
promoter specific transgenic mouse line was selected and used
for analyses of the neuromorphologies of GFP (green fluorescent
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protein)-labeled CA1 pyramidal neurons of the hippocampus
(Feng et al., 2000). The expression patterns of GFP-labeled pyra-
midal neurons in Thy1-C57BL6-Tg(GFPm) transgenic mouse
line was reported previously (Feng et al., 2000) and this mouse
line has been successfully used to analyze neuromorphological
alterations of pyramidal neurons in mutant mice (Lai et al.,
2006; Chen and Lai, 2011). Based on the hippocampus-dependent
behavioral deficits observed in the novel TMc-Nrg1+/−mutant
mice, additional male and female subjects generated from our
TMc-Nrg1+/− breeding pairs with C57BL6-Tg (GFPm) back-
grounds were used in this experiment. Adult mice were anes-
thetized and transcardially perfused with PBS followed by 4%
paraformaldehyde in PBS. Fixed brains were sectioned coronally
using a vibratome. A series of 150-μm coronal sections were col-
lected and mounted on slides for scanning. Confocal microscopy
stack images of GFP-labeled neurons were obtained at intervals
of 0.4 μm using 20×, 40×-oil, and 63×-oil objectives from a
Leica TCS SP5 confocal microsystem (Leica, Taipei, Taiwan). The
Neurolucida software (MicroBrightField Incorporated, Williston,
VT, USA) was used to trace and reconstruct the neurons in 3
dimensions. GFP labeling was nearly exclusively restricted to the
cell bodies and dendritic trees of CA1 pyramidal neurons of both
mutant mice and their littermate controls. Using Neurolucida
software, morphometric analyses of the GFP-labeled pyramidal
neurons (between Bregma −1.46 and −2.80 mm) of the TMc-
Nrg1+/− mice and WT littermate controls were performed (total
n � 4 each group) to reveal the neuromorphological differences
between genotypes. The following 14 morphological variables
were chosen based on previous studies (Lai et al., 2006; Chen
and Lai, 2011): (1) soma size (cell soma sizes were obtained by
outlining cell somas and automatically calculating the pixel areas
in μm2); (2) the distance to apical bifurcation (base of the api-
cal tuft) measured from the cell body to the major branch point
of the apical dendrite; (3) the number of branches on the apical
branches; (4) the number of apical tips; (5) the total length of
the apical tuft, which was taken as the sum of the lengths of the
apical stem and the branches that formed the tuft; (6) the apical
dendritic field area (ADFA), which measures the area of the den-
dritic field of a neuron and is calculated as the area enclosed by
a polygon that joins the most distal points of the dendritic pro-
cesses (convex area); (7) the branch angles of the primary apical
dendrites (from the distal end of apical bifurcation); (8) the num-
ber of primary basal dendrites (not including apical dendrites and
axons); (9) the total length of the primary basal dendrites; (10) the
number of branches from the basal branches; (11) the number of
basal tips; (12) the total length of the basal dendrites; (13) the
basal dendritic field area (BDFA), which measures the area of the
dendritic field of a neuron and is calculated as the area enclosed
by a polygon that joins the most distal points of the dendritic
processes (convex area); and (14) Sholl analysis of basal dendritic
complexity.

Experiment 3B—examination of the expression of GABAergic
markers in the hippocampi of the novel TMc-Nrg1+/− mice
After finishing behavioral testing for cognitive functions in
Experiment 1A, some mice from Experiment 1A were randomly
selected and used to examine the expression of hippocampal

GABAergic markers in this experiment. Hippocampi from both
WT and TMc-Nrg1+/− male (n = 7 each) and female (n = 6
each) adult mice (3–4 months of age) were quickly dissected,
frozen in liquid nitrogen, and stored at −80◦C. Tissue samples
were homogenized in lysis buffer containing 25 mM Tris (pH 8.0),
125 mM NaCl, Protease Inhibitor Cocktail tablets (Roche, Taipei,
Taiwan) and Phosphatase Inhibitor Cocktail 1 (P2850, Sigma-
Aldrich, St. Louis, MO, USA) and then centrifuged at 12,500 rpm
(14324 g) at 4◦C for 15 min. The supernatant was then collected.
The protein concentrations of the supernatants were measured
with the Bradford protein assay (Bio-Rad Laboratories, Tokyo,
Japan) and spectrometry at 620 nm. The same amount of protein
was separated by 4–10% sodium dodecyl sulfate/polyacrylamide
gel electrophoresis (SDS/PAGE) and transferred onto a nitro-
cellulose membrane (Millipore, Billerica, MA, USA). Ponceau
S staining of the membrane was used to ensure successful
transfer. Subsequently, the membranes were washed in Tris-
buffered saline containing 0.1% Tween-20 (TBST) and blocked
in 5% (w/v) skim milk for 1 h at 25◦C. The membrane was
then incubated in a 5% (w/v) skim milk solution with the
appropriate primary antibody overnight at 4◦C. The blots were
probed with the following antibodies: GAD67 (1:5000, MAB5406,
Millipore), calretinin (1:2000, AB5054, Millipore), parvalbumin
(1:2000, P3088, Sigma-Aldrich), and GAPDH (1:5000, #2118,
Cell Signaling Technology, Inc., Danvers, MA, USA). Immune
complexes were visualized using the appropriate peroxidase-
conjugated secondary antibodies (Cell Signaling Technology).
Bound antibody was detected using an enhanced chemilumi-
nescence (ECL) kit (Millipore), and densitometric analysis was
performed using Image J (a Java-based image processing program
developed at the National Institutes of Health).

EXPERIMENT 4: EVALUATION OF THE EFFECT OF VALPROATE ON THE
RESCUE OF COGNITIVE DEFICITS IN THE NOVEL TMc-Nrg1+/− MALE
MICE
Valproate, a GABAergic anti-epileptic drug and a potential phar-
macoepigenetic agent, has been reported to facilitate GABAergic-
promoter demethylation, to inhibit histone deacetylase via
chromatin remodeling, and to enhance the expression of GABA-
related genes (Guidotti et al., 2009, 2011). To evaluate rescue of
the observed behavioral deficits that resulted from GABAergic
alternation in young adult (3–4 months of age) TMc-Nrg1+/−
male mice, valproate (VPA, 1.5 mmol/kg, s.c.) or vehicle (0.9%
saline, 10 ml/kg) was injected into male TMc-Nrg1+/−and WT
mice twice daily for 17 days (WT/saline: n = 6; WT/VPA: n = 7;
Nrg1+/−/saline: n = 8; Nrg1+/−/VPA: n = 8). Based on the find-
ings from Experiment 1A, two behavioral tasks were selected to
evaluate the drug’s efficacy in rescuing hippocampal function in
the mutant mice. The object recognition task was conducted on
day 16. Fear conditioning training was conducted on day 16, and
contextual/cued tests of fear conditioning were conducted on day
17. Prior to behavioral testing, each subject was left untreated for
at least 12 h to exclude any acute effects of daily valproate injec-
tion. The behavioral procedures were nearly identical to those
described for Experiment 1A, with the exception that the cued
fear conditioning tests were conducted 1 h, rather than 1 day,
after contextual fear conditioning to reduce the number of testing
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days. One day after last behavioral testing (on day 18), whole
hippocampi from these mice were dissected and processed for
Western blotting using GAD67 antibody as described previously
in Experiment 3B.

STATISTICAL ANALYSIS
All data are presented as the mean ± standard error of the mean
(SEM). Statistical analyses were performed using SPSS 13.0 (SPSS
Inc., Chicago, IL, USA), and the data were analyzed with One- or
Two-Way ANOVAs or two-sample Student’s t-tests, where appro-
priate. Post-hoc analyses were performed using Fisher’s LSD tests
when the F-values revealed significant differences. A priori t-tests
(with Bonferroni adjustments when needed) were conducted to
compare genotype-dependent differences and to examine spe-
cific hypotheses. P values of < 0.05 were considered statistically
significant.

RESULTS
EXPERIMENT 1: THE NOVEL TMc-Nrg1+/− MICE HAVE NORMAL BASIC
BEHAVIORAL FUNCTIONING AND IMPAIRMENTS IN HIPPOCAMPAL-
DEPENDENT COGNITIVE FUNCTIONS
Experiment 1A—examination of cognitive-related function
A total of five behavioral tasks were conducted in this experi-
ment. In the object recognition task, a Two-Way ANOVA revealed
a significant interaction of genotype and sex [F(1, 29) = 7.222,
p = 0.012] on the time spent investigating a novel object. As
depicted in Figures 2A,B, further statistical analyses reveal a
significant simple main effect of genotype for the males (p =
0.011) but not the females (p = 0.309). Because we intended
to examine the sex-specific effects of Nrg1 in mice and also
because we found a sex difference, the following data analyses
were carried out independently for each sex. During fear con-
ditioning, the freezing responses of male TMc-Nrg1+/− mice in
both contextual [t(22) = − 2.622, p = 0.016; Figure 2C] and
cued [t(22) = −2.487, p = 0.021; Figure 2E] fear conditioning
were significantly reduced compared to WT controls. In con-
trast, no significant differences due to genotype were found for
the female mice (both p > 0.05; Figures 2D,F). In the Morris
water maze, no significant differences due to genotype were
found for either the male or female mice during the learn-
ing phase (both p > 0.05) or the probe phase (both p > 0.05),
as depicted in Figures 2G,H. Regarding sensorimotor gating
functions, no genotype-dependent differences were present in
either the males (p > 0.05; Figure 2I) or the females (p > 0.05;
Figure 2J). No genotype-dependent differences were found in
their startle response and startle habituation as well. In the social
preference and social recognition tasks, no significant genotype-
dependent differences were found in either the males (p > 0.05;
Figure 2K) or the females (p > 0.05; Figure 2L).

Experiment 1B—basic behavioral phenotyping
The basic functioning of the novel TMc-Nrg1+/− mice was fur-
ther examined using a battery of behavioral tasks. As illustrated
in Table 1, relative to the WT mice, both 2-month-old male and
female TMc-Nrg1+/− mice displayed normal behavioral profiles
across a series of basic behavioral tasks that included the open
field, hole board, elevated plus maze, 2% sucrose preference, and

hot plate tasks (all ps > 0.05). Because age-dependent effects have
been previously reported for some Nrg1 mutant mice, these mice
were examined again with the same battery of behavioral tasks at
6 months of age. Again, no genotype-dependent differences were
found in either the males or females (Table 1).

EXPERIMENT 2: EVALUATION OF DRUG-INDUCED BEHAVIORAL
ALTERATIONS IN THE NOVEL TMc-Nrg1+/− MICE
Three cohorts of male and female TMc-Nrg1+/− and WT
adult mice were used to evaluate MK-801-, methamphetamine-,
and PTZ-induced behavioral alterations in Experiments 2A–C,
respectively. In Experiment 2A, a significant MK-801 treatment
effect was found in both males [F(2, 44) = 15.505, p < 0.001]
and females [F(2, 44) = 5.188, p = 0.009]. But no significant
genotype-dependent differences were found in either the 60-
min baseline activity or MK-801-induced hyperlocomotion in
either the male (Figure 3A) or female mice (Figure 3B). Similarly,
in Experiment 2B, a significant methamphetamine treatment
effect was found in both males [F(2, 44) = 59.680, p < 0.001]
and females [F(2, 44) = 126.353, p < 0.001]. But no significant
genotype-dependent differences were found in either the 60-min
baseline activity or methamphetamine-induced hyperlocomotion
in either the male (Figure 3C) or female mice (Figure 3D). In
contrast to the results of Experiments 2A and 2B, the severi-
ties of PTZ-induced seizures were significantly greater in male
TMc-Nrg1+/− mice [t(22) = −2.288, p = 0.032; Figure 3E] but
not in female TMc-Nrg1+/− mutant mice compared their respec-
tive WT controls. This genotype-dependent deficit of the males is
further illustrated in Figure 3F, which shows the distributions of
PTZ-induced seizure scores (Figure 3F).

EXPERIMENT 3: EXAMINATION OF NEUROMORPHOLOGICAL AND
NEUROCHEMICAL ALTERATIONS IN THE HIPPOCAMPI OF THE
NOVEL TMc-Nrg1+/− MICE
Experiment 3A—neuromorphological analysis
Based on the cognitive deficits observed in Experiment 1A, the
neuronal architectures of the GFP-labeled CA1 pyramidal neu-
rons in the hippocampus were examined. The neuromorphologi-
cal results are summarized in Table 2. Neither the male nor the
female mice exhibited any significant genotype-dependent dif-
ferences in GFP-labeled pyramidal neurons in the CA1 region
of hippocampus in any of the morphological variables that we
examined.

Experiment 3B—examination of the expression of GABAergic
markers in the hippocampus
The protein expression levels of GAD67, parvalbumin (PV),
and calretinin were examined in the hippocampi of both male
and female mice. Representative images of protein expres-
sions are shown in Figures 4A,B. Compared to WT controls,
a significant reduction of GAD67 expression was found in
our TMc-Nrg1+/−males [t(12) = 2.245, p = 0.044; Figure 4C]
but not in females (Figure 4D). Regarding calretinin, no
genotype-dependent differences were found in either males or
females (Figures 4E,F). Regarding parvalbumin, TMc-Nrg1+/−
males displayed a significant reduction of parvalbumin expression
[t(10) = 2.253, p = 0.048; Figure 4G] compared to WT controls,
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FIGURE 2 | The cognitive functions (mean + s.e.m.) of both male

and female TMc-Nrg1+/− mutant mice (black bars) and their

wild-type littermate controls (WT, white bars) were evaluated in the

Experiment 1 of this study. (A,B) In the object recognition task, a
reduction in investigation time (s) of the novel object was observed in
male, but not female, TMc-Nrg1+/− mice. (C,D) In the contextual fear
conditioning task, a reduction in freezing time percentage was observed

in male, but not female, TMc-Nrg1+/− mice. (E,F) In the cued fear
conditioning task, a reduction in freezing time percentage (%) was
found in male, but not female, TMc-Nrg1+/− mice. In contrast, no
significant genotype-dependent differences were found in the Morris
water maze, prepulse inhibition task, or the social task in either males
(G,I,K) or females (H,J,L), respectively. Dash lines indicate chance level.
∗P < 0.05 between two genotypes.
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whereas the females did not exhibit this reduction (Figure 4H).
The sex-specific reductions of hippocampal GAD67 and parval-
bumin expression found in the TMc-Nrg1+/− males of this exper-
iment might be responsible for the observed cognitive deficits of
these mice.

EXPERIMENT 4: EVALUATION OF THE EFFECT OF VALPROATE ON THE
RESCUE OF COGNITIVE DEFICITS IN THE NOVEL TMc-Nrg1+/− MALE
MICE
Based on the findings of Experiments 1A, 2, and 3B, chronic
administration of valproate was used to evaluate the effects of val-
proate on the rescue of the cognitive deficits that were observed
in the male TMc-Nrg1+/− mice. As reported in Experiment
1A, significant genotype-dependent reductions in behavioral per-
formance on the object recognition task [t(12) = 2.351, p =
0.037; Figure 5A], the contextual fear conditioning task [t(12) =
2.556, p = 0.025; Figure 5B], and the cued fear conditioning
task [t(12) = 2.469, p = 0.029; Figure 5C] were found in the
male TMc-Nrg1+/−mice that received chronic saline injections.
In contrast, after chronic injections of valproate, male TMc-
Nrg1+/−mice did not display any significant deficits in these tasks
compared to WT control males (all p > 0.05; Figures 5A–C).
For the expression of GAD67 in the hippocampus, a significant
genotype-dependent reduction (∼26%) of GAD67 was found in
mice that received chronic saline treatment [t(10) = 2.651; p =
0.024; Figure 5D]. In contrast, no significant reduction was found
in the TMc-Nrg1+/− male mice that received chronic valproate
injections compared to their WT controls.

DISCUSSION
The use of genetically modified mice that carry a truncated TMc
domain-Nrg1 gene as an experimental tool offers an alterna-
tive model with which to mimic a NRG1 deficiency in some
schizophrenic patients and to test a NRG1 loss-of-function
hypothesis for schizophrenia. In complementary to the origi-
nal TMc-Nrg1 mutant strain and other mutant strains, the impact
of TMc exon ablation can be studied in both sexes using this novel
TMc-Nrg1+/− mouse strain and its functional consequences can
be compared with findings in other Nrg1-related mouse strains.
A significant reduction of Nrg1 proteins was also confirmed in
the brain of this novel mutant strain. This novel TMc-Nrg1+/−
mouse strain provides a feasible model for the characterization
of the roles of the TMc domain of Nrg1 in basic behaviors and
cognitive functions. In Experiment 1, we found that both male
and female TMc-Nrg1+/− mice displayed normal profiles of basic
behaviors but were impaired in cognition-related functions. In
Experiment 2, we found that, compared to WT controls, the injec-
tion of PTZ induced significant behavioral alterations in male
(but not female) TMc-Nrg1+/−mice, whereas the other two drugs
we tested had no effect. In Experiment 3, neuromorphological
analyses failed to reveal any Nrg1 genotype-dependent effects on
the neuronal architecture of the GFP-labeled CA1 pyramidal neu-
rons in the hippocampi of either male or female mice. However,
reductions of GAD67 and parvalbumin expression were found in
the hippocampi of male TMc-Nrg1+/− mice, and females did not
exhibit these reductions. In Experiment 4, the chronic adminis-
tration of valproate successfully rescued the observed cognitive
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FIGURE 3 | Drug-induced behavioral alterations (mean + s.e.m.) in the

novel TMc-Nrg1+/− mice (black bars) and their wild-type controls (WT,

white bars) (n = 12 each group) of this study. (A,B) Total travel distances
for the two groups of male and female mice during the 1-h saline baseline
and the 1st and 2nd 1-h periods after the injection of MK-801 (0.25 mg/kg,
i.p.). (C,D) Total travel distances (mean + s.e.m.) for the two groups of male

and female mice during the 1-h saline baseline and during the 1st and 2nd 1-h
periods after the injection of methamphetamine (MA, 2 mg/kg i.p.). (E) PTZ
(60 mg/kg, s.c.)-induced seizure severity scores [from 0 (no response) to 4
(maximal seizure)] for both male and female mice. (F) Distributions of
PTZ-induced seizure severity scores for male mice (%). ∗P < 0.05 between
two genotypes.

deficits of male TMc-Nrg1+/− mice and hippocampal GAD67
expression.

To the best of our knowledge, this study is the first to charac-
terize behavioral phenotypes of this novel TMc-Nrg1+/− mutant
strain. We also illustrated and verified that the truncated region
had a hydrophobic protein structure that was located in the TMc
of Nrg1. In complementary to those existing Nrg1-related mutant
mouse strains, this novel mouse strain used in this study can be
referred as a novel TMc-Nrg1 mutant strain. Our behavioral phe-
notyping data indicated that the truncation of the TMc domain
in our TMc-Nrg1 mutant mice affected some cognitive func-
tions but apparently did not have any effect on basic behaviors.
The basic behavioral data reported in the present study, along
with data regarding the basic behavioral phenotypes that have

been reported for different lines of Nrg1-related mutant mice, are
summarized in Table 3. There are several inconsistencies in this
dataset; for example, PPI deficits have been observed in studies of
type III Nrg1 mutant mice (Chen et al., 2008), ErbB4 mutant mice
(Shamir et al., 2012), ErbB2/4 mutant mice (Barros et al., 2009),
and NRG1-overexpressing transgenic mice (Deakin et al., 2009;
Kato et al., 2010), and in some (but not all) studies of the orig-
inal TMc-Nrg1 mutant mice (Stefansson et al., 2002; Desbonnet
et al., 2012). These original TMc-Nrg1+/− mutant mice have been
widely used in recent years. It is of great interest to compare the
behavioral phenotypes of these original TMc-Nrg1 mutant mice
with those of our novel TMc-Nrg1 mutant mice. As indicated in
Table 3, the behavioral phenotypes of the original TMc-Nrg1+/−
mutant mice seem to vary somewhat across studies. Generally,
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Table 2 | Neuromorphological analyses (mean ± s.e.m.) of GFP-labeled pyramidal neurons in the hippocampi of male and female TMc-Nrg1+/−

(Nrg1+/−) mice and their wild-type (WT) littermate controls.

Male Female

WT Nrg1+/− WT Nrg1+/−

Soma size (μm2) 92.090 ± 4.974 86.850 ± 5.725 86.270 ± 4.278 80.190 ± 6.040

Distance to apical bifurcation (μm) 241.100 ± 55.430 265.200 ± 66.730 257.100 ± 57.750 249.200 ± 65.130

Number of branches of apical branches 19.000 ± 2.781 18.170 ± 1.249 19.880 ± 2.356 19.500 ± 1.268

Number of apical tips 20.000 ± 2.781 18.830 ± 1.138 20.630 ± 2.412 20.380 ± 1.322

Total length of the apical tuft (μm) 3009.000 ± 397.700 2621.000 ± 465.900 2973.000 ± 370.100 2593.000 ± 348.000

Apical dendritic field area (ADFA) (× 1000 μm2) 11.100 ± 1.644 9.512 ± 2.588 10.850 ± 1.493 9.532 ± 1.980

Branch angle of primary apical dendrites (◦) 49.270 ± 4.899 68.800 ± 13.010 69.650 ± 11.360 48.420 ± 7.560

Number of primary basal dendrites 3.444 ± 0.242 3.900 ± 0.315 3.286 ± 0.360 3.400 ± 0.221

The total length of primary basal dendrites (μm) 79.310 ± 16.820 87.610 ± 13.460 95.000 ± 30.090 69.120 ± 13.810

Number of branches of basal branches 20.110 ± 1.989 19.400 ± 0.957 22.430 ± 1.757 21.900 ± 1.980

Number of basal tips 22.780 ± 1.722 23.000 ± 1.000 25.000 ± 1.464 24.900 ± 1.894

The total length of basal dendrites (μm) 3301.000 ± 293.600 3001.000 ± 294.600 3590.000 ± 317.500 3179.000 ± 429.300

Basal dendritic field area (BDFA) (× 1000 μm2) 10.230 ± 1.309 8.047 ± 1.077 10.690 ± 1.284 10.720 ± 1.893

Sholl analysis of basal dendritic complexity

Distance to soma (μm) 10 0.444 ± 0.342 1.900 ± 0.795 0.429 ± 0.578 1.300 ± 0.297

20 4.222 ± 0.946 4.800 ± 0.712 3.571 ± 0.563 4.500 ± 0.429

30 5.333 ± 1.108 7.100 ± 1.016 5.429 ± 0.674 7.100 ± 0.841

40 7.333 ± 1.308 9.900 ± 1.394 10.140 ± 0.702 9.600 ± 0.829

50 10.110 ± 0.955 12.400 ± 1.376 12.290 ± 0.605 11.900 ± 0.680

60 12.000 ± 1.065 13.200 ± 1.083 13.570 ± 0.359 13.200 ± 0.841

70 13.110 ± 0.872 14.500 ± 0.860 15.860 ± 0.716 14.300 ± 0.857

80 14.110 ± 1.138 15.800 ± 0.554 17.000 ± 1.024 14.600 ± 0.951

90 15.000 ± 1.065 16.400 ± 0.806 16.570 ± 1.016 15.100 ± 0.896

100 14.780 ± 1.265 15.800 ± 0.827 16.570 ± 1.083 15.200 ± 1.088

>100 9.127 ± 0.632 8.756 ± 0.725 9.108 ± 1.076 8.335 ± 0.509

this line of mutant mice has been reported to exhibit behavioral
deficits in some behavioral tasks, such as the PPI, social recog-
nition, and open field tasks (Stefansson et al., 2002; O’Tuathaigh
et al., 2006, 2007; Boucher et al., 2007; Karl et al., 2007; Van Den
Buuse et al., 2009; Chesworth et al., 2012; Desbonnet et al., 2012).
However, our novel TMc-Nrg1+/− mutant mice did not exhibit
any significant impairment in these behavioral tasks. We also
found no age-dependent effects in our novel TMc-Nrg1 mutant
mice after examination at 2 and 6 months of age; this result is
similar to reports that the age of onset is not associated with
the NRG1 genotype in patients with schizophrenia (Kampman
et al., 2004; Voineskos et al., 2009). In contrast, Karl et al. reported
that the original TMc-Nrg1+/− mutant mice do not display age-
dependent hyperlocomotion until the age of 4.5 months (Karl
et al., 2007), but these mice have been found to exhibit hyper-
locomotion at 3 month of age in other studies (Van Den Buuse
et al., 2009). Different targeting strategies were used to gener-
ate our new TMc-Nrg1 mutant mice and the original TMc-Nrg1
mutant mice. But as we described previously, it is possible that
both TMc-Nrg1 mutant mouse strains are targeting the same TMc
exon due to differences in exon annotation. To further verify this
possibility, we conducted a nucleotide BLAST search using our
primer set and the forward primer sequence reported previously
(Liu et al., 1998a; Lai et al., 2010). Based on the location of the
forward primer and the size of PCR product, we found that the

forward primer used for the original TMc-Nrg1 mutant mice
located ∼951 bps upstream of the forward primer used for our
new TMc-Nrg1 mutant mice, suggesting both TMc-Nrg1 mutant
mouse strains are targeting the same exon. However, it should
be noted that different targeting strategies can result in different
biological functions. As far as we can tell from previous litera-
tures (Liu et al., 1998a; Lai et al., 2010), the original TMc-Nrg1
mutant strain was designed to generate most soluble forms of
Nrg1 by replacing the TMc exon with a mini-exon that intro-
duces stop codons right upstream of the TMc. In contrast, our
new TMc-Nrg1 mutant mice have no such added stop codons and
are more likely to result in complete functional knockout of all
Nrg1 isoforms except for those that naturally terminate before the
TMc (such as SMDF). In addition to biological difference, above-
mentioned discrepancy could be due to different experimental
designs, different experimental procedures (Van Den Buuse et al.,
2009; Karl et al., 2011), age differences, or genetic background
differences. As indicated in Table 3, differences in gene targeting
strategy and the truncation of different domains or exon loca-
tion in Nrg1 gene appear to have differential effects on behavioral
performance.

A sex-specific effect of Nrg1 on cognitive function was found
in Experiment 1 of this study. Our male TMc-Nrg1+/− mutant
mice exhibited behavioral deficits in the novel object recog-
nition task, contextual fear conditioning task, and cued fear
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FIGURE 4 | The neurochemical analysis of the expression of GABAergic

markers in the hippocampi of the novel TMc-Nrg1+/−mutant mice

(black bars) and their wild-type controls (WT, white bars) determined

by Western blot. (A,B) Representative Western blots of hippocampal
tissue (30 μg/lane) with GAD67 (67 kDa), calretinin (29 kDa), parvalbumin

(12 kDa), and GAPDH (37 kDa) from males and females. (C–H)

Quantification of the data revealed reductions in GAD67 and parvalbumin
expression levels in the hippocampi of male (C,E,G), but not female
(D,F,H), TMc-Nrg1+/−mice. Data are presented as the mean + s.e.m.
∗P < 0.05 between two genotypes.

conditioning task, whereas females did not display these impair-
ments. As indicated in Table 3, many Nrg1-related studies have
only been conducted on male mice. Interestingly, either haploin-
sufficiency of Nrg1 or overexpression of Nrg1 (Deakin et al.,
2009, 2012; Kato et al., 2010) in mice can result in some types
of cognitive deficits, which implies a possible U-shaped relation-
ship between Nrg1 expression and cognitive function, which has
been reported for the COMT gene (Honea et al., 2009). Few stud-
ies have examined female mice, and these studies have reported

that the original TMc-Nrg1+/− mutant female mice exhibit
hyperlocomotion, altered social recognition, and impaired con-
textual and cued fear conditioning (O’Tuathaigh et al., 2006,
2007; Chesworth et al., 2012). In contrast, both male and female
TMc-Nrg1+/− mutants and their WT littermates were exam-
ined in this study. The basic and cognitive functions of our
novel TMc-Nrg1+/− mutant female mice seemed to be largely
unaffected when compared to their female WT controls. The
sex-specific alterations of cognitive function observed in our
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FIGURE 5 | The effect of chronic valproate treatment on the rescue of

cognitive deficits in male wild-type (WT, white bars) and TMc-Nrg1+/−
mutant (black bars) mice. Three cognitive tasks, including (A) an object
recognition task, (B) a contextual fear conditioning task, and (C) a cued fear
conditioning task, were conducted. Either valproate (1.5 mmol/kg, s.c.) or 0.9%

saline was injected twice a day for 17 days. The object recognition task was
conducted on day 16,and the contextual/cued tests of fear conditioning were
performed on day 17. (D) The expression of GAD67 in the hippocampus of both
WT and TMc-Nrg1+/− mice after chronic injections of either saline or valproate.
Data are presented as the mean + s.e.m. ∗P < 0.05 between two genotypes.

male TMc-Nrg1+/−mutant mice are somewhat consistent with
the gender-specific differences in patients with schizophrenia
(Kulkarni et al., 2012). This finding also suggests a potential inter-
action between NRG1/ErbB signaling and sex hormones (e.g.,
estrogen) in the regulation of schizophrenia-related cognitive
deficits; a similar interaction has been described in human stud-
ies (Wong and Weickert, 2009; Agim et al., 2013). Examination
of the protective effects of estrogen (i.e., the estrogen protection
hypothesis of schizophrenia) in our TMc-Nrg1 mutant mice is
warranted.

In Experiment 2, based upon major neurotransmitter-based
hypothesis of schizophrenia, 3 related drugs were chosen to
evaluate drug-induced behavioral alterations in our novel TMc-
Nrg1+/−mutant mice. Our behavioral data revealed a sex-specific
effect of PTZ (but not MK-801 or methamphetamine) on PTZ-
induced responses in male TMc-Nrg1+/−mutant mice. It has
been reported that Nrg1 interacts with NMDA receptors through
Fyn kinase and Pyk2 (proline-rich tyrosine kinase 2) and that
attenuated Nrg1 signaling affects the phosphorylation of NR2B
receptors in Nrg1+/−mutant mice with either TMc-domain
truncation or EGF-like domain truncation (Bjarnadottir et al.,

2007). Moreover, subchronic injections of MK-801 (0.2 mg/kg,
s.c.) disrupt sociability and social novelty preference in the
original TMc-Nrg1+/−mutant mice (O’Tuathaigh et al., 2010).
However, compared with WT controls, different doses of MK-
801 (0.01, 0.05, 0.25 mg/kg, i.p.) did not affect MK-801-induced
hyperlocomotion in the original TMc-Nrg1+/− mutant mice
(Van Den Buuse et al., 2009), which is consistent with our cur-
rent findings in the new TMc-Nrg1+/−mutant mice. Additionally,
no significant differences were found in [3H]MK-801 and
[3H]kainate binding levels with Nrg1 status in the brains of the
original TMc-Nrg1+/− mutant mice using in situ radioligand
binding (Dean et al., 2008). Glutamate and GABA concentrations
in the brains of these original TMc-Nrg1+/− mutant mice also
did not differ from those of WT mice (O’Tuathaigh et al., 2010).
In contrast, alteration of GABAergic neurons is considered as one
of the most reliable abnormalities found in post-mortem analyses
of the schizophrenic brain (Lewis et al., 2005). Accumulating evi-
dence emerging from human genetic studies suggests the involve-
ment of GABA-A receptor subunit genes in schizophrenia (Lewis
et al., 2003) and the genetic link between GAD67 and early-onset
schizophrenia (Addington et al., 2005). Dysfunction of cerebral
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cortex (especially PFC) and hippocampus in schizophrenia is also
thought to include alteration in GABAergic, inhibitory neuro-
transmission (Guidotti et al., 2005; Lewis et al., 2005). Although
PTZ is usually considered as a convulsant drug and has less face
validity to schizophrenia compared to MK-801 and metham-
phetamine, the well-established PTZ-induced responses appear
to be a useful index for evaluating the vulnerability of GABAergic
system in mutant mice with reasonable construct validity and pre-
dictive validity. Our data suggest that the GABA transmission of
our male TMc-Nrg1+/− mutant mice was affected to a greater
extent than glutamatergic and dopaminergic transmission. The
truncation of different loci of Nrg1 might have differential effects
compared to other Nrg1-related mutant mice.

Furthermore, because both Nrg1 and ErbB4 are highly abun-
dant in the hippocampus (Corfas et al., 1995; Law et al., 2004;
Vullhorst et al., 2009) and also because some hippocampus-
dependent cognitive deficits were observed in Experiment 1,
we examined GFP-labeled CA1 pyramidal neurons to eluci-
date any neuromorphological alterations of excitatory neurons
in the hippocampus. This study might be the first to analyze
morphometric alterations of CA1 pyramidal neurons in TMc-
related Nrg1+/− mutant mice. However, no significant genotype-
dependent neuromorphological alterations were found in either
the males or females in any of the morphological variables we
examined, suggesting that the neuromorphology and function
of these hippocampal excitatory units may be intact in our
TMc-Nrg1+/−mutant mice. Our current results suggest that the
GABAergic system is affected to a greater extent than either
the glutamatergic or dopaminergic systems in the brains of our
mutant mice, especially the males. It has been proposed that
NRG1 has both forward and reverse functions in ErbB/NRG1
signaling. The forward signaling via ErbBs promotes the forma-
tion of the excitatory and inhibitory synapses of interneurons.
The reverse signaling is ErbBs-independent; Nrg1 is cleaved by
gamma-secretase to release the intracellular domain (NRG1-
ICD), which is important for the development of cortical pyrami-
dal neurons (Chen et al., 2008, 2010; Fazzari et al., 2010; Pedrique
and Fazzari, 2010). Although more work needs to be performed
to elucidate the role of NRG1-ICD in the hippocampus, our cur-
rent data suggest that the deficiency of TMc domain might have a
minor impact on reverse signaling that alters the neuromorphol-
ogy of CA1 pyramidal neurons, whereas this haploinsufficiency
might have a major impact on the development and neuroplas-
ticity of interneuron that is mediated through forward signaling;
these suppositions are also supported by the PTZ-induced behav-
ioral alterations we observed in our TMc-Nrg1+/− mutant mice.

Additionally, further evidence arose from Experiment 3B, in
which we found sex-specific reductions on GAD67 and par-
valbumin expression in the hippocampi of our TMc-Nrg1+/−
mutant mice. Indeed, it has been reported that Nrg1 and ErbB4
signaling controls the development of inhibitory circuitries in
the mammalian cerebral cortex through GABAergic interneu-
rons (Barros et al., 2009; Vullhorst et al., 2009; Pedrique and
Fazzari, 2010; Wen et al., 2010; Cahill et al., 2012) and that Nrg1
treatment has a synaptogenic effect, which is possibly mediated by
the stabilization of PSD-95 on GABAergic interneurons, but not
glutamatergic neurons (Ting et al., 2011). A genetic association

between ErbB4 and human cortical GABA levels has also been
reported (Marenco et al., 2011). Besides, exogenous NRG1 down-
regulated the expression of GABAA receptors in hippocampal
CA1 pyramidal neurons (Okada and Corfas, 2004). Our find-
ings from Experiment 3B are concordant with these findings and
indicate the importance of Nrg1 in the regulation of GAD67 and
parvalbumin expression in the hippocampus. Thus, haploinsuffi-
ciency of Nrg1 resulted in reductions in hippocampal GAD67 and
parvalbumin expression, which may have caused alterations in
the inhibitory interneuron networks by desynchronizing gamma
oscillations [as has been proposed previously (Gonzalez-Burgos
and Lewis, 2008; Del Pino et al., 2013)] and caused the cogni-
tive impairments we observed in male Nrg1 mutant mice. This
mechanism may contribute to the pathogenesis of some cognitive
deficits in some patients with schizophrenia and Nrg1 alterations.

The effect of valproate on the rescue of the cognitive deficits
observed in our male TMc-Nrg1 mutant mice should be of
great interest to researchers. Valproate is a pharmacoepige-
nomic agent that has epigenetic effects on the modification
of GABAergic interneurons (Csoka and Szyf, 2009). Valproate
has been reported to ameliorate cognitive impairments in adult
mice via demethylation of GABAergic-promotors (Tremolizzo
et al., 2002, 2005; Matrisciano et al., 2013), inhibition of his-
tone deacetylases (Phiel et al., 2001), and enhancement of central
GABAergic tone that is mediated through an inhibition of GABA-
transaminase (Johannessen, 2000). The reciprocal interaction
between defects of NRG1 and hypermethylation of GABAergic
promotors remains unclear. Our findings indicate that deficien-
cies of Nrg1 resulted in reductions of hippocampal GAD67
and parvalbumin expression, which might affect hippocampus-
related cognitive functions. Interestingly, protracted treatment
with valproate ameliorated observed cognitive deficits and the
reduction of hippocampal GAD67 expression in our male TMc-
Nrg1 mutant mice. It has also been reported that protracted
valproate treatment increased GAD67 mRNA expression in
the brain, which likely facilitated GABAergic neurotransmission
(Loscher, 1999; Tremolizzo et al., 2002, 2005). Notably, in terms
of the pharmacokinetics of valproate, the dose we used has been
shown to be comparable to the effective concentrations (0.15–
0.30 mmol/kg) of valproate that are administered to psychiatric
patients (Tremolizzo et al., 2005). Accordingly, the observed cog-
nitive deficits that resulted from the haploinsufficiency of Nrg1
and the reduction of GABAergic transmission in our male TMc-
Nrg1 mutant mice were likely to be ameliorated by the upregula-
tion of the GABAergic system due to chronic valproate injections.
It is of interest to confirm hippocampal GAD67 and parvalbu-
min expressions in a new batch of valproate-treated Nrg1 mutant
mice that did not receive any behavioral testing and further exam-
ine its epigenetic effect. Although the underlying mechanisms
require further investigation, our data suggest that valproate has
great potential for improving cognitive deficits in patients with
schizophrenia, especially males with NRG1 haploinsufficiency.
Further studies are greatly needed.
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Flexible behavior in dynamic, real-world environments requires more than static spatial
learning and memory. Discordant and unstable cues must be organized in coherent sub-
sets to give rise to meaningful spatial representations. We model this form of cognitive
coordination on a rotating arena – Carousel where arena- and room-bound spatial cues
are dissociated. Hippocampal neuronal ensemble activity can repeatedly switch between
multiple representations of such an environment. Injection of tetrodotoxin into one hip-
pocampus prevents cognitive coordination during avoidance of a stationary room-defined
place on the Carousel and increases coactivity of previously unrelated neurons in the
uninjected hippocampus. Place avoidance on the Carousel is impaired after systemic admin-
istration of non-competitive NMDAr blockers (MK-801) used to model schizophrenia in
animals and people. We tested if this effect is due to cognitive disorganization or other
effect of NMDAr antagonism such as hyperlocomotion, spatial memory impairment, or
general learning deficit. We also examined if the same dose of MK-801 alters patterns of
immediate-early gene (IEG) expression in the hippocampus. IEG expression is triggered in
neuronal nuclei in a context-specific manner after behavioral exploration and it is used to
map activity in neuronal populations. IEG expression is critical for maintenance of synap-
tic plasticity and memory consolidation. We show that the same dose of MK-801 that
impairs spatial coordination of rats on the Carousel also eliminates contextual specificity
of IEG expression in hippocampal CA1 ensembles. This effect is due to increased sim-
ilarity between ensembles activated in different environments, consistent with the idea
that it is caused by increased coactivity between neurons, which did not previously fire
together. Our data support the proposition of the Hypersynchrony theory that cognitive
disorganization in psychosis is due to increased coactivity between unrelated neurons.

Keywords: hippocampus, arc, homer 1a, place avoidance, rotating arena, carousel, cognitive coordination,
schizophrenia

INTRODUCTION
Dynamic environments in the real world often involve multiple
reference frames without stable mutual relationships. Drivers need
to keep control of their cars and attend to the road at the same time.
Similarly, animals need to keep track of their positions within a
group of conspecifics as well as within ambient environment. Ele-
ments of experience must be segregated into coherent, meaningful

Abbreviations: Arc/Arg 3.1, activity-regulated cytoskeleton-associated pro-
tein/RNA; CC, caged controls; D, total distance actively traveled during the ses-
sion; DAPI, 4′,6-diamidino-2-phenylindole; DG, dentate gyrus; E, the number of
entrances; ED, the number of entrances per unit distance; FAB, fragment antigen-
binding; FISH, fluorescence in situ hybridization; GABA, gamma-aminobutyric
acid; HRP, horseradish peroxidase; IEG, immediate-early gene; MaxT, maximum
avoidance time (duration); NMDA(r), N -methyl d-aspartate (receptor); OCT,
optimal cutting temperature freezing medium; PA, place avoidance; PV, parval-
bumin; pTime, shock zone occupancy; TSA, tyramide signal amplification; TTX,
tetrodotoxin; UTR, untranslated region.

representations to support context-relevant behavioral responses
(Figures 1A,C). Impairment of this cognitive coordination could
be responsible for cognitive disorganization in psychosis includ-
ing inappropriate associations, deficits in contextual binding, and
impaired discrimination between relevant and irrelevant informa-
tion (Ellenbroek and Cools, 1990; Silverstein et al., 2000; Phillips
and Silverstein, 2003; Uhlhaas et al., 2004; Hemsley, 2005). Spatial,
contextual, and episodic-like memory critically depends on the
hippocampus (Moscovitch et al., 2006) and hippocampal pathol-
ogy (Harrison, 2004; Tamminga et al., 2012; Ledoux et al., 2013)
and episodic memory deficits are common in schizophrenia (Weiss
et al., 2003; Barch, 2005; Boyer et al., 2007; Ranganath et al.,
2008). However, most laboratory tests of hippocampal function
occur in static environments or involve only one-off changes or
between-session alternations.

During place avoidance (PA) on a continuously rotating circu-
lar arena (Carousel), rats have to avoid a place hidden in either
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Kubík et al. Psychosis-related coordination deficit

FIGURE 1 | Dissociated reference frames on the Carousel. (A) A
photograph of the Carousel arena (left) and example trajectories in the
stationary Room frame (middle), where the shock zone (red) is defined and
in the rotating Arena frame (right) during a room-defined place avoidance
session. Red and blue circles mark locations where shocks were
administered in the Room and Arena frames, respectively. (B) Schematics
of the rotating arena in a stationary room. Continuous rotation of the arena
dissociates spatial reference frames of the stationary room and the rotating
arena (C) Illustration of the cognitive coordination function in a color model,
where cue color facilitates discrimination between two sets of cues. When
color is lost, discrimination becomes more difficult. The two cue sets are
still clearly delineated from the top view (left), but the distinction is much
less clear from the perspective of the animal, let alone a multi-modal spatial
representation system in the hippocampus (right).

the stationary room or the rotating arena frame (Figures 1A,B;
Cimadevilla et al., 2001). They have to selectively attend to cues
from the relevant frame and ignore the others to avoid the
shock effectively. Inactivation of one hippocampus by tetrodotoxin
(TTX) increased coactivity of previously uncorrelated CA1 neu-
rons in the uninjected hippocampus (Olypher et al., 2006) and
impaired cognitive coordination on the Carousel (Wesierska et al.,
2005). PA on the Carousel is also impaired after systemic adminis-
tration of dizocilpine (MK-801; Stuchlík et al., 2004; Stuchlík and
Valeš, 2005; Valeš et al., 2006; Bubeníková-Valešová et al., 2008b).
Non-competitive NMDA receptor antagonists such as MK-801
are used to model schizophrenia in animals (Deutsch et al., 2002;
Powel and Geyer, 2007; Bubeníková-Valešová et al., 2008a; Adell
et al., 2012), because they elicit psychosis in people (Newcomer
and Krystal, 2001). We tested if the PA deficit on the Carousel
is due to MK-801-induced cognitive disorganization or another
effect of NMDAr antagonism such as hyperlocomotion (Martin
et al., 1997) or spatial navigation and memory deficits (Stuchlík
et al., 2004; van der Staay et al., 2011). We compared the effect
of MK-801 on PA in five versions of the task, which differed in
the amount of misleading information from the irrelevant spatial
frame left to interfere with the PA (Figure 2A).

Behavioral activity triggers immediate-early gene (IEGs)
expression in hippocampal and cortical neurons (Kubik et al.,
2007, 2012). Precise temporal regulation of transcription and

FIGURE 2 | Experimental design (A). A schematic of five versions of the
place avoidance task. All spatial cues are relevant and the demand for
cognitive coordination is low during room-defined avoidance on the Stable
arena when the arena rotation is off. In contrast, the room and arena cues
are dissociated on the Rotating arena resulting in a high coordination
demand. Cues on the arena surface are hidden by shallow water, but the
arena-bound idiothetic cues can still interfere with the avoidance, and the
demand for coordination is reduced on the Wet arena. The cognitive
coordination demand during arena-based avoidance is low when irrelevant
room cues are hidden by Darkness and high when they are available in
Light. The shock zone (red) is defined in one reference frame (B). Design of
the place avoidance experiments. The rats were pre-trained to forage on the
arena prior to the place avoidance training. Saline or MK-801 was
administered 30 min before the session starting from the last day of
foraging (C). Extended place avoidance training design. After 3 days of
Room-Rotating training, injections were switched so that rats initially
trained with MK-801 (0.15 mg/kg) received saline (MK15/sal) and rats initially
trained with saline received MK-801 at 0.15 mg/kg (sal/MK15) or 0.10 mg/kg
(sal/MK10). The extended training continued for 3 days. (D). Design of the
IEG imaging experiment. Rats received four handling sessions (5 min), an
injection of saline or MK-801, and two exploration sessions in environment
(A) or in environments (A,B).

intracellular distribution of RNA for IEG Arc/Arg3.1 (Link et al.,
1995; Lyford et al., 1995) has been used to map activity history of
hippocampal pyramidal neurons during two distinct behavioral
epochs (Guzowski et al., 1999). Intranuclear foci expression of
Arc marked neurons activated immediately before the sacrifice,
whereas cytoplasmic signal marked neurons activated ~25 min
earlier. Although the IEGs Arc and Homer1a are co-expressed in
the same neurons, the signal from riboprobes targeting the 3′ UTR
of the long (~40 kb) primary transcript of Homer 1a only appears
in the nuclei ~25 min after the induction and can be used to replace
the diffuse cytoplasmic Arc signal (Vazdarjanova et al., 2002).

Proportions of hippocampal neurons expressing Arc or Homer
1a after exploration of an environment (Guzowski et al., 1999;
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Vazdarjanova and Guzowski, 2004) are similar to proportions
of neurons displaying place cell activity in an environment (Lee
et al., 2004; Leutgeb et al., 2004). Both IEG expression and place
cell activity occur in an environment-specific manner suggesting
that IEG expression is triggered in place cells displaying firing
fields during behavioral exploration. The Hypersynchrony the-
ory posits that increased coactivity selectively between previously
non-coactive neurons disrupts cognitive coordination and causes
cognitive disorganization in psychosis (Fenton, 2009). Neurons
active in the same environment are more likely to be coactive
than neurons active in different environments. Ensembles of hip-
pocampal neurons expressing Arc and Homer 1a are more similar
after repeated exploration of the same environment than after
exploration of different environments (Guzowski et al., 1999; Vaz-
darjanova and Guzowski, 2004). We tested if MK-801 increases
similarity between hippocampal ensembles expressing the IEGs in
different environments more than between ensembles activated in
the same environment.

MATERIALS AND METHODS
SUBJECTS
One hundred and fifty-one young adult (~3 month old) male
Long–Evans rats from the Institute of Physiology breeding colony
were used in the study. They were housed in pairs in transpar-
ent Plexiglas cages and maintained at a 12/12 h light/dark cycle
with lights on at 7:00 and water available ad libitum. The rats
were acclimatized to the laboratory vivarium for 10 days, han-
dled, and habituated to the experimental apparatus prior to the
PA training. This design was adopted to reduce learning-related
stress later during training. After the conclusion of behavioral pro-
cedures, rats were killed by an overdose of Thiopental. Rats used
in the IEG imaging experiment (n= 42) were housed individually
in opaque cages to avoid high IEG expression background result-
ing from social interactions. The animals were handled for 4 days,
but not habituated to the environment prior to behavioral ses-
sions used to trigger IEG expression (see below). All behavioral
testing was conducted during the light phase of the day. All animal
treatment complied with the Czech Animal Protection Act, EU
directive 2010/63/EC, and NIH guidelines.

DRUG TREATMENT
MK-801 [dizocilpine (+)-5-methyl-10,11-dihydro-5H -dibenzo
cycloheptene-5,10-imine maleate; Sigma] was diluted in sterile
physiological saline at a low (0.10 mg/kg) or high (0.15 mg/kg)
dose. Beginning with the last foraging session, rats received daily
injections of either MK-801 or saline solution (1 ml/kg, i.p.)
30 min before behavioral testing (Figures 2B,C). The first injec-
tion allowed rats to habituate to the injection procedure and to the
MK-801-induced state before the onset of the PA training. Rats in
the IEG imaging experiment received a single injection 30 min
prior to the catFISH test sessions (Figure 2D).

CAROUSEL
The apparatus was a smooth metallic elevated circular arena
(82 cm diameter) equipped with a 5 cm high lip on the perime-
ter, a detachable transparent plexiglass wall, and a motor, which
rotated the arena (1 rpm; Figure 1B). The wall consisted of four

parts connected by small bolts arranged in four vertical strips and
prevented the rats from accidentally or deliberately falling off the
arena. This symmetrical design was chosen because it provided less
spatial information than asymmetrical single joint strip. The wall
was always in the same position relative to the arena surface and
as such provided arena-based visual information. The rats wore
a harness carrying infrared (IR) LEDs and an alligator clip for
shock delivery. A tracking system (iTrack, Biosignal Group, Inc.,
New York, USA) recorded the rat’s position via an overhead IR
camera, delivered shocks to reinforce the PA behavior, and stored
the data for off-line analysis. The harness was attached to a cable
carrying power for the LEDs and the shock current. AC shock
current (50 Hz, 0.5 s, 0.5–0.7 mA) was delivered from a constant-
current source via the alligator clip connected to a subcutaneously
implanted electrode between the rat’s shoulders. It was made by
piercing the rat’s skin by a sterile hypodermic needle and twisting
the sharp end to prevent slipping out. This design was adopted to
facilitate perception of the shock at the high-impedance (~100 kΩ)
contact between the rats body and the grounded arena floor rather
than at the low-impedance (~100 Ω) implanted electrode. A sec-
ond IR LED was fixed to the arena perimeter and used by the
tracking system to compute a virtual “arena frame” view of the
rotating arena (Figure 1A). Indirect light was provided by a 40 W
light bulb during all behavioral sessions.

PLACE AVOIDANCE
After food-restriction to 90% of their pre-restriction weight, rats
were trained in four foraging sessions with no shocks and subse-
quently given three PA training sessions on seven consecutive days
(Figure 2B). Some rats received extended PA training on three
more days (Figure 2C). Each session lasted 20 min. Cereal cocoa
puffs (Nesquik; Nestlé) were dispersed from an overhead feeder
to ensure sufficient exploration throughout the experiment and
prevent passivity. Importantly, the cocoa puffs remained floating
and did not dissolve (Kubik and Fenton, 2005) when the arena was
covered with shallow water in one of the experiments (see below).
The rats were weighed and their weights recorded daily to maintain
constant motivation. During the PA training, a computer-based
tracking system (Tracker, Biosignal Group, USA) administered a
mild 500 ms shock and counted an entrance whenever the rat
entered a 60° shock zone for at least 500 ms. Additional shocks
were delivered every 1500 ms until the rat left the shock zone.
Additional entrances were counted if the rat left the area for at least
1500 ms. To adjust for variability in shock sensitivity, shock inten-
sity was set individually for each rat to the lowest value sufficient
to elicit an escape response, but not freezing. This adjustment was
performed on the arena during initial PA training. This design was
adopted to enhance comparability between different versions of
the PA task by stimulating exploration and discouraging passivity.

EXPERIMENTAL DESIGN
One hundred and nine rats were trained in five different variants
of the PA task (Figure 2A). Two doses (0.10 and 0.15 mg/kg) of
MK-801 were used in the first two experiments. Thirty-one rats
(16 saline, 8 low, and 7 high dose of MK-801) were trained to
avoid a place defined in the stationary room on a stable (Room-
Stable) and 29 rats (15 saline, 7 low, and 7 high dose of MK-801)

Frontiers in Behavioral Neuroscience www.frontiersin.org March 2014 | Volume 8 | Article 75 | 110

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kubík et al. Psychosis-related coordination deficit

on a rotating (Room-Rotating) dry arena. The low dose showed
no effect on the rotating arena and therefore only the high dose
was used in the following experiments. Sixteen rats (eight saline
and eight high MK-801) were tested on the rotating arena covered
with shallow water (<1 cm; Room-Wet). Twenty-eight rats were
trained to avoid a place defined on the rotating arena either in
darkness (Arena-Dark; 12 rats; 6 saline and 6 high MK-801) or in
the light (Arena-Light; 16 rats; 8 saline and 8 high MK-801). Con-
ditions during foraging pre-training always matched those during
avoidance training except that no shocks were delivered. In the
Room-Rotating version, the same PA training was Extended for
three more days (Figure 2C), but the injections were switched
so that rats initially trained with MK-801 (0.15 mg/kg) received
saline (MK15/sal,n= 7) and rats trained with saline received either
0.15 mg/kg (sal/MK15, n= 7) or 0.10 mg/kg MK-801 (sal/MK10,
n= 7). Rats in the sal/MK10 group showed asymptotic perfor-
mance from PA day 3 with no MK-801-induced impairment on
day 4 and they were used as controls in this experiment. One of the
rats did not complete the extended training and was not included
in the analysis.

BEHAVIORAL DATA ANALYSIS
Stored data files were analyzed by Track Analysis (Biosignal Group,
Inc.). Data from the 3 days of PA training are reported (Figure 2B).
The total number of Entrances (E) into the shock zone, the Maxi-
mum Avoidance Time (MaxT), and the proportion of Time spent
in the shock zone (pTime) per session were used to evaluate the
avoidance. The total Distance (D) traveled during a session mea-
sured the overall locomotion. To assess the effect of increased
locomotion on the avoidance, the number of Entrances per unit
Distance was calculated (ED). In experiments on the rotating
arena, we obtained a measure of purely active locomotion (with-
out the arena rotation) in a virtual “arena view” calculated by the
tracking system using the reference IR LED fixed to the arena. A
two-way ANOVA with repeated measures on sessions was used to
compare the effect of MK-801 to vehicle controls over multiple
days of training in each condition and to examine the effect of
arena rotation on control performance. Newman–Keuls post hoc
tests were used where appropriate. Paired t -tests were used to assess
the effect of injection switch within-subject. No specific correc-
tions for multiple comparisons were performed in this study. These
corrections involve a trade-off between Type I and II errors and
usually require the comparisons to be independent. Bonferroni
correction would accept significance at α= 0.0167, the less con-
servative Šidák correction at α= 0.0170. Majority of tests reported
here are not affected by these adjustments because they yielded
much lower p. In notable exceptions (see Discussion and MK-801
Impaired Segregation of Discordant Spatial Information), a Tukey
HSD test was used as a weak control for Type I error connected
with repeated measures. Given that the repeated measures were not
independent, we report uncorrected ANOVA statistics and actual
values for all p > 0.01 to provide maximum relevant information.
Five rats were excluded from the analysis. One rat did not receive
the shock properly due to a damaged cable, and four rats (each
from a different group) were excluded based on Dixon’s Q-test for
outliers (Q= gap/range) at 99% confidence (Rorabacher, 1991;
Christian, 2003).

IMMEDIATE-EARLY GENE IMAGING
Thirty rats received two 6 min exploration sessions in either
the same environment A/A or in two different environments
A/B separated by 20 min (Figure 2D). Environment A was the
Carousel arena described above equipped with three identical
objects (dark plastic cylinders 8 cm high 2 cm diameter) whereas
environment B was a white square open field of equivalent size
(72 cm) with three wooden blocks 3 cm× 6 cm× 6 cm located
in a different room. Twelve (four per each treatment) more
rats served as caged controls (CC). The rats were injected with
saline or MK-801 (0.10 and 0.15 mg/kg) 30 min before the explo-
ration sessions. Immediately after the second session, the rats
were deeply anesthetized with isoflurane and decapitated. Their
brains were quickly removed, flash-frozen in a dry ice-cooled
isopentane bath and stored in a −80°C freezer for later analy-
sis. Four millimeter segments containing the dorsal hippocampus
from left hemispheres were arranged in blocks maximizing the
number of within-block,between-group comparisons and embed-
ded in optimal cutting temperature medium (OCT; Sakura). The
blocks were sectioned at 20 µm in a cryostat (Leica CM 1850,
Germany), mounted on gelatine-coated superfrost slides (Fisher),
and processed for fluorescence in situ hybridization as previ-
ously described (Vazdarjanova and Guzowski, 2004; Kubik et al.,
2012). Briefly, fluorescein-labeled antisense riboprobes for Homer
1a 3′UTR and digoxigenin-labeled Arc antisense riboprobes were
hybridized overnight in a single hybridization step and then
sequentially detected with anti-fluorescein-HRP (Jackson labs)
and anti-digoxigenin-HRP FAB fragments (Roche). Homer 1a
probes were visualized with a tyramide-fluorescein signal ampli-
fication system (TSA-Fluorescein) and Arc probes with TSA-Cy3
(Perkin-Elmer). Slides were incubated with a nuclear counterstain
(DAPI, Invitrogen),coverslipped with antifade media (Vectashield,
Vector labs), and sealed with nail polish.

IMAGE DATA ACQUISITION AND ANALYSIS
Confocal stacks from CA1 were acquired on an inverted Leica
SP5 laser scanning microscope with apochromatic objectives HCX
PL APO 20× (n.a. 0.7) imm corr Lbd. BL and HCX PL APO
10× (n.a. 0.40) CS. The blue signal (DAPI) was imaged using
405 nm excitation and a 415–490 bandpass, the green signal (TSA-
Fluorescein) with 488 nm excitation and a 510–550 bandpass, and
the orange/red signal (TSA-Cy3) with 561 nm excitation and a
610–680 bandpass. The laser power, gain, and offset were always
set for the whole slide. The settings were optimized to obtain bright
intranuclear foci of ongoing IEG transcription. Six to eight CA1
images with an average of 570± 13 cells were analyzed from each
animal. The image data were analyzed by a technician blind to
the identity of the samples using a custom macro for ImageJ as
described before (Kubik et al., 2012). The proportions of Homer
1a+ and Arc+ neurons were used to map neuronal ensembles
active during the first and second test session, respectively. The
similarity of these activated ensembles was evaluated using sim-
ilarity scores= diff(E1E2)/least epoch – p(E1E2), where E1 and
E2 are proportions of Homer 1a+ and Arc+ neurons, respec-
tively, p(E1E2) is a random overlap= E1*E2, least epoch is the
smaller one of E1 and E2, and diff(E1E2) is the difference between
the observed proportion of double-labeled neurons (Arc&Homer
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1a)+ and the random overlap (pE1E2) between the two ensem-
bles. A three-way ANOVA with repeated measures on the test
sessions (Arc+ and Homer 1a+), and main factors of treatment
(saline, 0.10 and 0.15 mg/kg MK-801), and behavior (A/A, A/B,
CC) was used to evaluate the effect of MK-801 on IEG expression
as such and specifically after behavioral exploration. A two-way
factorial ANOVA on treatment (saline, 0.10 and 0.15 mg/kg MK-
801), and behavior (A/A, A/B) as independent variables was used
to evaluate the effect of MK-801 on ensemble similarity scores in
CA1. Newman–Keuls post hoc tests were used when appropriate.

RESULTS
We first compared the effects of two doses of MK-801 (0.10 and
0.15 mg/kg) on PA on a stable (low coordination demand) or a
rotating arena (high coordination demand).

ROOM-STABLE: MK-801 (0.15 MG/KG) SPARED PLACE AVOIDANCE IN
CONGRUENT SPATIAL FRAMES ON A STABLE ARENA
Place avoidance on a stable arena was spared when the room
and arena frames were not dissociated, all cues could be used to
support the avoidance, no misleading information was present,
and the coordination demand was low (Figure 3A). No signifi-
cant main effect of MK-801 treatment was found on any of the
parameters on the stationary arena, but significant interactions
on E (F 4, 56= 4.64, p < 0.005), ED (F 4, 56= 5.10, p < 0.005), and
D (F 4, 56= 7.23, p < 10−4) pointed to a transient impairment
on day 1 after the low (E : p= 0.025; ED: p= 0.023) and high
dose of MK-801 (E : p= 0.017). Highly significant effects of days
(E : F 2, 56= 49.4, p < 10−6; MaxT: F 2, 56= 6.26, p < 0.005; pTime:
F 2, 56= 47.1, p < 10−6; ED: F 2, 56= 52. 6, p < 10−6) showed
robust learning in all rats during training. However, the learning

FIGURE 3 | Room-based place avoidance on a Stable and a Rotating
arena. (A) Room-Stable place avoidance on a stationary dry arena with no
demand for coordination of information from congruent spatial frames. Only
a transient increase in the number of Entrances and a similar trend in the
Shock Zone Occupancy were observed on day 1 on the Stable arena after
either dose of MK-801. This effect was associated with transient
hyperlocomotion after the high, but not the low dose of MK-801.

(B) Room-Rotating Place Avoidance on a rotating dry arena with a high
demand for coordination of information from the dissociated spatial frames.
0.15 mg/kg MK-801 persistently impaired all measures of avoidance and
increased locomotion on the Rotating arena compared to the saline controls
and 0.10 mg/kg MK-801. All rats improved their performance during training.
*Significant effects of treatment; #significant effect of treatment× session
interaction.
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curve of control animals was relatively flat, especially in the
MaxT parameter. To see if this was due to rapid learning on
day 1, which was not captured in the between-session com-
parisons, we compared performance between the two halves of
session 1. A two-way repeated measures ANOVA found a dra-
matic improvement during the session (E : F 1, 28= 55.4, p < 10−6;
MaxT: F 1, 28= 33.1, p < 10−5; ED: F 1, 28= 12.2, p < 0.005; pTime:
F 1, 28= 46.2, p < 10−6).

ROOM-ROTATING: MK-801 (0.15 MG/KG) IMPAIRED PLACE AVOIDANCE
IN DISSOCIATED SPATIAL FRAMES ON A ROTATING ARENA
Stationary room-defined PA on a continuously rotating dry arena
(Carousel) was impaired when spatial reference frames were dis-
sociated (Figure 3B). Cues from both the room and arena frames
were available, but only the room cues predicted the shock while
the arena cues were misleading and the coordination demand was
high. All PA parameters were markedly impaired (E : F 2, 26= 10.4,
p < 0.0005; MaxT: F 2, 26= 5.76, p < 0.01; pTime: F 2, 26= 11.5,
p < 0.0005; ED: F 2, 26= 4.26, p= 0.025) and locomotion was
increased (D: F 2, 26= 10.3, p > 0.001) after the high (E : p < 0.005;
MaxT: p= 0.011; ED: p= 0.016; pTime: p < 0.001; D: p < 0.005),
but not the low dose of MK-801 (all ps > 0.5), compared to saline
controls. An increased number of Entrances per unit Distance
suggests that the PA deficit could not be attributed merely to hyper-
locomotion (Figure 6; but see Discussion of this parameter in MK-
801 Impaired Segregation of Discordant Spatial Information).
All rats showed robust between-session learning (E : F 2, 52= 51.8,
p < 10−6; MaxT: F 2, 52= 11.6, p < 10−4; TARG: F 2, 52= 56.8,
p < 10−6; D: F 2, 52= 7.06, p < 0.005; ED: F 2, 52= 57.9, p < 10−6).
Marginally insignificant treatment× session interactions (E :
F 4, 52= 2.32, p < 0.069; D: F 4, 52= 2.54, p < 0.051) reflected a
trend toward hyperlocomotion and poorer avoidance after the
higher dose of MK-801 specifically in session 1.

Comparison of the performance of control rats between Stable
and Rotating arena found no effect of rotation on the avoid-
ance (E : F 1, 29= 0.43, p > 0.5; MaxT: F 1, 29= 1.39, p > 0.2; pTime:
F 1, 29= 0.82, p > 0.3), but a highly significant effect on locomotion
(D: F 1, 29= 37.3, p < 10−5). Since this effect could confound direct
comparisons between different conditions, the effects of MK-801
were always compared to the respective vehicle controls in the
same condition. Given the selectivity of the MK-801-induced PA
deficit, we focused the following experiments on the effect of the
high dose (0.15 mg/kg) on the rotating arena.

ROOM-WET: MK-801(0.15 MG/KG) IMPAIRED PLACE AVOIDANCE ON A
ROTATING ARENA WITH LIMITED ACCESS TO IRRELEVANT ARENA
CUES
Stationary room-defined PA in dissociated spatial frames was
impaired when the salience of the rotating arena cues was atten-
uated by shallow water (Figure 4). Misleading substratal cues on
the rotating arena surface were obscured, but arena-bound visual
stimuli, path integration, and idiothesis were not removed and
could interfere with the avoidance. The coordination demand
was reduced, but not eliminated. MK-801 increased the number
of Entrances (E : F 1, 14= 7.95, p= 0.014) but not the number of
Entrances per unit Distance (ED: F 1, 14= 1.25, p > 0.2; Figure 6),
indicating that this effect could be related to the observed

FIGURE 4 | Room-Wet place avoidance with rotating arena cues
obscured by shallow water. The demand for coordination was reduced
but not eliminated because arena-bound visual stimuli, path integration, and
idiothetic information remained available. MK-801 (0.15 mg/kg) increased
the number of Entrances, but the effect of treatment on other measures of
avoidance did not reach significance. All rats improved their performance
during training. *Significant effects of treatment; #significant effect of
treatment× session interaction.

hyperlocomotion (D: F 1, 14= 11.4, p < 0.005). Other parameters
were not significantly affected by MK-801 (ps > 0.1). Control rats
also reached longer Maximum Avoidance Time on day 3. Again,
robust learning was observed in all rats during the training (E :
F 2, 28= 10.9, p < 0.0005; MaxT: F 2, 28= 16.2, p < 10−4; pTime:
F 2, 28= 30.9, p < 10−6; ED: F 2, 28= 32.0, p < 10−6). A significant
treatment× day interaction on MaxT (F 2, 28= 4.61, p < 0.019)
reflected better performance by control rats on day 3 (p < 0.05).

ARENA-DARK: MK-801 (0.15 MG/KG) SPARED PLACE AVOIDANCE
WITHOUT IRRELEVANT ROOM CUES ON AN ARENA ROTATING IN
DARKNESS
While complete removal of arena frame information is diffi-
cult (but see Stuchlík et al., 2001), eliminating room-based,
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predominantly visual cues is very simple. Therefore, we compared
Arena-based PA on a dry rotating arena with or without access to
irrelevant, misleading visual stimuli in light or darkness, respec-
tively. Avoidance of a rotating arena-defined place was not affected
by MK-801 when irrelevant room cues were hidden by dark-
ness and the coordination demand was low (Figure 5A). MK-801
caused a transient hyperlocomotion (D: F 2, 20= 4.37, p= 0.027)
on day 1 (p < 0.01), but did not affect any PA parameter. All rats
showed robust learning during training (E : F 2, 20= 17.9, p < 10−4;
MaxT: F 2, 20= 3.68, p= 0.043; pTime: F 2, 20= 4.85, p= 0.019; D:
F 2, 20= 8.93, p < 0.005; ED: F 2, 20= 32.7, p < 10−5).

ARENA-LIGHT: MK-801 (0.15 MG/KG) IMPAIRED PLACE AVOIDANCE IN
DISSOCIATED SPATIAL FRAMES ON AN ARENA ROTATING IN THE LIGHT
Avoidance of an arena-defined place on a rotating arena in the light
was severely impaired when irrelevant room cues were available

and the coordination demand was high (Figure 5B). MK-801
impaired all PA parameters (E : F 1, 14= 10.6, p < 0.01; MaxT:
F 1, 14= 5.28, p= 0.037; pTime: F 1, 14= 12.4, p < 0.005; ED:
F 1, 14= 5.34,p > 0.05) and increased locomotion (D: F 1, 14= 11.8,
p < 0.005). A significant effect of MK-801 on the number of
Entrances per unit Distance shows hyperlocomotion is an unlikely
explanation of the PA deficit (Figure 6; but see Discussion of this
parameter in MK-801 Impaired Segregation of Discordant Spa-
tial Information). All rats improved performance during training
(E : F 2, 28= 3.45, p= 0.046; MaxT: F 2, 28= 3.88, p= 0.033; pTime:
F 2, 28= 5.78, p < 0.01; ED: F 2, 28= 11.0, p < 0.0005).

EXTENDED ROOM-ROTATING TRAINING: PLACE AVOIDANCE IS
IMPAIRED AFTER SWITCHING TO OR FROM MK-801 (0.15 MG/KG)
Rats in both MK15/sal and sal/MK15 groups were impaired rel-
ative to control animals (sal/MK10). A two-way ANOVA with

FIGURE 5 | Arena-based place avoidance on a rotating arena in
Darkness and in Light. (A) Arena-Dark place avoidance posed no
demand for coordination because the irrelevant room stimuli were
hidden by darkness. MK-801 transiently increased locomotion in
Darkness on day 1. (B) Arena-Light place avoidance with high demand for

coordination due to interference from irrelevant room cues In contrast to
darkness, MK-801 markedly and persistently impaired all place avoidance
measures in Light. All rats improved their performance during training.
*Significant effects of treatment; #significant effect of treatment×
session interaction.
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FIGURE 6 | Place avoidance normalized by locomotion in different
versions of the place avoidance task. MK-801 (0.15 mg/kg) increased the
number of entrances per unit distance (ED) in the Room-Rotating and
Arena-Light conditions, suggesting that the place avoidance deficit was not
due to hyperlocomotion. *Significant effects of treatment; #significant
effect of treatment× session interaction.

repeated measures on the three extra days found a significant
main effects of groups on all measures (E : F 2, 18= 7.48, p < 0.005;
MaxT: F 2, 18= 7.24, p < 0.005; pTime: F 2, 18= 4.05, p= 0.035;
D: F 2, 18= 9.09, p < 0.005; ED: F 2, 18= 10.0, p < 0.005). Post hoc
tests showed that rats in the sal/MK10 group avoided more
than rats in MK15/sal (E : p < 0.01; MaxT: p < 0.01; pTime:
p= 0.039; ED: p= 0.001) and sal/MK15 (E : p= 0.014; MaxT:
p < 0.01; pTime: p= 0.044) groups. Locomotion was increased
in the sal/MK15 group (D: ps < 0.005). Significant effects of
days (E : F 2, 36= 5.71, p < 0.01; pTime: F 2, 36= 5.17, p= 0.011;
ED: F 2, 36= 5.15, p= 0.011) reflect improved performance on

days 5 and 6 and group× day interaction (MaxT: F 4, 36= 2.86,
p= 0.037; ED: F 4, 36= 2.93, p= 0.034) show markedly worse per-
formance in the MK15/saline group on day 4. The post hoc tests
showed that ED was increased compared to other days and groups
(all ps < 0.005) and MaxT was shorter than on day 2 and 3 of
saline/MK15 and all days in the controls (sal/MK10; all ps < 0.05).
A similar pattern was observed for the marginal interaction on the
number of Entrances (F 4, 36= 2.29, p= 0.078), suggesting that the
group effect for MK15/sal rats may be driven by impaired perfor-
mance after the switch on day 4. In contrast, rats initially trained
with saline appeared to display a less dramatic, but more sus-
tained deficit after switching to 0.15 mg/kg MK-801 (sal/MK15;
Figure 7).

To see if this is indeed the case, we compared their perfor-
mance to controls selectively on days 5 and 6. The ANOVA
(sal/MK15 vs. sal/MK10) found a significant group effect on
pTime (F 1, 12= 7.44, p= 0.018) and marginal effects on Entrances
(F 1, 12= 4.23, p= 0.062) and MaxT (F 1, 12= 4.72, p= 0.051). No
such effects were found for the MK15/sal rats (all ps > 0.26) sug-
gesting that in contrast to the MK15/sal group, the effect of group
on the 3-day performance was not driven solely by impairment on
day 4 in the sal/MK15 group. To examine the immediate effect of
MK-801 on well-learned PA within-subject, we compared perfor-
mance on days 3 and 4 with paired t -tests. The analysis yielded only
a marginally insignificant difference for the sal/MK15 group (E:
p= 0.082; pTime: p= 0.064) and no difference in the MK15/sal
group (all p > 0.25) and controls (sal/MK10; all p > 0.59). This
result was puzzling given the significant difference between the
sal/MK15 and the controls (sal/MK10) revealed by the ANOVA
on days 4–6 of the extended training. We examined individ-
ual performance (Figure 8) to see if excessive variance could
explain the lack of effect between days 3 and 4. Avoidance dete-
riorated and locomotion increased after switching to 0.15 mg/kg
MK-801 in all rats except one (#7), which improved avoidance
with no change in locomotion. This rat made one error on day
3 and none on day 4 resembling behavior of control rats (sal-to-
MK10), which only made error(s) in one session, but never in
both (Figure 9). Without this outlier (with respect to the general
effect of 0.15 mg/kg MK-801), the t -tests were significant for all
avoidance parameters in the sal/MK15 group (E: p= 0.038; MaxT:
p < 0.01; pTime: p= 0.029; E/D: p= 0.013; D: p= 0.052). In addi-
tion, disproportional impairment in rat #6 represents another
major source of variance as bringing the values closer to the
group means restored significances for E and pTime. Combined,
these two manipulations brought the t -tests on E and pTime to
p < 0.005.

MK-801 REDUCED IEG EXPRESSION IN THE HIPPOCAMPUS
The effects of MK-801 on IEG expression in CA1 are illustrated in
Figure 10 and the IEG expression data analysis is summarized in
Figure 11.

The three-way ANOVA found significant main effects of
treatment (F 2, 33= 10.7, p < 0.0005), behavior (F 2, 33= 12.1,
p < 0.0005), and session (F 1, 33= 21.7, p < 10−4), but no inter-
action (Figures 11A,B). Post hoc tests showed that both doses of
MK-801 substantially reduced the IEG expression (ps < 0.001),
that behavioral experience (A/A, A/B) dramatically increased the
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FIGURE 7 | Room-Rotating place avoidance after reversed injections.
Rats trained with MK-801 (0.15 mg/kg) on days 1–3 received saline on days
4–6 (MK15/sal) and rats initially trained with saline received MK-801 at
0.15 mg/kg (sal/MK15) or 0.10 mg/kg (sal/MK10). Rats in the sal/MK10 group
avoided better than the other rats. Locomotion was increased in the
sal/MK15 group. Switching from MK-801 to saline caused a marked but
transient place avoidance deficit on day 4, which disappeared on the next
day (MK/sal). Switching from saline to MK-801 (0.15 mg/kg) caused a less
dramatic, but more persistent place avoidance deficit. Significant effects of
treatment are marked with asterisk (*) and a significant effect of
treatment× session interaction is marked with number sign (#).

IEG expression compared to CC (ps < 0.0005), and that the IEG
expression in session 2 was lower than in session 1 (ps < 0.0005).
This last effect appeared to be driven largely by saline and

FIGURE 8 | Effect of MK-801 (0.15 mg/kg) on well-trained avoidance.
MK-801 impaired avoidance and increased locomotion in all animals
(sal/MK15) except rat 7. Rat 6 deteriorated approximately three times as
much as other rats (except MaxT).

0.10 mg/kg MK-801 treatments in behaving animals (A/A and
A/B) as opposed to 0.15 mg/kg MK-801 treatment and CC, but
none of the interactions reached significance. To see if it could
be due to large heterogeneity of the sample, we analyzed the
expression separately in the behaving and CC animals.

MK-801 (0.15 MG/KG) PREVENTED HABITUATION OF THE IEG
EXPRESSION RESPONSE
To examine the effect of MK-801 specifically on the behaviorally
induced IEG expression, we focused the analysis on animals, which
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explored environments A/A and A/B during the test sessions. A
three-way ANOVA found significant main effects of treatment
(F 2, 24= 9.48, p < 0.001) and session (F 1, 24= 25.4, p < 10−4),
and a significant treatment× session interaction (F 2, 24= 4.35,
p= 0.024), but no effect of behavior (F 1, 24= 0.36, p > 0.5).
Post hoc tests showed that the IEG expression decreased after both
doses of MK-801 (ps < 0.005) and that it was significantly lower
in the second session than in the first in rats treated with saline
(p < 0.0005) and 0.10 mg/kg (p= 0.025), but not 0.15 mg/kg MK-
801 (p > 0.6). A separate two-way ANOVA on the IEG expression
in CC animals found a significant effect of treatment (F 2, 9= 21.3,
p < 0.0005), but no effect of session, and no interaction. Post hoc
tests showed that both doses of MK-801 (ps < 0.001) reduced IEG
expression in CC.

FIGURE 9 | Behavioral pattern in control animals (sal/MK10). A bivariate
histogram for the number of Entrances on days 3 and 4. No rat entered the
shock zone in both sessions. One entrance in one of the sessions was the
most typical performance in the control group.

MK-801 (0.15 MG/KG) INCREASED SIMILARITY BETWEEN UNRELATED
CA1 ENSEMBLES
To examine the effect of MK-801 treatment specifically on differ-
ences in CA1 ensemble similarity between A/A and A/B conditions,

FIGURE 11 | Immediate-early gene imaging data summary. (A,B) both
doses of MK-801 reduced expression of IEGs Homer1a (A) and Arc (B) in
CA1 neurons. (C) Higher dose of MK-801 (0.15 mg/kg) increased similarity
between CA1 ensembles activated in different environments (A,B) and
eliminated the contextual specificity of the IEG expression observed after
saline and 0.10 mg/kg MK-801.

FIGURE 10 | Immediate-early gene expression in CA1. Representative images showing expression of Homer 1a (green) and Arc/Arg3.1 (red) triggered in the
CA1 region of the hippocampus by exploration of the same (AA) or two different environments (AB) after an injection of saline or MK-801 (0.10 and 0.15 mg/kg).
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we analyzed similarity scores between CA1 ensembles expressing
IEGs during sessions 1 and 2. A two-way ANOVA found a signif-
icant main effect of behavior (F 1, 24= 34.1, p < 10−4) and a sig-
nificant treatment× behavior interaction (F 2, 24= 5.96, p < 0.01),
but no significant main effect of treatment (F 2, 24= 0.59, p > 0.5).
Post hoc tests showed that the similarity was lower in A/B than
in A/A condition after saline (p < 0.005) and 0.10 mg/kg MK-801
(p < 0.0005). In contrast, after 0.15 mg/kg MK-801, similarity in
A/B was equivalent to A/A (p > 0.5) and significantly higher than
in A/B condition after saline (p= 0.013) or 0.10 mg/kg MK-801
(p= 0.042; Figure 11C).

DISCUSSION
MK-801 IMPAIRED SEGREGATION OF DISCORDANT SPATIAL
INFORMATION
MK-801 (0.15 mg/kg) impaired PA when irrelevant information
was present (Room-Rotating and Arena-Light), but not when
it was absent (Room-Stable or Arena-Dark). These PA versions
differed in their demand for segregation of relevant and irrele-
vant spatial information, but not in mnemonic or motivational
demands, demonstrating that general learning impairment, selec-
tive impairment of either allothetic or idiothetic (egocentric)
navigation, or MK-801-induced alterations in motivation or shock
sensitivity cannot explain the PA deficit. Partial PA deficit was also
observed when cues on the arena surface (such as scent marks,
urine, or droppings) were obscured by shallow water. Note that
misleading, Arena-bound cues, related to idiothesis and path inte-
gration were not affected by the water and could interfere with
the Room-based avoidance. Poorer avoidance on the wet arena
is likely due to the water reduced impedance between a rat and
the grounded arena and alleviated perception of shock in the
constant-current circuit. Indeed, despite the shock intensity was
often set to the maximum of 0.7 mA, the control rats made many
more errors and received many more shocks (~60) than in any
dry arena version (10–15) on PA day 1. By day 3, however, the
controls’ avoidance matched other versions (entrances: 3.5 vs.
0.73–3.625; shocks: 4.125 vs. 0.73–8.0). Locomotion was slightly
but consistently lower on the wet arena (~30 compared to 40 m
on dry arena) during foraging before the first injection (version:
F 1, 36= 21.2, p < 10−4). MK-801 increased locomotion on for-
aging day 4 (treatment: F 1, 34= 11.7, p < 0.005), particularly on
the wet arena (~80 vs. 45 m; interaction F 1, 34= 4.9, p < 0.05).
During avoidance, shallow water did not affect the locomotion of
control rats, but accentuated MK-801-induced hyperlocomotion.
The controls covered, on average, 43–52 m on the wet, compared to
~50 m on the dry rotating arena. MK-801 (0.15 mg/kg) increased
that to 80–97 m on the wet and 58–74 m on the dry rotating arena
(Room-Rotating; Figures 3 and 4). In agreement with previous
reports (Stuchlík et al., 2004; Valeš et al., 2006), the low dose of
MK-801 (0.10 mg/kg) had a little effect on the PA. Rotation of the
arena itself did not affect the PA in control rats, but it substantially
facilitated locomotion, presumably by continuously bringing rats
toward the Shock zone. This pro-locomotory drive was absent on
the stable arena. Hyperlocomotion invariably accompanied the
PA deficit, but it was absent when PA was unaffected. Different
locomotory demands could explain differences in locomotion and
avoidance between the Stable and Rotating arena, but not between

Light and Darkness. Furthermore, MK-801 impaired the number
of Entrances per unit Distance, suggesting that hyperlocomotion
does not suffice to explain the PA deficit (Figure 6). However, it
should be noted that this effect was not significant after Bonferroni
(α= 0.0167) or Šidák correction (α= 0.0170) for multiple com-
parisons in either the Room-Rotating (F 2, 26= 4.26, p= 0.025)
or the Arena-Light version (F 1, 14= 5.34, p= 0.037). On the other
hand, both comparisons proved significant using Tukey’s HSD test
(p= 0.029 and p= 0.037, respectively) as a weak control of Type
I error connected with repeated measures. Together, the depen-
dence of the MK-801-induced hyperlocomotion on the PA deficit
and the effect of MK-801 on ED suggest that, rather than causing
the PA deficit, the accompanying hyperlocomotion results from
an inability to efficiently organize spatial behavior in dissociated
reference frames.

Well-learned PA was impaired when MK-801 (0.15 mg/kg) was
injected instead of saline during the extended training. The t -
test analysis fell short of significance, but this shortcoming was
partly due to too much impairment rather than too little and
partly due to a single animal, which displayed neither deteriorated
avoidance nor increased locomotion after switching to 0.15 mg/kg
MK-801 and resembled behavioral pattern observed in controls.
Given these were the main sources of variance responsible for the
lack of significance in the primary t -test analysis, we conclude that
the MK-801-induced PA deficit was not selective to learning. In
summary, our behavioral data provide compelling evidence that
0.15 mg/kg MK-801 disrupted segregation of discordant spatial
information into coherent representations on the Carousel.

That is not to imply that cognitive coordination is the only func-
tion affected by MK-801. Low doses of up to 0.10 mg/kg MK-801
impaired cognitive performance of Wistar rats without causing
gross sensorimotor or motivational disturbances in a variety of
behavioral tasks (van der Staay et al., 2011). The lack of effect of the
low dose in this study may be due to higher sensitivity of Wistar rats
to the effects of MK-801 (Valeš et al., 2006) or due to lower sensitiv-
ity of the PA task compared to spatial water maze (WM) (Stuchlík
et al., 2004). MK-801 also induced social withdrawal in a model
of negative symptoms of schizophrenia (Rung et al., 2005) and
impaired visuospatial working memory (Zemanova et al., 2013)
and reversal learning on the Carousel (Lobellova et al., 2013).
Importantly, MK-801 also slightly reduced sensitivity to electric
shock (van der Staay et al., 2011); therefore, we adjusted the shock
intensity individually for each rat based on behavioral markers
(escape response) to enhance comparability between the groups.

COGNITIVE COORDINATION IN THE HIPPOCAMPUS
The notion that the PA on the Carousel depends on cognitive
coordination of room and arena cues is based on several obser-
vations. First, PA acquired on a stationary arena can later be
expressed and extinguished separately in the arena frame in dark-
ness, and in the room frame on a rotating arena in light (Bureš
et al., 1997; Fenton et al., 1998). Second, hippocampal place cells
represent locations in both room and arena frames dissociated by
rotation (Zinyuk et al., 2000; Fenton et al., 2010; Kelemen and Fen-
ton, 2010). Third, hippocampal ensemble activity rapidly switches
between multiple representations of the same space on a rotating
arena (Kelemen and Fenton, 2013) and during a “teleportation”
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task where two sets of cues are alternated within a single physical
environment (Ježek et al., 2011). Fourth, injection of TTX into one
hippocampus prevented the PA when room and arena frames were
dissociated by rotation and misleading cues were present, but not
when they were absent (Wesierska et al., 2005). When cues on the
arena surface were obscured by shallow water, rats could perform
the previously acquired PA, but new PA learning was not possi-
ble after the TTX injection (Kubik and Fenton, 2005). In contrast,
retrieval of an existing memory trace was impaired but new spatial
learning was spared in the WM after partial hippocampal inactiva-
tion (Fenton and Bureš, 1993; Moser and Moser, 1998) suggesting
that WM and PA engage distinct hippocampal functions, spatial
representation, and segregation, respectively (Kubik and Fenton,
2005). Specifically, whereas locating a small platform (1/330 area)
in a large WM requires precise spatial representation, a relatively
coarse spatial representation may be sufficient to support avoid-
ance of a large (1/6 area) place on the rotating arena, provided
that dissociated room- and arena-frame information can be seg-
regated into coherent subsets. These findings demonstrated that
multiple representations of the same space are coordinated within
hippocampal neural activity.

IEG IMAGING OF HIPPOCAMPAL ENSEMBLE SIMILARITY
In agreement with previous reports (Guzowski et al., 1999; Vaz-
darjanova and Guzowski, 2004), more similar CA1 ensembles
expressed the IEGs in the same environment (A/A) than in dif-
ferent environments (A/B) in rats injected with saline or the low
dose of MK-801 (0.10 mg/kg). This contextual specificity was
eliminated after the high dose of MK-801 (0.15 mg/kg), which
also impaired cognitive coordination on the Carousel. Specifi-
cally, the ensemble similarity was increased in A/B, but not in
A/A. Decreased IEG expression after either dose of MK-801 could
be due to inhibition of NMDA receptors on pyramidal neurons
and their role in inducing IEG expression and synaptic plasticity
(Link et al., 1995; Steward and Worley, 2001; Czerniawski et al.,
2011). On the other hand, the loss of contextual specificity was only
observed after the high dose and it may be more closely related to
the psychotomimetic effect of MK-801, presumably via its effect on
NMDARs on inhibitory interneurons (Grunze et al., 1996; Li et al.,
2002). Arc expression can be induced in hippocampal CA3 neu-
rons rapidly enough to support one-trial memory formation. The
expression is abolished by inactivation of medial septum known
to disrupt hippocampal plasticity and learning (Miyashita et al.,
2009). Interfering with Arc expression impairs maintenance of
synaptic plasticity and memory consolidation (Guzowski et al.,
2000; Plath et al., 2006), suggesting that Arc expression marks
plasticity-inducing neural activity. Although the effects of sys-
temic MK-801 are definitely not limited to the hippocampus,
our IEG imaging data match the prediction of the Hypersyn-
chrony theory and suggest that MK-801 induced coactivity and
“co-plasticity”between hippocampal ensembles, which were previ-
ously not related. This mechanism could lead to hyperassociation
observed in psychosis (Miller, 1989).

HYPERSYNCHRONY AND COGNITIVE DISORGANIZATION
The Hypersynchrony theory posits that behavioral cognitive
coordination depends on selective activation of relevant neural

representations and suppression of the irrelevant ones (neural
coordination). Increasing coactivity between neurons that would
normally not fire together impairs neural coordination and
causes psychotic disorganization (Fenton, 2009). Several obser-
vations support this hypothesis. First, TTX injection into one
hippocampus produced transient disinhibition in the uninjected
hippocampus and increased coactivity between pairs of CA1 neu-
rons, which did not fire together before the injection, whereas
coactivity between previously coactive neurons was not affected
(Olypher et al., 2006). This effect could be due to disrupted
feed-forward inhibition mediated by the commissural projec-
tion (Buzsáki and Eidelberg, 1981). Second, impaired inhibition
could also be responsible for the effects of NMDAr antago-
nists. Fast-spiking inhibitory interneurons display disproportion-
ately higher sensitivity to NMDAr antagonists (Grunze et al.,
1996; Li et al., 2002), which cause a disinhibition of pyramidal
neurons (Breier et al., 1997; Vollenweider et al., 1997; Jackson
et al., 2004; Lisman et al., 2008), increase interference between
memories (Chrobak et al., 2008), and decrease cognitive flex-
ibility (Nikiforuk and Popik, 2012). Third, cognitive coordi-
nation on the Carousel was disrupted and coactivity between
hippocampal pyramidal neurons was increased after 5 mg/kg,
but not 3 mg/kg, phencyclidine (PCP) another non-competitive
NMDAr antagonist (Fenton et al., 2006). Fourth, PA on the
Carousel and accompanying interhippocampal synchrony are
also disrupted in a neurodevelopmental model of schizophre-
nia by neonatal lesions of the ventral hippocampus (Lee et al.,
2012).

HYPERASSOCIATION IN SCHIZOPHRENIA
Alterations in the hippocampus (Weinberger, 1999; Harrison,
2004), and hippocampus-dependent memory deficits are typical
for schizophrenia (Weiss et al., 2003; Boyer et al., 2007; Ragland
et al., 2007; Ranganath et al., 2008; Tamminga et al., 2010).
Aberrant inhibitory neurotransmission and loss of parvalbumin
(PV)-positive interneurons is found in the hippocampus and the
dorsolateral prefrontal cortex (Lewis et al., 2005; Benes et al., 2007;
Adell et al., 2012). Reduced PV expression was observed in an
animal model by repeated (Braun et al., 2007) or acute adminis-
tration of MK-801 (Romón et al., 2011). Schizophrenia-like phe-
notype emerged in post-adolescent mice with a genetic ablation
of the NMDA receptor function predominantly in PV+ cortical
and hippocampal GABAergic interneurons during early postnatal
development (Belforte et al., 2010). Reduced neurotransmission
along the mossy fiber pathway from the dentate gyrus (DG) to
areas CA3 and CA4 of the hippocampus emerge as a key patho-
physiology in schizophrenia (Kerwin et al., 1990; Nowakowski
et al., 2002; Kolomeets et al., 2005, 2007; Yamasaki et al., 2008;
Kobayashi, 2009; Tamminga et al., 2012). Given the role of the
DG in pattern separation (PS; Gilbert et al., 2001; Leutgeb et al.,
2007; McHugh et al., 2007; Bakker et al., 2008), reduced DG output
could disrupt the dynamic balance between PS and pattern com-
pletion (PC) in CA3 (Guzowski et al., 2004) and facilitate cross-
linking between hippocampal representations of unrelated events.
A hyperassociative hippocampal memory system can give rise to
inappropriate associations, distorted perception, irrational expec-
tations, and even hallucinations (Behrendt, 2010). In agreement
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with this perspective, patients with schizophrenia display excessive
associations (Miller, 1989; Wentura et al., 2008; Manschreck et al.,
2012), increased interference (Westerhausen et al., 2011), reduced
cognitive flexibility (Elliott et al., 1998), and autonoetic awareness
(Danion et al., 1999), lack of semantic specificity (Tüscher et al.,
2005), difficulties to represent expected reward value (Gold et al.,
2012), and deficits in emotional discrimination (Schneider et al.,
2006).

CONCLUSION
Cognitive dysfunction precedes the manifestation of psychotic
symptoms from early childhood (Reichenberg et al., 2010;
Sørensen et al., 2010) and cognitive performance is the strongest
predictor of the functional outcome in schizophrenia (Green,
1996; Green and Nuechterlein, 1999; Green et al., 2004; Bowie
et al., 2006; Keefe et al., 2006; Rosenheck et al., 2006). However,
cognitive benefits of available antipsychotics remain rather limited
(Harvey and Keefe, 2001; Mishara and Goldberg, 2004; Hill et al.,
2010). Cognitive disorganization has been proposed as a core cog-
nitive deficit in schizophrenia (Phillips and Silverstein, 2003). The
present data demonstrate that systemic MK-801 impairs cognitive
coordination on the Carousel and increases similarity between
unrelated hippocampal ensemble representations. In addition, it
suggests that increased coactivity in previously unrelated neurons
may translate into synaptic plasticity and result in hyperassociative
psychotic memories. These findings support the Hypersynchrony
theory, validate the PA on the Carousel as test of psychosis-related
cognitive disorganization, and demonstrate that the concept of
cognitive coordination in schizophrenia can be straightforwardly
targeted in an animal model.
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The involvement of the serotonin system in the pathophysiology of schizophrenia has been
elucidated by experiments with hallucinogens. Application of a hallucinogen to humans
leads to changes in perception, cognition, emotions, and induction of psychotic-like symp-
toms that resemble symptoms of schizophrenia. In rodent studies, their acute administra-
tion affects sensorimotor gating, locomotor activity, social behavior, and cognition including
working memory, the phenotypes are considered as an animal model of schizophrenia.The
complexity and singularity of human cognition raises questions about the validity of ani-
mal models utilizing agonists of 5-HT2A receptors.The present study thus investigated the
effect of psilocin on memory acquisition, reinforced retrieval, and memory consolidation
in rats. Psilocin is a main metabolite of psilocybin acting as an agonist at 5-HT2A receptors
with a contribution of 5-HT2C and 5-HT1A receptors. First, we tested the effect of psilocin
on the acquisition of a Carousel maze, a spatial task requiring navigation using distal cues,
attention, and cognitive coordination. Psilocin significantly impaired the acquisition of the
Carousel maze at both doses (1 and 4 mg/kg).The higher dose of psilocin blocked the learn-
ing processes even in an additional session when the rats received only saline. Next, we
examined the effect of psilocin on reinforced retrieval and consolidation in the Morris water
maze (MWM). The dose of 4 mg/kg disrupted reinforced retrieval in the MWM. However,
the application of a lower dose was without any significant effect. Finally, neither the low
nor high dose of psilocin injected post-training caused a deficit in memory consolidation
in the MWM. Taken together, the psilocin dose dependently impaired the acquisition of
the Carousel maze and reinforced retrieval in MWM; however, it had no effect on memory
consolidation.

Keywords: psilocin, spatial memory, Carousel maze, Morris water maze, allocentric navigation, hallucinogenic
alkaloids, learning, memory

INTRODUCTION
Psilocybin (O-phosphoryl-4-hydroxy-N,N -dimethyltryptamine)
and its active metabolite psilocin (4-hydroxy-N,N -dimethyltrypt
amine) are the main psychoactive indolealkylamines contained
in hallucinogenic mushrooms (Hasler et al., 1997; Passie et al.,
2002; Tyls et al., 2013). They act as agonists at serotonin recep-
tors, mainly 5-HT2A/C and 5-HT1A subtypes (for a review, see
Tyls et al., 2013). Recently, affinities to other than serotonergic
receptors have also been reported (e.g., D1 and D3 receptors);
however, their role in the neurobiology of psilocin’s and psilocy-
bin’s action is disputable (Ray, 2010). Nevertheless, most of the
evidence agrees that hallucinogenic effects are mediated mainly
via agonism at postsynaptic 5-HT2A receptors with a contribution
of 5-HT2C and 5-HT1A receptors (Nichols, 2004). A secondary
role of the activated limbic dopaminergic system also seems to be
responsible for some of its effects (Vollenweider et al., 1999).

The acute effects of psilocybin in humans are character-
ized by changes in perception, cognition, emotions, and induc-
tion of psychotic-like symptoms that resemble early stages
of schizophrenia (Vollenweider et al., 1998). Psilocybin also

attenuates neurocognitive parameters in humans (e.g., disrupted
sustained attention and altered visual information processing)
and disrupts sensorimotor processing (Tyls et al., 2013), effects
that are also typically disrupted in psychotic patients (Park
and Holzman, 1992; Vollenweider et al., 1997, 1998; Geyer,
1998). Due to this phenomenological resemblance of acute
intoxication with psychosis and its long history of safe clin-
ical use (including psychiatric treatment) it is, nowadays, the
most frequently used serotonergic model of psychosis in humans
(Tyls et al., 2013). Furthermore, the therapeutic potential of
psilocin/psilocybin has been recently investigated in several psy-
chiatric disorders such as obsessive–compulsive disorder, anxiety,
and addiction (Moreno et al., 2006; Grob et al., 2011; Bogen-
schutz and Pommy, 2012; Stebelska, 2013; dos Santos, 2014).
Despite the evidence of how psilocybin changes cognitive per-
formance in humans, little is known about its effects on cognition
in animals.

To further investigate the effect of psilocin on cognition in
animals we decided to test spatial memory using two spatial par-
adigms: the Morris water maze (MWM) and the Carousel maze.
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Spatial navigation as a behavioral manifestation of knowledge of
the environment (i.e., cognitive map; Tolman, 1948) is consid-
ered as a useful and experimentally well-accessible animal analogy
of declarative memory (O’Keefe and Nadel, 1978; Eichenbaum,
2001; Morris, 2013). Testing of spatial navigation requires sensi-
tive spatial paradigms, such as the MWM (Morris, 1981; Morris
et al., 1982; Stuchlik et al., 2007). This test can be used in many
configurations, allowing testing of reference and working memory
acquisition, consolidation, and retrieval. The water maze typically
requires so-called allocentric spatial memory, i.e., guidance of nav-
igation by spatial relationships of the distal visual cues located
in the experimental room. Another powerful and relatively novel
spatial paradigm is active place avoidance in a Carousel maze, pre-
viously also referred to as active allothetic place avoidance (AAPA)
(Cimadevilla et al., 2000, 2001; Stuchlik et al., 2004; Wesierska et al.,
2005). In this test, animals walking on a slowly rotating arena are
required to avoid a sector located in a stable position of the room.
It was demonstrated that rats avoiding places remember the arena-
and room-based frames of reference (Fenton et al., 1998), which
are continuously dissociated by the rotation of the arena. In its
active place avoidance version, animals must, besides allocentric
mapping, segregate spatial information into coherent representa-
tions of the room and arena frames and to select the room frame
as the only one relevant for navigation. This ability was shown to
strictly require hippocampus and termed cognitive coordination
(Wesierska et al., 2005). Importantly, this task was demonstrated to
require the presence of visual extra-arena information in the room
frame (Fajnerova et al., 2014) as well as vestibular inertial stimu-
lation caused by continuous arena rotation, which likely enhances
the attention of the rats to distal visual cues (Blahna et al., 2011).

The aim of the present study is to test the hypothesis that
psilocin attenuates acquisition of the Carousel maze (demanding
mainly cognitive coordination) and reinforced retrieval and mem-
ory consolidation in the MWM (demanding allocentric memory).
The effect of psilocin on the locomotor activity was assessed in the
Carousel maze in order to dissociate effects upon cognition and/or
motor and motivational functions.

MATERIALS AND METHODS
ANIMALS
All experimental procedures complied with the Animal Protec-
tion Code of the Czech Republic, the appropriate directive of the
European Union (2010/63/EC) and NIH guidelines. Male adult
Wistar rats (12–14 weeks, weighing 250–350 g) were obtained from
the Institute’s accredited breeding colony. Animals were housed in
pairs in 30 cm× 30 cm× 40 cm transparent plastic cages in a labo-
ratory air-conditioned animal facility with a constant temperature
(21°C) and 12:12 light/dark cycle with lights on at 7:00. Water and
food were available ad libitum throughout the experiments. In
all experiments, eight animals were used per group. Seventy-two
animals were used in total.

DRUGS
Psilocin 1 and 4 mg/kg (synthesized at Pharmaceutical Faculty of
Charles University in Prague, the structure was confirmed by mass
spectroscopy and nuclear magnetic resonance techniques) was dis-
solved in saline (0.9% NaCl) acidified with 10 µl of glacial acetic

acid. All injections were administered subcutaneously (s.c.) at a
volume of 2 ml/kg. Fresh solutions were prepared every day, stored
at 4°C and were protected from light.

EXPERIMENTAL APPARATUSES AND BEHAVIORAL PROCEDURES
Carousel maze
The Carousel maze apparatus was described in detail in our pre-
vious study (Stuchlik et al., 2007, 2013). Briefly, it consisted of a
smooth metallic circular arena (82 cm in diameter), enclosed with
a 30-cm high transparent Plexiglas wall and elevated 1 m above
the floor of a 4 m× 5 m room. The room contained an abun-
dance of extra-maze landmarks. The rats were initially placed in
the arena rotating at 1 rpm in a place directly opposite to the shock
sector. Animals had to avoid a directly imperceptible 60° sector,
defined in the North of the four arbitrary cardinal compass direc-
tions. The sector was identifiable solely by its relationships to distal
room cues. A latex harness was attached between the shoulders of
the rats, which carried an infrared light-emitting diode (LED). A
computer-based tracking system (iTrack; Biosignal Group, USA)
was located in an adjacent room. The tracking system recorded the
rat’s position every 40 ms. Position time series were stored for off-
line analyses (Track Analysis; Biosignal Group, USA). Whenever
the rat entered the to-be-avoided sector for more than 0.5 s, the
tracking system delivered a shock and counted an entrance. If the
rat did not leave the sector, additional shocks were given every 1.4 s,
but no more entrances were counted until the rat left the sector
for more than 0.5 s. Mild shocks (50 Hz, 0.5 s, 0.4–0.7 mA) were
administered from a computer-driven shock generator through
the implanted low-impedance hypodermic needle implanted on
the rats’ backs and through the contact between the rats’ kera-
tinized paws and the grounded arena floor. Since the voltage drop
is highest at the contact between rats’ paws and the floor, the rats
“feel” the shock most likely in their feet. We avoided using a grid
because in the Carousel maze it is necessary to allow accumulation
of scent marks on the floor in order to generate a conflict between
the arena and the room frames. The exact shock current, ranging
between 0.4 and 0.7 mA, was adjusted for each rat to elicit a rapid
escape response but not freezing. Rats were trained 4 days, 30 min
after psilocin injection in four acquisition sessions of Carousel
maze. On the fifth day, animals were tested without the presence
of the drug (after-session). While the first four sessions evaluate the
learning capacity, the last session would correspond to the short-
term memory. The sector position was kept constant on the North
compass direction throughout the training. The interval between
sessions was 24 h. Eight animals were used in each group (24 rats
in total).

Morris water maze
The MWM consisted of a blue-painted metallic circular tank
(180 cm in diameter, 50 cm high) filled with water (20°C, 40 cm
deep). A small, transparent Plexiglas escape platform (10 cm in
diameter) was placed in the center of an arbitrarily defined North-
east (NE) quadrant of the pool and submerged 1.5 cm below the
water surface. Rats were released facing the wall from the four
cardinal compass directions (N, W, S, and E) in a quasi-random
order. A trial stopped when the rat found the escape platform and
climbed upon it. If the rat failed to find the escape platform in
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60 s, the trial was stopped (recording latency of 60 s), and the rat
was gently guided to the platform by the experimenter. The escape
latency was recorded by the experimenter using a stopwatch. The
rat was allowed to stay on the platform for 10 s and then it was
placed to a waiting cage. One daily session consisted of eight swims
(trials).

In the reinforced retrieval experiment four acquisition sessions
(each consisting of eight swims) were conducted without the drug.
On Day 5, psilocin was applied s.c. (1 or 4 mg/kg) 30 min prior to
testing and the rats were released again for eight swims under
the influence of the drug with the platform present in the same
location of the pool (reinforced retrieval). Reinforced retrieval
(actually re-acquisition) was chosen over a classical probe trial
to also investigate re-acquisition under the drug. Five days later,
drug-free animals underwent another re-acquisition with the plat-
form present. Eight animals were used in each group (24 rats in
total).

The experiment dedicated to testing the effect of psilocin on
memory consolidation consisted of an initial 16 trials in the first
session (Day 1) followed by psilocin injection immediately after
the last swim at doses of 1 or 4 mg/kg, s.c. On the subsequent day
(Day 2), the animals were released again for eight trials (swims)
without any injections and the platform was again present in the
same position (NE). Eight animals were used in each group (24
rats in total).

DATA ANALYSIS AND STATISTICS
The total distance traveled in a session (measured in the arena
frame) reflected active locomotor activity without the contri-
bution of the passive arena rotation. The distance was mea-
sured by the off-line tracking system by summing linear dis-
tances of points recorded each 1 s (the sampling frequency was
40 Hz). This sampling eliminated non-locomotor movements
of the rat such as shivering. The number of entrances into
the to-be-avoided sector (number of errors) measured the effi-
ciency of avoidance in the Carousel maze. Another measure
of the spatial performance within the session was the maxi-
mum time between the two entrances in a session (maximum
time avoided). Results were analyzed using a two-way ANOVA
(Groups× Sessions) with repeated measures on sessions, and
Tukey’s HSD test was used when appropriate. Significance was
accepted at P < 0.05.

In the MWM, we recorded the latency to find the platform
as a measure of spatial memory (Morris, 1981; Stuchlik et al.,
2007) and analyzed it with a two-way ANOVA (Groups× Sessions)
with repeated measures on sessions. Tukey’s HSD test was used as
post hoc when appropriate. We were not able to track the trajecto-
ries of the animals in this MWM experiment (however, locomotion
was assessed in the Carousel maze; see the previous paragraph).

RESULTS
EFFECT OF PSILOCIN ON THE ACQUISITION OF THE CAROUSEL MAZE
The animals did not exhibit any signs of stress or excessive
discomfort during or after the drug injections. All data are
summarized in Figure 1. First, we analyzed the locomotor
activity, which was different between 1 mg/kg of psilocin, 4 mg/kg
of psilocin, and the control group. A two-way ANOVA with

FIGURE 1 |The effect of psilocin on locomotor activity, number of
entrances, and maximum time avoided in the Carousel maze. Psilocin
impaired spatial memory acquisition (higher number of entrances) at both
doses. #P < 0.05, psilocin 1 group (1 mg/kg, s.c.) compared to the control
group on the same day. *P < 0.05, psilocin 4 group (4 mg/kg, s.c.)
compared to the control group on the same day.

repeated measures on sessions revealed a significant main effect of
group [F(2, 22)= 8.51; P < 0.001] and sessions [F(4, 88)= 44.4;
P < 0.0001] and interaction between the two factors [F(8,
88)= 3.47; P < 0.001]. The locomotor activity of the control
group increased during the first three sessions and then stabilized
to a constant level. There was no significant difference between
the control group and the group treated with 1 mg/kg of psilocin
(P > 0.05) during all five sessions. The group treated with 4 mg/kg
of psilocin significantly differed from the control group only
during the first three sessions (P < 0.05). These results show that
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a dose of 4 mg/kg of psilocin induced a decrease in locomotor
activity but the locomotion of this group still increased with the
training. This increasing trend persisted even in session 5 (the
day without the application of psilocin), the locomotor activity
was significantly higher in session 5 than in session 4 (P < 0.01).
These results show that the dose of 4 mg/kg of psilocin impaired
locomotor activity in the Carousel maze, whilst the dose of 1 mg/kg
did not affect it.

The analysis of the number of entrances into the shock
sector revealed differences between the studied groups. The
two-way ANOVA showed a significant main effect of groups
[F(2, 20)= 6.86; P < 0.01] and a main effect of sessions [F(4,
80)= 20.64; P < 0.0001]. There was also an effect of the inter-
action between these two factors [F(8, 80)= 3.95; P < 0.001]. A
post hoc analysis of the factor of sessions showed that in the con-
trol group performance was better in sessions 3–5 compared to
the first session (P < 0.05). The group treated with the low dose of
psilocin (1 mg/kg) showed significant impairment in solving the
Carousel maze task in sessions 3 and 4. The group treated with the
higher dose of psilocin 4 mg/kg showed significant impairment in
solving the Carousel maze in sessions 3 through 5. The higher dose
of psilocin 4 mg/kg blocked the learning processes even in session
5 when the rats received saline instead of psilocin, although state-
dependent learning might explain the impairment on the last day
of training.

The maximum time avoided is generally strongly inversely cor-
related with the number of errors. Accordingly, analysis of this
parameter also revealed differences between the studied groups.
The two-way ANOVA showed a significant main effect of groups
[F(2, 20)= 15.7; P < 0.0001] and a main effect of sessions [F(4,
80)= 12.5; P < 0.0001]. There was also an effect of the interaction
between these two factors [F(8, 80)= 3.38; P < 0.01]. A post hoc
comparison between the groups revealed that the control group
exhibited a higher maximum time avoided in session 4 than the
two groups treated with psilocin (1 and 4 mg/kg). There were no
significant differences between the group treated with psilocin 1
and 4 mg/kg.

EFFECT OF PSILOCIN ON MEMORY RETRIEVAL IN THE MWM
We analyzed the behavioral parameter related to performance in
the MWM, escape latency (Figure 2). Animals from all groups
were pre-trained in the reference memory version of the MWM
for 4 days without drug injections; the performance was similar
across all of the groups [no significant effect between groups on
Day 1–4 F(2, 20)= 2.1; P = 0.14]. There was a significant effect
of days on all measures [F(2, 20)= 7.77; P < 0.0031]. On Day 5,
memory retrieval was tested under the influence of psilocin (1
or 4 mg/kg, s.c). There was significant effect of days and sessions
[F(2, 20)= 4.88; P < 0.01; F(7, 140)= 4.7; P < 0.0001]. Post hoc
tests indicated that the retrieval was impaired in the group treated
with a 4-mg/kg dose (P < 0.01). We found an effect of groups and
sessions [F(2, 20)= 5.91; P < 0.01; F(7, 140)= 6.46; P < 0.0001]
5 days after the psilocin treatment. A control retrieval experiment
was pursued without injections; surprisingly, the group with the
previously administered high dose of psilocin was impaired again
(P < 0.01).

FIGURE 2 | Psilocin treatment (4 mg/kg) disrupted memory retrieval in
the MWM after 4 days of pre-training and also impaired memory
retrieval 5 days later (Day 10) without the presence of the drug.
*P < 0.05, compared to the control group on the same day.

FIGURE 3 | Psilocin injected after training on Day 1 had no effect on
memory consolidation at both doses (1 or 4 mg/kg) in the MWM.

EFFECT OF PSILOCIN ON MEMORY CONSOLIDATION IN THE MWM
The animals were trained for 16 trials without drug injection on
the first day (Day 1); subsequently, psilocin was injected (1 or
4 mg/kg) to investigate its effect of memory consolidation. On the
next (Day 2), the animals were re-tested in the MWM with the
same platform position. Psilocin did not affect the consolidation
in the MWM. We found no effect of groups and sessions [F(2,
42)= 1.110; P = 0.3390; F(1, 42)= 1.163; P = 0.2870]. Figure 3
shows slightly better cognitive performance than on Day 1, but no
significant between-group differences.

DISCUSSION
Our findings indicate that psilocin affects learning and mem-
ory acquisition necessary for spatial navigation and that it also
has a disruptive effect on memory retrieval in MWM. Previous
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reports on the effects of psilocin/psilocybin on cognition in ani-
mals are very sparse, use different paradigms and did not bring
uniform results, which make them difficult to compare. One study
in rats reported impaired acquisition of a conditioned avoidance
response (Sugrue, 1969) while another one in mice did not find
any effect on the acquisition of an escape avoidance conditioning
task (Collins et al., 1966). However, both studies were conducted
with very high doses of psilocin/psilocybin. Furthermore, oppos-
ing effects of low psilocin doses on memory consolidation were
found in two different mice strains when psilocin was injected
immediately after each training session in a light–dark discrim-
ination task (Castellano, 1978). On the other hand, most of the
studies with other hallucinogens congruently found a disruption
of cognitive performance. Similar findings to ours were shown
for 2,5-dimethoxy-4-iodoamphetamine (DOI) in a special water
maze, where this compound worsened the performance during
acute intoxication as well as when subsequently tested without the
influence of the drug (Kant et al., 1998). Early studies with LSD
and mescaline congruently found disruption of spatial naviga-
tion, exploration, and discrimination within different frameworks
in T-maze/Y-maze (Castellano, 1971; Davies and Redfern, 1973;
Molinengo et al., 1986; Koupilova et al., 1989, 1999). LSD and
other hallucinogens also induced errors in swimming through
an underwater maze and increased starting latency of swimming
through the maze (Uyeno, 1969, 1986). Recently, the use of a
translational touch-screen based approach also showed alterations
in visuo-spatial learning after acute LSD treatment in rats (Tal-
pos et al., 2014). Finally, chronic mescaline treatment completely
blocked the ability to switch between learned trials during operant
conditioning (food reinforcement) (Fundaro et al., 1986).

There are two main aspects that have a crucial role in psilocin
induced changes. Firstly, psilocybin, like other hallucinogens, had
an inhibitory effect on locomotor and exploratory activity with
the higher dose used (Collins et al., 1966; Halberstadt et al., 2011;
Palenicek et al., 2012, 2013). However, we believe that the main
effect of locomotor inhibition can be excluded, since the lower
psilocin dose in the Carousel maze did not significantly differ from
the controls during any of the sessions even though it induced the
deficit in this task. Furthermore, the higher dose during session
4, when the animals showed peak performance, did not induce
any significant locomotor inhibition. The psilocin-treated ani-
mals also showed a trend toward an increase in their locomotion
within every session similarly to the control group, suggesting
either developing tolerance to the drug or task sensitization. On
the other hand, such an increase might also be attributable to
the gradual acquisition of an avoidance strategy, which requires a
highly coordinated spatiotemporal locomotion pattern in order to
avoid a sector.

Secondly, since active avoidance in the Carousel maze as well
as the MWM are spatial tasks requiring extra-maze cue orienta-
tion for successful acquisition, altered spatiotemporal perception
(hallucinatory effects) can definitely contribute/underlie these
changes. Unlike human studies on psilocybin (for a review, see
Tyls et al., 2013); unfortunately, we are unable to directly con-
firm hallucinatory effects in rats in our setting. However, previous
studies in rodents found an attenuation of time perception after
hallucinogens (Hanks and González-Maeso, 2013) and studies

in primates also support hallucinogenic effects in these species
(Uyeno, 1969; Fantegrossi et al., 2004). Therefore, we might expect
temporal and visual perceptual alterations to be present also in
our setting. Indeed, it is well known that psilocin induces atten-
tion distraction (Hasler et al., 2004; Carter et al., 2005), which
can also underlie the learning deficits. Interestingly, learning in
the Carousal maze was also disrupted in the after-session, with no
exposition to psilocin, indicating that psilocin blocked the learn-
ing process until the last session. Also, the higher dose of psilocin
disrupted memory retrieval in the MWM, an effect that persisted
for another 5 days. In other words, the rats that received psilocin
during the retrieval trial did not improve their performance dur-
ing this task, contrary to the control group, suggesting that not
only retrieval but also re-acquisition was corrupted. This supports
the idea that psilocin also had amnestic effects.

It is well known from the literature that psilocin effects are
mainly mediated through 5-HT2A/C and 5-HT1A receptors (Tyls
et al., 2013). These receptors are widely distributed in the neo-
cortex, basal ganglia, limbic system, and hippocampus and in the
case of 5-HT1A also in rapheal nuclei (Barnes and Sharp, 1999).
All of these areas are known to be involved in cognitive processes
and memory. It is well known that 5-HT2A/C receptors in particu-
lar are rapidly downregulated/desensitized after stimulation (Roth
et al., 1990, 1995, 1998). This can explain the loss of the locomotor
inhibitory effect observed in the Carousel maze. Since systemic
administration of 5-HT2A receptor antagonists induces cognitive
deficit in rats (Ma and Yu, 1993; Fedotova and Ordyan, 2010)
the down-regulation/desensitization of 5-HT2A/C receptors after
repeated administration of psilocin might also yield some of the
effects observed in our setting. It is of interest that stimulation of
5-HT1A and 5-HT1B receptors is also known to impair acquisition
of spatial memory tasks (Buhot et al., 1995; Herremans et al., 1995;
Koenig et al., 2008). Nevertheless, further experiments are needed
to explain the receptor mechanisms underlying these changes.

In conclusion, our study demonstrated that 5-HT2A/C and 5-
HT1A agonist psilocin impaired spatial learning in the Carousel
maze and it also had an amnestic effect in the MWM. On the
other hand, it had no effect on memory consolidation.
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It has been suggested that Nogo-A, a myelin-associated protein, could play a role in the
pathogenesis of schizophrenia and that Nogo-A-deficient rodents could serve as an animal
model for schizophrenic symptoms. Since changes in brain laterality are typical of schiz-
ophrenia, we investigated whether Nogo-A-deficient rats showed any signs of disturbed
asymmetry in cortical N -methyl-D-aspartate (NMDA) receptor–nitric oxide synthase (NOS)
pathway, which is reported as dysfunctional in schizophrenia. In particular, we measured
separately in the right and left hemisphere of young and old Nogo-A-deficient male rats
the expression of NMDA receptor subunits (NR1, NR2A, and NR2B in the frontal cortex)
and activities of NOS isoforms [neuronal (nNOS), endothelial (eNOS), and inducible (iNOS)
in the parietal cortex]. In young controls, we observed right/left asymmetry of iNOS activ-
ity and three positive correlations (between NR1 in the left and NR2B laterality, between
NR2B in the right and left sides, and between NR1 in the right side and nNOS laterality).
In old controls, we found bilateral decreases in NR1, an increase in NR2B in the right side,
and two changes in correlations in the NR1–nNOS pathway. In young Nogo-A-deficient
rats, we observed an increase in iNOS activity in the left hemisphere and two changes
in correlations in NR1–nNOS and NR2A–eNOS, compared to young controls. Finally, we
revealed in old Nogo-A-deficient animals, bilateral decreases in NR1 and one change in
correlation between eNOS–iNOS, compared to old controls. Although some findings from
schizophrenic brains did not manifest in Nogo-A-deficient rats (e.g., no alterations in NR2B),
others did (e.g., alterations demonstrating accelerated aging in young but not old animals,
those occurring exclusively in the right hemisphere in young and old animals and those
suggesting abnormal frontoparietal cortical interactions in young animals).

Keywords: brain laterality, animal model of schizophrenia, aging, myelin-associated protein, cortex

INTRODUCTION
It has been suggested that the lateralization of the human brain, i.e.,
differences between the right (R) and left (L) hemisphere,underlies
hemispheric specialization that can also be observed biochemi-
cally. Biochemical laterality appears to be a basis of volumetric or
functional asymmetry; however, direct relationships among them
are still unclear. Brain asymmetry is moderately changed during
normal aging and more markedly in neurodegenerative disor-
ders like Alzheimer disease or in neurodevelopmental diseases like
schizophrenia (for a review, see Toga and Thompson, 2003). Our
previous studies suggested a high sensitivity of lateral correlation
analyses in revealing subtle links among the biochemical pathways.
We therefore recommended their use in animal models of various
diseases that are accompanied by alterations in brain asymmetry.
Knowledge of disease-mediated changes occurring in the human
R and L hemisphere separately as well as that of brain lateralization

of applied control animals (there are differences between mice and
rats and also among various rodent strains) is necessary in vali-
dating animal models in this way (Krištofiková et al., 2004, 2008,
2010). Moreover, we have repeatedly found a very similar degree of
brain asymmetry on a biochemical level in the hippocampus and
cortex, two of the most asymmetrical brain regions (Krištofiková
et al., 2010).

The biological basis of schizophrenia is still unknown, but
many studies have indicated that oligodendroglial dysfunction
with subsequent abnormalities in myelin maintenance and repair
can contribute to the pathogenesis of this major psychiatric disor-
der (Davis et al., 2003). Myelin-associated proteins and especially
the myelin-associated glycoprotein Nogo-A (encoded by the RTN4
gene located on chromosome 2p16.1 and expressed in oligoden-
drocytes or neurons) and its glycosylphosphatidylinositol-linked
Nogo-66 receptor 1 (encoded by the RTN4R gene located on
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chromosome 22q11 and expressed on the surface of neurons or
fibroblasts) are important for cellular remodeling. Nogo-A inhibits
neurite outgrowth, and alters endothelial and smooth muscle
cell migration and adhesion (Dodd et al., 2005). Postmortem or
genetic studies report an involvement of Nogo-A (Coon et al.,
1998; Shaw et al., 1998; Novak et al., 2002; Tan et al., 2005; Novak
and Tallerico, 2006; Jitoku et al., 2011) or its receptor (Sinibaldi
et al., 2004; Hsu et al., 2007; Budel et al., 2008) in schizophre-
nia; however, changes such as varying Nogo-A mRNA levels in the
autoptic frontal cortices of psychotic patients are not marked, in
contrast to those in Nogo-C mRNA (Novak and Tallerico, 2006).

On the other hand, Nogo-A knock-out animals have some
intermediate phenotypes resembling disorders of neurodevel-
opmental origin, such as schizophrenia. Deletion of Nogo-
A increases the motility of embryonic forebrain-derived neu-
rospheres and decreases the accumulation of migrating neuronal
precursors in the newborn cortex (Mathis et al., 2010). However,
the changes in the mature brain tissue are subtle (e.g., there is
significantly increased neurite outgrowth in spinal cord extracts,
but no changes in gross brain anatomy, extracellular matrix mark-
ers, glial markers, and oligodendrocytes morphology; see Simonen
et al., 2003). Nevertheless, young adult Nogo-A knock-out rodents
show schizophrenia-like abnormalities in behavioral tests (e.g.,
deficient sensorimotor gating, disrupted latent inhibition, per-
severative behavior, and increased sensitivity to the locomotor
stimulating effects of amphetamine) and in neurochemical analy-
sis (e.g., altered monoaminergic transmitter levels and changes
in dopamine D2 receptor levels in striatal and limbic regions)
(see Willi et al., 2010; Tews et al., 2013). A recent study reviewed
data from various animals displaying deficient Nogo-A and/or its
receptor, and suggested that schizophrenia-like abnormalities were
based on deregulated brain connectivity (Willi and Schwab, 2013).

Our previous studies focused on lateral alterations in the lev-
els of the N -methyl-d-aspartate receptor (NMDAR) subunit NR1
and nitric oxide synthase (NOS) in postmortem brains of schiz-
ophrenic patients compared to non-psychotic controls. We found
no pronounced laterality in mRNA/protein expression of NR1 in
the hippocampi of the controls, but a significant drop in NR1
expression in the L side of psychotic men (Vrajová et al., 2010).
Regarding the activities or expressions of the NOS isoforms, we
observed no asymmetry in neuronal (nNOS), marked R/L asym-
metry in endothelial (eNOS, dominance in the R side was observed
especially in its activity) and marked L/R asymmetry in inducible
(iNOS, dominance in the L side was found exclusively in its
activity) isoforms in the hippocampi of controls. In people with
schizophrenia, we found more marked increases in nNOS/iNOS
activity (but not in their expression) in the R than L hemisphere
(Krištofiková et al., 2008).

N -methyl-d-aspartate receptors are associated with NOS iso-
forms through a postsynaptic density protein and a stimula-
tion of the receptors activates synthesis of nitric oxide through
the nNOS/eNOS/iNOS isoforms. Functional interactions between
NR1 subunits and nNOS (as well as between NR2A/2B and the
other NOS enzymes) were proposed (e.g., Kamida et al., 2007). In
the brain of schizophrenic patients, there was a drop in the NR1
subunit mRNA level in the dentate gyrus (Gao et al., 2000), but
no significant changes in NR1 protein amounts in the superior

temporal cortex (Nudmamud-Thanoi and Reynolds, 2004). For
the NR2A subunit, no changes in mRNA expression in the ante-
rior cingulate cortex (Woo et al., 2004) or in the hippocampal
subregions (Gao et al., 2000) were observed. On the other hand,
alterations in the expression of the NR2B subunit were clearly
apparent in schizophrenia. Namely, increases in NR2B mRNA con-
centrations in hippocampal CA2 and CA3 (Gao et al., 2000), and
the elevation of NR2B protein levels in the thalamus (Clinton
and Meador-Woodruff, 2004; Clinton et al., 2006) were found.
Some studies have reported associations between the NR2B gene
and schizophrenia (e.g., Li and He, 2007), supporting a role of
NR2B gene polymorphisms in language lateralization (Ocklen-
burg et al., 2011). Moreover, changes in the postsynaptic density
protein, e.g., in the dorsomedial thalamus (Clinton and Meador-
Woodruff, 2004; Clinton et al., 2006), support a dysfunction of the
NMDAR-NOS pathway in schizophrenia.

The aims of the study were to determine the expression of the
NR1/NR2A/NR2B subunits and activities of nNOS/eNOS/iNOS
isoforms separately in the R and L cortex of young and old
Nogo-A-deficient rats, as well as to validate the animal model of
schizophrenia by evaluating alterations in brain laterality.

MATERIALS AND METHODS
ANIMALS
Nogo-A-deficient transgenic animals were generated using
microRNA interference (for more details, see Tews et al., 2013).
Experiments were performed on young (3–5 months) and old
(10–12 months) Nogo-A-deficient Sprague-Dawley rats or age-
matched controls. All rats were housed in groups of two under
a 12-h light/dark cycle. Food (standard pellet diet) and water
were available ad libitum. All experiments were carried out in
accordance with the Animal Protection Law 246/1992 and the
Regulation 419/2012 (Czech Republic) concerning the use of
experimental animals, based on NIH guidelines and EU directives
(2010/63/EU).

TISSUE SAMPLING
Rats were sacrificed by cervical dislocation, decapitated, and the
brains rapidly removed. The frontal and parietal cortices were dis-
sected, weighed, packed in aluminum foil, and frozen at −40ºC
until assayed (no more than 2 weeks later).

EXPRESSION OF THE NMDAR SUBUNITS NR1, NR2A, AND NR2B BY
WESTERN BLOTTING
The frontal cortices were homogenized in 1.0 mL of lysis buffer
(320 mM sucrose; 10 mM Tris, pH 7.4; 0.2 mM EDTA; 2 mM
PMSF; 1 mM 2-mercaptoethanol; and a cocktail of protease
inhibitors, Sigma). Crude synaptosomal (P2) fractions were iso-
lated from homogenates and resuspended in a loading buffer
(63 mM Tris; 10% glycerol; 2% SDS; 5% 2-mercaptoethanol; and
0.01% bromophenol blue). The protein concentration was deter-
mined by the Bradford method using bovine serum albumin
(BSA) as the standard (Bio-Rad, USA). The resuspended mate-
rial was subjected to electrophoresis in the 7.5% polyacrylamide
gel (Criterion Cell, Bio-Rad, USA), followed by electroblotting in
the Criterion blotter (Bio-Rad, USA). Non-specific binding was
blocked with 3% BSA dissolved in TBS-T buffer. Blots were incu-
bated overnight with anti-NMDAR1 (1:100; Millipore, USA) or

Frontiers in Behavioral Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 90 | 132

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Krištofiková et al. Nogo-A and schizophrenia

for 2 h with anti-NMDAR2A/2B (1:500; Millipore, USA) primary
antibody. For loading control, blots were treated with an anti-
α-tubulin antibody (1:1000; Exbio, CZ) for 1 h. Then, the blots
were washed in TBS-T buffer and incubated for 1 h with a horse-
radish peroxidase-conjugated secondary antibody (1:3000; Dako,
Denmark). Detections were performed with a chemiluminescent
substrate (Pierce, USA) and evaluated by the Gel Doc Analysis
system (Bio-Rad, USA).

ACTIVITIES OF nNOS, eNOS, AND iNOS
The parietal cortices were homogenized (1:10) in homogenization
buffer (1 mM EGTA, 1 mM dithiothreitol, 20 mM HEPES, 0.32 M
sucrose, 14.6 µM pepstatin, and 21 µM leupeptin, pH= 7.4) and
the resulting homogenates centrifuged at 1200 g for 10 min at
4°C. Supernatants were added to the reaction buffer [homoge-
nization buffer containing also 200 µM β-nicotinamide adenine
dinucleotide phosphate, 50 µM tetrahydrobiopterin, and 4.6 µM
[14C]arginine (PerkinElmer)] and incubated for 30 min at 37°C.
Some samples also contained 1 µM CaCl2 (nNOS and eNOS)
and specific inhibitors (1 mM spermidine for nNOS, 190 µM
Nω-nitro-l-arginine methyl ester for nNOS/eNOS, and 1 mM
aminoguanidine for iNOS, all from Sigma). Final protein concen-
trations determined by the Bradford method equaled 0.5 mg/mL
in all incubation mixtures. The reaction was terminated by adding
the stop buffer (30 mM HEPES, 3 mM EDTA, pH= 5.5) and by
rapid cooling. DOWEX 50WX8-200 (Sigma) was used to separate
citrulline from arginine, in accordance with our previous study
(Krištofiková et al., 2008).

STATISTICAL ANALYSIS
The BMDP statistical software (non-parametric Kruskal–Wallis
test for global analysis and Mann–Whitney–Wilcoxon test for pair-
wise comparisons) or SigmaStat statistical software (Spearman
rank order correlation) were used. Differences between correla-
tion coefficients were evaluated using a Rao test based on the
Fisher Z -transformation. The index of laterality [(L−R)/(L+R)]
was calculated to estimate differences between the R and L sides.
The index is limited to zero when all the values are not later-
alized (marked asymmetry was defined in this study by indexes
>±0.100) or when the numbers of markedly R/L (dominance
of the R side) and L/R (dominance of the L side) animals are
approximately equal. Data in the tables are presented as the
means± SEM.

RESULTS
Results in Table 1 demonstrate no pronounced laterality in the
expression of the NR1, NR2A, and NR2B subunits in the frontal
cortex of young Sprague-Dawley male rats. In old compared to
young controls, we observed a significant bilateral reduction in
NR1 expression (to 94% in the R and to 89% in the L side, both
compared to the corresponding hemisphere of the young con-
trols), no changes in NR2A expression and a significant increase
in NR2B expression (to 108%) only in the R side of the brain. We
also did not find significant changes in NMDAR subunit expres-
sion in young Nogo-A-deficient rats compared to the age-matched
control group. In old Nogo-A-deficient rats, we observed bilateral
increases in NR1 subunit levels (to 106% in the R and to 113%

Table 1 | NR1, NR2A, and NR2B subunit expression.

Groups n R L (L−R)/(L+R)

NR1

Young controls 10 1.031±0.007 1.036±0.008 +0.002±0.004

Young NOGO 9 1.044±0.007 1.055±0.008 +0.005±0.006

Old controls 9 0.972±0.018** 0.924±0.035** −0.028±0.017

Old NOGO 8 1.032±0.023+ 1.047±0.021++ +0.007±0.013

Kruskal–Wallis χ2(3)=12.36 χ2(3)=18.48 χ2(3)=4.45

p=0.0062 p=0.0004 p=0.2169

NR2A

Young controls 10 1.198±0.007 1.198±0.011 +0.000±0.003

Young NOGO 9 1.198±0.020 1.193±0.017 −0.002±0.007

Old controls 9 1.188±0.015 1.177±0.018 −0.007±0.005

Old NOGO 8 1.214±0.015 1.217±0.015 +0.010±0.004

Kruskal–Wallis χ2(3)=1.27 χ2(3)=2.52 χ2(3)=6.34

p=0.7367 p=0.4719 p=0.0963

NR2B

Young controls 10 0.876±0.017 0.871±0.012 −0.002±0.004

Young NOGO 9 0.897±0.010 0.900±0.020 +0.001±0.009

Old controls 9 0.945±0.013** 0.887±0.030 −0.034±0.018

Old NOGO 8 0.902±0.033 0.864±0.058 −0.028±0.030

Kruskal–Wallis χ2(3)=9.01 χ2(3)=2.20 χ2(3)=4.32

p=0.0291 p=0.5312 p=0.2288

Means±SEM, NOGO – Nogo-A-deficient rats.

Mann–Whitney–Wilcoxon test was calculated with respect to young (**p < 0.010)

or old (+p < 0.050, ++p < 0.010) controls.

in the L side, both compared to the corresponding hemisphere
of the old controls), but no changes in NR2A or NR2B subunit
expression compared to the old control group.

Table 2 shows no pronounced asymmetry in nNOS and eNOS
activities, but a strong R/L asymmetry of iNOS activity in the
parietal cortex of young controls. In the old controls, no sig-
nificant differences in the activities of all synthases were found
when compared to corresponding hemispheres of young controls.
However, bilateral increases in nNOS (to 117 and 123% in the R
and L sides, respectively) and bilateral decreases in eNOS (to 71
and 82% in the R and L sides, respectively) were observed. More-
over, the shift from the marked R/L to L/R asymmetry of iNOS
was striking (see the drop to 29% in the R and the increase to
245% in the L side, Mann–Whitney–Wilcoxon test for indexes of
laterality between young and old rats; p= 0.1350). In young Nogo-
A-deficient rats, there were no changes in nNOS or eNOS activities
compared to age-matched controls. On the other hand, the results
of the Mann–Whitney–Wilcoxon tests supported the significant
increase of iNOS activity to 351% in the L side of Nogo-A-deficient
rats despite the insignificant results of the global Kruskal–Wallis
test. We did not observe pronounced alterations in old Nogo-
A-deficient rats compared to age-matched controls; however, the
shift from L/R asymmetry in old controls to R/L asymmetry in
old Nogo-A-deficient rats regarding iNOS activity was again strik-
ing (i.e., the increase to 290% in the R but a drop to 47% in
the L side, Mann–Whitney–Wilcoxon test for indexes of laterality:
p= 0.2808).
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Table 2 |The activities of nNOS, eNOS, and iNOS.

Groups n R L (L−R)/(L+R)

nNOS

Young controls 10 1141.0±101.2 1146.6±86.0 +0.007±0.039

Young NOGO 9 1125.4±39.9 1100.8±75.2 −0.018±0.025

Old controls 9 1335.4±153.4 1413.3±167.5 +0.045±0.059

Old NOGO 8 1252.4±175.3 1220.3±161.5 +0.000±0.055

Kruskal–Wallis χ2(3)=4.66 χ2(3)=4.16 χ2(3)=1.16

p=0.1983 p=0.2442 p=0.7628

eNOS

Young controls 10 829.7±109.8 729.9±138.8 −0.086±0.079

Young NOGO 9 830.6±146.4 788.2±145.2 −0.034±0.069

Old controls 9 586.9±98.7 600.6±102.6 +0.028±0.051

Old NOGO 8 558.7±107.3 450.8±91.1 −0.053±0.140

Kruskal–Wallis χ2(3)=3.60 χ2(3)=2.67 χ2(3)=0.56

p=0.3077 p=0.4462 p=0.9046

iNOS

Young controls 10 34.4±13.4 12.5±7.2 −0.405±0.209

Young NOGO 9 41.0±17.5 43.9±13.5* +0.110±0.266

Old controls 9 10.0±5.2 30.6±13.9 +0.114±0.309

Old NOGO 8 29.0±9.5 14.5±7.0 −0.281±0.136

Kruskal–Wallis χ2(3)=3.65 χ2(3)=4.98 χ2(3)=4.33

p=0.3018 p=0.1732 p=0.2276

Means±SEM, NOGO – Nogo-A-deficient rats.

Mann–Whitney–Wilcoxon test was calculated with respect to young controls

(*p < 0.050).

Results of the correlation analyses performed on young con-
trol rats (data are shown in Tables 3 and 4) supported links: (i)
among the subunits of NMDAR (after a Bonferroni correction,
two significant positive correlations were found, between NR1 in
the L side and laterality of NR2B, and between NR2B in the R and
L sides); and (ii) among the subunits and synthases (one signifi-
cant positive correlation was found after a Bonferroni correction
between NR1 in the R side and laterality of nNOS). A comparison
of correlations from 10 young and 9 old control rats is presented
in Table 3. The table shows all significant results with regard to the
Rao test; however, only two significant age-related changes were
found after the Bonferroni correction. First, there was a significant
shift from a positive correlation in young to a negative correla-
tion in old controls between the NR1 subunit in the R side and
nNOS laterality. Second, there was a significant shift from a neg-
ative correlation in young to a positive correlation in old controls
between the NR1 subunit in the L side and nNOS activity in the
R side. Finally, a comparison of the correlation data from 9 young
Nogo-A-deficient rats (and 10 age-matched controls) and 8 old
Nogo-A-deficient rats (and 9 corresponding controls) is given in
Table 4. As in Table 3, all significant results based on the Rao test
are presented. In young Nogo-A-deficient rats, when compared
to the age-matched controls, we observed two significant changes
after a Bonferroni correction. First, there was a shift from a negative
correlation in control to a positive correlation in Nogo-A-deficient
rats between the NR1 subunit in the L side and nNOS activity in
the R side (similar to that seen with normal aging). Second, there
was a significant shift from a negative correlation in control to a

Table 3 |The result of correlation analysis performed on young and old

control rats.

Parameters Young controls Old controls Rao p

CC p CC p

NR1 R×nNOS laterality +0.830 <0.001* −0.762 0.012 <0.001*

NR1 R× iNOS L −0.350 0.309 +0.714 0.025 0.023

NR1 L×NR2B R −0.612 0.054 +0.450 0.204 0.032

NR1 L×NR2B laterality +0.842 <0.001* −0.133 0.709 0.014

NR1 L×nNOS R −0.770 0.007 +0.583 0.087 0.002*

NR1 L×nNOS L −0.648 0.038 +0.433 0.223 0.026

NR1 laterality×nNOS L −0.770 0.007 +0.567 0.099 0.003

NR2A R×eNOS R −0.467 0.160 +0.450 0.204 0.075

NR2A R× iNOS laterality +0.720 0.016 −0.443 0.204 0.013

NR2A L×eNOS R −0.491 0.137 +0.633 0.058 0.021

NR2A L× iNOS laterality +0.603 0.060 −0.523 0.138 0.022

NR2A laterality×nNOS

laterality

−0.382 0.258 +0.686 0.036 0.026

NR2B R×NR2B L +0.903 <0.001* +0.467 0.186 0.078

NR2B L×NR2B laterality −0.430 0.199 +0.683 0.036 0.020

nNOS R× iNOS R −0.717 0.016 +0.365 0.308 0.021

Spearman rank order correlation was first performed on young and old controls,

and subsequently particular correlation coefficients (CC) were compared using

the Rao test. Finally, *Bonferroni correction was performed.

positive correlation in Nogo-A-deficient rats between NR2A and
eNOS, both in the R side (again similar to that observed in normal
aging; however, this was not statistically significant in relation to
aging: p= 0.0749, data not shown). Moreover, we found a marked
shift from an insignificant correlation in old controls to a signif-
icantly positive correlation in old Nogo-A-deficient rats between
the activities of eNOS and iNOS in the R side.

DISCUSSION
NMDAR SUBUNITS AND NOS ISOFORMS IN THE CORTEX OF CONTROL
SPRAGUE-DAWLEY RATS AND EFFECTS OF NORMAL AGING
Our results demonstrated no pronounced differences in NR1,
NR2A, and NR2B expression between the R and L sides of the
frontal cortex in young adult Sprague-Dawley male rats (Table 1).
Moreover, no individual young markedly lateralized (defined by
an index of laterality greater than ±0.100) rat was identified.
No asymmetrical differences in nNOS or eNOS activity were
observed globally; however, in contrast to the NMDAR subunits,
we found some lateralized individuals [namely, one-third of ani-
mals displayed marked R/L asymmetry of globally unlateralized
nNOS/iNOS, one-third presented opposite L/R laterality, and only
one-third was unlateralized, in accordance with our previous study
(Krištofiková et al., 2010)]. On the other hand, young Sprague-
Dawley males displayed pronounced R/L laterality in iNOS activ-
ity, similar to Wistar and Long Evans strains (Krištofiková et al.,
2010). These results could be hypothetically interpreted as a brain
laterality based on asymmetries in expression/activity of various
enzymes, receptors or transporters (see Krištofiková et al., 2004,
2010), but not in NMDAR subunit expression. Our correlation
analysis suggesting possible asymmetric links between NR1 and
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Table 4 |The results of correlation analysis performed on Nogo-A-deficient rats and corresponding controls.

Parameters Groups Controls NOGO Rao p

CC p CC p

SUBUNITS VS. SUBUNITS

NR1 R×NR2A L Young −0.636 0.043 +0.483 0.169 0.022

NR1 R×NR2B R Young −0.442 0.185 +0.833 0.002* 0.003

NR1 R×NR2B L Young −0.491 0.137 +0.667 0.043 0.016

NR1 L×NR2B laterality Young +0.842 <0.001* +0.017 0.948 0.030

NR2A R×NR2B L Old −0.333 0.356 +0.667 0.059 0.046

NR2B L×NR2B laterality Young −0.430 0.199 +0.617 0.067 0.034

SYNTHASES VS. SYNTHASES

nNOS R×nNOS laterality Young −0.697 0.022 +0.393 0.264 0.022

nNOS R× iNOS R Young −0.717 0.016 +0.218 0.550 0.044

nNOS L× iNOS R Young −0.498 0.126 +0.628 0.058 0.021

eNOS R× iNOS R Old −0.091 0.809 +0.976 <0.001* <0.001*

iNOS R× iNOS L Old −0.343 0.331 +0.832 0.005 0.007

SUBUNITS VS. SYNTHASES

NR1 R×nNOS laterality Young +0.830 <0.001* −0.402 0.264 0.004

NR1 R× iNOS laterality Old +0.541 0.124 −0.756 0.021 0.006

NR1 L×nNOS R Young −0.770 0.007 +0.583 0.087 0.002*

NR1 L×nNOS L Young −0.648 0.038 +0.400 0.264 0.032

NR1 laterality×nNOS L Young −0.770 0.007 +0.133 0.709 0.038

NR1 laterality× iNOS R Old +0.785 0.009 −0.439 0.206 0.008

NR1 laterality× iNOS laterality Old −0.674 0.043 +0.708 0.037 0.003

NR2A R×eNOS R Young −0.467 0.160 +0.883 <0.001* <0.001*

NR2A R×eNOS L Young −0.358 0.292 +0.683 0.036 0.030

NR2A R× iNOS L Young +0.798 0.004 −0.167 0.643 0.023

NR2A R× iNOS laterality Young +0.720 0.016 −0.294 0.407 0.030

NR2A L×eNOS R Young −0.491 0.137 +0.600 0.077 0.027

NR2A L×nNOS R Old −0.050 0.878 −0.857 0.002* 0.033

NR2B laterality×nNOS L Old −0.683 0.036 +0.311 0.423 0.045

Spearman rank order correlation was first performed on Nogo-A-deficient rats and on corresponding controls. Particular correlation coefficients (CC) were then

compared by the Rao test. Finally, a *Bonferroni correction was performed.

NR2B (Table 3, the positive correlation between NR1 in the L
side and NR2B laterality and between NR2B in the R and L sides)
and between NR1 and nNOS (Table 3, the positive correlation
between NR1 in the R side and nNOS laterality) thus could reflect
complicated regulatory mechanisms occurring between the two
hemispheres, rather than just L-R lateralization. However, the sit-
uation may not be so simple. It is known that NR2B expression
is equal in homogenates, but asymmetrical in synaptic fractions
isolated separately from the R and L mouse hippocampus (L/R
dominance; Kawakami et al., 2003). Thus, it is suggested that pos-
sible lateralization of NMDAR subunits could be associated with
their allocations at the synaptic level.

In relation to normal aging, we observed bilateral decreases in
NR1, no alterations in NR2A and a significant increase in NR2B
exclusively in the R side of the frontal cortex of old compared to
young control rats (Table 1). Although many studies have reported
age-related decreases in the expression of NMDAR subunits in the
rat/mouse cortex or hippocampus (e.g., Magnusson et al., 2002),
our data supported it only in the case of the NR1 subunit. The dis-
crepancy observed between NR2A and NR2B expression could be

explained by their transient moderate increases in 10-month-old
animals followed by significant drops in 30-month-old animals
(Magnusson et al., 2002). Similarly, we did not find significant
age-related changes in the activities of NOS isoforms in the pari-
etal cortex (Table 2). However, there were moderate changes in old
control rats that were very similar to those in Wistar/Long Evans
strains (the increases in nNOS/iNOS especially in the L side and
the bilateral decreases in eNOS; Krištofiková et al., 2010). There-
fore, it appears that our old Sprague-Dawley controls were still
relatively young to manifest pronounced age-related changes in
their NMDAR subunits expression, except NR1.

Age-related changes in human brain laterality are based on a
higher vulnerability of the L, i.e., dominant in the majority of cases,
than of the R hemisphere to aging processes (Toga and Thomp-
son, 2003). Previously, we noted similar asymmetrical changes
in rat brains; however, they were subtle (although significant)
and difficult to detect, even in very old animals (Krištofiková
et al., 2010). In this study, although we observed a significant
increase in NR2B expression exclusively in the R side, the statistical
analysis using corresponding indexes of laterality did not support
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significant changes in brain asymmetry (Table 1, Kruskal–Wallis
test: p= 0.2288; Mann–Whitney–Wilcoxon between the two con-
trol groups: p= 0.0864). Likewise, although the changes in iNOS
activity of old Sprague-Dawley rats were similar to those of old
Wistar/Long Evans rats (i.e., the drop in the R and the increase in
the L side; Krištofiková et al., 2010), the statistical analysis based
on corresponding indexes of laterality did not support significant
changes again (Table 2, Kruskal–Wallis test: p= 0.2276; Mann–
Whitney–Wilcoxon between the two control groups: p= 0.1350).
Therefore, we believe that our results indicating significant asym-
metrical alterations in the NR1–nNOS pathway during aging
(Table 3, two significant shifts: from a positive to a negative corre-
lation between NR1 in the R side and nNOS laterality; and from
a negative to a positive correlation between NR1 in the L and
nNOS in the R side) should be interpreted as normal aging-evoked
disruption of regulatory mechanisms occurring between the two
hemispheres rather than a higher impairment of the L than R
hemisphere seen in very old animals (Krištofiková et al., 2010).

CHANGES IN NOGO-A-DEFICIENT RATS AND A VALIDITY OF THE
ANIMAL MODEL OF SCHIZOPHRENIA
If we compare our results with those obtained from the autoptic
brain tissue of patients with schizophrenia, we can observe that
neither young nor old Nogo-A-deficient rats displayed cortical
increases in NR2B expression and nNOS activity, especially the
latter in the R side, compared to age-matched controls. On the
other hand, some findings support a validity of this animal model
of schizophrenia.

Accelerated aging in young but not old Nogo-A-deficient rats
If we compare young Nogo-A-deficient rats with age-matched
controls, there is a significant increase in iNOS activity in the L
side (Table 2) and two significant correlation changes (Table 4,
the shifts from negative to positive correlations between NR1 in
the L and nNOS in the R side and between NR2A and eNOS in the
R side). Since these alterations in the cortical NMDAR–NOS path-
way of young Nogo-A-deficient rats are very similar to those of old
controls (despite the changes being only borderline significant in
old controls), the data could be interpreted as accelerated aging
of the young genetically modified animals. On the contrary, old
Nogo-A-deficient rats did not seem to be the model of accelerated
aging. First, we did not observe progressive changes in genetically
modified animals. For example, we did not find in old Nogo-A-
deficient rats the above-mentioned increase in iNOS in the L side
(Table 2) or the alterations in the NR1–nNOS and NR2A-eNOS
pathways (data not shown, p= 0.811 and 0.741, respectively). Sec-
ond, the significant changes observed in old Nogo-A-deficient rats
[i.e., the bilateral increases in NR1 (Table 1) and the shift from a
negative to positive correlation between eNOS and iNOS in the R
side (Table 4)] were opposite to those involved in normal aging.

It is well known that schizophrenia and Alzheimer disease are
both accompanied by progressive cognitive decline and that some
of the changes in brain biochemistry associated with synaptic func-
tions and apoptosis are very similar (Krištofiková et al., 2008; Tang
et al., 2009). For instance, the activities of NOS isoforms in the
hippocampi are increased in schizophrenia and Alzheimer dis-
ease; however, they are more marked in the R side of psychotic

patients and in the L side of people with dementia (Krištofiková
et al., 2008). The identical changes in the NMDAR–NOS pathway
occurring in the cortex of young Nogo-A-deficient rats and old
controls support the hypothesis that schizophrenia is a syndrome
of accelerated aging (e.g., Kirpatrick et al., 2008). On the other
hand, differences between young and old Nogo-A-deficient rats
agree well with studies reporting similar changes in the frontal cor-
tex of patients at early stages of schizophrenia and older controls,
but totally different changes in older psychotic patients at later
stages of the disease (Tang et al., 2009). Our data are also consistent
with non-progressive changes in the cortex in schizophrenia dur-
ing aging, showing that pathological processes occur in a relatively
limited period of time around the onset of illness (Kubota et al.,
2011). We believe that the simple age-dependent progression of
changes in the pathways related to synaptic functions or apoptosis
should be a characteristic sign of neurodegenerative Alzheimer dis-
ease, which incidentally is associated with Nogo-A overexpression
in senile plaques (Gil et al., 2006), but not of neurodevelopmen-
tal schizophrenia. Moreover, we postulate that evaluations of new
models of neurodevelopmental diseases should be performed in
early adolescent as well as late senescent animals to distinguish
among early and late developmental changes (see also Rapoport
et al., 2005).

Alterations in the NMDAR-NOS pathway occurring in the R
hemisphere
As previously described, the increases in nNOS/iNOS activity are
more marked in the R than L hippocampus of patients with
schizophrenia (Krištofiková et al., 2008). Although the data from
Nogo-A-deficient rats did not directly indicate more changes in
the NMDAR–NOS pathway in the R side [see the increase in iNOS
activity in the L side of young rats (Table 2) and the bilateral
elevation of NR1 expression in old rats (Table 1)], our corre-
lation analysis results focused attention on the R side (Table 4).
First, neither young nor old Nogo-A-deficient rats displayed signif-
icant changes exclusively in the L side. Second, we discovered three
statistically significant changes, one of which involved both hemi-
spheres (the shift from negative to positive correlation between
NR1 in the L and nNOS in the R side of young Nogo-A-deficient
rats, which could be interpreted as a disruption of the regulatory
mechanisms between the R and L sides in the NR1–nNOS pathway,
similar to that seen in normal aging) and the remaining two were
exclusively associated with the R side (the shifts from mildly neg-
ative to markedly positive correlations between NR2A and eNOS
in young animals and between eNOS and iNOS in old animals).
For a comparison, no corresponding changes were found in the L
side (data not shown, Rao test for young animals: p= 0.224, that
for old animals: p= 0.603).

With regard to the R hemisphere, data obtained from young
Nogo-A-deficient rats without marked changes in NR2A expres-
sion or eNOS activity could be interpreted as an increased coop-
eration between NR2A and eNOS. It is important to note that
NR2A overexpression has been found, e.g., in the prefrontal cor-
tex of rats reared in isolation, i.e., in animals exhibiting several
characteristics seen in schizophrenia (Turnock-Jones et al., 2009).
Data from old Nogo-A-deficient rats without pronounced changes
in eNOS and iNOS activities could be similarly interpreted as an
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increased cooperation between eNOS and iNOS. This is supported
by studies reporting a stimulation of iNOS transcription in vivo by
activated eNOS (Connelly et al., 2005). Our results thus indicate
the enhanced role of eNOS especially in the R cortex of young or
old Nogo-A-deficient rats.

Abnormal frontoparietal cortex interactions
It is well known that the frontoparietal cortical network for
rapid visual information processing requires working memory.
It is suggested that this network in the R side is specialized for
sustained attention and in the L side, for phonological loop com-
ponent of working memory. In patients with schizophrenia, data
suggest prefrontal-parietal functional disconnections, particularly
prefrontal dissociation and abnormal prefrontal–parietal corti-
cal interaction, during working memory processing (Kim et al.,
2003). In Nogo-A-deficient young and old rats, we did not find
changes in correlations among particular NMDAR subunits, sug-
gesting a possible prefrontal dissociation (Table 4). However,
significant alterations in correlations between NMDAR subunits

in the frontal cortex and NOS isoforms in the parietal cor-
tex could indicate abnormal frontoparietal interactions. After a
Bonferroni correction, there were two corresponding alterations
only in young Nogo-A-deficient rats (the shifts from negative
to positive correlations between NR1 in the L and nNOS in
the R side and between NR2A and eNOS in the R side, see
Table 4). Although we did not find similar significant changes
in old genetically modified animals, some results displayed bor-
derline significance here (e.g., correlations between NR1 in the
R side and iNOS laterality, between NR1 laterality and iNOS
in the R side and between NR1 laterality and iNOS lateral-
ity, see Table 4). Thus, possible abnormal frontoparietal cortex
interactions should not be excluded in young as well as old
Nogo-A-deficient rats.
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lík A and Řípová D (2013) N-methyl-D-
aspartate receptor – nitric oxide synthase
pathway in the cortex of Nogo-A-deficient
rats in relation to brain laterality and
schizophrenia. Front. Behav. Neurosci.
7:90. doi:10.3389/ fnbeh.2013.00090
Copyright © 2013 Krištofiková, Vrajová,
Šírová, Valeš , Petrásek, Schönig , Tews,
Schwab, Bartsch, Stuchlík and Řípová.
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Nogo-A is an important neurite growth-regulatory protein in the adult and developing ner-
vous system. Mice lacking Nogo-A, or rats with neuronal Nogo-A deficiency, exhibit behav-
ioral abnormalities such as impaired short-term memory, decreased pre-pulse inhibition,
and behavioral inflexibility. In the current study, we extended the behavioral profile of the
Nogo-A deficient rat line with respect to reward sensitivity and motivation, and determined
the concentrations of the monoamines dopamine and serotonin in the prefrontal cortex
(PFC), dorsal striatum (dSTR), and nucleus accumbens (NAcc). Using a limited access con-
sumption task, we found similar intake of a sweet condensed milk solution following ad libi-
tum or restricted feeding in wild-type and Nogo-A deficient rats, indicating normal reward
sensitivity and translation of hunger into feeding behavior. When tested for motivation in
a spontaneous progressive ratio task, Nogo-A deficient rats exhibited lower break points
and tended to have lower “highest completed ratios.” Further, under extinction conditions
responding ceased substantially earlier in these rats. Finally, in the PFC we found increased
tissue levels of serotonin, while dopamine was unaltered. Dopamine and serotonin lev-
els were also unaltered in the dSTR and the NAcc. In summary, these results suggest a
role for Nogo-A regulated processes in motivated behavior and related neurochemistry.
The behavioral pattern observed resembles aspects of the negative symptomatology of
schizophrenia.

Keywords: Nogo-A, reward sensitivity, anhedonia, motivation, avolition, schizophrenia, dopamine, serotonin

INTRODUCTION
Nogo-A is an important neurite growth-regulatory protein in
the developing and adult nervous system (Schwab, 2010). While
research originally focused on oligodendrocytic Nogo-A and its
role in injury and repair of fiber tracts in the CNS, the fact that
Nogo-A was found to be present also in neurons (Huber et al.,
2002) has risen interest in its involvement in the generation of
general behavior, as well. Indeed, in a wide-ranging analysis, Willi
et al. (2009, 2010) could demonstrate behavioral alterations in
Nogo-A knockout (Nogo-A−/−) mice.

Recently, Nogo-A deficiency could be established in the rat
species by using a transgenic, constitutively expressed artificial
microRNA leading to a 50% reduction of Nogo-A levels in neurons
(Tews et al., 2013). Similar to Nogo-A−/−mice, these Nogo-A defi-
cient rats exhibited a variety of behavioral deficits, such as reduced
pre-pulse inhibition of the acoustic startle response, behavioral
inflexibility, and impairments in short-term memory. In addition,
pronounced alterations in social behavior were found. Conduct-
ing basic research or preclinical studies in rats offer the advantage
that, for example, they more readily learn difficult cognitive behav-
ioral tasks and exhibit more complex social behaviors than mice
(Poole and Fish, 1975; McNamara et al., 1996; Costantini and
D’Amato, 2006; Cressant et al., 2007). Further, the rat Nogo-A
knockdown model uses the well-characterized Sprague Dawley
outbred strain and therefore offers increased translational value

compared to inbred mice, which is particularly important when
evaluating a possible role of neuronal growth regulation in psychi-
atric disorders (Tews et al., 2013). This latter point is of interest, as
the behavioral and structural phenotypes of Nogo-A−/− mice and
Nogo-A deficient rats make them potential tools to investigate the
pathology of schizophrenia (SCZ; Kristofikova et al., 2013; Willi
and Schwab, 2013).

Schizophrenia is a common and debilitating psychiatric disor-
der and believed to result from neurodevelopmental disturbances
(Keshavan et al., 2008; Tandon et al., 2008; Lewis and Sweet,
2009). Interestingly, neuronal Nogo-A is highly expressed particu-
larly during early neuronal development and down regulated later
during adulthood in most regions, except the hippocampus, sug-
gesting an important role in neuronal network formation (Huber
et al., 2002; Kempf and Schwab, 2013; Mironova and Giger, 2013).
In the current study, we aimed to investigate the consequences
of Nogo-A deficiency with respect to two important aspects of
the negative spectrum of SCZ symptoms, which have not yet been
explored in rats nor in mice: avolition, a decrease in the motivation
to take action and pursue goals, and anhedonia, the reduced abil-
ity to experience positive affect through reward (Tandon et al.,
2009). The negative symptoms of SCZ have been particularly
linked to genetic liability and neurodevelopmental disturbances
(Dominguez et al., 2010). Further, it has been described before that
interference with neuronal development by lesioning the neonatal
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brain can affect reward sensitivity (Le Pen et al., 2002) or motivated
behavior (Schneider and Koch, 2005).

Motivational states in rats can be made accessible to quantifica-
tion by the use of operant progressive ratio schedules introduced
by Hodos and colleagues (Hodos, 1961; Hodos and Kalman, 1963).
In this test, subjects need to exhibit progressively increasing effort
(more lever pressing) to gain a stable amount of reward; the oper-
ant demand at which reward-related responding ceases is termed
the “break point” and can serve as an index for reinforcer efficacy
or a rat’s motivational state (Barr and Phillips, 1998; Reilly, 1999;
Mobini et al., 2000). In the Nogo-A deficient rat, we employed
the spontaneous progressive ratio test (PR-Test) and addition-
ally assessed operant responding under extinction conditions, i.e.,
when rewards were completely omitted. Reward sensitivity was
investigated in a well-validated limited access consumption task for
sweet rewards (Enkel et al., 2010; Schneider et al., 2010). Finally, to
relate behavioral findings to underlying neurochemistry, we ana-
lyzed dopamine and serotonin (5-HT) content in brain regions
associated with reward processing, namely nucleus accumbens
(NAcc), dorsal striatum (dSTR), and prefrontal cortex (PFC).

MATERIALS AND METHODS
All experiments in this study were performed in accordance with
national and international ethical guidelines, conducted in com-
pliance with the German Animal Welfare Act and approved by the
local authorities (Regierungspräsidium Karlsruhe, Germany).

SUBJECTS
Male, heterozygous Nogo-A deficient rats (Nogo-A KD rats) of
the previously characterized and described transgenic line SD-
Tg(CAG-RNAi:Nogo-A,EGFP)2ZI (Tews et al., 2013; L2 rats) and
wild-type littermates (WT rats) were bred at the animal facil-
ities of the Central Institute of Mental Health, Mannheim. At
the beginning of the study they were 8 months old. They were
housed in groups of three to four animals per cage under con-
trolled conditions [22°C, 12 h light-dark cycle (lights-on at 7 a.m.),
constant humidity]. Throughout the experiments, water was avail-
able ad libitum and food was restricted to 20 g/rat/day. Each rats’
bodyweight was controlled continuously not to fall below 90%
of free-feeding weight. Experiments were performed during the
light phase between 09:00 and 12:00. Before the start of behavioral
assessments, all rats were handled for 5 min daily on five consecu-
tive days. For behavioral analysis, 18 rats were initially used but 1
rat from the WT group consumed neither the milk used as reward
in the experiments nor any other food outside its home cage and
it was therefore excluded from the study, resulting in the following
group sizes: Nogo-A KD: n= 9; WT: n= 8. Group sizes in neuro-
chemical experiments were: Nogo-A KD: n= 15; WT: n= 9; this
cohort consisted of randomly chosen animals from the current
study and age-matched animals used in a previous study (Tews
et al., 2013).

CONSUMPTION TEST
Prior to the consumption test sessions, rats were given free access to
the reward [a 25% solution of sweetened condensed milk (SCM),
Milchmaedchen, Nestle Germany] in their home cage to reduce
any neophagia. On the day preceding testing, rats were separated

in small cages (type 3) for 1 h. Testing for SCM intake took place
24 h later in these cages. After 5 min of habituation, rats had access
to a drinking bottle containing the SCM solution for 15 min. The
amount of liquid consumed was recorded for each rat by weighing
the bottle before and after 5 and 15 min of drinking time. Consume
was calculated in relation to the individual body weight. The test
was conducted twice, while rats were under the restricted feeding
schedule (i.e., in hungry rats) and following overnight ad libitum
feeding prior to the consumption test (i.e., in non-hungry rats).

OPERANT CONDITIONING PROCEDURES
All operant schedules were carried out in four identical rat oper-
ant training chambers (MedAssociates, Vermont, USA) controlled
by a computer running MedPC-IV software and custom-made
MedStat Notation code. During sessions, a fan provided constant
background noise; sessions always started with illumination of the
houselight, which remained on until the session was finished. On
the first 2 days, rats received 30 min session of magazine train-
ing (levers retracted) in which the dispenser used to deliver 60 µl
SCM was manually operated 10–15 times; at the end of the sec-
ond session all rats reliably drank from the food trough. Magazine
training was followed by acquisition of lever pressing under a con-
tinuous reinforcement schedule (fixed ratio 1). Each trial started
with extension of the response lever. Pressing the lever resulted in
its retraction and delivery of 60 µl of SCM; once a rat entered the
food trough to consume the reward, the lever was extended for
the next trial. Training continued with the so-called “lever access
training,” in which rats were required to nose poke into a newly
installed response device on the opposite wall of the lever to ini-
tiate lever extension. All training sessions ended after 30 min or
when 60 rewards had been earned (whatever occurred first). Once
all rats showed stable trial initiation and responding, the PR-Test
was performed. In a single session (fixed to 30 min duration) the
operant demand was progressively increased such that the num-
ber of lever presses required to receive a reward was raised by one
following each reward delivery (i.e., a dwell 1-step 1 sequence).
Following measures were taken: (1) the ratio in which a first inac-
tivity phase of 180 s occurred; this ratio was termed the “break
point,” (2) the highest completed ratio achieved within the 30-
min session, (3) the latencies to respond on the lever after insertion
(response latency), and (4) to consume the reward after delivery
(consume latency). Note that after a break point had occurred, a
rat was allowed to continue to press the lever for the whole 30 min
duration of the session (i.e., the“highest completed ratio”achieved
could be higher than or identical to the break point). One day after
the PR-Test, lever pressing was tested in a single session under
extinction conditions, i.e., all lever presses were unrewarded. To
control for activity changes during this session an additional lever
with no programed consequences was inserted into the chamber
and the numbers of lever presses on both levers were recorded.
Both levers were present throughout the session and therefore no
nose poking was required.

NEUROCHEMISTRY
After decapitation under carbon dioxide anesthesia brains were
removed, immediately frozen in isopentane, wrapped in alu-
minum foil, and stored at−80°. Using a cryotome (Leica, Nußloch,
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Germany), 120 µm thick frontal sections were cut and brain tissue
was dissected from the PFC (from+4.7 to+3.0 mm from Bregma;
including medial and orbitofrontal parts), dSTR (from +2.2 to
−1.7 mm from Bregma; caudate putamen), and NAcc (from+2.7
to +0.8 mm from Bregma, including NAcc core and shell sub-
regions) using punching needles; respective brain regions were
identified according to the Rat Brain Atlas by Paxinos and Wat-
son (2007). Frozen tissue samples were collected in polypropylene
tubes and stored at−80° until further processing.

For HPLC analysis samples were thawed, weighed, and imme-
diately homogenized in an extraction solution (0.1 M perchloric
acid, 1 mM EDTA) using a tissue homogenizer Mixer Mill (Qia-
gen, Hilden, Germany). Yielded solutions were subsequently cen-
trifuged at 15000× g for 10 min at 4°C. Cleared supernatants
were analyzed by a HPLC system consisting of a Triathlon
autosampler (Spark Holland B.V., Emmen, Netherlands), a Shi-
madzu LC-10 AD pump (Shimadzu Corporation, Kyoto, Japan), a
150 mm× 2.1 mm C18-Reprosil-AQ reverse phase column (3 µm
particle size; Dr. Maisch HPLC GmbH, Ammerbuch, Germany)
and a Decade II electrochemical detector (Antec Leyden, Zoeter-
woude, Netherlands). The mobile phase was 50 mM sodium cit-
rate, 2.4 mM sodium octyl sulfate, 0.1 mM EDTA, 10 mM NaCl,
and 22% methanol at pH 4.0. The temperature applied on the
system was 37°C. Tissue concentrations were determined by nor-
malizing the quantified amounts of respective neurotransmitters
and their metabolites to the corresponding weight of the individual
tissue sample.

STATISTICS
Sweetened condensed milk intake was analyzed using a three-
way repeated measure ANOVA with factors drinking time
(5/15 min)× feeding status (restricted/ad libitum)× genotype
(Nogo-A/WT) and post hoc paired t -Tests (two-tailed) where
appropriate. For operant behavior, lever press activity during
training sessions was analyzed as number of trials per minute
due to varying session lengths; for the PR-Test, data were ana-
lyzed as completed ratios (for example, a ratio of “12” required 12
lever presses to be completed); under extinction, the exact number
of lever presses made was taken for analysis. Behavioral parame-
ters and neurotransmitter content were compared using two-tailed
Student’s t -test or, in cases of unequal variances, Welch’s t -Test.
Calculations were done with SPSS statistical software (Version 21,
IBM Corporation). In all cases p-values of 5% or lower (p≤ 0.05)
were accepted as statistically significant.

RESULTS
REWARD SENSITIVITY
No significant differences were found between the groups of
rats regarding their bodyweight on the day before the first con-
sumption test (Nogo-A KD: 632g± 12; WT:648 g± 16; t 15= 0.79,
p= 0.45). Figure 1 shows the amount of SCM consumed after
5 or 15 min access to the drinking bottle under each feed-
ing status (restricted/ad libitum). There was no main effect
of the factor genotype (F 1,15= 0.85, p= 0.372) and none of
the other factors (feeding state or drinking time) interacted
with genotype (all p > 0.660), indicating that Nogo-A KD
rats consumed similar amounts compared to WT controls

FIGURE 1 | Reward sensitivity in Nogo-A deficient rats. There were no
differences in SCM intake between Nogo-A KD and WT rats under any
feeding condition or at any time point. Restricted feeding prior to the
consumption test resulted in higher SCM intake after 5 min (p < 0.001) and
15 min (p < 0.001). Data are expressed as means±SEM. WT: n=8, Nogo-A
KD: n=9. Asterisks (*) indicate statistically significant differences.

under each condition. Significant main effects were found
for feeding state (F 1,15= 158.78, p < 0.001) and drinking time
(F 1,15= 457.37, p < 0.001), and these two factors interacted sig-
nificantly (F 1,15= 113.71, p < 0.001); further inspection of the
data indicated that, after restricted feeding rats consumed more
total SCM in 15 min (t 16= 12.91, p < 0.001) and they also con-
sumed more SCM during the first 5 min of drinking time following
restricted compared to ad libitum feeding (t 16= 4.87, p < 0.001).

MOTIVATION
Acquisition of operant responding during the initial learning stage
(days 1–5), and the performance during the “lever access” stage
(days 6–8; nose poking required to access lever) was similar in
both strains (Figure 2A). Explicitly, a planned comparison of
the number of initiated trials during the last training session
before the PR-Test (Figure 2A, day 8) confirmed that there was
no statistically relevant difference between Nogo-A KD and WT
rats (Nogo-A KD: 2.3± 0.3 trials/min, WT: 2.9± 0.2 trials/min;
t 15= 1.56, p= 0.139). During the PR-Test (Figure 2B), Nogo-
A KD rats exhibited a significantly lower break point (Nogo-A
KD: 17± 2.8, WT: 24± 1.4; t 11.87= 2.19, p= 0.049) and, addi-
tionally, a tendency for a decreased “highest completed ratio” was
found in Nogo-A KD rats (Nogo-A KD: 18± 2.6, WT: 24± 1.2;
t 11.22= 1.87, p= 0.088). Further, response latencies were signifi-
cantly increased in Nogo-A KD rats compared to WTs (Nogo-A
KD: 6.7s± 1.1, WT: 3.4 s± 0.3; t 8.94= 3.04, p= 0.014), but con-
sumption latencies were similar between groups (Nogo-A KD:
2.8 s± 0.7, WT: 2.1 s± 0.4; t 11.78= 0.88, p= 0.398; Figure 2C).
Under the extinction schedule, i.e., when lever pressing was no
longer rewarded, responding ceased earlier in Nogo-A KD rats
than in WT rats (Figure 2D). While this was apparent for the pre-
viously rewarded lever (Nogo-A KD: 9.3± 1.5, WT: 17.3± 1.6;
t 15= 3.59, p= 0.003), this was not the case for the alterna-
tively available new lever (Nogo-A KD: 7.0± 2.1, WT: 9.4± 1.9;
t 15= 0.83, p= 0.419) on which rats from both groups made less
responses compared to the previously rewarded lever.
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FIGURE 2 | Motivational behavior in Nogo-A deficient rats.
(A) Nogo-A KD rats acquired operant responding similar to WT rats (days
1–5); additionally, there was no difference in baseline performance before
the PR-Test (during days 6–8, when nose poking was required to get
access to the lever). (B) In the PR-Test, Nogo-A KD rats had a
significantly lower break point (p=0.049) and tended to have a lower
“highest completed ratio” (p= 0.088). (C) Response latency was

increased in Nogo-A KD rats (p=0.014) while the latency to consume
the SCM was unaltered (p=0.398). (D) Performance under extinction
conditions. Nogo-A KD rats made significantly less lever presses than
WT rats on the trained lever (p=0.003). There was no difference for the
untrained lever (p=0.419). Data are expressed as means±SEM. WT:
n=8, Nogo-A KD: n=9. Asterisks (*) indicate statistically significant
differences, the number sign (#) indicates a trend.

NEUROCHEMISTRY
Concentrations of monoamine neurotransmitters and their
metabolites in tissue homogenates from PFC, dSTR, and
NAcc of Nogo-A KD and WT rats are shown in Table 1.
We found a highly significant 25% increase in 5-HT tis-
sue levels in the PFC (WT:1.37± 0.07 pmol/mg, Nogo-A:
1.71± 0.08 pmol/mg; t 22= 2.895, p= 0.008) while the metabo-
lite 5-Hydroxyindoleacetic acid (5-HIAA) was not altered. No
further significant alterations of DA or its metabolites 3,4-
dihydroxyphenylacetic acid (DOPAC) or homovanillic acid (HVA)
or of 5-HT or its metabolite 5-HIAA were detected in any other
brain region measured.

DISCUSSION
Deficiency of the Nogo-A protein,which is highly expressed during
neurodevelopment (Huber et al., 2002), has been associated with a
variety of behavioral abnormalities in adult rats (Tews et al., 2013).
Here, we extended the behavioral profile of Nogo-A deficient rats
with respect to reward sensitivity and motivation.

Consumption of a palatable SCM solution was taken as an indi-
cator for reward sensitivity. This test has been shown to be sensitive
to detect anhedonic states, for example, due to blockade of the opi-
oid system (Schneider et al., 2010) or due to stress in an animal
model of depression (Enkel et al., 2010). Intake after ad libitum
pre-feeding with lab chow assumingly reflects mainly the hedonic
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Table 1 | Brain tissue concentrations of monoamine neurotransmitters and their metabolites as well as monoamine turnover rates in WT and

Nogo-A KD rats.

Region Group DA

(pmol/mg)

DOPAC

(pmol/mg)

HVA

(pmol/mg)

DOPAC/DA HVA/DA 5-HT

(pmol/mg)

5-HIAA

(pmol/mg)

5-HIAA/5-HT

PFC WT 0.20±0.03 0.15±0.01 0.19±0.03 0.81±0.09 1.12±0.35 1.37±0.07 1.68±0.27 1.27±0.25

Nogo-A 0.17±0.02 0.13±0.01 0.23±0.02 1.25±0.33 2.03±0.50 1.72±0.08** 1.63±0.10 0.96±0.06

dSTR WT 45.88±4.34 10.23±1.04 2.50±0.28 0.24±0.03 0.06±0.01 1.51±0.21 2.40±0.23 1.66±0.11

Nogo-A 43.27±2.16 12.01±1.16 2.83±0.39 0.28±0.072 0.06±0.01 1.40±0.11 2.34±0.19 1.69±0.07

NAcc WT 15.36±2.23 6.28±1.21 1.56±0.36 0.41±0.06 0.10±0.02 1.49±0.26 2.03±0.31 1.44±0.21

Nogo-A 14.46±1.66 5.68±0.56 1.37±0.15 0.43±0.04 0.10±0.01 1.76±0.21 2.25±0.14 1.52±0.20

5-HT levels were significantly increased in the PFC.

Data are expressed as means±SEM. **p=0.008; WT: n=9, Nogo-A: n=15

component of the reward, whereas intake after restricted feeding
has an added component of hunger; indeed, when rats were hun-
gry SCM intake was higher and more rapid. Nevertheless, under
both conditions Nogo-A KD rats consumed similar amounts of
SCM compared to WT and also the time pattern of consumption
was similar, implying normal reward sensitivity and translation
of hunger into feeding behavior. Our data therefore show that
reduced levels of Nogo-A do not affect sensitivity to food rewards.
Of course, anhedonia in other domains, e.g., for social reward,
cannot be excluded.

Some studies interfering with neurodevelopmental processes
have reported unaltered reward sensitivity, but found motivational
deficits (Schneider and Koch, 2005). Correspondingly, Nogo-A
KD rats exhibited pronounced motivational deficits under a pro-
gressive ratio schedule of operant responding. They had a lower
break point, indicating that in these rats a “drop” in their moti-
vation to engage in effortful lever pressing occurred earlier, i.e., at
lower operant demands. Although some Nogo-A KD rats contin-
ued to press the lever after the break point had occurred, they
were not willing to invest similar amounts of effort to obtain
as much rewards as WT rats, as suggested by the tendency for
a decreased “highest completed ratio.” Importantly, inspection of
the time courses of responding verified that the 30-min session
duration did not pose time constraints on the animals; rather, ani-
mals from both groups were inactive during the last minutes of
the session. After initiating a trial by nose poking, Nogo-A KD
rats were slower to actually begin lever pressing but not to con-
sume the reward once achieved, supporting the interpretation of
a motivational deficit but normal reward sensitivity. Our results
are not likely to be confounded by impaired learning, since WT
and Nogo-A KD rats acquired lever pressing similarly and there
were no baseline performance differences between groups prior
to the PR-Test, or by decreased locomotor activity, since normal
explorative behavior has been shown for Nogo-A KD rats (Tews
et al., 2013).

From the current study, the functional origin of the moti-
vational deficit cannot be definitely concluded. Our data allow
excluding anhedonia as an explanation, given normal SCM con-
sumption and normal consumption latencies in the PR-Test, but
instead suggest disturbances in the instrumental phase of moti-
vated behavior. The latter refers to several processes required to

translate reward information into goal-directed behavior, such as
“wanting,” cost-benefit calculation and response initiation, which
are more difficult to disentangle (Salamone and Correa, 2012).
The fact that Nogo-A KD rats still initiated trials by nose pok-
ing to access the lever and performed lever pressing to a certain
extent suggests normal response initiation. Further, this also sug-
gests that the reward was still “wanted”and that a representation of
the reward could be used to motivate them to start a new trial. But
there are some hints that in Nogo-A KD rats either the represen-
tation of reward value itself or its use in cost/benefit calculations
could indeed be altered. Interesting in this respect is a comparison
of the performance in the PR-Test with the extinction session. In
both groups, lever pressing ceased earlier under extinction con-
ditions than in the PR-Test, but this effect was much stronger in
Nogo-A KD rats. The main difference between these sessions is
that during extinction any lever pressing is solely dependent on
a representation of the reward (since no rewards can be phys-
ically experienced), while during the PR-Test the action-reward
interval increases progressively and provides at least some hedo-
nic experience (some rewards are delivered). Importantly, on the
(never rewarded) control lever both groups made comparably
few responses excluding overall lower activity in Nogo-A KD rats
during extinction as an alternative explanation.

Our study also collected neurochemical data related to moti-
vational processes. Although, our analysis of tissue monoamine
levels under baseline conditions does not allow drawing sub-
stantial conclusions about direct functional relationships between
altered monoaminergic activity and behavior, these data neverthe-
less provide some indirect information on the processes potentially
contributing to the motivational deficit. Dopamine has been par-
ticularly linked to “wanting” and cost/benefit calculations (Sala-
mone et al., 2007; Salamone and Correa, 2012) and the fact that
we found no alterations in the dopaminergic transmitter system
was surprising, but appears to be in line with our above discussed
observation that Nogo-A KD rats were still wanting the reward. Of
particular interest is therefore the highly significant increase in pre-
frontal 5-HT levels in Nogo-A KD rats. Increased brain seroton-
ergic tone, due to deletion of the serotonin transporter or chronic
5-HT reuptake blockade, has been shown to decrease motivation
for natural rewards in mice (Sanders et al., 2007). Particularly
intriguing, increased serotonergic tone in the orbitofrontal areas
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of the PFC has been specifically associated with impaired ability
to use the value of expected outcomes to guide behavior (Nonkes
et al., 2010). This suggests that the motivational deficit in Nogo-A
KD rats could indeed be a consequence of the observed alter-
ations of 5-HT levels in the PFC. Brain microdialysis experiments
monitoring transmitter release in the behaving rat could provide
such correlative information. Alternatively, alterations in transmit-
ter systems other than the dopaminergic or serotonergic systems
could of course contribute to the motivational deficit. For exam-
ple, the glutamatergic and GABAergic systems, which could not
be measured in this study, have also been linked to motivational
processes (Faure et al., 2010).

The findings of this study are of considerable interest given that
reward-related disturbances are clinical features of many psychi-
atric disorders (Brown and Pluck, 2000), e.g., of the negative symp-
toms of SCZ which have been particularly linked to genetic liabil-
ity and neurodevelopmental disturbances (Tandon et al., 2009;
Dominguez et al., 2010). In our study Nogo-A KD rats did not
show deficits in reward sensitivity; although anhedonia – which is
defined as the decreased capacity to experience pleasure – has long
been considered a symptom in SCZ, more recent research supports
the idea that hedonic processing itself is indeed normal in patients
but that cognitive deficits instead lead to negatively biased self-
report about hedonic experience (Strauss and Gold, 2012). More
important in this respect is that the motivational deficit in Nogo-A
KD rats resembles avolition, which is defined as a lack in the moti-
vation to pursue goals. Avolition is commonly seen in patients
with SCZ and has always been considered a core negative symp-
tom (Tandon et al., 2009; Messinger et al., 2011). Furthermore,
an increase in serotonergic neurotransmission is suggested to be
present in schizophrenic patients (Ngan et al., 2000; Dean, 2003).
Our current results are therefore in line with earlier reports link-
ing the behavioral phenotype of Nogo-A deficient rats (Tews et al.,
2013), or of Nogo-A−/− mice (Willi et al., 2010), to a variety of
schizophrenic symptoms.

The fact that the rats used in the current study and by Tews
et al. (2013) were deficient of Nogo-A in neurons, but not in
oligodendrocytes, allows an interesting comparison with earlier
work in mice which bear the Nogo-A knockout in both cell types
(Willi et al., 2010). Similar to these mice, Nogo-A KD rats exhibit
behavioral deficits such as reduced pre-pulse inhibition of the
acoustic startle response, behavioral inflexibility, impairments in
short-term memory and impairments in management of reference
frames (Tews et al., 2013; Petrasek et al., 2014). Additionally, they
show the motivational deficits demonstrated in the current study.
Given the cell-type specific temporal expression profile of Nogo-
A, with high expression of Nogo-A in neurons mainly during early
development and high expression in oligodendrocytes mainly in
the postnatal nervous system, the behavioral deficits observed
in the Nogo-A deficiency rat model and the Nogo-A−/− mouse
model appear to be largely the consequences of disturbed brain
developmental processes following Nogo-A deficiency particu-
larly in neurons. Indeed, Nogo-A has been shown to be critically
involved in early cortical development and neuronal maturation
(Mingorance-Le Meur et al., 2007). This is intriguing since SCZ
is considered to be a disorder of abnormal neurodevelopment
(Lewis and Sweet, 2009). Notably, we found some clear differences

between Nogo-A KD rats and Nogo-A−/− mice regarding alter-
ations in neurotransmission: in contrast to rats, Nogo-A−/− mice
had reduced tissue levels of DA and its metabolites DOPAC and
HVA in the dSTR. Additionally, no reductions in tissue levels of
5-HT were found (Willi et al., 2010). Whether these differences to
rats are related to the additional lack of oligodendrocytic Nogo-A
in mice is unclear. Yet, since oligodendrocytic Nogo-A is crucial
for myelination, which continues postnatally, ongoing perturba-
tions in neuronal development might lead to the differential out-
come in Nogo-A KD rats and Nogo-A−/− mice. Alternatively, in
Nogo-A−/− mice compensatory upregulation of Nogo-B has been
reported (Willi et al., 2010), an effect not present in Nogo-A defi-
cient rats (Tews et al., 2013). More research is needed to determine
possible differential contributions of neuronal or oligodendro-
cytic Nogo-A to the behavioral and neurochemical phenotypes
observed. The Nogo-A deficiency rat model nevertheless provides
a promising tool to complement the Nogo-A−/− mouse model to
further elucidate the role of Nogo-A in neuropsychiatric disorders
like SCZ.
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Nogo-A-deficient transgenic rats show deficits in highe
cognitive functions, decreased anxiety, and altered
circadian activity patterns
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Decreased levels of Nogo-A-dependent signaling have been shown to affect behavior and
cognitive functions. In Nogo-A knockout and knockdown laboratory rodents, behavioral
alterations were observed, possibly corresponding with human neuropsychiatric diseases
of neurodevelopmental origin, particularly schizophrenia. This study offers further insight
into behavioral manifestations of Nogo-A knockdown in laboratory rats, focusing on spa-
tial and non-spatial cognition, anxiety levels, circadian rhythmicity, and activity patterns.
Demonstrated is an impairment of cognitive functions and behavioral flexibility in a spatial
active avoidance task, while non-spatial memory in a step-through avoidance task was
spared. No signs of anhedonia, typical for schizophrenic patients, were observed in the
animals. Some measures indicated lower anxiety levels in the Nogo-A-deficient group. Cir-
cadian rhythmicity in locomotor activity was preserved in the Nogo-A knockout rats and
their circadian period (tau) did not differ from controls. However, daily activity patterns
were slightly altered in the knockdown animals. We conclude that a reduction of Nogo-A
levels induces changes in CNS development, manifested as subtle alterations in cognitive
functions, emotionality, and activity patterns.

Keywords: Nogo-A, AAPA, Carousel maze, passive avoidance, neophobia, anhedonia, circadian rhythmicity

INTRODUCTION
The protein Nogo-A, belonging to the Reticulon family of pro-
teins, is an important member of the class of myelin-associated
inhibitors of axonal growth. It is present principally in the oligo-
dendrocytes, but is expressed by some neuron subpopulations as
well. When exposed in the cellular membrane, the Nogo-A mole-
cule acts via two principal receptors, Nogo-66 receptor (NgR) and
paired immunoglobulin-like receptor B (PirB) (see Schwab, 2010
for review).

The Nogo-A is widely recognized for its relevance in various
physiological and pathological processes. The protein was origi-
nally noted as an inhibitor blocking axonal regrowth and plasticity
after CNS injuries (Chen et al., 2000; GrandPré et al., 2000; Schwab,
2004). Subsequently, the Nogo-A-dependent signaling has shown
to be crucial in the development and migration of neurons (Min-
gorance et al., 2004; Mingorance-Le Meur et al., 2007) and glial
cells (Pernet et al., 2008; Chong et al., 2012). In the adult brain,
Nogo-A (especially the neuronal Nogo-A) contributes to the mod-
ulation of neuronal and synaptic plasticity (Akbik et al., 2012;

Pernet and Schwab, 2012) and adult neurogenesis (Rolando et al.,
2012).

It is therefore not surprising that the disruption of a Nogo sig-
naling pathway in the developing brain has been suggested to play
a role in neuropsychiatric diseases of neurodevelopmental ori-
gin, most notably schizophrenia and bipolar disorder (Willi and
Schwab, 2013). This view is corroborated by a reported genetic
linkage between chromosomal loci for the Nogo-A or its receptor
and susceptibility to schizophrenia (Novak et al., 2002; Sinibaldi
et al., 2004; Tan et al., 2005; Hsu et al., 2007; Budel et al., 2008;
Voineskos, 2009; Jitoku et al., 2011). Schizophrenia is character-
ized by abnormal development and function of the hippocampus
(Harrison, 2004). The hippocampus is a prime example of a
structure exhibiting a high degree of neuronal and synaptic plas-
ticity, as well as the neuronal expression of Nogo-A persisting
well into adulthood. Therefore, it should be particularly liable to
pathophysiological processes disrupting Nogo-A-dependent sig-
naling, or corresponding experimental manipulations. The study
was aimed to elucidate the behavioral effects of decreased Nogo-A
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expression on behavior, with a focus on hippocampal function and
schizophrenia-like endophenotypes. We took advantage of a novel
animal model, a Nogo-A knockdown rat exhibiting decreased
expression of the Nogo-A protein in the brain tissue, most notably
in neurons (Tews et al., 2013).

Apart from other places in the brain, Nogo-A has been found
to be expressed in subsets of neurons of the retina (Huber et al.,
2002; Wang et al., 2002; Hunt et al., 2003), which is a part of
the internal time keeping circadian system (for review, see Meijer
and Schwartz, 2003). Moreover, the function of the central cir-
cadian clock, located in the suprachiasmatic nuclei (SCN) of the
hypothalamus, is modulated by neuronal connections with other
brain areas including the hippocampus (Canteras and Swanson,
1992), and, vice versa, the circadian clock can affect hippocam-
pal functions such as long-term memory formation (Stephan and
Kovacevic, 1978; Tapp and Holloway, 1981). Therefore, we also
focused on an analysis of basic circadian properties of the central
clock in the SCN of Nogo-A knockdown rats, using daily rhythm
in locomotor activity as a direct output of the clock.

We hypothesized that the animals should exhibit impair-
ment in the active place avoidance task on the Carousel maze,
which is highly sensitive in impairments of hippocampal function
(Cimadevilla et al., 2001), and has been successfully employed
in evaluation of animal models of schizophrenia (Stuchlik et al.,
2004; Vales et al., 2006; Bubenikova-Valesova et al., 2008a). We also
expect abnormal rhythmicity patterns resulting from changes in
the circadian systems.

MATERIALS AND METHODS
TRANSGENIC MODEL
The transgenic rat model was prepared in the Central Institute
of Mental Health (CIMH, Mannheim, Germany), in cooperation
with Martin Schwab from the Brain Research Institute, Univer-
sity of Zurich and Department of Health Science and Technology,
Swiss Federal Institute of Technology (ETH) Zurich, on the genetic
background of the Sprague-Dawley rat. The particular transgenic
line used in this study is designated as SD-Tg(CAG-RNAi: Nogo-A,
EGFP)L2ZI, short L2; standing for line 2, and is of outbred genetic
background. The parental subjects were obtained from Charles
River, Germany.

The expression of Nogo-A was suppressed by means of the
insertion of a genetic construct expressing a small interfering RNA,
complementary to Nogo-A mRNA (targeting Nogo-A-specific
exon 3 of Rtn4), binding to it with a high affinity and therefore
preventing translation. Because the blockade is not total, the levels
of neuronal Nogo-A were reduced to about 50% in the CNS as a
whole, 30% in the cerebral cortex, and 60% in the hippocampus.
Nogo-A levels in the oligodendrocytes were affected to a lesser
extent relative to neurons (Tews et al., 2013).

The knockdown manifests itself on the cellular level by
increased long-term potentiation, and leads to behavioral
abnormalities as well (Tews et al., 2013). This resembles the
schizophrenia-like behavior noted previously in knockout mice
(Willi et al., 2010). Subtle cognitive deficit has been described in
Petrasek et al. (2014). The distribution pattern of biochemical
markers in the brains of the transgenic rats also paralleled some
changes observed in human schizophrenic patients (Krištofiková
et al., 2013).

ANIMALS
Male Nogo-A knockdown rats from two different litters and non-
littermate, age-matched, and wild-type (WT) Sprague-Dawley
controls obtained from the breeding colony of the CIMH,
Mannheim, Germany, were used. After arrival at the Institute of
Physiology, an appropriate acclimatization period (1 month) fol-
lowed before the start of experimental procedures, and all the
animals were accustomed to the experimenters during 1 week of
daily handling. The rats were housed in groups of two or three
in an air-conditioned animal room, with free access to food and
water. The animals were kept on 12/12 light–dark cycle, and the
experiments were performed during the light phase. The rats were
5 months old when the testing started (Carousel maze) and about
8 months old when sacrificed, their weights were between 540
and 750 g. For time schedule of the behavioral experiments, see
Table 1.

The original group included nine Nogo-A knockdown and nine
control animals, however, some individuals died before the com-
pletion of the experiments, therefore the group size was dimin-
ished in neophobia/anhedonia (eight Nogo-A knockdown rats
and nine controls) and circadian rhythmicity tests (five Nogo-A
knockdown rats and eight controls).

All animal experimentation complied with the Animal Pro-
tection Code of the Czech Republic and international guidelines
including EU directives (2010/63/EC).

RNA ISOLATION AND REAL-TIME qRT-PCR
After completion of behavioral experiments, the rats were sac-
rificed by cervical dislocation, and hippocampal and cerebel-
lar samples were removed and stored in RNA Later (Sigma,
USA) at −80°C until processed. Total RNA was extracted by
homogenization from the cerebellum, left and right hippocam-
pus of five Nogo-A knockdown and eight control rats and sub-
sequently purified using the RNeasy Mini kit (Qiagen, USA)
according to the manufacturer’s instructions. RNA concentra-
tions were determined by spectrophotometry at 260 nm, and the
RNA quality was assessed by electrophoresis on a 1.5% agarose
gel. Moreover, the integrity of randomly selected samples of
total RNA was tested using an Agilent 2100 Bioanalyzer (Agilent
Technologies, USA).

The qRT-PCR method used to detect Nogo-A mRNA has been
described previously (Sládek et al., 2007). Briefly, 1 µg of total
RNA was reverse transcribed using the SuperScript VILO cDNA
synthesis kit (Life Technologies, USA) with random primers. The
resulting cDNAs were used as templates for qRT-PCR. Diluted
cDNA was amplified on LightCycler 480 (Roche, Switzerland)
using the Express SYBR GreenER qPCR SuperMix (Life Technolo-
gies, USA) and the corresponding primers for Nogo-A (forward 5′-
CAG TGG ATG AGA CCC TTT TTG-3′, reverse 5′-GCT GCT CCA
TCA AAT CCA TAA-3′) or GFP (forward 5′-CAA CAG CCA CAA
CGT CTA TAT CAT-3′, reverse 5′-ATG TTG TGG CGG ATC TTG
AAG-3′). Relative quantification was achieved using a standard
curve and subsequently normalizing the gene expression to β2-
microglobulin (B2M, forward 5′-TCT CAC TGA CCG GCC TGT
ATG CTA TC-3′, reverse 5′-AAT GTG AGG CGG GTG GAA CTG
TG-3′), which has been used as a housekeeping gene previously
(Sládek et al., 2007). Its expression was stable throughout the day
and did not vary among the analyzed tissues.
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Table 1 |Time schedule of behavioral experiments.

Age

(months)
5.3 5.5 5.7 5.9 6.1 6.3 6.5 6.7 6.9 7.1 7.3 7.5 7.7 7.9 7.9 8.0

Weeks 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Task Carousel maze Step-through

avoidance

Beam

walking

Neophobia/

anhedonia

Circadian rhythmicity Sacrifice

Habit-

uation

Acqui-

sition

Retri-

eval

Rever-

sal

Habi-

tuation

Acqui-

sition

Test 12/12 LD cycle Constant darkness

Number

of daily

sessions

5 5 1 5 2 1 1 1 2 29 16

PROTEIN ISOLATION AND WESTERN BLOT
Samples of the left hippocampus (50–100 mg) from five Nogo-
A knockdown and three control animals were homogenized in
1 ml of CelLytic MT extraction reagent (Sigma, USA) according
to the manufacturer’s protocol. Protein concentration was deter-
mined by Bradford assay (Thermo Scientific, USA). All reagents
for Western blot were purchased from Life Technologies, USA,
unless stated otherwise. The hippocampal homogenate (21 µg
of total protein) was mixed with a NuPAGE LDS Sample buffer
and Sample reducing reagent, denatured at 70°C for 10 min, and
separated with a protein ladder on a NuPAGE Tris–Acetate pre-
made gel according to the manufacturer’s instructions using a
NuPAGE running buffer with an antioxidant. The protein was
transferred by electro-blotting in a NuPAGE transfer buffer with
10% methanol onto a nitrocellulose membrane according to the
manufacturer’s instructions. The membrane was blocked in a
Western Blocker solution (Sigma, USA) for 1 h and then incu-
bated with a primary antibody against Nogo-A H300 (Santa Cruz,
USA) diluted 1:2000 in a Western Blocker overnight at 4°C on
a rocker. The membrane was then washed five times for 5 min
in TBST (2.42 g Tris–HCl, 8 g NaCl, 1 ml Tween 20 in 1000 ml
of redistilled water, pH 7.6) and incubated with a secondary
anti-rabbit HRP-conjugated antibody (Promega, USA) diluted
1:40,000 in a Western Blocker at room temperature (RT) for
1 h on a rocker. The membrane was then washed 5× in TBST,
incubated with a SuperSignal West Pico Chemiluminescent sub-
strate (Pierce, USA), and immunoreactive bands were detected
after 45-s exposure using a cooled camera system. The membrane
was subsequently incubated for 30 min at 50°C in a stripping
buffer (31.25 ml of 1 M Tris–HCl, 10 g SDS, 3.5 ml of 100 mM
2-Mercaptoethanol in 500 ml of redistilled water), washed 5×
in TBST, blocked in a Western Blocker for 1 h, incubated with
an anti-actin 20–33 antibody (Sigma, USA) 1:350 in a Western
Blocker for 1 h at RT, washed 5× in TBST, incubated with a
secondary anti-rabbit HRP-conjugated antibody (Promega, USA)
diluted 1:20,000 in a Western Blocker at RT for 1 h, washed 5×
in TBST, incubated with a West Pico substrate, and exposed for
3 s. Photographs of the blots were imported into ImageJ (NIH,
USA) software, where the optical density of individual lanes
of detected Nogo-A protein was quantified relative to the actin
internal standard.

BEHAVIORAL TESTS
Carousel maze
The Carousel maze (for detailed description, see Stuchlik, 2007)
consisted of a smooth featureless metallic circular arena (82 cm
in diameter), enclosed by a 30-cm high transparent Plexiglas wall,
and elevated 1 m above the floor of a 4 m× 5 m room containing
an abundance of extra-maze cues. The behavior of the animals was
recorded by a computer-based tracking system (Tracker, Biosignal
Group, USA).

The active allothetic place avoidance (AAPA) task in the
Carousel maze was employed, where the animals learned to avoid
an unmarked sector, entrances into which were punished by mild
electric shocks. The shock lasted 0.5 s, and was repeated after 1.5 s
if the animal did not leave the sector. The intensity of current was
individually adjusted for each rat to elicit escape reaction, ranging
between 0.4 and 0.7 mA (50 Hz). There were no systematic differ-
ences in the shock levels between groups. The sector position was
fixed in the reference frame of the room, so that the animals had to
rely on extra-maze cues. Intra-maze cues (e.g., scent marks) were
made unreliable by rotation of the arena, and the animals had to
ignore these to solve the task. They also had to actively avoid the
sector position, not to be transported there by movement of the
arena.

The rats (tested at the age of 5–6 months) were trained during
the light phase of the day, between 9:00 and 16:00 hours. Each daily
session lasted for 20 min. The training consisted of three phases,
each lasting 5 days: habituation (exploration of the whole appa-
ratus without punishment), avoidance learning (acquisition), and
training with a changed sector position (reversal). A single 5-min
retrieval session (without shocks) was scheduled 24 h after the end
of the acquisition phase, before onset of reversal training. No food
deprivation or pellet chasing was involved.

To master this task, the animals need navigation skills and spa-
tial memory to locate the to-be-avoided sector (which is directly
imperceptible), as well as the ability to separate the landmarks
into coherent representations and choose the relevant one. Sepa-
ration of spatial frames has been suggested as an animal model of
cognitive coordination (Wesierska et al., 2005), which is impaired
in schizophrenic patients (Phillips and Silverstein, 2003), making
the AAPA task very important in the study of animal models of
schizophrenia.
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Petrasek et al. Behavior of Nogo-A knockdown rats

This paradigm was similar, but simpler than the testing battery
described in Petrasek et al. (2014), and was chosen for easier com-
parison with a large body of experimental results gained with the
AAPA task.

Step-through avoidance
In this experiment, the same group of rats was used as in the
Carousel maze experiment (7–8 months old during testing), with
n= 9 for Nogo-A knockdown rats and n= 9 for controls. The step-
through avoidance took place in an apparatus consisting of two
compartments, one of which was open and brightly lit (1500 lx),
while the second remained dark (<10 lx). Rats have a natural ten-
dency to prefer the dark environment to the light, so they usually
left the light compartment, where they were initially placed, and
entered the dark half of the apparatus. After the entrance, the
door between the compartments was always shut. The latency to
step-through the door between compartments was recorded. Dur-
ing the two habituation trials, the entrance was neither rewarded
nor punished. In the third, acquisition trial, however, a foot-shock
(1.5 mA) was applied after entrance into the dark compartment.
Individuals failing to enter the dark compartment altogether on
this trial (lasting 5 min) were excluded from the experiment.
After a 24-h delay, a testing session followed, during which the
rats were exposed to the environment again. Increased latency to
enter the dark compartment reflected memory from the previous
experience.

Neophobia/anhedonia
The same group of rats was used in this experiment as in the
previous ones, with n= 8 for Nogo-A knockdown rats and n= 9
for controls. Each rat, deprived of drinking water and food for
22 h, was put into a box containing two drinking bottles. One
of them contained drinking water and the other was filled with
saccharin solution (concentration 0.2%). After 60 min, the ses-
sion was terminated and both bottles weighed to measure the
amount of pure and sweetened water consumed. After this initial
experience, the session was repeated after 24 h. The first session
should elicit a conflict between preference for the sweet taste and
the avoidance of the unfamiliar (neophobia), as the rats had never
tasted saccharin before. In the second session, the rats were already
familiar with the saccharin solution, and the amount consumed
should reflect their taste preference. Failure to prefer the sweet
taste could be taken as a sign of anhedonia, inability to enjoy
a pleasant experience, observed in schizophrenia and depression
(Pelizza and Ferrari, 2009) or in their animal models (Le Pen et al.,
2002).

Beam walking test
The beam walking test was used to assess motor coordination of
the same group of rats. The test requires a subject to cross a 2-
m-long wooden beam that leads to a home-cage. Latency to reach
the home-cage and number of slips and falls are measured to
assess motor coordination. The results were already described in
a different publication (Petrasek et al., 2014); therefore, we will
not report them in detail in the present paper. Briefly, we did
not find any difference between groups in any of the measured
parameters.

MONITORING OF CIRCADIAN LOCOMOTOR ACTIVITY
Nogo-A knockdown and WT Sprague-Dawley rats were kept in
a 12-h of light and 12 h of darkness cycle (LD12:12) with free
access to food and water for 29 days and then in constant darkness
(DD) for 16 days. The rats were monitored for spontaneous activ-
ity during the entire protocol. To monitor locomotor activity, rats
of both genotypes were kept individually in cages equipped with
infrared movement detectors that were attached above the center
of the cage top. A circadian activity monitoring system (Dr. H.
M. Cooper, INSERM, France) was used to measure activity every
minute, and double-plotted actograms were generated to evaluate
the activity. The resulting data were analyzed using the ClockLab
toolbox (Actimetrics, USA).

MEASURED PARAMETERS AND STATISTICAL DESIGN
mRNA and protein levels
The differences in mRNA and protein levels between both rat
genotypes were evaluated by a Student’s t -test.

Carousel maze
The Carousel maze performance was evaluated using the track
analysis program CM Manager 0.3.5 (Bahnik, 2013). Several
behavioral measures were assessed. Total distance measured over-
all path traveled by a rat during a session, and was computed as a
sum of linear distances between points selected every 1 s. Total dis-
tance can suggest deficits in locomotion or reveal rats that did not
actively leave the to-be-avoided sector. Maximum time avoided was
defined as the longest continuous time interval spent without an
entrance into the to-be-avoided sector and was used as a measure
of avoidance ability. Mean distance from the center of the arena
was used as a measure of thigmotaxis. Defecation was assessed
by counting the number of feces left on the arena floor after
each session, serving as an additional measure of anxiety level. All
these measures were used for analysis of performance during the
acquisition and reversal phases. Furthermore, total distance, mean
distance from the center, and defecation were used to assess loco-
motion, thigmotaxis, and anxiety during the habituation phase.
Additionally, the proportion of time spent in the opposite sector was
used to distinguish different behavioral strategies by assessing the
time spent in the sector located 180° from the to-be-avoided sec-
tor. This measure was computed as a proportion of time spent in
the opposite sector to the total time not spent in the to-be-avoided
sector. We did not include time spent in the to-be-avoided sector
in the denominator, otherwise the measure would be dependent
on the avoidance ability. This measure was introduced for evalu-
ating the reversal phase of the experiment, because the opposite
sector during the reversal phase was in the same place as the to-
be-avoided sector during the acquisition phase (the width of both
sectors was the same, i.e., 60°). This measure was used to evalu-
ate perseverance, which was observed in Nogo-A knockdown rats
(and knockout mice) in some previous studies.

The parameters for acquisition and reversal phases were aver-
aged across sessions before analysis. This was done because some
values (approximately 0.6%) were missing for various reasons
(e.g., tracking problems). Computing the averages enabled us to
include all rats in the analysis. Before the averaging, we standard-
ized values for each session. This was done because performance
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changed during subsequent days, and therefore the averages would
be otherwise dependent on days when rats had missing values. To
simplify comparison between phases, the averages were standard-
ized again. Thus, we obtained one value for each rat for each of
the two phases and every parameter. All parameters were then
analyzed with mixed analysis of variance (ANOVA) with group
(Nogo-A knockdown or control) as a between-subject factor and
phase (acquisition and reversal) and as a within-subject factor.
Since the mean value of all subjects for both phases was always
zero due to the final standardization, the phase factor was included
only to test for the interaction of group and phase factors (we used
a similar analysis previously, Prokopova et al., 2012; Petrasek et al.,
2014). Analyses for the habituation phase and for proportion of
time spent in the opposite sector in the reversal phase were done
in a similar manner, but the group comparisons were done with a
Welch’s t -test. Correlations between used parameters are displayed
in Table 2.

As it is shown in the results, three rats from the control group
exhibited prolonged periods of immobility during the testing ses-
sions and were not able to learn avoidance of the to-be-avoided
sector. Therefore, we describe two analyses – one included all sub-
jects from both groups, and the other excluded the three rats that
were not able to learn the avoidance along with three rats from
Nogo-A knockdown group that had the worst performance as
determined by mean maximum time avoided from both phases
(exclusion of these subjects had to be done, otherwise a possible
difference between groups could have been explained by a selective
exclusion of subjects from control group). Because the perfor-
mance of immobile rats is not related to their cognitive abilities in
any way, we believe that the analysis with exclusion of those sub-
jects may better reveal differences between the two groups. The
exclusion was not necessary for the habituation phase because no
avoidance was needed during this phase. Note that after the exclu-
sion, it was no longer true that the means for both phases had to be
equal to zero, however, the phase factor would assess only in which
phase were the excluded subjects relatively better, and therefore it
was of no interest and its analysis is not reported in the Section
“Results.”

Since values for three subjects were missing for retrieval phase
and two other rats did not learn to avoid the to-be-avoided sector
(as described above and in the Results), we did not perform any
analysis for the retrieval phase. The number of subjects with valid
values was low, and hence the low resulting statistical power would
not enable us to find any effect other than extreme, which we did
not expect.

All analyses were done with an R version 3.0.1 (R Core Team,
2013), which is also true for the step-through avoidance and neo-
phobia/anhedonia tasks. Effect sizes are reported with generalized
eta squared (Bakeman, 2005) or with a correlation coefficient.

Step-through avoidance
For the comparison of time it took subjects to move into the dark
compartment during habituation and acquisition trials, we used
a mixed ANOVA where group (Nogo-A knockdown or control)
served as a between-subject factor and trial (two habituation tri-
als and an acquisition trial were ordered and analyzed together)
served as a within-subject factor. Polynomial contrasts were used

for the trial factor. Because all but one subject remained in the
light compartment during the entire testing session, the analysis
was not deemed necessary for the testing session.

Neophobia/anhedonia
To compare the amount of saccharin consumed by both groups,
we used a mixed ANOVA with group (Nogo-A knockdown or con-
trol) as a between-subject factor and session as a within-subject
factor. Since the total amount of liquid consumed by both groups
somewhat differed, we used a ratio of consumed saccharin solution
to total amount of liquid consumed as a dependent variable.

Circadian rhythmicity
The differences in locomotor activity (i.e., the values of the total
24 h-activity and activity/rest ratio) between both rat genotypes
were evaluated by a Student’s t -test, while difference in period
was analyzed by the Mann–Whitney test. The analysis was done in
Prism 6 software (Graphpad, USA).

RESULTS
CONFIRMATION OF Nogo-A KNOCKDOWN GENOTYPE
The relative expression levels of Nogo-A were compared in the
hippocampus and cerebellum of Nogo-A knockdown rats and
Sprague-Dawley controls (Figure 1). In both tissues, the levels of
Nogo-A mRNA were significantly reduced in the Nogo-A knock-
down rats compared with controls [hippocampus t (22)= 3.52,
p= 0.002, r = 0.60; cerebellum t (10)= 2.90, p= 0.02, r = 0.68;
Student’s t -test]. The reduction was by about 40.9± 7.5%
(mean± SEM) in the hippocampus and 43.6± 17.5% in the cere-
bellum. Apart from mRNA, protein levels were also compared
in the hippocampus of the Nogo-A knockdown and WT rats
(Figure 1). The Nogo-A protein levels were significantly reduced in
Nogo-A knockdown compared with WT rats by about 22.1± 5.5%
[t (6)= 2.83, p= 0.03, r = 0.76; Student’s t -test].

CAROUSEL MAZE
Visual observation showed normal behavior during the habitua-
tion phase and rapid acquisition of the task in the majority of the
rats. Three individuals from the control group, however, exhibited
marked immobility during avoidance sessions. We assume that
these animals adopted passive behavior (freezing) instead of an
active approach (escape) as a reaction to the aversive nature of the
task. Active locomotion is a basic prerequisite for the successful
mastering of this task, therefore, the animals exhibiting freezing
as the dominant strategy were excluded as “non-solvers” along
with three other rats from the Nogo-A knockdown group for the
reasons explained in the Section “Measured Parameters and Sta-
tistical Design.” The visual observation was supported by values of
the non-solvers for total distance parameter. We computed stan-
dardized averages of total distance for each rat for acquisition and
reversal sessions as described in the Section “Measured Parameters
and Statistical Design.” We then averaged these values and stan-
dardized them again. The three rats displaying freezing behavior
had z-scores for the resultant total distance parameter−2.7,−1.9,
and −1.2 while all other rats had values in a range from −0.4 to
1.0 (values for total distance are shown in Figure 2A). Addition-
ally, the freezing behavior can be seen in the subject’s response
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FIGURE 1 | Nogo-A mRNA and protein expression in Nogo-A
knockdown rats (designated KD) and wild-type (WT) controls.
(A) Relative levels of Nogo-A mRNA in the hippocampus (n=14 for WT,
n=10 for KD) and cerebellum (n=7 for WT, n=5 for KD) of wild-type
(black) and knockdown (white) animals. (B) Relative levels of Nogo-A
protein in the hippocampus of wild-type (black) and knockdown (white)
animals. The graph shows mean optical density of Nogo-A normalized to
actin of three WT and five KD animals.

to obtaining a shock. We used the median absolute speed after
shock to assess this response. This parameter is computed as a
median of angular speed during 1 s following a shock. Since sub-
jects can move outside of the sector both by moving with or against
the direction of rotation of the arena, we used absolute speeds to
assess whether administration of a shock elicited a response. While
all other rats showed some active response (mean median absolute
speed after shock higher than 8°/s), the three non-solvers displayed
no such behavior (mean median absolute speed after shock lower
than 2°/s).

Results for total distance from the habituation phase showed
a significant difference between the two groups, t (14.93)= 2.37,
p= 0.03, r = 0.51, with the control group having a lower total
distance than the Nogo-A knockdown group. Additionally, there
was a significant difference in the mean distance from the center,
t (13.15)=−3.99, p= 0.002, r =−0.71. Nogo-A knockdown rats
preferred positions closer to the center of arena than rats from the
control group. Defecation was higher in the control group, but not
significant, t (13.51)=−1.76, p= 0.10, r =−0.40.

The analysis of maximum time avoided (Figure 3A) for acqui-
sition and reversal phases with all subjects included revealed
no effect of group, F(1, 16) < 1, p= 0.67, η2

G = 0.01, and no
interaction between group and phase factors, F(1, 16)= 1.41,
p= 0.25, η2

G = 0.02. For total distance, we found a marginally

significant effect of group, with the control group having lower
total distance than the Nogo-A knockdown group, F(1, 16)= 3.55,
p= 0.08, η2

G = 0.16, and no interaction of group and phase
factors, F(1, 16) < 1, p= 0.85, η2

G = 0.00. For mean distance
from the center, results revealed lower mean distance from the
center in Nogo-A knockdown rats, F(1, 16)= 26.79, p= 0.0001,
η2

G = 0.58, and no interaction between group and phase factors,
F(1, 16)= 1.43, p= 0.25, η2

G = 0.01. Finally, analysis of defeca-
tion showed lower defecation in Nogo-A knockdown rats, F(1,
16)= 10.04, p= 0.006, η2

G = 0.32, but no interaction between
group and phase factors, F(1, 16) < 1, p= 0.60, η2

G = 0.00.
Similar analysis for maximum time avoided with the three rats

from each group excluded showed lower maximum time avoided
in the Nogo-A knockdown group, F(1, 10)= 17.19, p= 0.002,
η2

G = 0.27, and no interaction between group and phase factors,
F(1, 10)= 1.07, p= 0.33, η2

G = 0.08. Analysis for total distance
without the excluded subjects showed neither an effect of group,
F(1, 10)= 1.20, p= 0.30, η2

G = 0.06, nor an interaction between
group and phase factors, F(1, 10)= 1.78, p= 0.21, η2

G = 0.08.
Without the excluded subjects, lower mean distance from the cen-
ter was again observed for the Nogo-A knockdown group, F(1,
10)= 24.13, p= 0.0006, η2

G = 0.65, while the interaction between
group and phase factors was not significant, F(1, 10)= 1.44,
p= 0.26, η2

G = 0.03 (Figure 2B). Finally, analysis of defeca-
tion after the exclusion of rats again revealed lower defecation
in Nogo-A knockdown rats, F(1, 10)= 7.24, p= 0.02, η2

G = 0.37,
and no interaction between group and phase factors, F(1, 10) < 1,
p= 0.81, η2

G = 0.00(Figure 2C).
Analysis of proportion of time in the opposite sector revealed

no significant difference between groups when done both with-
out, t (10.40)= 1.40, p= 0.19, r = 0.33, and with the exclusion,
t (6.70)= 1.89, p= 0.10, r = 0.51. Surprisingly, in both cases, the
proportion of time spent in the opposite sector was higher in the
Nogo-A knockdown group, which is in contrast to the expecta-
tion of higher perseverance (Figure 3B). That the difference did
not decrease after the exclusion of subjects shows that it was not
caused only by the lower values of the rats displaying freezing
behavior.

STEP-THROUGH AVOIDANCE
A mixed ANOVA for time required to move into the dark
compartment showed a significant effect of group, t (16)= 2.29,
p= 0.04, r = 0.50, marginally significant linear contrast for trial,
t (32)=−1.94, p= 0.06, r =−0.32, and insignificant quadratic
contrast for trial, t (32)= 0.29, p= 0.78, r = 0.05. The interac-
tion between linear contrast for trial and group was significant,
t (32)= 2.37, p= 0.02, r = 0.38, while the interaction between
quadratic contrast for trial and group was not, t (32)=−0.99,
p= 0.33, r =−0.17. To explore the interaction between linear
contrast for trial and group, we conducted separate repeated mea-
sures ANOVAs for both groups. The analyses showed that whereas
for the Nogo-A knockdown group the coefficient for linear con-
trast was positive, although insignificant, t (16)= 1.46, p= 0.16,
r = 0.34, it was negative and marginally significant for control
group, t (16)=−1.88, p= 0.08, r =−0.42. The interaction can be
additionally explored with a separate Welch’s t -tests for each trial.
While there was no difference between groups for the first trial,

Frontiers in Behavioral Neuroscience www.frontiersin.org March 2014 | Volume 8 | Article 90 | 152

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Petrasek et al. Behavior of Nogo-A knockdown rats

FIGURE 2 | Results of non-cognitive parameters in the AAPA task. The
plots on the left show individual values for each rat during every session. The
sessions are labeled by HP, habituation phase; AP, acquisition phase; RP,
reversal phase. Missing values are indicated by square points. These values
were imputed by the closest value from the same phase for a given subject.
When the missing value was in the middle of the phase and values for both
adjacent sessions were valid, the missing value was imputed by their
average. Missing values were not imputed and used in the analysis described

in the text. For the acquisition and reversal phases, empty points indicate
values for subjects that were excluded from analysis (see text for details).
Minus signs indicate mean group values for a given session computed from
all subjects and crosses indicate mean values computed from values without
the excluded subjects. The means are computed from values including the
imputed. For the habituation phase, no subjects were excluded from the
analyses; therefore, only mean values computed for all subjects in a group are

(Continued)
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Petrasek et al. Behavior of Nogo-A knockdown rats

FIGURE 2 | Continued
depicted. The bar plots on the right show differences between groups in the
AAPA task for means of parameters averaged across sessions within a single
phase. The differences are positive if Nogo-A knockdown group had higher
values than control group. For every phase, both differences with and without
excluded subjects are shown. Error bars show 95% confidence intervals of
differences of means. Therefore, the error bars indicate whether there was a
significant difference between groups for a given phase (which happens
when the range within error bars does not include zero). However, they
cannot be used for comparison between phases because they are not
adjusted for dependency on the data. Furthermore, their use for comparison
of the analyses with and without excluded subject is not meaningful as well.
Even though the analysis of the habituation phase with the exclusion of
subjects is not reported in text because the subjects could not show
shock-induced freezing behavior during this phase, the differences with
exclusion are depicted for this phase. (A) Results for total distance (left plot in
meters). A difference between groups can be seen in all sessions in the
habituation phase with Nogo-A knockdown rats displaying higher locomotion.
The difference is still present during the subsequent phases, but only when
values for all rats are compared. The difference in these phases is therefore

mainly due to the rats in control group that did not actively avoid the
to-be-avoided sector (i.e., rats depicted by empty points in the left plot). It can
be seen that these rats generally moved <20 m during a session and they
were even less active during the reversal phase. It can be observed that one
of these rats moved in a degree comparable to other rats at the beginning of
the acquisition phase but its locomotion hugely decreased in subsequent
sessions. (B) Results for mean distance from the center (left plot in
centimeters). A large difference between groups can be seen for mean
distance from the center in all phases and sessions. Furthermore, the
difference is not dependent on the exclusion of the subjects. Nogo-A
knockdown rats tended to be present closer to the center of the arena than
rats from control group. Note that the y -axis in the left plot does not start at
zero. Arena diameter is 82 cm, therefore the maximum theoretically possible
value of mean distance from the center is somewhat lower than 41 cm, which
would correspond to being next to the margin of the arena during the entire
session. (C) Results for defecation. Defecation was lower in Nogo-A
knockdown rats in all three phases. However, the difference was not
significant in the habituation phase. There appears to be little difference
between the results of the analyses done with and without the
excluded rats.

t (15.13)= 0.28, p= 0.78, r = 0.07, the Nogo-A knockdown group
had higher values in the second, t (14.46)= 2.15,p= 0.05, r = 0.47,
and third trials, t (8.46)= 3.44, p= 0.008, r = 0.65 (Figure 4).
Therefore, the results showed that time required to move into
the dark compartment was the same during the first trial and then
decreased for the control group. However, it slightly increased for
the Nogo-A knockdown group, which caused a widening differ-
ence between both groups during the second and third trial. Both
the experimental and control groups exhibited increased latency
to enter the dark compartment during the testing session (after the
foot-shock), demonstrating successful memory for the unpleasant
experience. In fact, only one of the Nogo-A knockdown sub-
jects moved into the dark compartment and none of the control
subjects did.

NEOPHOBIA/ANHEDONIA
All animals behaved as expected during the testing sessions, i.e.,
tasted and drank the presented liquids. The rats drank slightly
more liquid in the second session compared to the first one.
For easier comparison, the ratio of consumed saccharine to total
amount of liquid consumed was evaluated. We found no effect of
group, F(1, 15) < 1, p= 0.60, η2

G = 0.01, session, F(1, 15)= 2.71,
p= 0.12, η2

G = 0.08, and no effect of interaction between group
and session, F(1, 15) < 1, p= 0.55, η2

G = 0.01, on ratio of con-
sumed saccharine to total amount of liquid consumed (Figure 5).

CIRCADIAN LOCOMOTOR ACTIVITY
Spontaneous locomotor activity was monitored continuously in
rats maintained under LD12:12 for 1 month and then released into
DD for 16 days. The representative activity records (actograms)
of one Nogo-A knockdown and one control rat are depicted
in Figure 6A. Under LD12:12, the activity exhibited clear daily
rhythm with increased levels during the dark phase and decreased
levels during the light phase in both rat genotypes. The accu-
mulated activity profiles measured under LD12:12 did not reveal
significant differences between the Nogo-A knockdown and WT
rats in the phasing or amplitude of the activity levels during
the dark and light phases of the light/dark cycle (Figure 6B).

Also, total activity (Figure 6D) and activity/rest ratio (Figure 6E)
were not significantly different [t (11)= 0.39, p= 0.70, r = 0.12
and t (11)= 1.42, p= 0.18, r = 0.39, respectively] between both
rat genotypes maintained under LD cycle. After releasing the
rats into constant darkness, the behavioral activity maintained
the circadian rhythm, which ran with an endogenous circadian
period tau (Figure 6A). Comparison of the endogenous peri-
ods tau calculated from the periodograms (Figure 6C) revealed
a marginally significant difference (U = 7, p= 0.05; Mann–
Whitney test) between the Nogo-A knockdown (mean± SD,
24.1± 0.1 h, n= 5) and WT (24.2± 0.1 h, n= 8) rats. Under DD,
the total activity of the Nogo-A knockdown rats was signifi-
cantly reduced [t (11)= 2.24, p= 0.05, r = 0.56] (Figure 6D) and
there was a trend toward increased activity/rest ratio compared
with the controls (Figure 6E) [t (11)= 1.93, p= 0.08, r = 0.50;
Student’s t -test]. Whereas the controls activity/rest ratio signif-
icantly dropped [t (14)= 4.64, p= 0.0004, r = 0.78; Student’s t -
test] after releasing from LD12:12 into DD, in Nogo-A knockdown,
the decline in the ratio was not significant [t (8)= 1.23, p= 0.25,
r = 0.40; Student’s t -test].

DISCUSSION
Nogo-A KNOCKDOWN IS LINKED TO A COGNITIVE DEFICIT IN THE
CAROUSEL MAZE
During the active place avoidance training in the Carousel maze,
both groups of rats exhibited comparable locomotor activity, as
measured by total distance (Figure 2A). The Nogo-A knockdown
animals performed significantly worse as shown by the lower
maximum time avoided. The impairment was slightly (but not
significantly) more pronounced during reversal, when the sector
position was changed and the animals had to adjust their behav-
ior accordingly (Figure 3A). We might therefore assume that the
Nogo-A knockdown rats were impaired in spatial learning and
reference frames segregation per se, with a possible contribution
of behavioral inflexibility. This finding closely parallels that of
Petrasek et al. (2014), although the task used here is slightly dif-
ferent (in the present study, the task was purely aversive, without
simultaneous foraging).
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Petrasek et al. Behavior of Nogo-A knockdown rats

FIGURE 3 | Results of cognitive parameters in the AAPA task. The plots on
the left show individual values for each rat during both sessions. The sessions
are labeled by abbreviations: AP, acquisition phase; RP, reversal phase.
Missing values are indicated by square points. Empty points indicate values
for subjects that were excluded from analysis (see text for details). Minus
signs indicate mean group values for a given session computed from all
subjects and crosses indicate mean values computed from values without
the excluded subjects. The bar plots on the right show differences between
groups in the AAPA task for means of parameters averaged across sessions
within a single phase. The differences are positive if Nogo-A knockdown group
had higher values than control group. For both phases, both difference with
and without excluded subjects is shown. Error bars show 95% confidence
intervals of differences of means. See description of the Figure 2 for further
details. (A) Results for maximum time avoided (left plot in seconds). No
difference between groups is visible when all subjects are compared.
However, a significant difference can be seen when the comparison is done

without the excluded rats. Note, especially, the large difference in means for
the last few session of the reversal phase. The horizontal dotted line in the left
plot represents 50 s, which corresponds to a time of maximum time avoided
for a subject that is fully immobile. The excluded rats from control group do
not usually show better avoidance ability than they would have if they did not
move at all. Maximum possible value for maximum time avoided is 1200 s,
which corresponds to no entrance to the to-be-avoided sector. (B) Results for
proportion of time in the opposite sector. A slight, but not significant, increase
in the proportion of time in the opposite sector can be seen in Nogo-A
knockdown rats in all sessions with exception of the last one. The result is
contrary to that expected based on previous research suggesting
perseverance in Nogo-A knockdown animals. The horizontal dotted line in the
left plot depicts a proportion that would be measured for totally immobile
subjects. It can be seen that the three excluded rats from Nogo-A knockdown
group have values close to this line. The acquisition phase was not included in
analysis and is shown only for comparison.

Reversal learning in the active place avoidance has been recently
suggested to tap mnemonic segregation (distinguishing the origi-
nal learned response, now irrelevant, from the new and relevant),
adding another dimension of pattern separation to the already
present demand to separate spatial frames (Abdel Baki et al., 2009;
Burghardt et al., 2012). It is therefore not surprising that very mild

deficits became pronounced during this phase of training. Impair-
ment of reversal learning in a spatial task (water T -maze) has been
already described in Nogo knockdown mice (Willi et al., 2010) and
rats (Tews et al., 2013) and attributed to perseveration. However,
in the present study, the Nogo-A knockdown animals exhibited
no signs of excessive perseveration, i.e., prolonged avoidance of
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Petrasek et al. Behavior of Nogo-A knockdown rats

FIGURE 4 | Results of step-through avoidance in seconds. Individual
points display values for each subject. Group mean is shown with a minus
sign. While no difference is present in the first trial, in the subsequent two
trials it took longer for Nogo-A knockdown rats to move into the dark
compartment. All subjects with the exception of one remained in the light
compartment during the entire test trial, i.e., after obtaining a shock in the
dark compartment in the third trial (the three Nogo-A knockdown rats,
which did not move into the dark compartment during the third trial were
not given the test trial since they did not obtain the shock). Maximum
possible duration of the trial was 300 s.

FIGURE 5 | Results of the neophobia/anhedonia task as a ratio of
consumed saccharine to total consumed liquid. Individual points display
values for each subject. Group mean is shown with a minus sign. No
difference is seen between groups (blue – Nogo-A knockdown,
red – control) in either trial.

the no-longer-punished sector. They actually spent more time in
the former to-be-avoided sector during reversal phase, as shown
in Figure 3B.

While our study focused on Nogo-A knockdown, there is a
robust body of evidence connecting facilitated Nogo-A signaling
with impairments of hippocampus-dependent cognitive func-
tions. For example, mice over-expressing NgR show impairment of
hippocampus-dependent long-term memory (Karlén et al., 2009).
Increased levels of hippocampal Nogo-A showing strong posi-
tive correlation with cognitive decline in aged rats (VanGuilder
et al., 2011, 2012) and cognitive impairments in a mouse model
of Alzheimer’s disease can be ameliorated by genetic deletion of
Nogo-A (Masliah et al., 2010). The effects of decreased Nogo-A
expression on the behavior of otherwise intact animals are less well
explored. In several studies, no behavioral effects were reported
after acute blockade of Nogo-A by antibodies in healthy mice

(Lenzlinger et al., 2005; Marklund et al., 2007). The permanent
absence of Nogo-A in knockout models seems to be more rele-
vant from the neurodevelopmental viewpoint. In some studies, no
behavioral effect of knockout has been noted in otherwise intact
animals (Marklund et al., 2009; Masliah et al., 2010). In other cases,
the deletion of the Nogo-A led to schizophrenia-related endophe-
notypes, as reported by Willi et al. (2010). The symptoms included
disrupted sensorimotor gating and latent inhibition, perseverative
behavior in reversal learning, and increased sensitivity to amphet-
amines. This discrepancy can be explained by differences in the
behavioral paradigms employed, as the tasks used by Willi et al.
(2010) were specifically chosen to search for schizophrenia-like
behavior. Subtle cognitive deficits in Nogo-A knockdown rats have
been confirmed by Tews et al. (2013) and our own previous work
(Petrasek et al., 2014).

Nogo-A KNOCKDOWN DECREASES ANXIETY LEVELS
Some of the rats, especially from the control group, showed signs of
excessive anxiety or fear during the testing, in some cases resulting
in persistent freezing across multiple sessions (“non-solvers”). This
behavior has been noted in healthy Sprague-Dawley rats in an
active place avoidance task before (the “poor learners” in Carr
et al., 2011). As immobile animals are incapable of solving the
task, regardless of their cognitive abilities, such animals had to
be removed from the analysis. In Nogo-A knockdown rats, pas-
sive behavior occurred rarely and never persisted across multiple
sessions. Even after the exclusion of “non-solvers,” control ani-
mals were apparently more anxious than the Nogo-A knockdown
group, as revealed by more pronounced thigmotaxis and increased
defecation during avoidance sessions (Figures 2B,C). The dif-
ference was apparently present even before introduction of the
foot-shock, as the Nogo-A knockdown rats were less thigmotactic
and more active than controls even during habituation sessions,
when no aversive stimulus was present, except for the novel envi-
ronment itself. The preferential occurrence of “non-solvers” in the
control group was thus presumably linked to the higher anxiety
levels, perhaps in a manner similar to learned helplessness. The
strong difference in anxiety levels is somewhat surprising, as pre-
vious studies both in the rat model (Tews et al., 2013) and in
knockout mice (Willi et al., 2009) did not show any difference in
anxiety levels.

PASSIVE AVOIDANCE TASK REVEALS SPARED NON-SPATIAL MEMORY
AND NORMAL HABITUATION TO A NOVEL TASTE
In the passive avoidance task, both the experimental and control
groups exhibited increased latency to enter the dark compartment
during the testing session (after the foot-shock), demonstrating
successful memory for the unpleasant stimulus after 24 h. How-
ever, their behavior during the first three trials (i.e., without pre-
vious experience of the punishment) was different: while control
animals entered the preferred dark environment with shorter and
shorter latency in subsequent sessions, the Nogo-A knockdown
rats exhibited similar or even increased latency with repeated expe-
rience, and some of them did not enter it at all (Figure 4). In the
context of the Carousel maze results, we can assume that the Nogo-
A knockdown rats were less anxious and therefore less motivated
to seek shelter in the dark compartment.
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Petrasek et al. Behavior of Nogo-A knockdown rats

FIGURE 6 | Activity profiles of Nogo-A knockdown rats (designated
KD) and wild-type (WT) controls. (A) Representative double-plotted
actograms of locomotor activity of WT (left) and KD (right) rats
maintained under a light–dark regime with 12 h of light and 12 h of
darkness (LD12:12) for 29 days and subsequently under constant
darkness (DD) for 16 days. (B) Cumulative locomotor activity profile of

eight WT (solid line) and six KD (dashed line) rats kept under LD12:12.
(C) Cumulative periodogram of eight WT (left) and six KD (right) rats kept
under DD. (D) Total locomotor activity of eight WT (black) and six KD
(white) rats kept under LD12:12 (left) or under DD (right). (E) Activity/rest
ratio of eight WT (black) and six KD (white) rats kept under LD12:12 (left)
or under DD (right).

The neophobia/anhedonia experiment revealed no difference
in taste preferences between the groups (Figure 5).

CHANGES IN CIRCADIAN RHYTHMICITY
Nogo-A knockdown rats exhibited daily and circadian rhythms in
locomotor activity. Therefore, the ability of the circadian clock to

entrain to LD cycle and to drive the circadian rhythms was not
affected by the reduction of Nogo-A mRNA and protein levels in
retina and brain. Nevertheless, under constant dark conditions,
the circadian rhythm in locomotor activity was better expressed in
Nogo-A knockdown rats, because the ratio of their activity dur-
ing the subjective night and subjective day was higher compared
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Petrasek et al. Behavior of Nogo-A knockdown rats

with the WT controls. The difference was not due to greater activ-
ity in the Nogo-A knockdown rats because their total activity in
DD was rather reduced compared with controls. The difference
was likely related to the endogenous state of the circadian clock
in the SCN, which directly drives the activity rhythm in constant
darkness, because the difference between both phenotypes was not
apparent in LD conditions, when the activity was regulated by the
circadian clock as well as directly suppressed by light via masking
effect (Figure 6). Therefore, the data suggest that the partial devel-
opmental deficit in Nogo-A may modulate the clock function. It is,
however, not known whether the modulation arises from changes
of the clock property per se or from the fact that the input neural
pathways from other brain areas may be modulated by the Nogo-
A deficiency. Also, an impact of the genotype on the sensitivity of
the locomotor activity to LD cycle cannot be completely ruled out
because in mice with complete deletion of Nogo-A activity during
the dark phase of the LD cycle was higher than in WT controls. The
activity during the light phase was not different, which means that
the activity/rest ratio in the Nogo-A knockout mice was increased
even under LD cycle (Willi et al., 2009).

The aforementioned data suggest that the circadian clock in
Nogo-A knockdown might function as a“stronger”circadian pace-
maker than that of WT rats. As the robustness of the circadian
clock in the SCN is highly dependent on the synaptic commu-
nication among the individual oscillators (Liu et al., 2007), the
reduction of the neurite outgrowth inhibitor during development
in Nogo-A knockdown rats might theoretically be beneficial for the
clock function. However, this highly speculative conclusion would
need to be verified in future experiments comparing the synaptic
strength and amplitudes of clock gene and protein expression level
profiles directly in the SCN between the Nogo-A knockdown and
WT control rats.

CAVEATS
Because of the necessary exclusions, the number of animals used in
this work was not large, raising concerns about power of the statis-
tical tests used. However, in some measures, the difference between
the two groups was large enough to be detected unambiguously.

Another caveat is that the Nogo-A knockdown group consisted
of two litters. While we do not believe that this seriously affected
the results, it should be taken into account in interpreting the
results.

Nogo-A KNOCKDOWN AS A MODEL OF SCHIZOPHRENIA
In mouse and rat models, Nogo-A-deficient animals exhibit symp-
toms such as disrupted sensorimotor gating and latent inhibition,
deficits of memory, cognitive flexibility, and social behavior (Willi
et al., 2010; Tews et al., 2013; Petrasek et al., 2014, the present work),
which are characteristic for schizophrenia models, and are consid-
ered analogous to cognitive and negative symptoms in humans
(Bubenikova-Valesova et al., 2008b; Jones et al., 2011). As disrup-
tion of Nogo-A signaling may be relevant at least in some cases of
human schizophrenia pathogenesis (Willi and Schwab, 2013), this
model can exhibit construct validity as well.

Hyperlocomotion and stereotypic behavior are considered
animal analogs to positive (psychotic) symptoms (Bubenikova-
Valesova et al., 2008b). In the Nogo-A-deficient models, changes

in locomotor behavior are rather subtle and reported only in some
experimental settings, while stereotypies (e.g., stereotypic groom-
ing) have not been observed. This might indicate that the Nogo-A
knockout/knockdown induces alterations similar to negative and
cognitive, but not positive schizophrenia symptoms. Differential
expression of symptoms, often with some classes less pronounced
or entirely missing, is rather typical for animal models of schizo-
phrenia, as well as the disease itself in human patients. Preferential
expression of negative and cognitive symptoms in an animal model
might be even viewed as an advantage, as these classes are rather
under-represented in the traditional models of the disease (Jones
et al., 2011).

Our results from the present work and Petrasek et al. (2014)
demonstrate mostly cognitive deficits specific for Carousel maze
tasks requiring spatial frames segregation and cognitive flexibility,
which is consistent with schizophrenia-like symptomatology, as
can be demonstrated in comparison with similar studies using dif-
ferent models. Ample experimental data from the Carousel maze
tests have been collected using pharmacological dizocilpine (MK-
801) model of schizophrenia (Stuchlik et al., 2004;Vales et al., 2006;
Bubenikova-Valesova et al., 2008a). Dizocilpine can disrupt Moris
Water Maze performance even before Carousel maze performance
(Stuchlik et al., 2004), unlike Nogo-A knockdown model, where
Water Maze learning is intact (Petrasek et al., 2014). On the other
hand, dizocilpine administration leads to deficits in spatial rever-
sal learning (Lobellova et al., 2013), which is similar to Nogo-A
deficiency.

Neurodevelopmental models of schizophrenia should be per-
haps more comparable to the Nogo-A knockdown and knockout
models than acute pharmacological treatments, but their influence
on Carousel maze performance is less well studied. An excep-
tion is the neonatal ventral hippocampal lesion (NVHL) model
(Lecourtier et al., 2012; Lee et al., 2012; Swerdlow et al., 2012). Lee
et al. (2012) have found that the NVHL rats are impaired in the
Carousel maze learning, and even more in reversal learning, which
parallels our findings in Nogo-A knockdown rats.

We must note that there is no “ideal” animal model of schiz-
ophrenia. Etiology of schizophrenia is largely unknown (and
probably multi-factorial), and all we can reasonably assess is
the similarity of symptoms (face validity). Furthermore, there is
no unambiguous biochemical, anatomical, pharmacological, or
behavioral marker of schizophrenia that could be used to reliably
validate proposed animal models (Lipska and Weinberger, 2000).
From this perspective, Nogo-A-deficient transgenic animals con-
stitute a novel candidate model of schizophrenia with proposed
construct validity and good face validity at least for negative and
cognitive symptoms.

SUMMARY
Results of the present study clearly demonstrate behavioral dif-
ferences between the rats with decreased Nogo-A expression and
WT Sprague-Dawley controls. We can conclude that the Nogo-A
knockdown rats exhibited marked cognitive deficit in the Carousel
maze. In spite of their reduced ability to avoid punishment, they
seemed less anxious than their WT counterparts. Non-spatial
long-term memory, assessed in the passive avoidance task, and
neophobic reaction to a novel taste and preference of a sweet taste
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Petrasek et al. Behavior of Nogo-A knockdown rats

did not differ between groups. The period of circadian rhythms
was not affected, but in constant darkness, the rhythm in loco-
motor activity was more pronounced in the Nogo-A knockdown
animals.

When taken together with the biochemical assessment of key
protein expression and laterality in the brain of the same trans-
genic rat line (Krištofiková et al., 2013), our results are mostly
consistent with the proposed link between decreased Nogo-A lev-
els and schizophrenia-like behavior in the rat, even though some
of the results suggest that changes caused by Nogo-A knockdown
are more complex than previously thought.

ACKNOWLEDGMENTS
This work was funded mainly by GAUK grant 365911 (awarded
to Tomas Petrasek) and GACR 14-03627S (awarded to Ales Stuch-
lik). Additional support came from IGA MZ CR NT13386 and
AVCR M200111204 awarded to Ales Stuchlik. Support for for-
eign partners was provided by grants from the German Min-
istry for Education and Research (BMBF, 01GQ1003B), National
Bernstein Network for Computational Neuroscience, HEALTH-
F2-2007-201714 DEVANX (awarded to Dusan Bartsch), and the
Grant No. 31-122527/1 (awarded to Martin E. Schwab). The
work of Stepan Bahnik was partly supported by the Deutsche
Forschungsgemeinschaft (DFG-RTG 1253/2).

REFERENCES
Abdel Baki, S. G., Kao, H. Y., Kelemen, E., Fenton, A. A., and Bergold, P. J.

(2009). A hierarchy of neurobehavioral tasks discriminates between mild and
moderate brain injury in rats. Brain Res. 1280, 98–106. doi:10.1016/j.brainres.
2009.05.034

Akbik, F., Cafferty,W. B., and Strittmatter, S. M. (2012). Myelin associated inhibitors:
a link between injury-induced and experience-dependent plasticity. Exp. Neurol.
235, 43–52. doi:10.1016/j.expneurol.2011.06.006

Bahnik, S. (2013). Carousel Maze Manager (Version 0.3.5) [Software]. Available at:
https://github.com/bahniks/CM_Manager_0_3_5.

Bakeman, R. (2005). Recommended effect size statistics for repeated measures
designs. Behav. Res. Methods 37, 379–384. doi:10.3758/BF03192707

Bubenikova-Valesova, V., Stuchlik, A., Svoboda, J., Bures, J., and Vales, K. (2008a).
Risperidone and ritanserin but not haloperidol block effect of dizocilpine on the
active allothetic place avoidance task. Proc. Natl. Acad. Sci. U.S.A. 105, 1061–1066.
doi:10.1073/pnas.0711273105

Bubenikova-Valesova,V., Horacek, J.,Vrajova, M., and Höschl, C. (2008b). Models of
schizophrenia in humans and animals based on inhibition of NMDA receptors.
Neurosci. Biobehav. Rev. 32, 1014–1023. doi:10.1016/j.neubiorev.2008.03.012

Budel, S., Padukkavidana, T., Liu, B. P., Feng, Z., Hu, F., Johnson, S., et al. (2008).
Genetic variants of Nogo-66 receptor with possible association to schizophre-
nia block myelin inhibition of axon growth. J. Neurosci. 28, 13161–13172.
doi:10.1523/JNEUROSCI.3828-08.2008

Burghardt, N. S., Park, E. H., Hen, R., and Fenton, A. A. (2012). Adult-born
hippocampal neurons promote cognitive flexibility in mice. Hippocampus 22,
1795–1808. doi:10.1002/hipo.22013

Canteras, N. S., and Swanson, L. W. (1992). Projections of the ventral subiculum
to the amygdala, septum, and hypothalamus: a PHAL anterograde tract-tracing
study in the rat. J. Comp. Neurol. 324, 180–194. doi:10.1002/cne.903240204

Carr, Z. J., Torjman, M. C., Manu, K., Dy, G., and Goldberg, M. E. (2011). Spatial
memory using active allothetic place avoidance in adult rats after isoflurane anes-
thesia: a potential model for postoperative cognitive dysfunction. J. Neurosurg.
Anesthesiol. 23, 138–145. doi:10.1097/ANA.0b013e3182049f19

Chen, M. S., Huber, A. B., van der Haar, M. E., Frank, M., Schnell, L., Spill-
mann, A. A., et al. (2000). Nogo-A is a myelin-associated neurite outgrowth
inhibitor and an antigen for monoclonal antibody IN-1. Nature 403, 434–439.
doi:10.1038/35000219

Chong, S. Y. C., Rosenberg, S. S., Fancy, S. P. J., Zhao, C., Shen, Y.-A. A., Hahn, A.
T., et al. (2012). Neurite outgrowth inhibitor Nogo-A establishes spatial segre-
gation and extent of oligodendrocyte myelination. Proc. Natl. Acad. Sci. U.S.A.
109, 1299–1304. doi:10.1073/pnas.1113540109

Cimadevilla, J. M., Wesierska, M., Fenton, A. A., and Bures, J. (2001). Inactivating
one hippocampus impairs avoidance of a stable room-defined place during dis-
sociation of arena cues from room cues by rotation of the arena. Proc. Natl. Acad.
Sci. U.S.A. 98, 3531–3536. doi:10.1073/pnas.051628398

GrandPré, T., Nakamura, F., Vartanian, T., and Strittmatter, S. M. (2000). Identifi-
cation of the Nogo inhibitor of axon regeneration as a reticulon protein. Nature
403, 439–444. doi:10.1038/35000226

Harrison, P. J. (2004). The hippocampus in schizophrenia: a review of the neu-
ropathological evidence and its pathophysiological implications. Psychopharma-
cology (Berl.) 174, 151–162. doi:10.1007/s00213-003-1761-y

Hsu, R., Woodroffe, A., Lai, W. S., Cook, M. N., Mukai, J., Dunning, J. P., et al.
(2007). Nogo Receptor 1 (RTN4R) as a candidate gene for schizophrenia:
analysis using human and mouse genetic approaches. PLoS ONE 2:1234.
doi:10.1371/journal.pone.0001234

Huber, A. B., Weinmann, O., Brösamle, C., Oertle, T., and Schwab, M. E. (2002).
Patterns of Nogo mRNA and protein expression in the developing and adult rat
and after CNS lesions. J. Neurosci. 22, 3553–3567.

Hunt, D., Coffin, R. S., Prinjha, R. K., Campbell, G., and Anderson, P. N. (2003).
Nogo-A expression in the intact and injured nervous system. Mol. Cell. Neurosci.
24, 1083–1102. doi:10.1016/j.mcn.2003.09.002

Jitoku, D., Hattori, E., Iwayama, Y., Yamada, K., Toyota, T., Kikuchi, M., et al. (2011).
Association study of Nogo-related genes with schizophrenia in a Japanese case-
control sample. Am. J. Med. Genet. B Neuropsychiatr. Genet. 156B, 581–592.
doi:10.1002/ajmg.b.31199

Jones, C. A., Watson, D. J., and Fone, K. C. (2011). Animal models of schizophrenia.
Br. J. Pharmacol. 164, 1162–1194. doi:10.1111/j.1476-5381.2011.01386.x

Karlén, A., Karlsson, T. E., Mattsson, A., Lundströmer, K., Codeluppi, S., Pham, T.
M., et al. (2009). Nogo receptor 1 regulates formation of lasting memories. Proc.
Natl. Acad. Sci. U.S.A. 106, 20476–20481. doi:10.1073/pnas.0905390106

Krištofiková, Z., Vrajová, M., Šírová, J., Valeš, K., Petrásek, T., Schönig, K., et al.
(2013). N-methyl-D-aspartate receptor – nitric oxide synthase pathway in the
cortex of Nogo-A-deficient rats in relation to brain laterality and schizophrenia.
Front. Behav. Neurosci. 7:90. doi:10.3389/fnbeh.2013.00090

Le Pen, G., Gaudet, L., Mortas, P., Mory, R., and Moreau, J. L. (2002). Deficits in
reward sensitivity in a neurodevelopmental rat model of schizophrenia. Psy-
chopharmacology (Berl.) 161, 434–441. doi:10.1007/s00213-002-1092-4

Lecourtier, L., Antal, M. C., Cosquer, B., Schumacher, A., Samama, B., Angst, M. J.,
et al. (2012). Intact neurobehavioral development and dramatic impairments of
procedural like memory following neonatal ventral hippocampal lesion in rats.
Neuroscience 207, 110–123. doi:10.1016/j.neuroscience.2012.01.040

Lee, H., Dvorak, D., Kao, H. Y., Duffy, ÁM., Scharfman, H. E., and Fenton, A. A.
(2012). Early cognitive experience prevents adult deficits in a neurodevelopmen-
tal schizophrenia model. Neuron 75, 714–724. doi:10.1016/j.neuron.2012.06.016

Lenzlinger, P. M., Shimizu, S., Marklund, N., Thompson, H. J., Schwab, M. E., Saat-
man, K. E., et al. (2005). Delayed inhibition of Nogo-A does not alter injury-
induced axonal sprouting but enhances recovery of cognitive function follow-
ing experimental traumatic brain injury in rats. Neuroscience 134, 1047–1056.
doi:10.1016/j.neuroscience.2005.04.048

Lipska, B. K., and Weinberger, D. R. (2000). To model a psychiatric disorder in
animals: schizophrenia as a reality test. Neuropsychopharmacology 23, 223–239.
doi:10.1016/S0893-133X(00)00137-8

Liu, A. C., Welsh, D. K., Ko, C. H., Tran, H. G., Zhang, E. E., Priest, A. A., et al. (2007).
Intercellular coupling confers robustness against mutations in the SCN circadian
clock network. Cell 129, 605–616. doi:10.1016/j.cell.2007.02.047

Lobellova, V., Entlerova, M., Svojanovska, B., Hatalova, H., Prokopova, I., Petrasek,
T., et al. (2013). Two learning tasks provide evidence for disrupted behavioural
flexibility in an animal model of schizophrenia-like behaviour induced by acute
MK-801: a dose-response study. Behav. Brain Res. 246, 55–62. doi:10.1016/j.bbr.
2013.03.006

Marklund, N., Bareyre, F. M., Royo, N. C., Thompson, H. J., Mir, A. K., Grady, M. S.,
et al. (2007). Cognitive outcome following brain injury and treatment with an
inhibitor of Nogo-A in association with an attenuated downregulation of hip-
pocampal growth associated protein-43 expression. J. Neurosurg. 107, 844–853.
doi:10.3171/JNS-07/10/0844

Frontiers in Behavioral Neuroscience www.frontiersin.org March 2014 | Volume 8 | Article 90 | 159

http://dx.doi.org/10.1016/j.brainres.2009.05.034
http://dx.doi.org/10.1016/j.brainres.2009.05.034
http://dx.doi.org/10.1016/j.expneurol.2011.06.006
https://github.com/bahniks/CM_Manager_0_3_5
http://dx.doi.org/10.3758/BF03192707
http://dx.doi.org/10.1073/pnas.0711273105
http://dx.doi.org/10.1016/j.neubiorev.2008.03.012
http://dx.doi.org/10.1523/JNEUROSCI.3828-08.2008
http://dx.doi.org/10.1002/hipo.22013
http://dx.doi.org/10.1002/cne.903240204
http://dx.doi.org/10.1097/ANA.0b013e3182049f19
http://dx.doi.org/10.1038/35000219
http://dx.doi.org/10.1073/pnas.1113540109
http://dx.doi.org/10.1073/pnas.051628398
http://dx.doi.org/10.1038/35000226
http://dx.doi.org/10.1007/s00213-003-1761-y
http://dx.doi.org/10.1371/journal.pone.0001234
http://dx.doi.org/10.1016/j.mcn.2003.09.002
http://dx.doi.org/10.1002/ajmg.b.31199
http://dx.doi.org/10.1111/j.1476-5381.2011.01386.x
http://dx.doi.org/10.1073/pnas.0905390106
http://dx.doi.org/10.3389/fnbeh.2013.00090
http://dx.doi.org/10.1007/s00213-002-1092-4
http://dx.doi.org/10.1016/j.neuroscience.2012.01.040
http://dx.doi.org/10.1016/j.neuron.2012.06.016
http://dx.doi.org/10.1016/j.neuroscience.2005.04.048
http://dx.doi.org/10.1016/S0893-133X(00)00137-8
http://dx.doi.org/10.1016/j.cell.2007.02.047
http://dx.doi.org/10.1016/j.bbr.2013.03.006
http://dx.doi.org/10.1016/j.bbr.2013.03.006
http://dx.doi.org/10.3171/JNS-07/10/0844
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Petrasek et al. Behavior of Nogo-A knockdown rats

Marklund, N., Morales, D., Clausen, F., Hånell, A., Kiwanuka, O., Pitkänen, A.,
et al. (2009). Functional outcome is impaired following traumatic brain injury
in aging Nogo-A/B-deficient mice. Neuroscience 163, 540–551. doi:10.1016/j.
neuroscience.2009.06.042

Masliah, E., Xie, F., Dayan, S., Rockenstein, E., Mante, M., Adame, A., et al. (2010).
Genetic deletion of Nogo/Rtn4 ameliorates behavioral and neuropathologi-
cal outcomes in amyloid precursor protein transgenic mice. Neuroscience 169,
488–494. doi:10.1016/j.neuroscience.2010.04.045

Meijer, J. H., and Schwartz, W. J. (2003). In search of the pathways for light-induced
pacemaker resetting in the suprachiasmatic nucleus. J. Biol. Rhythms 18,235–249.
doi:10.1177/0748730403018003006

Mingorance, A., Fontana, X., Solé, M., Burgaya, F., Ureña, J. M., Teng, F. Y., et al.
(2004). Regulation of Nogo and Nogo receptor during the development of the
entorhino-hippocampal pathway and after adult hippocampal lesions. Mol. Cell.
Neurosci. 26, 34–49. doi:10.1016/j.mcn.2004.01.001

Mingorance-Le Meur, A., Zheng, B., Soriano, E., and del Río, J. A. (2007). Involve-
ment of the myelin-associated inhibitor Nogo-A in early cortical development
and neuronal maturation. Cereb. Cortex 17, 2375–2386. doi:10.1093/cercor/
bhl146

Novak, G., Kim, D., Seeman, P., and Tallerico, T. (2002). Schizophrenia and Nogo:
elevated mRNA in cortex, and high prevalence of a homozygous CAA insert.
Brain Res. Mol. Brain Res. 107, 183–189. doi:10.1016/S0169-328X(02)00492-8

Pelizza, L., and Ferrari,A. (2009). Anhedonia in schizophrenia and major depression:
state or trait? Ann. Gen. Psychiatry 8, 22. doi:10.1186/1744-859X-8-22

Pernet, V., Joly, S., Christ, F., Dimou, L., and Schwab, M. E. (2008). Nogo-A and
myelin-associated glycoprotein differently regulate oligodendrocyte maturation
and myelin formation. J. Neurosci. 28, 7435–7444. doi:10.1523/JNEUROSCI.
0727-08.2008

Pernet, V., and Schwab, M. E. (2012). The role of Nogo-A in axonal
plasticity, regrowth and repair. Cell Tissue Res. 349, 97–104. doi:10.1007/s00441-
012-1432-6

Petrasek, T., Prokopova, I., Bahnik, S., Schonig, K., Berger, S., Vales, A., et al. (2014).
Nogo-A downregulation impairs place avoidance in the Carousel maze but not
spatial memory in the Morris water maze. Neurobiol. Learn. Mem. 107, 42–49.
doi:10.1016/j.nlm.2013.10.015

Phillips, W. A., and Silverstein, S. M. (2003). Convergence of biological and psycho-
logical perspectives on cognitive coordination in schizophrenia. Behav. Brain Sci.
26, 65–82. doi:10.1017/S0140525X03000025

Prokopova, I., Bahnik, S., Doulames, V., Vales, K., Petrasek, T., Svoboda, J., et al.
(2012). Synergistic effects of dopamine D2-like receptor antagonist sulpiride and
beta-blocker propranolol on learning in the Carousel maze, a dry-land spatial
navigation task. Pharmacol. Biochem. Behav. 102, 151–156. doi:10.1016/j.pbb.
2012.04.003

R Core Team. (2013). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Rolando, C., Parolisi, R., Boda, E., Schwab, M. E., Rossi, F., and Buffo, A. (2012).
Distinct roles of Nogo-A and Nogo receptor 1 in the homeostatic regulation
of adult neural stem cell function and neuroblast migration. J. Neurosci. 32,
17788–17799. doi:10.1523/JNEUROSCI.3142-12.2012

Schwab, M. E. (2004). Nogo and axon regeneration. Curr. Opin. Neurobiol. 14,
118–124. doi:10.1016/j.conb.2004.01.004

Schwab, M. E. (2010). Functions of Nogo proteins and their receptors in the nervous
system. Nat. Rev. Neurosci. 11, 799–811. doi:10.1038/nrn2936

Sinibaldi, L., De Luca, A., Bellacchio, E., Conti, E., Pasini, A., Paloscia, C., et al.
(2004). Mutations of the Nogo-66 receptor (RTN4R) gene in schizophrenia.
Hum. Mutat. 24, 534–535. doi:10.1002/humu.9292

Sládek, M., Jindráková, Z., Bendová, Z., and Sumová, A. (2007). Postnatal ontogen-
esis of the circadian clock within the rat liver. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 292, R1224–R1229. doi:10.1152/ajpregu.00184.2006

Stephan, F. K., and Kovacevic, N. S. (1978). Multiple retention deficit in pas-
sive avoidance in rats is eliminated by suprachiasmatic lesions. Behav. Biol. 22,
456–462. doi:10.1016/S0091-6773(78)92565-8

Stuchlik, A. (2007). Further study of the effects of dopaminergic D1 drugs on place
avoidance behavior using pretraining: some negative evidence. Behav. Brain Res.
178, 47–52. doi:10.1016/j.bbr.2006.11.046

Stuchlik, A., Rezacova, L., Vales, K., Bubenikova, V., and Kubik, S. (2004). Appli-
cation of a novel Active Allothetic Place Avoidance task (AAPA) in testing a

pharmacological model of psychosis in rats: comparison with the Morris Water
Maze. Neurosci. Lett. 366, 162–166. doi:10.1016/j.neulet.2004.05.037

Swerdlow, N. R., Light, G. A., Breier, M. R., Shoemaker, J. M., Saint Marie,
R. L., Neary, A. C., et al. (2012). Sensory and sensorimotor gating deficits
after neonatal ventral hippocampal lesions in rats. Dev. Neurosci. 34, 240–249.
doi:10.1159/000336841

Tan, E. C., Chong, S. A., Wang, H., Chew-Ping Lim, E., and Teo, Y. Y. (2005).
Gender-specific association of insertion/deletion polymorphisms in the nogo
gene and chronic schizophrenia. Brain Res. Mol. Brain Res. 139, 212–216.
doi:10.1016/j.molbrainres.2005.05.010

Tapp, W. N., and Holloway, F. A. (1981). Phase shifting circadian rhythms produces
retrograde amnesia. Science 211, 1056–1058. doi:10.1126/science.7193351

Tews, B., Schönig, K., Arzt, M. E., Clementi, S., Rioult-Pedotti, M. S., Zemmar, A.,
et al. (2013). Synthetic miRNA-mediated downregulation of Nogo-A in trans-
genic rats reveals its role as regulator of plasticity, learning and memory. Proc.
Natl. Acad. Sci. U.S.A. 110, 6583–6588. doi:10.1073/pnas.1217665110

Vales, K., Bubenikova-Valesova, V., Klement, D., and Stuchlik, A. (2006). Analy-
sis of sensitivity to MK-801 treatment in a novel active allothetic place avoid-
ance task and in the working memory version of the Morris water maze reveals
differences between Long-Evans and Wistar rats. Neurosci. Res. 55, 383–388.
doi:10.1016/j.neures.2006.04.007

VanGuilder, H. D., Bixler, G. V., Sonntag, W. E., and Freeman, W. M. (2012). Hip-
pocampal expression of myelin-associated inhibitors is induced with age-related
cognitive decline and correlates with deficits of spatial learning and memory.
J. Neurochem. 121, 77–98. doi:10.1111/j.1471-4159.2012.07671.x

VanGuilder, H. D., Farley, J. A., Yan, H., Van Kirk, C. A., Mitschelen, M., Sonntag,
W. E., et al. (2011). Hippocampal dysregulation of synaptic plasticity-associated
proteins with age-related cognitive decline. Neurobiol. Dis. 43, 201–212. doi:10.
1016/j.nbd.2011.03.012

Voineskos,A. N. (2009). Converging evidence for the Nogo-66 receptor gene in schiz-
ophrenia. J. Neurosci. 29, 5045–5047. doi:10.1523/JNEUROSCI.0477-09.2009

Wang, K. C., Koprivica, V., Kim, J. A., Sivasankaran, R., Guo, Y., Neve, R. L., et al.
(2002). Oligodendrocyte-myelin glycoprotein is a Nogo receptor ligand that
inhibits neurite outgrowth. Nature 417, 941–944. doi:10.1038/nature00867

Wesierska, M., Dockery, C., and Fenton, A. A. (2005). Beyond memory, navigation,
and inhibition: behavioral evidence for hippocampus-dependent cognitive coor-
dination in the rat. J. Neurosci. 25, 2413–2419. doi:10.1523/JNEUROSCI.3962-
04.2005

Willi, R., Aloy, E. M., Yee, B. K., Feldon, J., and Schwab, M. E. (2009). Behavioral
characterization of mice lacking the neurite outgrowth inhibitor Nogo-A. Genes
Brain Behav. 8, 181–192. doi:10.1111/j.1601-183X.2008.00460.x

Willi, R., and Schwab, M. E. (2013). Nogo and Nogo receptor: relevance to schizo-
phrenia? Neurobiol. Dis. 54, 150–157. doi:10.1016/j.nbd.2013.01.011

Willi, R., Weinmann, O., Winter, C., Klein, J., Sohr, R., Schnell, L., et al. (2010). Con-
stitutive genetic deletion of the growth regulator Nogo-A induces schizophrenia-
related endophenotypes. J. Neurosci. 30, 556–567. doi:10.1523/JNEUROSCI.
4393-09.2010

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 09 December 2013; accepted: 02 March 2014; published online: 18 March
2014.
Citation: Petrasek T, Prokopova I, Sladek M, Weissova K, Vojtechova I, Bahnik S,
Zemanova A, Schönig K, Berger S, Tews B, Bartsch D, Schwab ME, Sumova A and
Stuchlik A (2014) Nogo-A-deficient transgenic rats show deficits in higher cognitive
functions, decreased anxiety, and altered circadian activity patterns. Front. Behav.
Neurosci. 8:90. doi: 10.3389/fnbeh.2014.00090
This article was submitted to the journal Frontiers in Behavioral Neuroscience.
Copyright © 2014 Petrasek, Prokopova, Sladek, Weissova, Vojtechova, Bahnik,
Zemanova, Schönig , Berger , Tews, Bartsch, Schwab, Sumova and Stuchlik. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience www.frontiersin.org March 2014 | Volume 8 | Article 90 | 160

http://dx.doi.org/10.1016/j.neuroscience.2009.06.042
http://dx.doi.org/10.1016/j.neuroscience.2009.06.042
http://dx.doi.org/10.1016/j.neuroscience.2010.04.045
http://dx.doi.org/10.1177/0748730403018003006
http://dx.doi.org/10.1016/j.mcn.2004.01.001
http://dx.doi.org/10.1093/cercor/bhl146
http://dx.doi.org/10.1093/cercor/bhl146
http://dx.doi.org/10.1016/S0169-328X(02)00492-8
http://dx.doi.org/10.1186/1744-859X-8-22
http://dx.doi.org/10.1523/JNEUROSCI.0727-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.0727-08.2008
http://dx.doi.org/10.1007/s00441-012-1432-6
http://dx.doi.org/10.1007/s00441-012-1432-6
http://dx.doi.org/10.1016/j.nlm.2013.10.015
http://dx.doi.org/10.1017/S0140525X03000025
http://dx.doi.org/10.1016/j.pbb.2012.04.003
http://dx.doi.org/10.1016/j.pbb.2012.04.003
http://dx.doi.org/10.1523/JNEUROSCI.3142-12.2012
http://dx.doi.org/10.1016/j.conb.2004.01.004
http://dx.doi.org/10.1038/nrn2936
http://dx.doi.org/10.1002/humu.9292
http://dx.doi.org/10.1152/ajpregu.00184.2006
http://dx.doi.org/10.1016/S0091-6773(78)92565-8
http://dx.doi.org/10.1016/j.bbr.2006.11.046
http://dx.doi.org/10.1016/j.neulet.2004.05.037
http://dx.doi.org/10.1159/000336841
http://dx.doi.org/10.1016/j.molbrainres.2005.05.010
http://dx.doi.org/10.1126/science.7193351
http://dx.doi.org/10.1073/pnas.1217665110
http://dx.doi.org/10.1016/j.neures.2006.04.007
http://dx.doi.org/10.1111/j.1471-4159.2012.07671.x
http://dx.doi.org/10.1016/j.nbd.2011.03.012
http://dx.doi.org/10.1016/j.nbd.2011.03.012
http://dx.doi.org/10.1523/JNEUROSCI.0477-09.2009
http://dx.doi.org/10.1038/nature00867
http://dx.doi.org/10.1523/JNEUROSCI.3962-04.2005
http://dx.doi.org/10.1523/JNEUROSCI.3962-04.2005
http://dx.doi.org/10.1111/j.1601-183X.2008.00460.x
http://dx.doi.org/10.1016/j.nbd.2013.01.011
http://dx.doi.org/10.1523/JNEUROSCI.4393-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.4393-09.2010
http://dx.doi.org/10.3389/fnbeh.2014.00090
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


GENERAL COMMENTARY
published: 23 December 2014

doi: 10.3389/fnbeh.2014.00442

Corrigendum: Nogo-A-deficient transgenic rats show
deficits in higher cognitive functions, decreased anxiety,
and altered circadian activity patterns
Tomas Petrasek1,2*, Iva Prokopova1, Martin Sladek3, Kamila Weissova3, Iveta Vojtechova1,
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N-methyl-D-aspartate receptors (NMDAR) are involved in neuronal plasticity. To assess
their role simultaneously in spatial working memory and non-cognitive learning, we used
NMDAR antagonists and the Allothetic Place Avoidance Alternation Task (APAAT). In
this test rats should avoid entering a place where shocks were presented on a rotating
arena which requires cognitive coordination for the segregation of stimuli. The experiment
took place 30 min after intraperitoneal injection of memantine (5, 10, 20 mg/kg b.w.:
MemL, MemM, MemH, respectively) and (+)MK-801 (0.1, 0.2, 0.3 mg/kg b.w.: MK-801L,
MK-801M, MK-801H, respectively). Rats from the control group were intact or injected
with saline (0.2 ml/kg). Over three consecutive days the rats underwent habituation,
two avoidance training intervals with shocks, and a retrieval test. The shock sector was
alternated daily. The after-effects of the agents were tested on Day 21. Rats treated with
low dose memantine presented a longer maximum time avoided and fewer entrances than
the MemH, MK-801M, MK-801H and Control rats. The shocks per entrances ratio, used
as an index of cognitive skill learning, showed skill improvement after D1, except for rats
treated by high doses of the agents. The activity levels, indicated by the distance walked,
were higher for the groups treated with high doses of the agents. On D21 the MK801H
rats performed the memory task better than the MemH rats, whereas the rats’ activity
depended on condition, not on the group factor. These results suggest that in naïve rats
mild NMDAR blockade by low-dose memantine improves working memory related to a
highly challenging task.

Keywords: working memory, cognitive skill learning, locomotor activity, MK-801, memantine, Allothetic Place

Avoidance Alternation Task (APAAT)

RESEARCH HIGHLIGHTS
Improvement of working memory was induced by low dose
memantine;

The negative effects of high doses on cognitive function were
diminished after a long break post-MK-801 administration, but
not post-memantine.

The APAAT is a useful behavioral tool to study the effects
of pharmacological treatments on both non-cognitive functions
and the cognitive functions, learning, memory and executive
functions.

INTRODUCTION
Working memory is fundamental for sustaining successful daily
activity in humans and animals. The brain areas involved in
working memory include the prefrontal cortex, hippocampus
and subcortical areas (Goldman-Rakic, 1995; Westerberg and
Klingberg, 2007; Heuer and Bachevalier, 2012). The prelimbic
and medial orbital cortices are part of the rat homologs of the
human prefrontal cortex, which receive hippocampal projections
from the ventral CA1 of the Ammon’s horn and subiculum (Jay
and Witter, 1991). A functional hippocampal-prefrontal network

has been documented in the rat brain (Schwarz et al., 2013) and
was found to be engaged in the rapid acquisition and short-term
maintenance of spatial information (Burette et al., 2000). The
prelimbic cortex is reciprocally connected with the rest of the pre-
frontal cortex (Jay and Witter, 1991); hence this area is capable
of functionally integrating contributions from the hippocampus
and prefrontal cortex, which further validate their participation
in spatial working memory.

In human working memory function, temporary storage
of current information occurs simultaneously along with the
execution of higher cognitive function and skill performance
(Baddeley, 1992; Repovs and Baddeley, 2006). It involves a
multi-component system of short-term and long-term memory,
which is distinguished by low and high capacities for infor-
mation retention (Cowan, 2008). Animal models of working
memory have utilized delayed alternation, the radial maze test,
the water maze and the place avoidance test for their assess-
ment (Dudchenko, 2004). The latter of these tasks, the place
avoidance test with alternation of the target sector, involves a
new set of spatial information about the task but does not
require prior skill pretraining, which permits demonstration of
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skill improvement across time through training (Dockery and
Wesierska, 2010).

It has been proven, that repetitive working memory training
of a spatial task promotes improvement in the general learning
performance and cognitive abilities (Klingberg, 2010). This
improvement is known as cognitive skill learning (CSL), and
just as for working memory in humans, it is domain-specific
(e.g., visual-spatial or phonological information), and results in
task-relevant improvements in terms of storage and assessment
(Olesen et al., 2004; Lee et al., 2007). During CSL, such as evoked
by exposure to novel task conditions, various learning mech-
anisms are involved including both declarative knowledge and
procedural form (Anderson et al., 1997). CSL requires associative
memory processes and intact fronto-striatal circuitry (Poldrack
et al., 1999), in addition to normal activity in the dorsolateral
prefrontal cortex (DLPFC) and the hippocampus (Cerella et al.,
2006). Furthermore, there is a relationship between spatial work-
ing memory performance and motor skill learning, whereby spa-
tial working memory, particularly in early learning, is predictive
of the rate of motor learning in humans (specifically sensorimo-
tor adaptation) with significant neural overlap between the two
involving activation in the right DLPFC (Seidler et al., 2012).

CSL related to working memory in rodents has not, however,
been shown to have an effect on the exploratory tendencies or
other non-specific behavioral consequences of exposure to envi-
ronments outside of the home cage (Light et al., 2010). Beyond
the impact of training on CSL, improvement of working mem-
ory has been found as an immediate and latent effect of cathodal
and anodal transcranial direct current brain stimulation (tDCS)
when paired with training in humans (Dockery et al., 2009).
The benefits of tDCS on spatial working memory and CSL in
a rat model have furthermore been demonstrated in the place
avoidance alternation task (Dockery et al., 2011). Interestingly,
recent evidence suggests that anodal tDCS results in a reduction of
GABA concentration, while cathodal stimulation decreases glu-
tamate concentrations, in correlation with reduced GABA levels,
as measured by magnetic resonance spectroscopy in the sensori-
motor cortex (Stagg et al., 2009). It has been proposed that the
cumulative benefits on working memory may result from home-
ostatic effects of tDCS through its interaction with mediators of
neuronal function and plasticity in rats and humans (Dockery,
2013).

Activation of N-Methyl-D-aspartate (NMDA) receptors by
glutamate is critical for long-term potentiation (LTP) and long
term depression (LTD). They comprise a form of experience–
dependent change in synaptic efficacy which is accepted as a
cellular analog of learning, long-term memory storage (Lynch,
2004; Pastalkova et al., 2006), working memory and cognitive
function (Timofeeva and Levin, 2011; Wang et al., 2013). Over
expression of glutamate excitation involves increased intracellu-
lar Ca2+ and Na+ ions which generate excitotoxic effects. These
effects are responsible for triggering neurodegeneration in many
neurological diseases and disorders such as: AD, stroke, status
epilepticus and head trauma. Impairment of working memory is
a symptom of cognitive dysfunction which occurs with ageing,
brain trauma, and neuropsychiatric diseases such as depression,
Alzheimer’s disease (AD) or schizophrenia (Elvevåg et al., 2000).

By studying the effect of NMDAR blockade on cognitive and
non-cognitive processes, the role of NMDA receptors in the hip-
pocampus, involved in working memory encoding and retrieval
(Yoshihara and Ichitani, 2004), and their role in the prefrontal
cortex, subserving persistent neuronal firing in the absence of
sensory stimulation (Wang et al., 2013), can be further eluci-
dated. Loss of the NMDA receptor NR1 subunit in the granule
cells of the dentate gyrus impaired spatial memory (Niewoehner
et al., 2007), and NMDA receptor deletion has been shown to
both restrict CA3 pyramidal cells (Nakazawa et al., 2003) and
affect spatial working memory. Moreover, blockade of NMDARs
in the different subregions of the hippocampus has been found to
affect different stages of spatial working memory (Lee and Kesner,
2002).

The NMDAR is a complex comprised of several heterogeneous
subunits, which contains binding sites for the different modes
of action of non-competitive antagonists such as (+)MK-801
(commercial name: Dizocilpine) or memantine (Paoletti et al.,
2013). MK-801 acts without subunit selectivity and, with a long
dwell-time in the ion channel, results in a slow off-rate and high
affinity to NMDAR (Wong et al., 1986; Chen and Lipton, 2006).
Memantine acts via a shorter dwell-time (faster off-rate), lower
affinity and higher voltage dependence (Parsons et al., 1995; Chen
and Lipton, 2006). It blocks excessive NMDA receptor activity
without impairing normal activity, which is a feature of uncom-
petitive antagonists. Blockade of NMDA receptors by memantine
and MK-801 has been proposed as a therapeutic intervention for
neuroprotection in neurodegenerative diseases such as Alzheimer
and Parkinson’s Disease or stroke (Zajaczkowski et al., 1996;
Danysz et al., 1997). However, the different properties of the two
agents in regard to NMDARs influence the differential effects on
cognitive and non-cognitive behavior.

NMDAR activity relates to normal and abnormal function of
the nervous system via their excitatory activity (Chen and Lipton,
2006), whereby the levels of transmission represent a continuum
with polarities between excessive and inadequate transmission.
The critical aspect then in achieving therapeutic efficacy to ame-
liorate neurological diseases and psychiatric disorders, is through
the capacity to register the current state of the NMDAR activ-
ity on this continuum and apply appropriate dosing of NMDAR
antagonism to achieve health and reinstate proper function. MK-
801 application in animal studies was found to impair food
consumption, and disturb mobility (locomotor activity) and psy-
chogenic activity (stereotypic activity and ataxia) (Mondadori
et al., 1989; Whishaw and Auer, 1989), in addition to psychotic
dysfunction in rats (Manahan-Vaughan et al., 2008). In healthy
humans, MK-801 administration has been associated with hal-
lucinations, delusions and affective blunting. Memantine in high
doses has also been found to disturb motor function and sponta-
neous responses such as rearing (Creeley et al., 2006). However, in
contrast to MK-801, for memantine the distinction between doses
which produced undesirable side effects and those which elicit
promising therapeutic effects are clearly distinguishable (Morè
et al., 2008). A pharmacological study showed that injection of
5 mg/kg of memantine resulted in plasma concentrations in a
therapeutic range (about 1.0 umol/l), which is safe and does not
cause learning and memory impairment. Whereas higher doses of
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memantine (10 mg/kg) were found to produce plasma level con-
centrations that were fivefold higher than those which mediated
therapeutic effects in patients requiring treatment (Zoladz et al.,
2006).

The effects of MK-801 and memantine have been studied in
relation to cognitive function in animal models of long- and
short-term memory, but have rarely been tested in working mem-
ory paradigms. The effects on memory have been shown to
be dose- and time-dependent. When applied 30 min before the
experiment both memantine (in 0.5 or 1.0 mg/kg doses) and
MK-801 (in 0.025 or 0.05 mg/kg doses) preserved intact work-
ing memory performance in a delayed match–to–position task
(Smith et al., 2011). Whereas memantine in 5 mg/kg or MK-
801 in801 in 0.1 mg/kg doses impaired working memory in the
same test. The low and high doses of MK-801 (0.25, 0.5, 1.0,
4.0 mg/kg) made working memory worse in the water maze test
shortly after injections (from 3h to 1 day post-treatment), but
not on the third or the fourth post-treatment day (Whishaw and
Auer, 1989). In the radial maze, working memory was intact in
rats with high doses of memantine (20 mg/kg per day) and MK-
801 (0.312 mg/kg per day) applied as a chronic infusion during
the experiment (Zajaczkowski et al., 1996) or post-administration
of a 5 mg/kg dose of MK-801 and high doses of memantine (20
and 40 mg/kg) with a long delay (8 days) (Zajaczkowski et al.,
2000). Also acute application of moderate doses of memantine
(2.5, 5.0, 10.0 mg/kg) preserved short-term memory in the radial
water maze test (Zoladz et al., 2006). After a high dose of meman-
tine (20 mg/kg) a slight improvement in working memory was
observed at the onset of training in the radial maze (Zajaczkowski
et al., 2000).

The experimental results collectively suggest palliative effects
of memantine in low doses with mixed results for MK-801. As
a consequence of such experimental results, memantine received
authorization as a treatment for AD in 2002 in the EU and in
2003 in the USA (Parsons et al., 2007). In contrast, MK-801
dose-dependently induced mobility disturbances and long-lasting
spatial memory impairment (Zajaczkowski et al., 1996), which
mimics symptoms of schizophrenia. Therefore, application of
MK-801 has been proposed as an animal model of schizophrenia
using the active allothetic place avoidance method (Vales et al.,
2010).

In active place avoidance tasks, a freely walking rat must
remember and avoid an unmarked place on an elevated arena
where foot-shocks are administered. When associated with a
rotating arena in light, this place, or “to-be-avoided sector,” is
oriented according to room frame coordinates in which place
avoidance demands segregation of relevant extramaze room stim-
uli from irrelevant intramaze arena stimuli. To achieve accurate
memory performance in the active place avoidance task, segrega-
tion of relevant from irrelevant arena frame stimuli is required,
a process which engages cognitive coordination (Wesierska et al.,
2005). The inability to segregate stimuli has been proposed as a
disturbance in cognitive coordination which is found in patients
with schizophrenia (Phillips and Silverstein, 2003).

In order to specifically test working memory and CSL, a vari-
ant of the active place avoidance, the Allothetic Place Avoidance
Alternation Task (APAAT), has been developed (Dockery and

Wesierska, 2010). Due to the alternation aspect of the APAAT task,
in which the to-be-avoided sector is alternated daily, new infor-
mation is needed for each session in order for rats to perform
place avoidance correctly. As training progresses, simultaneously
the memory load also increases, as rats are obliged to contin-
ually update the location of the to be-avoided sector since its
location changes for each day. To date a dose-response rela-
tionship concerning the effects of NMDAR blockade on APAAT
performance has not been established. By determining the dose-
response curve in this task, the possible remedial effects of the
relevant drugs could be clarified. The aim of the presented study
was to compare the cognitive and non-cognitive processes during,
immediately after, and following a long delay post-drug admin-
istration of a range of doses of memantine and MK-801 in this
task. Thereby, the APAAT allowed for simultaneous examination
of spatial working memory capacity and the efficiency of CSL, in
addition to locomotor activity as a non-cognitive process. Such
comparisons have never been previously conducted.

MATERIALS AND METHODS
ANIMALS
Eighty-one naïve adult (3.5-month-old) male Long Evans rats,
weighing 270–360 g, were obtained from the breeding colony of
the Nencki Institute of Experimental Biology, Polish Academy of
Science, Warsaw, Poland. They were accommodated in transpar-
ent plastic home cages, four per cage, under standard conditions
(a constant temperature of 22◦C, 12:12 light/dark cycle, humidity
at 23%). Water and food were available in the cages ad-libitum.
The animals were handled for four days prior to the onset of
the experiment. All manipulations were done according to the
European Community Directive for the ethical use of experimen-
tal animals and the Polish Communities Council for the care and
use of laboratory animals.

DRUG TREATMENT
Memantine—(3, 5-Dimethyl-1-adamantanamine hydrochloride,
3,5-Dimethylamantadine hydrochloride; Sigma Aldrich) was dis-
solved in saline (5, 10, 20 mg/ml) and injected intraperitoneally
(5, 10, 20 mg/kg b.w.). (+)MK-801–((5S,10R)-(+)-5-Methyl-
10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine
hydrogen maleate, Dizocilpine hydrogen maleate; Sigma
Aldrich) was dissolved in saline solution (0.1, 0.2, 0.3 mg/ml)
and injected intraperitoneally (0.1, 0.2, 0.3 mg/kg b.w.). For
both drug treatments, the animals received the same volume of
liquid per kg of body weight which was applied 30 min before the
training sessions on Days 1, 2, and 3.

APPARATUS
The active allothetic place avoidance apparatus was previously
described in detail (Wesierska et al., 2009). Briefly, the appara-
tus consisted of an 80-cm-diameter, rotating (1 rpm) platform or
“arena” made of aluminum. It was elevated (80 cm), and located
in a room with dim light and explicit visual landmarks (pictures,
lamp, furniture). Rats wore a latex harness on their back upon
which an infrared light-emitting diode (LED) was fixed. The sec-
ond LED was attached to the periphery of the arena. The infrared
TV camera was connected to a computer system which allowed
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for monitoring the position of the rat. Rats were pierced between
the shoulders with a subcutaneous connector (surgical needle)
which provided an anchor for a mini-alligator clip that was con-
nected by a cable to the shock box. Every time the rat entered the
to-be-avoided sector (60◦) a mild, constant current foot-shock
was delivered through the connector placed on the rat’s back.
The shock was repeated every 1.5 s until the rat escaped from the
shock sector. The data were collected and analyzed by the place
avoidance system (Bio-Signal Group, Brooklyn, New York).

EXPERIMENTAL GROUPS
Rats (n = 81) were randomly divided into eight groups. The
Control group of rats consisted of intact animals (n = 12) and
rats treated with saline (n = 11; 1 ml/kg b.w.). The memantine
group was divided into three subgroups according to the dosage: a
low (MemL) 5 mg/kg (n = 12), medium (MemM) 10 mg/kg (n =
12) and high (MemH) 20 mg/kg (n = 10) dosage group. Likewise,
the dizocilpine ((+)-MK-801) group of rats was divided into
three subgroups: a low (MK-801L) 0.1 mg/kg (n = 8), medium
(MK-801M) 0.2 mg/kg (n = 8) and high (MK-801H) 0.3 mg/kg
(n = 8) dosage group (Table 1).

BEHAVIORAL PROCEDURES
The experiment was divided into two stages. The first stage con-
sisted of Days 1, 2, and 3 (D1, D2, D3), during which rats were
injected with drugs and underwent training and testing sessions
on the rotating arena. The second stage consisted of a single
session, Day 21 (D21), which served as a follow-up to test the
long-term influence of prior memantine and MK-801 injections
paired with training on performance in the APAAT. On D21
rats were not injected before the behavioral session, however, the
behavioral conditions were the same as for the first stage.

The experiment started on Day 0 which served as the habi-
tation during which the rats were placed on the rotating arena
for 5 min without an active shock sector. The next days (D1, D2,
and D3) were training days during which the rats were injected
intraperitoneally 30 min before the avoidance training began.
Each behavioral session began with habituation (ha) on the rotat-
ing arena with an inactive shock sector. After 5 min of habituation
the to-be-avoided sector was activated. The rats which were able
to avoid the sector consistently for at least 90 s. completed the
two training intervals after 10 min (5 min for tr1 and 5 min for
tr2) and were removed from the arena. If a rat did not reach
this criterion before the end of the 10 min, they underwent an
additional 5 min of training. Those rats then underwent a 5 min
delay period in a cage in an adjacent room. Afterwards, they
were returned to the rotating arena for the 5 min retrieval test
(ts). During the test the original shock sector was inactivated.
The to-be-avoided sector was defined by room frame coordi-
nates and was changed each day according to the following order:
D1–Northwest, D2–Northeast, D3–Southwest, D21–Southeast.

MEASURES
The independent variables taken to describe cognitive working
memory processes included the number of entrances into the
shock sector (ENTR), the maximum time spent avoiding the
shock sector (s) (Tmax) and the number of shocks per entrance

(SH/ENTR). For habituation and the retrieval test, the shock
was inactivated, however, the program still registered undelivered
number of shocks related to the rat’s presence in the to-be-
avoided sector. This provided an index of “untrained behavior.”
During training, a high SH/ENTR ratio expresses poor CSL. Non-
cognitive functions were assessed by locomotor activity by the
total path length (distance) (m) and linearity (Lin). The latter
was calculated as the average ratio of linear distance during each
two-second time bin divided by the sum of the path distance
determined by each 20 ms epoch.

DATA ANALYSIS
Based on the above measures for D1–3, analysis of the across
session effects on performance was performed by a three-way
ANOVA (group (MemL, MemM, MemH, MK-801L, MK-801M,
MK-801H, CONTR) × day (D1, D2, D3) × condition (ha, tr1,
tr2, ts): 7 × 3 × 4; with repeated measures on the last factors)
followed by a Tukey HSD multiple comparison post-hoc test. On
D21, a two-way ANOVA (group (MemL, MemM, MemH, MK-
801L, MK-801M, MK-801H, CONTR) x condition (ha, tr1, tr2,
ts): 7 × 4; with repeated measures on the last two factors) was
performed with a Tukey HSD test for multiple comparisons.
Significance was accepted at a level of P < 0.05. The statistical
analysis was performed with STATISTICA 7.1. Group averages
and ±s.e.m. values are reported.

RESULTS
DOSE-RELATED EFFECTS OF MEMANTINE AND MK-801
ADMINISTRATION ON WORKING MEMORY TRAINING (DAYS 1–3)
EVALUATED BY THE NUMBER OF ENTRANCES INTO AND MAXIMUM
TIME SPENT AVOIDING THE SHOCK SECTOR. HIGH DOSES OF BOTH
AGENTS IMPAIRED WORKING MEMORY, WHILE LOW DOSES HELPED
MAINTAIN OR EVEN IMPROVE (MEMANTINE) IT
Working memory performance expressed as the number of
entrances (ENTR) into the shock sector changed according to
the agents used and their doses [F(6, 74) = 29.068; P < 1 × 10−16;
MemH, MK-801H > CONTR, MK-801L, MK-801M, MemL,
MemM], across days [F(2, 148) = 5.42; P < 0.005; D1, D2 > D3]
and for the different conditions within a session [F(3, 222) =
74.70; P < 0.000001; tr2 < ts < tr1 < ha] (Figure 1A). Working
memory was worse (more entrances) after the high doses of
both agents (P < 0.0001). Rats performed better on D3 than
on D1, and D2 (P < 0.001). Although during the test condi-
tion rats had more entrances than during tr2, it was significantly
less than in tr1 and ha (P < 0.0008). The post-hoc evaluation of
the group by day interaction [F(12, 148) = 6.27; P < 6.7 × 10−8]
confirmed that rats from the MemL, MK-801L, and CONTR
groups showed a lower number of ENTR across the consecutive
days. Their performance was better (fewer entrances) than in the
rats with MemH on D2 and D3, and MK-801H on D1 and D2
(P < 0.001). The post-hoc test for the group by condition inter-
action [F(18, 222) = 3.26; P < 1.8 × 10−4] showed that avoidance
during tr2 was better than in the other conditions for the MemL,
MK-801L, and CONTR groups (P < 0.01). In contrast, the num-
ber of ENTR for MemH and MK-801H was at a similar level for
all the session conditions and was worse (more entrances) than
in the other groups (P < 0.001). On D3 the number of ENTR
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Table 1 | Description of experimental groups.

Group Memantine (+)MK-801(Dizocilpine) Control

�����������Dosage
MemL MemM MemH MK-801L MK-801M MK-801H Saline

n = 11
(1ml/kg)
Intact
n = 12
� n = 23

mg/kg b.w. 5 10 20 0.1 0.2 0.3

#Rat’s per group n = 12 n = 12 n = 10 n = 8 n = 8 n = 8

FIGURE 1 | The high dose of memantine and MK-801 (MemH and

MK-801H, respectively), in contrast to the low doses, impaired

working memory performance in the allothetic place avoidance

alternation task as shown by a high number of entrances for D1–3 (A).

This effect was absent for the long-term follow-up when no drug was
administered (D21), however, rats previously treated with MemH
performed worse than those previously treated with MK-801H (B). The
values are presented as the average number of entrances (±s.e.m.) for
groups, across all days and for all conditions. The values are presented as
the grand average (±s.e.m.) according to group, day and condition.
Memantine doses: low MemL–5 mg/kg, medium MemM–10 mg/kg and
high MemH–20 mg/kg. (+)MK-801 doses: low MK-801L–0.1 mg/kg, medium
MK-801M–0.2 mg/kg and high MK-801H–0.3 mg/kg. The shaded columns
represent the conditions during which shock was activated.

during tr2 was lower than for the other session conditions for all
days as shown by a post-hoc for the day by condition interaction
[F(6, 444) = 10.69; P < 4 × 10−10; post-hoc test; P < 0.0004].

In the APAAT, the maximum time avoided (Tmax) is
used to represent working memory performance. It dif-
fered depending on the group [F(6, 74) = 18.70; P < 4 × 10−12;
MemL > CONTR, MemH,MK-801H, MK-801M] and condition

[F(3, 222) = 83.39; P < 0.00000; tr2 > ts > tr1 > ha], whereas
there was no significant effect of days (Figure 2A). The post-hoc
test confirmed that rats treated with MemL avoided better (a
higher Tmax) than the CONTR (P < 0.02), MemH, MK-801M,
and MK-801H (P < 0.001; P < 0.0001) groups. No differences
were found between the MemL and MK-801L, or between the
MK-801L and control rats. The rats treated with MemH or MK-
801H performed worse than the rats from the other groups. For
condition, the shock sector was avoided with a longer Tmax dur-
ing tr2 than during the other conditions (post-hoc; P < 0.002).
Although the Tmax during the retrieval test (shock inactivated)
was shorter than during tr2 (post-hoc test; P < 0.0008), it was
longer than the Tmax during tr1 and ha (post-hoc test; P <

7 × 10−6). The post-hoc for the group by condition interaction
[F(18, 222) = 4.86; P < 3 × 10−8] showed that the Tmax dur-
ing tr2 was shorter for the control than for MemL (P < 0.02),
MemH and MK-801H (P < 0.0001) groups, and similar as that
for the MK-801L, MK-801M, and MemM groups. The rats treated
by high memantine or MK-801 presented a low Tmax for all
conditions. The post-hoc for the day by condition interaction
[F(6, 444) = 5.59; P < 1 × 10−4; P < 0.02] showed that the Tmax
was similar for tr2 across all days. The Tmax was higher for tr2
than for tr1, ha (D1-3) and ts (except for on D1).

DOSE-RELATED EFFECTS OF MEMANTINE AND MK-801
ADMINISTRATION ON COGNITIVE SKILL LEARNING (DAYS 1–3)
EVALUATED AS THE SHOCKS PER ENTRANCE RATIO (SH/ENTR). RAPID
ACQUISITION OF COGNITIVE SKILL LEARNING (WITHIN THE FIRST
SESSION) OCCURRED AND WAS MAINTAINED OVER THE LONG-TERM
(BETWEEN SESSIONS) AFTER TREATMENT WITH LOW DOSAGES OF
BOTH OF THE NMDAR ANTAGONISTS
CSL was expressed as the shock per entrances ratio (SH/ENTR).
It was dependent on condition [F(3, 222) = 77.48; P < 0.0000)(ha
> tr1, ts > tr2], but not day [F(2, 148) = 0.83; P = 0.43]
(Figure 3A). Although the main effect of treatment [F(6, 74) =
2.91; P < 0.013] was significant, the post-hoc did not show a sig-
nificant difference between groups. The SH/ENTR ratio was the
highest during habituation (P < 6 × 10−5) and the lowest during
tr2 (P < 7 × 10−4). The post-hoc test for the group by day inter-
action [F(12, 148) = 2.22; P < 0.013] showed that the SH/ENTR
ratio was similar for all groups on D1 and D2. On D3 the ratio for
MemH was lower than that for MK-801M only (P < 0.001).

The post-hoc evaluation of the group by condition interac-
tion [F(18, 222) = 5.35; P < 2 × 10−9; P < 0.01] confirmed that
during tr1 the SH/ENTR ratio was lower than during ha for the
CONTR, MK-801L and MemL groups (P < 0.01), whereas rats
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FIGURE 2 | The benefit of low-dose memantine on working memory

performance was evidenced by a longer maximum time avoided

(Tmax) in comparison to the control, MemH and MK-801H rats

(P < 0.02; P < 0.0001; P < 0.0001, respectively) (A). Without any drug
administration (D21) working memory performance was similar for all
groups, but post-treatment MemH rats were worse than post-MK-801H
(B). The values are presented as the average Tmax (±s.e.m.) for groups
across days and for all conditions. Other figure elements are the same as in
Figure 1.

treated with middle or high doses of MK-801 and memantine
presented similar ratios during ha and tr1. Rats from the high
MK-801 and memantine groups presented similar ratios across
all conditions. The post-hoc evaluation for the day by condi-
tion interaction [F(6, 444) = 6.27; P < 2 × 10−5] showed that the
ratios for ha and tr1 on D1 were similar, whereas on the next days
the ratio for tr1 decreased compared to ha (P < 0.0003).

DOSE-RELATED EFFECTS OF MEMANTINE AND MK-801
ADMINISTRATION ON NON-COGNITIVE FUNCTIONS EXPRESSED BY
THE DISTANCE WALKED BY RATS AND THE LINEARITY
(STRAIGHTNESS), OF THE RAT’S PATH. THE HIGH DOSE OF MK-801
WAS ASSOCIATED WITH HYPERACTIVITY, BUT DID NOT AFFECT
LINEARITY
The distance walked by rats was dependent on treatment and con-
dition as confirmed by a significant effect of group [F(6, 72) =
21.01; P < 4 × 10−13; MK-801H > all other groups] and con-
dition [F(3, 216) = 4.69; P < 0.003; tr2 > ha, tr1, ts], whereas
an effect of day was not significant [F(2, 144) = 2.34; P = 0.099]
(Figure 4A). The post-hoc test for groups showed that the MK-
801H rats walked more than the other rats (P < 0.0001; P < 0.05
for MemH). The rats from the CONTR group walked a shorter

FIGURE 3 | Cognitive skill learning in the allothetic place avoidance

alternation task was calculated as the ratio of shocks per entrances

(SH/ENTR) into the shock sector which developed according to day

and condition (A). On D1 the ratios for ha and tr1 were similar, whereas
for D2 and D3 it decreased for tr1 in comparison to ha. Without any drug
administration (D21), all rats presented similar skill levels in which
performance was dependent on condition (B). The values are presented as
the grand average (±s.e.m.) according to group, day and condition. Other
figure elements are the same as in Figure 1.

distance than the rats treated by high doses of memantine and
MK-801. The post-hoc test for condition confirmed a longer dis-
tance for tr2 than for the other conditions (P < 0.004). Rats
presented a similar distance during tr1, ha, and ts. The post-hoc
evaluation of the group by day interaction [F(12, 144) = 8.81; P <

1.7 × 10−11] confirmed that the MK-801H rats walked a similarly
long distance every day, which was similar to that of the MemH
rats on D3 (P < 1.7 × 10−5). Rats treated with MK-801H walked
a long distance for all conditions [group by condition interaction
F(18, 216) = 5.08; P < 1.2 × 10−8; P < 0.001]. The post-hoc eval-
uation of the day by condition interaction [F(6, 432) = 7.19; P <

2.5 × 10−6] confirmed a shorter path during habituation on D2
and D3 than for the other conditions (P < 0.01). No differences
were found between tr1 and tr2 for all days.

Linearity, which represents the straightness of a rat’s path in
the arena according to a 20 ms sampling rate, changed dependent
on treatment [F(6, 72) = 16.22; P < 10 × 10−10; Control, low and
MK-801M and MemM < MK-801H and MemH] and condi-
tion [F(3, 216) = 2.78; P < 0.04; tr1 > ha] (Figure 5A). Rats from
the high MK-801 and memantine groups walked straighter than
the other rats (a high linearity value) (P < 0.002). Rats walked
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FIGURE 4 | Non-cognitive function was represented by the activity

levels measured by the distance [m] walked in the allothetic place

avoidance alternation task. After the high dose of MK-801 (MK-801H) the
activity level was high across all days (D1-3), while it was only high for D3
following the high memantine dose (MemH) (A). Without any drug
administration (Day 21), hyperlocomotion in MK-801H rats post-treatment
ceased and locomotion returned to a similar level as in other post-treated
rats (B). The values are presented as the grand average (±s.e.m.) according
to group, day and condition. Other figure elements are the same as in
Figure 1.

straighter during tr1 than during ha and ts (P < 0.03), with no
differences found between tr2 and the other conditions. The post-
hoc evaluation of the group by day interaction [F(12, 144) = 5.54;
P < 9 × 10−7] showed that MK-801H rats presented a similar
linearity value across days, which was similar to MemH except for
on D1, but was higher than in the other groups of rats (post-hoc
test; P < 0.001). The post-hoc evaluation of the group by condi-
tion interaction [F(18, 216) = 1.91; P < 0.016] confirmed that the
MK-801H and MemH rats had a similar linearity across condi-
tions, which was higher than in the other groups independent
of condition (P < 0.0001). The linearity values during ha and
tr1on D1 and D2 were similar, which were lower than during tr1,
tr2, and ts on D3 (post-hoc; P < 0.01) for the day by condition
interaction [F(6, 432) = 4.941; P < 6 × 10−4].

LONG-TERM EFFECTS (D21) ON WORKING MEMORY WITHOUT DRUG
ADMINISTRATION
Proper functioning of working memory post-drug administra-
tion and early training (D21) was evidenced by a low number of
entrances with a long maximum time avoided and via demon-
stration of the effective skill to avoid the new to-be-avoided
sector.

FIGURE 5 | The linearity of the path on the arena in the allothetic place

avoidance task was straighter for the MK-801H rats across days (D1–3),

and on D2 and D3 for the MemH rats (A). On D21, the linearity was
dependent on condition (B).The values are presented as the grand average
(±s.e.m.) according to group, day and condition for rats treated with
different doses of memantine or MK-801. Other figure elements are the
same as in Figure 1.

Working memory performance in control rats and rats after
memantine or MK-801 administration was assessed on D21
according to the number of entrances. A significant effect was
confirmed for group [F(6, 74) = 3.98; P < 0.002] and condition
[F(3, 222) = 34.501; P < 2 × 10−18] (Figure 1B). The post-hoc for
group confirmed that MK-801H rats (no drug administered) per-
formed better than MemH rats (P < 0.002), but the difference
between the control and other treatment groups was not signifi-
cant. The number of ENTR during tr2 was lower than during the
other conditions (ha > tr2 < tr1, ts; P < 0.001).

The maximum time avoided showed significant effects
of group [F(6, 74) = 6.37; P < 1, 9 × 10−4] and condition
[F(3, 222) = 37.47; P < 1, 2 × 10−18], and a group by condition
interaction [F(18, 222) = 1.80; P < 0.03] (Figure 2B). Although
the MK-801H rats presented a longer maximum avoidance time
than the MK-801L, MK-801M and MemH rats (P < 0.04), it was
similar to that for the control rats. The Tmax was longer during
tr2 than during the tr1, ts and ha conditions (P < 0.0001), but
no difference was found between tr1 and ts. The post-hoc test for
the group by condition interaction confirmed that during tr2 the
rats from the MK-801H group had a longer Tmax than the rats
from the MK-801L, MemH and CONTR groups (P < 0.03). The
MemH rats presented a shorter Tmax across all conditions.

The SH/ENTR ratio on D21 showed significant effects for
condition [F(3, 222) = 74.04; P < 0.00001] and for the group by
condition interaction [F(18, 222) = 2.06; P < 0.008]. There was a
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low ratio during tr2 and a high ratio during the ts compared to
during tr1 and ha (post-hoc test; P < 0.0002). The ratio during tr1
was lower than during ha and the ts (post-hoc test; P < 1 × 10−7).
The post-hoc test for the interaction showed similar SH/ENTR
values during tr2 across groups (Figure 3B).

LONG-TERM EFFECTS (D21) ON NON-COGNITIVE FUNCTION WITHOUT
DRUG ADMINISTRATION
On D21 the locomotor activity was dependent on condition
[F(3, 219) = 9.66; P < 5 × 10−5] and showed a group by condi-
tion interaction [F(18, 219) = 2.41; P < 0.0015] (Figure 4B). All
rats walked more during habituation and tr2 than during tr1 and
ts (P < 0.0001). The post-hoc for the group by condition interac-
tion confirmed that during habituation rats previously treated by
MemM walked a longer distance than the other rats, except for the
rats previously treated with MemH (P < 0.001). Furthermore, on
D21 linearity was dependent on condition [F(3, 216) = 3.62; P <

0.01] (Figure 5B). All rats walked a straighter path (higher linear-
ity values) during tr2 than the ts (P < 0.04), while the values were
equivalent during tr1 and the ts.

DISCUSSION
The presented study focused on comparisons of on-going cogni-
tive and non-cognitive processes in the spatial working memory
test, the APAAT task, using a wide range of doses of memantine
and MK-801. We have shown that a low dose of memantine was
associated with a short-lasting improvement in spatial working
memory in comparison to the controls. Such an effect was not
observed after application of a low dose of MK-801. However,
at the low dose no differences in working memory were found
between the two drug groups. CSL developed during the first
training interval for groups with low doses of the agents. In
contrast, high doses of the agents impaired working memory, neg-
atively affected CSL and involved hyperactivity. In the same rats
the after-effects of both agents were studied on D21 in the APAAT
without drug application. Although all rats performed well in the
working memory task and both maintained and updated their
skill appropriately according to the novel sector location and the
established session conditions, the MK-801H group avoided bet-
ter during training 2 than the control, MK-801L and MemH
groups. In contrast, the non-cognitive indices of locomotor activ-
ity (path length and linearity) showed dependence on the training
conditions only.

In our working memory variant of the place avoidance test, in
order to achieve accurate daily place avoidance, both stimuli seg-
regation and short-term memory was required. The latter being
necessary for the formation of new representations of the novel
location of the shock sector. Memory acquisition occurred dur-
ing tr1 and tr2, when the shock was presented, and was tested
during the retrieval test (shock inactivated), which started 5 min
after the end of tr2. With exposure to these conditions, intact rats
improved place avoidance throughout the training sessions, when
shocks were presented, and they generally continued to avoid even
when the shock was inactivated during the retrieval test (Dockery
and Wesierska, 2010). This variant differed from a previously pre-
sented working memory variant of place avoidance, wherein the
location of the shock sector was alternated from day to day but

the daily session did not include a habituation condition (5 min
ha before avoidance training in our procedure) and consisted of
only a single training interval (Cimadevilla et al., 2000). In such
trials, comparison of working memory and CSL within a session
was not possible as within a session the two abilities were mutu-
ally exclusive. This is due to the fact that in non-alternative variant
of place avoidance the rats are always confronted with the same
shock-sector location, meaning that they only have to learn the
place it occurs in the room-frame coordinates itself. It does not
necessitate, however, the application of the rule of how to avoid
a to-be-a-frame (in any location), as is required in the alternative
variant.

When taking into consideration the three components which
comprise the working memory system in animals: goal mainte-
nance, interference control, and memory capacity (Dudchenko
et al., 2012), the working memory variant of active place avoid-
ance used in this study seems to be a very useful tool to control
the relation between these components. Furthermore, it offers
the possibility to test non-cognitive behavior in intact and phar-
macologically treated animals. To break down the components
according to the APAA task conditions, the place avoidance dur-
ing tr1, tr2 can be related to goal maintenance, as the rats must
use the representation of the shock sector in order to avoid, for
a long period of time, entering the actual place where shocks
could be delivered. Moreover, interference control also relates to
formation of a new representation, which occurs in the conse-
quent session (e.g., from D1 to D2). Thus, interference control
would be responsible for proper avoidance in each consecutive
session. Better place avoidance performance in tr2 compared to
tr1 depends on more effective on-going memory and, in this way,
could be related to memory capacity. All components, mainte-
nance, interference control and memory capacity were impaired
under NMDARs blockade by high doses, in contrast to low and
middle doses of the antagonists, memantine and MK-801. Hence,
although the APAAT currently has no complementary human set-
up, it has been shown to be a useful tool to study the relation
between components of working memory and the underlying
mechanisms which control this system.

Working or short-term memory has been previously moni-
tored by other authors/research groups in several animal models
of spatial working memory under different doses of memantine
or MK-801 with the primary aim to utilize these NMDAR antag-
onists as therapeutic treatment against excitotoxicity in neurode-
generative diseases (see Ref. in Introduction). In the presented
study, acute application of memantine in a dose of 5 mg/kg pre-
served or even facilitated spatial working memory functioning
in the APAAT. Similar to the control rats, this therapeutic dose
resulted in a low number of entrances during the training and
test conditions and also involved short-lasting enhancement of
memory in tr 2, which manifested as a significantly longer max-
imum time avoided. For comparisons low doses of memantine
(0.3; 0.56 mg/kg), but not a higher dose (1.0 mg/kg), enhanced
spatial memory after a 18 h delay in the radial maze task, whereas
higher doses (3 and 10 mg/kg) totally abolished choice accuracy in
the same test (Wise and Lichtman, 2007). In contrast, enhance-
ment of long-term memory was found after a 24 h delay in the
radial arm water maze for the 5 and 7.5 mg/kg, but not the 2.5
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and 3.75 mg/kg doses. In the same test the same doses had no
effect on short–term memory acquisition and retention which
was tested after a 15 min delay (Zoladz et al., 2006). Daily con-
tinuous infusion of 20 mg/kg memantine by minipumps did not
impair working memory in the radial maze (Zajaczkowski et al.,
1996). Contradictory to this data, acute memantine application
at a high dose (20 mg/kg) negatively affected working memory
in our experimental conditions, which manifested as a higher
number of entrances with a short maximum time avoided across
days.

Discrepancy in the obtained results, as reflected by the data
reported here from various behavioral procedures (dry vs. water
maze; appetitive vs. aversive conditions), are the result of differ-
ences in the memantine plasma concentration during the exper-
imental session, which are dependent on the dose and means of
administration (Zoladz et al., 2006).

In view of the similarities and differences between meman-
tine and MK-801, an effect of the latter drug was also studied
in terms of memory functioning. Unlike low dose memantine,
the low dose of MK-801 (0.1 mg/kg) had no effect on working
memory enhancement. However, alike memantine, the high dose
of MK-801 (0.3 mg/kg) abolished working memory across the
training and test conditions. These results are consistent with
recently published data from the Stuchlik Laboratory (Zemanova
et al., 2013) which revealed memory impairment in the APAAT
after MK-801 in doses of 0.12 and 0.15 mg/kg in naive rats but
not in pre-trained rats. Moreover, in the active place avoidance
task, MK-801 in the 0.2, but not the 0.15 mg/kg impaired reacqui-
sition of avoidance in the training conditions, whereas both doses
impaired place avoidance performance in a new environment
(Stuchlík and Vales, 2005). Our experiment was conducted on
naive rats in the same environment with doses lower (0.1 mg/kg)
and higher (0.3 mg/kg) than those in the previous studies which
further supports the reliability of our results. Effect of MK-801
on working memory depending on the dose also in other tests
on spatial memory. In the radial maze task working memory was
preserved with the 0.05, 0.01, mg/kg 0.08 and 0.1 mg/kg doses
and impaired with 0.12, 0.15 or 0.2 mg/kg of MK-801 (Wozniak
et al., 1990; White and Best, 1998; Kretschmer and Fink, 1999).
However, acquisition of working memory itself and in a new envi-
ronment in the radial maze was impaired after a 0.0625 mg/kg
dose of MK-801 (Shapiro and O’Connor, 1992). Chronic appli-
cation of MK-801 at a 0.312 mg/kg daily dose by minipumps not
impaired working memory in the radial maze test (Zajaczkowski
et al., 1996). Contrary to dry radial maze test a single applica-
tion of MK-801 at the 0.25, 0.5, 2, and 4 mg/kg doses impaired
spatial working memory in the water maze on day 1 but this
effect disappeared on day 4 (Whishaw and Auer, 1989). It has
also been shown that the effect of different doses of MK-801 on
spatial memory performance and locomotor activity depend on
the experimental procedure, e.g., the water maze test seems to be
more sensitive to MK-801 than the dry open field test (Wegener
et al., 2011).

To summarize, MK-801 in low doses (0.05 mg/kg, 0.08 mg/kg),
was found to have no effect on working memory in naive rats
(Wozniak et al., 1990; Kretschmer and Fink, 1999), whereas
pre-training in the working memory task preserved memory

function even with the higher dose of MK-801 (0.12 or
0.15 mg/kg) (Zemanova et al., 2013). Thus, taking into account
the cited literature, we believe that the 0.1 mg/kg dose of (+)MK-
801 is sufficiently low, and that lowering it would likely produce
negligible effects on working memory in our APAAT.

The shocks/entrance ratio was a useful tool to measure CSL,
by which a high ratio expressed poor learning. During habitua-
tion, when shock was never applied, the SH/ENTR ratio expresses
a “dummy” ratio. Here it was at a similarly high level for all rats,
thus confirming that drugs application and the experimental con-
ditions, such as the arena rotation, which was the same for all rats,
did not change the rats’ spontaneous activity. On D1 the value
of the SH/ENTR ratio in all groups was similar for ha and tr1.
On this day the task rules were acquired. For D2-3 in all groups,
except the high dose groups, the SH/ENTR ratio was lower dur-
ing tr2 than during tr1 and ha. It means that the rats with low
and mild doses of both drugs successfully acquired the task rules.
However, on D2-3, it was only for the rats under high doses of
both agents that the ratio during tr1 and tr2 was similar with
no improvement. That means that high doses of those agents
suppressed CSL.

This is in concert with proper performance of working mem-
ory and flexible cognitive skill acquisition after low doses of the
agents, and consequently memory impairment and disturbed
CSL after the high doses related to the within session condi-
tions and an across session learning effect. In spite of a high
number of entrances after high doses of memantine and MK-
801, the SH/ENTR ratio was at a similar level across session
conditions which was similar to other groups (a non-significant
group effect). This suggests that high doses of both agents did
not disturb the ability to quickly recognize the shock sector and
minimize the shocks by escaping, thereby reducing the total num-
ber of shocks obtained per entrance even while the number of
entrances itself may have been high. Such an effective escape reac-
tion could be due to the higher locomotor activity after high
MK-801 across days and high memantine on D3. The differ-
ent results for working memory performance and CSL could
be explained by the heterogeneous nature of the components
which belong to the working memory system (Baddeley, 1992;
Dudchenko et al., 2000).

Measures of non-cognitive behavior were indexed by the activ-
ity characteristics: path length, and linearity. The path length
was longer with the high dose of MK-801 independent of day
and session condition. Contrary to the high dose of MK-801,
hyperactivity related to the high dose of memantine developed
throughout the training sessions. Independent of the doses of
both agents, all rats walked more during tr 2 than in the other
conditions. This result was in opposite to the findings pre-
sented by Zemanova et al. (2013), who showed that dose and
day but not condition affect the impact of MK-801 on total
distance. In training which focused on a stable shock sector
location on arena, locomotor activity also increased with the
0.2 mg/kg, but not the 0.15 or 0.1 mg/kg of MK-801 (Stuchlík
and Vales, 2005; Vales et al., 2010). In a swimming task the
locomotor activity was dose-dependent and time dependent, in
which it was impaired 3 h after MK-801 treatment in the doses:
0.25, 0.5, 1.0, 2.0, and 4.0 mg/kg. This was relevant for four of
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the consecutive post–treatment days, but not for the fifth day
(Whishaw and Auer, 1989). Moreover, MK-801 in the 10 mg/kg
dose resulted in catalepsy and doses higher than 10 mg/kg were
found to be lethal (Whishaw and Auer, 1989). Memantine in a
high dose (20 mg/kg) was reported to produce strong motor dis-
turbance in females rats, which was expressed as hypoactivity
10 min after application and progressed to hyperactivity 90 min
after drug administration (Creeley et al., 2006). The male rats in
our experiments also presented higher locomotor activity after
20 mg/kg memantine but they were able to solve the APAAT
task.

Linearity is a unique measure of motor activity that accord-
ing to our knowledge is currently only calculated using the place
avoidance method. Here, a high linearity score (a straighter path)
was observed in high dose MK-801 group, which also showed a
significantly longer walk distance compared to other groups. Both
a long path length and high linearity were noted in rats from the
high dose memantine group on all days of training except the first
one.

The after-effect of memantine and MK-801 treatment on cog-
nitive and non-cognitive functions was tested with a new shock
sector location on D21, 18 days from the last exposure to the
agents. Because this period was over the half-life time for meman-
tine and MK-801 (Morè et al., 2008; Wegener et al., 2011) proper
place avoidance by rats from all groups was expected without
side effects. The results confirmed a lack of differences in work-
ing memory performance between the control rats and the rats
previously treated with either low or high doses of the agents.
This is in accordance with results in which a high dose of MK-
801 (5 mg/kg) and memantine (20 or 40 mg/kg) administered
intraperitoneally 8 days before training in the radial maze did
not affect acquisition of spatial working memory (Zajaczkowski
et al., 2000). However, detailed analysis of working memory per-
formance across session conditions shows that during tr2, rats
previously treated with the high MK-801 presented a lower num-
ber of entrances with a longer maximum time avoided than the
groups previously treated with the high memantine dose, low
MK-801 dose and the control rats. All rats on D21 showed a
similar level of performance for cognitive skill retention/learning.
The results primarily show an effect of the session condition in
which locomotor activity and linearity was better (short distance,
with a low level of linearity) for all groups of rats during the
last 5 min of place avoidance training (tr2) than in the other
conditions.

CONCLUSION
We found that, independent of dose, memantine and MK-
80 have different effects on cognitive and non-cognitive func-
tions. Furthermore, dose-dependent effects were found in which
memantine in a low dose involved short-lasting improvement in
spatial working memory. MK-801 in a low dose, which was found
to produce schizophrenia-like symptoms in an animal model,
supported working memory performance at the level of the con-
trol rats. Both agents in low doses had no effect on non-cognitive
functions.

Severe impairment of working memory and disturbance in
locomotor activity were produced by the high dose of MK-801

already on the first training session, whereas similar effects with
the high dose of memantine developed over time. Differential
results for the intra- and across session effects were found for the
cognitive processes, working memory and CSL, which confirms
that these components reflect the heterogeneous nature of the
working memory system. No delayed (long-term) effects of previ-
ous drug treatment, except for high dose of memantine, on either
cognitive or non-cognitive functions were observed. After a long
break without memantine and MK-801 treatment performance
was associated with proper working memory and locomotor
activity comparable to that of controls. Interestingly, the high
dose of MK-801 resulted in improved cognitive performance 18
days after the last drug administration.

The APAAT method offers a valuable and unique behav-
ioral tool to simultaneously compare cognitive and non-cognitive
functions under pharmacological intervention. In this study
specifically NMDAr blockade, which can help develop concrete
models for the therapeutic treatment of neurodegenerative dis-
orders and diseases related to excitotoxicity, was employed. This
expands the value of the APAAT beyond its capacity to measure
working memory and CSL (Dockery and Wesierska, 2010).

AUTHORS CONTRIBUTIONS
Malgorzata J. Wesierska and Colleen A. Dockery designed the
research; Malgorzata J. Wesierska, Colleen A. Dockery, equally
contributed to ca. 60% of experimentation; Weronika Duda per-
formed ca. 40% of the experiments; Malgorzata J. Wesierska
analyzed and interpreted the data and prepared the manuscript;
Colleen A. Dockery also prepared the manuscript and was
responsible for corrections of the English.

ACKNOWLEDGMENTS
The authors thank J. Sadowska and W. Borkowski for their sub-
stantial technical assistance. Supported by grant MNiSW, NCN,
8165/B/P01/2011/40.

REFERENCES
Anderson, J. R., Fincham, J. M., and Douglass, S. (1997). The role of

examples and rules in the acquisition of a cognitive skill. J. Exp.
Psychol. Learn. Mem. Cogn. 23, 932–945. doi: 10.1037/0278-7393.23.
4.932

Baddeley, A. (1992).Working memory. Science 255, 556–559. doi: 10.1126/sci-
ence.1736359

Burette, F., Jay, T., and Laroche, S. (2000). Synaptic depression of the hippocam-
pal to prefrontal cortex pathway during a spatial working memory task. Cur.
Psychol. Lett. 1, 9–23.

Chen, H.S., and Lipton, S.A. (2006). The chemical biology of clinically tolerated
NMDA receptor antagonists. J. Neurochem. 97, 1611–1626. doi: 10.1111/j.1471-
4159.2006.03991.x

Cerella, J., Onyper, S. V., and Hoyer, W. J. (2006). The associative-memory basis of
cognitive skill learning: adult age differences. Psychol. Aging 21, 483–498. doi:
10.1037/0882-7974.21.3.483

Cimadevilla, J. M., Kaminsky, Y., Fenton, A., and Bures, J. (2000). Passive and active
place avoidance as a tool of spatial memory research in rats. J. Neurosci. Methods
102, 155–164. doi: 10.1016/S0165-0270(00)00288-0

Cowan, N. (2008). What are the differences between long-term, short-term,
and working memory? Prog. Brain Res. 169, 323–338. doi: 10.1016/S0079-
6123(07)00020-9

Creeley, C., Wozniak, D. F., Labruyere, J., Taylor, G. T., and Olney, J. W. (2006). Low
doses of memantine disrupt memory in adult rats. J. Neurosci. 26, 3923–3932.
doi: 10.1523/JNEUROSCI.4883-05.2006

Frontiers in Behavioral Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 203 | 171

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Wesierska et al. Low-dose memantine improves cognition

Danysz, W., Parsons, C. G., Kornhuber, J., Schmidt, W. J., and Quack, G.
(1997). Aminoadamantanes as NMDA receptor antagonists and antiparkin-
sonian agents–preclinical studies. Neurosci. Biobehav. Rev. 21, 455–468. doi:
10.1016/S0149-7634(96)00037-1

Dockery, C. A. (2013). “The human experiment: how we won’t win the rat race.
what can we learn from brain stimulation in humans and rats about enhanc-
ing the functional neurobiology of higher cognitive functions?,” in Cognitive
Enhancement. An Interdisciplinary Perspective Series (Trends in Augmentation
of Human Performance), eds E. Hilde and A. G. Franke (Dordrecht: Springer),
73–91.

Dockery, C. A., Hueckel-Weng, R., Birbaumer, N., and Plewnia, C. (2009).
Enhancement of planning ability by transcranial direct current stimulation.
J. Neurosci. 29, 7271–7277. doi: 10.1523/JNEUROSCI.0065-09.2009

Dockery, C. A., Liebetanz, D., Birbaumer, N., Malinowska, M., and Wesierska, M.
J. (2011). Cumulative benefits of frontal transcranial direct current stimulation
on visuospatial working memory training and skill learning in rats. Neurobiol.
Learn. Mem. 96, 452–460. doi: 10.1016/j.nlm.2011.06.018

Dockery, C. A., and Wesierska, M. J. (2010). A spatial paradigm, the allo-
thetic place avoidance alternation task, for testing visuospatial working mem-
ory and skill learning in rats. J. Neurosci. Methods 191, 215–221. doi:
10.1016/j.jneumeth.2010.06.029

Dudchenko, P. A. (2004). An overview of the tasks used to test work-
ing memory in rodents. Neurosci. Biobehav. Rev. 28, 699–709. doi:
10.1016/j.neubiorev.2004.09.002

Dudchenko, P. A., Talpos, J., Young, J., and Baxter, M. G. (2012). Animal models of
working memory: a review of tasks that might be used in screening drug treat-
ments for the memory impairments found in schizophrenia. Neurosci. Biobehav.
Rev. 37, 2111–2124. doi: 10.1016/j.neubiorev.2012.03.003

Dudchenko, P. A., Wood, E. R., and Eichenbaum, H. (2000). Neurotoxic hippocam-
pal lesions have no effect on odor span and little effect on odor recognition
memory but produce significant impairments on spatial span, recognition, and
alternation. J. Neurosci. 20, 2964–2977.

Elvevåg, B., Weinberger, D. R., Suter, J. C., and Goldberg, T. E. (2000). Continuous
performance test and schizophrenia: a test of stimulus-response compatibility,
working memory, response readiness, or none of the above? Am. J. Psychiatry
157, 772–780. doi: 10.1176/appi.ajp.157.5.772

Goldman-Rakic, P. S. (1995). Cellular basis of working memory. Neuron 14,
477–485. doi: 10.1016/0896-6273(95)90304-6

Heuer, E., and Bachevalier, J. (2012). Working memory for temporal order is
impaired after selective neonatal hippocampal lesions in adult rhesus macaques.
Behav. Brain Res. 239, 55–62. doi: 10.1016/j.bbr.2012.10.043

Jay, T. M., and Witter, M. P. (1991). Distribution of hippocampal CA1 and subicular
efferents in the prefrontal cortex of the rat studied by means of anterograde
transport of Phaseolus vulgaris-leucoagglutinin. J. Comp. Neurol. 313, 574–586.
doi: 10.1002/cne.903130404

Klingberg, T. (2010). Training and plasticity of working memory. Trends. Cogn. Sci.
14, 317–324. doi: 10.1016/j.tics.2010.05.002

Kretschmer, B. D., and Fink, S. (1999). Spatial learning deficit after NMDA
receptor blockade and state-dependency. Behav. Pharmacol. 10, 423–428. doi:
10.1097/00008877-199907000-00009

Lee, I., and Kesner, R. P. (2002). Differential contribution of NMDA receptors in
hippocampal subregions to spatial working memory. Nat. Neurosci.5, 162–168.
doi: 10.1038/nn790

Lee, Y., Lu, M., and Ko, H. (2007). Effects of skill training on working memory
capacity. Learn. Instr. 17, 336–344. doi: 10.1016/j.learninstruc.2007.02.010

Light, K. R., Kolata, S., Wass, C., Denman-Brice, A., Zagalsky, R., and
Matzel, L. D. (2010). Working memory training promotes general cogni-
tive abilities in genetically heterogeneous mice. Curr. Biol. 20, 777–782. doi:
10.1016/j.cub.2010.02.034

Lynch, M. A. (2004). Long-term potentiation and memory. Physiol. Rev. 84, 87–136.
doi: 10.1152/physrev.00014.2003

Manahan-Vaughan, D., von Haebler, D., Winter, C., Juckel, G., and
Heinemann, U. (2008). A single application of MK801 causes symp-
toms of acute psychosis, deficits in spatial memory, and impairment of
synaptic plasticity in rats. Hippocampus 18, 125–134. doi: 10.1002/hipo.
20367

Mondadori, C., Weiskrantz, L., Buerki, H., Petschke, F., and Fagg, G. E. (1989).
NMDA receptor antagonists can enhance or impair learning performance in
animals. Exp. Brain Res. 75, 449–456. doi: 10.1007/BF00249896

Morè, L., Gravius, A., Nagel, J., Valastro, B., Greco, S., and Danysz, W. (2008).
Therapeutically relevant plasma concentrations of memantine produce sig-
nificant L-N-methyl-D-aspartate receptor occupation and do not impair
learning in rats. Behav. Pharmacol. 19, 724–734. doi: 10.1097/FBP.0b013e328
3123cad

Nakazawa, K., Sun, L. D., Quirk, M. C., Rondi-Reig, L., Wilson, M. A.,
and Tonegawa, S. (2003). Hippocampal CA3 NMDA receptors are crucial
for memory acquisition of one-time experience. Neuron 38, 305–315. doi:
10.1016/S0896-6273(03)00165-X

Niewoehner, B., Single, F. N., Hvalby, Ø., Jensen, V., Meyer zum Alten Borgloh,
S., Seeburg, P. H., et al. (2007). Impaired spatial working memory but spared
spatial reference memory following functional loss of NMDA receptors in the
dentate gyrus. Eur. J. Neurosci. 25, 837–846. doi: 10.1111/j.1460-9568.2007.
05312.x

Olesen, P. J., Westerberg, H., and Klingberg, T. (2004). Increased prefrontal and
parietal activity after training of working memory. Nat. Neurosci. 7, 75–79. doi:
10.1038/nn1165

Paoletti, P., Bellone, C., and Zhou, Q. (2013). NMDA receptor subunit diver-
sity: impact on receptor properties, synaptic plasticity and disease. Nat. Rev.
Neurosci. 14, 383–400. doi: 10.1038/nrn3504

Parsons, C. G., Quack, G., Bresink, I., Baran, L., Przegalinski, E., Kostowski, W.,
et al. (1995). Comparison of the potency, kinetics and voltage-dependency of a
series of uncompetitive NMDA receptor antagonists in vitro with anticonvulsive
and motor impairment activity in vivo. Neuropharmacology 34, 1239–1258. doi:
10.1016/0028-3908(95)00092-K

Parsons, C. G., Stöffler, A., and Danysz, W. (2007). Memantine: a NMDA recep-
tor antagonist that improves memory by restoration of homeostasis in the
glutamatergic system–too little activation is bad, too much is even worse.
Neuropharmacology 53, 699–723. doi: 10.1016/j.neuropharm.2007.07.013

Pastalkova, E., Serrano, P., Pinkhasova, D., Wallace, E., Fenton, A. A., and Sacktor,
T. C. (2006). Storage of spatial information by the maintenance mechanism of
LTP. Science 313, 1141–1144. doi: 10.1126/science.1128657

Phillips, W. A., and Silverstein, S. M. (2003). Convergence of biological and psycho-
logical perspectives on cognitive coordination in schizophrenia. Behav. Brain
Sci. 26, 65–82. discussion: 82–137. doi: 10.1017/S0140525X03000025

Poldrack, R. A., Prabhakaran, V., Seger, C. A., and Gabrieli, J. D. (1999). Striatal
activation during acquisition of a cognitive skill. Neuropsychology 13, 564–574.
doi: 10.1037/0894-4105.13.4.564

Repovs, G., and Baddeley, A. (2006). The multi-component model of working
memory: explorations in experimental cognitive psychology. Neuroscience 139,
5–21. doi: 10.1016/j.neuroscience.2005.12.061

Schwarz, A. J., Gass, N., Sartorius, A., Zheng, L., Spedding, M., Schenker, E., et al.
(2013). The low-frequency blood oxygenation level-dependent functional con-
nectivity signature of the hippocampal-prefrontal network in the rat brain.
Neuroscience 228, 243–258. doi: 10.1016/j.neuroscience.2012.10.032

Seidler, R. D., Bo, J., and Anguera, J. A. (2012). Neurocognitive contributions to
motor skill learning: the role of working memory. J. Mot. Behav. 44, 445–453.
doi: 10.1080/00222895.2012.672348

Shapiro, M. L., and O’Connor, C. (1992). N-methyl-D-aspartate receptor antago-
nist MK-801 and spatial memory representation: working memory is impaired
in an unfamiliar environment but not in a familiar environment. Behav.
Neurosci.106, 604–612. doi: 10.1037/0735-7044.106.4-604

Smith, J. W., Gastambide, F., Gilmour, G., Dix, S., Foss, J., Lloyd, K., et al. (2011).
A comparison of the effects of ketamine and phencyclidine with other antago-
nists of the NMDA receptor in rodent assays of attention and working memory,
Psychopharmacology (Berl) 217, 255–269. doi: 10.1007/s00213-011-2277-5

Stagg, C. J., Best, J. G., Stephenson, M. C., O’Shea, J., Wylezinska, M.,
Kincses, Z. T., et al. (2009). Polarity-sensitive modulation of cortical neu-
rotransmitters by transcranial stimulation. J. Neurosci. 29, 5202–5206. doi:
10.1523/JNEUROSCI.4432-08.2009

Stuchlík, A., and Vales, K. (2005). Systemic administration of MK-801, a
non-competitive NMDA-receptor antagonist, elicits a behavioural deficit of
rats in the Active Allothetic Place Avoidance (AAPA) task irrespectively
of their intact spatial pretraining. Behav. Brain Res. 159, 163–171. doi:
10.1016/j.bbr.2004.10.013

Timofeeva, O. A., and Levin, E. D. (2011). Glutamate and nicotinic
receptor interactions in working memory: importance for the cog-
nitive impairment of schizophrenia. Neuroscience 195, 21–36. doi:
10.1016/j.neuroscience.2011.08.038

Frontiers in Behavioral Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 203 | 172

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Wesierska et al. Low-dose memantine improves cognition

Vales, K., Svoboda, J., Benkovicova, K., Bubenikova-Valesova, V., and Stuchlik, A.
(2010). The difference in effect of mGlu2/3 and mGlu5 receptor agonists on
cognitive impairment induced by MK-801. Eur. J. Pharmacol. 639, 91–98. doi:
10.1016/j.ejphar.2009.11.067

Wang, M., Yang, Y., Wang, C. J., Gamo, N. J., Jin, L. E., Mazer, J. A., et al.
(2013). NMDA receptors subserve persistent neuronal firing during work-
ing memory in dorsolateral prefrontal cortex. Neuron 77, 736–749. doi:
10.1016/j.neuron.2012.12.032

Wegener, N., Nagel, J., Gross, R., Chambon, C., Greco, S., Pietraszek, M.,
et al. (2011). Evaluation of brain pharmacokinetics of (+) MK-801 in rela-
tion to behaviour. Neurosci Lett. 503, 68–72. doi: 10.1016/j.neulet.2011.
08.012

Wesierska, M., Adamska, I., and Malinowska, M. (2009). Retrosplenial cortex lesion
affects segregation of spatial information in the place avoidance task in the rat.
Neurobiol. Learn. Mem. 91, 41–49. doi: 10.1016/j.nlm.2008.09.005

Wesierska, M., Dockery, C., Fenton, A. A. (2005). Beyond memory, navigation, and
inhibition: behavioral evidence for hippocampus-dependent cognitive coordi-
nation in the rat. J. Neurosci. 25, 2413–2419. doi: 10.1523/JNEUROSCI.3962-
04.2005

Westerberg, H., and Klingberg, T. (2007). Changes in cortical activity after training
of working memory–a single-subject analysis. Physiol. Behav. 92, 186–192. doi:
10.1016/j.physbeh.2007.05.041

Whishaw, I. Q., and Auer, R. N. (1989). Immediate and long-lasting effects of MK-
801 on motor activity, spatial navigation in a swimming pool and EEG in the
rat. Psychopharmacology (Berl). 98, 500–507. doi: 10.1007/BF00441949

White, A. M., and Best, P. J. (1998). The effects of MK-801 on spatial working
memory and within-session spatial learning. Pharmacol. Biochem. Behav. 59,
613–617. doi: 10.1016/S0091-3057(97)00483-8

Wise, L. E., and Lichtman, A. H. (2007). The uncompetitive N-methyl-D-aspartate
(NMDA) receptor antagonist memantine prolongs spatial memory in a rat
delayed radial-arm maze memory task. Eur. J. Pharmacol. 575, 98–102. doi:
10.1016/j.ejphar.2007.07.059

Wong, E. H., Kemp, J. A., Priestley, T., Knight, A. R., Woodruff, G. N., and
Iversen, L. L. (1986). The anticonvulsant MK-801 is a potent N-methyl-
D-aspartate antagonist. Proc. Natl. Acad. Sci. U.S.A. 83, 7104–7108. doi:
10.1073/pnas.83.18.7104

Wozniak, D. F., Olney, J. W., Kettinger, L. 3rd., Price, M., and Miller, J. P. (1990).
Behavioral effects of MK-801 in the rat. Psychopharmacology (Berl).101, 47–56.
doi: 10.1007/BF02253717

Yoshihara, T., and Ichitani, Y. (2004). Hippocampal N-methyl-D-aspartate
receptor-mediated encoding and retrieval processes in spatial working mem-
ory: delay-interposed radial maze performance in rats. Neuroscience 129, 1–10.
doi: 10.1016/j.neuroscience.2004.07.030

Zajaczkowski, W., Hetman, M., Nikolaev, E., Quack, G., Danysz, W., and
Kaczmarek, L. (2000). Behavioural evaluation of long-term neurotoxic
effects of NMDA receptor antagonists. Neurotox. Res. 1, 299–310. doi:
10.1007/BF03033259

Zajaczkowski, W., Quack, G., and Danysz, W. (1996). Infusion of (+) -MK-801
and memantine – contrasting effects on radial maze learning in rats with
entorhinal cortex lesion. Eur. J. Pharmacol. 296, 239–246. doi: 10.1016/0014-
2999(95)00716-4

Zemanova, A., Stankova, A., Lobellova, V., Svoboda, J., Vales, K., Vlcek, K., et al.
(2013). Visuospatial working memory is impaired in an animal model of
schizophrenia induced by acute MK-801: an effect of pretraining. Pharmacol.
Biochem. Behav. 106, 117–123. doi: 10.1016/j.pbb.2013.03.014

Zoladz, P. R., Campbell, A. M., Park, C. R., Schaefer, D., Danysz, W., and Diamond,
D. M. (2006). Enhancement of long-term spatial memory in adult rats by the
noncompetitive NMDA receptor antagonists, memantine and neramexane.
Pharmacol. Biochem. Behav. 85, 298–306. doi: 10.1016/j.pbb.2006.08.011

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 03 October 2013; accepted: 30 November 2013; published online: 18
December 2013.
Citation: Wesierska MJ, Duda W and Dockery CA (2013) Low-dose memantine-
induced working memory improvement in the allothetic place avoidance alternation
task (APAAT) in young adult male rats. Front. Behav. Neurosci. 7:203. doi: 10.3389/
fnbeh.2013.00203
This article was submitted to the journal Frontiers in Behavioral Neuroscience.
Copyright © 2013 Wesierska, Duda and Dockery. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 203 | 173

http://dx.doi.org/10.3389/fnbeh.2013.00203
http://dx.doi.org/10.3389/fnbeh.2013.00203
http://dx.doi.org/10.3389/fnbeh.2013.00203
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


BEHAVIORAL NEUROSCIENCE
MINI REVIEW ARTICLE

published: 17 March 2014
doi: 10.3389/fnbeh.2014.00089

Neural correlates of spatial navigation changes in mild
cognitive impairment and Alzheimer’s disease
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Although the memory impairment is a hallmark of Alzheimer’s disease (AD), AD has also
been characterized by spatial disorientation, which is present from its early stages. Spatial
disorientation in AD manifests itself in getting lost in familiar and unfamiliar places and have
been characterized more specifically using spatial navigation tests in both real space and
virtual environments as an impairment in multiple spatial abilities, including allocentric and
egocentric navigation strategies, visuo-spatial perception, or selection of relevant informa-
tion for successful navigation. Patients suffering mild cognitive impairment (MCI), who are
at a high risk of development of dementia, show impairment in a subset of these abilities,
mainly connected with allocentric and egocentric processing. While spatial disorientation
in typical AD patients probably reflects neurodegenerative changes in medial and posterior
temporal, parietal, and frontal lobes, and retrosplenial cortex, the impairment of spatial
navigation in MCI seem to be connected mainly with the medial temporal and also parietal
brain changes. In this review, we will summarize the signs of brain disease in most MCI
and AD patients showing in various tasks of spatial memory and navigation.

Keywords:Alzheimer’s disease, mild cognitive impairment, spatial navigation, spatial disorientation, brain changes

INTRODUCTION
Spatial disorientation is one of the early manifestations of
Alzheimer’s disease (AD), besides the clinically mostly used mem-
ory impairment. The research in spatial deficits in this neurode-
generative disease has grown rapidly in last years and decline in
spatial navigation abilities may become another diagnostic mark
for AD in the near future. Spatial navigation is however not a
unitary function. This ability to determine and maintain a route
from one place to another (Gallistel, 1990) utilizes multiple spatial
strategies recruiting distinct brain regions.

This review aims to describe spatial disorientation in AD and
mild cognitive impairment (MCI) as a multi-factorial deficit con-
nected with changes in several brain regions. Various described
manifestations of these changes in spatial cognitive tasks are the
focus of this article. Selected for the review were only studies
describing impairment in AD or MCI patients in real or virtual
space, in spatial navigation, or associated abilities like perspective
taking or object location memory.

CURRENT VIEW ON SPATIAL DEFICITS IN AD AND MCI
A number of studies focusing on visuo-spatial deficits in AD and
MCI appeared during last two decades. The main published view
on these deficits is broadly dual: one series of studies documented
visuo-perceptual nature of the disorientation, its association with
optic flow perception, and visuo-spatial attention (e.g., Tetewsky
and Duffy, 1999; Cherrier et al., 2001; Mapstone et al., 2003; Kavcic
et al., 2006). Another series of investigations stressed, however, the
cognitive mapping deficits in these patients, specifically in using
the allocentric navigation (Kalova et al., 2005; Hort et al., 2007;

Weniger et al., 2011; Nedelska et al., 2012). According to some
other reports, the spatial disorientation in AD and MCI patients
seem to be associated with both medial temporal and parietal lobe
function (Henderson et al., 1989; deIpolyi et al., 2007). Several
reviews on this theme published recently support either the latter
allocentric view (Iachini et al., 2009) or combination of both cog-
nitive mapping and visuo-perceptual factors (Vlcek, 2011; Gazova
et al., 2012) or suggest a multifocal theory of disease developing
from temporal to parietal and lateral to frontal brain and midbrain
and associated cognitive deficits (Lithfous et al., 2013). One other
review proposes the translation between egocentric and allocentric
frames, supported by retrosplenial cortex (RSC), being the basis
of spatial disorientation deficits in MCI and AD (Serino and Riva,
2013).

BRAIN CHANGES IN MCI AND AD
The anterior medial temporal lobe structures are the first affected
by AD pathology. Histopathological changes initially occur in the
entorhinal cortex and the hippocampus, further spread through-
out parahippocampal gyrus to the temporal pole and inferior and
middle temporal gyri in MCI and preclinical AD, and subsequently
spread throughout the temporal, parietal, and frontal neocortex by
the time of dementia due to AD (Braak and Braak, 1995; Petersen
et al., 2006). In agreement with this neuropathological staging, the
highest rate of atrophy in the MCI and initial stages of AD has been
found in the entorhinal and perirhinal cortices and the hippocam-
pus (Pennanen et al., 2004; Schmidt-Wilcke et al., 2009; Risacher
et al., 2010), which also showed accelerated volume loss over the
time (Schuff et al., 2012) and hypometabolism (Karow et al., 2010).
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The anteromedial temporal atrophy was described even in cogni-
tively normal individuals later converting to MCI (Smith et al.,
2007). The posterior part of the gyrus, the parahippocampal cor-
tex, is affected later in the course of AD (Karow et al., 2010; Spulber
et al., 2012), followed by atrophy of the fusiform gyrus (McDonald
et al., 2009).

A number of neuroimaging studies have also shown structural
and metabolic changes in the parietal lobe, early in the course of
AD. Cortical atrophy (Fennema-Notestine et al., 2009) in the pre-
cuneus and the inferior parietal lobule were reduced in the early
MCI stages (McDonald et al., 2009) and volume reduction of these
areas is the most consistent finding among the MCI to AD con-
verters (Karas et al., 2008; Whitwell et al., 2008) and was described
even in normal individuals later converting to MCI and AD (Smith
et al., 2007; Jacobs et al., 2011). Hypometabolism was also found
in superior parietal lobules (Li et al., 2008; Nobili et al., 2008)
and even more in the inferior parietal lobule (Nobili et al., 2009)
in MCI patients, especially those converting later to AD (Drzezga
et al., 2003; Hirao et al., 2005).

Within the cingulate gyrus, the posterior cingulate and RSC
are affected early in the course of AD. Atrophy of these areas
was demonstrated in mild AD patients (Scahill et al., 2002) and
patients with early stages of MCI (Chetelat et al., 2002; Fennema-
Notestine et al., 2009), especially in those later progressing to
AD (Hamalainen et al., 2007; Whitwell et al., 2008; Julkunen
et al., 2009; Pengas et al., 2010a). Severe posterior cingulate cor-
tex hypometabolism is a feature of incipient AD (Nestor et al.,
2003a,b) and is present already in the MCI patients (Huang et al.,
2002; Ishiwata et al., 2006; Johnson et al., 2007; Pappata et al.,
2010).

Neuropathological changes occur in the frontal cortex later in
the course of AD (Braak and Braak, 1995; Petersen et al., 2006).
Frontal lobe atrophy and hypometabolism is not present earlier
than at the later stages of MCI and mainly in the prefrontal cortex
(Fennema-Notestine et al., 2009; Langbaum et al., 2009; McDon-
ald et al., 2009) but is more pronounced in those MCI patients
who later converted to AD (Drzezga et al., 2003; Whitwell et al.,
2008).

Although the described the brain changes prevails in AD and
MCI patients, in a significant portion of AD patients the under-
lying neuropathological process follows alternative distribution,
representing at least two other clinicopathological subtypes of
AD and contrasting with the typical AD (Murray et al., 2011). In
the hippocampal sparing AD subtype, found in 11% of patients,
the neuronal degeneration results in lower gray matter volumes
of lateral parietal, lateral temporal, and lateral frontal cortex,
compared to typical AD (Whitwell et al., 2012). In the limbic-
predominant AD subtype, found in 14–19% patients, the areas
affected more than in the typical AD are the hippocampus and
amygdala, with lower gray matter volumes. These differences
are associated with distinct cognitive profiles in memory and
other cognitive domains and necessarily also in spatial naviga-
tion, as well as with the different course of cognitive changes
over time. However, the AD subtypes have not been consid-
ered in the studies reviewed below and the described deficits
in spatial memory applies probably only to the predominating
typical AD.

SPATIAL NAVIGATION DEFICITS IN MCI AND AD
ALLOCENTRIC NAVIGATION, OBJECT LOCATION MEMORY, AND SCENE
PROCESSING
Allocentric memory enables us to locate a goal in relation to sur-
rounding objects and global landmarks, a function localized to
medial temporal lobe, and hippocampus specifically (O’Keefe and
Nadel, 1978; Maguire et al., 1998; Astur et al., 2002; Feigenbaum
and Morris, 2004; Parslow et al., 2004). Hippocampal role in spa-
tial deficits in AD and MCI have been documented by a series
of allocentric navigation studies: AD patients were impaired in a
real space analog of Morris water maze, termed blue velvet arena
(BVA): only in allocentric trials when the cues on the wall could
be used for orientation, but not in trials without cues, when only
the start position could be used (Kalova et al., 2005). In the same
apparatus, a more strictly defined AD group had problems nav-
igating using both start position and cues on the walls, but an
amnestic MCI single-domain group was impaired only in the allo-
centric trials (Hort et al., 2007), suggesting specific hippocampal
impairment. This was supported later in a follow-up study where
hippocampal amnestic MCI patients showed no learning in the
allocentric trials (Laczo et al., 2009). Virtual analogy was also used
in a recent study (Hort et al., 2014), where BVA was termed Urania.
Amnestic MCI were also impaired in another allocentric naviga-
tion test to find shortest way to hidden targets in a virtual park
(Weniger et al., 2011). A connection of allocentric navigation to
hippocampal function was supported also in a study correlating
real space Morris water maze analogy navigation successfulness
with right hippocampal volume (Nedelska et al., 2012).

Successfulness in other spatial tasks is probably also connected
to hippocampal function. Memory for temporal sequence of three
body turns in a Starmaze was documented to activate left hip-
pocampus (Igloi et al., 2010) and later shown to distinguish well
between mild AD patients and controls (Bellassen et al., 2012).
Memory for location of objects in space was several time consis-
tently shown to be dependent on hippocampal function (Milner
et al., 1997; Kessels et al., 2004; Stepankova et al., 2004) and
reported to be deficient in patients suffering AD (Bucks and Willi-
son, 1997; Brandt et al., 2005) and also in MCI patients, although to
a lesser degree than in AD (Kessels et al., 2010). In contrast, mem-
ory for several positions without objects seem to be preserved even
in mild AD (Adelstein et al., 1992; Kalova et al., 2005).

Processing of viewpoint independent spatial representation of
a scene during scene matching seem also to be associated with
hippocampal function after very short delays and with parahip-
pocampal cortex function even in the presence of the sample scene
(Hartley et al., 2007). In the same test, groups of six AD patients
and seven amnestic MCI patients were impaired after short delays
but not in direct scene matching (Bird et al., 2010), while a larger
group of AD patients was impaired even in matching of simulta-
neously visible scenes (Pengas et al., 2010b). In a similar test, scene
discrimination across different views was worsened in a selective
hippocampal damage group (Lee et al., 2005) and also in a group
of mild AD patients (Lee et al., 2006).

REFERENCE FRAME TRANSLATION
Retrosplenial cortex, a part of the posterior cingulate cortex, is
strongly involved in spatial processing, specifically in translation
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between egocentric and allocentric representations (Byrne et al.,
2007). Its damage shows as heading disorientation, an inability
to derive directional information from scenes or to estimate spa-
tial relationship between two locations (Aguirre and D’Esposito,
1999). Impairment of head orientation was also documented in
AD but not MCI patients, reaching lower score in head orienta-
tion test, requiring to indicate directions after a test of navigation
within a virtual city (Pengas et al., 2010b). Navigation score in
this test correlated with gray matter density and glucose metab-
olism in RSC, but also hippocampus (Pengas et al., 2012). In
another study on virtual as well as real navigation in a hospital
lobby, AD patients, but again not MCI patients, were impaired
in a test of self-orientation, requiring to indicate directions to
scenes from the route (Cushman et al., 2008). The AD patients
were also impaired in navigation in a virtual-reality maze using
its map, which required translation of allocentric representation
in the map to the egocentric direction in the maze (Morganti
et al., 2013). Location of scenes on a map could possibly be
also regarded as a behavioral measure of RSC function, requir-
ing egocentric to allocentric translation. This ability was impaired
in MCI patients in two studies focused on route learning and
follow-up set of spatial tests (deIpolyi et al., 2007; Cushman et al.,
2008).

EGOCENTRIC NAVIGATION
Egocentric memory enables us to remember positions in space in
relation to one’s own position and heading in space. The brain
localization of the navigational strategy using egocentric refer-
ence frame seems to be diverse and possibly reflects multiplicity of
strategies concealed under the usage of a single egocentric refer-
ence frame. The superior and inferior parietal lobe structures have
been activated during various egocentric tasks in Morris water
maze analogy (Parslow et al., 2004), virtual city (Maguire et al.,
1998; Wolbers et al., 2004) as well as in landmark-free environ-
ment (Wolbers et al., 2008). The activity in caudated nucleus was
associated with a response strategy in a virtual analogy of a radial
maze (Iaria et al., 2003) and following a well-learned route in a
virtual city (Hartley et al., 2003).

Egocentric navigation was documented to be impaired in AD
and also MCI patients in two types of experiments. In a both
real space and computer analogy of Morris water maze, amnes-
tic MCI patients with associated non-memory impairment scored
similarly to AD patients in finding of hidden goal position using
only their starting position (Hort et al., 2007). In landmark-free
virtual-reality maze, requiring the subjects to use only the sequence
of egocentric turns during navigation, the amnestic MCI subjects
were unable to learn a route to a hidden reward (Weniger et al.,
2011). In addition, the number of errors in this maze correlated
negatively with precuneus volume, supporting the assumption of
egocentric strategy use.

VISUAL PERCEPTION
A wealth of reports document the role of visual perception func-
tions in navigational impairment: either perception of optic flow,
visuo-spatial attention, or visual perceptual analysis. The optic
flow perception is supported by the visual area V5/MT at the junc-
tion of occipital, temporal, and parietal lobes (Morrone et al.,

2000). Connection of optic flow perception thresholds with navi-
gation impairment in AD patients was described in studies using
route learning in a hospital lobby (Tetewsky and Duffy, 1999) or
indirectly using left–right orientation in table-top Money Road
Map test (MRMT) and sustained driving in On-the-Road Driving
test (O’Brien et al., 2001). Similar correlation between MRMT
scores and optic flow perception was found also in MCI patients
(Mapstone et al., 2003). Even better prediction of the navigation
score in a hospital lobby was found in a combined regression model
containing contrast sensitivity score and amplitude of the visual
ERP N200 responses (Kavcic et al., 2006). This association of nav-
igation score to visual perception could however be confined only
to men patients (Cushman and Duffy, 2007), while in women
patients the navigation score seem to be better predicted by verbal
fluency and figural memory.

The perceptual nature of disorientation could be inferred also
from other studies on AD patients. These patients were impaired
in recognition of incidental landmarks not mentioned during the
walk in a hospital lobby in contrast to correct recognition of the
mentioned landmarks (Cherrier et al., 2001). In another study,
also using route learning in a hospital lobby, the impairment of
AD patients was predicted by MRMT and Line orientation test
but not by mostly low memory scores (Monacelli et al., 2003).
The impairment of AD patients in all angle categories of turns
in MRMT, in combination with their normal left–right discrim-
ination, have also been explained by visual perceptual deficits
(Rainville et al., 2002). Similarly, visuoconstructive test scores
together with results from a memory test predicted spatial disori-
entation sub-score from Memory and Behavior Problems Check-
list questionnaire (Henderson et al., 1989), supporting the dual
roots of AD disorientation.

PLANNING AND PROBLEM SOLVING
Deficits in frontal problem solving functions were documented in
a unique experiment (Passini et al., 1995), requiring AD subjects to
guide the experimenter to the dental clinic in an unknown hospital
and to express verbally everything that went through their mind.
To minimize the effect of memory and attentional deficit, the sub-
jects were repeatedly reminded about their task. Their behavior
was seemingly more driven by external stimuli than by the goal of
the way-finding task, suggesting difficulties to distinguish relevant
from irrelevant information and to structure their decision plan.

LANDMARK RECOGNITION
Individual recognition of landmarks, salient features of environ-
ment useful for navigation, is an isolated cognitive ability, impaired
in landmark agnosia (Aguirre and D’Esposito, 1999) and depen-
dent on the function of the anterior end of the right lingual gyrus
(Aguirre et al., 1998; Mendez and Cherrier,2003). Three real-world
navigation studies report different successfulness in AD and MCI
patients: in a series of tests after a walk in a hospital lobby, MCI and
mild AD patients were similar to controls in landmarks recognition
(deIpolyi et al., 2007), but were impaired in a more recent study
(Benke et al., 2013). The relationship of this impairment to visuo-
spatial attention are suggesting the results of an earlier study, where
recognition of landmarks mentioned by experimenter during the
walk was least impaired in AD patients, in contrast to their large
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impairment in recognition of landmarks not mentioned during
the walk (Cherrier et al., 2001).

In contrast, in a free recall of landmarks along a route, the AD
patients were found to be impaired (Monacelli et al., 2003) and
this measure even distinguished reliably between MCI and healthy
old subjects (Cushman et al., 2008).

CONCLUSION
Findings of this survey are mainly consistent with the described
brain changes during spreading of the disease and suggest its prop-
agation from the anterior medial temporal lobe to posterior tem-
poral and parietal areas in MCI and to frontal and parieto-occipital
areas later in AD patients. MCI patients seem to be impaired first in
the allocentric navigation and later in the multi-domain stage also
in egocentric navigation. Consistently with this double impair-
ment, suggesting their medial temporal as well as posterior parietal
damage, they have been found to be impaired also in route learning
in both real and virtual environments. Short-term scene memory,
visuo-spatial attention, and optic flow perception may also affect
their navigational successfulness.

The broad cognitive impairment of even mild AD patients
interferes also with other abilities essential for successful navi-
gation, as optic flow perception, reference frame translation, scene
matching, spatial planning, visual perceptual analyses, and pos-
sibly landmark recognition. Their navigation difficulties seem
therefore to be connected with their more wide spread brain dam-
age in other areas of parietal lobes and temporal cortex, RSC, as
well as frontal lobes.
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There has been a growing interest in vascular impairment associated with Alzheimer’s dis-
ease (AD). This interest was stimulated by the findings of higher incidence of vascular risk
factors in AD. Signs of vascular impairment were investigated notably in the field of imag-
ing methods. Our aim was to explore ultrasonographic studies of extra- and intracranial
vessels in patients with AD and mild cognitive impairment (MCI) and define implications
for diagnosis, treatment, and prevention of the disease. The most frequently studied para-
meters with extracranial ultrasound are intima-media thickness in common carotid artery,
carotid atherosclerosis, and total cerebral blood flow. The transcranial ultrasound concen-
trates mostly on flow velocities, pulsatility indices, cerebrovascular reserve capacity, and
cerebral microembolization. Studies suggest that there is morphological and functional
impairment of cerebral circulation in AD compared to healthy subjects. Ultrasound as a
non-invasive method could be potentially useful in identifying individuals in a higher risk of
progression of cognitive decline.

Keywords: Alzheimer’s disease, carotid ultrasound, cerebrovascular reserve capacity, neurosonology, transcranial
ultrasound

VASCULAR CHANGES AND ALZHEIMER’S DISEASE
In an effort to reveal an etiopathogenic mechanism responsible for
Alzheimer’s disease (AD) many hypotheses have been postulated.
Recent failures of candidate disease-modifying medications have
led to many alternative theories of AD pathophysiology. Multiple
studies suggest that the risk of AD is apart from other factors
associated with midlife hypertension, diabetes mellitus, hyper-
cholesterolemia, and other vascular risk factors (Breteler, 2000;
Casserly and Topol, 2004; Gorelick, 2004; Shah et al., 2012). This
association has led to a hypothesis that the vascular risk factors
could play an important role in the genesis or in the progression
of the disease, but even after years of research the role of vascular
risk factors in AD remains a subject of discussion. Two principal
theories were postulated. First, an impaired cerebral circulation
from any cause leads to neurodegeneration (de la Torre, 2010).
Second, vascular impairment from any cause (e.g., atherosclerosis)
accelerates the rate of progression of neurodegeneration (Kalaria,
2002). The second theory is generally more accepted.

Various imaging methods were used to explore the signs of vas-
cular impairment in AD. White matter lesions in people above
65 years are associated with typical vascular risk factors and cog-
nitive decline (Breteler et al., 1994; DeCarli et al., 2001; Wu et al.,
2002). Higher extent of white matter lesions in MCI patients is
associated with higher risk of progression of MCI to demen-
tia of any kind (Wolf et al., 2000). In MCI patients, there is a
regional hypoperfusion on SPECT examination in hippocampus,
amygdala, and prefrontal cortex (Johnson et al., 1998), and in
AD patients the perfusion is decreased in whole temporoparietal

region and correlates with the disease severity (DeKosky et al.,
1990) [AD patient with varying disease severity were divided into
four groups according to mini-mental state examination (MMSE):
>24; 22–24; 15–21; <15].

The objective of this review was to explore extracranial and
transcranial ultrasound projects in AD patients. We tried to
describe the pattern of functional or structural cerebrovascular
impairment in AD as characterized by ultrasonography, and to
summarize ultrasound parameters of cerebral circulation in AD
vs. healthy control subjects or in AD patients longitudinally. We
have discussed to what extent neurosonological examination could
contribute to diagnosis, prevention, or treatment of AD. We have
also discussed whether there is a special pattern of circulation
impairment, namely: Is AD associated with large vessel or, rather,
small vessel disease? Are there predominant changes in a specific
region of the brain? Is the incidence of microembolization higher
in AD, or is there a correlation of any parameter with disease
progression?

EXTRACRANIAL ULTRASOUND IN AD
Main parameters that can be assessed by extracranial ultrasound
are parameters of arterial wall [carotid intima-media thickness
(IMT) and atherosclerotic plaques] and cerebral perfusion [total
cerebral blood flow (CBF)].

IMT AND CAROTID ATHEROSCLEROSIS
Carotid IMT is defined as a distance between media–adventitia
interface and intima–lumen interface measured on the common
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carotid artery, 1–2 cm proximally from bifurcation or, less fre-
quently, on the internal carotid artery using automated analyzers
implemented in most of the recent ultrasound devices. IMT is
generally regarded as a marker of atherosclerosis and is a good
predictor of future vascular events (Lorenz et al., 2007). To ensure
the accuracy of IMT measurements, it is necessary to meet the
technical, methodological, and operator related criteria (Gonzalez
et al., 2008; Stein et al., 2009; Dogan et al., 2010; Society of Ath-
erosclerosis Imaging and Prevention Developed in collaboration
with the International Atherosclerosis Society, 2011; Touboul et al.,
2012). Thanks to these criteria, the validity and reproducibility of
IMT measurement are sufficient and IMT measurement is widely
used in clinical practice as well as in the research, and is imple-
mented in several guidelines for cardiovascular risk assessment
(National Cholesterol Education Program (NCEP) Expert Panel
on Detection, Evaluation, and Treatment of High Blood Choles-
terol in Adults (Adult Treatment Panel III), 2002; de la Sierra et al.,
2009; Stein et al., 2009; Greenland et al., 2010; Society of Athero-
sclerosis Imaging and Prevention Developed in collaboration with
the International Atherosclerosis Society, 2011).

Atherosclerotic plaque is defined as a focal structure at a ves-
sel wall protruding into the arterial lumen showing a thickness of
more than 1.5 mm from the adventitia–media interface (Touboul
et al., 2012). Number, proportions, and location of plaques as
well as the presence of carotid stenosis caused by plaques need to
be considered in the assessment of carotid atherosclerosis sever-
ity. The severity of carotid stenosis is quantified according to
the flow velocities in the stenosis, residual lumen, and internal
carotid artery/common carotid artery flow velocities ratio (Grant
et al., 2003). There was a great emphasis on the standardization of
the stenosis assessment for the reason of legitimate indication of
carotid endarterectomy. The validity and reproducibility of the
examination are sufficient for clinical as well as research pur-
poses as long as the technical and personnel conditions are fulfilled
(Mohler et al., 2012).

Epidemiological studies have evidenced that AD and VD share
common risk factors, which include vascular risk factors such
as hypertension, smoking, diabetes mellitus, and hypercholes-
terolemia (Casserly and Topol, 2004; Gorelick, 2004). These risk
factors are also the principal risk factors of atherosclerosis (Greco
et al., 2013); considering this, we would expect higher prevalence
of large vessel disease in AD than in general population. The results
of two large substudies of the prospective cohort of population-
based Rotterdam study are in accordance with this hypothesis
(Hofman et al., 1997; van Oijen et al., 2007). Both of these substud-
ies were focused on IMT and the degree of carotid (and generally
peripheral) atherosclerosis in demented, both AD and vascular
dementia (VD), and non-demented subjects. The cross-sectional
analysis indicated that the more prominent carotid atherosclero-
sis the higher probability of dementia. This finding applies for
VD, where the association is strong because the atherosclerosis is
the principle of the dementia itself, as well as for AD. The lon-
gitudinal analysis included measurements at baseline and after
7–9 years and showed that the increased IMT is in the short-term
period associated with an increased risk of developing AD. Due
to the increased mortality in population with increased IMT, the
effect was attenuated in the long-term follow-up (van Oijen et al.,

2007). No difference in carotid atherosclerosis is found between
AD and high vascular risk patients with VD. This implies that a
certain level of impairment is present in both. Concerning the
IMT, considered the incipient form of atherosclerosis, also no dif-
ference between AD and VD patients was found (Morovic et al.,
2009).

In this context, the studies of cognitive decline in asympto-
matic carotid stenosis are very interesting. High-degree carotid
stenosis (70–99%) or carotid occlusion can be associated with
cognitive decline in patients without otherwise clinically evident
cerebrovascular disease, making the term “asymptomatic” stenosis
somewhat arguable (Johnston et al., 2004; Balucani et al., 2012;
Chang et al., 2013). The severity of impairment depends on the
quality of collateral blood supply; the character of cognitive decline
is influenced by the side of stenosis given by the distinctive func-
tions of cerebral hemispheres. In left-sided stenosis, the verbal
memory impairment is more frequent, and in right-sided steno-
sis there is more prominent visuospatial deficit (Balucani et al.,
2012; Zavoreo et al., 2013). Two possible processes are considered
in the pathophysiology – silent microembolism or hypoperfusion
(Sztriha et al., 2009; Demarin et al., 2012). The carotid endarterec-
tomy or carotid stenting and following reperfusion can improve
the mental functions; on the other hand, during both procedures,
the microembolism and hypoperfusion can occur as well and cause
worsening of the cognitive decline.

Although the IMT in AD is generally increased as compared
to healthy population, it does not correlate with cognitive per-
formance in cross-sectional trials (Modrego et al., 2008). In lon-
gitudinal studies, IMT and atherosclerosis severity in AD patients
correlate with the progression of cognitive impairment (Silvestrini
et al., 2009). The progression is faster in AD patients with higher
degree of carotid stenosis than in AD patients without stenosis
(Silvestrini et al., 2011). Abnormal values of IMT also significantly
increase the risk of conversion from amnestic MCI to AD (Viticchi
et al., 2012). In a longitudinal study involving a 6-month galant-
amine treatment of AD, the patients with lower values of IMT at
baseline had better response to treatment (Modrego et al., 2009),
which suggests that AD patients with lower cerebrovascular burden
have slower progression of disease. Details of ultrasound projects
focused on IMT and carotid atherosclerosis in AD are listed in
Table 1.

TOTAL CBF
Total CBF can be assessed by ultrasonography when measuring
flow velocities in carotid and vertebral arteries and multiplying
the result by the cross-sectional area of the vessels (average of sys-
tolic and diastolic areas). The results gained by this method are
comparable to nitrous oxide and SPECT measurements giving the
average CBF in a healthy subject of approximately 54 ml/100 g/min
(Schoning et al., 1994). Insignificant errors in the measurement of
flow velocities and vessel diameter can give significant errors in the
final blood flow, up to 10%, but the accuracy and reproducibility
of measurement are acceptable when repeated measurements are
done and the average is calculated (Gill, 1985; Schoning and Scheel,
1996).

Total CBF reduces with age (Dorfler et al., 2000) and brain
parenchymal volume (van Es et al., 2010). According to ultrasound
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Table 1 | IMT and carotid atherosclerosis.

Reference Aim of study Type of study n MCI n AD n VD n Controls Parameters Outcome

Hofman et al.

(1997)

Frequency of

dementia and its

subtypes in relation to

atherosclerosis and

apo-E

Cross-

sectional

207 50 1698 IMT and

atherosclerotic

plaques in CCA and

ICA, ankle and

brachial systolic

pressure

The risk of dementia of any

type increases with the

severity of atherosclerosis

Modrego et al.

(2008)

Correlation of

cognitive decline,

WML and IMT in AD

Cross-

sectional

51 Neuropsychological

tests, WML on MRI,

IMT in CCA

No correlation of clinical

scales with WML or IMT

Modrego et al.

(2009)

Association of IMT

and response to

ACHEI treatment in

AD

Longitudinal 50 IMT in CCA and

neuropsychological

tests at time 0 and

after 6 months while

on galantamine

treatment

Better response to

galantamine treatment in

lower IMT

Morovic et al.

(2009)

Difference in IMT, beta

stiffness index and

CCA diameter

between AD and VD

Cross-

sectional

16 22 IMT, beta stiffness

index and lumen

diameter in CCA

No significant difference in

any parameter between

AD and VD

Purandare

et al. (2005)

Frequency of cerebral

emboli, v-a circulation

shunts and carotid

artery disease in

dementia and controls

Cross-

sectional

24 17 16 Spontaneus cerebral

emboli in MCAs,

bubbles in MCAs,

PSV in ICA

More cerebral microemboli

in VD than controls, in AD

not significant, no

difference in v-a shunt or

carotid stenosis between

dementia and controls

Silvestrini et al.

(2009)

Correlation of carotid

atherosclerosis

progression and

cognitive impairment

in AD

Longitudinal 66 Carotid plaques, flow

velocities, PI and

IMT in CCA in time 0

and 12 month, while

treated with

galantamine

Significant correlation of

cognitive decline with

baseline IMT, IMT change,

PI change,

antihypertensive drugs

Silvestrini et al.

(2011)

Association of ICA

stenosis with

cognitive decline

progression in AD

Longitudinal 411 ICA plaques and flow

velocities at baseline

and in 12 months

Faster progression of

cognitive decline in severe

stenosis

van Oijen et al.

(2007)

Association of

atherosclerosis with

dementia subtypes

Longitudinal 476 78 IMT and plaques in

CCA and ICA

Higher IMT associated

with greater risk of AD

Viticchi et al.

(2012)

Association of carotid

atherosclerosis and

cerebrovascular

reactivity with the risk

of conversion from

MCI to AD

Longitudinal 117 21 IMT and plaques in

CCA, BHI in MCAs

Association of higher IMT

and lower BHI with faster

progression from MCI to

dementia

ACHEI, acetylcholine esterase inhibitor; AD, Alzheimer’s disease; BHI, breath holding index; CCA, common carotid artery; ICA, internal carotid artery; IMT, intima-

media thickness; MCA, middle cerebral artery; MCI, mild cognitive impairment; MRI, magnetic resonance imaging; PI, pulsatility index; PSV, peak systolic velocity;

v-a, venous-to-arterial; VD, vascular dementia; WML, white matter lesions.
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studies, the total CBF is significantly lower in both AD and VD than
in healthy controls of the same age (Maalikjy Akkawi et al., 2003;
Schreiber et al., 2005; Doepp et al., 2006). This corresponds with
changes described for an ICA flow curve in AD, where both systolic
and diastolic velocities are lower compared to healthy individuals
(Gusti et al., 2004). The association of total CBF with percentage of
brain atrophy is weak (van Es et al., 2010). In an ultrasound study
of three groups of patients with documented cerebral atrophy (AD,
VD, and cognitively normal subjects), the total CBF was signifi-
cantly lower in patients with dementia than in those without a
cognitive impairment. There was no significant difference between
two types of dementia (Albayrak et al., 2006). Details of ultrasound
projects focused on total CBF in AD are listed in Table 2.

TRANSCRANIAL ULTRASOUND IN AD
FLOW VELOCITIES, CEREBROVASCULAR RESISTANCE, AND
CEREBROVASCULAR RESERVE CAPACITY
The CBF curve in a transcranial ultrasound examination is char-
acterized by two main flow velocities – peak systolic velocity and
end diastolic velocity. These velocities can be measured in all major

intracranial vessels – anterior, middle, and posterior cerebral arter-
ies, vertebral arteries; and basilar artery. The mean flow velocity
and indices describing the resistance of intracranial vessels can be
derived from the flow curve. The reproducibility of flow veloci-
ties measurement is good when done by an experienced examiner
(McMahon et al., 2007).

Many studies have found significantly lower flow velocities in
AD compared to controls (Caamano et al., 1993; Roher et al.,
2006, 2011; Sun et al., 2007; Vicenzini et al., 2007; Claassen et al.,
2009; Stefani et al., 2009; Gucuyener et al., 2010). The most often
studied vessel was the middle cerebral artery (MCA) while other
major intracranial arteries were studied less frequently. The most
often decreased velocity in MCA in AD patients compared to
healthy controls was the mean flow velocity (Roher et al., 2006,
2011; Vicenzini et al., 2007; Claassen et al., 2009; Stefani et al.,
2009), although not all results support these findings (Ries et al.,
1993). Decreases in peak systolic and end diastolic velocities var-
ied in different arteries (Caamano et al., 1993; Sun et al., 2007;
Gucuyener et al., 2010). According to a large longitudinal study
(Ruitenberg et al., 2005), subjects with higher velocities in MCA

Table 2 |Total cerebral blood flow.

Reference Aim of study Type of study n MCI n AD n VD n Controls Parameters Outcome

Albayrak

et al. (2006)

Comparison of cerebral

blood flow in demented

(AD, VD) and cognitively

normal subjects, both

with brain atrophy

Cross-sectional 9 9 10 Flow velocities and

cross-sectional area

of the vessel in ICAs

and VAs

Total, anterior and right

CBF lower in dementia, no

difference between two

types of dementia

Doepp et al.

(2006)

Possible differentiation of

AD and VD by various

extra- and intracranial

ultrasound parameters

Cross-sectional 20 20 12 Flow velocities and

PI in MCAs, flow

velocities and

cross-sectional area

in ICAs and VAs,

cerebral circulation

time, global cerebral

blood volume

No significant difference in

trans- and extracranial

ultrasound between AD

and VD

Gusti et al.

(2004)

Comparison of carotid

flow velocities and flow

curve in AD and controls

Cross-sectional 18 40 Flow velocities in

carotid arteries

Lower cerebral vascular

filling in AD

Maalikjy

Akkawi et al.

(2003)

Possibility of CBF volume

assessment by TCD,

difference between AD

and controls, correlation

with cognitive decline

Cross-sectional 50 50 Flow velocities and

vessel diameter in

ICA and VA,

calculation of

cerebral blood flow

Decrease in CBF volume in

AD compared to controls,

positive correlation

between dementia

severity and CBF

Schreiber

et al. (2005)

CBF, cerebral circulation

time and cerebral blood

volume in AD, VD and

controls

Cross-sectional 20 20 12 Flow velocity and

cross-sectional area

of ICA and VA, time

of contrast agent

transfer from

ICA to IJV

Difference in CBF and

transit time between

dementia and controls, no

difference in CBF volume

or between AD and VD

AD, Alzheimer’s disease; CBF, cerebral blood flow; ICA, internal carotid artery; IJV, internal jugular vein; MCA, middle cerebral artery; MCI, mild cognitive impairment;

PI, pulsatility index; TCD, transcranial Doppler; VA, vertebral artery; VD, vascular dementia.

Frontiers in Behavioral Neuroscience www.frontiersin.org January 2014 | Volume 8 | Article 4 | 183

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Urbanova et al. Neurosonology in Alzheimer’s disease and MCI

were less likely to develop AD. The question is – why the decrease
should be most prominent in the MCA. We speculate this could
be a consequence of pathological changes in AD, where tem-
poral and parietal lobes supplied by MCA are most affected.
In this context, a comparison of healthy subjects and patients
with MCI would be interesting, but the results are ambiguous
(Roher et al., 2011). No significant difference in flow velocities
was found between AD and VD, neither there is a significant side
asymmetry.

Unlike SPECT, the transcranial Doppler measures only flow
velocities and not absolute blood flow, and the assessment of
flow velocities is not helpful in an individual patient due to the
wide range of normal values of flow velocities. The methods for
assessment of regional cerebral perfusion or metabolism (SPECT,
PET) have high sensitivity and specificity in distinguishing AD
vs. normal controls (depending on the stage of the disease and
method employed) based on characteristic perfusion or metab-
olism reduction in temporoparietal association cortex: SPECT
can reach sensitivity of 65–96% and specificity of 80–87%, PET
can reach even sensitivity of 93–94% and specificity of 63–73%
(Wollman and Prohovnik, 2003; Matsuda, 2007). These two meth-
ods can be used to make the clinical diagnosis of AD more accurate
in some unclear cases.

A parameter describing autoregulation of cerebral perfusion is
cerebrovascular reserve capacity, which reflects the capability of
brain microvasculature to regulate cerebral perfusion in a reaction
to various stimuli, thanks to constriction or dilatation. The most
often used stimulus is a change of the arterial CO2 level that can
be induced using breath holding, CO2 inhalation, or intravenous
acetazolamide injection. Other less often used stimuli include
hand movement, cognitive exercise, or blood pressure challenge
(i.e., physical exercise). The cerebrovascular reserve capacity is
expressed as the ratio of mean flow velocity in basal conditions
and mean flow velocity in the conditions of a higher CO2 level. In
normal brain, there is an increase in flow velocities. When breath
holding is the stimulus, the ratio can be multiplied by the duration
of breath holding and expressed as breath holding index (BHI).
Cerebrovascular reserve capacity decreases with age (Peisker et al.,
2010).

The cerebrovascular reserve capacity is in clinical practice rou-
tinely tested before revascularization procedures in carotid stenosis
or occlusion. The established methods for cerebrovascular reserve
capacity assessment are scintigraphic techniques such as SPECT
and PET with the use of various radioactive tracer compounds,
all of them evaluating the cerebral perfusion in basal conditions
and after vasodilatory stimulus (acetazolamide injection or CO2

inhalation). In comparison with these direct techniques, the tran-
scranial Doppler examination is an indirect assessment based on
the relative increase in flow velocities after vasodilatory stimu-
lus (usually acetazolamide injection, CO2 inhalation or breath
holding). All three transcranial Doppler methods correlate very
well to 133Xe SPECT (Bishop et al., 1986; Dahl et al., 1992;
Muller et al., 1995) with the breath-holding method being the less
accurate but sufficient for first screening examination (Markus
and Harrison, 1992; Muller et al., 1995). Compared to scinti-
graphic techniques the ultrasound examination is non-invasive
and inexpensive.

Concerning the cerebrovascular reserve capacity measured by
transcranial Doppler in the MCA in AD patients, the results
are more consistent than those for solely flow velocities. In AD
patients, the reactivity to different stimuli in the MCA is signifi-
cantly lower than in healthy controls (Provinciali et al., 1990; Bar
et al., 2007; Lee et al., 2007; Vicenzini et al., 2007; Stefani et al.,
2009). Only some studies with fewer subjects do not fully sup-
port these findings (Matteis et al., 1998; Claassen et al., 2009). In
one of these studies, the result could be influenced by the selec-
tion of very mild AD cases (MMSE 25) (Claassen et al., 2009).
In another study, it is not sufficiently described how the cogni-
tive impairment was ruled out in control subjects (Matteis et al.,
1998). One study proved a better cerebrovascular reserve capacity
in AD than VD, but the result was not statistically significant (Lik-
itjaroen et al., 2009). Healthy subjects with higher cerebrovascular
reserve capacity are less likely to develop a cognitive decline (AD
or VD) (Ruitenberg et al., 2005). Although the impairment of
cerebrovascular reserve capacity is more serious in VD, it seems
that the microvasculature is altered in both main types of dementia
(Bar et al., 2007; Vicenzini et al., 2007).

On the other hand, the hypercapnia challenge in SPECT and
PET studies give ambiguous results without convincing evidence
of decreased cerebrovascular reserve capacity in AD (Yamaguchi
et al., 1980; Bonte et al., 1989; Kuwabara et al., 1992; Stoppe et al.,
1995; Knapp et al., 1996; Jagust et al., 1997; Oishi et al., 1999; Pavics
et al., 1999). However, it must be taken into account that in earlier
publications, the diagnostic criteria for AD may differ from nowa-
days criteria and older devices may not give very accurate results
(Glodzik et al., 2013).

Again the comparison with asymptomatic carotid stenosis
or occlusion is interesting. In cases of high degree stenosis or
occlusion with insufficient collateral blood supply, the chronic
hypoperfusion exhausts the cerebrovascular reserve. This can be
observed in different examination methods (Oka et al., 2013)
including transcranial Doppler ultrasound examination using
BHI (Balestrini et al., 2013; Zavoreo et al., 2013). The decrease
of cerebrovascular reserve capacity correlates with the cognitive
decline (Zavoreo et al., 2013).

The cerebrovascular reserve capacity of posterior cerebral
artery in reaction to a visual stimulus was often tested. The
function of occipital lobe should be preserved until late stages of
AD. The results of such projects were ambiguous (Asil and Uzuner,
2005; Rosengarten et al., 2006, 2007; Gucuyener et al., 2010) and,
thus, not differentiating AD from VD.

The reason for the decreased cerebrovascular reserve capacity is
not entirely clear. InVD, the cause is probably a small vessel disease.
In AD, amyloid deposits represent the likely culprit – in cerebral
amyloid angiopathy, the cerebrovascular reserve capacity is also
compromised (Menendez-Gonzalez et al., 2011). Another hypoth-
esis suggests the role of insufficient acetylcholine production
necessary for vasodilatation. Therapeutic tests with acetylcholine
inhibitors (galantamine or donepezil) demonstrated an increase
in flow velocities and improvement of vessel reactivity in both VD
and AD (Rosengarten et al., 2006; Bar et al., 2007; Ghorbani et al.,
2010). In longitudinal follow-up studies, the BHI significantly cor-
related with neuropsychological tests – MMSE and Alzheimer’s
Disease Assessment Scale-cognitive subscale (ADAS-Cog) in AD
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Table 3 | Flow velocities, cerebrovascular resistance, and cerebrovascular reserve capacity.

Reference Aim of study Type of study n MCI n AD n VD N Controls Parameters Outcome

Asil and

Uzuner (2005)

Assessment of

CVRC in the

occipital lobe in

AD

Cross-sectional 15 12 9 Flow velocities in

PCAs during eyes

opened and eyes

closed

No significant difference

neither in flow velocities at

rest nor at stimuli in three

groups; decreased reactivity

in VD at stimulus

Bar et al.

(2007)

CVRC in AD

compared to VD

and healthy

controls,

reactivity after

ACHEI treatment

Cross-sectional

Longitudinal

17 17 20 Flow velocities in

MCA at rest and

after CO2 inhalation

in AD and VD

repeated after

5 weeks of

galantamine

treatment

CVRC in MCA decreased in

AD and VD in comparison to

healthy controls, better CVRC

after galantamine treatment

on both AD and VD

Caamano et al.

(1993)

Comparison of

flow velocities in

MCA and BA in

AD, VD and

controls

Cross-sectional 12 12 12 Flow velocities in

right and left MCA

and BA

Decreased values in

demented patients

Claassen et al.

(2009)

Assessment of

cerebral

hemodynamics

impairment in

early stage AD

Cross-sectional 9 8 Flow velocities in

MCA, blood

pressure,

cerebrovascular

resistance index

Significantly reduced flow

velocities and increased

resistance in AD

Ghorbani et al.

(2010)

Assessment of

the effect of

Donepezil on

cerebral blood

flow velocity in

AD patients

Longitudinal 11 Flow velocities in

PCA and MCA at

baseline, after

4 weeks of donepezil

5 mg and after

another 4 weeks of

donepezil 10 mg

Increase in PSV and MFV in

MCA, and MFV and EDV in

PCA after 10 mg treatment

Gucuyener

et al. (2010)

CVRC in PCAs in

AD compared to

depressive

pseudo-dementia

Cross-sectional 11 13 10 Flow velocities in

both PCAs

simultaneously; in

steady state and

after a visual

stimulus

Lower flow velocities at rest

and after stimulus in both AD

and depressive

pseudodementia then

controls. CVRC impaired in

AD, not in depressive

pseudodementia

Lee et al.

(2007)

Assessment of

CVRC in AD

Cross-sectional 17 17 Flow velocities and

PI in MCA bilaterally

in normal conditions

and after 5 min of

rebreathing

No difference in baseline MFV

and PI between subjects and

controls, CVRC significantly

decreased on both sides in

AD

Likitjaroen

et al. (2009)

Comparison of

CVRC in AD and

VD

Cross-sectional 9 9 Flow velocities in

MCA in normal

conditions and after

1000 mg

acetazolamide i.v.

Non-significantly better CVRC

in AD than VD

(Continued)
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Table 3 | Continued

Reference Aim of study Type of study n MCI n AD n VD N Controls Parameters Outcome

Matteis et al.

(1998)

Comparison of

CVRC in AD and

VD

Cross-sectional 10 10 20 Flow velocities in

MCA during apnea,

hand movement and

verbal and design

discrimination

CVRC to apnea lower in VD;

hand

movement – contralateral

increase in flow in AD and

controls, bilateral in VD;

bilateral response on

cognitive stimuli in AD and

VD, corresponding side

response in controls

Provinciali

et al. (1990)

Comparison of

CVRC in AD, VD

and controls

Cross-sectional 20 20 25 Flow velocities in

MCA at rest, after

hyperventilation,

apnea and 5 min air

rebreathing

Higher PI, lower velocity

decrease in hyperventilation

in both dementias; rest flow

velocities and response to

hypercapnia lower in VD than

AD or controls

Ries et al.

(1993)

Utility of TCD in

differentiation of

AD and

multi-infarct

dementia

Cross-sectional 24 17 64 PSV and EDV in all

large intracranial

vessels bilaterally,

pulse curve in MCA

No difference in PSV in all

three groups, difference in

MFV, EDV and effective

pulsatility range in VD

compared to AD or controls

Roher et al.

(2006)

Comparison of

mean flow

velocities and PI

in intracranial

arteries in AD and

controls

Cross-sectional 25 30 Flow velocities in 16

different segments

of circle of Willis

Higher PIs in AD,

non-significantly lower mean

flow velocities in AD

Roher et al.

(2011)

Utility of TCD in

diagnosing and

preventing AD

Cross-sectional 11 42 50 Flow velocities in 16

different segments

of circle of Willis

Significant difference in MFV

and PI in left siphon, left ICA

and right distal MCA between

AD and controls

Rosengarten

et al. (2006)

Influence of

ACHEI treatment

on vasoregulation

in AD

Longitudinal 8 16 Flow velocities in

PCA and MCA in rest

and at stimulation

(text reading) at

baseline, after

4 weeks of donepezil

5 mg and after

another 4 weeks of

donepezil 10 mg

Decrease in attenuation

parameter after 10 mg in

AD = dose dependent

resolution of functional

vascular deficit

Rosengarten

et al. (2007)

Comparison of

activation-flow

coupling in AD,

VD and controls

Cross-sectional 15 10 15 Flow velocities in

PCA and MCA in rest

and at stimulation

(text reading)

Lower increase in PSV in VD

Ruitenberg

et al. (2005)

Correlation of

flow velocities

with cognitive

decline and

hippocampal

atrophy

Cross-sectional 13 1 1718 Flow velocities in

MCAs at rest and

after 5 min of 5%

CO2

Greater PSV, MFV, EDV – less

likely dementia and bigger

hippocampus and amygdala

No association of CVRC and

presence of dementia

(Continued)
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Table 3 | Continued

Reference Aim of study Type of study n MCI n AD n VD N Controls Parameters Outcome

Silvestrini et al.

(2006)

Influence of

cerebral

hemodynamics

alterations on the

evolution of

cognitive

impairment

Longitudinal 53 Flow velocities in

MCAs at rest and

after breath-holding,

time 0 and

12 month, during this

time donepezil 5 mg

daily for 3 month,

then 10 mg daily

Positive correlation of

neuropsychological tests

changes with BHI, age and

DM

Silvestrini et al.

(2009), Stefani

et al. (2009)

Comparison of

cerebral

hemodynamics in

AD and controls

Cross-sectional 40 40 Flow velocities, PI

and BHI in MCA

Lower MFV, higher PI and

lower BHI in MCA in AD than

in controls

Sun et al.

(2007)

Changes in

cerebral flow

velocities in MCI

and controls

Cross-sectional 30 30 Flow velocities in

MCA, ACA, BA

Decreased PSV, MFV and

EDV in MCA and ACA in MCI

compared to controls

Vicenzini et al.

(2007)

Comparison of

flow velocities, PI

and CVRC in AD,

VD, and controls

Cross-sectional 60 58 62 Flow velocities in

MCA in normal

conditions, after

hyperventilation and

CO2 inhalation

Lower MFV, higher PI and

lower CVRC in AD and VD

compared to controls

Viticchi et al.

(2012)

Association of

carotid

atherosclerosis

and

cerebrovascular

reserve capacity

with the risk of

conversion from

MCI to AD

Longitudinal 117 21 IMT and plaques in

CCA, BHI in MCAs

Association of higher IMT and

lower BHI with faster

progression from MCI to

dementia

ACA, anterior cerebral artery; ACHEI, acetylcholine esterase inhibitor; AD, Alzheimer’s disease; BA, basilar artery; CAA, cerebral amyloid angiopathy; CVRC,

cerebrovascular reserve capacity; DM, diabetes mellitus; EDV, end diastolic velocity; ICA, internal carotid artery; MCA, middle cerebral artery; MCI, mild cognitive

impairment; MFV, mean flow velocity; PCA, posterior cerebral artery; PI, pulsatility index; PSV, peak systolic velocity; VD, vascular dementia.

(Silvestrini et al., 2006). MCI patients with pathological values of
BHI have greater risk of converting to dementia than patients with
normal values (Viticchi et al., 2012). Details of ultrasound projects
focused on flow velocities and cerebrovascular reserve capacity in
AD are listed in Table 3.

SPONTANEOUS CEREBRAL MICROEMBOLIZATION AND PARADOXICAL
EMBOLIZATION VIA RIGHT–LEFT SHUNTS
Recent evidence suggests that cerebral microemboli can lead to a
cognitive decline (Pugsley et al., 1994; Gaudet et al., 2009). Cere-
bral microemboli can originate from arterial sources or venous
sources in setting of right–left shunts (intracardiac – foramen ovale
patens, atrial septal defects). The spontaneous cerebral emboliza-
tion can be monitored using a headframe with attached ultra-
sound probes for time periods of usually 1–24 h. Right–left shunts
are examined by intravenous injection of a microbubble agent
(agitated saline or hydroxyethyl starch) and observing the presence

of microbubbles in brain vessels using transcranial ultrasound at
rest and during the Valsalva maneuver. The accuracy of right–left
shunt assessment by transcranial Doppler ultrasound compared to
the transesophageal echocardiography as a gold standard ranges
from 68 to 100% according to the reports in literature, some
of them claiming the transcranial Doppler method even more
accurate (Nemec et al., 1991; Teague and Sharma, 1991; Di Tullio
et al., 1993; Jauss et al., 1994; Job et al., 1994; Sastry et al., 2009). The
sensitivity and reproducibility of the examination is highest when
performed repeatedly (twice) with the use of Valsalva maneuver
(Droste et al., 1999).

There were not many studies focused on spontaneous cere-
bral embolization in AD. One work suggested that it is more
frequent in patients with AD or VD than in healthy controls
(Purandare et al., 2005). This suggestion was later confirmed
by a larger case–control study (Purandare et al., 2006). In this
particular project, there was no significant difference in the
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Table 4 | Spontaneous cerebral microembolization and paradoxical embolization via right–left shunts.

Reference Aim of study Type of study n MCI n AD n VD n Controls Parameters Outcome

Purandare

et al. (2005)

Spontaneous cerebral

microemboli, v-a

circulation shunts and

carotid artery disease in

dementia and controls

Cross-sectional 24 17 16 Spontaneus

cerebral emboli in

MCAs, bubbles in

MCAs, PSV in ICA

More cerebral microemboli

in VD than controls, in AD

not significant, no

difference in shunt or

carotid stenosis between

dementia and controls

Purandare

et al. (2006)

Spontaneous cerebral

microemboli, v-a

circulation shunts and

carotid artery disease in

dementia and controls

Cross-sectional 85 85 150 Spontaneus

cerebral emboli in

MCAs, bubbles in

MCAs, PSV in ICA

More cerebral microemboli

in VD and AD than controls,

no difference in shunt or

carotid stenosis between

dementia and controls

Purandare and

Burns (2009)

Association of

spontaneous cerebral

microembolization with

dementia etiology,

dementia progression

and depression in

dementia or controls

Cross-sectional

Longitudinal

85 85 150 Spontaneus

cerebral emboli in

MCAs, bubbles in

MCAs, PSV in ICA.

Neuropsychological

tests in time 0 and

6 months

More cerebral microemboli

in AD and VD than

controls, more in

depression (both dementia

and controls). Association

with more rapid cognitive

decline in dementia

AD, Alzheimer’s disease; ICA, internal carotid artery; MCA, middle cerebral artery; MCI, mild cognitive impairment; PSV, peak systolic velocity; v-a, venous-to-arterial;

VD, vascular dementia.

Table 5 | Neurosonological parameters in AD – summary.

Ultrasound parameter Findings in AD Conclusion

IMT Increased IMT associated with increased short-term risk of

developing AD, converting from MCI to AD, and lower response to

galantamine treatment of AD

In combination with other neurosonological methods

and vascular risks assessment can help to identify

patients in higher risk of faster progression of AD

Correlates with the progression of AD

Carotid

atherosclerosis

Higher degree of carotid atherosclerosis associated with increased

short-term risk of developing AD and converting from MCI to AD

In combination with other neurosonological methods

and vascular risks assessment can help to identify

patients in higher risk of faster progression of ADCorrelates with the progression of AD

Total cerebral blood

flow

Decreased in AD Inconclusive
Not dependent on brain atrophy

Longitudinal data not available

Flow velocities Variably decreased MFV in MCA in AD Inconclusive

Decreased flow velocities associated with increased risk of

developing AD

Cerebrovascular

reserve capacity

Decreased in AD Best correlation with AD incidence and progression

among all neurosonological parametersDecreased CVRC associated with increased risk of developing AD

AD, Alzheimer’s disease; IMT, intima-media thickness; MCA, middle cerebral artery; MCI, mild cognitive impairment; MFV, mean flow velocity.

incidence of carotid artery atherosclerosis – i.e., possible source
of microembolization. Prevalence of patent foramen ovale in AD
and VD cohort was 33% in this study, which is higher than usu-
ally reported 20–25% in general population (Hara et al., 2005),
but no larger epidemiological studies of prevalence in AD were
done. The same author found the association of spontaneous
cerebral microembolization with more rapid cognitive decline

in dementia (Purandare and Burns, 2009). Details of ultrasound
projects focused on spontaneous and paradoxical embolization in
AD are listed in Table 4.

CONCLUSION
The current evidence suggests that the brain perfusion in
AD patients, in general, is impaired compared to healthy
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non-demented population. The most prominent ultrasonograph-
ical findings in extracranial circulation in AD patients show an
increased IMT and higher burden of carotid artery atherosclero-
sis. The most often identified changes in intracranial circulation
are lower flow velocities, lower total CBF (not explained by brain
atrophy only), and most notably impaired cerebrovascular reserve
capacity (Table 5). These findings seem to be valid for both AD
and VD.

Ultrasonography of extra- and intracranial brain vessels can be
helpful in AD patients to identify individuals who are in a higher
risk of disease progression. Ultrasonography can be also useful
for stratification of MCI patients and can contribute to predict the
risk of conversion to AD. The vascular risk factors surveillance and
treatment in preclinical stages of AD is of great clinical importance
and it could help to delay the development of cognitive decline in
susceptible individuals. Ultrasonography is not especially benefi-
cial in differentiating AD and VD, because the microvasculature is
altered in both types of dementia.
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Effect of different meditation practices on various aspects of mental and physical health is
receiving growing attention. The present paper reviews evidence on the effects of several
mediation practices on cognitive functions in the context of aging and neurodegenerative
diseases. The effect of meditation in this area is still poorly explored. Seven studies were
detected through the databases search, which explores the effect of meditation on atten-
tion, memory, executive functions, and other miscellaneous measures of cognition in a
sample of older people and people suffering from neurodegenerative diseases. Overall,
reviewed studies suggested a positive effect of meditation techniques, particularly in the
area of attention, as well as memory, verbal fluency, and cognitive flexibility.These findings
are discussed in the context of MRI studies suggesting structural correlates of the effects.
Meditation can be a potentially suitable non-pharmacological intervention aimed at the
prevention of cognitive decline in the elderly. However, the conclusions of these studies
are limited by their methodological flaws and differences of various types of meditation
techniques. Further research in this direction could help to verify the validity of the findings
and clarify the problematic aspects.

Keywords: meditation, cognition, dementia, aging, neurodegenerative diseases,Alzheimer’s disease, mild cognitive
impairment, elderly

INTRODUCTION
Increasing age of the world’s population leads to a high number
of people suffering from dementia. Alzheimer’s Disease Interna-
tional association estimated that there are nearly 36 million people
suffering from dementia. The number is expected to double every
20 years, therefore 66 million people could be affected by dementia
in 2030 (Prince et al., 2013). This highlights the need for an appro-
priate therapy for patients with dementia, which is based both on
pharmacotherapy and non-pharmacological interventions.

One kind of non-pharmacological approach is represented
by cognitive training or stimulation aimed at impacting cogni-
tive functions, most commonly memory, attention, orientation,
or language. However, the effects of such interventions are not
consistent. They seem to be more efficient in motivated patients
in early or intermediate stages of dementia (Hulme et al., 2010;
Olazaran et al., 2010). Other non-pharmacological ways include
behavioral interventions aimed at improving skills in activities
of daily living (ADL) or management of stimuli exposed to
patients. Patients are encouraged to engage in appropriate phys-
ical activity and their emotional health is supported individually
or in the form of group sessions. Attention is paid to the reduc-
tion of anxiety or sleep disorders. Other options of intervention
with a positive impact on multiple domains (cognition, emo-
tivity, ADL) are represented by ergotherapy, reminiscensce ther-
apy, art therapy, relaxation, movement therapy, or musicotherapy
(Gauthier et al., 2010; Olazaran et al., 2010). An important aspect

of non-pharmacological approaches is the attempt to postpone
the institutionalization of patients and the support of caregivers
(education, self-supporting groups) in order to reduce a great bur-
den to which they are exposed in later stages of the disease (Chien
et al., 2011).

Other possibilities of non-pharmacological interventions are
based on various meditation techniques. The impact of medita-
tion on human health has been recently a subject of great scientific
interest. The effect of these techniques has been studied from dif-
ferent perspectives (depression, anxiety disorders, eating disorders,
addictions, and disorders caused by the use of psychoactive drugs)
(Ospina et al., 2007; Balaji et al., 2012; Khanna and Greeson, 2013;
Lakhan and Schofield, 2013). The impact of meditation on stress
reduction, the prevention of psychosomatic disorders, blood pres-
sure,and other cardiovascular diseases is a subject of several studies
as well (Barnes et al., 2001; Grossman et al., 2004). Meditation can
help with chronic pain and musculoskeletal disorders, respiratory
diseases, and dermatological problems. It may be beneficial as a
support of the immune system or as a symptomatic treatment of
cancer (Ospina et al., 2007). Recently, there have been studies on
the effect of meditation techniques on cognitive skills, which are
reviewed in this paper in a specific context of aging and neurode-
generative diseases. Meditation techniques are considered to be
specific cognitively stimulating activities. The effect of meditation
on cognition is studied directly as well as from the perspective
of the reduction of depressive symptoms and anxiety. There is a
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growing interest in meditation as one of the potential strategies
for the prevention of Alzheimer’s disease (Horrigan, 2007).

MEDITATION
Even though scientists have been investigating meditation for a
long time, there has not been consensus on its definition. Diver-
sity in the range of possible definitions reflects the vast number
of different methods of meditation. Western definitions empha-
size that meditation is a self-regulatory technique focused on
maintaining one’s attention. However, in the spiritual tradition,
meditation is perceived as a tool for spiritual development, the
growth of inner peace, concentration, positive emotions, such
as love and happiness, and on reduction of negative emotions,
such as fear and anger. Walsh and Shapiro (2006) integrate those
two views and propose a new definition. It characterizes medi-
tation as a group of self-regulatory techniques focused on main-
taining attention and awareness. The main goal is to achieve a
greater rate of well-being, serenity, and concentration through
the enhancement of control over spiritual processes. This defini-
tion distinguishes meditation from other methods, for example
hypnosis, imagination, or psychotherapy. These techniques are
not based on development of awareness or attention, but they
rather focus on changing mental content of thoughts, images, and
emotions.

Walsh and Shapiro (2006) suggest a classification of medita-
tion according (1) to its area of interest: there are techniques,
which primarily focus on a single object, such as breath or sounds.
They are known as concentration meditations. Another type is
represented by meditation, which aspires to gain open attention,
containing more objects at once or selected in a consecutive order.
This type is called awareness or open meditation. In addition,
we can divide meditation techniques according to its relation to
cognitive processes (thoughts, images) (2). This classification is
consistent with the categories proposed by Lutz et al. (2008), who
speaks about openly monitoring meditation (open monitoring,
OM) and meditation with focused attention (focused attention,
FA). The third type of classification relies on the targets (3). While
some practices focus on supporting a general mental development
and the state of well-being, others concentrate primarily on the
growth of specific mental qualities, such as concentration, love, or
wisdom. The most scientifically exploited techniques are described
thoroughly below.

MINDFULNESS
One of the most researched meditation techniques is based on
the concept of mindfulness (in Pāli language Satí). Traditionally
this method has its origin in Buddhist meditation of mindfulness
and insight (in Pāli language “satipatthana-vipassana”). Mind-
fulness practice includes a number of meditational techniques,
such as activities focused on breath and physical awareness or
using metaphors enlightening the essence of mindfulness. All these
techniques have a common goal, which is expanding a subject’s
mindfulness – i.e., the ability to focus on the present moment
and to perceive without any judgment or choice current inter-
nal or external impulses, which are emerging at a given moment
of consciousness. Mindfulness thus allows one to stay “above”
the particular content of thoughts, emotions, or imaginations

and enables one to become aware of the process of conscious-
ness itself (Kabat-Zinn, 2005). Mindfulness allows one’s active
approach, which can alter current categories and distinctions
through focusing on new impulses, which would otherwise remain
unconsciously unnoticed. This conscious processing of impulses
impacts a person’s behavior and supports a change of habitual
behavioral patterns (Langer, 1989).

Personal experience of many western psychologists leads them
to establish meditational techniques as a part of their psychother-
apeutic praxis, in which they use the techniques based on mind-
fulness very frequently. There are many psychotherapeutic schools
and approaches, which use the techniques based on the concept
of mindfulness, for example, Gestalt therapy or Morit’s therapy.
There are several new areas combining a mindfulness approach
with cognitively behavioral therapy, such as mindfulness-based
cognitive therapy, dialectical behavior therapy, and acceptance and
commitment therapy (Germer et al., 2005).

Zen meditation
Zen meditation is often classified as a meditational technique based
on fundamentals of mindfulness. It comes from Zen Buddhism,
Mahayan Buddhism’s offshoot, which originated in the fifth cen-
tury in China. It is performed sitting with legs crossed (lotus
position) and the meditating person tries to maintain straight
position of the body and a regular speed of breathing. On the
mental level, they focus on their breath while their mind is open
to emerging spiritual processes and contents, which they nei-
ther judge, conceptualize nor evolve. There upon moments of
completely content-free consciousness occur (Pagnoni and Cekic,
2007).

TRANSCENDENTAL MEDITATION
Transcendental meditation represents another frequently used sci-
entific method. It was developed by Maharishi Mahesh Yogi in the
second half of the twentieth century, but it is based on ancient
Indian Vedic tradition. This practice is based on the repetition
of mantra for 15–20 min twice a day with closed eyes. Mantras
in other words are sounds or simple sentences usually in San-
skrit facilitating the process of “inlaying” of attention. Attention is
paid on inner psychological processes with the aim of overcom-
ing even the mildest forms of thinking and to discover the source
of thoughts, which is felt as a moment of pure consciousness,
absolutely free of any content (Forem, 2012).

VIHANGAM YOGA
Another method, which has been investigated by researchers is
Vihangam yoga. Its roots arise from the teaching of Sadguru
Sadafaldeo Ji Maharaj. In theory and practice, it relates to the
Indian Vedic tradition. The practice of this meditation is divided
into five levels, but in scientific studies the most examined
is the first one. In the first level, the meditating person tries
through the training of concentration (for example, by repeti-
tion of mantra) to develop conscious reflexion, the ability to
observe his mind’s own tendencies. This helps to get better ori-
entation in one’s own inner world and to take better control of
it. This state of mind allows subjective feelings of harmony and
satisfaction.
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KIRTAN KIRYA
Experiments with the method of Kirtan Kirya are often performed
in the context of neurodegenerative diseases. This technique origi-
nates in the tradition of Kundalini yoga school. The technique itself
is based on repetition of sounds “sa ta na ma,” loudly, in a whisper
and silently in 2 min periods. Meanwhile the meditator touches the
rest of the fingers with their thumb. According to Kundalini yoga,
84 acupuncture points are being stimulated while performing this
technique. This leads to a positive bio-chemical transformation in
the brain. From a neuropsychological point of view the effect of
this method is explained as the activation of the brain areas associ-
ated with attention and exclusive functions (frontal area, cingulate
cortex), which takes places during the meditation (Newberg et al.,
2010a).

RELAXATION
The effect of meditation is often compared with the effect of
relaxation. Relaxation can be understood as a reduction of neu-
rophysiological agitation (Benson et al., 1975). Meditation as a
certain type of mental exercise can be included in such a broadly
defined framework. But in the context of studies mentioned below,
relaxation is a physical exercise focused on releasing muscles,which
reduces somatic stress (Schwartz et al., 1978), or a mental relax-
ation, which does not cooperate with conscious focus of attention,
but only instructs the subject to sit calmly with closed eyes (Alexan-
der et al., 1989). However meditation has some additional features
and can be defined as a group of self-regulatory techniques focused
on maintaining attention and awareness, where the main goal is
developing voluntary control over mental processes to achieve a
higher overall level of well-being and also to achieve peace and
concentration (Walsh and Shapiro, 2006).

RESEARCH
There is an increasing amount of literature suggesting that there
are many areas, which can be influenced by meditation. The most
commonly studied topics include physiological, psychiatrical, and
psychological conditions (e.g., anxiety, depression, quality of life,
or impact on ADL) or a general medical condition (Ospina et al.,
2007). Another subject of research is the effect of meditation
techniques on cognition and neuropsychological functions. Vari-
ous types of mindfulness meditation seem to positively influence
cognitive functions. A review by Chiesa et al. (2011) suggests
a significant improvement of selective and executive attention
in early stages of meditation, which aims at cultivating focused
attention. Non-focused, long-term attention can be improved
during following stages of meditation, which are characterized
by non-judgmental observation of external and internal stim-
uli. Besides, this technique can increase the capacity of working
memory and several executive functions. However, many studies
are biased due to methodological mistakes and connections of
researchers with institutions which propagate a specific type of
meditation.

The studies in this review were selected through a search
in scientific databases (PubMed, SpringerLink, JSTOR, EBSCO,
ISI, ScienceDirect, SCOPUS, Wiley, ProQuest) by using relevant
keywords (meditation, neurodegenerative disorders, dementia,
Alzheimer’s disease, aging, etc.). Studies investigating the effect of

meditation on cognition in which aging people and people with
neurodegenerative diseases were included.

MEDITATION AS A PREVENTIVE STRATEGY AGAINST ALZHEIMER’S
DISEASE
Alzheimer’s disease is the most common cause of dementia and
is strongly related to age (Wallin et al., 2013). Other risk factors
include family history, hypertension and hypotension, high levels
of cholesterol, low physical activity, obesity, low level of education,
and the presence of ApoE4 (Kivipelto et al., 2001, 2005; Huang
et al., 2004). At least five studies have been published during the
past 2 years suggesting that the incidence of dementia may have
decreased over the last two decades (Rocca et al., 2011; Schrijvers
et al., 2012; Christensen et al., 2013; Matthews et al., 2013; Qiu
et al., 2013). The mortality improvements are generally attributed
to better awareness and successful management of its risk factors.
It was estimated that delaying the onset of AD by a mere year would
yield nine million fewer cases by 2050 (Brookmeyer et al., 2007).
The prevention of dementia may to be more effective than cur-
rent pharmacological treatment (Forette et al., 1998; Khachaturian
et al., 2006). A general agreement concerning cognitive decline at
advanced age motivates many scientists to search for new preven-
tive strategies to maintain cognitive functions until the end of life
(Salthouse, 2011). There is a growing evidence that meditation can
serve as a potential tool for the prevention of Alzheimer’s disease
(Horrigan, 2007).

It has been revealed that meditation can influence risk factors of
Alzheimer’s disease such as hypertension (Anderson et al., 2008)
and high levels of cholesterol (Walton et al., 2004; Khatri et al.,
2007). Besides, the impact of meditation on the cerebral blood
flow (Newberg et al., 2001, 2010b; Khalsa et al., 2009) could play a
role in Alzheimer’s disease as well (Roher et al., 2012) (Figure 1).

FIGURE 1 | Suggested influence of meditation on cognitive functions.
The figure shows proposed ways how meditation impacts cognitive
functions. The effect of meditation on cognition is both direct and indirect
(I–V): meditation positively influences hypercholesterolemia and
hypertension which represent risk factors for Alzheimer’s disease (I).
Further it increases cerebral blood flow (II) and has a protective effect on the
cortical thickness (III). Meditation further reduces stress (IV), anxiety, and
depression (V). All these mechanisms lead to better cognitive functions.
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MEDITATION AND COGNITION IN AGING POPULATION
Research on preventive strategies against abnormal aging usually
focuses on life style, in particular on physical activity and healthy
diet. Only a few studies emphasize the potentially protective effect
of meditation on cognition.

One of the first studies on the effect of meditation in elderly
was performed by Alexander et al. (1989). The population was
represented by 73 seniors (mean age 81 years) who were randomly
divided into three groups based on the meditation technique
they underwent. A control group without any intervention was
also included. Seniors were trained in the following meditation
techniques: transcendental meditation, mindfulness (mindfulness
training in active distinction making ) and a relaxation program
which they performed twice a day for 20 min a period of 12 weeks.
This study examined the effect of the intervention on cognitive
flexibility (Stroop’s test ), memory (Associate Learning subtest ), and
verbal fluency of the elderly (Word Fluency Scale, Overlearned
Verbal Task). These were measured before and immediately after
the meditation, after 18 months and finally after 36 months. The
results suggest a strong improvement in measured variables in
the group of subjects using transcendental meditation, followed
by mindfulness. Worse results were shown in the control group
and in the group with the relaxation program. In addition, test-
ing after 3 years revealed 100% maintained effect in persons using
transcendental meditation and 87.5% in those within the mind-
fulness program. Other groups had lower scores (65 and 75%).
Even though the described study suggested a potentially positive
impact of meditation on cognitive decline in the elderly, no other
studies had been performed until recently.

A study by Pagnoni and Cekic (2007) examined in a case–
control study (n= 26) the effect of regular Zen meditation on
the decrease in gray matter thickness and ability to solve tasks
demanding focused attention. While the study showed age-related
decrease in gray matter thickness in the case of 13 subjects in the
control group (without any intervention), there was no correlation
between any studied variable and age in the case of the 13 subjects
who regularly meditated. The effect of meditation on gray matter
was the most significant in putamen, which is a structure involved
in attention processing.

Another case–control study (van Leeuwen et al., 2009) com-
pared long-term meditating seniors using mindfulness with two
groups of control participants, who had never engaged in any med-
itation practice. In the first one, there were people of the same age.
Younger people belonged to the second control group. The groups
were compared on the basis of their performance in attentional
blink. The results of meditating group were significantly better
compared to the age-matched control group. Furthermore, they
performed better also in comparison with the control group con-
sisting of young people, even though several studies have proved
that attention ability decreases with age (Maciokas and Crognale,
2003; Georgiou-Karistianis et al., 2007).

A recent cross-sectional study (Prakash et al., 2012) compared
cognitive skills between long-term meditating and non-meditating
seniors. Twenty seniors with more than 10 years of experience
with Vihanam yoga meditation underwent a battery of tests on
short-term memory, psychomotoric tempo, attention, and execu-
tive functions (Digit Span test, Stroop’s test, Trail Making test, Letter

Cancelation Task, Digit symbol substitution test, and Rule Shift Card
Test ). The results were compared with the performance of non-
meditating seniors. Meditating seniors showed significantly better
results in all attentional tests. The study revealed that long-term
meditation of Vihanagam yoga impacted positively on the extent
of attention, the speed of processing, the ability of attentional shift,
and performance in tests using distracting factors.

IMAGING STUDIES
MRI studies provide an interesting insight into morphological
changes of the brain resulting from meditation. Even though
they do not investigate elderly population, they reveal structural
changes in several regions, such as increased cortical thickness.
Most frequently reported are structural alterations in anterior cin-
gulate cortex, superior and inferior frontal cortex, and prefrontal
cortex. These regions are involved in attention, perceiving inter-
nal experience, sensory processing, and executive functions. Some
studies report increased volume of hippocampi, which are impor-
tant for memory. For an overview of MRI studies on meditation
and their findings, see Table 1. Similar regions of activation are
reported from functional imaging studies. SPECT performed dur-
ing meditation showed increased regional cerebral blood flow in
the prefrontal cortex, superior frontal, and cingulate cortex, and
the right temporal lobe (Wang et al., 2011).

Moreover, in the study by Lazar et al. (2005), the biggest effect
of mindfulness meditation on the thickness of the prefrontal cor-
tex was surprisingly found in older participants. This suggests that
meditation can have a compensatory effect on the decrease of
cortical thickness related to aging. The increased cortical thick-
ness found in meditators can be explained by several mechanisms:
neuronal arborization, multiplication of glial cells, or formation
of vessels (Lazar et al., 2005). This also implies that meditation
could potentially lead to neuroregeneration.

Study by Luders et al. (2011) explores the fractional anisotropy
for 20 different fiber tracts on sample of long-term meditators
(Shamatha, Vipassana, and Zazen) and controls (n= 54). Results
showed stronger structural connections in meditators compared to
controls throughout the brain in large projection pathways, com-
missural pathways, and association pathways. Although fractional
anisotropy and age were negatively correlated in both groups,
regression lines of age-related decline in meditators were much
less marked than in controls.

INTERVENTIONS STUDIES AND NEURODEGENERATIVE DISEASES
Research of meditation from the perspective of neurodegenera-
tive disorders is still in its infancy. It includes studies on the effect
of meditation on well-being of caregivers (Waelde et al., 2004;
Lavretsky et al., 2013) as well as on patients suffering from demen-
tia. As Newberg et al. (2013) summarized, current knowledge
about meditation, memory, and attention supports the applica-
tion of meditation techniques in patients with neurodegenerative
diseases. Below are presented concrete studies investigating the
effect of meditation on cognition on a sample of patients with
neurodegenerative diseases.

An article by Newberg et al. (2010b) examined the effect of an 8-
week meditation program using a simple method of Kirtan Kirya.
The control group was listening to music instead of performing
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Table 1 | List of brain imaging studies using MRI.

Study Intervention n Mean

age ± SD

Experience with

meditation

Loci with increased

cortical thickness

Interpretation

Lazar et al. (2005) Various 20 38.2 9.1±7.1 years,

6.2±4 h per week

Anterior insula, parts of frontal lobe,

auditory cortex in temporal lobe

Somato-sensory, auditory, and

interceptive processes

Pagnoni and Cekic (2007) Zen 13 37.2±6.9 >3 years per day Putamen Attention

Holzel et al. (2008) Vipassana 20 34.1±4.7 8.6 years, 2 h daily Anterior insula, right hippocampus,

left inferior temporal gyrus

Anterior insula – awareness of

internal experience

Vestergaard-Poulsen

et al. (2009)

Tibetan

buddhism

10 55±6.2 16.5±5.1 years Medulla oblongata, anterior

cerebellum, superior, and inferior

frontal gyrus

Breath control, resistance to

stress, attention, calmness

Luders et al. (2009) Various 22 53±11.5 24±12 years Orbito-frontal cortex, right talamus,

left inferior temporal gyrus

Regulation of emotions and

sensory functions

Grant et al. (2010) Zen 17 37.6±10.9 >1000 h Anterior cingulate cortex, secondary

somato-sensory cortex

Anterior cingulate

cortex – adaptive control of

behavior

Holzel et al. (2011) MBSR 16 39±4 0 Left hippocampus, posterior

cingulate cortex, temporo-parietal

junction, cerebellum

Learning, memory, regulation of

emotions, empathy

Luders et al. (2013b) Various 50 51.4±12.8 20 years Hippocampus, especially subiculum Subiculum – regulation of stress

Grant et al. (2013) Zen 18 37.1±10.9 >1000 h Cingulo-fronto-parietal network Attention

n, number of subjects, SD, standard deviation, MBSR, mindfulness-based stress reduction, IBMT, integrative body mind training.

meditation. Fifteen seniors with age-related cognitive impairment
(n= 7), mild cognitive impairment (n= 5), and Alzheimer’s dis-
ease (n= 3) were included in the study. Cerebral blood flow and
performance in cognitive tests were examined. The effect of the
8-week long meditation program showed a significant increase
in cerebral perfusion in prefrontal, parietal, and auditory cortex.
The results of neuropsychological tests showed an improvement in
verbal fluency, part B in Trail making test (test on working mem-
ory and attention) and logical memory in the meditating group.
Most of the participants also expressed a significant subjective
improvement in cognitive functions.

Similar research by Moss et al. (2012) studied the effect of
an 8-week meditation program in Kirtan Kirya technique. They
measured the effect of this program on depression and anxiety.
Cerebral perfusion, level of spirituality, cognitive functions in cat-
egorical fluency, Trail making test (part B), and logical memory
was also examined. The participants consisted of seniors with
impaired memory (n= 7), mild cognitive impairment (n= 5),
and Alzheimer’s disease (n= 3). The control group listened to
music in this study as well. The results in the meditating group
revealed a significant improvement in depression, anxiety, inter-
nal tension, and fatigue. Increased cerebral perfusion in the
frontal lobe and right parietal lobe has also been found. How-
ever, in this research, there was no significant effect of meditation
on cognitive functions. Interestingly, there were no significant
changes in spirituality scores [index of core spiritual experiences
(INSPIRIT), the purpose in life scale, the mysticism scale, the

quest scale, and mindful attention awareness scale] over the 8-week
period.

A recent study by Innes et al. (2012) examined the effect of Kir-
tan Kirya on stress, quality of sleep, mood, sympathetic activation,
and memory functions in adults suffering from cognitive decline.
The effect was also studied on their caregivers. Six patients in early
stages of Alzheimer’s disease and their caregivers were tested before
and after undergoing an 8-week meditation program. The partici-
pants showed a significant improvement in retrospective memory
(tested by Memory Functioning Questionnaire) and also in other
measured variables, such as stress, mood disorders, quality of sleep,
and blood pressure.

DISCUSSION
Insufficient amount of research on the effect of meditation on age-
related cognitive decline and neurodegenerative diseases makes
any generalization of the results very difficult. However, the
reviewed studies suggest a positive effect of various meditation
techniques on particular cognitive functions. There is evidence
that meditation enhances attention (Pagnoni and Cekic, 2007; van
Leeuwen et al., 2009; Prakash et al., 2012), improves verbal fluency
(Alexander et al., 1989; Newberg et al., 2010a), memory (Alexander
et al., 1989; Newberg et al., 2010a; Innes et al., 2012), and cognitive
flexibility (Alexander et al., 1989; Newberg et al., 2010a).

Results mentioned above suggest a possible explanation of
the impact of meditation on processes in the human brain (see
Figure 1). The mechanisms include increased cerebral perfusion
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in prefrontal, parietal and auditory cortex (Newberg et al., 2010a),
a protective effect on gray matter thickness (Pagnoni and Cekic,
2007), and enhancing of the function of areas involved in atten-
tion (Lazar et al., 2005). In addition, meditation can potentially
enhance the power of cognitive circuits and increase cognitive
capacity (Xiong and Doraiswamy, 2009). Moreover, it can improve
myelination or restructuralization of white-matter tracts in the
involved areas such as anterior corona radiate associated with the
anterior cingulate cortex (Tang et al., 2010).

Another explanation of the neuroprotective effect of medi-
tation can be the decrease in cortisol level (Jacobs et al., 2013;
Turakitwanakan et al., 2013) caused by stress, which may be related
to a higher hippocampal volume in meditators (Luders et al.,
2013a). Epel et al. (2009) emphasize the correlation between the
maintenance of the length of telomeres and decreased cognitive
stress and tension due to meditation (Jacobs et al., 2011; Hoge et al.,
2013) Meditation can positively impact dyslipidemia and oxida-
tive stress, which further decreases the risk of vascular diseases of
the brain as well as Alzheimer’s disease (Reitz, 2013).

From a psychological point of view, the effects on cognitive
functions can be explained by enhancing the ability of mindful-
ness (in the case of mindfulness meditation). Mindfulness enables
a non-judgmental reflexion of processes happening in conscious-
ness “beyond” concrete contents of thoughts and feelings. This
leads to experiencing a relativity and transient nature of these con-
tents, which can (from the long-term point of view) lead to weak-
ening of affective power of these perceptions in consciousness (e.g.,
as in anxiety) and enlarging the capacity for focused processing.
This ability can lead to improvement in attentional and working
memory tasks. Similarly, we can look at the effect of meditation
based on mantra repetition (transcendental meditation, Kirtan
Kirya, etc.). This method aims at releasing consciousness from
constantly appearing language based thoughts. Short-lasting expe-
rience of the relief of consciousness from its contents (thoughts
and feelings) can lead to understanding of their relativity and
transience (Alexander et al., 1989). It is necessary to emphasize the
potential of various meditation techniques in the enhancement of
flexibility, contrasts with its decrease during aging. This is related
to higher perception of new stimuli, which are not in line with old
cognitive schemes and habitual behavioral patterns. This supports
adaptive behavior based on one’s own decisions (Alexander et al.,

1989; Langer, 1989). An important aspect, which is enhanced by
all the mentioned types of meditation, is self-reflexion and cul-
tivation of the ability to deal with one’s own mental processes.
Such skills can contribute to decreased depressivity and anxiety,
which have negative effect on cognitive functions (Beaudreau and
O’Hara, 2008).

The positive potential of meditation, which is suggested from
research reported here, has to be related to the limitation of
these studies, which are often preliminary capture. Many papers
included too few subjects, control groups were missing or the
research has been performed by institutions supporting a spe-
cial type of meditation. In many studies, the effect of meditation
on cognition was often measured by many cognitive tests, authors
of the studies pointed out significant positive changes, but there
should be also emphasized fact, that in some tests, the effect on
specific cognitive functions has not been proved, as you can see in
Table 2. For example, in study of Moss et al. has not been proved
significant effect of meditation on cognitive functions, only on the
other measured variables.

An attempt to generalize such results is in contrast with the fact
that meditation comprises a heterogeneous group of practices. It
is becoming evident that in the context of neurodegenerative dis-
orders there is a lack of studies using methods other than Kirtan
Kriya. The key tasks for future studies will be identification of
a potential common element of different meditation techniques,
establishment of a valid tool to measure meditation techniques,
better control of life style factors, genetics, and eating habits, apply-
ing findings on larger randomized population samples and finding
out whether the results observed in highly experienced meditation
practitioners can be found in a wider population.

Various types of meditation were traditionally established
among religious systems, which related a close connection between
meditation and the spiritual part of human beings. It is becom-
ing evident that, despite the loss of intellectual and memory
skills, patients with Alzheimer’s disease often maintain spiritual
consciousness and intuition (Dopson, 2005). Such patients still
manage, despite a significant memory loss, to learn to use simple
meditation techniques. Involving patients with Alzheimer’s dis-
ease in activities, such as prayers or meditation, can positively
impact on the quality of their life, spiritual well-being, feelings of
self-value and belonging (Lindberg, 2005).They can also decrease

Table 2 | List of studies investigating the effect of meditation on cognition on a sample of elderly people and people with neurodegenerative

diseases.

Study Participants Significant effect on

cognitive functions

Memory Attention Executive

functionsa

Alexander et al. (1989) Elderly Yes Yes Yes

Pagnoni and Cekic (2007) Elderly – Yes –

van Leeuwen et al. (2009) Elderly – Yes –

Newberg et al. (2010a) Elderly, MCI, Alzheimer’s disease Yes Yes Yes

Newberg et al. (2013) Elderly, MCI, Alzheimer’s disease No No No

Grant et al. (2010) MCI, Alzheimer’s disease, caregivers Yes – –

aInto executive functions are assigned cognitive flexibility and verbal fluency.
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anxiety related to this disease and serve as a potentially useful inter-
vention for improving negative symptoms and behavior. Studies
by Kaufman et al. (2007) emphasize slower cognitive decline and
progression of Alzheimer’s disease in patients with higher level of
spirituality or personal religious practice, however, another study
(Levin et al., 1994) did not show that regular visits to church slow
down the progression of Alzheimer’s disease. These findings imply
an alternative explanation of the impact of meditation, which is
by enhancing a spiritual dimension of the elderly. Even though
researchers suggest a different effect of secularly and spiritually
aimed meditation on the health and well-being of meditators
(Wachholtz and Pargament, 2005), spirituality has been among
measured variables in only one of the reported studies (Moss
et al., 2012). However, there was no significant association with
the effect of meditation, therefore the question of the relation-
ship between meditation and spirituality remains open to further
research.

CONCLUSION
There is an increasing amount of literature suggesting a posi-
tive impact of meditation on physical and psychological health.
Recently, there have been studies on the influence of meditation on
cognitive functions in the context of aging and neurodegenerative
diseases. The results imply a positive effect especially on atten-
tion, memory, verbal fluency, and cognitive flexibility. Meditation
can represent an appropriate non-pharmacological intervention
aiming at the prevention of cognitive decline in the elderly. Con-
clusions of such studies are limited due to their methodological
problems and differences among various meditation techniques.
Further research in this area could help to confirm the validity of
recent results and clarify problematical aspects.
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Neither pain, nor depression exist as independent phenomena per se, they are highly
subjective inner states, formed by our brain and built on the bases of our experiences,
cognition and emotions. Chronic pain is associated with changes in brain physiology
and anatomy. It has been suggested that the neuronal activity underlying subjective
perception of chronic pain may be divergent from the activity associated with acute pain.
We will discuss the possible common pathophysiological mechanism of chronic pain and
depression with respect to the default mode network of the brain, neuroplasticity and
the effect of antidepressants on these two pathological conditions. The default mode
network of the brain has an important role in the representation of introspective mental
activities and therefore can be considered as a nodal point, common for both chronic pain
and depression. Neuroplasticity which involves molecular, cellular and synaptic processes
modifying connectivity between neurons and neuronal circuits can also be affected by
pathological states such as chronic pain or depression. We suppose that pathogenesis of
depression and chronic pain shares common negative neuroplastic changes in the central
nervous system (CNS). The positive impact of antidepressants would result in a reduction
of these pathological cellular/molecular processes and in the amelioration of symptoms,
but it may also increase survival times and quality of life of patients with chronic cancer
pain.

Keywords: chronic pain, depression, antidepressants, default mode network, neuroplasticity, stress, cytokines

INTRODUCTION
Chronic pain is a complex syndrome which affects thinking,
mood and behavior, and it can gradually lead to complete psy-
chological and social isolation of the patient; therefore it can
have a significant impact on everyday human activities, limit-
ing independence and significantly interfering with interpersonal
relationships. Mechanisms underlying chronic pain are different
from those of acute pain. Chronic pain could lead to permanent
changes of brain structures and functions and these changes could
affect also brain processes not directly connected with pain itself
(Baliki et al., 2008).

Depression is a psychiatric disorder with various symptoms
and is often accompanied by unexplained painful somatic symp-
toms. In patients with somatic symptoms, especially in primary
care, depression is frequently overlooked. On the other hand,
psychiatrists do not pay enough attention to somatic or pain
symptoms in patients with depression. Depression can precede
pain or pain can precede depression, forming a linked dyad shar-
ing common mechanisms (Blackburn-Munro and Blackburn-
Munro, 2001; Chou, 2007). As argued by Torta and Munari
(2010), depression may reduce the pain threshold and sensitize

pain perception. Conversely, chronic pain may lead to an altered
emotional state and finally to depression.

The concept of pain has changed dramatically over the last 30
years. As knowledge and understanding of pain have increased,
the concept has gradually morphed from a one-dimensional
concept to a multi-dimensional concept. In 90th Melzack (1999,
2001) postulated the existence of a pain neuromatrix, which
can be thought of as a genetically determined neural network
that is significantly modulated by stress, affective and cognitive
processes (Iannetti and Mouraux, 2010). The pain neuromatrix
is an integration of sensory, interoceptive, affective, and cognitive
components and the resulting experience of pain is always depen-
dent on their interactions (Klossika et al., 2006; Wiech et al., 2008;
Simons et al., 2014). Various studies particularly emphasize the
relationship between pain and emotions (Rhudy, 2009; Kamping
et al., 2013). In addition, pain is affected by endogenous opioids,
and the endocrine, immune and autonomic systems (Blackburn-
Munro and Blackburn-Munro, 2003; Chapman et al., 2008).

This network is constantly under the control of many other
factors including the state of attention, anxiety, and expectation;
previous experience, learning, personality traits, cultural effects,
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etc., play important roles. Therefore, we can rationally assume
that neuroplastic and cognitive processes have critical roles as
links to emotional processes associated with patient suffering.

We will summarize intersections between chronic pain and
depression mechanisms at different levels of complexity, i.e., brain
networks (default mode network), neurotransmitter systems and
neuronal plasticity. We will demonstrate that both chronic pain
and depression can lead to stable changes in brain structure and
function and that these changes are manifested in the patient’s
experience, emotion and cognition. There is high comorbidity
between chronic pain and depression in severe disorders and there
is also a clear link between chronic pain and depression at the level
of experience. Chronic pain can induce depression and depression
can manifest as pain. In this study we suggest that the association
between depression and chronic pain is not just at the level of
experience, there may also be a common neural substrate, which
could be therapeutically manipulated to improve overall quality
of life for patients with both conditions.

DEFAULT MODE NETWORK AS A MECHANISM OF SELF-REFERENCE,
NODAL POINT OF DEPRESSION AND CHRONIC PAIN
Neither pain, nor depression exists as an independent phe-
nomenon per se; they are highly subjective inner states, created by
our brain and formed by our experience, cognition and emotional
arousal. The default mode network is a network of interact-
ing brain regions and subsystems that show consistently greater
activation during “resting” states compared to external, directed
tasks (often referred as “task-induced deactivation”) (Shulman
et al., 1997). The brain regions involved in these self-referential
processes are inversely correlated with the fronto-parietal regions
that are typically associated with cognition (Fox et al., 2005).

The default mode network consists of a set of regions in
the cerebral cortex—medial prefrontal cortex, posterior cingulate
cortex and connected ventral precuneus, medial temporal lobes,
and the superior frontal and parietal cortices. The default mode
network has an important role in the representation of a per-
son’s mental state and “internal mentation”, i.e., the introspective
mental activities spontaneously emanated by the human brain
(Andrews-Hanna, 2012). Such “self-referential thoughts” are nec-
essary to perceive the inner bodily or mental states—including
pain and depression.

Self-referential processes have been repeatedly shown to be
abnormal, and self-focus is increased in people suffering from
depression (Lemogne et al., 2012). Moreover, it has been shown
that increased self-focus in depressed individuals may be a predic-
tor of major depressive episodes and chronic depression (Nolen-
Hoeksema, 2000). Grimm and her colleagues demonstrated that
abnormally increased negative self-attribution, as a hallmark of
increased self-focus in major depressive disorders, might be medi-
ated by abnormal neural activity in subcortical-cortical midline
structures linked to the default mode network (Grimm et al.,
2009, 2011).

There is increasing evidence that the default mode network has
a pivotal role in neuronal activity underlying major depressive
disorders (Greicius et al., 2007; Xueling et al., 2012; Zhu et al.,
2012; Guo et al., 2013; Wenbin et al., 2013) and also in late-life
depression (Alexopoulos et al., 2012; Andreescu et al., 2013) and

therefore it could serve as a potential biomarker of depressive
disorders. Considering the very high relapse rates of patients after
a major depressive episode, Li et al. (2013) hypothesized that
abnormal default mode network connectivity might persist even
after recovery. They have suggested that default mode network
functionally dissociates into two subsystems—connectivity in the
posterior sub-network is normalized after antidepressant treat-
ment, whereas there was persistent abnormal connectivity in the
anterior sub-network.

The above mentioned observations are in accordance with
the findings of Marchetti et al. (2012) who propose specific
imbalances in the default mode system which could represent a
residual neural “depressive scar” that was affected by the severity
of previous depressive episodes; it was also suggested that it could
be used as a predictor of future depressive episodes.

Chronic pain is associated with changes in brain physiology
and anatomy. It has been suggested that neuronal activity under-
lying subjective perception of chronic pain may be divergent
from the activity associated with acute pain. Some studies have
indicated that chronic pain can also affect cortical areas unrelated
to pain (Apkarian, 2008; Cauda et al., 2012; Hashmi et al., 2013).

Prolonged experience with chronic pain represents a form of
emotional learning, shifting from sensory to hedonic neuronal
circuits (Farmer et al., 2012). Chronic pain is often accompanied
by cognitive and behavioral impairment and decreased quality
of life. Increased anxiety, depression and sleep disruption are
manifested as an affective association of chronic pain. Moreover,
clinicians often observe that these additional effects deepen the
patient’s suffering and the effects persist even after the pain is
reduced by therapy and the source of nociceptive activity has
disappeared (Mansour et al., 2013).

Various studies emphasize the complexity of chronic-pain
processes that affect large circuits and stimulate extensive reorga-
nization of cortical function and structure (Apkarian et al., 2009;
Apkarian, 2011).

Some authors propose that the structural impairments that
accompany chronic pain can also influence functions of the
default mode network. Baliki and his colleagues demonstrated
that patients suffering from chronic back pain displayed reduced
deactivation of various default mode network regions during a
simple visual attention task, even though the performance of the
patient group and control were the same (Baliki et al., 2008).
Similar results were obtained in studies by Tagliazucchi et al.
(2010). It is important to point out that these studies demon-
strated that alterations of the default mode system, in chronic-
pain patients, might influence brain mechanisms responsible for
processing information unrelated to pain.

Napadow et al. (2010) demonstrated alternating levels
of intrinsic connectivity within multiple brain networks in
fibromyalgia, which is a central chronic pain syndrome associated
with widespread and spontaneously fluctuating pain. This study
showed greater connectivity in the default mode network and in
the right executive attention network (in contrast to the default
mode network, in which the fronto-parietal executive attention
network is involved in cognitive processing associated with work-
ing memory and attention). It suggests that fibromyalgia pain
might be mediated by alternating activity levels in the central
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nervous system (CNS) (hyperexcitability) more than by periph-
eral pathological sensations.

A study by Loggia et al. (2013) revealed that greater clinical
pain in patients with chronic low back pain at baseline was
associated with greater connectivity between the default mode
network and insula (brain region involved in pain processing)
and decreased connectivity between the default mode system
and the pregenual anterior cingulate cortex (involved in brain
inhibition). Moreover, baseline pain correlates positively with the
level of connectivity between the default mode network and the
right insula; while increased clinical pain, induced by physical
maneuvers, is correlated with changes in this connectivity. These
results suggest that resting default mode connectivity may also
encode the severity of clinical pain.

More and more evidence indicates that chronic pain can, at
some point, become a sensation that is spontaneous and inde-
pendent on any external stimuli. Therefore, the default-mode-
network perspective could offer fresh insights into the study of
chronic pain. Moreover, since the default mode network is deeply
involved in self-referential processes and subjective experience, it
could represent a nodal point that is common for both chronic
pain and depression.

NEUROPLASTICITY
Neuroplasticity involves molecular, cellular and synaptic pro-
cesses that modify connectivity between neurons and neuronal
circuits. They are modulated by behavioral, sensory, cognitive
and emotional experience, and are also influenced by pathological
states and chronic pain or depression. It is important to stress
that transient, but repetitive functional changes induced by pain
or depression can lead to more permanent changes. Accordingly,
long-lasting interference with the normal activity of the default
mode network could initiate plastic changes that could lead to
irreversible structural and functional changes of the default mode
network.

Patients suffering from serious disorders are under chronic
stress, associated with a loss or change in social status, loss of
positive expectations, feelings of discomfort, etc. This emotional
situation induces a spiral of complaints and stresses mediated
by neuronal changes which in turn can lead to alterations in
other brain functions and structure. Stress is a common bio-
logical denominator connecting patient suffering on the one
hand, and emotion, cognition and neuroplastic substrates on the
other hand. Stress profoundly affects synaptic form and function
(Popoli et al., 2011; Sandi, 2011). Stress is also a well-accepted
etiological factor in depression.

Stress induces the release of glucocorticoids (GC) that sig-
nificantly impact hippocampal functions with the potential to
enhance or suppress neuroplastic processes. Stress gives rise, by
means of the limbic system and activation of the reticular forma-
tion, to increased production of corticotropin-releasing hormone
(CRH). A feedback loop from the periphery is maintained by
the inhibitory effects of GC on CRH production. This feedback
involves several types of glucocorticoid receptors, located mostly
inside the hippocampus. Overproduction of CRH leads to over-
production of ACTH and, later on, to overproduction of GC.
Such a situation occurs after a hippocampal lesion or during

chronic stress. Stress also leads to a reduction in brain derived
neurotrophic factor (BDNF)—one of the most predominant neu-
rotrophic factors in the adult brain—in the hippocampus and
increases it in the amygdala (Höschl and Hajek, 2001; Finsterwald
and Alberini, 2013; Hayley and Litteljohn, 2013). While there
is strong evidence linking BDNF to stress and depression, other
neuronal growth factors are also involved, most notably glial cell-
line derived neurotrophic factor (GDNF) and nerve growth factor
(NGF; Hayley and Litteljohn, 2013).

Stress modulation of synaptic plasticity is mediated via acti-
vation of mineralocorticoids and GC receptors and exert direct
effects on neurons and glia cells and also increase glutamate
release in the prefrontal cortex, hippocampus and amygdala
(Sandi, 2011). It has been shown that elevated levels of corticoids
influence learning processes (Bodnoff et al., 1995). Stress events
also disrupt long term potentiation in the hippocampus (Shors
et al., 1997), which is a key structure for declarative memory
(Hölscher, 1999). Pre-clinical and clinical studies have demon-
strated that stress and depression can lead to reductions in the
total volume of the adult hippocampus. These structural changes
may not necessarily be permanent. The degree of volume reduc-
tion can provide information regarding treatment effectiveness or
response to treatment (Arnone et al., 2013; Hayley and Litteljohn,
2013).

Repeated stress also produces alterations in brain plasticity in
animal models; however, the relevance of hippocampal changes
to behavioral changes is still matter of debate. For example,
the granule cells of the dentate gyrus are significantly affected
via a decreased rate of neurogenesis following prolonged stress
(Radley and Morrison, 2005). In contrast, chronic antidepressant
treatment up-regulates hippocampal neurogenesis, and there-
fore could block or reverse the atrophy and damage caused by
stress. Some studies have also demonstrated that neurogenesis is
required for the actions of antidepressants in behavioral models
of depression (Warner-Schmidt and Duman, 2006).

The hippocampus is a target for the effects of GCs and stress,
which in turn, could influence its ability to regulate the HPA
axis. Chronic GC administration at artificially high levels induces
apical dendritic retraction and debranching in rat CA3c pyrami-
dal neurons (Woolley et al., 1990; Watanabe et al., 1992), while
longer exposure to GC results in more substantial hippocampal
damage, such as neuron death, gliosis, and atrophied perikarya in
the principal layers, most notably in the CA3c region (Sapolsky,
1985). Repeated stress exerts effects similar to GCs on dendritic
remodeling in the CA3. One key feature of prolonged stress is the
change in dendritic spine number and morphology of hippocam-
pal formation (medial prefrontal cortex). Such structural synaptic
changes may be compensatory in response to glutamatergic and
calcium-induced toxicity in these neurons during prolonged peri-
ods of stress. Since repeated stress also induces apical dendritic
retraction in the CA3, this could have significant consequences for
the total synaptic population. In contrast, antidepressants oppose
dendrite atrophy and increase apoptosis markers induced by stress
in the hippocampus (Silva et al., 2008).

Corticoids affect various neurotransmission systems. They
potentiate efflux and inhibit re-uptake of glutamate and
increase N-methyl-D-aspartate (NMDA) receptor expression.
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Furthermore, they decrease expression of neurotrophic factors
(Smith et al., 1995) and decrease activity of the GABA-ergic
system. Glutamate influenced activity of NMDA receptors and
the concomitant decrease in GABA-ergic inhibition leads to cal-
cium influx, followed by depolymerization of cytoskeletal pro-
teins, autolysis and eventually neuronal death (Höschl and Hajek,
2001).

With regard to stress induced structural and functional
changes in the hippocampus, in particular reduced hippocampal
volume, recent studies have indicated reductions in neurogenesis
as well as changes in glial density and reductions in the complexity
of dendritic arbors that participate in the volumetric decrease
(Hayley and Litteljohn, 2013). Alterations in neurobiological
properties can result in faulty communication between the hip-
pocampus, amygdala and cortex, which gives rise to disturbed
processes of emotionality (Carballedo et al., 2011). However,
future studies are needed to assess the potential contribution of
volumetric changes in default mode.

The negative effects of stress on hippocampal synaptic plas-
ticity can be reversed by GC antagonists and monoamine antide-
pressants (Holderbach et al., 2007). Chronic stress can also affect
the expression of AMPA and NMDA subunits and various synap-
tic proteins (Silva et al., 2008), while antidepressant treatment
opposes these changes (Martínez-Turrillas et al., 2007; Barbon
et al., 2011). Chronic stress promotes pyramidal dendrite retrac-
tion in the medial prefrontal cortex by the mechanism of NMDA
receptors (Martin and Wellman, 2011). Additionally, tianep-
tine, an selective serotonin reuptake inhibitor (SSRI) drug with
unexplained antidepressive effects, modulates NMDA receptor
function in the hippocampus (Kole et al., 2002). Similarly, some
studies point to the antidepressive effects of NMDA antagonists
(Berman et al., 2000; Zarate et al., 2006; Li et al., 2010). In
addition, monoamine systems that represent typical targets for
antidepressants are also required for plasticity modulation under
stress.

While an obvious logical link between synaptic plasticity and
cognition exists, less well understood is the potential for altered
synaptic plasticity to disrupt emotional memory, which may be
relevant regarding mood disorders. Regardless, the prefrontal
cortex-hippocampus-amygdala circuits are likely dysfunctional in
depression (Marsden, 2013). It has been suggested that this leads
to decreased cognitive control of emotion, resulting in persistent
negative emotional reactivity (Murrough et al., 2011).

Stress-induced neurobiological cascades could represent a
critical common pathway underlying the biological and psy-
chological characteristics of the default mode of patients suf-
fering from serious disorders. The neuroplasticity hypothesis of
depression shows decreased synaptic plasticity in hippocampal
circuits and elevated synaptic plasticity in emotional networks
including the amygdala (Nissen et al., 2010). Moreover, reduced
hippocampal volume may correlate with impairment of cognitive
functions in patients with a major depressive disorder (Frodl
et al., 2006). There is a huge body of evidence demonstrating
the neuropsychological and cognitive deficits associated with
depressive disorders. Such deficits have been found in various
areas including attention, information processing, memory, ver-
bal fluency, executive functions and psychomotor speed (for

review see Austin et al., 2001; Castaneda et al., 2008; Lee et al.,
2012).

Although the clinically beneficial effects of antidepressants are
well known their direct impact on cognitive (intellectual and
psychomotor) functions in less understood. The clinical effects
of antidepressants on cognitive functions, both in healthy vol-
unteers and in patients, were reviewed in papers by Amado-
Boccara et al. (1995) and Gorenstein et al. (2006). In 2008,
Monleon et al. extensively reviewed the effect of antidepressants
on memory in animal models. When assessing the cognitive effect
of antidepressants in subjects suffering from depression, it is, in
theory, necessary to separate the specific effects on cognition from
overall clinical improvement. Another methodological difficulty
may be discrepancies between subjective assessments of one’s
own state and results from neuropsychological testing (Amado-
Boccara et al., 1995).

Monleón et al. (2008) proposed that memory traces should
be understood not only as an individual experiences, but also
as genetic and epigenetic phenomena. From this point of view,
each neural system has its own memory and antidepressants can
affect each of these systems. Antidepressants may promote new
memories (new neuronal patterns) at the same time that they
impair older ones (Monleón et al., 2008).

Strong arguments for the role of antidepressants in promotion
of new “memory” traces, through neurogenesis, suggest the role
of neurotrophic factors in the etiology of depression and its
treatment. Both acute and chronic stress decrease levels of BDNF
expression in the hippocampus and conversely, chronic (but not
acute) administration of most classes of antidepressants increase
BDNF expression in the hippocampus (Nestler et al., 2002).

The pathophysiology of major depressive disorders could also
involve GDNF, which plays a role in the development and func-
tion of hippocampal cells. GDNF is a neurotrophic factor in the
transforming growth factor-b-family (Michel et al., 2008; Wang
et al., 2011).

Increasing numbers of studies have demonstrated the signif-
icant role of neurotrophic factors in the transmission of both
of physiologic and pathologic pain. Neurotrophins (including
BDNF and NGF) can act as a pathogenic pain mediator and
are known to be increased in several painful conditions. When
administered, they lead to pronounced mechanical and thermal
hyperalgesia (Obata and Noguchi, 2006; Siniscalco et al., 2011).
BDNF is part of synaptic plasticity and central sensitization in
a spinal cord. It contributes to the development and contin-
uation of neuropathic pain by activation of NMDA receptors
(NR2B-containing NMDA) in the dorsal horn (Geng et al.,
2010). Melemedjian et al. (2013) emphasized the role of protein
kinases as essential mediators of the maintenance of a centralized
chronic pain state. Molecular mechanisms of chronic pain, as with
neuronal changes in depressive states, parallel memory engram
encoding in the CNS.

However, the above mentioned role of BDNF in depression
and chronic pain is even more complicated by the fact that BDNF
may have antidepressive or pro-depressive functions, depending
on the brain area and circuits (Racagni and Popoli, 2008). Berton
et al. (2006) have shown that infusion of BDNF into the nucleus
accumbens exerts a pro-depressive-like effect in rodent stress
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models and blockade of BDNF function in the nucleus accumbens
exerts antidepressant-like effects.

A more integrated approach to chronic pain and depression
could facilitate a more efficient therapy. For example the animal
model of antidepressant activity supports the hypothesis that
impaired cognition is an element of depression and treatment
with drugs enhancing cognitive performance can help alleviate
depression (Knapp et al., 2002). Therapeutic strategies focused on
modulation of synaptic plasticity and biological pathways com-
mon for stress and pain might prove useful for developing novel
treatments for those suffering from cancer pain and associated
diseases such as depression.

Emotional distress is significantly higher in patients with
chronic pain. Pain and depression, especially associated with
tumors, can lead to serious mental and physical stress in patients
(Rokyta et al., 2009). Pain is conceptualized as chronic stress and
coping strategies play an important role in those experiencing
cancer pain. Poor coping strategies may lead to a worsening
of pain which will lead to an increase in depression. A recent
study, among patients with metastatic breast cancer, found that
both pain and obsessing over pain exacerbated depression (Badr
and Shen, 2014). On the other hand, patients with lung cancer
using a repressive coping style (an effort to inhibit negative
feelings through an overly positive view of life) reported lower
pain intensity and lower levels of depression (Prasertsri et al.,
2011). In the short-term point, this technique may represent a
convenient strategy, but for the long-term, repressive coping is not
an efficient mood-regulation strategy since it can intensify anxiety
dysfunction (Geraerts et al., 2012).

Pain suffering is closely related to psycho-neuro-
immunological changes (Rittner et al., 2008); treatment
with antidepressants has been shown to normalize immune
parameters (Neveu and Castanon, 1999; Rokyta et al., 2009). This
integrated treatment could also help increase the patient’s overall
quality of life, going beyond the specific clinical target.

COMMON NEUROBIOLOGICAL MECHANISMS OF PAIN AND
DEPRESSION
Pro-inflammatory cytokines such as IL-6, IL-1β and TNF-α
may directly modulate neuronal activity in the peripheral and
CNS (Ozaktay et al., 2006). Proinflammatory cytokines modu-
late hippocampal neurogenesis and therefore they can affect the
mood. An increased production of proinflammatory cytokines
has repeatedly been described in depressive patients (Maes et al.,
1997; Connor and Leonard, 1998; Müller, 2013; Bai et al.,
2014). Cytokines such as IL-1β, TNF-α and IFN-γ seem to
contribute to the pathophysiology of depression by stimulating
the hypothalamic-pituitary-adrenocortical axis (Rosenblat et al.,
2014), thus activating monoamine reuptake (Raison et al., 2009),
and decreasing production of serotonin through increased activ-
ity of indoleamine-2,3-dioxygenase (IDO; Müller and Schwarz,
2007).

A meta-analysis performed on patients meeting the DSM
criteria for major depression has shown higher concentrations
of the proinflammatory cytokines TNF-α and IL-6 in depressed
subjects compared to control subjects (Dowlati et al., 2010).

Similar associations between depression and C-reactive protein
(CRP), IL-6, and, to a lesser extent, IL-1 have been found in
patients with cardiac disease or cancer (Howren et al., 2009). A
recent study by Breitbart et al. (2014) demonstrated an association
between depression and IL-6, but not with other cytokines, in
patients with pancreatic cancer. Moreover, IL-6 was not signif-
icantly associated with other measures of psychological distress
(anxiety and hopelessness) or with symptoms of distress (pain,
fatigue, and sleep quality).

Evidence supports the possibility that peripheral inflammatory
responses manifest themselves in the CNS in a process known as
neuro-inflammation. Therefore the treatment of depression with
anti-inflammatory drugs looks like a promising way of targeting
more mechanisms. Two individual studies (Müller et al., 2006;
Nery et al., 2008) and one meta-analysis (Na et al., 2014) have
shown that adjunctive celecoxib combined with antidepressants
produced a rapid-onset antidepressant effect and was more effec-
tive than placebo combined with antidepressants.

In the pathophysiology of pain, cytokines cause hyperalgesia,
reduce the pain threshold, sensitize afferent nociceptive neurons
and increase the frequency of discharges in nociceptive A-delta
and C fibers. All these factors contribute to central sensitization,
which is manifested by secondary hyperalgesia and/or allodynia
(Zhang and An, 2007).

In inflammatory pain, IL-1β increases the cyclooxygenase-
2 (COX-2) dependent production of prostaglandin E2 (PGE2),
calcitonin gene-related peptide (CGRP; Samad et al., 2001; Neeb
et al., 2011) and substance P (Jeanjean et al., 1995), all are
factors that induce hypersensitivity. On the other hand, exper-
imental results demonstrate that the neuropeptides substance
P and CGRP induce nociceptive sensitization by enhancing IL-
1β production in keratinocytes (Shi et al., 2011; Wei et al.,
2012).

Celecoxib was the first COX inhibitor with well-defined COX-
2 specificity (Tindall, 1999). In animal studies it has been shown
that inhibition of spinal COX-2 not only reduces prostaglandin
production but also endocannabinoid breakdown (Telleria-Diaz
et al., 2010) and expression of purinergic P2X3 receptors in the
dorsal root ganglia (Wang et al., 2010). These results provide
evidence that the pain suppressive effects of COX-2 inhibitors may
be mediated either by the endocannabinoid system or by down-
regulation of receptors for ATP or both.

Neurotransmitter systems that are used to control pain overlap
with those which are considered to be the main pathophysi-
ological mechanisms in depressive disorders, i.e., serotonergic,
noradrenergic, and glutamatergic systems.

It has been repeatedly demonstrated, in depressive patients,
that there are decreased levels of serotonin metabolites in the
cerebrospinal fluid, particularly in patients after suicide attempts
(Asberg et al., 1976; Jokinen et al., 2009; Chatzittofis et al., 2013).
Tryptophan depletion (a method of lowering brain serotonin,
used as a model of depressive disorders) not only worsens depres-
sive symptoms (Fields et al., 1991; Booij et al., 2005; van Steen-
bergen et al., 2012) and also can increase the sensation of pain
(Schwarz et al., 2003; Supornsilpchai et al., 2006; Wei et al., 2010).
The system of antinociception operates primarily through sero-
tonin 5-HT1A and 5-HT2 receptors; the stimulation of 5-HT3
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receptors, which are found in the periphery, has pronociceptive
effects (Campbell et al., 2003).

However, conflicting results follow from both experimen-
tal and clinical observations after identical intravenous routes
of application of similar doses of 5-HT3 antagonists. While
tropisetron, studied in a human model of acute pain induced by
intracutaneous electrical stimulation, led to significant analgesic
effects (Bandschapp et al., 2011); ondansetron was ineffective in
suppression of mechanical allodynia and spontaneous ongoing
pain in peripheral neuropathy (Scott et al., 2006; Tuveson et al.,
2011).

The SSRI, fluoxetine, which is widely used in the treatment
of depression, also has anti-inflammatory properties. Experimen-
tal data have shown that fluoxetine inhibits lipopolysaccharide-
induced release of nitric oxide (NO) and PGE2 in murine serum
(Su et al., 2012) and NO and PGE2 production by connective
tissue cells (Yaron et al., 1999).

Although SSRIs are less potent for treatment of chronic pain,
paroxetine, due to its inhibitory effect on P2X4 receptors, was
found to be effective in suppressing tactile allodynia in a neuro-
pathic pain model in rats (Nagata et al., 2009).

Dysfunction of the noradrenergic system is another patho-
physiological characteristic of depression. Noradrenaline levels
are decreased, especially in patients who react positively to treat-
ment with noradrenaline reuptake inhibitors (Booij et al., 2003).
Conversely, depletion of noradrenaline can cause a relapse of the
disease (Delgado and Moreno, 2000; Ruhé et al., 2007). In connec-
tion with pain, the mechanism proposed for the analgesic effect
of antidepressants is the strengthening of descending serotonergic
and noradrenergic systems of antinociception by inhibiting the
re-uptake of serotonin and noradrenalin and increasing their
availability in the spinal cord. Many experimental and clinical
studies with clonidine or medetomidine have demonstrated that
the antinociceptive effects of noradrenaline are mediated by α2–
adrenoceptors (Kawasaki et al., 2003; Grosu and Lavand’homme,
2010; Blaudszun et al., 2012).

The effect of some antidepressants, especially in neuropathic
pain, can also be mediated via the opioidergic system, however,
the opioid system appears to be involved in the mechanism of
action of antidepressants that only have anti-hyperalgesic action
(clomipramine and milnacipran), but not in those with stronger
antinociceptive effects such as duloxetine (Wattiez et al., 2011).
In a recent study by Bohren et al. (2013), a novel mechanism
of antidepressant action was described. They demonstrated that
the peripheral nervous system was essential for the anti-allodynic
effects of nortriptyline in animal models of neuropathic pain, and
acted peripheral β2-adrenoceptors and local inhibition of TNFα

production.
Beside these neurotransmitters, substance P is another

molecule which participates in the modulation of pain. Substance
P is a mediator of C fibers and contributes to central sensiti-
zation, depending on the activity of the noradrenergic system.
If noradrenergic neuronal activity or the levels of noradrenaline
decrease, the increased release of substance P is expressed as
hyperalgesia (Jasmin et al., 2002). Depressed patients also had
elevated levels of substance P and its level correlated with the
severity of clinical symptoms (Bondy et al., 2003).

The dopaminergic system, in terms of pain, has received much
less attention, although stimulants like amphetamine or metham-
phetamine are highly effective analgesics (Yamamotová et al.,
2011; Yamamotová and Šlamberová, 2012). Pain is modulated by
D2 receptors, particularly within the mesolimbic dopaminergic
system and the nucleus accumbens, hence in the “reward system”
of the brain (Franklin, 1998; Altier and Stewart, 1999; Wood,
2006).

Both in chronic pain and depression hyperalgesia can results
from central sensitization as a consequence of plastic changes in
the nervous system. Activation of glutamate NMDA receptors is
an essential step in both initiating and maintaining central sen-
sitization, also called the “wind-up” phenomenon (Latremoliere
and Woolf, 2009). A study by Klauenberg et al. (2008) demon-
strated, for the first time, a considerably enhanced wind-up ratio
in depressive patients that was independent of ongoing pain.
Wind-up is a physiological process in the spinal cord mainly
caused by temporal summation of C-fiber evoked responses that
generate a progressive increase in activity of second-order neu-
rons. Consequently, wind-up is increased in some processes with
enhanced spinal cord excitability. Ketamine, the non-competitive
NMDA receptor antagonist, prevents the wind-up phenomenon
and suppresses not only pain but also depression. It acts rapidly
and is effective for treatment-resistant patients (Dowben et al.,
2013). A recent study showed that a single intravenous dose of
ketamine improved depression in 64% of patients within 24 h of
administration (Murrough et al., 2013). However, evaluation of
antidepressant response showed that not all patients respond to
ketamine treatment and that the duration of the antidepressant
effect varies across studies (Browne and Lucki, 2013; Sos et al.,
2013; Gálvez et al., 2014).

Although the precise mechanisms underlying its antidepres-
sant effects are not fully known, acute administration of ketamine
increases BDNF levels in the rat hippocampus. The increase of
hippocampal BDNF levels induced by ketamine might also be
necessary to produce a rapid onset of antidepressant action in rats
(Hayley and Litteljohn, 2013). It should be noted that ketamine
also induces rapid and potent anti-inflammatory effects that can
be relevant to its antidepressant potential (Hayley and Litteljohn,
2013).

ARE ANTIDEPRESSANTS MORE THAN ADJUVANT
ANALGESICS?
A number of studies have demonstrated frequent co-occurrences
of depression and pain, as well as their additive effects in several
domains of quality of life in oncological patients (Kroenke et al.,
2010). However, the question remains: How do antidepressants
affect chronic pain and what is the mechanism of action? Over
the last few years we have performed two pilot studies concerning
the efficacy of antidepressant treatment in patients with chronic
cancer pain and non-cancer pain (Rokyta et al., 2009). Antide-
pressants were indicated in both groups of patients either for
psychiatric comorbidity (depression) and/or neuropathic pain.
None of the patients had been treated with antidepressants before
entering the study.

The investigation started with 40 patients; 20 non-oncological
patients and 20 oncological patients. The most frequent diagnosis
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FIGURE 1 | Pain intensity (visual analogue scale) at the end of
treatment of patients with chronic nonmalignant and malignant pain
treated with antidepressants (black columns) and patients treated
without antidepressants (white columns). Antidepressants marginally
reduced pain in cancer patients Kruskal-Wallis non-parametric test
(KW-H(1,11) = 2.9, p = 0.08; KW-H: Kruskal-Wallis non-parametric test)
(Adopted from Rokyta et al., 2009).

in the non-oncological group was low back pain and failed
back surgery syndrome. Oncological patients were diagnosed
as follows: breast carcinoma, carcinoma of the prostate gland,
urinary bladder and kidneys, orofacial cavity and larynx, uterus,
gastrointestinal tract and pancreas, lung cancer and leukemia.

Therapy for both groups of patients consisted, most often,
of administration of non-steroidal anti-inflammatory drugs and
tramadol. As necessary, the above mentioned drugs were used in
combination with: opioids, anti-epileptics, antidepressants (flu-
oxetine and tricyclic antidepressants).

Although there was no difference in the intensity of pain
in non-oncological patients with respect to adjuvant therapy
with antidepressants, the surviving oncological patients that used
antidepressants reported lower pain intensity than oncological
patients not taking antidepressants (Figure 1). Despite the small
number of patients, it is interesting that out of 10 patients treated
with antidepressants, survived seven, while out of 10 patients
not treated with antidepressants, only three patients survived.
However, further research with homogeneous diagnostic groups
is needed to establish and confirm the observed relationships.

Another our finding was that chronic pain patients taking
antidepressants had, regardless of diagnosis, higher levels of
gamma globulin compared to patients not treated with antide-
pressants (Rokyta et al., 2009; Figure 2). A similar observation
was described by Van Hunsel et al. (1996) who followed patients
with depression and found, as we did, that depressive patients
have low levels of gamma globulin, which rose significantly, after
antidepressant treatment. The fact that immune and endocrine
systems are closely related in patients with cancer even at the time
when patients were informed about their diagnosis was confirmed
by a negative correlation between cortisol and CD4 lymphocytes
and a positive correlation between cortisol and CD3 lymphocytes.

FIGURE 2 | Gamma globulin levels in patients with chronic
nonmalignant and malignant pain associated with antidepressant
treatment. In both groups, patients treated with antidepressants had
higher levels of gamma globulin: in non-oncological patients only marginally
(KW-H(1,20) = 2.7, p = 0.09), in oncological patients significantly higher
(KW-H(1,18) = 7.0, p = 0.008) (Adopted from Rokyta et al., 2009).

Moreover, patients with a malignant diagnosis had lower cortisol
level than patients with a benign diagnosis (Křikava et al., 2007).

Some research observations indicate that depressed patients
treated with antidepressants undergo a normalization of immune
parameters (Neveu and Castanon, 1999). Normalization of serum
cortisol was shown in patients with severe chronic pain treated
with opioids (Tenant and Hermann, 2002). From these clinical
studies, it is not possible to conclude whether antidepressants
and/or opioids have a direct effect on the immune and endocrine
system or whether their supposed effects resulted from improved
mood.

Opioid peptides are found in many leukocyte subpopulations
including lymphocytes, monocytes, and granulocytes circulating
in the peripheral blood. Neurokinin substance P is one of many
factors that influence migration of opioid-containing leukocytes.
NK1 receptor antagonists seem to act peripherally by directly
inhibiting the recruitment of opioid containing leukocytes to
sites of inflammation (Rittner et al., 2008). Although opioids are
frequently used for the treatment of severe pain in patients with
cancer, chronic morphine treatment can also have serious nega-
tive effects on tumor growth. Morphine stimulates angiogenesis-
dependent tumor growth via stimulation of endothelial NO and
COX-2 production (Gupta et al., 2002). Administration of cele-
coxib together with morphine in murine breast cancer model
not only prevented promotion of angiogenesis, tumor growth,
metastasis and mortality but also led to better analgesia than
with morphine or celecoxib alone (Farooqui et al., 2007). Similar
potential therapeutic effects were observed for lumiracoxib by Fox
et al. (2004) in a model of bone cancer pain in rats, which were
attributed to its anti-hyperalgesic activity.

Other antidepressants have also been studied in animal mod-
els of cancer. For example, Fang et al. (2012) found that in
vivo chronic mirtazapine treatment inhibited tumor growth and
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prolonged the survival of colon carcinoma-bearing mice. The
IFN-γ levels in tumors of mice treated with mirtazapine were
significantly higher, while TNF-α expression was lower than in
untreated mice.

On the other hand, antidepressant pretreatment with
desipramine or fluoxetine increased metastasis formation in mice
with melanoma, shortened survival, decreased splenocyte anti-
tumor natural killer cell cytotoxicity (in vitro), and IFN-γ pro-
duction (Kubera et al., 2011).

One question arising from our study concerns whether the
higher mortality seen in the tumor pain patients without antide-
pressants was a coincidence or whether it suggested some pro-
tective function associated with antidepressants. Meta-analyses
from human and animal studies have concluded that several
antidepressants have a significant positive association with cancer
protection, while others have shown a negative association; the
effect seems to be dependent on the type of cancer and the type
of antidepressant (Steingart and Cotterchio, 1995; Lussier et al.,
2004; Walker et al., 2011, 2012; Bielecka and Obuchowicz, 2013;
Jahchan et al., 2013).

Knowledge regarding the role of antidepressants in cancer
progression or suppression is essential for choosing the proper
treatment and clinicians who wish to use antidepressants in
cancer treatment need to take into consideration the type of
antidepressant, type of tumor, type of anticancer therapy, as well
as the patient’s age, phase of cancer and others factors (Bielecka
and Obuchowicz, 2013).

It is not possible to unambiguously declare that only one
source of the depressive state in oncological patient has a direct
relation between depression and pain. There are many different
aspects to oncological diseases and their treatment. Depressive
states may be caused not only by pain, but also by decreased
quality of life, worsening of cognitive functions (Baudino et al.,
2012), difficulties accompanying oncological treatment such as
gastrointestinal distress and fatigue, and poor life perspectives.

However, we assume that both depression and pain, even
though they are experienced in highly subjective ways, are deeply
grounded in the neuronal and physiological substrate and there-
fore can, even if only indirectly, interact on this basis. Chronic
pain may alter different systems, including the emotional state
and gradually lead to depression, conversely depression affected
cognition and perception and may lead to pain sensitization
(Torta and Munari, 2010).

CONCLUSION
Our working hypothesis supposes that depression and chronic
pain produce common negative neuroplastic changes in the CNS.
The positive impact of antidepressants would result in a reduction
of these pathological cellular/molecular processes and in the ame-
lioration of symptoms, but it may also increase survival times and
quality of life of patients with chronic cancer pain. The benefits
go beyond prolongation of lifespan because they are also linked to
an improvement in the quality of life of treated patients. These
effects represent the most important aspects of antidepressant
treatment. After careful validation of both experimental and
clinical results, this approach could be ready for clinical practice

in a relatively short time, especially in oncology, algesiology and
psychiatry.

AUTHOR CONTRIBUTIONS
Richard Rokyta, Karel Vales, Anna Yamamotova and Tereza
Nekovarova made substantial contributions to the conception of
the paper and are co-responsible for formulation of the hypothe-
sis. Karel Vales contributed mainly to the part of the manuscript
concerning neuroplasticity, Anna Yamamotova, Richard Rokyta
and Jitka Fricova contributed mainly to the part of the manuscript
concerning neurobiological substrate of pain and depression
and to the part concerning mechanisms of antidepressants.
Tereza Nekovarova contributed mainly to the part focusing
on default mode network. Ales Stuchlik critically reviewed the
manuscript.

ACKNOWLEDGMENTS
This work was supported by institutional support RVO:
67985823, Project Prvouk P34, project CSM7/CRP/2014, grants
IGA MZ CR NT/1448, NT13386, NT13403-4/2012, GACR
P304/12/G069 and P303/12/1464 and by AV CR M200111204.

REFERENCES
Alexopoulos, G. S., Hoptman, M. J., Kanellopoulos, D., Murphy, C. F., Lim, K. O.,

and Gunning, F. M. (2012). Functional connectivity in the cognitive control
network and the default mode network in late-life depression. J. Affect. Disord.
139, 56–65. doi: 10.1016/j.jad.2011.12.002

Altier, N., and Stewart, J. (1999). The role of dopamine in the nucleus accumbens
in analgesia. Life Sci. 65, 2269–2287. doi: 10.1016/s0024-3205(99)00298-2

Amado-Boccara, I., Gougoulis, N., Poirier Littré, M. F., Galinowski, A., and Lôo,
H. (1995). Effects of antidepressants on cognitive functions: a review. Neurosci.
Biobehav. Rev. 19, 479–493. doi: 10.1016/0149-7634(94)00068-c

Andreescu, C., Tudorascu, D. L., Butters, M. A., Tamburo, E., Patel, M., Price,
J., et al. (2013). Resting state functional connectivity and treatment response
in late-life depression. Psychiatry Res. 214, 313–321. doi: 10.1016/j.pscychresns.
2013.08.007

Andrews-Hanna, J. R. (2012). The brain’s default network and its adaptive role
in internal mentation. Neuroscientist 18, 251–270. doi: 10.1177/107385841140
3316

Apkarian, A. V. (2008). Pain perception in relation to emotional learning. Curr.
Opin. Neurobiol. 18, 464–468. doi: 10.1016/j.conb.2008.09.012

Apkarian, A. V. (2011). The brain in chronic pain: clinical implications. Pain
Manag. 1, 577–586. doi: 10.2217/pmt.11.53

Apkarian, A. V., Baliki, M. N., and Geha, P. Y. (2009). Towards a theory of chronic
pain. Prog. Neurobiol. 87, 81–97. doi: 10.1016/j.pneurobio.2008.09.018

Arnone, D., McKie, S., Elliott, R., Juhasz, G., Thomas, E. J., Downey, D., et al.
(2013). State-dependent changes in hippocampal grey matter in depression.
Mol. Psychiatry 18, 1265–1272. doi: 10.1038/mp.2012.150

Asberg, M., Träskman, L., and Thorén, P. (1976). 5-HIAA in the cerebrospinal fluid.
A biochemical suicide predictor? Arch. Gen. Psychiatry 33, 1193–1197. doi: 10.
1001/archpsyc.1976.01770100055005

Austin, M. P., Mitchell, P., and Goodwin, G. M. (2001). Cognitive deficits in depres-
sion: possible implications for functional neuropathology. Br. J. Psychiatry 178,
200–206. doi: 10.1192/bjp.178.3.200

Badr, H., and Shen, M. J. (2014). Pain catastrophizing, pain intensity and dyadic
adjustment influence patient and partner depression in metastatic breast cancer.
Clin. J. Pain doi: 10.1097/ajp.0000000000000058. [Epub ahead of print].

Bai, Y. M., Chiou, W. F., Su, T. P., Li, C. T., and Chen, M. H. (2014). Pro-
inflammatory cytokine associated with somatic and pain symptoms in depres-
sion. J. Affect. Disord. 155, 28–34. doi: 10.1016/j.jad.2013.10.019

Baliki, M. N., Geha, P. Y., Apkarian, A. V., and Chialvo, D. R. (2008). Beyond feeling:
chronic pain hurts the brain, disrupting the default-mode network dynamics. J.
Neurosci. 28, 1398–1403. doi: 10.1523/jneurosci.4123-07.2008

Frontiers in Behavioral Neuroscience www.frontiersin.org March 2014 | Volume 8 | Article 99 | 209

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Nekovarova et al. Common mechanisms of pain and depression

Bandschapp, O., Filitz, J., Urwyler, A., Koppert, W., and Ruppen, W. (2011).
Tropisetron blocks analgesic action of acetaminophen: a human pain model
study. Pain 152, 1304–1310. doi: 10.1016/j.pain.2011.02.003

Barbon, A., Caracciolo, L., Orlandi, C., Musazzi, L., Mallei, A., La Via, L.,
et al. (2011). Chronic antidepressant treatments induce a time-dependent up-
regulation of AMPA receptor subunit protein levels. Neurochem. Int. 59, 896–
905. doi: 10.1016/j.neuint.2011.07.013

Baudino, B., D’agata, F., Caroppo, P., Castellano, G., Cauda, S., Manfredi, M., et al.
(2012). The chemotherapy long-term effect on cognitive functions and brain
metabolism in lymphoma patients. Q. J. Nucl. Med. Mol. Imaging 56, 559–568.

Berman, R. M., Cappiello, A., Anand, A., Oren, D. A., Heninger, G. R., Charney,
D. S., et al. (2000). Antidepressant effects of ketamine in depressed patients. Biol.
Psychiatry 47, 351–354. doi: 10.1016/s0006-3223(99)00230-9

Berton, O., McClung, C. A., Dileone, R. J., Krishnan, V., Renthal, W., Russo, S. J.,
et al. (2006). Essential role of BDNF in the mesolimbic dopamine pathway in
social defeat stress. Science 311, 864–868. doi: 10.1126/science.1120972

Bielecka, A. M., and Obuchowicz, E. (2013). Antidepressant drugs as a complemen-
tary therapeutic strategy in cancer. Exp. Biol. Med. (Maywood) 238, 849–858.
doi: 10.1177/1535370213493721

Blackburn-Munro, G., and Blackburn-Munro, R. (2003). Pain in the brain: are
hormones to blame? Trends Endocrinol. Metab. 14, 20–27. doi: 10.1016/s1043-
2760(02)00004-8

Blackburn-Munro, G., and Blackburn-Munro, R. E. (2001). Chronic pain, chronic
stress and depression: coincidence or consequence? J. Neuroendocrinol. 13,
1009–1023. doi: 10.1046/j.0007-1331.2001.00727.x

Blaudszun, G., Lysakowski, C., Elia, N., and Tramèr, M. R. (2012). Effect of periop-
erative systemic α2 agonists on postoperative morphine consumption and pain
intensity: systematic review and meta-analysis of randomized controlled trials.
Anesthesiology 116, 1312–1322. doi: 10.1097/ALN.0b013e31825681cb

Bodnoff, S. R., Humphreys, A. G., Lehman, J. C., Diamond, D. M., Rose, G. M., and
Meaney, M. J. (1995). Enduring effects of chronic corticosterone treatment on
spatial learning, synaptic plasticity and hippocampal neuropathology in young
and mid-aged rats. J. Neurosci. 15, 61–69.

Bohren, Y., Tessier, L. H., Megat, S., Petitjean, H., Hugel, S., Daniel, D., et al. (2013).
Antidepressants suppress neuropathic pain by a peripheral β2-adrenoceptor
mediated anti-TNFα mechanism. Neurobiol. Dis. 60, 39–50. doi: 10.1016/j.nbd.
2013.08.012

Bondy, B., Baghai, T. C., Minov, C., Schüle, C., Schwarz, M. J., Zwanzger, P., et al.
(2003). Substance P serum levels are increased in major depression: preliminary
results. Biol. Psychiatry 53, 538–542. doi: 10.1016/s0006-3223(02)01544-5

Booij, L., Van der Does, A. J. W., and Riedel, W. J. (2003). Monoamine depletion in
psychiatric and healthy populations: review. Mol. Psychiatry 8, 951–973. doi: 10.
1038/sj.mp.4001423

Booij, L., Van der Does, A. J., Haffmans, P. M., Riedel, W. J., Fekkes, D., and Blom,
M. J. (2005). The effects of high-dose and low-dose tryptophan depletion on
mood and cognitive functions of remitted depressed patients. J. Psychopharma-
col. 19, 267–275. doi: 10.1177/0269881105051538

Breitbart, W., Rosenfeld, B., Tobias, K., Pessin, H., Ku, G. Y., Yuan, J., et al.
(2014). Depression, cytokines, and pancreatic cancer. Psychooncology 23, 339–
345. doi: 10.1002/pon.3422

Browne, C. A., and Lucki, I. (2013). Antidepressant effects of ketamine: mech-
anisms underlying fast-acting novel antidepressants. Front. Pharmacol. 4:161.
doi: 10.3389/fphar.2013.00161

Campbell, L. C., Clauw, D. J., and Keefe, F. J. (2003). Persistent pain and depression:
a biopsychosocial perspective. Biol. Psychiatry 54, 399–409. doi: 10.1016/s0006-
3223(03)00545-6

Carballedo, A., Scheuerecker, J., Meisenzahl, E., Schoepf, V., Bokde, A., Möller,
H. J., et al. (2011). Functional connectivity of emotional processing in depres-
sion. J. Affect. Disord. 134, 272–279. doi: 10.1016/j.jad.2011.06.021

Castaneda, A. E., Tuulio-Henriksson, A., Marttunen, M., Suvisaari, J., and Lön-
nqvist, J. (2008). A review on cognitive impairments in depressive and anxiety
disorders with a focus on young adults. J. Affect. Disord. 106, 1–27. doi: 10.
1016/j.jad.2007.06.006

Cauda, F., Torta, D. M. E., Sacco, K., Geda, E., D’Agata, F., Costa, T., et al. (2012).
Shared “core” areas between the pain and other task- related networks. PLoS One
7:e41929. doi: 10.1371/journal.pone.0041929

Chapman, C. R., Tuckett, R. P., and Song, C. W. (2008). Pain and stress in a systems
perspective: reciprocal neural, endocrine and immune interactions. J. Pain 9,
122–145. doi: 10.1016/j.jpain.2007.09.006

Chatzittofis, A., Nordström, P., Hellström, C., Arver, S., Åsberg, M., and Jokinen,
J. (2013). CSF 5-HIAA, cortisol and DHEAS levels in suicide attempters.
Eur. Neuropsychopharmacol. 23, 1280–1287. doi: 10.1016/j.euroneuro.2013.
02.002

Chou, K. L. (2007). Reciprocal relationship between pain and depression in older
adults: evidence from the English longitudinal study of ageing. J. Affect. Disord.
102, 115–123. doi: 10.1016/j.jad.2006.12.013

Connor, T. J., and Leonard, B. E. (1998). Depression, stress and immunological
activation: the role of cytokines in depressive disorders. Life Sci. 62, 583–606.
doi: 10.1016/s0024-3205(97)00990-9

Delgado, P. L., and Moreno, F. A. (2000). Role of norepinephrine in depression. J.
Clin. Psychiatry 61(Suppl. 1), 5–12.

Dowben, J. S., Grant, J. S., and Keltner, N. L. (2013). Ketamine as an alternative
treatment for treatment-resistant depression. Perspect. Psychiatr. Care 49, 2–4.
doi: 10.1111/ppc.12006

Dowlati, Y., Herrmann, N., Swardfager, W., Liu, H., Sham, L., Reim, E. K., et al.
(2010). A meta-analysis of cytokines in major depression. Biol. Psychiatry 67,
446–457. doi: 10.1016/j.biopsych.2009.09.033

Fang, C. K., Chen, H. W., Chiang, I. T., Chen, C. C., Liao, J. F., Su, T. P., et al. (2012).
Mirtazapine inhibits tumor growth via immune response and serotonergic
system. PLoS One 7:e38886. doi: 10.1371/journal.pone.0038886

Farmer, M. A., Baliki, M. N., and Apkarian, A. V. (2012). A dynamic network
perspective of chronic pain. Neurosci. Lett. 520, 197–203. doi: 10.1016/j.neulet.
2012.05.001

Farooqui, M., Li, Y., Rogers, T., Poonawala, T., Griffin, R. J., Song, C. W., et al.
(2007). COX-2 inhibitor celecoxib prevents chronic morphine-induced promo-
tion of angiogenesis, tumour growth, metastasis and mortality, without com-
promising analgesia. Br. J. Cancer 97, 1523–1531. doi: 10.1038/sj.bjc.6604057

Fields, H. L., Heinricher, M. M., and Mason, P. (1991). Neurotransmitters in
nociceptive modulatory circuits. Annu. Rev. Neurosci. 14, 219–245. doi: 10.
1146/annurev.ne.14.030191.001251

Finsterwald, C., and Alberini, C. M. (2013). Stress and glucocorticoid receptor-
dependent mechanisms in long-term memory: from adaptive responses to psy-
chopathologies. Neurobiol. Learn. Mem. doi: 10.1016/j.nlm.2013.09.017. [Epub
ahead of print].

Fox, A., Medhurst, S., Courade, J. P., Glatt, M., Dawson, J., Urban, L., et al. (2004).
Anti-hyperalgesic activity of the cox-2 inhibitor lumiracoxib in a model of bone
cancer pain in the rat. Pain 107, 33–40. doi: 10.1016/j.pain.2003.09.003

Fox, M. D., Snyder, A. Z., Vincent, J. L., Corbetta, M., Van Essen, D. C., and
Raichle, M. E. (2005). The human brain is intrinsically organized into dynamic,
anticorrelated functional networks. Proc. Natl. Acad. Sci. U S A 102, 9673–9678.
doi: 10.1073/pnas.0504136102

Franklin, K. B. J. (1998). Analgesia and abuse potential: an accidental association
or a common substrate? Pharmacol. Biochem. Behav. 59, 993–1002. doi: 10.
1016/s0091-3057(97)00535-2

Frodl, T., Schaub, A., Banac, S., Charypar, M., Jäger, M., Kümmler, P., et al. (2006).
Reduced hippocampal volume correlates with executive dysfunctioning in major
depression. J. Psychiatry Neurosci. 31, 316–323.

Gálvez, V., O’Keefe, E., Cotiga, L., Leyden, J., Harper, S., Glue, P., et al. (2014). Long-
lasting effects of a single subcutaneous dose of ketamine for treating melancholic
depression: a case report. Biol. Psychiatry doi: 10.1016/j.biopsych.2013.12.010.
[Epub ahead of print].

Geng, S. J., Liao, F. F., Dang, W. H., Ding, X., Liu, X. D., Cai, J., et al. (2010).
Contribution of the spinal cord BDNF to the development of neuropathic
pain by activation of the NR2B-containing NMDA receptors in rats with
spinal nerve ligation. Exp. Neurol. 222, 256–266. doi: 10.1016/j.expneurol.2010.
01.003

Geraerts, E., Dritschel, B., Kreplin, U., Miyagawa, L., and Waddington, J. (2012).
Reduced specificity of negative autobiographical memories in repressive coping.
J. Behav. Ther. Exp. Psychiatry 43(Suppl. 1), S32–S36. doi: 10.1016/j.jbtep.2011.
05.007

Gorenstein, C., de Carvalho, S. C., Artes, R., Moreno, R. A., and Marcourakis,
T. (2006). Cognitive performance in depressed patients after chronic use of
antidepressants. Psychopharmacology (Berl) 185, 84–92. doi: 10.1007/s00213-
005-0274-2

Greicius, M. D., Flores, B. H., Menon, V., Glover, G. H., Solvason, H. B., Kenna, H.,
et al. (2007). Resting-state functional connectivity in major depression: abnor-
mally increased contributions from subgenual cingulate cortex and thalamus.
Biol. Psychiatry 62, 429–437. doi: 10.1016/j.biopsych.2006.09.020

Frontiers in Behavioral Neuroscience www.frontiersin.org March 2014 | Volume 8 | Article 99 | 210

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Nekovarova et al. Common mechanisms of pain and depression

Grimm, S., Ernst, J., Boesiger, P., Schuepbach, D., Boeker, H., and Northoff, G.
(2011). Reduced negative BOLD responses in the default-mode network and
increased self-focus in depression. World J. Biol. Psychiatry 12, 627–637. doi: 10.
3109/15622975.2010.545145

Grimm, S., Ernst, J., Boesiger, P., Schuepbach, D., Hell, D., Boeker, H., et al.
(2009). Increased self-focus in major depressive disorder is related to neural
abnormalities in subcortical-cortical midline structures. Hum. Brain Mapp. 30,
2617–2627. doi: 10.1002/hbm.20693

Grosu, I., and Lavand’homme, P. (2010). Use of dexmedetomidine for pain control.
F1000 Med. Rep. 2:90. doi: 10.3410/m2-90

Guo, W., Liu, F., Zhang, J., Zhang, Z., Yu, L., Liu, J., et al. (2013). Dissociation of
regional activity in the default mode network in first-episode, drug-naive major
depressive disorder at rest. J. Affect. Disord. 151, 1097–1101. doi: 10.1016/j.jad.
2013.09.003

Gupta, K., Kshirsagar, S., Chang, L., Schwartz, R., Law, P. Y., Yee, D., et al. (2002).
Morphine stimulates angiogenesis by activating proangiogenic and survival-
promoting signaling and promotes breast tumor growth. Cancer Res. 62, 4491–
4498.

Hashmi, J. A., Baliki, M. N., Huang, L., Baria, A. T., Torbey, S., Hermann, K. M.,
et al. (2013). Shape shifting pain: chronification of back pain shifts brain
representation from nociceptive to emotional circuits. Brain 136, 2751–2768.
doi: 10.1093/brain/awt211

Hayley, S., and Litteljohn, D. (2013). Neuroplasticity and the next wave of antide-
pressant strategies. Front. Cell. Neurosci. 7:218. doi: 10.3389/fncel.2013.00218

Holderbach, R., Clark, K., Moreau, J. L., Bischofberger, J., and Normann, C. (2007).
Enhanced long-term synaptic depression in an animal model of depression. Biol.
Psychiatry 62, 92–100. doi: 10.1016/j.biopsych.2006.07.007

Hölscher, C. (1999). Stress impairs performance in spatial water maze learning
tasks. Behav. Brain Res. 100, 225–235. doi: 10.1016/s0166-4328(98)00134-x

Höschl, C., and Hajek, T. (2001). Hippocampal damage mediated by corticosteroids
–a neuropsychiatric research challenge. Eur. Arch. Psychiatry Clin. Neurosci.
251(Suppl. 2), S81–S88. doi: 10.1007/bf03035134

Howren, M. B., Lamkin, D. M., and Suls, J. (2009). Associations of depression with
C-reactive protein, IL-1 and IL-6: a meta-analysis. Psychosom. Med. 71, 171–186.
doi: 10.1097/psy.0b013e3181907c1b

Iannetti, G. D., and Mouraux, A. (2010). From the neuromatrix to the pain matrix
(and back). Exp. Brain Res. 205, 1–12. doi: 10.1007/s00221-010-2340-1

Jahchan, N. S., Dudley, J. T., Mazur, P. K., Flores, N., Yang, D., Palmerton, A.,
et al. (2013). A drug repositioning approach identifies tricyclic antidepressants
as inhibitors of small cell lung cancer and other neuroendocrine tumors. Cancer
Discov. 3, 1364–1377. doi: 10.1158/2159-8290.cd-13-0183

Jasmin, L., Tien, D., Weishenker, D., Palmiter, R. D., Green, P. G., Janni, G., et al.
(2002). The NK1 receptor mediates both the hyperalgesia and resistance to
morphine in mice lacking noradrenaline. Proc. Natl. Acad. Sci. U S A 99, 1029–
1034. doi: 10.1073/pnas.012598599

Jeanjean, A. P., Moussaoui, S. M., Maloteaux, J. M., and Laduron, P. M. (1995).
Interleukin-1 beta induces long-term increase of axonally transported opi-
ate receptors and substance P. Neuroscience 68, 151–157. doi: 10.1016/0306-
4522(95)00106-s

Jokinen, J., Nordström, A-L., and Nordström, P. (2009). CSF 5-HIAA and DST non-
suppression–orthogonal biologic risk factors for suicide in male mood disorder
inpatients. Psychiatry Res. 165, 96–102. doi: 10.1016/j.psychres.2007.10.007

Kamping, S., Bomba, I. C., Kanske, P., Diesch, E., and Flor, H. (2013). Deficient
modulation of pain by a positive emotional context in fibromyalgia patients.
Pain 154, 1846–1855. doi: 10.1016/j.pain.2013.06.003

Kawasaki, Y., Kumamoto, E., Furue, H., and Yoshimura, M. (2003). Alpha 2
adrenoceptor-mediated presynaptic inhibition of primary afferent glutamater-
gic transmission in rat substantia gelatinosa neurons. Anesthesiology 98, 682–
689. doi: 10.1097/00000542-200303000-00016

Klauenberg, S., Maier, C., Assion, H.-J., Hoffmann, A., Krumova, E. K., Magerl,
W., et al. (2008). Depression and changed pain perception: hints for a central
disinhibition mechanism. Pain 140, 332–343. doi: 10.1016/j.pain.2008.09.003

Klossika, I., Flor, H., Kamping, S., Bleichhardt, G., Trautmann, N., Treede, R. D.,
et al. (2006). Emotional modulation of pain: a clinical perspective. Pain 124,
264–268. doi: 10.1016/j.pain.2006.08.007

Knapp, R. J., Goldenberg, R., Shuck, C., Cecil, A., Watkins, J., Miller, C., et al.
(2002). Antidepressant activity of memory-enhancing drugs in the reduction of
submissive behavior model. Eur. J. Pharmacol. 440, 27–35. doi: 10.1016/s0014-
2999(02)01338-9

Kole, M. H., Swan, L., and Fuchs, E. (2002). The antidepressant tianeptine
persistently modulates glutamate receptor currents of the hippocampal CA3
commissural associational synapse in chronically stressed rats. Eur. J. Neurosci.
16, 807–816. doi: 10.1046/j.1460-9568.2002.02136.x
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A number of studies demonstrated a rapid onset of an antidepressant effect of non-
competitive N -methyl-D-aspartic acid receptor (NMDAR) antagonists. Nonetheless, its
therapeutic potential is rather limited, due to a high coincidence of negative side-effects.
Therefore, the challenge seems to be in the development of NMDAR antagonists dis-
playing antidepressant properties, and at the same time maintaining regular physiological
function of the NMDAR. Previous results demonstrated that naturally occurring neuros-
teroid 3α5β-pregnanolone sulfate shows pronounced inhibitory action by a use-dependent
mechanism on the tonically active NMDAR. The aim of the present experiments is to find
out whether the treatment with pregnanolone 3αC derivatives affects behavioral response
to chronic and acute stress in an animal model of depression. Adult male mice were used
throughout the study. Repeated social defeat and forced swimming tests were used as
animal models of depression.The effect of the drugs on the locomotor/exploratory activity
in the open-field test was also tested together with an effect on anxiety in the elevated
plus maze. Results showed that pregnanolone glutamate (PG) did not induce hyperlocomo-
tion, whereas both dizocilpine and ketamine significantly increased spontaneous locomotor
activity in the open field. In the elevated plus maze, PG displayed anxiolytic-like properties.
In forced swimming, PG prolonged time to the first floating. Acute treatment of PG dis-
inhibited suppressed locomotor activity in the repeatedly defeated group-housed mice.
Aggressive behavior of isolated mice was reduced after the chronic 30-day administration
of PG. PG showed antidepressant-like and anxiolytic-like properties in the used tests, with
minimal side-effects. Since PG combines GABAA receptor potentiation and use-dependent
NMDAR inhibition, synthetic derivatives of neuroactive steroids present a promising strat-
egy for the treatment of mood disorders.

Highlights:

- 3α5β-pregnanolone glutamate (PG) is a use-dependent antagonist of NMDA receptors.
- We demonstrated that PG did not induce significant hyperlocomotion.
- We showed that PG displayed anxiolytic-like and antidepressant-like properties.

Keywords: depression, anxiety, NMDA channel blocker, neuroactive steroid, 3α5β-pregnanolone glutamate

INTRODUCTION
Depressive disorders are among the most common and the most
disabling mental diseases. There exist various and widely used anti-
depressants; however, one of their major limitations is a relatively

Abbreviations: ACTH, adrenocorticotropic hormone; β-CD, hydroxypropyl-β-
cyclodextrin; CNS, central nervous system; CRH, corticotropin-releasing hormone;
DHEA/S, dehydroepiandrosterone sulfate; GABA, γ-aminobutyric acid; HPA axis,
hypothalamic–pituitary–adrenal axis; MK-801, dizocilpine; NMDA, N -methyl-d-
aspartic acid; NMDAR, N -methyl-d-aspartic acid receptor; PG, 3α5β-pregnanolone
glutamate; SSRI, selective serotonin reuptake inhibitor.

long onset of antidepressant effect. But several studies demon-
strate antidepressant properties of a single administration of ket-
amine – the non-competitive N -methyl-d-aspartic acid receptor
(NMDAR) antagonist (Berman et al., 2000; Zarate et al., 2006,
2012; Diazgranados et al., 2010). Both subjective and objective
evaluation of the mood after ketamine administration showed a
significant improvement of the mood in the interval spanning
from 2 h to 7 days (Entsuah et al., 2001; Thase et al., 2005). The
minimum treatment of 2–4 weeks (often even more) is required to
produce significant improvement in symptomatology with com-
mon antidepressants (Lam, 2012), while an infusion of ketamine
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to pharmaco-resistant patients show a similar effect (Murrough
et al., 2013). The current hypothesis for the mechanism of ket-
amine action focuses on a complex cascade of neurochemical
events that are induced by ketamine administration. These con-
sequences persist for days after the ketamine elimination. First
of all, ketamine administration blocks NMDAR. In all the cases,
the protracted antidepressant effect is mediated by the con-
sequent neuroplastic alterations (see Browne and Lucki, 2013;
Hayley and Litteljohn, 2014).

It has been more than 20 years since the first proof of anti-
depressant action of the NMDAR antagonist emerged (Trullas
and Skolnick, 1990). Since then, a growing number of evidence
confirms that glutamate neurotransmission plays a crucial role
in the neuropathology of the depression. Researchers have found
that various types of drugs impairing NMDAR functioning (com-
petitive, non-competitive and uncompetitive antagonists, and
allosteric modulators) display antidepressant effects in the pre-
clinical (Layer et al., 1995; Rogóz et al., 2002; Li et al., 2011;
Burgdorf et al., 2013; Lapidus et al., 2013; Pilc et al., 2013) as
well as in the clinical trials (Zarate et al., 2006, 2012). However, the
clinical use of NMDA antagonists in pharmacotherapy of mood
disorders is hampered by severe side-effects, particularly by psy-
chotic symptoms in humans (Krystal et al., 1994). For this reason,
research of the NMDA antagonists is a prominent topic in current
neurobiology of the depressive disorder. It focuses on the eluci-
dation of mechanisms of their antidepressant effect, and on the
development of novel antidepressants – drugs with antidepres-
sant properties and minimal side-effects, i.e., with more favorable
benefit/risk ratio.

Therefore, the research and development of the novel thera-
peutics based on the NMDA antagonists is necessary in order to
avoid psychotomimetic effects. These negative behavioral effects
are most pronounced in the case of non-competitive antago-
nists. Conversely, the behavioral side-effects of the uncompet-
itive antagonists (antagonists selective for NMDAR containing
a NR2B subunit or NMDAR glycine binding site antagonists)
are less severe (Danysz et al., 1998; Popik et al., 1998; Karcz-
Kubicha et al., 1999; Parsons, 2001; Kemp and McKernan, 2002;
Chen and Lipton, 2006).

Neurosteroids are involved in several CNS physiological and
pathological processes, such as the response to stress, depression,
anxiety, sleep, or memory deficit (see more Morrow, 2007). Anti-
depressant effects of neuroactive steroids were described in animal
models (Urani et al., 2001) as well as in patients (Wolkowitz et al.,
1997, 1999). It has been shown that antidepressant treatment nor-
malized the imbalance of 3α and 3β pregnanolone in patients
suffering from depression (Romeo et al., 1998; Schüle et al.,
2011). During social isolation, an animal model of depression-like
behavior, biosynthesis of pregnanolone is significantly decreased
(Pinna et al., 2008). SSRI are able to reverse the decreased
brain pregnanolone level, and to correct behavioral deficits
(Pinna et al., 2006).

The neurosteroids are known for their potentiation as well
as inhibition of NMDA and GABA receptors. Naturally occur-
ring 3α5β-pregnanolone sulfate has a substantial inhibitory
activity (Irwin et al., 1994; Weaver et al., 2000; Kussius
et al., 2009) on tonically activated NMDAR (Petrovic et al.,

2005). Therefore, we introduced the development and testing
of a novel synthetic NMDA antagonists derived from the
3αC pregnanolone having improved pharmacokinetic properties
(Rambousek et al., 2011).

The newly synthesized neuroactive steroid 3α5β-pregnanolone
glutamate (PG) is a representative member of a group of the
steroids exerting effects on GABAA, AMPA, kainate, and NMDAR.
Concerning the NMDAR, the mechanism of an action is not fully
understood in detail, but it can be stated that it displays specific
properties. The drug is an allosteric inhibitor of the NMDAR.
Its degree of inhibition of the NMDAR currents is independent
of the cell membrane potential. On the other hand, the binding
to its inhibitory binding site is pre-conditioned by the activation
of NMDAR by agonists. Therefore, it is so-called a use-dependent
allosteric inhibitor of NMDAR (see Korinek et al., 2011) with more
potent inhibition of responses mediated by NR1/NR2C-D recep-
tors, compared to those mediated by the NR1/NR2A-B receptors
(Petrovic et al., 2005) and GABAA agonist (unpublished data). On
the contrary to the non-competitive NMDA antagonists, 3α5β-
PG is devoid of its adverse side-effects. 3α5β-PG binds only to
the extrasynaptic and tonically activated NMDAR, which results
in use-dependent selectivity (Rambousek et al., 2011).

In the present study, we examined potential antidepressant
activity of PG. The effect of a single dose administration of PG
was assessed by the Porsolt forced swim test, and by the repeated
stress of social defeat, both used as common animal models of
depression. The locomotor activity and the anxiolytic properties
of PG were evaluated together with an open field and elevated
plus maze tests. The effect of the chronic administration of PG
on the aggressive behavior of singly housed male mice was eval-
uated by paired agonistic interactions with the non-aggressive
group-housed partners.

MATERIALS AND METHODS
ANIMALS
Open field, elevated plus maze, and forced swimming studies
Naive adult male ICR mice (VELAZ s.r.o.,Prague,Czech Republic),
15 weeks old and weighing 25–35 g, were used for the experiments.
The animals were housed in groups of five in the plastic cages in
a keeping of Institute of Physiology, Academy of Sciences of the
Czech Republic. The mice had ad libitum access to the laboratory
chow and water, except during behavioral experiments, and they
were kept in a regulated environment (22°C, 50% humidity) under
a 12-h light/dark cycle (lights on at 06:00 a.m.).

Social defeat and agonistic interaction studies
Naive adult male mice (ICR strain, VELAZ s.r.o., Prague, Czech
Republic, 30–37 g) were used in this study. Food and water were
available ad libitum. Mice were housed in a keeping of Depart-
ment of Pharmacology, Faculty of Medicine of Masaryk University,
Brno, either individually without any handling in self-cleaning
cages with a grid floor (8 cm× 6 cm× 13 cm), or in groups of
17–20 in standard plastic cages (38 cm× 22 cm× 14 cm) with the
floors covered with wooden shavings. The animals were housed,
and behavioral testing was performed in a different room during
the light phase of the constant light–dark cycle, with lights on at
06:00 and off at 18:00 h. The temperature was maintained at 21°C,
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and relative humidity was 50%. The group-housed mice were not
handled, except on the experimental days. Singly housed mice were
handled after 3 weeks of isolation, just during oral administration
of PG.

Experiments were carried out between 09:00 a.m. and 06:00
p.m. All animal procedures were conducted in accordance with
the European Community Council Directives of November 24,
1986 (86-609/EEC), and the Decree of October 20, 1987 (87–848).
The study protocol was approved by the Animal Care Committee
of the Institute of Physiology of Academy of Sciences of the Czech
Republic and Masaryk University Brno,Faculty of Medicine,Czech
Republic.

DRUG ADMINISTRATION
Drugs and chemicals used in the study were purchased from
Sigma-Aldrich (Germany). PG was prepared by the esterification
of 3α-hydroxy-5β-pregnan-20-one (Steraloids Inc., USA) with a
protected glutamic acid. The synthesis is thoroughly described in
Rambousek et al. (2011). PG solutions were prepared by dissolu-
tion of PG in hydroxypropyl-β-cyclodextrin (β-CD, 72 mM saline
solution, pH adjusted to 7.4 by 1 M NaOH). MK-801 and ketamine
were prepared by dissolution in saline. β-CD was administered as
a control for PG, and saline as a control for dizocilpine (MK-801)
and ketamine. Dizocilpine was used as a representative of non-
competitive highly selective NMDA antagonists. In addition, keta-
mine was used as a non-competitive NMDA antagonist possessing
antidepressant activity. In the open-field test, PG was applied i.p.
at doses of 0.1, 1, and 10 mg/kg, and dizocilpine at the dose of
0.3 mg/kg, and ketamine at the dose of 10 mg/kg. In the elevated
plus maze test, PG was injected i.p. at doses of 1 and 10 mg/kg. In
the forced swim test, PG was administered i.p. at doses of 0.1, 1,
and 10 mg/kg, and in the social defeat test and agonistic interac-
tions orally at the dose of 1 mg/kg via gastric tube. In these tests, PG
was administered 30 min prior to behavioral testing at a volume of
1 ml/kg, except for the social defeat test and agonistic interactions,
where PG was administered 60 min prior to testing. In agonis-
tic interactions, PG at the dose of 1 mg/kg/day was administered
orally once daily for 30 days at a volume of 1 ml/kg. All animals
received the same volume of liquid per 1 kg of body weight.

BEHAVIORAL PROCEDURES
Open-field test
The animals were placed individually into a circular open-field
arena (82 cm in diameter), located in a soundproof room. The
locomotor activity in the open field was assessed by placing the ani-
mal in the arena immediately after i.p. application of PG, MK-801,
ketamine, and their vehicles, and monitoring their activity over
50 min using a video tracking system (iTrack, Biosignal Group,
USA). We analyzed the locomotor activity, expressed as a total dis-
tance traveled (Figure 1). The number of animals per group was
as follows: five animals in ketamine, MK-801 and PG 10 mg/kg
group, seven mice in PG 0.1 mg/kg group, eight mice in saline and
PG 1 mg/kg group, and nine mice in β-CD group.

Elevated plus maze
The apparatus consisted of open arms (30 cm× 6.5 cm), crossed
at right angles, with two arms of the same length enclosed by
walls of 15.5 cm high (closed arms). The whole apparatus was

FIGURE 1 | Locomotor activity in the open field was assessed by
placing an animal in the arena immediately after i.p. application of PG,
MK-801, ketamine, and their vehicles. Locomotor activity was monitored
over 50 min. Ketamine and dizocilpine administration resulted in
hyperlocomotion. Animals treated with these non-competitive NMDA
antagonists significantly increased distance traveled. PG administration did
not lead to significant changes in locomotion. All values represent group
means±SEM. *p < 0.05 compared to the saline group.

raised 50 cm above the floor. At the beginning of each session,
the mouse was placed on the central platform (6.5 cm× 6.5 cm)
facing the closed arm. The time spent in the open, close arms,
and central platform was recorded over a 10-min test session by a
video recorder positioned above the maze, tracked, and analyzed
by software (iTrack, Biosignal Group, USA). Each experimental
group consisted of 10 mice.

Forced swimming
The forced swimming test was carried out in accordance with
the methods described by Porsolt et al. (1978), only with slight
modifications. Mice were randomly assigned into the three
groups – vehicle treated (10 mice), PG 0.1 mg/kg treated (10 mice),
PG 1 mg/kg (8 mice), and PG 10 mg/kg (8 mice) treated mice.
Each mouse was placed in a 25-cm plastic transparent cylinder
(12 cm in diameter) containing 10 cm of water at 24± 1°C. The
mice were left in the cylinder for 6 min, and their behavior was
recorded. The duration of immobility was scored in the last 4 min
of the swimming test. Mice were considered to be immobile if
they floated while making only necessary movements to keep the
head above water (Porsolt et al., 1978). In addition to immobility
duration, we analyzed time to the first floating. Latency was mea-
sured immediately after the mice were put into the water. Recorded
videos were analyzed by two independent observers, blind to the
treatment conditions. Analysis was performed by Observer 3.0
(Noldus Information Technology, The Netherlands) software, and
the results were displayed as ethograms in excel tables.

Social defeat
The chronic social defeat stress procedure was carried out using
a similar method, described by Sulcova and Krsiak (1987) and
Pistovcakova et al. (2005). In the first part of the experiment, mice
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were given β-CD (14 mice) or PG (18 mice) orally via a gas-
tric tube. Administration was carried out in a randomized order,
60 min prior to the open-field test observations performed in the
identical animal cage, but in a different room from that used
for the social defeat interactions. Each animal was placed singly
into the center of a novel environment (arena 30 cm× 30 cm)
of the PC-controlled tracking apparatus Acti-track (Panlab, S.L.,
Spain) with the infrared beam sensors. Over the 8-min test-
ing period, the overall distance traveled (as a marker of loco-
motor/exploratory behavior) in the open field was measured.
Two days later, each mouse was defeated with a singly housed
mouse exhibiting an aggressive behavior in a 4-min paired ago-
nistic interaction. The procedure was repeated four times, 7 days
apart. Immediately after the last (fourth) agonistic interaction,
each mouse was randomly assigned to the vehicle (12 mice),
or the treatment group (6 mice). Sixty minutes following the
drug administration, the animal was placed into the open-field
arena, and the overall distance traveled was measured, as described
above. Mice that received a timid partner instead of an aggres-
sive one were excluded from the experiment, since they were not
defeated.

Agonistic interactions
Prior to the experiment, mice were housed individually for
3 weeks. Each individually singly housed mouse was allowed
30 min adaptation in a Plexiglas neutral observation cage
(20 cm× 20 cm× 30 cm) with clean wood shavings before it was
coupled with a group-housed non-aggressive male partner for
4 min interaction. On the first day of the experiment, each ani-
mal received vehicle orally via a gastric tube 60 min prior to the
agonistic interaction. Singly housed mice were divided into two
groups, according to their behavior during the control interac-
tion (vehicle treatment) with the group-housed partner: (a) an
aggressive one (attacking group-housed mouse at least once), and
(b) a timid one [exhibiting no attacks, displaying defensive-escape
(timid) behavior toward the group-housed mouse]. The num-
ber, latency, and duration of attacks, tail rattles, unrests (aggressive
activities), defenses, escapes, alert postures (timid activities), social
sniffing, climbing, and following the partner (sociable behavior)
exhibited by singly housed mice were recorded and evaluated
by the hardware/software Observer 3.1, Noldus Technology, Hol-
land. Aggressive singly housed mice were subdivided into the two
groups – one receiving vehicle (9 mice) and one receiving PG
(11 mice). The agonistic interactions with group-housed mice
were video-recorded after 14 and 30 days of vehicle/drug admin-
istration. The test protocol was adopted from Sulcova and Krsiak
(1987).

STATISTICAL ANALYSIS
Data are presented as the group means± standard error of mean
(SEM). Statistical analyses were performed by the program Graph-
Pad Prism 6.0 (San Diego, CA, USA). The statistical significance
for the social defeat test was detected by the two-way ANOVA, fol-
lowed by Sidak’s post hoc test. The treatment (two factor level)
and the stress (two factor levels) served as independent vari-
ables. In the agonistic interaction test, the effect of the treatment
(two factor level) and the length of administration (three factor

levels) of PG/vehicle were assessed by the two-way repeated mea-
sures ANOVA (control interaction first day vs. interactions days
14th and 30th). In the other tests, where the treatment effect
was assessed alone, the one-way ANOVA was conducted. Sidak’s
post hoc test was used when appropriate. The significant level was
set at p < 0.05.

RESULTS
OPEN FIELD
Statistical analysis of the locomotor activity in the open field by
the one-way ANOVA showed significant differences in total dis-
tance traveled F(6, 40)= 8.034, p < 0.0001. MK-801 0.3 mg/kg
and ketamine 10 mg/kg induced hyperlocomotion (Figure 1)
during 50 min of an exploration. PG plasma levels were highest
15 min after i.p. administration, and brain neurosteroid level peaks
occurred 60 min after i.p. application (Rambousek et al., 2011).
Therefore, we chose a time interval of 30 min after i.p. application
of PG for the subsequent tests.

ELEVATED PLUS MAZE
One-way ANOVAs revealed that PG administered at the dose of
1 mg/kg significantly increased the time spent in the open arms,
F(2, 24)= 7.654, p= 0.0027 and decreased the time spent in the
central platform, F(2, 24)= 10.01, p= 0.0007. Mice treated with
PG 10 mg/kg did not display anxiolytic behavior, and their times
spent in the open arms and central platform did not differ from the
control group treated with only the vehicle. The treatment had no
effect at all on the time spent in the closed arms (Figure 2A). Time
spent in the central platform may be indicative of risk assessment
behavior. Increased time spent in the central platform may be a
sign of hesitation before entering either arm. In order to evaluate
locomotor activity in the elevated plus maze, an analysis of open to
close arms entries was conducted as well. However, no significant
difference was revealed (Figure 2B), probably due to a big variance
within each treatment group.

FORCED SWIMMING
Even though PG treatment led to the slight decrease in immobility
time (Figure 3A), none of the doses used significantly reduced the
immobility in comparison with the controls. As the next parame-
ter, we assessed the time of the first floating (latency, Figure 3B).
One-way ANOVA detected significant elongation of the latency
after PG 1 mg/kg treatment F(3, 29)= 5.248, p= 0.0051. The
discrepancy between results obtained from immobility and the
latency analyses remains to be clarified. Sensitivity of the two
parameters to antidepressant treatment may differ.

SOCIAL DEFEAT
Group-housed mice repeatedly defeated on aggressive agonistic
interactions with singly housed partners exhibited decreased loco-
motor activity in the open field. Two-way ANOVA revealed sig-
nificant effect of treatment vs. stress interaction F(1, 46)= 4.687,
p= 0.0356. No significance was found for the effect of factor stress
and factor treatment. PG 1 mg/kg administration normalized the
stress-induced inhibition of locomotor activity in the open field,
expressed as an overall distance traveled (Figure 4).
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FIGURE 2 | Anxiolytic effect of PG was assessed in an elevated plus
maze. (A) PG administered at the dose of 1 mg/kg significantly increased
the time spent in the open arms, and decreased the time spent in the
central platform. Mice treated with PG at the dose of 10 mg/kg did not
display anxiolytic behavior. All values represent group means±SEM.
*p < 0.005 compared to the vehicle, β-CD group. (B) The analysis of open to
close arm entries did not reveal differences between treatment groups,
probably due to big differences in variance within each group. All values
represent group means±SEM.

AGONISTIC INTERACTIONS
Chronic administration of PG at the dose of 1 mg/kg over 30 days
reduced aggressive actions in singly housed mice exhibiting aggres-
sive behavior on the first interaction. Two-way repeated measures
ANOVA detected significant effect of the treatment vs. the length
of administration interaction in the parameter duration F(2,
116)= 5.407, p= 0.0057. Length of the administration showed
significant effect F(2, 116)= 11.97, p < 0.0001, whereas treatment
showed no influence on the duration of aggression. Aggression was
significantly reduced after 14 and 30 days of PG 1 mg/kg admin-
istration, compared to the scores of vehicle treated controls in
the first day (Figure 5A). This reduction was more pronounced
after 30 days of PG treatment (p < 0.0001 post hoc analysis), com-
pared to only 2 weeks treatment (p= 0.0037). The time spent in
aggressive interactions dropped in PG treated animals.

FIGURE 3 | In the forced swim test, we evaluated the possible
antidepressant effect of PG. (A) Immobility time in the forced swim test
was assessed 30 min after i.p. administration of PG and vehicle. None of
the doses applied significantly influenced floating. Average group
values±SEM. (B) In addition to immobility duration in the forced
swimming test, we measured time to the first floating as well.
Administration of PG at the dose of 1 mg/kg significantly prolonged the
latency to the first floating compared to controls. All values represent group
means±SEM. *p < 0.005 compared to the vehicle group.

Time to the first aggressive action (the latency) was prolonged
in PG treated mice. Two-way repeated measures ANOVA revealed
the effect of the factor treatment F(1,58)= 4.55, p= 0.0372 and
the factor of administration length F(2, 116)= 8.652, p= 0.0003
on the latency. Interaction between the two factors was not sig-
nificant. It took more time for the PG treated animals to attack
the intruder after 14 and 30 days of PG application in compari-
son to the controls (Figure 5B). Again, this effect was greater after
longer administration (p < 0.0001 after 30 days vs. p= 0.0275 after
14 days, revealed by post hoc test).

The frequency of aggressive actions decreased over the course of
an experiment. Interaction between the two factors, treatment, and
length of administration, came out significant [F(2, 116)= 8.505,
p= 0.0004] when analyzed by the two-way repeated measures
ANOVA. The length of administration had a significant effect F(2,
116)= 30.04, p < 0.0001 on the frequency. The kind of treatment
we used had no effect. Frequency expressed as a number of aggres-
sive actions decreased after 14 and 30 days of PG treatment. Vehicle
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FIGURE 4 | Group-housed mice repeatedly stressed by defeat on four
agonistic interactions (7 days apart) with aggressive singly housed
partners exhibited depressed locomotor activity in the open field. This
effect was disinhibited by treatment with PG at the dose of 1 mg/kg. There
was no difference in unstressed animals between two treatment groups in
the open-field activity. All values represent group means±SEM. *p < 0.05
compared to the stressed vehicle treated animals.

treated mice also showed significant reduction in the frequency of
aggressive actions between the 1st and 30th day. However, this
change in frequency was not as prominent (p= 0.0163) as in PG
treated animals (p < 0.0001 for both time intervals) (Figure 5C).
Taken altogether, mice treated daily with PG at the dose of 1 mg/kg
over the course of 30 days indulged less in aggressive interactions.

DISCUSSION
The present study focused on the evaluation of antidepressant-like
and anxiolytic-like effects of newly synthesized neurosteroid PG.
Neurosteroids are known for their neuroprotective and antipsy-
chotic effects (Pringle et al., 2003; Veiga et al., 2003; MacKenzie
et al., 2007; Rambousek et al., 2011; Vales et al., 2012), and
alternation of their brain levels is well-documented in various
neurodegenerative diseases and aging (Vallée et al., 1997; Nafziger
et al., 1998; Kim et al., 2003; Aldred and Mecocci, 2010; Luchetti
et al., 2010; Sorwell and Urbanski, 2010). Similarly, the down-
regulation of neurosteroid synthesis possibly contributes to the
development of depressive disorders and anxiety (Morrow, 2007;
Schüle et al., 2011, 2014). Neurosteroids as potent NMDAR antag-
onist and GABA receptor agonists might be promising therapeutic
agents in depressive disorders (Zorumski et al., 2013).

Our results from the open-field test indicate that hyperloco-
motion found in MK-801 and ketamine treated animals is not
present after PG application (Figure 1). It is in concordance with
our previous results (Vales et al., 2012). As opposed to non-
competitive NMDA antagonists such as dizocilpine (MK-801),
ketamine, and PCP often used for induction of schizophrenia-like
behavior (Bubeníková-Valesová et al., 2008), PG does not display
psychotomimetic properties, but quite the contrary. Adminis-
tration of PG at the doses of 0.1 and 1 mg/kg did not signifi-
cantly influence spontaneous locomotor activity in comparison
to the control (Figure 1). Furthermore, PG at the highest dose
of 10 mg/kg exhibited hypolocomotion after i.p. administration.

FIGURE 5 | In 4-min paired agonistic interactions, singly housed mice
were confronted with non-aggressive group-housed partners. Chronic
administration of PG at the dose of 1 mg/kg over 30 days reduced
aggressive behavior in singly housed mice exhibiting aggressive behavior
during the first agonistic interaction. (A) Graph shows the duration of
aggressive activities. The duration was significantly reduced after 14 and
30 days of PG 1 mg/kg administration, compared to the scores of vehicle
treated controls in the first day. The effect was more prominent after
30 days. (B) Graph shows latency to the first aggressive action. Latency
prolonged in PG treated mice after 14 and 30 days of PG application in
comparison to controls. Again this effect was greater after longer
administration. (C) Graph displays number of aggressive actions. Frequency
decreased over the course of the experiment. Vehicle treated mice also
showed significant reduction in the frequency of aggressive actions
between the 1st and 30th day. However, this change in frequency was not
as prominent as in PG treated animals. All values represent group
means±SEM. *p < 0.05, **p < 0.005, #p < 0.0001 compared to the
vehicle treated animals on the first day of agonistic interaction.
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It cannot be interpreted as an unexpected effect, because GABA
agonists as well as NMDA antagonists are drugs, which produce
typically sedative and anesthetic effects.

The lower risk of hyperlocomotion can be explained by the
different mechanism of action. PG is a use-dependent NMDA
inhibitor, which has a more pronounced inhibitory action on the
tonically active NMDAR (Petrovic et al., 2005). The hypothesis
underlying the ability of use-dependent inhibitors to differenti-
ate between phasic physiological and tonic pathological activation
of NMDAR during pathological states have gained relatively wide
acceptance. However, it is still unclear how such compounds could
differentiate between normal and abnormal synaptic activation of
NMDAR (Borovska et al., 2012). The lowered risk of hyperloco-
motion displays memantine as well. Memantine has been shown
to result in the preferential blockade of excessive NMDAR activity,
while sparing normal excitatory synaptic function (Lipton, 2006,
2007).

Anxiolytic performance of PG was assessed in the elevated plus
maze test. Agonists of GABA receptors are recognized for their
anxiolytic properties (Brot et al., 1997), and in the elevated plus
maze test they increase the time spent in open arms (Rodgers and
Johnson, 1998). PG at the dose of 1 mg/kg exhibited anxiolytic-
like activity clearly indicated by significant increase in time spent
in open arms (Figure 2A). Anxiolytic-like properties of PG were
also previously confirmed by decreased shock-induced ultrasonic
vocalization in rats after PG application (Vales et al., 2012). The
analysis of open to close arm entries did not reveal differences
between treatment groups (Figure 2B), however the decrease in
locomotion in the PG of 10 mg/kg treated group was not as promi-
nent as in the open field. It can be explained by the decreased
habituation to the maze, since animals spent considerably less time
in the elevated plus maze than in the open field, and the activity
of the mice is enforced by the nature of the task.

Pregnenolone glutamate at all doses slightly reduced floating
when applied 30 min prior to the test, however this decrease was
not significant (Figure 3A). We analyzed not only the overall time
of floating in the session, but also the time to the first floating. In
our experiment, PG 1 mg/kg significantly prolonged the latency to
the first immobility (Figure 3B). Time to the first floating analysis
produced more robust results, at least in our experimental set-up.
According to literature available and our experience, the forced
swim test is sensitive to various independent variables, such as
mouse strains (Lucki et al., 2001; Mason et al., 2009), age of mice
used (Mason et al., 2009; Sequeira-Cordero et al., 2013), water
temperature (Pintér et al., 2011), 2 days vs. 1 day protocol, water
depth (Pintér et al., 2011), diameter of cylinders animals swim in,
seasonal changes, etc. (Petit-Demouliere et al., 2005). We probably
failed to find the optimal protocol where the differences between
the groups would be more distinct.

3α-reduced neuroactive steroids have anxiolytic and
antidepressant-like effects in the preclinical studies (Eser et al.,
2006). Even though PG meets this effect, it failed to improve immo-
bility scores in the forced swim test. Similar results were obtained
after progesterone application (Urani et al., 2001). However, the
administration of allopregnanolone significantly reduced the time
spent by immobilization (Rodríguez-Landa et al.,2009), indicating
that allopregnanolone is a more potent GABA activator, compared

to progesterone. The mechanism of action of PG on GABA neu-
rons is not fully known. If the failure to decrease immobility in
the forced swimming could be ascribed to the lower affinity of
PG to GABA receptors, or if it is caused by the methodological
drawbacks in the test, remains to be clarified.

Pregnenolone glutamate at the particular dose of 1 mg/kg had
the most pronounced effect in the tests mentioned above. There-
fore, we decided to use this concentration in the repeated social
defeat model. This animal model of depressive disorder is more
plausible than the forced swim test, since it mimics a different
aspect of depression by prolonged exposure to psychosocial stress
(Chaouloff, 2013; Venzala et al., 2013). In the social defeat test, PG
at 1 mg/kg normalized the locomotor activity in the open field in
mice exposed to aggressive conspecific prior to open-field testing
(Figure 4). Stressed mice receiving no PG exhibited stress-induced
reduction in locomotion measured by distance passed. There was
no difference in unstressed animals between the two treatment
groups in the open-field activity. The spontaneous locomotor
activity was not affected by PG administration; this conclusion
is also supported by the results from the open field.

The social defeat stress leads to depression-like abnormalities in
defeated animals, lasting for weeks, such as anxiety, social avoid-
ance, anhedonia, and changes in body weight, increased blood
pressure, suppressed immune responses, and others (Blanchard
et al., 2001; Huhman, 2006; Chaouloff, 2013). Among the most
often noted behavioral responses is the decrease in activity and
exploration in the open field (Meerlo et al., 1996; Rygula et al.,
2005; Razzoli et al., 2009). Chronic, but not acute, treatment with
antidepressants, both SSRI and tricyclics, can reverse the con-
sequences of social stress exposure (van Bokhoven et al., 2011;
Olivares et al., 2012;Venzala et al., 2012). Similarly, NMDAR antag-
onist (Jasnow et al., 2004) and GABA receptor agonist (Jasnow and
Huhman, 2001) microinjected to the amygdala block conditioned
defeat.

Aggressive mice after 30 days of single-housing were receiving
PG of 1 mg/kg chronically over 30 days. PG administration led
to the significant decrease of aggressive behavior in the agonis-
tic interactions with non-aggressive group-housed partners, when
compared to the control interaction in the first day of the exper-
iment. The duration and frequency of the aggressive behavior
decreased after 14 days of chronic application of PG. An even
more profound effect was reached after 30 days of application
(Figures 5A,C). The significant decrease in frequency was also
detected in vehicle treated animals 30 days after β-CD adminis-
tration. However, this effect was less prominent, compared to PG
treated animals (Figure 5C), and it might be caused by habituation
to intruder. The latency to the first aggressive action was prolonged
14 days after PG administration, and it was again accompanied by
a more profound effect 30 days after (Figure 5B). Taken together,
the mice treated daily with PG at the dose level of 1 mg/kg over the
course of 30 days indulged less in aggressive interactions.

Stress induced by social isolation causes a significant decrease in
pregnenolone, progesterone, allotetrahydrodeoxycorticosterone,
and allopregnanolone concentrations in the cerebral cortex, com-
pared to the group-housed controls (Serra et al., 2000). The
neuroactive steroid changes were not evident after 48 h of chronic
stress exposure, but their decrease was present 7 days after the
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chronic stress, with the most prominent change 30 days after (Serra
et al., 2000). Stress and depression are associated with a decrease
in GABAergic function in the PFC and hippocampus (Benes et al.,
2008; Croarkin et al., 2011). Administration of PG could lead to
normalization of the level of GABA potentiating neurosteroids,
and therefore contribute to the homeostasis restoration (aggres-
sion reduction/normal locomotor activity) by enhancement of the
GABA neurotransmission.

Chronic stress reduces the production of allopregnanolone,
as well as other GABAergic neurosteroids (Serra et al., 2000).
Decreased levels of neurosteroids in the plasma and CSF are found
in patients with major depression (Romeo et al., 1998; Uzunova
et al., 1998). Prolonged exposure to stress may induce a reduction
in pituitary responsiveness to high concentrations of CRH, leading
to desensitization, and consequently to decreased ACTH secretion
(Hoffman et al., 1985), affecting neurosteroid synthesis. A reduced
ACTH response to chronic stress leads to hyper-responsiveness of
the hypothalamic–pituitary–adrenal axis (HPA) axis to the new
stimuli, and confers vulnerability to mood and anxiety-related
disorders, as well as depression (Biggio and Purdy, 2001). Antide-
pressant treatment normalizes the altered allopregnanolone levels
(Uzunov et al., 1996; Uzunova et al., 1998; Schüle et al., 2014)
suggesting that GABAergic neurotransmission alteration by the
neurosteroids has a therapeutic effect.

The increasing number of evidence shows that the NMDARs
play a crucial role in the neurobiology and treatment of depres-
sion. PG as the use-dependent inhibitor of NMDARs binds only to
the extrasynaptic and tonically activated NMDARs, leaving nor-
mal neurotransmission unaffected (Rambousek et al., 2011), and
therefore causing less severe side-effects. The effect of neuroac-
tive steroids appears to be subtype selective (Gibbs et al., 2006).
Similarly, PG displays more potent inhibition of responses medi-
ated by NR1/NR2C-D receptors, compared to those mediated by
NR1/NR2A-B receptors (Petrovic et al., 2005). The current chal-
lenge in development of steroidal NMDA antagonists suitable for
clinical use is in the low potency of existing drugs. Nonethe-
less, if both the GABAA enhancers and NMDA antagonists have
antidepressant potential, the ideal agent might be the one that
combines all these effects in a single molecule (Zorumski et al.,
2013). Therefore, it might be surprising that DHEA and DHEAS
as positive NMDA and negative GABAA modulators exert antide-
pressant activity (Wolkowitz et al., 1997, 1999; Urani et al., 2001).
However, the mechanism of action of DHEA/S suggests an indirect
way of normalizing HPA axis activity (via MAP2C protein activity,
serotonin turn-over, anti-glucocorticoid effects, MAO inhibitory
effect, promotion of neurogenesis, etc.) (Maninger et al., 2009;
Pérez-Neri et al., 2009; Felice et al., 2012).

Taken altogether, these results showed that 3α5β-PG activity at
NMDARs lacks negative side-effects accompanying treatment with
non-competitive NMDA antagonists that impair normal neuro-
transmission. Since PG combines both effects – GABAA receptor
potentiation and the NMDAR inhibition – it has a potential as an
antidepressant in the treatment of depressive symptoms.

In conclusion, we demonstrated in animal models
antidepressant-like and anxiolytic-like activities of 3α5β-PG – an
analog of naturally occurring 3α5β-pregnanolone sulfate. PG is an
example of a promising neurosteroid showing possible potential

for development of a novel antidepressant, procognitive, and
neuroprotective agents. This branch of research gives rise to a
possibility of obtaining drugs with antidepressant/anxiolytic prop-
erties and minimal side-effects, i.e., with a more favorable risk/
benefit ratio.
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Dopamine plays a role in generating flexible adaptive responses in changing environments.
Chronic administration of D2-like agonist quinpirole (QNP) induces behavioral sensitization
and stereotypical behaviors reminiscent of obsessive–compulsive disorder (OCD). Some
of these symptoms persist even after QNP discontinuation. In QNP-sensitization, perse-
verative behavior has often been implicated. To test the effect of QNP-sensitization on
reversal learning and its association with perseveration we selected an aversively moti-
vated hippocampus-dependent task, active place avoidance on a Carousel. Performance
was measured as the number of entrances into a to-be-avoided sector (errors). We tested
separately QNP-sensitized rats in QNP-drugged and QNP-undrugged state in acquisition
and reversal tasks on the Carousel. In acquisition learning there were no significant differ-
ences between groups and their respective controls. In reversal, QNP-sensitized drugged
rats showed a robust but transient increase in number of errors compared to controls. QNP-
sensitized rats in an undrugged state were not overtly different from the control animals
but displayed an altered learning manifested by more errors at the beginning compensated
by quicker learning in the second session compared to control animals. Importantly, per-
formance was not associated with perseveration in neither QNP-sensitized drugged nor
QNP-sensitized undrugged animals.The present results show that chronic QNP treatment
induces robust reversal learning deficit only when the substance is continuously admin-
istered, and suggest that QNP animal model of OCD is also feasible model of cognitive
alterations in this disorder.

Keywords: reversal, flexibility, cognitive coordination, quinpirole, behavior, rat, obsessive–compulsive disorder

INTRODUCTION
Cognitive flexibility is an ability to detect a shift in stimulus–
feedback contingencies. It requires the recognition of the irrel-
evance of a response and response to a new stimulus/reward
contingency. Due to its relevance to many psychiatric condi-
tions including schizophrenia (Pantelis et al., 1999; Morris, 2013),
obsessive–compulsive spectrum disorders (OCD) (Chamberlain
et al., 2005), substance abuse (Jentsch et al., 2002; Ersche et al.,
2008, 2011), autism (Yerys et al., 2009), and due to its neces-
sity for successful functioning of every organism in a changing
environment – cognitive flexibility is an intensively studied cog-
nitive domain. One common task to assess cognitive flexibility is
reversal learning (Klanker et al., 2013). Reversal learning has also
been recently proposed to mimic some aspects of compulsivity
(Homberg, 2013).

It has been proposed that dopamine plays an important role in
reversal learning via dopamine D2-like receptor signaling. Sys-
temic D2/D3 antagonist raclopride impaired reversal learning,
while D1/D5 antagonist SCH 23390 did not (Lee et al., 2007).
A blockade of D2-like receptors in the prefrontal cortex (PFC) was
associated with a pronounced perseverative deficit in a set-shifting
task (Floresco and Grace, 2003) and an activation of D2-like
receptors in the nucleus accumbens impeded maintaining novel

stimulus–reward contingencies (Haluk and Floresco, 2009). There
is compelling evidence of D2-like signaling in striatal regions being
essentially involved in reversal learning (Haluk and Floresco, 2009;
Clarke et al., 2011; Groman et al., 2011); yet compared to antago-
nizing D2-like receptors very few studies have focused on effect of
selective stimulation of D2-like receptors. For example, only one
study has focused on the effect of systemic application of quinpi-
role (QNP), a D2-like agonist on reversal learning (Boulougouris
et al., 2009). Boulougouris and colleagues showed that QNP pro-
duces a perseverative reversal learning deficit after acute systemic
administration without a deficit in acquisition learning. This effect
was attributed to D2-like receptor stimulation because concurrent
antagonizing of D3 receptors by nafadotride did not ameliorate
the effect, while D2/D3 antagonist raclopride did have this effect.

Repeated QNP administration produces escalated behavioral
effects of acute QNP administration. Similarly to other stimu-
lants it produces hyperlocomotion (Mattingly et al., 1993). In
addition, QNP-treated rats also display environment-dependent
perseveration in a spontaneous alternation task (Einat and Szecht-
man, 1995). QNP-sensitization is not associated with stereotypy
of body movements such as after application of amphetamine
(Wolgin, 2012), but only with path stereotypy and checking in
an enriched open-field (Szechtman et al., 1998). Based on the
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striking similarity between QNP-sensitized behavior in rats and
obsessive–compulsive symptoms in humans, it was proposed that
sensitization with QNP may serve as a useful rat model of OCD.
Co-administration of the tricyclic antidepressant clomipramine,
effective in ameliorating symptoms in the treatment of OCD
(Piccinelli et al., 1995), adds to the predictive validity of QNP-
sensitization as a rat model of OCD (Szechtman et al., 1998).
Additionally, the behavioral effects of chronic QNP administration
are considered also to mimic some of behavioral characteristics of
schizophrenia, specifically psychotic polydipsia (Goldman et al.,
1988; De Carolis et al., 2010, 2011; Milella et al., 2010).

Prolonged QNP treatment was associated with changes in CNS
but very little is known about the behavioral effects after QNP
treatment is terminated. Sensitization by QNP alters dopamine
levels in the substantia nigra, striatum, and the PFC (Sullivan et al.,
1998) and alters D2 and D3 receptor binding in the nucleus accum-
bens, ventral pallidum, and substantia nigra (Stanwood et al., 2000).
Based on these wide scale alterations in the dopamine system, we
expect that these alterations manifest themselves on a behavioral
level as well. Indeed, some QNP-specific behaviors of sensitized
drugged rats such as perseveration and conservativeness of travel
routes are also observed in sensitized undrugged rats, albeit to a
lesser extent (Einat and Szechtman, 1993). No change in rever-
sal learning performance or locomotion – alterations, which are
observed in drugged rats – was detected in this study.

The present study employed active place avoidance on a
Carousel [also known as active allothetic place avoidance; AAPA;
(Bures et al., 1997; Petrasek et al., 2013; for review, see Stuch-
lík et al., 2013)]. This task is a hippocampus-dependent spatial
task originally developed in our laboratory to study higher-order
spatial navigation and cognitive coordination and was shown to
be sensitive in the detection of cognitive impairments (Wesierska
et al., 2005). Cognitive coordination is the ability to manage mul-
tiple conflicting information streams and selectively pay attention
to relevant information while ignoring irrelevant information. A
recent study (Lobellova et al., 2013) showed that active place avoid-
ance on a Carousel in its reversal modification was more sensitive
to cognitive impairment by acute dizocilpine administration than
was the Morris water maze (MWM) (but for opposite cases for
acquisition, see Stuchlik et al., 2004 or Vales et al., 2006). Active
place avoidance with reversal is an aversively motivated dynamic-
environment-task with high demands for “perceptual segregation”
(cognitive coordination) and “mnemonic” segregation. Perceptual
segregation is the continuous segregation of multiple frames of ref-
erence, i.e., information streams where arena- and room-frames
of reference are in continuous conflict (Abdel Baki et al., 2010).
Mnemonic segregation has been tested in reversal modification
with the need to segregate previous irrelevant memory for to-be-
avoided zone from the new one (Perera et al., 2013). As mentioned
before, the role of D2-like receptors in the flexibility of spatial
avoidance behavior is an understudied phenomenon, which makes
this task less comparable to other studies, but at the same time
is capable of providing new insights into dopamine function in
learning.

Specifically, in this experiment reversal learning in QNP-
sensitized drugged and undrugged rats was examined from the
viewpoint of a rat model of OCD. Since acute QNP treatment

induced a reversal learning deficit (Boulougouris et al., 2009), we
expected to confirm such deficit would be seen after repeated
QNP treatment under the drug’s effect in first experiment. In
the second experiment, reversal learning was tested in sensitized
but undrugged rats. Since undrugged behavior appears to mimic
aspects of the behavior of sensitized drugged rats we hypothesized
a reversal learning deficit would be apparent due to high sensitivity
of the reversal part of the task (Lobellova et al., 2013).

MATERIALS AND METHODS
EXPERIMENTAL DESIGN
Two consecutive experiments were conducted. Experiment 1 tested
acquisition and reversal in QNP-sensitized rats in a drugged
state during the acquisition and reversal sessions on a Carousel.
Experiment 2 had the same experimental design and tested
acquisition and reversal in QNP-sensitized but undrugged rats.
Since these two experiments were conducted at different time
periods, pooling experiments together would not be statistically
correct, so they are reported separately. Experiment 1 com-
pared learning between QNP-sensitized drugged rats with QNP
(n= 10) and saline-treated rats (n= 11). Experiment 2 compared
learning between QNP-sensitized undrugged rats (n= 10) and
saline-treated rats (n= 9).

RATS
Adult male Long–Evans rats from the breeding colony of the Insti-
tute of Physiology AS CR were used. All rats weighed 300–400 g
at the start of experiment and were 12–15 weeks of age. Rats were
housed 3–4 rats per cage in an air-conditioned rat room with a sta-
ble temperature of 22°C, constant humidity, and 12/12 light/dark
cycle. Both experiments were conducted in the light phase of the
day. Food and water were freely available. Prior to the experi-
ments, rats were handled for 2 min daily for 3 days. Rats were also
gently implanted with a subcutaneous needle connector, which
pierced the skin between rat’s shoulders. The needle had a blunted
and swirled tip for the attachment of an alligator clip connecting
a shock-delivering wire. This procedure is analogous to a hypo-
dermic injection in humans and does not require anesthesia. All
rat manipulations were conducted in accordance with the Animal
Protection Code of the Czech Republic and a corresponding direc-
tive of the European Community Council on the use of laboratory
animals (2010/63/EC).

DRUGS
Quinpirole hydrochloride (Sigma-Aldrich, Czech Republic, Cat.
No. Q102) was dissolved in saline solution (0.9% NaCl) to achieve
a concentration of 0.5 mg/mL. When appropriate, each rat was
injected with 1 mL/kg of QNP solution or a corresponding volume
of saline solution (1 mL/kg).

APPARATUS – CAROUSEL
The apparatus (Carousel, Figure 1A) is a circular metallic disk
(82-cm diameter) elevated 1 m above the floor with a low rim.
The arena is surrounded by 60-cm-high transparent Plexiglas
wall. The arena rotated at 1 revolution/min in a clockwise direc-
tion. An unmarked 60°-to-be-avoided sector was defined in stable
room-frame coordinates on the rotating arena. Whenever a rat
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FIGURE 1 | (A) Illustration shows the Carousel arena. The arena is a
rotating metallic disk on which is, directly imperceptible by the rat, a 60°
sector where it receives a mild electric shock. This sector can be localized
only by using extra-maze cues, which are abundant in the experimental
room. As not to disturb, the experimenter observes rat’s movement on a TV
screen from a different room. (B) Describes calculation of percentage of
time spent in the former to-be-avoided sector. The arena was divided into
six equal non-overlapping sectors. A labels the former shock sector (during
ACQ1–ACQ4). R is the segment of the arena that is punished in reversal
(and was formerly safe) (REV1–REV4). n1–n4 are sectors that were never
punished. Level of perseveration can be inferred from the percentage of
time spent in the former shock sector (A) of time spent in safe sectors
during first 10 min of reversal (A+n1–n4): %A =

(
A

A+n1+n2+n3+n4

)
× 100. High

perseveration is more likely when a rat is less in the former to-be-avoided
sector, while low perseveration is more likely when rat spends a higher
fraction of time there. To note, 20% indicates that a rat distributes its time
equally between all safe sectors.

entered the sector for more than 300 ms, constant-current regu-
lated electric footshocks (AC, 50 Hz, 200–600 µA) were delivered
at 1200-ms intervals until the rat left the sector. The shocks were
administrated through the above-described subcutaneous nee-
dle connector implanted on the back of the rat standing on the
grounded floor. The highest voltage drop of the current passing
through the rat was at the high-impedance contact between the
paws and grounded metal floor. The appropriate current was indi-
vidualized for each rat in order to elicit a rapid escape reaction but
prevent freezing. This aversive procedure has been shown to be
efficient and safe in previous studies (for review, see Stuchlík et al.,
2013).

Each rat was allowed to move freely within the arena bound-
aries. To localize the sector rats had to navigate purely using
distant extra-maze landmarks because proximal intra-maze land-
marks (such as scents, urine marks, or feces) were made irrelevant
by arena rotation. During acquisition (ACQ) sessions the to-be-
avoided sector was arbitrarily defined at North. During reversal
(REV) sessions the sector was relocated to South – the opposite
side of the disk, while the direction of arena rotation remained
the same.

The constant-current-regulated source, which carries current
for the shock application also contains a unit for powering a light-
emitting diode (LED), attached by a latex harness on rat’s back
signaling the position of the rat to an overhead camera and a
computer. The second LED diode is on the arena periphery sig-
naling arena rotation. The analog signal from an overhead infrared

camera is digitized by a DT-3155 card (Data Translation, USA) in
the Tracker program (Biosignal Group, USA), which samples rat’s
position at the rate of 25 Hz.

QUINPIROLE SENSITIZATION AND HABITUATION TO CAROUSEL
Prior to avoidance testing, rats were sensitized by repeated admin-
istration of a QNP solution (or saline solution for control groups)
in the course of 3 weeks. QNP (0.5 mg/kg) was applied on Mon-
days, Wednesdays, and Fridays up to a total of 10 injections.
Sensitization was conducted in the same Carousel apparatus where
later avoidance learning was tested. During the sensitization pro-
cedure each rat received a QNP or saline injection in its home
cage and 30 min later was placed onto the Carousel for 30-min
exploration (with no shock). This means that sensitization was
conducted together with repeated exposure to the experimental
environment. To minimize potential conditioning to the injec-
tion schedule, the order of rats during sensitization was varied
pseudo-randomly.

PROCEDURE – ACQUISITION AND REVERSAL TESTING
Behavioral testing included two phases – acquisition (ACQ) and
reversal (REV). Acquisition preceded reversal. Both acquisition
and reversal sessions took place in four 30-min sessions each con-
ducted every other day. The only difference in setup between
acquisition and reversal sessions was the location of the sector
(180° shift).

In both experiments (1 and 2) testing in the Carousel com-
menced 2 days after sensitization/habituation sessions ended (10
sessions, see Figures 2A and 3A for experimental scheme illus-
trations). Rats in experiment 1 received an injection of 0.5 mg/kg
QNP or saline 30-min prior to the arena testing. Rats in experi-
ment 2 were not treated at all during the testing and therefore did
not require any time delay before placement into the arena. In the
beginning of each session, each rat was placed into the arena oppo-
site to the location of the shock sector, facing the experimenter.
Carousel rotation and tracking was turned on immediately after
an experimenter left the room. Since the arena was rotating inde-
pendently of the to-be-avoided sector, the best strategy to solve
the task was to walk constantly or intermittently in the counter-
clockwise direction to avoid being transported into the shock
sector by arena rotation. Our observations suggest that four acqui-
sition and four reversal sessions are sufficient for rat to acquire a
successful learning strategy.

MEASURED PARAMETERS AND STATISTICAL ANALYSIS
Parameters presented here were extracted from an offline analy-
sis program for Tracker (Track Analysis, Biosignal Group, USA)
and an open-source Carousel Maze Manager (Bahník, 2013). The
output parameters that were assessed in analysis were locomo-
tor activity measured as distance walked throughout a session in
meters (movement of arena detected by peripheral LED diode was
subtracted from total locomotion), number of entrances into the
sector (errors), time to the first error, and percentage of time spent
in the former to-be-avoided sector during reversal.

First, we assessed a distance animals walked during the session
because locomotion between experimental groups was expected
to differ due to the stimulant effect of QNP. If the expected loco-
motor activity difference between control and treatment groups
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Hatalova et al. Quinpirole sensitization and flexibility

FIGURE 2 | Graph shows results from experiment 1 (QNP-sensitized
drugged rats). Data are presented as mean values±SEM. Asterisks
denote significant simple effect analysis that followed significant group
effect in ANOVA (p < 0.05). (A) The scheme of experiment 1. (B) Locomotion
(meters/30 min) of chronically treated drugged with QNP-rats compared to
saline-treated rats. There is significantly higher locomotion in QNP-rats
compared to their controls during all sessions (ACQ1–REV4). (C) Number of
entrances into the to-be-avoided sector (#/30 min) during acquisition
sessions (ACQ1–ACQ4) when all rats are included. (D) Number of errors

(#/30 min) in four reversal sessions (REV1–REV4). Data show a significant
difference in number of errors in first day of reversal testing (REV1). (E) Time
to the first error (mean seconds±SEM) in experiment 1 (ACQ2–ACQ4;
REV2–REV4). There was no significant effect at p < 0.05. (F) Percentage of
time spent in former shock sector (A) compared to mean time spent in
always safe sectors (A+n1–n4) during first 10 min of reversal (REV1).
QNP-treated group shows significantly higher percentage of time spent in
former to-be-avoided sector, indicating more distributed time spent in all
safe sectors, suggesting lower rate of perseveration than control rats.
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Hatalova et al. Quinpirole sensitization and flexibility

FIGURE 3 | Graphs illustrating results from experiment 2
(QNP-sensitized but undrugged rats). Data are presented as mean
values±SEM. Asterisks denote significant simple effect analysis that
followed significant group effect in ANOVA (p < 0.05). (A) The scheme of
experiment 2. (B) Locomotion (meters/30 min) of sensitized rats. It is
apparent that there is no significant difference in locomotion between
QNP-sensitized rats and a non-sensitized control rats. (C) Number of errors
(#/30 min) during all acquisition sessions (ACQ1–ACQ4). (D) Number of
errors during four reversal sessions (#/30 min; REV1–REV4). Significant

interaction term is not displayed, but data suggest that it is due to higher
error rate in QNP-sensitized rats (REV1) compensated by faster learning in a
second reversal day (REV2). (E) Time to the first error in seconds
(mean±SEM) in experiment 2 (ACQ2–ACQ4; REV2–REV4). There was no
significant effect at p < 0.05. (F) Percentage of time spent in former shock
sector (A) compared to mean time spent in always safe sectors (A+n1–n4)
during first 10 min of reversal (REV1). QNP-sensitized rats appear not to
differ from non-sensitized control rats in distribution of movement in safe
sectors of the arena (and avoidance of previously punished sector).
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Hatalova et al. Quinpirole sensitization and flexibility

in experiment 1 was present, an issue of hyperlocomotion influ-
encing the number of errors had to be addressed. Hypothetically,
if a rat walked randomly into the arena, higher locomotor activity
would result in an increased number of errors per unit of time
into the shock sector solely by chance. To assure that the variation
in number of errors between the groups was not associated with
higher locomotion in QNP group; correlations were computed to
assess a relationship between these two parameters. For all corre-
lation analyses when data showed normal distribution Pearson’s
product moment coefficient was used and when data were not
normally distributed Spearman’s rho was used.

The principal spatial parameter was the number of errors. A
low number of errors reflect comprehension of the task, well-
managed avoidance strategy, and intact cognitive coordination.
Additionally, to assess long-term between-session memory, time-
to-first-error was analyzed. Since a rat was never placed directly
into the sector, a solid memory trace enables the rat to avoid
receiving a shock from the very beginning of every session with
the exception of the first day of acquisition (ACQ1) and first day
of reversal (REV1).

To discern types of errors that animals make when the to-be-
avoided sector is reversed, percentage of time spent in former to-be-
avoided sector was assessed for the first day of reversal (REV1). The
calculation is similar to one described in detail by Petrasek et al.
(2013). In short, the arena was divided into the six 60°-sectors. One
of these sectors was the one reinforced in acquisition sessions (now
a former to-be-avoided sector; A), the second sector was a current
(reversed; R) sector (opposite to former to-be-avoided sector).
The remaining four sectors, n1–n4, were never punished and were
located in pairs between former and currently to-be-avoided sec-
tor (illustrated in Figure 1B). The percentage was calculated from
a ratio of time spent in the former to-be-avoided sector divided
by average time spent in always safe sectors [A/ (n1–n4+A)]. The
reversed (current) to-be-avoided sector was excluded from the cal-
culation because electric shock affects the time spent in this sector.
Since perseveration can be quickly overridden by re-learning, the
new sector position, the initial 10 min of the first reversal session
were analyzed. In the reversal learning task, rats can make two types
of errors. One type of mistake can be produced by the inability to
shift from the previously relevant strategy – referred to as perse-
verative errors. Other types of mistakes result from the inability
of the rat to learn a new strategy – referred to as memory satura-
tion. A lower percentage indicates, with a high incidence of errors,
that the rat failed because it avoided former to-be-avoided sector
during reversal learning, while failing to adapt to the new shock
location. The higher percentage (ratio) (20% indicates an equal
preference of all five safe sectors) suggests that the rat avoided
former shock sector less, which could indicate either low perse-
veration or weak long-term memory. If a high number of errors
would accompany high ratio, it can be claimed that these errors
were not perseverative in nature but caused by other factors such
as memory saturation.

Every batch of rats used in this study included rats which did
not learn the paradigm. An inability to achieve effective avoidance
can be caused by many factors often unrelated to the experiment
itself, such as breeding issues or an unknown stressful event. Spe-
cific cases are rats which do not opt for avoidance strategy but

instead display prolonged freezing resulting in a complete absence
of avoidance behavior and locomotor activity (approximately 10%
of all rats, unpublished observations from multiple experiments).
These rats and rats which did not find effective learning strategy
in acquisition had to be excluded from the reversal learning task
(A rat cannot learn to reverse the task if it did not learn it in
the first place.). For the exclusion of rats in the reversal a thresh-
old of minimum 10 errors during the last 30-min session was
used (ACQ4).

For the assessment of learning differences in acquisition and
reversal sessions, a two-way repeated measures ANOVA was con-
ducted using the factor of sessions as a repeated measure (session;
ACQ1–ACQ4, REV1–REV4) and groups as a between-subject fac-
tor (QNP vs. saline). Significant ANOVA was followed by simple
effect analysis when sessions× groups interaction was significant.
If necessary, acquisition learning was analyzed twice, once with
included and once with the excluded “non-learners.” This is to
uncover any bias that could be present due to exclusion of non-
learning rats (i.e., non-learners had greater impact in one group
than in the other). If the data were not normally distributed or did
not meet the assumption of homogeneity of variance, appropriate
transformations (logarithmic; for acquisition sessions in experi-
ment 1, acquisition and reversal in experiment 2) were conducted.
If no transformation was able to transform data into the paramet-
ric data sets, differences between the groups were assessed by a
non-parametric Mann–Whitney sum ranks test with Bonferroni
correction applied to the level of test significance (acquisition with
non-learners included in experiment 1). All statistical tests were
considered significant at the threshold of p < 0.05 (two tailed).

RESULTS
EXPERIMENT 1
This experiment assessed learning in rats sensitized with dopamine
D2-like agonist QNP under QNP treatment (Figure 2A). Two rats
in each group did not reach learning criterion of having <10 errors
in the last acquisition session (QNP group: rats with 17 and 21
errors; control group: rats with 30 and 37 errors). These rats were
not included in reversal learning. Specifically, in the control group
one of these rats froze throughout most of the session and sec-
ond did not find an effective avoidance strategy. In QNP group
neither of the two excluded rats appeared to abide by an effective
avoidance strategy (visual observation).

LOCOMOTION
All rats from experiment 1 were included in the assessment
of locomotor activity throughout all four acquisition and
four reversal sessions by repeated measure two-way ANOVA.
Data were normally distributed in both groups, and vari-
ances between groups were not significantly different. Because
Mauchly’s test indicated that the assumption of sphericity
had been violated, [χ2(27)= 66.99, p < 0.001], degrees of free-
dom were corrected using the Greenhouse–Geisser estimate of
sphericity (ε= 0.45) for tests that included a repeated mea-
sure. There was a significant main effect of sessions on distance
[F(3.26, 52.15)= 2.95, p < 0.05] and significant effect of groups
[F(1,16)= 234.05, p < 0.001]. Also, analysis showed a signifi-
cant effect of sessions× groups interaction [F(3.26, 52.15)= 3.78,
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Hatalova et al. Quinpirole sensitization and flexibility

p < 0.05]. Planned contrasts for the effect of both sessions
and interaction term showed a significant change in locomo-
tion between acquisition day 3 (ACQ3) and day 4 (ACQ4)
[session: F(1,16)= 9.69, p < 0.01; interaction: F(1,16)= 9.17,
p < 0.01] and between acquisition day 4 (ACQ4) and first day of
reversal (REV1) [session: F(1,16)= 11.25, p < 0.01; interaction:
F(1,16)= 9.49, p < 0.01]. Because by visual inspection control
group did not show any fluctuations (Figure 2B) in locomotor
activity, the up-regulation of activity in the QNP group probably
accounts for both significant sessions and interaction effect.

DISTANCE-ERRORS CORRELATION
When groups were pooled together, (including excluded rats) data
did not show any correlation between distance walked and errors
during all acquisition sessions pooled together rs=−0.04, ns.
However, it is obvious from the graph (Figure 4A) that data were
sectioned into two distinct populations based on treatment a rat

received. When treatment groups were considered separately there
was no significant correlation between number of errors and loco-
motor activity, (rs=−0.266, ns), in control group and no statisti-
cally significant correlation in the QNP-treated group, (rs= 0.136,
ns). After exclusion of rats that did not reach the threshold of
learning there was still no overall or group specific significant cor-
relation between number of errors and distance walked by a rat
(control group: rs=−0.05, ns; QNP group: rs= 0.04, ns; pooled
groups: rs= 0.12, ns) (Figure 4B). This indicates that in rats which
have entered reversal testing, there was no correlation between the
distance and number of errors despite the large difference in loco-
motion between the groups. To visually compare trajectories of
hyperlocomotor QNP-treated and control rats, example trajecto-
ries of each of these rats are included where individuals did not
make any entrance into the to-be-avoided sector. Figure 4C depicts
an example in ACQ4 of the trajectories of locomotion for a control
rat and for a QNP-sensitized rat under QNP.

FIGURE 4 | Scatter plots visualizing correlation between number of
errors and locomotion in experiment 1. (A) Data when all rats are included.
(B) Only rats that will enter reversal (non-learners excluded). Blue color
denotes QNP-treated rats, green color saline-treated rats. Both groups show
different patterns of association between number of errors and distance
walked, namely in the QNP group, there is a trend of worsened performance

(more errors) with higher locomotion, and in the saline-treated group, there is
an opposite trend. Nonetheless, this trend was not significant with or without
non-learners included. (C) Trajectory of hyperlocomotor QNP-treated and
control rat where neither individual made any error into the to-be-avoided
sector. Control and QNP-sensitized and drugged rats’ trajectories are from
last-day of acquisition (ACQ4).
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Hatalova et al. Quinpirole sensitization and flexibility

ACQUISITION AND REVERSAL LEARNING
Learning behavior was analyzed for acquisition and reversal learn-
ing separately. Acquisition learning (ACQ1–ACQ4) was analyzed
with all cases included (to determine if there is a significant dif-
ference in overall learning capability between groups) and with
“non-learners” excluded from analysis.

In acquisition learning, when all rats were included, the num-
ber of errors distributions was not normal and no transformation
was able to normalize them. Therefore, the Mann–Whitney test
was used to compare two experimental groups in each acquisition
learning day. The Bonferroni correction was applied to control
for family wise error caused by the high number of comparisons
(new significance threshold was calculated to be p < 0.0125). No
significant differences were detected between groups in any of
the acquisition sessions (ACQ1: U = 42.00, z =−0.92, ns; ACQ2:
U = 54.50, z =−0.04, ns; ACQ3: U = 41.50, z =−0.97, ns; ACQ4:
U = 42.50, z =−0.90, ns) (Figure 2C). The results show there
was no difference between QNP and control groups in acquisition
learning with all rats included in the study.

After the exclusion of rats which did not meet learning crite-
ria (therefore only rats, which learned acquisition task remained)
data showed normal distribution and equal variances after loga-
rithmic transformations, which allowed two-way repeated mea-
sure ANOVA to be conducted. Because Mauchly’s test indi-
cated that the assumption of sphericity had been violated
[χ2(5)= 42.39, p < 0.001], degrees of freedom were corrected
using the Greenhouse–Geisser estimate of sphericity (ε= 0.40)
for tests that included repeated measure. Session was consid-
ered a repeated measure and group was a between-subject
factor. The only significant effect was main effect of ses-
sion [F(1.19,17.88)= 26.59, p < 0.001]. There was no significant
group effect [F(1,15)= 39.95, ns] or sessions× groups interaction
[F(1.19,17.88)= 0.93, ns]. No simple effect post hoc analysis was
conducted since there were no significant differences between the
groups (data not shown).

Two-way repeated measure ANOVA was conducted on the
number of errors in four reversal sessions (REV1–REV4, only rats
which achieved <10 errors in ACQ4 were included) (Figure 2D).
Data were normally distributed so no transformation was needed.
Assumption of homogeneity of variances was broken and it
was not possible to correct it with any transformation. There-
fore, the Brown and Forsythe correction was applied during F
score calculation. Specifically, effect of session was significant
[F(1.939, 25.204)= 5.444, p < 0.05], even after degrees of freedom
were corrected by the Greenhouse–Geisser estimate of sphericity
(ε= 0.65) because the assumption of sphericity was significantly
violated [χ2(5)= 18.673, p < 0.05]. Sessions× groups interaction
was also significant, even after the Greenhouse–Geisser correc-
tion to degrees of freedom [F(1.94, 25.20)= 4.61, p < 0.05].
Effect of groups was also highly significant [F(1,13)= 31.72,
p < 0.001]. To break down an interaction term between QNP-
treated and control rats, simple effect analysis was conducted.
It showed that a significant difference was observed only on the
first day of reversal (REV1) F(1,13)= 11.18, p < 0.01 [other ses-
sions: REV2 F(1,13)= 2.14, ns; REV3 F(1,13)= 0.73, ns; REV4
F(1,13)= 0.02, ns].

TIME TO THE FIRST ERROR
Between-session long-term memory was measured by time-to-
the-first error. Data were non-parametrically distributed and no
transformation was capable of normalizing them. Therefore, the
non-parametric Mann–Whitney test had to be used to analyze
the data. The Bonferroni correction was applied to control for
family wise error caused by high number of comparisons (new
significance threshold was calculated to be p < 0.008). Despite the
apparent trend (Figure 2E) we did not find the differences in this
parameter significant (ACQ2: U = 53.00, z =−0.14, ns; ACQ3:
U = 37.00, z =−1.27, ns; ACQ4: U = 27.00, z =−1.97, p= 0.049;
REV2: U = 52.00, z =−0.21, ns; REV3: U = 44.50, z =−0.42, ns;
REV4: U = 49.00, z =−0.42, ns). In summary, after the family
wise correction of significance threshold, there was no significant
difference in between-session memory between saline-treated rats
and rats chronically drugged with QNP.

PERCENTAGE OF TIME SPENT IN FORMER TO-BE-AVOIDED SECTOR
DURING REVERSAL
A more detailed look into the differences in reversal learning
behavior is offered by analysis of time spent in the former to-
be-avoided sector after change of shock location. It is defined by
percentage of time spent in the formerly to-be-avoided sector of
time spent in always safe sector (all sectors excluding the reversed
to-be-avoided sector). Intriguingly, t -test shows that control rats
spent only 5.12% (SEM=±1.7%) of the time in former shock
zone while QNP-treated rats spent up to 13.32% (SEM=±2.5%)
in the former shock zone in the first 10 min of first reversal session
(REV1) [t (15)=−2.76, p < 0.05] (Figure 2F). On a probability
basis it could be argued that with a higher locomotion rate QNP-
treated rats enter the former shock zone sooner and more often, an
experience which could quickly dis-inhibit the previously learned
response. Therefore a correlation analysis was conducted to assess
any relationship between distance and measure of perseveration.
The correlation analysis showed that there was no significant cor-
relation between the two measures in this study (rs= 0.31, ns). In
conclusion, QNP-treated rats entered former-to-be-avoided sec-
tor significantly more than control rats. These results do not show
perseverative behavior in controls and demonstrate that QNP-
sensitization and treatment does not increase perseveration during
the reversal task on the Carousel.

EXPERIMENT 2
This experiment aimed to assess an effect of sensitization by
dopamine D2-like agonist QNP on acquisition and reversal learn-
ing on a Carousel in undrugged rats (for experimental scheme
see Figure 3A). Three rats were excluded from the analysis due
to technical complications (one from QNP-treated group and two
control rats). Rats which remained reached a pre-defined thresh-
old of max 10 errors by the fourth acquisition sitting (ACQ4).
Thus eight control rats and nine QNP-treated rats were included
in all analyses.

LOCOMOTION
Two-way repeated measure ANOVA was conducted to compare
the locomotion between group sensitized to QNP (but undrugged
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Hatalova et al. Quinpirole sensitization and flexibility

during both acquisition and reversal learning sessions) compared
to control rats. Data were normally distributed and variances of
the groups were not significantly different. Mauchly’s test indi-
cated that an assumption of sphericity for repeated measure test
had not been met [χ2(27)= 65.56, p < 0.001] and therefore all
the degrees of freedom in repeated measure tests (session and
sessions× groups interaction) were corrected by a Greenhouse–
Geisser estimate of sphericity (ε= 0.40). As can be observed from
the graph (Figure 3B) there was no group effect in locomotion
between sensitized and control rats [F(1,15)= 0.004, ns]. The
locomotion remained stable throughout sessions for there was
no effect of session observed [F(2.77,41.57)= 0.75, ns]. Non-
significant sessions× groups interaction terms indicate that the
two groups did not differ with the regard to locomotor activity
[F(2.77,41.56)= 0.197, ns.].

ACQUISITION AND REVERSAL LEARNING
Acquisition and reversal learning was analyzed separately and all
rats were included in the study. Since locomotion between the
groups did not vary, there was no need for correlation analysis test-
ing the relationship between distance and number of errors into
the to-be-avoided sector. In both acquisition and reversal learning,
the number of errors data were not normally distributed and had
to be transformed by a logarithmic transformation to correct the
issue. Variances between the groups were homogenous.

Two-way ANOVA was conducted to compare acquisition learn-
ing between QNP-sensitized and control rats (Figure 3C). The
effect of session [F(2.05,30.72)= 50.68, p < 0.001] was signifi-
cant even after the Greenhouse–Geissler correction, of sphericity
(ε= 0.68) which was necessary because the data significantly devi-
ated from the assumption of sphericity [χ2(5)= 13.04, p < 0.05].
There was no significant group effect observed [F(1,15)= 3.36,
ns], or sessions× group interaction [F(2.05, 30.72)= 1.59, ns].
The results suggest that in acquisition learning there were no dif-
ferences in learning between QNP-sensitized and control groups
(Figure 3B). Although interaction term was not significant from
the inspection of the graph it appears that there is a difference
in performance on ACQ1 where QNP-rats performed worse than
control rats (more errors).

Reversal session learning measured by number of errors was
also analyzed using two-way repeated measure ANOVA. Data were
logarithmically transformed to correct for deviation from nor-
mal distribution. Since the sphericity assumption was met, no
adjustment to degrees of freedom was necessary in results which
included repeated measure. The effect of session was highly signifi-
cant [F(3,45)= 12.72, p < 0.001], while group effect was shown to
be not significant [F(1,15)= 0.18, ns]. Significant interaction term
sessions× group [F(3,45)= 3.64, p < 0.5] indicated that there was
a difference in learning between the QNP group compared to the
control group (Figure 3D). Nonetheless, the interpretation of this
effect must be very cautious because there was no observable group
effect in reversal. We checked if the significant interaction could
not have been caused by one or two highly deviating animals.
After Grubb’s test to detect outliers it was found that one rat
in the QNP group was a significant outlier. However, even after
removal of this outlying point, the interaction effect remained sig-
nificant [F(3,42)= 3.11, p < 0.05] (assumption of sphericity was

met). By visual observation, it appears that QNP-treated rats learn
significantly faster than control rats between REV1 and REV2.
In summary, in experiment 2 there was no effect in acquisition
learning between QNP-sensitized and control rats, but a signifi-
cant interaction term may suggest an initial steeper learning curve
in QNP-treated rats in reversal learning.

TIME TO THE FIRST ERROR
Time-to-first-error was analyzed by a non-parametric Mann–
Whitney test since no transformation was capable of normalizing
the data. A Bonferroni correction was applied to control for family
wise error caused by a high number of comparisons (new sig-
nificance threshold was calculated to be p < 0.008). First day of
acquisition (ACQ1) and first day of reversal (REV1) were excluded
from the analysis since time-to-first-error measures a memory
trace could not be present at the beginning of these two sessions.
No significant differences were detected between groups in any
of the acquisition days (ACQ2: U = 26.00, z =−0.96, ns; ACQ3:
U = 32.00, z =−0.39, ns; ACQ4: U = 30.00, z =−0.58, ns;
REV2: U = 31.00, z =−0.48, ns; REV3: U = 22.00, z =−1.35, ns;
REV4: U = 35.00, z =−0.10, ns) (Figure 3E). Thus, our analysis
did not find any difference in the long-term between-the-session
memory in rats sensitized to QNP.

PERCENTAGE OF TIME SPENT IN FORMER TO-BE-AVOIDED SECTOR
DURING REVERSAL
Percentage of time spent in the former to-be-avoided sector was cal-
culated for experiment 2 in the same manner as for experiment 1.
A t -test was used to compare the difference in this value between
groups. Results showed that there was no difference in percentage
of time spent in the former to-be-avoided sector out of all safe sec-
tors between control and QNP-sensitized groups [t (15)= 0.11, ns]
(Figure 3F) with the mean percentage spent in the former shock
sector being 9.9% (SEM=± 2.8%) and 9.52% (SEM=± 2.1%),
respectively.

DISCUSSION
Quinpirole-sensitized drugged rats during cognitive testing
(experiment 1) showed comparable acquisition learning with con-
trol rats but displayed impaired reversal learning, which was not
associated with perseverative responding. Rats acquired the task
at a similar rate as the control group, despite hyperlocomotion
in QNP-drugged rats, and the same number of rats per group
reached the threshold of 10 errors in 30-min session by the fourth
session. This indicated that chronic sensitization of dopamine D2-
like receptors by QNP (and their ongoing stimulation) did not
affect cognitive coordination (perceptual segregation). Cognitive
coordination deficits are consistently observed in schizophrenia
patients (Han et al., 2012) and in rat models of schizophrenia
(Lobellova et al., 2013). The present lack of effect on cognitive
coordination suggests that chronic QNP treatment did not involve
such an aspect. It can be speculated that defective acquisition learn-
ing due to the effect of impaired cognitive coordination in schiz-
ophrenic patients (Phillips and Silverstein, 2003) was not caused
by sensitized dopamine D2-like receptors despite clear evidence of
dopamine involvement in the pathology of schizophrenia (Carls-
son et al., 1999). It is very interesting that despite much higher
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locomotion rate, these animals managed to avoid to-be-avoided
sector with no problem. However, dispersion of locomotion in the
safe part of the arena is much wider in QNP-treated animals. This
may be related to the hyperlocomotion induced by QNP.

In the reversal learning, QNP-sensitized drugged rats showed a
significant,but transient reversal deficit manifested by an increased
number of errors during the first session compared to the control
group. It should be noted that this deficit was indeed specific only
for the beginning of reversal training, since by the third and fourth
reversal session the deficit was ameliorated and rats displayed
comparable results with the control group.

It was proposed that there are three parallel processes that have
to occur during successful reversal: extinction of response that
is no longer rewarded, behavioral switch to the new reward, and
response maintenance (Klanker et al., 2013). A deficit in extinction
would be characterized by a perseverative responding. A defect in
behavioral switch would be associated with disorganized behavior
while a defect in response maintenance would be associated with
the inability to improve in both acquisition and reversal tasks (both
between sessions and within one session). Our results suggest that
the only defective process in the case of QNP-sensitized drugged
rats is the behavioral switch. From the results, it is apparent that
in reversal, control rats did not significantly improve their perfor-
mance, compared to improvement observed in QNP-treated rats.
This could indicate that QNP actually improves response main-
tenance. However, since significant improvement was observed in
control group in experiment 2, which received exactly the same
treatment, this effect might also be a batch-specific artifact.

Importantly, the observed reversal deficit was not associated
with the perseverative behavior as can be deduced from percentage
of time spent in the former to-be-avoided sector. QNP-treated rats
actually spent a higher percent of time in the former to-be-avoided
sector than control rats. We hypothesized that QNP-treated rats
would perseverate – to keep avoiding the former to-be-avoided
sector – more than controls based on studies that had shown
that chronic administration of QNP is associated with persever-
ative behavior in alternation tasks (Einat and Szechtman, 1995;
Kontis et al., 2008) and on studies that document enhanced
“compulsive” lever pressing after repeated administration of QNP
(Joel et al., 2001). Also, the only study that tested reversal in
rats treated with systemic acute QNP reported a marked rever-
sal learning deficit associated with high incidence of persever-
ative responding (Boulougouris et al., 2009). Despite the often
observed perseverative behavior, non-perseverative behavior in
reversal was also reported following D2-like manipulation. For
example, non-perseverative errors in reversal were demonstrated
when QNP was infused locally into the nucleus accumbens (Haluk
and Floresco, 2009) and after dopamine depletion in the striatum
(Clarke et al., 2011) or depletion in orbitofrontal cortex (Walker
et al., 2009). Non-perseverative errors were observed in reversal
learning in humans on spatial tasks after systemic administration
of bromocriptine, another D2-like agonist (Mehta et al., 2001).
Although not uncommon, a lower perseveration in QNP-treated
rats in our study is very intriguing in light of previous studies
specifically regarding the effects of systemic QNP administration,
which showed high perseverative behavior in QNP-treated rats
(Kontis et al., 2008; Boulougouris et al., 2009).

We propose several theories to explain why QNP-treated rats
were entering faster into the former to-be-avoided sector than
control rats despite often cited increased perseveration during the
reversal task. Possibly, drugged rats sensitized to QNP might have
exacerbated checking, which would suggest that they might have
inspected the previously punished region more frequently. Also,
fast entrance into the former to-be-avoided sector may be simply
caused by an increased locomotion – as mentioned before, ani-
mal that moves more has a higher chance of entering into any
location of the arena sooner. Alternatively, QNP-treated animals
could simply enter the former to-be-avoided sector because of
impaired long-term memory. This hypothesis is supported by the
trend we observed in time-to-the-first-error. Although not sig-
nificant, QNP-treated animals consistently entered to-be-avoided
sector very soon after session commencement, suggesting these
animals had to be “reminded” where the to-be-avoided sector is
located. It is interesting that in our experiments the trend of dis-
ruption of between-session learning is observed in QNP-sensitized
animals regardless of drugged state (in both experiments 1 and 2).
Also, in OCD patients a long-term episodic memory appears to be
impaired (Savage et al., 2000; Deckersbach et al., 2004). Despite
the results appearing very suggestive, they never reach a significant
level presumably due to high variability within the control group.
A larger cohort of animals would be necessary to properly address
the issue.

In human studies, rather ambiguous evidence of a reversal
learning deficit was demonstrated in OCD patients. Alterations
in fronto-striatal circuits (without reversal learning deficit per se)
were observed during reversal in OCD patients (Remijnse et al.,
2006) and their unaffected relatives (Chamberlain, 2007). Some
studies detected worsened overall performance on the reversal
task (Remijnse et al., 2006) but most found only increased time
latencies to complete the task possibly indicating increased cog-
nitive demand (Valerius et al., 2008; Remijnse et al., 2009; Ersche
et al., 2011). It must be noted that in active place avoidance on a
Carousel, time is an important limiting factor. A rat does not have
infinite amount of time to make a correct choice due to the rota-
tion of arena. Therefore, a longer latency to make a choice results
in punishment (rat would be transported to the sector by arena
rotation). In this light increased time latencies to make a choice
observed in patients could be viewed as an indiscernible rever-
sal error. Also, it was proposed that currently used reversal tasks
are too simple to make gross behavioral abnormalities apparent
(Klanker et al., 2013).

How cognitive flexibility is related to repetitive behavior is a rel-
atively unaddressed topic. This is the first study, to our knowledge,
to address cognitive coordination and flexibility in a QNP-induced
rat model of OCD and a second study that addresses spatial flexi-
bility in any rat model of OCD as well. Previously, only stereotyped
jumping was correlated with reversal learning in a T-maze in
deer mice, a genetic model of OCD, where a positive relationship
between stereotypy and reversal errors was discovered (Tanimura
et al., 2008). Still more studies exploring links between OCD-like
behavior and reversal deficit are needed to disambiguate these
somewhat contradictory findings.

An important limitation of these findings is that even acute
administration of QNP is associated with reversal learning deficit;
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therefore the reversal learning deficit cannot be attributed solely to
the model of OCD. The second limitation is a possibility of QNP-
treated animals being less sensitive to electric shock, which was not
directly tested. Since acquisition in both QNP and saline-treated
animals is similar it can be assumed that sensitivity to electrical
stimulation is unchanged by QNP treatment. Scarce literature on
the QNP effect on pain sensitivity offers contradictory results with
some studies proposing hyper-analgesic (Roane and Paul, 1992)
and some hypo-analgesic effects (Magnusson and Fisher, 2000;
Munro, 2007). Lastly, a lesion of the nigrostriatal dopaminergic
projection had no effect on escape learning and response to elec-
tric shock suggesting that intact dopaminergic transmission is not
necessary for avoidance learning (Price and Fibiger, 1975).

The second experiment (experiment 2) explored the effect of
long-term sensitization by D2-like agonist QNP on reversal learn-
ing in QNP-sensitized undrugged rats. In both phases of the task
rats were improving with each consecutive session. There was
no difference between the groups in learning although there was
worse performance in the QNP-sensitized group at the beginning
of reversal. Significant interaction term in reversal learning was
detected, which suggests that QNP-treated rats learn faster com-
pared to control rats once they comprehend the task in the initial
reversal session. However, this interaction term should be regarded
with a caution, because of the difficulty of its interpretation. With
regard to stimulants, it is known that rats remain sensitized to the
substance up to a year when presented with a substance challenge
(Paulson et al., 1991). As mentioned before, in QNP-treated rats
perseverative behavior was observed even 12 weeks after treatment
discontinuation (Einat and Szechtman, 1993). In a verification
experiment, we re-applied QNP for a month and a half after dis-
continuation of QNP treatment, which resulted in a heightened
locomotor response in these rats compared to the drug-naïve rats
(unpublished results). It can be concluded, that the molecular sub-
strate of sensitization was present at the time our experiments were
conducted.

To our knowledge only one study has focused on the effect of
long-term QNP administration on behavioral flexibility after it
was discontinued (Einat and Szechtman, 1993). In our study we
have chosen a different and, in some aspects, more demanding
cognitive task – active place avoidance on a Carousel. Similarly
to the previous study, we did not find any significant difference
in acquisition or reversal learning between the groups [despite
the time window from the last QNP treatment day was mini-
mized to 2 days compared 10 days in the MWM experiment by
Einat and Szechtman (1993)]. Also, we did not find a difference
in the percentage of time spent in the former to-be-avoided sec-
tor, indicating lack of difference in the tendency to perseverate.
This is in contrast to previously observed higher perseveration
compared to saline-treated rats in MWM (Einat and Szechtman,
1993). The discrepancy could be caused by differences in the task
setup, where we assessed perseveration (deduced from percentage
of time spent in the former to-be-avoided sector) in the reversal
phase. In the MWM, task perseveration was measured in the
extinction session before reversal. Overall, it appears that QNP-
induced sensitization is associated with alterations in reversal
learning characterized by a higher error rate in the initial reversal
session.

CONCLUSION
We have shown a cognitive flexibility deficit in a rat model of
OCD, which was not associated with increased perseveration. This
robust deficit is present only when D2-like receptors are directly
stimulated with QNP. When D2-like receptors are sensitized, but
unstimulated by the agonist, there is no difference in number of
errors between the groups in reversal of active place avoidance on
a Carousel. Nonetheless, sensitized rats displayed a significantly
altered learning style characterized by a higher error rate at the
beginning of the reversal and faster learning in the second reversal
session compared to control rats.
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Internet addiction disorder (IAD) is an impulse disorder or at least related to impulse con-
trol disorder. Deficits in executive functioning, including response monitoring, have been
proposed as a hallmark feature of impulse control disorders. The error-related negativity
(ERN) reflects individual’s ability to monitor behavior. Since IAD belongs to a compulsive-
impulsive spectrum disorder, theoretically, it should present response monitoring functional
deficit characteristics of some disorders, such as substance dependence, ADHD, or alcohol
abuse, testing with an Erikson flanker task. Up to now, no studies on response mon-
itoring functional deficit in IAD were reported. The purpose of the present study was
to examine whether IAD displays response monitoring functional deficit characteristics
in a modified Erikson flanker task. Twenty-three subjects were recruited as IAD group.
Twenty-three matched age, gender, and education healthy persons were recruited as con-
trol group. All participants completed the modified Erikson flanker task while measured
with event-related potentials. IAD group made more total error rates than did controls
(p < 0.01); Reactive times for total error responses in IAD group were shorter than did
controls (p < 0.01). The mean ERN amplitudes of total error response conditions at frontal
electrode sites and at central electrode sites of IAD group were reduced compared with
control group (all p < 0.01). These results revealed that IAD displays response monitoring
functional deficit characteristics and shares ERN characteristics of compulsive-impulsive
spectrum disorder.

Keywords: Internet addiction disorder, event-related potentials, error-related negativity, the modified Erikson
flanker task, response monitoring function

INTRODUCTION
With Internet’s rapid advance and social penetration, its nega-
tive effects have emerged prominently. Internet addiction disorder
(IAD), also described as Pathological Internet use (PIU) or prob-
lematic Internet use, is defined as an individual’s inability to
control his or her use of the Internet, which eventually causes
psychological, social, school, and work difficulties or dysfunction
in a person’s life (Young and Rogers, 1998; Davis, 2001). IAD has
been increasingly recognized as a mental disorder. Many studies
support the hypothesis that IAD is a new and often unrecog-
nized clinical disorder that can cause relational, occupational, and
social problems. Pathological gambling is compared to problem-
atic Internet use because of overlapping diagnostic criteria. As
computers are used with great frequency, detection, and diagno-
sis of Internet addiction is often difficult. Symptoms of a possible
problem may be masked by legitimate use of the Internet (Grif-
fiths, 2000; Block, 2008; Young, 2009; Weinstein and Lejoyeux,
2010). Recent estimates of its high prevalence in young people,
combined with evidence that IAD is a maladaptive behavior with
potentially serious occupational and mental health consequences,
support the validity of the diagnosis (Ko et al., 2012). A recent
study which analyzed Chinese college students who had been clas-
sified as computer addicts by the study designers and who used a

computer around 10 h a day, 6 days a week, found reductions in the
sizes of the dorsolateral prefrontal cortex, rostral anterior cingu-
late cortex, supplementary motor area, and parts of the cerebellum
compared to students deemed “not addicted” by the designers. On
the other hand, increases in the density of the right parahippocam-
pal gyrus and a spot called the left posterior limb of the internal
capsule were also found (Yuan et al., 2011). Another study which
investigated the existence of differences in cortical thickness of the
Orbitofrontal cortex (OFC) in adolescents with IAD displayed that
subjects with IAD have significantly decreased cortical thickness
in the right lateral OFC (Hong et al., 2013), which supports the
view that the OFC alterations in adolescents with Internet addic-
tion reflect a shared neurobiological marker of addiction-related
disorders in general. However, there has been much disagree-
ment in the planning for DSM-V about how to conceptualize this
relatively new condition, or its core psychopathology (Holden,
2001).

However, there still has been the viewpoint that IAD is not a
true addiction and may in fact be no more than a symptom of
other, existing disorders. An overbroad description of addiction
leaves open the possibility of every compensatory behavior being
declared an addiction. For many individuals, overuse or inappro-
priate use of the Internet is a manifestation of their depression,
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anxiety, impulse control disorders, or pathological gambling. It is
possible that a person could have a pathological relationship with
a specific aspect of the Internet, such as bidding on online auc-
tions, viewing pornography, online gaming, or online gambling
(which is included under the existing Pathological Gambling),
but that does not make the Internet medium itself addictive
(Young and Rogers, 1998). Studies reported that IAD consists
of at least three subtypes: excessive gaming, sexual preoccupa-
tions, and e-mail/text messaging. All of the subtypes share the
common components, i.e., preoccupation, mood modification,
excessive use, withdrawal, tolerance, and functional impairment
(Block, 2008). By using the Diagnostic and Statistical Manual
of Mental Disorders (Fourth Edition, DSM-IV) criteria, some
authors suggest IAD is an impulse disorder or at least related to
impulse control disorder (Brard and Wolf, 2001; Shaw and Black,
2008).

Components of impulsivity include attention, suppressing
responses, poor evaluation of consequences, and/or an inability to
forgo immediate small rewards in favor of greater delayed rewards.
Impulsivity can be conceptualized more broadly as dysregulated
behavior. Dysregulated behavior conveys the complex interplay of
factors underlying the breakdown in behavioral regulation that the
construct of impulsivity implies, such as poorly planned, unreflec-
tive, reckless, abrupt, under-controlled, or inappropriate behavior
that leads to negative outcomes (Finn et al., 1999). A study which
investigated the independence of measures of impulsivity and their
association with hazardous drinking indicated that multiple com-
ponents of impulsivity and automatic alcohol approach tenden-
cies explain unique variance in hazardous drinking (Christiansen
et al., 2012). Despite the impulsivity is not a monolithic trait,
but a collection of distinct behavioral tendencies, however, some
of which are major factors and vulnerability markers for addic-
tion (Lawrence et al., 2009a,b). A study that investigated deficient
inhibitory control in individuals with IAD using a visual go/no-
go task by event-related potentials (ERPs) indicated individuals
with IAD were more impulsive than controls and shared neu-
ropsychological and ERPs characteristics of compulsive-impulsive
spectrum disorder, which supports that IAD is an impulse disor-
der, or at least related to impulse control disorder (Zhou et al.,
2010). Response monitoring is one of several cognitive processes
subsumed under the umbrella term of executive functions, a class
of processes thought to underlie flexible goal-directed behavior
and attributed generally to the functioning of a network of inter-
related neural regions including the prefrontal cortex, anterior
cingulate, basal ganglia, and striatum (Shallice et al., 1991; Stuss
et al., 1995). Response monitoring refers generally to the ability
to monitor one’s own actions and progress toward a predefined
goal and thus is essential for the successful execution of goal-
directed behaviors. Specifically, when one is performing an action
an internally generated monitoring system compares a representa-
tion of the correct or intended action with a representation of the
actual response. If no discrepancy is detected current actions con-
tinue but if a discrepancy is detected, remedial actions are initiated
(McKee et al., 1998; Coles et al., 2001).

The ERPs reflect the rapidly changing electrical activity asso-
ciated with a cognitive event in relatively large synaptic fields

containing tens of millions of neurons. When participants make
errors in these speeded response tasks (such as, an Erikson flanker
task), an ERP component, the error-related negativity (ERN), and
presents as a negative detection approximately 50–100 ms follow-
ing the erroneous response. Previous studies dedicated that ERN
reflects error-related brain activity, namely, it reflects individual’s
ability to monitor behavior (Falkenstein et al., 1991, 2000). Deficits
in executive functioning, including response monitoring, have
been proposed as a hallmark feature of impulse control disorders,
including attention deficit disorder, obsessive compulsive disorder,
and substance dependence. For example, a study which deter-
mined whether cocaine-dependent persons have error-processing
deficits as measured using ERN showed when performing an Erik-
sen flanker task, Cocaine-addicted patients showed reduced ERN
as compared to a control group. On the behavioral level, patients
showed reduced post-error accuracy improvement. The findings
reveal that cocaine addiction is associated with reduced error
processing and impaired behavioral correction of errors after an
error is made. These deficits may be associated with a compro-
mised dopamine system (Franken et al., 2007). Another study
measured the response-locked ERP during a flanker task with
performance-based monetarily rewarding and punishing trials in
37 undergraduate students separated into high- and low-impulsive
groups based on a median split on self-reported Barrett Impulsive-
ness Scale. The high-impulsive group had a smaller medial frontal
ERN on punishment trials than the low-impulsive group. The
medial prefrontal neural system of behavior monitoring, indexed
by the ERN, appears less sensitive to punishment signals in normal
impulsivity. This reduced punishment sensitivity in impulsivity, a
personality variation associated with several mental and personal-
ity disorders including ADHD and substance abuse may be related
to the tendency to select short-term rewards despite potential
long-term negative consequences in these individuals (Potts et al.,
2006). A previous study investigated whether smokers showed
initial error processing deficits, as measured with ERN, when
exposed to smoking cues. ERN was measured during a modified
Erikson flanker task in both smokers and non-smoking controls.
Results showed smokers showed reduced ERN amplitudes after
making an error, accompanied by diminished post-error slow-
ing of reaction times (RTs). These results suggest that initial
error processing attributed to an error is affected in smokers dur-
ing smoking cue exposure. Furthermore, individual variation in
impulsivity and nicotine dependence was associated with reduced
ERN amplitudes (Luijten et al., 2011). Since IAD belongs to a
compulsive-impulsive spectrum disorder, theoretically, it should
present response monitoring functional deficit characteristics of
some disorders, such as substance dependence, ADHD, or alcohol
abuse, testing with an Erikson flanker task. Up to now, no studies
on response monitoring functional deficit in IAD were reported.
In this study, participants’ behavioral responses and ERPs were
recorded while they performed a modified Erikson flanker task.
The ERN was suitable to examine the neural processes involved
with response monitoring function. The purpose of the present
study was to examine whether IAD displays response monitor-
ing functional deficit characteristics in a modified Erikson flanker
task.
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MATERIALS AND METHODS
TIME AND SETTING
The experiment was completed in the Department of psychology
at Wuxi Mental Health Center, China, from May 2009 to March
2012.

DIAGNOSTIC APPROACHES AND PARTICIPANTS
The criteria of IAD group included: (a) met the criteria of the
modified Diagnostic Questionnaire for Internet Addiction (YDQ)
(see Appendix) (Brard and Wolf, 2001), i.e., subjects who answered
“yes”to questions 1 through 5 and at least any one of the remaining
three questions were classified as suffering from IAD; (b) whose
age were more than 18 years old; (c) did not meet criteria of any
DSM-IV axis I disorder or personality disorders by administer-
ing a structured clinical interview (Chinese version); (d) were
not smokers; and (e) had not a diagnosis of alcohol or substance
dependence, neurological disorders, all kinds of head injury or
systemic disease that might affect the central nervous system.

The duration of the disorder was estimated via a retrospective
diagnosis. We asked the subjects to recall their life-style when they
were initially addicted to the Internet. To guarantee that they were
suffering from Internet addiction, we retested them with the cri-
teria of the modified YDQ. We also confirmed the reliability of
these self-reports from the IAD subjects by talking with their par-
ents via telephone. The IAD subjects spent 11.01± 1.52 h/day on
online activities (including pornography, gaming, virtual society,
Internet social interaction, and obtaining information). The days
of Internet use per week was 6.41± 0.6. We also verified this infor-
mation from the roommates and classmates of the IAD subjects
that they often insisted being on the Internet late at night, disrupt-
ing others’ lives despite the consequences. Subjects were recruited
from IAD Therapeutic Department of Wuxi Mental Health Cen-
ter. They have regulated sleep patterns and did not ingest large
quantities of caffeinated and energetic drinks by medical staffs’
management.

Twenty-three subjects were recruited as IAD group. The con-
trols were recruited from citizens lived in Wuxi city, Jiangsu
Province, China through local advertisement. Controls were
excluded from the study if they were smokers; or had a diagnosis of
alcohol or substance dependence, neurological disorders, all kinds
of head injury or systemic disease that might affect the central
nervous system. Twenty-three matched age, gender, and educa-
tion healthy persons were recruited as control group. According to
a previous IAD study (Ko et al., 2009), we chose healthy controls
who spent less than 2 h/day on the Internet. The controls were also
tested with the YDQ criteria modified by Beard and Wolf to ensure
they were not suffering from IAD. All participants were Chinese.
All participants underwent a clinical assessment by a psychiatrist to
collect information on medication, socio-demographic data, and
to confirm/exclude an IAD diagnosis. Handedness was assessed
using the Annett handedness scale (Annett, 1970). Ratings on this
scale were recorded into the following definitions of handedness:
Annett score (1)= right, (2–7)=mixed, (8)= left. In this study,
we gave all participants a written informed consent to partici-
pate and all were paid. The protocol for the research project was
approved by the Ethics Committee of Nanjing Medical University,
China.

TASKS AND PROCEDURE
The modified Erikson flanker task
E-Prime software 2.0 (Psychology Software Tools Inc., Sharpsburg,
NC, USA) was used for the experimental procedure. The modi-
fied Erikson flanker task, adapted from Heather et al. (2006), after
acquiring 6 min of eyes open and eyes closed resting electroen-
cephalography (EEG), a modified version of the Eriksen flanker
task was administered. In this task participants are required to
indicate the direction of a central target in an array of five stimuli
on compatible trials (<<<<< or >>>>>) or on incompati-
ble trials (<<><< or >><>>), in which the target stimulus
faces in the opposite direction from all other stimuli in the array.
Correct performance required the participants to press the button
on the keypad that corresponded to the direction of the center
arrowhead. Participants were seated approximately 70 cm from
a computer monitor holding a small box with two buttons on
his/her lap. A small fixation mark (a red dot) remained in the cen-
ter of the monitor throughout the task, with the stimulus arrays
presented just above the fixation mark. Participants completed
a shortened block of practice trials and timing trials prior to cap
placement. Participants who committed eight errors or less during
the 50 timing trials, were administered 3 blocks of 96 (288) data
collection trials consisting of a 200 ms warning cue (an asterisk), a
300 ms delay, and one of the four target displays lasting for 200 ms.
They then had 800 ms to make their response. Participants who
committed more than eight errors during the timing trials, were
administered 3 blocks of 96 (288) data collection trials consisting
of a 200 ms warning cue, a 300 ms delay, and one of four target
displays lasting for 250 ms, with 1100 ms to make their response.
The order of compatible and incompatible trials was counterbal-
anced so that the probability of each target display was 0.25 across
a block of trials. Each task block lasted approximately 7 min, for a
total of 21 min of testing.

Behavioral analysis
According to previous study (Heather et al., 2006), RT was
recorded for every trial and mean RTs were computed for total
error responses, including compatible and incompatible trials. RT
measures began with the presentation of the target display and
ended when a button press was detected or when the trial ended,
whichever came earlier. Error rates were computed for total trails,
including compatible and incompatible trials.

Electrophysiological recordings
Depending on the findings and reports of studies that the ERN is
typically measured at midline frontal or central sites (Doreen and
Greg, 2008), according to the 10/20 International System, EEG was
recorded with the Stellate Harmonie EEG device (Physiotec Elec-
tronics Ltd., Canada) using Electro-Cap Electrode System (ECITM
Electro-Caps, Electro-cap International, INL, USA) from F3, Fz,
F4, C3, Cz, C4, A1, and A2. Combined ear electrodes served as a
reference and the ground electrode was attached to the forehead.
Eye movement artifacts were monitored by recording vertical and
horizontal electro oculogram (EOG) from electrodes placed above
and below the right eye and at the left outer canthus. Electrode
impedance was kept below 5 kΩ. System band pass was 0.1–30 Hz
and digitalized continuously at a sampling rate of 250 Hz. The

Frontiers in Behavioral Neuroscience www.frontiersin.org September 2013 | Volume 7 | Article 131 | 239

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Zhou et al. ERN investigation on IAD

EEG activity was recorded only during the recording phase not
the practice phase.

ERP analysis
The Brain Electrical Source Analysis program (BESA 5.2.0 Soft-
ware, Graefelfing, Germany) was used to perform data analysis.
Epochs were constructed that consisted of a 100 ms pre-stimulus
baseline and a 1000 ms post-stimulus interval. All epochs with
amplitudes exceeding ±75 µV at any electrode were excluded
automatically. Epochs were averaged offline for each subject and
stimulus type and digitally filtered with a low-pass filter of 15 Hz
(24 dB down). Measurement latency windows were determined
based on visual inspection of the individual data and grand-
averaged data of all subject. Inspection of the grand-average wave-
forms indicated that ERN component, the peak negativity within
a 50–100 ms latency window, was used for analysis.

Statistical analysis
Data collected were analyzed with SPSS 10.0 statistical soft-
ware (SPSS, Chicago, IL, USA). Comparisons of RTs and error
rates between IAD group and control group were done using
independent-sample t -tests. Separate repeated-measures analy-
sis of variance (ANOVA) was performed for ERPs from frontal
(F3, Fz, and F4) and central (C3, Cz, and C4) electrode sites for
ERN amplitudes. All F ratios associated with repeated-measures
factors were assessed using degrees of freedom corrected with
Greenhouse–Geisser procedure for controlling Type I error. Least
square difference (LSD) tests were performed as post hoc analy-
ses if indicated. Alpha values of 0.05 were considered significant
throughout.

RESULTS
DEMOGRAPHIC CHARACTERISTICS OF PARTICIPANTS
The demographic characteristics of all subjects are detailed in
Table 1. There were no differences in sex ratio, mean age,
mean education years, and handedness between the two groups
(p > 0.05).

The demographic characteristics of the sample are detailed in
Table 1.

ASSESSMENT OF BEHAVIORAL OUTCOME
By independent-sample t -tests, IAD group made more total
error rates [(19.8± 3.45)%] than did controls [(13.1± 2.67)%]
(t= 3.238, p < 0.01); RTs for total error responses in IAD group
[(440± 21) ms] were shorter than did controls [(495± 18) ms]
(t=−2.963, p < 0.01).

COMPARISONS OF ERN AMPLITUDES OF TOTAL ERROR RESPONSE
CONDITIONS BETWEEN IAD GROUP AND CONTROL GROUP
Error-related negativity amplitudes of total error response condi-
tions at frontal electrode sites and central electrode sites showed as
Table 2.

ERN amplitudes of total error response conditions at frontal
electrode sites
A repeated measure ANOVA with frontal electrode sites (F3,
Fz, and F4) and group (IAD vs. control) as within-subject fac-
tors revealed a significant group, frontal electrode sites and

Table 1 | Demographic characteristics of the sample.

IAD group Control group

Sex ratio (M/F) 23 (17:6) 23 (17:6)

Mean age (SD) 25 (6) 25 (6)

Age range 18–36 18–36

Mean education years (SD) 9 (4) 9 (4)

HANDEDNESS

R/M/L 13/7/3 14/6/3

(% R/M/L) (57/30/13%) (61/26/13%)

M, male; F, female; SD, standard deviation; R, right; M, mixed; L, left.

Table 2 | Error-related negativity amplitudes [(µV) (mean ± SD)] of

total error response conditions in IAD group and control group.

Group F3 Fz F4 C3 Cz C4

Control 9.2±1.6 9.1±1.3 8.5±1.9 8.9±2.0 9.0±2.3 8.7±1.7

IAD 1.3±0.3 1.1±0.6 1.9±0.8 1.2±0.5 1.4±0.7 1.0±0.7

group× frontal electrode sites main effect for ERN amplitudes
(for group: F= 768, df= 1, p= 0.000; for frontal electrode sites:
F= 615, df= 2, p= 0.000; for group× frontal electrode sites:
F= 516, df= 2, p= 0.000). LSD tests were performed as post hoc
analyses and demonstrated significant differences between ERN
amplitudes at frontal electrode sites of IAD group and those at
control group (all p= 0.000). ERN amplitudes were lower than
those at control group (Figure 1).

ERN amplitudes of total error response conditions at central
electrode sites
A repeated measure ANOVA with frontal electrode sites (C3,
Cz, and C4) and group (IAD vs. control) as within-subject
factors revealed a significant group, central electrode sites and
group× central electrode sites main effect for ERN amplitudes
(for group: F= 862, df= 1, p= 0.000; for central electrode sites:
F= 599, df= 2, p= 0.000; for group× central electrode sites:
F= 483, df= 2, p= 0.000). LSD tests were performed as post hoc
analyses and demonstrated significant differences between ERN
amplitudes at central electrode sites of IAD group and those at
control group (all p= 0.000). ERN amplitudes were lower than
those at control group (Figure 1).

DISCUSSION
This study is the first to employ the modified Erikson flanker
task to investigate response monitoring functional deficit char-
acteristics in IAD with ERN. Our trail results showed that when
performing the modified Erikson flanker task, IAD group made
more total error rates than did controls, and reactive times for
total error responses in IAD group were shorter than did controls.
Consistent with previous study (Cao and Su, 2007), individuals
with IAD were more impulsive than controls. A pervious small
sample size study on psychiatric features of individuals with prob-
lematic Internet use showed that all subjects’ problematic Internet
use met DSM-IV criteria for an impulse control disorder not oth-
erwise specified, and concluded that problematic Internet use may
be associated with subjective distress, functional impairment, and
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FIGURE 1 | Grand-averaged ERPs waveforms for error (ERN, designated with cursor at F3) were elicited by the modified Erikson flanker task for IAD
group (blue lines) and Control group (red lines). The ERN components were presented within a 50–100 ms latency window.

Axis I psychiatric disorders (Shapira et al., 2000). Another study
used a questionnaire survey on Internet addicted behavior dis-
played a high prevalence of features of impulse control disorders,
such that presented a great urge to be “online” if they are discon-
nected; felt the world is an empty and dull space without Internet;
had daytime fantasies about Internet use; became very nervous if
the Internet connection was slow; displayed depressive mood and
of feeling guilty after a longer use of the web; had aggressive behav-
iors if they were interrupted by others using the Internet (Treuer
et al., 2001). Above mentioned two studies suggested that IAD is
a new subtype of impulse control disorder. Within neuropsychol-
ogy and cognitive neuroscience, impulsivity is often equated with
the term “disinhibition,” referring to the idea that top-down con-
trol mechanisms ordinarily suppress automatic or reward-driven
responses that are not appropriate to the current demands (Aron,
2007). These inhibitory control mechanisms may be disrupted fol-
lowing pathological gambling, drug addiction, ADHD, or alcohol
abuse, resulting in a predisposition toward impulsive acts. Defined
in this way, impulsivity has relevance to IAD.

A hallmark personality characteristic in substance abuse is
impulsivity (Moeller et al., 2001). Impulsivity is related to
increased sensitivity to reward and decreased sensitivity to pun-
ishment; studies show that individuals who score high on impul-
sivity scales have decreased ERN amplitudes in response to errors
(Ruchsow et al., 2005; Potts et al., 2006). Our study showed that
ERN amplitudes of total error response conditions at frontal
electrode sites and at central electrode sites of IAD group were
reduced compared with control group. The ERN variations in
IAD are similar to some impulse control disorders, such as atten-
tion deficit disorder, obsessive compulsive disorder, and substance
dependence. Several theories and computational models have
been developed regarding the functional significance of the ERN.
Some suggest that the ERN reflects the error-detection process
(Nieuwenhuis et al., 2001), an error signal at the remedial action
system (Holroyd and Coles, 2002), the conflict-detection process
(Yeung et al., 2004), or a more emotionally or motivationally

relevant response to errors (Gehring and Willoughby, 2002).
Since previous studies have shown that ERN reflects error-related
brain activity, namely, it reflects individual’s ability to moni-
tor behavior (Falkenstein et al., 1991, 2000). This study results
suggested that individuals with IAD presented deficits in exec-
utive functioning, including response monitoring. The results
of this study clearly demonstrate individuals with IAD were
more impulsive than controls and shared neuropsychological and
ERN characteristics of some disorders, such as pathological gam-
bling, substance abuse, testing with the modified Erikson flanker
task.

This study had several limitations that should be considered.
Firstly, we did not employ Barratt Impulsiveness Scale 11 to mea-
sures of impulsivity; therefore, we did not provide the correlations
between impulsiveness and ERN amplitudes. We would like to
employ the method to improve the conclusion in the future
research. Secondly, because of the small sample size our research
results are preliminary. Further studies with larger sample sizes are
needed to replicate our findings. Thirdly, because the IAD sample
portrays a number of features that could account for the effects
that showed the existence of some degree of disinhibition and
response monitoring functional deficit, the differences between
IAD subjects and controls could be attributed to a myriad of fac-
tors. The further research that employs a very careful selection and
assessment of the samples on IAD should be done in the future.
Finally, this study used YDQ scores of higher than 6 as an indicator
of IAD. Although this questionnaire is a frequently used instru-
ment for assessing IAD, its validity as a diagnostic instrument has
been questioned (Beard, 2005). Future studies may utilize other
measures of assessing diagnostic criteria or severity for IAD of
Internet addiction problems to assess the relationship between
response monitoring functional deficit and IAD.
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APPENDIX
DIAGNOSTIC QUESTIONNAIRE FOR INTERNET ADDICTION (YDQ)

I. Do you feel preoccupied with the Internet (think about previous online activity or anticipate next online session)?
II. Do you feel the need to use the Internet with increasing amounts of time in order to achieve satisfaction?

III. Have you repeatedly made unsuccessful efforts to control, cut back, or stop Internet use?
IV. Do you feel restless, moody, depressed, or irritable when attempting to cut down or stop Internet use?
V. Do you stay online longer than originally intended?

VI. Have you jeopardized or risked the loss of significant relationship, job, educational, or career opportunity because of the Internet?
VII. Have you lied to family members, therapist, or others to conceal the extent of involvement with the Internet?

VIII. Do you use the Internet as a way of escaping from problems or of relieving a dysphoric mood (e.g., feelings of helplessness, guilt,
anxiety, or depression)?
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Clinical and experimental studies suggest possible risks associated with the repeated
administration of benzodiazepines (BZDs) during the prenatal or early postnatal period
on further development and behavior. In the present study, we assess short- and long-
term effects of early exposure to clonazepam (CZP) on cognitive tasks. CZP (0.5 or
1.0 mg/kg/day) was administered from postnatal day (P)7 until P11, and animals were
exposed to the following behavioral tests at different developmental stages: (1) a homing
response (HR) test, which exploits the motivation of a rat pup to reach its home nest,
was administered on P12, P15, P18 and P23 rats; (2) passive avoidance was tested in
three trials (at 0, 2 and 24 h intervals) on P12, P15, P18, P25 and P32 rats; (3) within-
and between-session habituation was tested in an open field (OF) at P70; and (4) a long-
term memory (LTM) version of the Morris water maze (MWM) was tested at P80. A
1.0 mg/kg dose of CZP extended latency in the HR and decreased the number of correct
responses when tested at P12 and P23. In the first trial of the passive avoidance test,
latency to enter a dark compartment was shorter in the CZP-exposed rats. Both treated
and control animals older than P15 learned the passive-avoidance response at the same
rate. Irrespective of the treatments, all adult animals showed within-session habituation.
Between-session habituation, however, was found only in the controls. With respect to
the MWM test, all animals learned to reach the platform, but animals exposed to higher
doses of CZP spent more time swimming in the first acquisition test. No difference
between groups was found in a repeated acquisition test (10 and 40 days after the first
acquisition test). The results of the present study show that even short-term exposure to
CZP alters behavioral responsiveness in pre-weaning, juvenile and adult animals. Not only
were changes observed on conventional cognitive tests in our study, but the changes also
seem to be related to emotional/motivational responsiveness.
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INTRODUCTION
Experiences during early life critically affect the development of
the brain. The ultimate effect of early life experiences can con-
tribute to either risk or resilience to neuropsychiatric conditions
later in life. In rats, the 1st week of life represents a period of
intense development of neural systems involved in the process-
ing of non-spatial and spatial memory. Cognitive representation
emerges and develops as rat pups first begin to explore their
environment, and it continues to develop throughout adolescence
(Ainge and Langston, 2012). Published data demonstrate that
these hippocampal dependent functions are established between
the 2nd and 3rd weeks of life (for review Avishai-Eliner et al.,
2002).

Benzodiazepines (BZDs), which are psychoactive drugs
commonly used among all age groups of patients, possess marked
anxiolytic, sedative, hypnotic, and anticonvulsant properties. Pre-
clinical and clinical studies suggest stable therapeutic effects of
BZDs during development (Kubová and Mareš, 1989; Kubová

et al., 1993). While cognitive impairment represents one of the
most frequent behavioral alterations reported during acute treat-
ment, such impairment usually disappears shortly after therapy
withdrawal. Enduring cognitive alterations following the termina-
tion of exposure to BZDs is not documented in adult patients (for
review Lader, 2011). Nevertheless, sparse developmental studies
suggest that exposure of the immature brain to BZDs can result
in cognitive alterations lasting long after the cessation of BZD
exposure. However, results of these studies are inconsistent. Some
studies have documented impairment in cognitive tests, whereas
other studies find no difference between exposed animals and
controls (for review, see Tucker, 1985). The results are often
not directly comparable because of differences in the schedules
of drug administration, different ages among those tested, and
differences in tests. In addition, in most published studies, ani-
mals are exposed to BZDs through several developmental stages,
beginning in the prenatal period. In many of these studies,
exposure duration is extremely long, lasting through gestation
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and pre-weaning periods, thus making it impossible to specify a
critical period of increased vulnerability of the immature brain to
BZD-induced functional deficits later in life.

We designed a series of experiments to answer the following
questions. Does short-term exposure to therapeutically relevant
doses of clonazepam (CZP) during early postnatal development
(1) lead to disturbances of cognitive-like behavior in immature
and juvenile rats or (2) impair cognitive-like behavior later in
adulthood? To address these questions, rat pups were injected
intraperitoneally with CZP in doses of 0.5 and 1.0 mg/kg/day
for 5 consecutive days starting at P7. The doses used are in the
anticonvulsant dose range in rodent seizure models for these age
groups of rats (Kubová and Mareš, 1989; Mikulecká et al., 2011).
CZP was selected because it is a classic BZD with pronounced
anticonvulsant and anxiolytic effects but with only mild sedative
effects (Nardi and Perna, 2006). We used a HR test and a passive-
avoidance test in the pre-weaning and juvenile periods, as well as
the habituation of exploratory activity within an open-field (OF)
arena and the long-term memory (LTM) version of the Morris
water maze (MWM) in adults.

METHODS
ANIMALS
Male albino Wistar rats (Institute of Physiology, Academy of
Sciences, Prague) were used (n = 160). Animals were maintained
under controlled temperature (22 ± 1◦C) and humidity (50–
60%) with a 12/12 h light/dark cycle (lights on at 6:00 AM).
Food and water were provided ad libitum (with the exception of
the testing period). On day 5 (birth counted as day 0), the pups
were randomly fostered, and each litter was adjusted to 10 males.
The animals were weaned at postnatal day (P) 28. To exclude the
participation of a litter effect, only a limited number of animals
from the same litter were used. Experiments were approved by
the Animal Care and Use Committee of the Institute of Phys-
iology, Academy of Sciences of the Czech Republic, (v.v.i) and
determined to be in agreement with the Animal Protection Law of
the Czech Republic, which is fully compatible with the guidelines
of the European Community Council directives 86/609/EEC.

DRUG EXPOSURE
CZP (Hoffmann - Switzerland; obtained as a gift) was suspended
in one drop of Tween 80 and 1 ml of saline. Subsequently, this
solution was diluted in such a way that all used doses of CZP
were administered in the same volume of 5 µl/g of body weight.
The doses were selected according to our previous studies on
anticonvulsant effects of CZP in developing animals (Kubová
and Mareš, 1989; Mikulecká et al., 2011). CZP at the doses of
0.5 and/or 1.0 mg/kg was administered intraperitoneally for 5
consecutive days from P7 to P11. Control siblings received the
corresponding volume of vehicle. Animals were weighed daily
during their exposure to CZP, and their overall health condition
was regularly examined.

BEHAVIORAL TESTS
Behavioral tests were performed in a special room with constant
temperature (22 ± 2◦C) and light conditions (35–45 lx). Before
testing, animals were allowed to adapt to the testing room for
30 min. All tests were performed between 9:00 AM and 3:00 PM.
The detailed experimental schedule is summarized in Figure 1.
The same animals (controls n = 12; CZP 0.5 mg/kg/day, n = 12;
CZP 1.0 mg/kg/day, n = 16) were used for the homing test, the
habituation test and the MWM test, and the order of tests was
always the same (homing test→ habituation test→MWM). An
additional 120 animals were used for the passive avoidance test.
For each age group tested (P12, P15, P18, P25, P32), naïve animals
were always used (controls n = 12; CZP 1.0 mg/kg/day, n = 12).
The control group and the group exposed to CZP at the dose
of 1.0 mg/kg each consisted of 12 animals. Behaviors in the OF
and on the MWM were video-recorded and then analyzed using
EthoVision (Noldus Information Technology).

HOMING RESPONSE (HR) TEST
The homing response (HR) procedure exploits the motivation
of a rat pup to reach its home nest and maintain contact with
its dam and siblings. This test is suitable and biologically rele-
vant for examining the spatial learning in immature rodents as
remembering the home localization has a high adaptive value

FIGURE 1 | Design/time diagram of CZP experimental procedure.
The upper part shows a timeline for behavioral tests such as homing
response (HR), habituation, and the Morris water maze (MWM) after

exposure to 0.5 and 1.0 mg/kg/day of CZP between P7 and P11. The lower
part shows a timeline for passive avoidance after exposure to 1.0 mg/kg/day
of CZP.
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in pre-weaning animals. Cooperation between olfactory and/or
visual cues is considered to be an important factor in mastering
the HR (Rossier and Schenk, 2003; Mikulecká and Mareš, 2009).
The same procedure as in our previous work was employed
(Mikulecká and Mareš, 2009). The same groups of animals were
tested repeatedly at four different ages: P12, P15, P18, and P23.
The following parameters were quantified: (1) mean latency to
homing; (2) ratio of correct responses (latency < 60 s) to the
total number of trials (correct/total responses × 100); and (3)
occurrence of five consecutive correct HR (HR acquisition). The
number of animals that fulfill these criteria was calculated.

PASSIVE AVOIDANCE RESPONDING
The immature and juvenile animals were subjected to a three-trial
step-through passive-avoidance paradigm (Carey et al., 2001).
Animals (naive groups for each age group) were tested at P12,
P15, P18, P25, and P32. The apparatus (Ugo Basile, Italy) was
a rectangular Plexiglas cage (47 × 18 × 26) for P12, P15, and
P18, and (52 × 30 × 35 cm) for P25 and P32 rats, consisting
of two compartments of equal size. The animals were tested in
three trials (at 0, 2 and 24 h intervals). The 2nd and the 3rd trial
were performed without delivery any shock to measure short-
term memory (STM) and LTM retention, respectively (Izquierdo
et al., 1999).

OPEN FIELD TEST (OF)
Within- and between-session habituations were evaluated in P70
to P73 animals using the method described and validated by
Thiel and collaborators in the OF test (Thiel et al., 1999). The
OF arena consisted of a square black plastic box (48 × 48 cm,
walls 30 cm). Animals were tested for 4 consecutive days (one
10 min session each day). The following behavioral variables
were analyzed automatically. Locomotion (distance moved) was
evaluated by analyzing the track record for the distance traveled
and center time (i.e., time in the central 30 × 30 cm section of
the OF). Habituation of locomotion was evaluated in two ways.
Within-session habituation was measured by comparing the 1st
vs. the 2nd 5 min interval of a given testing period (session). As
previous studies demonstrated that between-session habituation
could most appropriately be described by comparing the 1st
session with the 4th session of 4 day consecutive exposure to the
OF (Thiel et al., 1999), a comparison between the 1st day (1st
session) vs. the 4th day (4th session) was used for the data analysis
and presentation.

MORRIS WATER MAZE (MWM)
Place learning and long-term spatial memory were tested in
adult animals (P80–P84) using the MWM (Morris, 1981, 1984;
D’Hooge and De Deyn, 2001). The MWM consisted of a black
circular pool (210 × 50 cm) filled with clear water (20◦C). A
circular transparent Plexiglas platform (10 cm in diameter) was
submerged 1.5 cm below the surface of the water in the center
of an arbitrarily defined quadrant of the pool (northwest) and
remained in the same position throughout the testing. In the
acquisition test, each rat received one session (8 trials) per day for
5 consecutive days. A trial began by placing the animal into one
of the four psuedo-random starting positions (N, W, S, or E). In

case the rat failed to locate the platform in 60 s, the experimenter
guided the rat to the platform where it was allowed to rest for 30 s.
After each session, the rat was dried with a towel and kept in a
warmed cage. Escape latency (time to reach the hidden platform)
was measured. To test the rat’s knowledge of the hidden platform
location, a spatial probe trial was run immediately after the com-
pletion of the 5th session. The platform was then removed from
the maze and rat was allowed to swim freely for 90 s. The time
spent in the quadrant that previously contained the platform was
measured. A short re-acquisition test (one session) was performed
in the same manner as the acquisition, 10 and 40 days after
the final acquisition session (at P95 and P125, respectively). Re-
acquisition sessions were conducted to determine the ability to
retrain as a simple controlled condition compared to acquisition
and probe.

STATISTICAL ANALYSYS
Because the data from the HR test did not meet the assumption
of equal variance of parametric ANOVA, the Friedman repeated-
measures analysis using Student-Newman-Keuls method was
applied to compare the individual age groups. The Kruskal-Wallis
analysis with post-hoc Dunn’s method was applied to compare the
individual age groups. The differences in HR acquisition between
the control and the CZP groups were evaluated by means of
the χ2-test. The data set from the passive avoidance, habituation
and MWM tests were analyzed by two-way repeated-measure
ANOVA with one between-group factor (treatment) and one
within-subject factor (repeated session). During the habituation
experiment, as a computer error affecting the data collection
occurred in two animals, 14 animals were included in the group
exposed to CZP at the dose of 1.0 mg/kg for analysis. The post-hoc
Holm-Sidak method was used to explore main significant effects
or interactions resulting from ANOVA. The level of significance
was set at P < 0.05 (Sigma Stat®, SPSS Inc., Chicago, IL). To
simplify the text, only statistically significant values are provided
in the Results section.

RESULTS
BODY WEIGHT
The control animals gained more weight than the CZP-exposed
rats during CZP administration. From P8 to P11, the relative
body weight was significantly lower in animals treated with CZP
at both doses (0.5 and 1.0 mg/kg) than in the controls [drug effect:
F(2,148) = 35.7, p< 0.001; age F(4,148) = 1450.8, p< 0.001; drug×
age interaction F(8,148) = 22.8, p< 0.001] (Figure 2).

HOMING RESPONSE (HR) TEST
HR improved gradually during development. In the controls,
homing latency decreased and the ratio of correct responses
increased gradually with age (p < 0.001), while exposure to
CZP at either dose did not affect this developmental trend (p <
0.001). In P12 rats, CZP at the dose of 1.0 mg/kg increased the
homing latency and decreased the ratio of correct responses
(H = 16.4, p < 0.001 and H = 15.8, p < 0.001, respectively). No
significant differences were found in either evaluated parameters
at P15 or P18. In P23, rats the high CZP dose (1.0 mg/kg)
prolonged the homing latency and decreased the ratio of correct
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FIGURE 2 | Body weight (mean + SEM) of rats during CZP exposure.
Abscissa: age in days. Ordinate: relative weight (body weight was
measured on the 1st day of drug administration, 100%). * Significant
difference compared to appropriate control group.

responses (H = 9.6, p = 0.008 and H = 8.2, p = 0.01, respectively).
In controls, the HR learning improved with age. The criteria for
correct HRs were achieved in 75% of the P12 and P15 rats, and in
100% of the P18 and P23 animals. Conversely, the CZP worsened
the HR in a dose and age dependent manner. In P12, only 50%
treated with 0.5 mg/kg and only 6.3% treated with 1.0 mg/kg
learned the HR. In P15 rats, 91.6% rats treated with 0.5 mg/kg
and 75% treated with 1.0 mg/kg achieved the criteria for the HR.
In P18 and P23 rats, all animals treated with the 0.5 mg/kg dose
achieved the criteria for correct HRs. In P23, only 56.3% rats
treated with the high CZP dose were able to achieve the criteria
for five consecutive correct responses (Figure 3).

PASSIVE AVOIDANCE RESPONDING
In the first trial, step-through latency decreased with matura-
tion. In the retention trials, performed at 2 h and at 24 h, the
latency increased continuously as a function of age, indicating
the development of avoidance memory. CZP did not affect this
developmental trend (p < 0.001 for both controls and CZP-
exposed animals). Criteria set for full retention was achieved at
P25 in both the controls and the CZP-exposed animals (p <
0.001). Passive avoidance response was not present in P12 rats
in any trial, and CZP had no effect. In the first trial, the CZP-
exposed animals tested at P15, P18, and P25 displayed shorter
step-through latencies than the controls. This suggested that all
CZP animals reacted differently than the controls to a new envi-
ronment, with low exploration of the light box and suppressed
risk-assessment behavior (animals enter the dark box without
hesitation), whereas control animals demonstrated caution and
risk-assessment behavior before walking into the dark box. This
behavior was not observed in P32 animals. In P15, the step-
through latency increase was observed only at 24 h after the
first trial in both control and CZP-exposed rats [F(2.44) = 21.9,

FIGURE 3 | Effects of CZP exposure on HR. Upper graph—latency to
reach home part of the cage; lower graph—ratio of correct to total
responses. Abscissae: four age groups. Ordinate for the upper graph: time
in seconds. Ordinate for the lower graph: percentage of correct responses.
For individual doses, see inset. * Significant difference compared to an
appropriate control group, # significant difference compared to P12 animals,
• significant difference compared to P15 and º significant difference
compared to P18 animals.

p < 0.001]. Starting at P18, the step-through latency significantly
increased in both retention trials, that is, 2 and 24 h after the first
trial [F(2,44) = 55.9, p < 0.001; F(2,44) = 289.4, p < 0.001; F(2,44) =
342.2, p < 0.001, respectively]. There was no difference between
the controls and the CZP animals, suggesting that CZP exposure
did not impair the retention of memory avoidance (Figure 4).

OPEN FIELD (OF)
In the 1st session, distance moved decreases with time in both
the control and the CZP-exposed animals [F(1,35) = 9.6, p =
0.004]. A comparison between the 1st 5 min and 2nd 5 min

Frontiers in Behavioral Neuroscience www.frontiersin.org March 2014 | Volume 8 | Article 101 | 248

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Mikulecká et al. Long-term effects of clonazepam exposure

FIGURE 4 | Effect of CZP exposure (1.0 mg/kg) on passive avoidance
retention performance. The animals were tested at P12, P15, P18, P25
and at P32. Abscissae: the 1st, the 2nd and the 3rd trials. Ordinate:

time of entry latencies in seconds. * Significant differences compared
to an appropriate control group; # significant difference between
sessions.
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interval revealed significant difference only in the 1.0 mg/kg. CZP-
exposed animals In the 4th session, both the control and the
CZP-exposed animals showed significant decreases in distance
moved, which was more expressed within-session habituation
with repeated sessions [F(1,35) = 47.1, p < 0.001], thus indicating
that the animals adapted to the experimental conditions. As for
between-session habituation, the comparison of the 1st 5 min
interval of a given session showed significant increases in distance
moved in CZP-exposed animals with repeated exposure [F(1,35) =
4.8, p = 0.03]. Furthermore, the post-hoc test revealed significant
increases in the distance moved in animals exposed to both doses
of CZP in the first 5 min interval of the 4th session, suggesting a
lack of between-session habituation in the 1st 5 min interval. A
comparison of the 2nd 5 min interval of a given session revealed
significant decreases in distance moved with repeated sessions
[F(1,35) = 12.1, p = 0.001]. However, the post-hoc test confirmed
decreases in the distance moved only in the control animals, thus
suggesting between-session habituation in the controls, but not
in the CZP-exposed animals. In addition, the distance moved in
the 2nd 5 min interval was significantly shorter in controls than
in the CZP-exposed animals, thus indicating hyperactivity of the
treated rats (Figure 5). Animals exposed to CZP in either dose
tended to increase the time spent in the central zone of the OF.
In the 1st session, this tendency was dose- and time-dependent
[F(2,35) = 4.1, p = 0. 02; F(1,35) = 4.6, p = 0.03, respectively], and
in both 5 min intervals, it reached the level of significance only
in animals exposed to CZP at the dose of 1.0 mg/kg. A similar
dose- and time-dependent trend was observed in the 4th session
[F(2,35) = 6.3, p = 0.005; F(1,35) = 10.04, p = 0.003, respectively].
CZP increased the center time in the 4th session compared to the
1st session in both 5 min intervals. For the 1st interval, there were
significant main effects of treatment [F(2,35) = 0.7, p< 0.001] and
session [F(1,35) = 11.8, p = 0.001]. Similarly, there were significant
main effects of treatment [F(2,35) = 7.6, p = 0.002] and session
[F(1,35) = 5.07, p = 0.03] for the 2nd interval, thus indicating
hyperactivity/excitability of CZP-exposed animals (Figure 5).

MORRIS WATER MAZE (MWM)
In both the control and the CZP-exposed animals, the time
required to locate the platform decreased over the five successive
sessions [F(4,148) = 82.4, p < 0.001]. Furthermore, there was no
difference between rats exposed to the lower dose of CZP (0.5
mg/kg) and the controls. In contrast, rats exposed to CZP at the
dose of 1.0 mg/kg had significantly longer latencies in the 2nd,
3rd, and 4th sessions [F(2,148) = 4.5, p < 0.01]. In the probe
trial, which immediately followed the final acquisition session, the
controls and the animals exposed to CZP at the dose of 0.5 mg/kg
spent more time in the quadrant where the platform was placed
during training (50.8%, 49.3% of 90 s, respectively) compared
to the animals exposed to the 1.0 mg/kg dose of CZP (36.4%)
[F(2,35) = 5.0, p = 0.01]. On the contrary, no difference was found
between the 5th session of the acquisition test and the 1st re-
acquisition test for both the control and the CZP-treated rats. In
addition, there was no difference between the 1st and the 2nd re-
acquisition sessions. These data may suggest that in the reference
memory version of the MWM, the high dose of CZP impaired
acquisition and memory strength in the probe, but did not affect

FIGURE 5 | Effect of CZP exposure on habituation in adult animals.
Upper graph—locomotor activity measured as the distance moved in
the open field. Abscissae: between-session habituation (1st session vs.
2nd session) and within-session habituation (1st session vs. 2nd
session, 5 min interval for a given testing period). Ordinate: distance
moved in cm. * Significant difference in within-session habituation
compared to an appropriate group. # Significant difference in
between-session habituation. Lower graph: time spent in the center part
of the OF. Abscissae: similar to upper graph. Ordinate: time expressed in
percentage. • Significant difference compared to controls.

the re-acquisition of a previously pre-trained skill in a familiar
environment with the same goal position (Figure 6). The lower
dose was without effect in this test.

DISCUSSION
Results of the present study indicate that even short lasting
exposure of postnatal rats to CZP in an anticonvulsant dose range
leads to mild alterations of behavioral responsiveness in cognitive-
related behavior in immature, juvenile and adult animals. While
developing animals were exposed to CZP for only 5 days, the
exposure occurred during the brain growth spurt when there is
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FIGURE 6 | Effect of CZP exposure on long-term memory (LTM) version
of the Morris water maze (MWM). Upper graph: escape latencies per
daily sessions (each session consists of 8 trials). Lower graph: re-acquisition
test. Abscissae: 1st session (10 days after the final acquisition session) and
2nd session (40 days after the final acquisition session). Ordinate: escape
latencies (s). * Significant differences compared to controls in the
appropriate session.

considerable brain plasticity that is critical for network formation.
The newborn rat is equivalent to a 6-month-old human fetus,
and P12 rats are equivalent to early infancy in humans (Dobbing
and Sands, 1979; Avishai-Eliner et al., 2002; Clancy et al., 2007).
Therefore, we assume that the level of maturation of the rat
brain during the CZP exposure corresponds with the perinatal
development of the human brain. Repeated administration of
CZP in doses used for our study had only limited effects on
body growth, and mortality was negligible. While the drug caused
transient growth retardation during the period of administration,
the body weight normalized rapidly after P18.

The measurement of cognitive performance in rats incorpo-
rates modulatory functions such as sensory, attentional, motiva-
tional, emotional, and motor processes (Myhrer, 2003). Immature
animals generally show a good learning capacity in conventional

or modified tests, which take into account the ethological char-
acteristics and sensorimotor abilities of animals at a particular
developmental stage.

In concordance with previously published results (Sigling
et al., 2009), our data show a gradual increase in the preference
for the home nest from postnatal P12 with a maximal preference
at P23. The performance of pups on this test improved during
maturation, while the latency to homing decreased and the per-
centage of correct responses increased with age. This develop-
mental pattern reflects a gradual maturation of rat sensorimotor
systems (Altman and Sudarshan, 1975; Spear, 1990). Exposure
to CZP did not affect the developmental trend evidenced in
the controls. Nevertheless, the administration of CZP at a dose
of 1.0 mg resulted in a latency prolongation and a decrease
of correct HRs in P12 rats. We previously showed that after a
single administration of CZP at P12, motor abilities were com-
promised for 4 h, whereas anxiety-like behavior was suppressed
for 48 h (Mikulecká et al., 2011). These data suggest that higher
plasma levels of CZP are necessary to affect motor behavior.
While data on the pharmacokinetics of CZP in rats are sparse
(Hoogerkamp et al., 1996) showed that the terminal half-life of
CZP in adult rats is approximately 1 h. Given that immature
organisms eliminate CZP more slowly than adults (Markowitz
et al., 2010), we speculate that factors other than the sedative
effects of CZP are responsible for the alteration of the HR in
P12 animals. Interestingly, home-response impairment was also
observed in P23 animals, the oldest group tested. Exposed animals
preferred the exploration of the empty box. The response delay
could be related to decreased motivation of exposed pups to reach
the home box/nest, a factor that may have accounted for the
learning curve shift. Despite the fact that performance in the HR
test does not require place navigation in the narrow sense, i.e.,
navigation to hidden goals, these results suggest an impairment of
learning. Nonetheless, such impairment might also be associated
with altered emotionality.

The developmental profile of passive-avoidance responses evi-
denced in our experiments is consistent with results of previ-
ously published studies (Stehouwer and Campbell, 1980). While
P12 rats failed to remember the passive-avoidance response, P15
animals were able to recall the association between the context
and the foot shock 24 h but not 2 h after the first exposure.
These data suggest that long-term memories can be formed
by P15, and they support previous findings showing that STM
and LTM involve separate mechanisms and that both memory
types are independently processed (Izquierdo et al., 1999; Vianna
et al., 2000). In accordance with previous studies (File, 1986),
our results show that early exposure to CZP does not affect
performance in the task requiring a passive-avoidance response.
Interestingly, compared to controls, step-through latencies in the
first exposure to the apparatus were shorter in P15, P18 and P25
animals exposed to CZP. CZP animals reacted differently to the
new environment based on their low degree of exploration of
the light box and their suppressed risk-assessment due to their
disinhibited response (e.g., excitement) to novelty. Control ani-
mals demonstrated caution and risk-assessment behavior before
stepping into the dark box. This can be interpreted as a result of
differences in the variables of emotional domain and strategies
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in coping with a task requiring passive-avoidance (Morellini and
Schachner, 2006).

Habituation is commonly defined as a change in exploratory
or locomotor activity over time (within-session) or as a change
in exploratory or locomotor activity with repeated exposure
(between-session) (for review Leussis and Bolivar, 2006). CZP
exposure did not alter the within-session habituation, indicat-
ing intact adaptation to novelty in both the controls and in
the CZP-exposed animals. In contrast, alteration of between-
session habituation evidenced in CZP-exposed animals suggests
an impairment of a non-associative form of learning. Alterna-
tively, it is possible that the CZP-treated animals had problems
recognizing the context upon repeated exposure to it, which
might be in accord with a pattern found in the MWM (see
next paragraph). CZP-exposed animals exhibited higher loco-
motion in the 4th session and spent more time in the central
area of the OF, indicating behavioral disinhibition (hyperactiv-
ity/excitability) triggered by novelty and/or decreased anxiety.
These data support a delay of habituation described previously
in animals exposed to BZDs during gestation (Laviola et al.,
1992) or during gestation and lactation (Marczynski et al., 1988).
This suggests that, together with altered anxiety, developmental
CZP exposure also results in corrupted habituation or context
recognition.

Only early exposure to a high dose of CZP led to impairment
of learning abilities in the MWM. During the acquisition phase
of the test, while escape latencies were longer in the animals of the
exposed group, the shape of the learning curve did not differ from
other groups. We hypothesize that CZP-exposed animals used a
combination of visual and egocentric strategies to localize the
platform. Perhaps changes in the strategy, together with a cogni-
tive impairment, are responsible for slower learning (Moghaddam
and Bureš, 1996). In addition, in the immediate spatial probe trial
(without platform), animals exposed to 1.0 mg/kg of CZP spent
a shorter time in the target quadrant, suggesting either impaired
strategy or memory trace formation. In contrast, an earlier study
(Wang and Huang, 1990) found no learning impairment on the
MWM in infant mice exposed to CZP. This difference is likely
explained, however, by different experimental procedures used
in the study. Nonetheless, we propose that the impairment of
probe trial performance in the CZP-treated rats (shorter time
in the target quadrant) clearly demonstrates impaired spatial
representation in the group treated with the higher dose of CZP.

Taken together, the results of the present study show that
even short-term exposure to BZDs during the early postnatal
period can result in complex behavioral changes detectable later
in life as behavioral alterations had already manifested in pre-
weaning animals. These changes were observed both in a domain
of emotionality (e.g., time in the OF center) and in measures of
learning and memory (e.g., impaired probe trial). Despite the
fact that the tests used in the present study do not allow for
a clear dissociation between altered affect and cognition, they
do suggest that both domains were impaired concurrently. Our
results are in concordance with previously published data that
demonstrate that changes induced by exposure to BZDs during
gestation and infancy are related to changes in emotionality,
to changes in levels of hyperactivity/hyperarousal and attention

deficit (Frieder et al., 1984; Livezey et al., 1986; Schroeder et al.,
1997) and to changes in memory function. This underscores the
usefulness of ontogenetic CZP treatment as an animal model of
neurodevelopmental disturbance in the GABAergic system, which
may manifest in the domain of behavior.

In conclusion, the results of our study demonstrate that
in immature rats, even brief exposure to BZDs leads to
mild impairment of cognitive abilities and also changes emo-
tional/motivational responsiveness, hyperactivity and attention
deficits later in life. Some of these alterations can persist until
adulthood. Finally, these results have clinical importance as CZP
treatment is routinely used in epileptic children.
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Mikulecká, A., and Mareš, P. (2009). Effects of mGluR5 and mGluR1 antagonists
on anxiety-like behavior and learning in developing rats. Behav. Brain Res. 204,
133–139. doi: 10.1016/j.bbr.2009.05.032
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Social behavior represents an integral part of behavioral repertoire of rats particularly
sensitive to pharmacological and environmental influences. The aim of the present
study was to investigate whether early postnatal clonazepam (CZP) exposure can
induce age-dependent changes related to expression of social behavior. The drug was
administered from postnatal day (P) 7 until P11 at daily doses of 0.1, 0.5 and 1.0 mg/kg i.p.
We designed three experiments to assess whether exposure to CZP affects social behavior
in respect to the age of rats and the test circumstances, specifically their familiarity with
test conditions during adolescence (P32), social behavior in juveniles and adolescents
(P18–P42) and social behavior in a resident-intruder paradigm. The frequency and duration
of a various patterns of social behavior related to play and social investigation not related
to play were evaluated. The results showed that CZP postnatal exposure decreased social
play behavior regardless of age and familiarity or unfamiliarity of experimental environment
but did not affect the social investigation per se. When rats were confronted with an
intruder in their home cages intense wrestling and inhibition of genital investigation
were found. In conclusion, these findings show that short-term CZP postnatal exposure
inhibits social play behavior and alters specific patterns of social behavior in an age and
environment related manner.

Keywords: benzodiazepines, clonazepam, social behavior, development, rats

INTRODUCTION
Benzodiazepine (BZD) exposure during brain development can
result in persistent modification of brain functions, behavioral
alterations and cognitive deficits (for rev. Gai and Grimm, 1982;
Tucker, 1985; Kellogg, 1988). Enduring behavioral, biochemical
and molecular effects can also occur when drugs are administered
after neuronal differentiation, but before complete maturation of
the central system, i.e., during the first three weeks of life in rats
(Avishai-Eliner et al., 2002) or later during adolescence (Hulin
et al., 2012). In spite of possible risk of adverse effects, BZDs are
widely prescribed to treat anxiety, depression and insomnia, to
control epileptic seizures, promote anesthesia or to induce muscle
relaxation in all age groups of patients including neonate and
children (for rev. Lader, 1994; Lalive et al., 2011).

Effects of BZDs are specifically mediated by their interaction
with BZD receptor binding site, which modulates the efficacy
of the major inhibitory neurotransmitter, γ-aminobutyric acid
(GABA), at the BZD-sensitive GABAA (BZD/GABAA) recep-
tors. In rats, BZD/GABAA receptors can be detected during
the last week of gestation and they reach the adult level by
the third-fourth week of life (Lippa et al., 1981). Changes
of BZD/GABAA receptor features were detected in animals
exposed to BZDs prenatally as well as postnatally (for rev.
Tucker, 1985). A recent study documented that early treatment
with BZDs induces selective alteration of subunit expression.
Changes at receptor level were observed also after administration

of other GABAA receptor ligands as barbiturates (Raol et al.,
2005). In addition, administration of GABAergic drugs including
BZDs during the 1st week of life increases apoptosis (Bittigau
et al., 2002; Forcelli et al., 2012). Therefore changes at both
molecular and cellular level can result in alteration of neu-
ronal circuitry in the immature brain and induce functional
impairment.

Despite high clinical importance, possible long-term risks of
early postnatal exposure to BZDs are only rarely investigated.
Some changes of behavior related to anxiety, aggression, emo-
tional state and cognitive abilities were reported in animals
exposed to BZDs from birth until weaning (P1–P21) and tested
during adolescence or adulthood (File, 1986a,b,c; Schroeder et al.,
1997). In these studies exposure to BZDs lasted for long time and
affected several critical developmental periods including switch
in BZDs receptor structure and maturation of the hippocam-
pal formation (Garrett et al., 1990; Avishai-Eliner et al., 2002).
Due to sedation and myorelexation (for rev. Tucker, 1985), long
lasting administration of BZDs was found to cause undernu-
trition and significant growth retardation, which can negatively
impact future functional abilities of exposed individuals (Smart
et al., 1973). Even though adverse effects of long lasting BZD
exposure can substantially affect results of developmental stud-
ies, chronic consequences of short lasting BZD exposure are
sparse. File (1987) demonstrated changes of exploratory activity
and emotional state (e.g., increased aggression) in adolescent
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animals exposed to diazepam at P1–P7 (File, 1987). Recently,
studies with another modulator of GABAA receptors, allopreg-
nanolone, showed long-lasting emotional and cognitive impair-
ment in adult animals exposed to this neurosteroid between
P5 and P9 (Darbra and Pallarès, 2009; Mòdol et al., 2013).
Thus available data clearly document that early modulation of
GABAA receptors can modify behavior at later stages of devel-
opment and relate to a susceptibility to psychopathology in
adulthood.

Studies on functional cosequences of early BZD exposure
have focused mostly on cognitive abilities and emotional state.
Alterations of social behavior are examined only sporadically
despite an importance of normal social interactions for further
development and life in highly organized groups. Only File’s
studies have documented impairment of social interactions in
animals exposed to BZDs early in the life and suggested that
alteration depends on the time-course of drug exposure, dose and
experimental approach (File, 1986b,c, 1987). Data are however
still fragmentary.

Present study was designed to determine whether exposure
to BZDs at early postnatal stage (P7–P11) which corresponds
with perinatal period in humans (Dobbing and Sands, 1979;
Avishai-Eliner et al., 2002; Clancy et al., 2007), affects: (1)
social behavior during adolescence (P32); (2) social behavior
in juveniles and adolescents (P18–P42); and (3) social behavior
of rats in their homing environment at three developmental
stages: middle adolescence (P32), sexual maturity (P60), and
adulthood (P80). The general design of used behavioral tests was
adapted from the literature (Meaney and Stewart, 1981; Fraňková
and Mikulecká, 1990; Vanderschuren et al., 1995b; Mitchell and
Redfern, 2005).

As a model BZD, we chose clonazepam (CZP), a partial
BZD agonist, first used for treatment of certain types of seizures
(Morishita, 2009). Safety and negligible adverse effects of CZP
in immature rats were demonstrated before (Mikulecká et al.,
2011). Data on pharmacokinetics of CZP in rats are sparse, but
Hoogerkamp et al. (1996) showed that terminal half-life of CZP
in adult rats is approximately 1 h. Immature organisms eliminate
CZP more slowly than adults (André et al., 1986). Our previous
studies demonstrated duration of both anticonvulsive and anxi-
olytic effects in rat pups. After single administration of CZP in
a dose of 1.0 mg/kg both P7 and P12, animals were partially
protected against pentylenetetrazole (PTZ)-induced seizures for
24 h (Kubová and Mareš, 1989). CZP in the same dose exhibited
anxiolytic effects in P12 rats for 48 h whereas motor impairment
was observed for only 3 h (Mikulecká et al., 2011). Also repeated
CZP administration only minimally affected body growth and
did not affect maternal attention and care (Mikulecká et al.,
2014).

MATERIAL AND METHODS
ANIMALS
Male Wistar albino rats (Institute of Physiology, Academy of
Sciences, Prague, n = 190) were used and maintained under
controlled temperature (22 ± 1◦C) and humidity (50 to 60%)
with a 12/12 h light/dark cycle (lights on at 6:00 AM). Food
and water were provided ad libitum (with the exception of the

testing period). On day 5, (birth counted as day 0) the pups
were randomly fostered and each litter was adjusted to ten males.
At P7 the animals were marked for identification and mixed by
treatment. To exclude the participation of a litter effect, only
a limited number of animals from the same litter were used.
They were weaned at postnatal day (P) 28. After weaning, the
animals were housed in groups of 3–4 per cage. Experiments were
approved by the animal Care and Use Committee of the Institute
of Physiology, Academy of Sciences of the Czech Republic (v.v.i),
and determined to be in agreement with the Animal Protec-
tion Law of the Czech Republic, which is fully compatible with
the guidelines of the European Community Council directives
86/609/EEC.

DRUG EXPOSURE
CZP (Hoffmann–Switzerland; obtained as a gift) was suspended
in one drop of Tween 80 and 1 ml of saline. Subsequently, this
solution was diluted in such a way that all used doses of CZP
were administered in the same volume of 5 µl/g of body weight.
The doses were selected according to our previous studies on
anticonvulsant effects of CZP in developing animals (Kubová
and Mareš, 1989; Mikulecká et al., 2011). The doses were opti-
mized according to results obtained in the first experiment, social
behavior in adolescence (Experiment 1). In this experiment CZP
at the doses of 0.1, 0.5 and/or 1.0 mg/kg were administered
intraperitoneally for 5 consecutive days, starting from P7 to P11.
In other experiments only doses of 0.5 or 1.0 mg/kg were used.
Control animals received the corresponding volume of vehicle.
Animals were weighted daily during the CZP exposure, on P12
and P15, and at the beginning of each experiment. Overall health
condition was regularly examined.

EXPERIMENTAL DESIGN
The experimental procedures are depicted in Figure 1. All exper-
iments were performed in a room with constant temperature
(22 ± 1◦C), under low-light conditions (35–45 lx), between
9:00 AM and 3:00 PM. Animals behavior was video recorded and
then analyzed using Observer, and locomotion was assessed using

FIGURE 1 | Design/time diagram of experimental procedure: social
behavior in adolescence, social behavior during development and
social behavior in a resident-intruder paradigm. The upper part shows a
timeline for the Experiment 1: social behavior in adolescence after 0.1, 0.5
and 1.0 mg/kg/day of CZP exposure between P7 and P11. The middle part
shows a timeline for the Experiment 2: social behavior during development
after 0.5 and 1.0 mg/kg/day of CZP exposure. The lower part shows a
timeline for the Experiment 3: social behavior in a resident-intruder
paradigm.
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EthoVision (both software Noldus Information Technology). Two
experimenters analyzed the video recordings simultaneously and
repeatedly until both of them were able to recognize the same
patterns. The patterns with duration of one second or more were
counted. Then, both observers performed evaluation of record-
ings separately, and between-reliability was calculated (between-
reliability >0.9).

Experiment 1: Social behavior in adolescence
Animals were tested at the age of 32 days (P32). The control group
consisted of nine pairs of rats. The group exposed to CZP at
a dose of 0.1 mg/kg consisted of eight pairs and those exposed
to CZP at a dose of 0.5 mg/kg and 1.0 mg/kg both consisted
of nine pairs. Two consecutive days before social interaction,
the animals were familiarized to the experimental condition by
placing them individually into the open field arena (OF) (45 ×
45 × 30 cm) for 5 min. On the day of social interaction test, the
rats were weighted, marked and individually isolated into small
cages (21× 27 cm) for three hours. Two rats from different litters
with identical treatment (C vs. C, CZP vs. CZP) were placed
into the OF arena at opposite corners and their behavior was
recorded for 10 min. To reduce any lingering olfactory cues, OF
was thoroughly wiped with water-moistened tissue paper after
each pair tested. The frequency and the duration of the follow-
ing patterns per pair of rats were observed: following/chasing
(moving in the direction of or pursuing the partner that is
moving away); climbing over/under; mutual sniffing; boxing (the
animals stand upright facing one another and pawing toward each
other); wrestling (the animals rolled over each other in rough-
and-tumble play) and pinning (one of the animals is lying in
supine position and the other is laying over it). These behavioral
patterns were divided into Behavior related to play (pinning,
boxing/wrestling, following/chasing) and Behavior unrelated to
play (climbing over/under and mutual sniffing) and then analyzed
separately.

Experiment 2: social behavior during development
Social behavior during development was studied in 10 pairs of
controls and two groups of 10 pairs of animals exposed to CZP.
Animals were tested for the first time at P18 and then repeatedly
at P25, P32 and P42. At the beginning of each test, animals were
weighted, marked and individually isolated into small cages (21×
27 cm) for 30 min. Similar to Experiment 1, two rats from differ-
ent litters with identical treatment (C vs. C, CZP vs. CZP) were
placed into the OF arena at opposite corners and their behavior
was recorded for 10 min. The duration of following behavioral
patterns per pair was evaluated: passive contact (pups in close
contact, resting, with no movement), active contacts (crawling
over/under, mutual sniffing), following (one pup followed the
other pup rapidly so that it almost touched it) and play fighting
(the animals rolled over each other in rough-and-tumble play).
Locomotion expressed as the distance travelled was assessed for
both animals in the pair.

Experiment 3: social behavior in a resident-intruder paradigm
Three groups of rats each consisting of 10 animals were used.
Two groups were exposed to CZP at doses of 0.5 or 1.0 mg/kg

and one control group was injected with saline. The animals
were housed in cages containing three to four rats. Twenty
four hours before testing, the animals designated as resident
rats were housed individually in standard cages in order to
provide territorial advantage. The rats serving as social stim-
uli (intruder rats), were not isolated. On the experimental day
(P32), the animals in their home cages were transferred to the
experimental room for an acclimatization period of 30 min
before testing. Each resident was paired with an unfamiliar
untreated intruder. The test started by placing an intruder in
the resident home cage and their social interaction was video
recorded for 10 min. After the test was completed, both resi-
dent and intruder rats were returned to their respective group
cages (to re-establish each group member’s rank position within
the social hierarchy). The same pairs of animals were tested
at P60 and P80 following the same procedure as at P32. The
following behavioral patterns were observed: pouncing (one rat
soliciting the other, by attempting to nose or rub the nape of
its neck); following (the pursuit of one animal by another);
wrestling (rough and tumble play); pinning (the one animal
stands over the exposed ventral area of the other pressing it
down); genital investigation (sniffing anogenital area). Behav-
ioral patterns were observed separately for each member of a
pair (resident and intruder) except for wrestling because this
pattern involved two animals concurrently performing the same
behavior (Figure 2). The day following the social interaction
test, locomotion of residents was assessed in the OF (see
below).

FIGURE 2 | Social behavioral patterns displayed by rats in a
resident-intruder paradigm. (A) pouncing, (B) wrestling, (C) pinning, (D)
following, and (E) genital investigation.
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LOCOMOTION
After 30 min of adaptation to the experimental room, a rat
was placed into the left corner of the arena to explore the new
environment for 5 min. Locomotion was evaluated by analyzing
the track record for the distance travelled. In both Experiment 1
(social behavior in adolescence) and Experiment 2 (social behavior
during development) locomotion for each rat in the pair was
calculated. In Experiment 3 (social behavior in a resident-intruder
paradigm) locomotion was assessed only for resident rats one day
after social behavior test.

STATISTICAL ANALYSIS
The frequency and duration of social interaction patterns were
evaluated. All data were presented as mean ± standard error
of mean. One-way ANOVA was used to analyze data from
Experiment 1 (social behavior in adolescence). Data from Exper-
iment 2 (social behavior during development) and from Exper-
iment 3 (social behavior in a resident-intruder paradigm) were
analyzed with two-way ANOVA (one treatment factor and age
as a repeated-measures factor). Further, post hoc Holm-Sidak
method was used to explore significant main effects or interac-
tions resulting from the ANOVA (SigmaStat® SPSS Inc., Chicago,
IL). The level of statistical significance was set at P < 0.05. In
Experiment 1, only seven pairs of animals exposed to 0.1 mg/kg
CZP dose were included in the analysis, as one animal died
during the CZP exposure. Due to technical problem during the
collection data in Experiment 3, only nine pairs of rats per group
were included in the analysis. ANOVA analysis yielded highly
similar results for both frequency and duration of behavioral
patterns in both Experiment 2 (social behavior during develop-
ment) and 3 (social behavior in a resident-intruder paradigm),
therefore only data on duration were reported. In addition, we
calculated the time in percentage of the occurrence of individual
patterns relative to total time spent in social interaction; the values
of the most expressed social patterns are given in the results
section.

RESULTS
BODY WEIGHT
There was no difference in average body weight (BW) between
litters or between animals selected for individual treatments. BW
of P7 animals was 17.8± 0.3 g in controls vs. 18.2± 0.2 g in CZP
0.5 mg/kg and 18.0 ± 0.3 g in CZP 1.0 mg/kg. CZP exposure had
only limited effects on body growth. Controls gained more weight
than the CZP exposed rats. Further analysis revealed that from
P9 to P12 relative body weight was lower in animals receiving
CZP with both doses (0.5 and 1.0 mg/kg) than in controls. In
animals exposed to higher dose of CZP (1.0 mg/kg/day) relative
body weights were still lower at P15 and P18. No significant
differences were found in subsequent days of behavioral testing
(i.e., at P25, P32 and P42) [drug effect: F(2,570) = 13.34, p < 0.001;
age F(10,570) = 6057.9, p < 0.001; drug× age interaction F(20,570) =
0.64, p = 0.88] (Figure 3).

Experiment 1: social behavior during adolescence
Behavior related to play. The analysis revealed significant effect of
CZP exposure in both the duration F(3,30) = 6.50, P = 0.002 and

FIGURE 3 | Body weight (mean +SEM) of rats during CZP exposure and
at P12, P15, P18 and P25. Abscissa: age in days, ordinate: relative weight
(body weight on the first day of the drug administration was taken as
100%). * Significant difference compared to appropriate control groups.

FIGURE 4 | Duration (A) and number (B) of social behavior related and
unrelated to play in P32 animals exposed to CZP from P7 to P11
postnatal day. * Significant difference compared to control group.
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the number F(3,30) = 7.89, P < 0.001 of behavior related to play.
At doses of 0.5 and 1.0 mg/kg CZP, post hoc comparison showed
a significant decrease in the duration and the number of behavior
related to play.

Behavior unrelated to play. There was no significant main effect
of CZP exposure in the duration of behavior unrelated to play
F(3,30) = 1.75, P = 0.17 but a significant effect was found in
the number of behavior unrelated to play F(3,30) = 4.11, P =
0.01. Post hoc test showed that CZP exposure at the dose of
1.0 mg/kg decreased the number of behavior unrelated to play
(Figures 4A, B).

Experiment 2: social behavior during development
Passive contacts. There was a significant effect of age in the dura-
tion of passive contacts [F(3,81) = 99.04, p < 0.001]. Both controls
and CZP exposed animals spent less time in passive contact at
P25, P32 and P42 compared to those at P18. The overall analysis

revealed significant effect of CZP exposure [F(2,27)= 9.60, p <

0.001], and drug × age interaction [F(6,81) = 4.33, p < 0.001].
Post hoc comparison showed that both doses of CZP increased
passive contact in animals at P18 compared to controls. Further,
the animals exposed to CZP at P32 and P42 spent a shorter time
in passive contact compared to animals at P25 (Figure 5A).

Active contacts. The analysis revealed significant effects of age
[F(3,81) = 10.78, p < 0.001], CZP exposure [F(2,27) = 6.79, P =
0.004], and drug × age interaction [F(6,81) = 4.13, p = 0.001].
Control animals at P18 spent significantly less time in active
contacts than controls at all subsequent developmental stages.
In addition, both controls at P32 and P42 spent more time in
active contact compared to those at P25. Furthermore, subsequent
analysis showed that P32 animals at the dose of 1.0 mg/kg CZP
decreased the time spent in active contact compared to controls.
At P42, both doses of CZP decreased the time spent in active
contact (Figure 5B).

FIGURE 5 | Effects of CZP exposure (P7–P11) on social behavior during
development. Illustrated here are the means + SEM for the total duration of
passive contacts (A), total duration of active contacts (B), total duration of

play fighting (C), and total duration of following (D). * Significant difference
compared to appropriate control groups. # Significant difference compared to
P18, + Significant difference compared to P25.
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Play fighting. The animals at P18 did not display fighting.
Repeated measures of ANOVA revealed significant effects of age
[F(3,81) = 15.26, p < 0.001], drug exposure [F(2,27) = 23.31, p <

0.001], and drug × age interaction [F(6,81) = 6.00, p < 0.001].
Control rats at P32 and P42 spent more time fighting compared to

those at P25. Both doses of CZP significantly decreased fighting in
all age groups (Figure 5C). In addition, the percentage evaluation
of the time spent in individual behavioral patterns revealed that
CZP exposure irrespective of the dose (0.5 and 1.0 mg) markedly
suppressed play fighting at P25 (0.65% and 3.07%), P32 (1.24%

FIGURE 6 | Effect of CZP exposure (P7–P11) on resident social behavior
in a resident-intruder paradigm. Illustrated here are the means+SEM for
total duration of pouncing (A), total duration of wrestling (B), total duration
of pinning (C), total duration of following (D), total duration of (all play

behavior) (E) and total duration of genital investigation (F). * Significant
difference compared to corresponding control groups. + Significant
difference compared to P32. # Significant difference compared to 0.5 mg/kg
dose of CZP.
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and 4.48%) and at P42 (1.23% and 2.65%). The percentage values
in the control group are as follows: P25 = 11.09%, P32 = 19.59%
and P42 = 14.18%.

Following. Finally, the analysis revealed significant effects of
age [F(3,81)=67.99, p < 0.001], CZP exposure [F(2,27) = 133.62,
p < 0.001], and drug × age interaction [F(6,81) = 22.01, p <

0.001] in the time spent following. At P18, a very short duration
of following behavior was observed. Subsequent analysis showed
that all animals at P25, P32 and P42 irrespective of treatment
spent more time following compared to those at P18. In addition,
control animals at P42 spent more time following compared to
animals at P 25. Moreover, both CZP doses decreased time spent
in following behavior at P25, P32 and P42 compared to the
appropriate controls (Figure 5D). In addition, both CZP doses
suppressed the percentage of time spent in following, above all, at
P32 (1.30% and 0.88%) and P42 (1.29% and 1.28%) relative to
the control group P32 = 2.30% and P42 = 3.63%.

Experiment 3: social behavior of residents in a resident-intruder
paradigm
Pouncing. There was significant effect of age in the time spent
pouncing [F(2,48) = 55.40, p < 0.001]. The animals at both P60
and P80 spent less time pouncing compared to animals at P32.
No significant effect of CZP exposure [F(2,24) = 0.73, p = 0.48]
or drug × age interaction was found [F(4,48) = 1.24, p < 0.30]
(Figure 6A).

Wrestling. The analysis revealed significant effects of age
[F(2,48) = 24.93, p < 0.001], CZP exposure [F(2,24) = 4.97, p =
0.01], but not of drug × age interaction [F(4,48) = 1.78, p = 0.14].
Controls as well as CZP exposed animals spent less time wrestling
at P60 and P80 compared to animals at P32. Further, post hoc
comparison showed that at a dose of 1.0 mg/kg, CZP increased
wrestling time in P60 and P80 animals (Figure 6B). The higher
dose of CZP increased the percentage of time spent wrestling at
P60 = 24.6% and P80 = 28.3% relative to their control groups
P60 = 14.3% and P80 = 10.2%.

Pinning. There was a significant effect of age [F(2,48) = 6.62, p <

0.003], but no significant effect of CZP exposure [F(2,24) = 0.54,
p = 0.58], or drug × age interaction F(4,48) = 0.49, p = 0.73. The
post hoc analysis showed that only control animals at P80 spent
less time pinning compared to those at P32 (Figure 6C).

Following. ANOVA failed to identify any significant effect of
age [F(2,48) = 1.55, p = 0.22], CZP exposure [F(2,24) = 1.85,
p = 0.18], and drug × age interaction [F(4,48) = 1.98, p =
0.1](Figure 6D).

All play behavior. Analysis of behavior related to play (pounc-
ing, wrestling, pinning and following) revealed significant age
effect [F(2,48) = 39.40, p < 0.001]. Both controls and CZP exposed
animals at P60 and P80 spent less time playing compared to
those at P32. ANOVA did not revealed any significant effects
of CZP exposure [F(2,24) = 2.31, p = 0.12], as well as drug ×
age interaction [F(4,48) = 1.58, p = 0.19]. Nevertheless, post hoc
comparison showed that animals exposed to CZP at a dose of
1.0 mg/kg spent more time playing compared to their respective
controls (Figure 6E).

Genital investigation. There was significant effect of age in
the time spent investigating genitals [F(2,48) = 6.13, p = 0.004].

Control animals at P60 and P80 spent more time investigating
genitals compared to those at P32. Both doses of CZP affected
genital investigation [F(2,24) = 11.41, p < 0.001]. Post hoc test
revealed that at both P60 and P80 the animals spent less time
investigating genitals than the corresponding controls. Animals
exposed to 1.0 mg/kg CZP at P60 spent more time investigating,
compared to those at P32. No drug × age interaction effect was
found [F(2,48) = 1.37, p = 0.26] (Figure 6F). As for the percentage
of time spent in genital investigation, both CZP doses markedly
suppressed this behavior at P60 (24.3% and 24.3%) and P80
(33.2% and 27.7%) relative to control groups (P60 = 45.2% and
P80 = 64.7%).

LOCOMOTION
In Experiment 1 (social behavior during adolescence) ANOVA did
not reveal significant difference in the distance moved between

FIGURE 7 | Effect of CZP exposure (P7–P11) on locomotion. Illustrated
here are the data from Experiment 2 (social behavior during development,
A) and Experiment 3 (social behavior in a resident-intruder paradigm, B).
# Significant difference compared to P18. + Significant difference compared
to P25. * Significant difference compared to control group.
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the control and CZP animals, aged 32 days (control: mean =
8215.56, SEM = 445.50, CZP 0.1 mg/kg: mean = 8128.01, SEM =
787.61, CZP 0.5 mg/kg: mean = 7560.67, SEM = 737.79, CZP
1.0 mg/kg: mean = 8123.96, SEM = 445.557). During devel-
opment (Experiment 2), there was a significant effect of age
[F(3,81) = 71.71, p < 0.001], but not of CZP exposure [F(2,27) =
0.24, p = 0.97], nor of drug × age interaction [F(6,81) = 1.40,
p = 0.22]. Post hoc test revealed that animals in all age groups
walked a longer distance than those at P18. The dose of 1.0 mg/kg
CZP significantly prolonged the distance moved at P32 and
P42 compared to those of animals at P25 (Figure 7A). As for
locomotion of resident rats, ANOVA revealed a significant effect
of age [F(2,48) = 4.20, p = 0.021] and drug × age interaction
[F(4,48) = 2.57 p = 0.04]. No significant effect of CZP exposure
[F(2,24) = 2.38, p = 0.11] was observed in the distance moved.
Post hoc test showed a significant decline in locomotion in
control animals at P80 compared to those at P32 and P60.
Moreover, the animals at P80 exposed to a higher CZP dose,
walked for a longer distance compared to respective controls
(Figure 7B).

DISCUSSION
In the present study, we evaluated the effects of early life exposure
to clonazepam on the social behavior of rats in respect to their
familiarity with test conditions. The results of this study have
shown that short-lasting exposure to CZP during early postnatal
period affects social play and social interaction differentially,
depending on age and environment.

Social behavior represents a relevant category of behavior
essential for the acquisition of motor, social, sexual and cognitive
skills (Vanderschuren et al., 1997; Pellis and Pellis, 1998; Auger
and Olesen, 2009; Trezza et al., 2010). In rats, social behav-
ior is a complex dynamic interaction that begins with social
play behavior at about P18, peaks between P32 and P40 and
gradually declines thereafter (Panksepp, 1981; Pellis and Pellis,
1997; Terranova et al., 1999) but never disappears completely
(Vanderschuren et al., 1995a; Pellis and Pellis, 1997). Social inter-
actions and play behavior especially are highly dependent not only
on the age of rats, but also on test circumstances, primarily on the
familiarity or unfamiliarity of the environment (Vanderschuren
et al., 1995b; Varlinskaya and Spear, 2008). Novel environment
represents a highly anxiogenic condition and novelty was found to
suppress social interaction in pubescent and young adult animals
(P35 and P60) but not in younger animals (P28) (Primus and
Kellogg, 1989, 1990).

Many experimental studies already documented that social
behavior is particularly sensitive to pharmacological influences
(Varlinskaya and Spear, 2002; File and Seth, 2003; Schneider and
Koch, 2005; Homberg et al., 2007; Koros et al., 2007; Trezza
et al., 2009; Mooney and Varlinskaya, 2011). Also early phar-
macological intervention was found to modify social behav-
ior long time after treatment cessation. File (1986b) reported
minor increase of social interactions between control adolescent
rats and rats treated with diazepam or lorazepam throughout
preweaning period, but no difference in animals treated with
CZP according to the same treatment protocol (File, 1986c). In
both studies, animals spent more time in active social interaction

when being in familiar than in unfamiliar environment. On the
contrary, in our study CZP exposure suppressed play behavior
in adolescence, but not other forms of social interaction irre-
spective of environmental context. Discrepancy between these
studies probably relates to differences in experimental protocol
and way of evaluation. In our study, we differentiated between
“social behavior related to play” and “social behavior unrelated
to play” and these two categories were evaluated separately,
whereas File evaluated all social contacts in one category. Thus
we hypothesize that early CZP exposure leads to increased
social anxiety and/or decreased motivation for play behavior
and that the lack of familiarity effects is due to impaired adap-
tation to novelty. The adolescent animals were familiarized to
OF before social test. In contrast, in developmental study ani-
mals were not habituated to environment. Pre-weaning rats do
not display intra-session habituation and even older rats are
not able to remember the environment if exposure is repeated
after seven days from the first exposure (Leussis and Bolivar,
2006).

In present study, adolescent animals were isolated for three
hours before the social interaction took place in order to promote
social behavior (Vanderschuren et al., 1995b). It has been shown
that social deprivation, especially during the acquisition period of
social play, leads to social disturbances independent of subsequent
social stimulation (Hol et al., 1999) and may induce a predispo-
sition to either anxiety or depressive-like behavior (Tsoory et al.,
2007). Developing animals were repeatedly tested thus the time
period of isolation was cut to 30 min. Therefore we assume that
the inhibition of social play in CZP-exposed animals cannot be
attributed to a long-term or repeated isolation.

When allowed to establish a territory, a male rat defends
his territory if an unfamiliar conspecific intruder is introduced.
Such behavior is indicative of the territorial advantage of resident
animal, and it is apparent after the resident has been singly housed
for only a few days (for rev. Mitchell and Redfern, 2005). In
concordance with previous studies on the role of territoriality
on social behavior in a resident-intruder paradigm, our data
show that play behavior gradually decreases with age but never
disappear completely and even adult rats continue to play (Pellis
and Pellis, 1987, 1990). Early exposure to CZP modified social
interaction in resident-intruder test. Exposure to CZP in a dose
of 1.0 mg/kg increased the duration of wrestling which was
always initiated by the resident rat reflecting a high degree of
dominance for his territory. This social activity never changed to
an aggressive form of fighting characterized by a threat posture,
serious attacks to partner’s rump, and biting (Pellis and Pellis,
1987; Blanchard et al., 2001). This finding is in agreement with
results of previous study showing that if a male intruder is
weight-matched to resident, the aggressive form of interaction
does not emerge (Robinson et al., 2011). In earlier studies, File
reported that the administration of CZP from birth until weaning
enhances offensive behavior when adolescent rats were resident
in their home cage (File, 1986c). Similarly, the same author
showed that neonatal treatment (P1–P7) with a high dose of
diazepam (10 mg/kg) increases aggression in adolescent resident
rats (File, 1987). Taken together, these findings indicate that BZDs
exposure during postnatal period affects the specific forms of
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social behavior that reflect dominance for an established territory.
Our data in addition revealed a remarkable inhibition of genital
investigation in the adults exposed to CZP early in life. This
component of social behavior represents a natural propensity
of laboratory rats to investigate and olfactory discriminate con-
specifics (Engelmann et al., 1995, 2011). Thus present findings
suggest that postnatal CZP exposure shifts the behavior from
social investigation to a higher motivation pattern, such as play
wrestling. Opposite effects of early CZP exposure on social play
and other forms of social behavior are consistent with recent
studies demonstrating that social play and social behaviors repre-
sent separate behavioral categories with different pharmacological
sensitivity (Varlinskaya et al., 1999; Varlinskaya and Spear, 2008;
Trezza et al., 2009).

Early CZP exposure did not result in substantial changes of
locomotion in any social test. Therefore we consider it unlikely
that the differences in social behavior are related to locomotor
alteration. Exposure to the high dose of CZP however resulted
in decrease of capability to adapt to environmental condition.
In contrast to controls, in CZP exposed animals distance moved
did not decrease with repeated exposure. As previously reported
animals exposed to CZP exhibited higher locomotion, spent more
time in the central part of the OF, suggesting decresed anxiety, and
had impaired between-session habituation in (Mikulecká et al.,
2014).

The expression of social behavior and specifically play behavior
involves a wide variety of neuronal systems. The various aspects of
social play are evidently regulated and/or modulated by different
neurotransmitters and can be influenced differently by environ-
mental and social factors (Varlinskaya et al., 1999; Trezza et al.,
2009). The recent progress in the neuropharmacology of play
behavior have pointed to neurotransmitter systems, such as opi-
oids, cannabinoids, cholinergic and dopaminergic that modulate
the rewarding, motivational and cognitive aspects of play behav-
ior, and to the nonspecific effects of serotonin and norepinephrine
(Vanderschuren et al., 1997; Homberg et al., 2007; Trezza et al.,
2010; Siviy and Panksepp, 2011; Siviy et al., 2011). In addition,
GABAergic and dopaminergic transmission play a major role in
the pharmacology, neurochemistry and physiopathology of the
emotional states. For example, GABAA receptor substrate which
controls bidirectional reward signaling between dopaminergic
and non-dopaminergic reward systems, play a role in positive
emotional processes such as social play (Laviolette and van der
Kooy, 2001; Burgdorf and Panksepp, 2006).

Interactive social play represents a separate and character-
istic form of social behavior expressed predominantly between
weaning and adolescence. This form of social behavior is highly
rewarding and indispensable for the development of social com-
petence and cognitive skills (Panksepp, 1981; Pellis and Mckenna,
1995). Social play during a juvenile period prepares the motor sys-
tem of animals for engagement in adult behavior. In addition, the
experience of positive social interaction during key developmental
ages has profound and long-lasting effects on brain function
and behavior in emotional, motivational and cognitive domain
(Trezza et al., 2011). When available, play can also facilitate and
refine brain areas that are involved in the very social skills, and
serves for training animals to cope with unpredictable events. Play

deprivation during juvenile and adolescence can lead to incom-
petence in sexual performance in adulthood and produce long-
term cognitive, behavioral and emotional deficits (for rev. Pellis
and Pellis, 2006; Trezza et al., 2011). Short-term CZP exposure in
the critical period of neurobehavioral development may interfere
with the formation of social motivation or positive emotional
processes, thereby altering the emotional reactivity and expres-
sion of social behavior. Inadequate social behavior is the main
hallmark of psychiatric disorders (DMS IV, American Psychiatric
Association, 1994) and to some extent, the disturbances shown
in animal studies are comparable to symptomatological as well
as etiological aspects of neurodevelopmental disorders (Schneider
and Koch, 2005). The data from animal experiments have to be
translated to human situation with extreme caution. In concor-
dance with previous studies, our results however indicate that the
exposure to benzodiazepines during the critical developmental
period may alter the responsiveness in social relationship.
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Mammalian memory is the result of the interaction of millions of neurons in the brain
and their coordinated activity. Candidate mechanisms for memory are synaptic plasticity
changes, such as long-term potentiation (LTP). LTP is essentially an electrophysiological
phenomenon manifested in hours-lasting increase on postsynaptic potentials after
synapse tetanization. It is thought to ensure long-term changes in synaptic efficacy in
distributed networks, leading to persistent changes in the behavioral patterns, actions
and choices, which are often interpreted as the retention of information, i.e., memory.
Interestingly, new neurons are born in the mammalian brain and adult hippocampal
neurogenesis is proposed to provide a substrate for dynamic and flexible aspects of
behavior such as pattern separation, prevention of interference, flexibility of behavior and
memory resolution. This work provides a brief review on the memory and involvement of
LTP and adult neurogenesis in memory phenomena.

Keywords: learning, memory, behavior, synaptic plasticity, adult neurogenesis, hippocampus

INTRODUCTION
The brain, with billions of cells’ connections and plethora of
cell types in mutual interactions, is one of the most compli-
cated organs in the human body and attracts attention of both
scientific researchers and the public. This is underlined by the
fact that we do not know the pathophysiology of many devas-
tating brain disorders, which often affect memory and cogni-
tion (such as schizophrenia, Alzheimer’s disease etc.). Notably,
the brain definitely does not work as an “elevated supervisor”;
indeed, researchers working in neuroscience have now started to
appreciate the “systems-level” understanding of the human body
function in health and disease (Qureshi and Mehler, 2013).

Studying detailed physiology of any living system without
evaluating its output (behavior), cannot give us enough infor-
mation for understanding the function of the system. Vice versa,
studying behavior without looking at the proximate mechanisms
cannot provide sufficient insight, although striking exceptions
from physiology exist such as ant navigation (e.g., Wohlgemuth
et al., 2001), when scientists proceeded from studying behav-
ioral outputs downstream to physiological mechanisms. Many
scientists concerned with the integration of molecular and cel-
lular views with systems-level and behavioral studies focus on
the learning and memory. This particular function of nervous
system in animals is well accessible by methods with different
resolution (from spikes to molecules and cells to the whole
organism).

In this review, I will try to provide a short update on integra-
tion of memory formation with a concept of synaptic plasticity
(Hebb, 1949) (mainly long-term potentiation (LTP; Bliss and
Lomo, 1973)) and adult neurogenesis in the dentate gyrus (DG)
of the hippocampus (Altman, 1963; Altman and Das, 1965).
My selection must obviously be subjective; there are excellent

reviews on other issues related to this topic, such as the role of
transcriptional factors and various kinases (Kandel, 2012; Xia and
Storm, 2012). The rationale for selecting these subtopics settles on
prevailing view on synaptic plasticity processes as a “hotspot” of
current research into basic mechanisms of learning and memory
(Glanzman, 2013). Focus on neurogenesis is based on the fact
that despite many memory studies involve static settings, our
world is endlessly dynamic and learning should be considered
a highly dynamic process; neurogenesis may provide these flex-
ible aspects of memory. These fields open ways for searching
mechanisms of deficits in many neuropsychiatric disorders with
enormous human and socioeconomic impact and suggest ways
of novel causal therapies for depression, PTSD, Alzheimer’s dis-
ease or schizophrenia (Voineskos et al., 2013). Scientists relate
both LTP and neurogenesis to memory (Brown et al., 1990;
Snyder et al., 2001), LTP as a candidate mechanism for long-
term retention of information and hippocampal neurogenesis as a
candidate mechanism for specific dynamic and flexible aspects of
learning.

LEARNING AND MEMORY
Memory refers to a capability of virtually any animal to encode,
store and retrieve information, to guide behavioral output. Learn-
ing is viewed as acquisition or encoding the information to
memory. It is an excellent example of model system allowing
for multi-level analysis (again, note close relation of memory
deficits to these pathological conditions). Absence/presence of a
memory trace (engram) is often presented or even defined as a
change of a particular behavior (such as a rat with lesions to the
hippocampus may get lost in a spatial maze), or then, as a change
of ability to learn/remember. The term engram was first coined
by Richard Semon, a German biologist (Semon, 1921). It usually
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refers to mechanisms (or tags) by which the memories are stored.
The prevailing view today is that memory should leave physical
(e.g., molecular) and often rather distributed changes in neuronal
tissue (Moser and Moser, 1998; Frey and Frey, 2008).

Another well-accepted opinion is that there is nothing like
“universal memory”; instead, multiple memory systems exist
(Doeller et al., 2008; Lee et al., 2008; Schwabe, 2013) hav-
ing their specific (partially competing but also shared) brain
resources to fulfill their tasks (Squire, 2004). Temptating is a
concept that memory may be stored (at least in mammals) in
distributed changes in synaptic weights, which may modulate
synchronization and grouping of firing of neuronal assemblies
(Hebb, 1949; Harris et al., 2003). Further introspection of the
engram and its nature also provokes many questions about sta-
bility, localization, time course of possible changes, and consoli-
dation and transformation of a memory trace (reviewed in Dudai,
2004).

Importantly, complex and vulnerable mammalian memory
types, i.e., declarative and spatial memory, depend on the medial
temporal lobes (MTL) of the brain (reviewed in Eichenbaum,
2001). These are the hippocampus, subiculum and neighbor-
ing cortical areas such as entorhinal, perirhinal and postrhinal
cortices (Amaral and Witter, 1989). Many scientist today are con-
vinced that the hottest candidates for neural correlate of a long-
term memory trace are long-term changes in synaptic strengths
(Hebb, 1949), i.e., LTP and long-term depression (LTD). For the
sake of simplicity, this minireview selects LTP out of the synaptic
plasticity mechanisms, although there is a great evidence for LTD
role in learning and memory as well (reviewed in Kemp and
Manahan-Vaughan, 2007).

LTP, PROTEIN KINASE Mzeta AND MEMORY
Already in 1973, Terje Lomo a Timothy Bliss published a seminal
study (Bliss and Lomo, 1973) showing that tetanization of specific
pathway in the hippocampal formation of anesthetized rabbit
resulted in significant increase in the excitatory postsynaptic
potentials in postsynaptic cells, which further supported Hebb’s
theories (Hebb, 1949). Later on, this phenomenon was demon-
strated in anesthetized and freely moving rats and mice. Today,
LTP attracts many scientists, because it represents an intriguing
but artificial model of long-term changes of the CNS function
(more than 12,000 hits in PubMed on the term search). However,
causal link between LTP and memory has been suspected but
not settled for a long time, although supportive studies were
provided earlier, in which interference with LTP affected learning
and memory.

Multiple studies have demonstrated that interference with
NMDA and AMPA receptor function (e.g., Steele and Morris,
1999; Bast et al., 2005) blocks certain phases of LTP and mem-
ory. Importance of NMDA receptors was documented especially
in one-trial learning, such as in the delayed-matching to place
version of the Morris water maze (MWM), a classical spatial
task (Steele and Morris, 1999). Other studies used a differ-
ent approach, i.e., tetanization of the majority of hippocampal
synapses and subsequent testing in hippocampus-dependent task.
Initially, it was shown that such LTP saturation disrupts sub-
sequent spatial memory in the MWM probe trials (Moser and

Moser, 1999), but this effect has been found to be eliminated
by non-spatial pretraining (Otnæss et al., 1999), suggesting that
LTP induction may provide a mechanism for capturing the proper
strategy in the task. Despite controversies, all these studies corrob-
orated the hypothesis that LTP has some relation to learning and
memory.

In 2006, two studies convincingly reported the link between
LTP and learning and memory. Whitlock et al. (2006) exam-
ined the hypothesis that not only tetanization but also mem-
ory encoding per se may induce long-term plastic changes. The
study showed that training rats to solve inhibitory avoidance,
in which animal learns to avoid a preferred dark compartment
punished by mild footshocks led to induction of the LTP in a
subset of hippocampal synapses. Some synapses were unaffected,
again supporting the concept of distributed memory trace. It
is interesting to note that inhibitory avoidance learning, despite
a simple paradigm, contains both operant and contextual fear
conditioning component and involves highly coordinated recruit-
ment of molecular and cellular machinery in the hippocampal
formation (Izquierdo et al., 2002). The paper by Whitlock and
colleagues contributed much to the notion that memory encoding
may produce LTP in some synapses and that memory acquisition
could be analogized to electrical tetanization of the synapse. Other
studies have strongly corroborated this view (Cohen et al., 2011;
Rodríguez-Durán et al., 2011; Kenney and Manahan-Vaughan,
2013).

Another paper in the same issue of Science (Pastalkova et al.,
2006) focused on the maintenance phase of LTP as a candi-
date mechanism for memory storage, based on previous robust
evidence from the laboratory of Todd Sacktor that an atypical
form of protein kinase C (PKMzeta) is necessary and suffi-
cient for maintenance phase of the LTP (Ling et al., 2002). The
study employed so-called zeta-inhibiting peptide (ZIP), which
was injected into hippocampi of rats that previously acquired
the spatial active place avoidance task. Subsequently, memory
retention was tested and it was found selectively impaired by
ZIP injection. Interestingly, such microinjection failed to abolish
novel learning in the same task, suggesting that PKMzeta erased
previous memory trace but did not block encoding of novel
information.

Subsequently, Shema et al. (2007) have shown that injection
of ZIP into the insular cortex of the rat erased conditioned taste
aversion, an evolutionary advantageous type of conditioning. This
memory is traditionally measured by avoidance of ingestion of
a food, the flavor of which had been associated previously with
sickness (Buresová et al., 1979). Another study has corroborated
these findings by extension to erasure of other types of memory,
such as classical or instrumental conditioning (Serrano et al.,
2008). Injection of ZIP also reduced the precision of the MWM
representation in the probe trial, despite the rough localization of
the goal was still present. Additional evidence on PKMzeta and
memory storage came from a recent study (Shema et al., 2011),
which showed that overexpression of PKMzeta in the insular
region enhanced the conditioned taste aversion memory. More-
over, Pauli et al. (2012) has revealed that blockade of PKMzeta
also has an effect in the striatum, affecting instrumental response
selection and habits.

Frontiers in Behavioral Neuroscience www.frontiersin.org April 2014 | Volume 8 | Article 106 | 266

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Stuchlik Neurophysiological basis of memory

However, Volk et al. (2013) have recently generated consti-
tutive and conditional PKMzeta-knockout mice and detected
no impairment of either LTP maintenance or hippocampus-
dependent memory (Volk et al., 2013). Since the previous reports
sometimes used pharmacological blockade of enzyme by ZIP,
Volk et al. also applied ZIP to their transgenic mice lacking
PKMzeta and detected LTP suppression. This suggests ZIP targets
other enzymes required for LTP. Analogous results have been
found by Lee et al. (2013) in PKMzeta-null mice. The role of
PKMzeta has therefore been questioned (Kwapis and Helmstetter,
2013).

Interestingly, another form of PKC named iota (Selbie et al.,
1993) was suggested to compensate for deficient PKMzeta in these
experiments, suggesting that more diverse cascade can provide
basis for memory maintenance rather than a single “memory
molecule” (Glanzman, 2013). In any case, scientists appear to be
on the track of interesting discovery of how our vivid everyday
memories relate to molecular and cellular brain processes.

ADULT NEUROGENESIS IN THE DENTATE GYRUS AND MEMORY
Importantly, the hippocampus, specifically the subgranular zone
of the DG, is one of two sites of neurogenesis in the adult brain
(Altman, 1963; Altman and Das, 1965). Some of the dividing
neural progenitor cells survive, differentiate into neurons and
incorporate into the hippocampal network. The physiological,
especially the behavioral role of adult neurogenesis is a subject
of controversies until today. Newly born neurons in the DG are
proposed to facilitate learning in the hippocampus by separating
overlapping patterns in hippocampal inputs, thus ensuring for-
mation of distinct representations.

Enhancing adult neurogenesis in the DG was found to suffice
for improvement of pattern separation (Sahay et al., 2011) and
another recent study (Nakashiba et al., 2012) suggested that
newly-born hyper-excitable neurons may participate preferen-
tially in pattern separation, while older adult granule neurons
provide mainly pattern completion (a complementary process
which allows adding missing features into incomplete hippocam-
pal representations). This study did not focus directly on the
autoassociative network in CA3, but in light of paper by Rolls
(2013), I propose that strong, “consolidated” synapses between
older granule neurons via mossy fibers to CA3 may provide
a significant contribution to pattern completion. It should be
noted that a precise balance between pattern completion and
pattern separation is probably one if the functions of CA3
upstream region innervated by mossy fibers from dentate granule
cells, which mediates a proper hippocampus function and such
interplay may be disrupted in memory disorders (Hanson and
Madison, 2010).

Another branch of research on the functional role of adult
neurogenesis has proposed that adult neurogenesis in the hip-
pocampus may also ensure prevention of interference of new
memories with old ones (Wiskott et al., 2006). A study using
olfactory memory task demanding interference resolution has
also supported such role for new granule neurons in the DG
(Luu et al., 2012). A recent study by Gordon Winocur et al.
have strongly supported this prediction (Winocur et al., 2012)
using a visual discrimination task under conditions of low or

high interference. A very recent study by Déry et al. (2013)
confirmed such role of neurogenesis even in humans and shown
a positive impact of voluntary exercise and adverse effects of
depression. Recently, the role of DG adult neurogenesis has been
extended to increase “memory resolution” so that cooperation
between newly born, hyperexcitable granule cells and older neu-
rons that code sparsely for salient features increases the amount
of detail encoded in hippocampal memories (Aimone et al.,
2011).

Studies also showed that hippocampal neurogenesis promotes
behavioral flexibility in mice. A study by Garthe et al. (2009)
demonstrated the subtle but significant effects of neurogenesis
ablation. Using chronic treatment with a cytostatic temozolomide
and efficient recovery protocol, the memory differences between
mice with and without adult neuronal proliferation were revealed
in the MWM not by traditional measures such as distance to
reach the platform, but by evaluating spatial/non-spatial strategies
possessed in the maze. Robust evidence on behavioral flexibility
account of neurogenesis has been provided by Burghardt et al.
(2012), who showed that neurogenesis ablation in mice led to
impairments of reversal learning in active place avoidance task
(reviewed by Stuchlik et al., 2013). It also disrupted flexible
incorporation of second reference frame (second to-be-avoided
place, i.e., two-frame place avoidance; reviewed in Stuchlik et al.,
2013). The deficit could not be explained by alteration of mem-
ory extinction, or with inability to acquire new memory in a
novel environment; these functions were spared in both groups.
Interestingly, the flexibility impairment was accompanied by
immediate-early gene Arc up-regulation, suggesting effects on
excitability and plasticity of the hippocampal network (Pevzner
et al., 2012).

Recently, time-limited role of new, hyper-excitable granule
neurons in the DG in hippocampus-dependent memory has
been shown by optogenetic approach (Gu et al., 2012). This
study showed that newly born cells form functional synapses
on pyramidal neurons of CA3 region from 2 weeks after their
birth reaching a stable state at 4 weeks. Newborn neurons at
this age were more plastic than neurons at other stages. The
study also showed that switching off this cell type of 4-week-old
cells after encoding disrupted retrieval of hippocampal memory.
This suggests that these 4 weeks represent a functional time win-
dow for adult-born neurons in hippocampus-dependent memory
retrieval (Gu et al., 2012). Using multiple high-resolution meth-
ods, a study of Ikrar et al. (2013) clearly documented that blocking
adult neurogenesis increased excitability in the DG networks
while its enhancement has reduced it, and also pointed to an
important role of inhibitory GABAergic interneurons (Ikrar et al.,
2013).

Based on this, we propose that neurogenesis in the hip-
pocampus might underlie so-called behavioral separation, which
we define as selective recruitment of distinct and dissociable
hippocampus-functions such as spatial representation and cog-
nitive coordination (Kubík and Fenton, 2005; Wesierska et al.,
2005). Such role might be shown by selective neurogenesis abla-
tion and testing in massed/alternate protocols using the specific
behavioral tasks (MWM, Morris, 1981) and active place avoid-
ance on Carousel (Stuchlik et al., 2013). Additionally, newly
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born neurons may contribute to coping with dynamic, chang-
ing aspects of memory (such as with moving goals) in accor-
dance with the evolutionary hypothesis of neurogenesis role
(Kempermann, 2012).

SHORT NOTES ON SOME OTHER FACTORS AFFECTING LTP,
NEUROGENESIS AND MEMORY
There are additional factors affecting memory, LTP, and neuroge-
nesis. For instance, a recent study on human glial cells implanted
into mouse hippocampus documented enhanced LTP, suggesting
strong functional role of this cell type in the brain (Zhang and
Barres, 2013). Neurogenesis is also significantly affected by age-
ing, stress and disease but contrarily enhanced e.g., by enriched
environment (Kempermann et al., 1997) and physical exercise
(van Praag et al., 1999). Generally, all these phenomena in parallel
affect memory as well (Nilsson et al., 1999; Lithfous et al., 2013).
An intriguing study by Van der Borght et al. (2007) showed
beneficial effects of physical exercise and dietary restriction on
spatial T-maze performance and surprisingly, T-maze learning
and reversal training actually led to reduced neurogenesis, sug-
gesting optimal balance of these processes for proper memory
maintenance.

Of high importance is the role of sleep in memory (McCoy
et al., 2013). It has been shown that during both non-REM
and REM sleep cellular processes may take part, subserving
memory (Benington and Frank, 2003). A factual necessity of
sleep for forming and consolidation of memories has emerged
recently (Prince et al., 2014). Sleep is also related to neuro-
genesis (Mueller et al., 2013) as well as to LTP (Kim et al.,
2005). From a pharmacological point of view, a recent study have
shown that anti-diabetes drug metformin might offer a promis-
ing way of increasing adult neurogenesis and memory function
(Wang et al., 2012) that is impaired in several neuropsychiatric
disorders.

CONCLUSIONS
Much evidence converges on the view that learning and mem-
ory, synaptic plasticity and neurogenesis are inter-related phe-
nomena. Specifically, the latter two are considered to provide
substrate for specific aspects of learning and memory function.
LTP maintenance probably underlies memory retention and its
inhibition erases memory. Encoding of a memory trace induces
LTP in subset of hippocampal synapses. Neurogenesis underlies
specific dynamic and flexible features of learning and mem-
ory phenomena in the precisely regulated and time-restricted
manner. Nowadays and in the future, collaborative and multi-
disciplinary efforts involving optogenetics, transgenes, in vivo
patch-clamp etc. will bring significant insight into mechanisms of
memory.
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Sleep can integrate information into existing memory networks, look for common patterns
and distil overarching rules, or simply stabilize and strengthen the memory exactly as it was
learned. Recent research has shown that sleep facilitates abstraction of gist information
as well as integration across multiple memories, insight into hidden solutions, and even
the ability to make creative connections between distantly related ideas and concepts. To
investigate the effect of sleep on memory organization, 35 normal volunteers were ran-
domly assigned either to the sleep (n=17) or wake group (n=18). The sleep subjects
performed the Japanese Verbal Learning Test (JVLT), a measure of learning and memory,
three times in the evening, and slept. On the following morning (9 h later), they were asked
to recall the words on the list. The wake subjects took the same test in the morning, and
were asked to recall the words in the same time interval as in the sleep group.The seman-
tic clustering ratio (SCR), divided by the total number of words recalled, was used as an
index of memory organization. Our main interest was whether the sleep subjects elicit a
greater increase in this measure from the third to the fourth assessments. Time×Group
interaction effect on SCR was not significant between the sleep group and wake group
as a whole. Meanwhile, the change in the SCR between the third and fourth trials was
negatively correlated with duration of nocturnal waking in the sleep group, but not other
sleep indices. Based on this observation, further analysis was conducted for subjects in
the sleep group who awoke nocturnally for <60 min for comparison with the wake group.
A significantTime×Group interaction was noted; these “good-sleepers” showed a signifi-
cantly greater improvement in the memory index compared with the wake subjects.These
results provide the first suggestion that sleep may enhance memory organization, which
requires further study.

Keywords: sleep, memory organization, JapaneseVerbal LearningTest, wake after sleep onset, polysomnographic
recordings

INTRODUCTION
Sleep is important for a variety of physiological functions,
e.g., homeostatic maintenance (Achermann and Borbély, 2005).
Recently, sleep has been shown to enhance processing of informa-
tion obtained during wakefulness, and consolidate it in the form
of memory (Peigneux et al., 2001; Smith, 2001).

Memory is generally classified into short-term memory and
long-term memory; the latter divided into episodic memory,
semantic memory, and procedural memory (Tulving and Fergus,
2000). The concepts of memory organization refer to the possibil-
ity that the internal representation of a given perceptual input may
assume different forms depending upon certain operation on the
input, or on its representation in the memory store. Memory orga-
nization carries the implication of changes in the memory trace of
an event that are influenced by the presence of certain other traces
in the episodic memory store. Temporal encoding of an input
implies the registration of the date of an episode without regard to
other episodes, and it may not represent the way the system works,

and the temporal date of a stored event may be determined by its
organization in relation to other events with their temporal dates.
Semantic encoding of a verbal item in episodic memory implies
that the trace of the item is influenced by the information already
available about its referent concept in semantic memory, while
semantic organization refers to the grouping of items in a given
set that reflects the semantic relations among the corresponding
concepts. Memory organization refers to the collection and associ-
ations of memorized items and their recall (Kirimura, 1999), and
implicitly serves as a strategy for facilitating memory itself. With
memory organization, it is defined as “the method of summariz-
ing, arranging, and memorizing related information.” Since other
information which is related to it can be remembered as nature
if more information can be memorized efficiently and certain
information is remembered if information can be systematized
by systematization, the burden in the case of search also decreases.

From the view point of cognitive psychology, primary aspects
of memory organization are already integrated in long-term
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memory. Generally, we unconsciously categorize items from the
materials being learned, and judge novel items if they fall into
a certain category. Memory organization is assessed by several
ways, e.g., verbal fluency (Sumiyoshi et al., 2005), story mem-
ory (Sumiyoshi et al., 2001), and word memory (Nohara et al.,
2000; Yamashita et al., 2000) tests. Accordingly, the Japanese Verbal
Learning Test (JVLT), a word list test, was developed as a measure
of memory organization (Yamashita et al., 2000). JVLT is a learn-
ing task and consists of a word list of 16 words. This test was
developed based on previous reports (Gold, 1992) that employed
three word lists (random, blocked, and unblocked lists), with a
differential degree of semantic organization. The unblocked list is
constituted by four semantic categories (animals, countries, musi-
cal instruments, and vegetables) with four words in each category.
The unblocked list is organized in a manner that the words in the
same category do not appear one after another. Thus, this list has
an implicit category structure. JVLT uses a 16-word unblocked list
involves four semantic categories with four words in each cate-
gory. The words in the list are selected from everyday Japanese
vocabulary; they are used approximately in the same frequency
(Nohara et al., 2000;Yamashita et al., 2000). The number of seman-
tic categories (semantic clustering ratio, SCR) is counted when a
separate word belonging to the same semantic category is recalled
consequently. Thus, the SCR implicitly reflects the degree of mem-
ory organization. However, this index by itself can be affected by
the total number of words recalled. Therefore, this study used
the ratio of SCR vs. the total number of recalled words (SCR
ratio) as an index of memory organization (Matsui et al., 2006)
(Figure 1). Further, this cognitive domain is impaired in patients
with psychiatric diseases such as schizophrenia (Nohara et al.,
2000).

A relationship between memory and sleep has been reported
(Stickgold, 2005). For example, a facilitative effect of sleep on

FIGURE 1 | An example of memory organization as assessed by the
Japanese Verbal LearningTest. The number of semantic categories (SCR)
is counted when a separate word belonging to the same semantic category
is recalled consequently. Thus, the SCR implicitly reflects the degree of
memory organization. However, this index by itself can be affected by the
total number of words recalled. Therefore, this study used the ratio of SCR
vs. the total number of recalled words (SCR ratio) as an index of memory
organization (see Materials and Methods).

declarative memory has been demonstrated in humans (Stickgold
and Walker, 2007). Specifically, performance on paired-association
task has been associated with slow-wave sleep (Plihal and Born,
1997; Gais et al., 2002; Gais and Born, 2004), REM sleep (Koninck
et al., 1989), stage 2 sleep (Walker et al., 2002), and spindles (Fogel
et al., 2007). In particular, subjects with sleep apnea syndrome
perform worse on tests of memory consolidation compared with
healthy individuals (Kloepfer et al., 2009). Further, sleep depriva-
tion has been shown to impair attention span (Hsieh et al., 2010).
These lines of evidence suggest an importance of an appropriate
amount of sleep in general and the maintenance, and, possibly,
enhancement of memory.

The over lapping replay of related memories selectively
strengthens shared elements (Lewis and Durrant, 2011). Repeated
reactivation of memories in different combinations progressively
builds schematic representations of the relationships between
stimuli. Sleep can integrate information into existing memory
networks, look for common patterns and distil overarching rules,
or simply stabilize and strengthen the memory exactly as it was
learned (Stickgold and Walker, 2013).

The above considerations led us to hypothesize that sleep would
improve memory organization. To date, however, there is little
information on the link between this domain of cognitive ability
and sleep. Therefore, the present study was performed to deter-
mine whether organization of memory, as evaluated word list
learning, would be enhanced during sleep in healthy subjects.

MATERIALS AND METHODS
SUBJECTS
Thirty-five healthy female subjects (university students; average
age: 20.9± 1.9 years) participated in the study. They were ran-
domly assigned into either the sleep group (n= 17) or wake group
(n= 18) (Table 1). All participants were right-handed, had an
academic history of 12 years, and were without physical prob-
lems (head trauma) or mental health problems (schizophrenia,
mood disorder, dependency syndrome). No subjects were receiv-
ing medical treatment or suspected of having sleep disorders as
determined by the International Classification of Sleep Disorders,
Second Edition (American Academy of Sleep Medicine, 2005). All
subjects were given an explanation of the research, including the
instruction that they can withdraw from the study at any time.
Subjects were paid for their participation in this study, and written
informed consent was obtained.

Table 1 | Demographic data.

Sleep group

(n = 17)

Wake group

(n = 18)

Age (years) 20.4±0.5 21.3±2.5

Education (years) 12.0±0.0 12.0±0.0

IQ 99.6±8.0 99.5±8.6

JVLT1 total reproduction 11.4±2.1 10.9±1.7

SCR(1) ratio 0.31±0.2 0.42±0.2

JVLT, Japanese Verbal Learning Test; SCR, semantic clustering ratio. Mean±SD.

Frontiers in Behavioral Neuroscience www.frontiersin.org April 2014 | Volume 8 | Article 65 | 272

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Takeuchi et al. Sleep and memory organization

JAPANESE VERBAL LEARNING TEST
Japanese Verbal Learning Test is a learning task and consists of a
word list of 16 words (Matsui et al., 2007a). The list is constituted
by four semantic categories (animals, countries, musical instru-
ments, and vegetables) with four words in each category. The list
is organized in a manner that the words in the same category do
not appear one after another. Thus, this list has an implicit cate-
gory structure. JVLT uses a 16-word unblocked list involves four
semantic categories with four words in each category. The words
in the list are selected from everyday Japanese vocabulary; they are
used approximately in the same frequency (Nohara et al., 2000;
Yamashita et al., 2000).

The number of semantic categories (SCR) is counted when a
separate word belonging to the same semantic category is recalled
consequently. Thus, the SCR implicitly reflects the degree of mem-
ory organization. However, this index by itself can be affected by
the total number of words recalled. Therefore, this study used
the ratio of SCR vs. the total number of recalled words (SCR
ratio) as an index of memory organization (Matsui et al., 2006)
(Figure 1).

The Japanese Adult Reading Test (JART) was used to measure
IQ. Subjects are required to read aloud 100 kanji (Chinese char-
acter) idioms (Matsuoka et al., 2002). IQ is calculated as follows;
estimated IQ= 126.5− 0.72x (the number of wrong answers).

POLYSOMNOGRAPHIC RECORDINGS
Polysomnography was performed based on standardized tech-
niques (Rechtschaffen and Kales, 1968). Digital electroen-
cephalography (EEG), electromyography (EMG), and electroocu-
lography (EOG) signals were acquired by Polymate system (DIGI-
TEX LAB.CO., LTD, Tokyo, Japan). EEG electrodes (Fp1, Fp2, C3,
C4, P3, P4, O1, O2) were placed on the subject’s head according
to the International 10-20 system. Parameters for EEG recordings
were as follows: sampling rate – 200 Hz, low- and high-pass fil-
ter – 0.3 and 60 Hz, and notch filter – 50 Hz. Polysomnography
(PSG) data were scored automatically by Night Owl Professional
(NoruPro Light Systems, Inc., Tokyo, Japan), and were rescored
visually every 30-s epoch, according to standardized techniques
(Rechtschaffen and Kales, 1968).

PROCEDURE
Figure 2 shows the experiment procedure. The sleep group was
instructed to report to the laboratory at 18:00. They took the
JVLT. In the JVLT, subjects were instructed to remember as many
words as possible without knowing the existence of any category.
JVLT was consecutively performed three times before subjects were
allowed to sleep. Each word was orally presented by the examiner
with 1-s intervals. After all words had been presented, subjects
were asked to recall them immediately. They were instructed to
sleep. At the following morning, the fourth JVLT was performed.
For this trial, subjects were asked to recall the words once with-
out presentation of the stimulus words. This testing had not been
notified to the subjects at the time of completion of the third JVLT.
After took the fourth JVLT, subjects took the JART.

The wake group performed the same examination during wak-
ing hours with the same 9-h interval between the third and fourth
trials of the JVLT as in the sleep group (08:00 and 17:00). These

FIGURE 2 | Experimental procedure. The sleep group received a learning
session by means of three consecutive administrations of the Japanese
Verbal Learning Test (JVLT) before initiation of sleep. On the morning of the
following day, subjects were asked to recall as many words as possible
without presentation of words. The wake group underwent the same
examination procedure, as described in the figure (below).

subjects were instructed not to perform excessive exercise or sleep
during the interval. Adherence to these directions was confirmed
with an Actigraph.

STATISTICAL ANALYSIS
Mann–Whitney test was used to compare age, academic back-
ground (year), estimated IQ, and the change of SCR ratio between
the sleep and wake groups. Data from the total number of words
recalled and SCR ratio were examined using repeated measures
analysis of variance (ANOVA) with Group (wake group vs. sleep
group) or (wake group vs. good sleep group) as between sub-
ject variable, and time (time points for the third and fourth JVLT
administrations) as within-subject variable.

A t -test whether the two groups (wake group and good sleep
group) indeed significantly differed before the retention inter-
val between time point 3 and 4. A repeated measures analysis of
covariance (ANCOVA) was performed for the memory organiza-
tion parameter at time point 3 as covariate in the analysis of the
change in memory organization between time point 3 and 4. Cor-
relations between the change in the SCR ratio and sleep variables
[total sleep time (TST), time in stage 1, time in stage 2, time in
stage 3, time in stage 4, time in stage 3 and 4, time in REM sleep,
time in non-REM sleep, and wake after sleep onset (WASO)] and
wake variables were analyzed using Spearman’s rank correlation
coefficient test.

RESULTS
Data from one subject in the sleep group were excluded from the
analysis due to considerable artifacts in the polysomnography data.
There were no significant differences between the sleep and wake
groups in terms of age, academic background, and IQ (Table 1).
The quality of sleep for the current subjects was the follow-
ing results: stage 1 (67.8± 16.3 min), stage 2 (250.8± 22.6 min),
slow-wave sleep (stage 3+ stage 4) (82.9± 14.3 min), REM
sleep (74.2± 17.4 min), WASO (52.1± 23.4 min), and TST
(480.3± 19.2 min).

The total number of words recalled and SCR ratio are shown
in Table 2 and Figure 3.
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Time×Group interaction effect was not significant for the total
number of words recalled [F(1, 32)= 0.26, p= 0.61], and a sig-
nificant main effect of time was not observed [F(1, 32)= 0.82,
p= 0.78]. Time×Group interaction was not significant for the
SCR ratio [F(1, 32)= 2.77, p= 0.11], although a significant main
effect of time was observed [F(1, 32)= 13.2, p= 0.01].

On the other hand, a significant negative correlation was
observed between the change of SCR ratio from the third to fourth
trials and nocturnal waking, as represented by WASO (p= 0.023,
r s=−0.53) (Figure 4), but no correlation was observed between
the change of total number of recall (TNR) from the third to fourth
trials and nocturnal waking (p= 0.31, r s=−0.27) (Figure 5).

In view of these results, further analysis was conducted to
determine if subjects with a small amount of nocturnal waking

Table 2 | Demographic data.

Sleep group Wake group

Total number

of recall

SCR ratio Total number

of recall

SCR ratio

JVLT1 11.4±0.5 0.31±0.05 10.9±0.4 0.42±0.03

JVLT2 13.9±0.4 0.41±0.05 13.4±0.6 0.37±0.04

JVLT3 15.1±0.3 0.47±0.06 13.9±0.6 0.57±0.04

JVLT4 15.2±0.2 0.66±0.03 13.7±0.5 0.64±0.04

Mean±SE.

(WASO≤ 60 min) would elicit a greater improvement of memory
organization compared with awake subjects. It is said that wake
after sleep onset is 75–80% of total sleep time (Hori, 2006). In
our subjects, 75–80% of total sleep time is about 30 min. So we
distinguished wake after sleep onset by being twice of 30 min.

Repeated measures ANOVA was conducted to see the effect
of sleep on the SCR ratio with Group [sleepers showing WASO
≤60 min (n= 11) vs. awake subjects] as between subject variable,
and time as within-subject variable. A significant Group×Time

FIGURE 4 | Correlation between the change in the SCR ratio and the
amount of nocturnal waking, as represented by WASO (wake after
sleep onset) in the sleep group (r s = 0.53, p < 0.05).

FIGURE 3 |The total number of words recalled (left) and the SCR ratio
(right) from the JVLT test in awake (n = 18) and sleep (n = 17) groups.
Time×Group interaction effect was not significant for the total number of
words recalled [F (1, 32)=0.26, p=0.61], and a significant main effect of time

was not observed [F (1, 32)=0.82, p=0.78]. Time×Group interaction was
not significant for the SCR ratio [F (1, 32)=2.77, p=0.11], although a
significant main effect of Time was observed [F (1, 32)=13.2, p=0.01]. The
error bars represent standard error of the mean.
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interaction was observed in the SCR ratio [F(1, 27)= 6.23,
p= 0.019] (Figure 6).

On the other hand, repeated measures ANOVA was conducted
to see the effect of sleep on the TNR with Group [sleepers showing
WASO ≤60 min (n= 11) vs. awake subjects] as between subject
variable, and time as within-subject variable. Time×Group inter-
action effect was not significant for the total number of words
recalled [F(1, 27)= 0.57, p= 0.46], and a significant main effect
of time was not observed [F(1, 27)= 0.06, p= 0.94].

FIGURE 5 | Correlation between the change in the total number of
recall and the amount of nocturnal waking, as represented by WASO
(wake after sleep onset) in the sleep group (p = 0.31).

Subsequent analysis indicated a significant increase in the
SCR ratio from the third to fourth JVLT trials only in the sleep
group (p < 0.01). In fact, the change in the SCR ratio was signifi-
cantly greater for these “good-sleepers” compared to wake subjects
(Mann–Whitney test, U = 53, p= 0.04) (Figure 7).

FIGURE 7 | SCR ratio for the fourth JVLT trial/SCR ratio for the third
trial for the wake group and good sleep groups. *p < 0.05 by
Mann–Whitney U -test.

FIGURE 6 |The total number of words recalled (left) and the SCR ratio
(right) from the JVLT in the good sleeper group (n = 11) and control
subjects (n = 15). Left; repeated measures ANOVA was conducted to see
the effect of sleep on the total number of recall with Group [sleepers showing
WASO ≤60 min (n=11) vs. awake subjects] as between subject variable, and
time as within-subject variable. Time×Group interaction effect was not
significant for the total number of words recalled [F (1, 27)=0.57, p=0.46],

and a significant main effect of Time was not observed [F (1, 27)=0.06,
p=0.94]. The error bars represent standard error of the mean. Repeated
measures ANOVA was conducted to see the effect of sleep on the SCR ratio
with Group [sleepers showing WASO ≤60 min (n=11) vs. awake subjects] as
between subject variable, and time as within-subject variable. A significant
Group×Time interaction was observed in the SCR ratio [F (1, 27)=6.23,
p=0.019].
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FIGURE 8 |The total number of words recalled (left) and the SCR ratio
(right) from the JVLT in the SCR ratio in the third JVLT under 0.65
(n = 10) and awake subjects showing the SCR ratio in the third JVLT
under 0.65 (n = 12). A significant Group×Time interaction was observed in

the SCR ratio [F (1, 20)=4.25, p=0.01]. Subsequent analysis indicated a
significant increase in the SCR ratio from the third to fourth JVLT trials only in
the sleep group (p < 0.05), but not awake group (p=0.57). The error bars
represent standard error of the mean.

When using a t -test to see whether the two groups (wake group
and good sleep group) almost significantly differed before the
retention interval between time point 3 and time point 4, there
was a significant different between two groups [F(1, 27)= 4.34,
p= 0.047].

A repeated measures ANCOVA was performed for the mem-
ory organization parameter at time point 3 as covariate in the
analysis of the change in memory organization between time
point 3 and 4, there was no significant difference at time point 3
and 4 [F(1, 27)= 1.12, p= 0.32]. Although no significant main
effect of Group was observed [F(1, 27)= 2.084 p= 0.35], sig-
nificant main effect of the Time was observed [F(1, 27)= 18.30
p < 0.01], and significant Group×Time interaction was observed
[F(1, 27)= 6.23, p= 0.02].

In comparison of the index of organization with the good sleep
group and the awake group, the value of SCR ratio in the third JVLT
was close to the maximum (0.75) by the awake group. Therefore,
it was also considered that a difference did not appear in the SCR
ratio in the third JVLT and the SCR ratio in the fourth JVLT in
the awake group according to the ceiling effect of subject results.
Therefore, after carrying out a group division by whether the SCR
ratio in the third JVLT is 0.65 or more, the awake group and the
sleep group conducted same analysis again, and examined whether
a difference would come out of both groups. Repeated measures
ANOVA was conducted to see the effect of sleep on the SCR ratio
with Group [sleepers showing the SCR ratio in the third JVLT
under 0.65 (n= 10) vs. awake subjects showing the SCR ratio in the

third JVLT under 0.65 (n= 12)] as between subject variable, and
Time as within-subject variable. A significant Group×Time inter-
action was observed in the SCR ratio [F(1, 20)= 4.25, p= 0.01].
Subsequent analysis indicated a significant increase in the SCR
ratio from the third to fourth JVLT trials only in the sleep group
(p < 0.05), but not awake group (p= 0.57) (Figure 8).

DISCUSSION
In the sleep group, a significant negative correlation was observed
between the changes of memory organization index wake after
sleep onset. We compared memory organization between sleep
and wake group, but found no significant difference between the
groups. So, we needed more subanalyses. In sub analyze, sleep sub-
jects elicited an increase in memory organization compared with
awake subjects. On the other hand, sleep did not affect the number
of recalled words. To our knowledge, these findings indicate that
sleep may enhance memory organization.

A prominent theory proposes that three characteristic field
potentials,“slow oscillations,”“spindles,” and “sharp” wave-ripples
are involved in some forms of sleep-dependent consolidation
(Lewis and Durrant,2011). During SWS,memories newly encoded
into a temporary store (i.e., the hippocampus in the declarative
memory system) are repeatedly reactivated, which drives their
gradual redistribution to the long-term store (i.e., the neocor-
tex). System consolidation during SWS relies on a dialog between
neocortex and hippocampus under top-down control by the neo-
cortical slow oscillations. The depolarizing up phases of the slow
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oscillations drive the repeated reactivation of hippocampal mem-
ory representations together with sharp wave-ripples and thalamo-
cortical spindles. This synchronous drive allows for the formation
of spindle-ripple events where sharp wave-ripples and associated
reactivated memory information become nested into succeeding
troughs of a spindle (Rasch and Born, 2013).

The neural basis for memory formation has been investigated
by using several modalities. In a positron emission tomography
study (Fletcher et al., 1998), performance on a task to gener-
ate an organization structure in a word list was associated with
activation in the left prefrontal cortex in normal subjects. Func-
tional magnetic resonance imaging demonstrated the left infe-
rior prefrontal cortex elicits increased activation during semantic
encoding (Demb et al., 1995). Furthermore, a recent study using
near-infrared spectroscopy showed activation of prefrontal cor-
tex during a memory organization task in healthy people (Matsui
et al., 2007b). These findings suggest the role for prefrontal cortex
in memory performance and its organization.

Suppression of cholinergic activity during SWS alleviates tonic
inhibition of hippocampal CA3 and CA1 feedback neurons,
thereby it enables spontaneous reactivations of the hippocam-
pal networks and of the memory information encoded in these
networks, as well as the transfer of the reactivated information to
neocortical networks (Rasch and Born, 2013).

The acetylcholine system in the hippocampus has been sug-
gested to regulate the acquisition of new knowledge (Terry and
Buccafusco, 2003). For example, cholinergic activity is low during
slow-wave sleep (Gais and Born, 2004) that improves memory per-
formance, as mentioned above. Specifically, it is assumed that the
direction of cholinergic activity regulate type of sleep,which affects
declarative memory. For example, Gais and Born (2004) proposed
an antagonistic relationship between the acetylcholine system and
memory formation, i.e., cholinergic transmissions increase during
waking or REM sleep, while they are reduced during slow-wave
sleep. Taken together, acetylcholine is considered a major neuro-
chemical substance for all stages of sleep, and affects some types
of cognitive abilities.

Other neurotransmitters may also play a role in the ability of
sleep to enhance memory. For example, Jouvet (1972) proposed
monoamines (noradrenaline, serotonin) are also involved in the
regulation of non-REM sleep (Jouvet, 1972). Further, REM sleep
has been reported to be regulated by monoamines, as well as by
acetylcholine (Hobson et al., 1975). These observations suggest
neurotransmitters affect memory performance by modulating the
quality of sleep.

Results in the present study suggest nocturnal waking is disad-
vantageous for memory organization, suggesting the importance
of the quality of sleep. Specifically, sleep selectively improved an
index of memory organization but not total words recalled, a mea-
sure of learning memory itself. The reason for this discrepancy may
include that the number of words in the JVLT did not pose suffi-
cient workload. The easiness of memory tasks have been reported
to make it difficult to interpret data regarding the effect of sleep
(Empson and Clark, 1970). In fact, our findings indicate a ceiling
effect in both groups for the total number of words recalled in the
third JVLT [Figure 3 (left) and Figure 6 (left)]. On the other hand,
the workload for memory organization may have been appropriate

to assess the effect of sleep, as implicated in Figure 3 (right) and
Figure 6 (right). It considered about the influence of the ceil-
ing effect of a memory organization task, only the sleep subjects
obtained the result that organization was promoted by sleep, to the
result of having divided and examined the group again (Figure 8).

It is possible that the greater hike of the SCR ratio in good
sleeper subjects compared to controls may have been a result of the
ability of the former subjects to effectively restore semantic knowl-
edge. Alternatively, it is also assumed that the ability to organize
memory was enhanced by sleep. Recent research has shown that
sleep facilitates abstraction of gist information as well as integra-
tion across multiple memories, insight into hidden solutions, and
even the ability to make creative connections between distantly
related ideas and concepts (Lewis and Durrant, 2011; Griessen-
berger et al., 2012). Our findings may also suggest these findings.

Abnormalities in the sleep structure, such as the decreased slow-
wave sleep and increased nocturnal waking, have been reported
in patients with depression (Tsuno et al., 2005) or schizophre-
nia (Zarcone et al., 1998). It is also reported that sleep-dependent
memory consolidation is absent or weakened in people suffering
from conditions that cause sleep disturbances. For example, con-
solidation of declarative memory is absent in patients with sleep
apnea syndrome (Kloepfer et al., 2009). These observations suggest
that adequate sleep may be effective in enhancing some types of
cognitive functions, such as organizing of information, in clinical
subjects.

We compared memory organization between sleep and wake
group, but found no significant difference between the groups. So,
we needed more subanalyses.

The difference between groups before the retention interval
should be considered as a major limitation, and the fact that ceil-
ing performance was reached for total word recall as well as for the
memory organization parameter in the wake group. The absence
of a significant relationship between memory organization and
other sleep variables, e.g. amount of specific stages of sleep, could
be due to the small sample size. We need more analyze another
sleep index. In addition, the quality of sleep is much worse as
in other sleep studies including young and healthy participants
(Carskadon, 2005; Payne et al., 2012). This is thought that we
did not set up adaptation night, so the sleep subjects would not
sleep well. The sleep and the wake group would effect by circadian
rhythm on learning. Further controlled study with a larger num-
ber of subjects and control procedure controlled circadian rhythm
effect is warranted to investigate the role for sleep in memory and
other cognitive abilities.
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Determining the cause of psychiatric disorders is a goal of modern neuroscience, and
will hopefully lead to the discovery of treatments to either prevent or alleviate the suf-
fering caused by these diseases. One roadblock to attaining this goal is the realization
that neuropsychiatric diseases are rarely due to a single gene polymorphism, environmen-
tal exposure, or developmental insult. Rather, it is a complex interaction between these
various influences that likely leads to the development of clinically relevant syndromes.
Our lab is exploring the links between environmental exposures and neurobehavioral func-
tion by investigating how disruption of the circadian (daily) clock alters the structure and
function of neural circuits, with the hypothesis that disrupting this crucial homeostatic
system can directly contribute to altered vulnerability of the organism to other factors
that interact to produce psychiatric illness. This review explores some historical and more
recent findings that link disrupted circadian clocks to neuropsychiatric disorders, particu-
larly depression, mania, and schizophrenia. We take a comparative approach by exploring
the effects observed in human populations, as well as some experimental models used in
the laboratory to unravel mechanistic and causal relationships between disruption of the
circadian clock and behavioral abnormalities. This is a rich area of research that we predict
will contribute greatly to our understanding of how genes, environment, and development
interact to modulate an individual’s vulnerability to psychiatric disorders.

Keywords: biological rhythms, schizophrenia, depression, anxiety, bipolar disorder

INTRODUCTION
A significant problem that modern neuroscience aims to solve
is the distress caused by neuropsychiatric disorders. The funda-
mental challenge is that these disorders are far from the unitary
constructs we sometimes imagine, and almost certainly not caused
by a single event, gene mutation, or neurotransmitter abnormality.
Instead, these disorders are multifaceted neurobehavioral dysfunc-
tions that in many cases also include symptoms outside the central
nervous system. As such, neuroscience needs to address these chal-
lenges in an integrated fashion, leveraging the advances made using
genetic, molecular, and physiological approaches. Several research
groups are tackling the puzzle of neuropsychiatric disorders by
exploring the hypothesis that homeostatic perturbations are at
the root of such disease states. Understanding the mechanisms
that maintain homeostasis and respond to environmental chal-
lenges that threaten homeostasis is of crucial importance. One
such system is the circadian (daily) timing system, and studying
how circadian rhythms are perturbed in psychiatric disorders may
provide insight into their contribution to neurobehavioral changes
in some mental disease.

This review will describe the function of the circadian timing
system, discuss how various neuropsychiatric disorders such as
depression, anxiety, and schizophrenia display disruptions in cir-
cadian timing, and present the hypothesis that in some cases these
disorders may be triggered or exacerbated by a dysfunction in this
crucial homeostatic system.

CIRCADIAN RHYTHMS: A BRIEF REVIEW
One of the most salient environmental signals available to organ-
isms is the rotation of the Earth about its axis. The reliable and

predicable circadian (daily) changes in light and temperature (to
mention only a few variables) have provided organisms – from
single-celled organisms to humans – a framework on which to
temporally organize physiology. This framework allows organisms
to accomplish two major tasks. The first task is predicting regularly
repeating changes in the environment. Anticipating such changes
in the environment can aid even the simplest single-celled photo-
synthetic organism in the prediction of daylight hours to optimize
energy collection by allowing different biochemical pathways to
become active at appropriate times. This then allows potentially
incompatible biochemical processes to exist in their own tem-
poral compartments, ensuring they do not interfere with each
other. Equally as important is the adaptation to unanticipated or
less periodic changes in the environment. The circadian system
allows for stimuli in the environment to “phase shift” the endoge-
nous clock, pushing it forward or backward, in order to adapt to
changes in the outside world. Unfortunately, modern industrial-
ized society can regularly produce light at the wrong times of day
(e.g., light at night from electronics) that then can activate phase
shifting processes inappropriately. This problem is exacerbated
when individuals are chronically living “out of time” with their
circadian clocks, such as shift workers, airline pilots, and medical
workers to name a few. Growing evidence suggests that chronic
circadian disruption can result in significant mental and physical
health problems. However, the mechanisms by which disrupted
circadian clocks lead to these health problems remain unknown.
To determine potential pathways by which disrupted clocks can
contribute to neuropsychiatric disease, we need to explore the
processes that underlie circadian timing at the molecular and
cellular levels.
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Karatsoreos Circadian rhythms and mental health

Almost all biological processes in organisms with lifespans
longer than 24 h display circadian rhythms. In more complex ani-
mals, the most obvious of these is the regulation of the rest–activity
cycle. In mammals, the master circadian clock regulating nearly all
circadian rhythms in the organism is located in the suprachias-
matic nucleus (SCN) of the hypothalamus. This neural structure
contains a self-sustaining oscillator that synchronizes local clocks
throughout the brain and body (Moore-Ede et al., 1984; Butler
et al., 2009). These “peripheral” clocks are thought to set local
time in many body tissues, and are hypothesized to allow optimal
functioning by temporally organizing biochemical and cellular
processes throughout the organism. Animal studies have shown
that shifting the SCN clock by light causes an almost instant reset-
ting of oscillators there, but oscillators in the rest of the body
take numerous cycles to fully resynchronize to the SCN and the
external environment (Yamazaki et al., 2000), the root cause of the
general malaise associated with jet lag. The mechanisms by which
this resynchronization occurs remain unclear, although numerous
candidates have been suggested (Cheng et al., 2002, 2006; Buhr
et al., 2010).

HOW DOES CIRCADIAN DISRUPTION AFFECT
NEUROBEHAVIORAL FUNCTION?
Anecdotally, most of us are aware that disruptions in circadian tim-
ing through shift work, jet lag, or other processes can lead to neu-
robehavioral deficits. Such changes can manifest as alterations in
mood, affect, or cognitive function. It should be noted that several
of the most notorious industrial accidents in the past few decades,
including the Bhopal disaster in India, the Chernobyl nuclear acci-
dent in Ukraine, and the Exxon Valdez oil spill in Alaska occurred
during the night, with the individuals involved being shift workers
of one sort or another. It is thought that several factors, including
fatigue, interacted in each of these cases to cause or exacerbate
the chain of events that lead to catastrophe (Colten and Altevogt,
2006). Thus, particularly in occupations with high cognitive loads,
disrupted circadian clocks and sleep cycles could lead to signifi-
cant degradation in cognitive function. An intriguing study in
flight crews demonstrated that short recovery crews (those that
are traveling mostly on transmeridian flights requiring repeated
resynchronizations) showed decreased reaction times, increased
error rates, and marked temporal lobe atrophy (Cho, 2001).

Animal models have also been applied to probe the connec-
tion between disrupted circadian clocks and neural and behavioral
deficits. Gibson et al. (2010) used a repeated jet lag model in
Syrian hamsters to explore the effects of chronic experimental
“jet lag” on behavioral outcomes and neurogenesis in the hip-
pocampus, since hippocampal neurogenesis is related to both
cognitive and affective regulation, and may underlie depression
(Samuels and Hen, 2011). They demonstrated that chronic jet
lag by repeated phase shifting of the light–dark cycle results in
learning and memory deficits accompanied by reductions in hip-
pocampal neurogenesis. An important contribution of this study
was the finding that deficits in hippocampal-dependent learning
and memory persisted after cessation of the experimental jet lag
(Gibson et al., 2010), suggesting that there may be long-lasting
negative consequences of circadian disruption on brain function,
even after the disrupting stimulus has been removed. In mice,

Karatsoreos et al. (2011) demonstrated profound effects of cir-
cadian misalignment on the structure and function of prefrontal
cortical neurons (Karatsoreos et al., 2011). Chronic (12 weeks)
exposure to a shortened 20-h day (10 h light, 10 h dark) resulted
in morphological changes in neurons in the medial prefrontal cor-
tex (mPFC). Specifically, following circadian disruption neurons
in layer II/III of the prelimbic mPFC had significant shrinkage of
the apical dendrite, without observed changes in the basal den-
drites. These gross changes were accompanied by simplification of
the apical dendritic tree (Karatsoreos et al., 2011). Although the
neural effects of the circadian disruption were stark, the behavioral
effects were equally clear. Using a modified Morris Water Maze task
that is sensitive to damage in the mPFC, circadian disrupted mice
showed marked decreases in cognitive flexibility. In addition to the
cognitive impairments, circadian disrupted mice demonstrated an
“impulsive”-like phenotype, evidenced by entering a novel envi-
ronment more quickly than controls. These findings were some
of the first to experimentally link chronic circadian disruption to
a reduction in the complexity of neurons that are important for
attention, cognitive flexibility, and executive function. Although
the mechanisms are still unknown, accumulating evidence sup-
ports a role for circadian disruption as a causative contributor to
neurocognitive deficits.

LINKS BETWEEN CIRCADIAN DISRUPTION AND
PSYCHIATRIC DISORDERS: UNFORTUNATE SIDE EFFECT OR
CONTRIBUTING FACTOR?
One of the most common, and highly disruptive co-morbid
problems in many psychiatric conditions, including depression,
obsessive–compulsive disorder, and schizophrenia, is disruption
in the sleep–wake cycle. However, there is ample debate if these
effects are merely symptoms of these disorders, or in fact, if they
may be contributing causes.

Depressive disorders are characterized by multiple physiologi-
cal and psychological symptoms, and present with circadian dis-
ruption in both behavior and in physiology. The disruption of the
circadian clock can manifest as changes in sleep–wake cycles (Van
Cauter and Turek, 1986; Turek, 2007), but growing evidence also
shows circadian disruption at the level of the molecular circadian
clock (Mendlewicz, 2009). Recent findings show that intensity of
major depressive symptoms in humans is correlated with the mis-
alignment of circadian rhythms (Emens et al., 2009), in that more
severe depressive states are associated with the circadian pace-
maker being more delayed relative to the timing of sleep onset.
Whether this is a causal change is still unclear, but shift workers
often suffer from mood disturbances and an increased risk for
depression (Scott et al., 1997; Asaoka et al., 2013). It is important
to consider that links between circadian function and depression
might occur at many levels (Wirz-Justice, 2009). An interesting
example of this multi-level interaction is evident in the devel-
opment and use of agomelatine, a melatonin agonist that also has
serotonergic activity. This drug is actively being used for its antide-
pressant actions, with significant results (de Bodinat et al., 2010).
It is thought that agomelatine can also act as a circadian “resyn-
chronizer” in models of depression (Morley-Fletcher et al., 2011;
Koresh et al., 2012; Mairesse et al., 2013). In human studies, it
has been demonstrated that agomelatine can increase the relative
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amplitude of circadian rhythms in the rest–activity cycle, including
effects on sleep, which was accompanied by parallel improvement
in depressive symptoms (Kasper et al., 2010). When taken as a
whole, these findings suggest that circadian disruption may con-
tribute to depression, though unraveling the etiology from symp-
tomology can be difficult. Given that changes in hippocampal
neurogenesis are observed following chronic circadian disruption,
and that cell birth and proliferation in the hippocampus is related
to mood and antidepressant efficacy (Gibson et al., 2010), it is evi-
dent that circadian disruption may contribute to the development
or exacerbation of depressive disorders. As yet, how these various
pathways interact and synergize is unknown, though changes in
multiple interacting physiological systems induced by chronic cir-
cadian dysfunction are likely to be a precipitating factor. Although
it is clear that there is a strong relationship between circadian
disruption and depression, these effects are likely bidirectional.

In addition to cognitive deficits and depression, circadian
rhythm abnormalities have also been explored in mania. It is well
established that during manic episodes, sleep patterns are signif-
icantly altered (Wehr et al., 1983; Plante and Winkelman, 2008;
Robillard et al., 2013), and circadian patterns of several physiolog-
ical functions are attenuated (Goetze and Tolle, 1987; Souetre et al.,
1988; McClung, 2007). To probe potential causative links between
disrupted circadian clocks and mania, animal models must be
leveraged. Several lines of evidence demonstrate that treating ham-
sters with lithium chloride (a potent pharmacological agent used
to treat manic depressive disorders) significantly lengthens the
period of their circadian clock (Terao, 1992; LeSauter and Silver,
1993; Klemfuss and Kripke, 1995; Iwahana et al., 2007). Detailed
molecular work has shown that lithium treatment can alter sev-
eral intracellular signaling cascades, including glycogen synthase
kinase-3beta, a link to the circadian molecular clockworks (Iwa-
hana et al., 2004; Padiath et al., 2004; Iitaka et al., 2005; Ko et al.,
2010; Lamont et al., 2010; Osland et al., 2011). These studies sug-
gest that this pharmacological treatment can reduce the symptoms
of mania while also having direct effects on the circadian clock at
both the cell/molecular level and the behavioral level. More recent
work has begun to explore how defects in several key clock genes
affect behaviors in mouse (McClung, 2011, 2013). Mutations in
the core clock gene Clock can lead to mania-like behaviors (Roy-
bal et al., 2007), and site-specific knockdown of Clock in the VTA
can induce similar manic-like behaviors (Mukherjee et al., 2010).
Together, the human and non-human animal models provide
strong evidence that circadian dysfunction is not only a compo-
nent of some forms of mania, but that altering the function of the
molecular circadian clock can mimic many of these effects.

While pathways linking disrupted circadian clocks to cog-
nitive function, depression, and perhaps even mania are being
more clearly elucidated, links between circadian abnormalities and
schizophrenia are less clear, both at the epidemiological and mech-
anistic levels. One reason for this lack of clarity is that the cause
of schizophrenia remains elusive, and is likely a result of a com-
bination of genetic and experiential factors. However, there are
lines of evidence that point to strong links between disrupted cir-
cadian clocks and schizophrenia (reviewed in Jamadar et al., 2013;
Monti et al., 2013). Epidemiological studies show that fragmented
circadian rhythms, as measured by changes in rest–activity cycles

or in sleep regulation, are observed in schizophrenic patients
(Wirz-Justice et al., 1997, 2001; Wulff et al., 2006, 2012; Pritchett
et al., 2012). This includes both sleep onset and sleep maintenance
insomnia. Correlations have also been observed between the phas-
ing of the melatonin rhythm and sleep in schizophrenia, and are
commonly observed in many schizophrenic patients (Mills et al.,
1977; Rao et al., 1994; Wirz-Justice et al., 1997). It is interesting
to note that in most cases, the sleep/circadian effects observed in
schizophrenia are independent of either the course of the disease
or the pharmacological status of the patient (Monti et al., 2013).
Several animal models are now being applied to attempt to gain
a mechanistic handle on the interaction between circadian timing
and schizophrenia. The “blind-drunk” (Bdr) mouse line, which
presents schizophrenic-like symptoms (Jeans et al., 2007), has been
shown to have phase-advanced (i.e., earlier starting) rest–activity
cycles while also showing a fragmentation of their circadian cycles
(Oliver et al., 2012). The Bdr mouse carries a mutation in the
gene for synaptosomal-associated protein (Snap)-25 that leads to
disruption of exocytosis. This points to an association between
altered synaptic activity and neurobehavioral function observed in
schizophrenia-like models and circadian rhythms. However, this
work should be interpreted cautiously, as the effects of this muta-
tion on circadian rhythms may have little to do with the effects
of the mutation on schizophrenia-like behavior. It is more likely
that rather than directly causing schizophrenia, disruption of the
circadian clock may somehow alter susceptibility in individuals at
risk of developing schizophrenia. Work by Vacic et al. (2011) shows
that in humans, a copy number variant in the gene encoding for
the receptor for vasoactive intestinal polypeptide that is found in
the SCN (i.e., Vipr2) can result in an increase risk of developing
schizophrenia (Vacic et al., 2011). As such, there is compelling and
somewhat provocative evidence that disruption of the circadian
clock may not only be a symptom of schizophrenia, but perhaps a
contributing cause.

CONCLUSION AND FUTURE DIRECTIONS
The circadian timing system controls all physiological and behav-
ioral rhythms, synchronizes them to the external environment, and
ensures temporal isolation of incompatible physiological or behav-
ioral processes (Kalsbeek et al., 2007; Karatsoreos and Silver, 2007;
Butler et al., 2009). Thus, the circadian system sits at the center
of a “web,” and can modulate the function of myriad physiologi-
cal systems, both peripherally and centrally (Reppert and Weaver,
2002; Hastings et al., 2003). Since circadian rhythms are phylo-
genetically ancient, with many molecular components conserved
between diverse species, from Drosophila to mouse to human
(Bell-Pedersen et al., 2005), understanding how optimal function-
ing of this system contributes to fitness or vulnerability could
have significant impact. That disrupted rhythms are observed
in psychiatric conditions as diverse as depression, bipolar disor-
der, and schizophrenia (Mansour et al., 2005; Roybal et al., 2007;
Mendlewicz, 2009; Cortesi et al., 2010; Sacco et al., 2010; Karat-
soreos, 2012), makes it intriguing to hypothesize that they may play
a role in their etiology. However, as this and many other reviews
indicate, whether circadian disruption represents a symptom or
an etiology is unclear, and the specific contributions of disrupted
circadian rhythms to mental disease are poorly understood.
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This review has presented several findings from both the human
and non-human animal literature that support a role for disrupted
circadian clocks in the etiology of mental disease. Since the causes
of many of these neuropsychiatric disorders are multifaceted, it
is unlikely that a single circadian mutation, or single instance of
circadian disruption, would directly cause the development of a
mental disorder. It is also important to note that while there is
ample and growing evidence of a circadian contribution to many
of the disorders discussed in this review, some of the evidence
is indirect, and none of the evidence specifically obviates other
causes for these neuropsychiatric diseases. It is our hope that this
review provides an additional context to the already rich work
on the genetic, developmental, and environmental etiologies of
mental disorders. We hypothesize that disrupted circadian clocks
may instead make individuals more susceptible to the develop-
ment of neuropsychiatric disorders (Karatsoreos and McEwen,
2011, 2013). This effect may be in a manner similar to the stress-
diathesis model, whereby environmental challenges have more
severe outcomes due to underlying genetic or experiential differ-
ences (Morley, 1983). Thus, chronic circadian disruption through
genetic abnormalities or environmental perturbation could make
neural systems less able to cope with insults. This failure in
resilience could lead to the onset of neuropsychiatric conditions
in those individuals who are made more vulnerable because of
other factors such as genetics, developmental experiences, or envi-
ronmental exposures. While still conjecture, we feel that this is an
exciting area for future research that will hopefully lead to great
strides being made in understanding the complex causes of mental
disorders.
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