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HIGHLIGHTS

® Behavioural flexibility is impaired in many schizophrenia patients.

® The study tested flexibility in a rat model of schizophrenia-like behaviours by MK-801.

e MK-801 impaired spatial reversal in an active place avoidance and the Morris water maze.
® The active place avoidance was more sensitive than the Morris water maze.

® Navigation towards visible platform was impaired by the highest dose (0.15 mgkg1).

ARTICLE INFO ABSTRACT

Article history: Schizophrenia is a chronic and devastating illness. Exact causes of the disease remain elusive; however,
Recewed ?9 Jaquafy 2013 neurodevelopmental changes in the brain glutamate system are recognized to play an important role. Sev-
Received in revised form 27 February 2013 eral animal models of the disease are induced by a systemic blockade of N-methyl-p-aspartate (NMDA)
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receptors. This study examined the animal model of schizophrenia-like behaviours induced by acute
treatment with MK-801, a non-competitive NMDA-receptor antagonist. Behavioural flexibility is an abil-
ity to adapt to the changes in environment, and schizophrenia is often accompanied by its decrease. The
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5;;’ r;':lr f:;ming study tested the effect of MK-801 on behavioural flexibility in an active place avoidance task and the Mor-
Memory ris water maze (MWM). Flexibility was tested under reversal conditions, i.e., after changing the location
Flexibility of the target. Each spatial task addressed different functions; continuous coordinate-frame segregation
Reversal was present in the active place avoidance and precise place representation in the MWM. Results showed
Rat that reversal was altered in both tasks by MK-801 at doses of 0.10-0.15 mg kg~'. Some impairment was
Dizocilpine observed in the active place avoidance task at 0.08 mgkg~'. Swimming towards a visible platform was
Maze impaired only by the highest dose (0.15 mgkg~!). The results demonstrate that a significant impairment

of behavioural flexibility accompanies this acute animal model of schizophrenia-like behaviours, and that
active place avoidance had higher sensitivity for such deficits than the MWM. This suggests the usefulness
of the reversal paradigm in both tasks for examining novel drugs with antipsychotic and procognitive
actions.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Schizophrenia is a chronic and devastating neuropsychiatric
disease, affecting approximately 1% of the world’s population
and having serious consequences on the patient’s quality of life
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including social and working abilities [1]. The exact aetiology of
this disease is unknown, yet neurodevelopment-related changes
in the glutamatergic system in the brain are suspected to play an
important role [2]. Alterations of glutamate system of the brain
were documented in schizophrenia patients in both in vivo and post
mortem examinations [3-5] and the importance of the glutamate
system was underlined by the finding that the application of non-
competitive antagonists of NMDA subtype of glutamate receptors,
such as phencyclidine (PCP) or ketamine, caused acute psychosis in
humans [6,7].

Animal models of schizophrenia-like behaviours represent
experimentally induced analogies of selected symptoms of the
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disease, and have proven useful in elucidating the mechanisms
underlying this disease, its symptoms and designing new ways
of treatment in preclinical research [8-11]. Animal models of
schizophrenia-like behaviours do not; however, represent the full
manifestation of this typically human disorder. It is due to the obvi-
ous difficulty in conceptualizing symptoms like hallucinations and
delusions in animals. Instead, animal models do mimic observ-
able manifestations of the disease, and scientists rely on observing
the behavioural changes following specific experimental manipu-
lations. Animal models are usually evaluated in terms of validities
[9,12]. Construct validity reflects the agreement of the real dis-
ease and the animal model in terms of pathogenesis and (possible)
causes. Face validity emphasizes similarities of the symptomato-
logy; and finally the predictive validity of the model relates to the
response to drugs used as therapeutics on human subjects [12].
This study used the animal model of schizophrenia-like behaviour
induced by MK-801 (dizocilpine), a non-competitive antagonist of
NMDA-subtype of glutamate receptors. This model does not have
construct validity, as it is based on the acute effects of a drug and
contains no developmental component, especially when applied
to adult animals. Yet this model shows a good predictive valid-
ity [9,13], and importantly, the model exhibits a substantial face
validity since it elicits numerous symptoms resembling symptoms
observed in affected human subjects [8,14].

It has been shown that MK-801 produces hyperlocomotion
(which was analogized to positive symptoms based on increased
activity of mesolimbic dopamine circuits [15]), social flattening (at
low doses [16]), and perhaps most importantly a deficit in vari-
ous cognitive domains [14]. MK-801 has been described to fulfil
the criteria of a “cognition impairer”, and by carefully titrating the
dose, researchers can induce behaviours resembling those present
in schizophrenia patients [9,14]. MK-801 has been shown to induce
a deficit in acquisition in the Morris water maze, object recogni-
tion task, inhibitory avoidance, and other tests of relational and
spatial memory including the active place avoidance task [14,17].
At least some deficits resulting from the administration of NMDA
antagonists (including MK-801) could be alleviated by pretrain-
ing [18]. Nevertheless, a deficit in the re-acquisition of the active
place avoidance task induced by MK-801 (0.15 mgkg~!) has been
shown to be resistant to previous experience with the task under
no influence of the drug [17].

Importantly, deficits in cognitive flexibility [19] and manag-
ing of multiple information streams and changed contingencies
are documented in many schizophrenia patients [20], who often
display general problems in distinguishing relevant information
from irrelevant information [12]. Indeed, alterations of cognitive
control, behavioural flexibility and adapting to changed conditions
were detected in animal models of schizophrenia-like behaviours
in various experiments [21-23]. It is known that alterations in
the function of the prefrontal cortex may contribute or even play
a substantial role in disrupted flexibility observed in schizophre-
nia and its animal models [24]. This study aimed at testing the
hypothesis that MK-801 application would result in a deficit of
flexibility in spatial reversal. Moreover, this study employed two
established behavioural tests of spatial navigation, the active place
avoidance task and Morris water maze, and evaluated their sensi-
tivity to the effects of MK-801 upon changed contingencies in the
reversal configuration. Finally, this study sought to determine dose-
dependency of these effects in both tasks using five different doses
of MK-801 (see Section 2).

2. Methods
2.1. Animals

179 adult male Long-Evans obtained from the breeding colony of the Insti-
tute of Physiology, ASCR were used in the study (250-300g upon delivery).
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MWM VP @ ‘ shock drug
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Fig. 1. (Panel A) A photograph of the experimental active place avoidance arena.
The arena is elevated 1m above the floor in a room containing multiple extra-
maze landmarks (not shown). It is surrounded by a transparent Plexiglas wall. One
light-emitting diode is placed between rats shoulders and another is mounted on
arena circumference (bottom right corner of photo). (Panel B) Schematic drawing of
experimental design. In the active place avoidance experiment, three acquisition
sessions with the to-be-avoided sector in the North (all animals obtained saline)
were followed by two reversal sessions with the sector in the South. Saline (con-
trol group) or the drug (experimental groups) was administered prior to the reversal
sessions. In the hidden platform experiments in the MWM, three sessions with plat-
form located in the NE were followed by two sessions with the platform in the SW
after the application of saline or drug. Starting positions varied pseudo-randomly in
this experiment and each session consisted of eight swims (not shown). In the visible
platform version of the MWM, the start position was always fixed to the South posi-
tion and the platform position varied pseudo-randomly between swims. The first
session was with saline application, the second was preceded by administration of
the drug (or saline in the case of controls).

Animals were housed in plastic translucent boxes (25cm x 25cm x 40 cm) in an
air-conditioned animal room with constant temperature (21 °C), humidity (40%)
and 12/12 h light/dark cycle. Water and food were freely available throughout the
study. Before experiments in the active place avoidance task, animals were gently
implanted with a subcutaneous needle connector, which pierced the skin between
rat’s shoulders. The needle had a blunted and swirled end, which provided pur-
chase for an alligator clip connecting a shock-delivering wire (see Section 2.3). This
procedure is analogous to hypodermic injection in humans and does not require
anaesthesia. Separate groups of animals were used for the active place avoidance
and the Morris water maze testing (see later). All animal manipulations were con-
ducted in accordance with the Animal Protection Code of the Czech Republic and
corresponding directives of the European Community Council (2010/63/EC).

2.2. Drugs

(+)-MK-801 (dizocilpine maleate) was purchased from Sigma-Aldrich, Czech
Republic. It was dissolved in saline (0.95% NaCl) at concentrations 0.05mgml-"',
0.08mgml-1,0.10mgml-', 0.12mgml-! and 0.15mgml-!. MK-801 solution was
injected intraperitoneally (i.p.) at doses of 0.05 mg kg—!, 0.08 mg kg~',0.10 mg kg1,
0.12mgkg ! and 0.15mgkg". Control group was administered i.p. with a sterile
saline solution at a volume 1 mlkg~!. All animals obtained the same volume in an
injection per kg of body weight.

2.3. Apparatuses and behavioural procedures

2.3.1. Active place avoidance

A photograph of the experimental apparatus is shown in Fig. 1A. The active
place avoidance apparatus [25-28] was a smooth metallic arena (82 cm in diame-
ter), enclosed with a 30-cm-high transparent Plexiglas wall and elevated 1 m above
the floor (Fig. 1A). Extra-maze landmarks (door, posters, and shelves) in the room
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were kept in the same positions throughout the study. At the beginning of each
session, a rat was placed in the centre of the arena, which rotated constantly at one
revolution per minute. An unmarked 60-degree to-be-avoided sector was defined
in the coordinate frame of the room in the North of the four arbitrarily defined com-
pass directions (acquisition sessions) and was changed to the South in the final two
days (reversal sessions); i.e., there were five daily sessions in total (see later). The
rat could rely solely on the distal room-frame landmarks to locate the sector [29].
This sector was defined by the computer-based tracking system (Tracker, Biosig-
nal Group, USA), which recorded the position of the rat (indicated by an infrared
light emitting diode that was fastened on a latex harness between rat’s shoulders)
at a sampling rate of 25 Hz. Another infrared diode, placed on the periphery of the
arena, indicated arena rotation. The trajectories were digitized and recorded on a
PC, allowing off-line reconstruction and analysis of the animal’s trajectory (Track
Analysis, Biosignal Group, USA) both in the coordinate frame of the room and in the
coordinate frame of the rotating arena.

Whenever a rat entered the sector for more than 300 ms, constant-current
regulated electric footshocks (AC, 50Hz, 200-600 p.A) were delivered at 1200-ms
intervals up to the moment the rat left the sector. The shocks were administrated
through the above-described subcutaneous needle connector implanted on the back
of the rat standing on the grounded floor. Since the highest voltage drop of the cur-
rent passing through the rat was at the high-impedance contact between the paws
and the metal floor, the rats presumably perceived the shocks in their paws. The
appropriate current was individualized for each rat in order to elicit a rapid escape
reaction but prevent freezing (fear-related immobility). This aversive procedure has
been shown to be efficient and safe in previous studies [25-29]. Since the arena
rotated, the rat had to move actively away from the shock in the direction opposite
to arena rotation, otherwise it was passively transported into the shock sector. Five
daily sessions of active place avoidance testing, separated by 24-h inter-trial inter-
vals, were conducted in the light phase of the day. Each session lasted 20 min. The
initial three sessions were designated as acquisition sessions which were followed
by two reversal sessions (see below).

2.3.2. Morris water maze

The Morris water maze (MWM [30,31]) consisted of a grey circular pool (180 cm
in diameter) filled with water at a temperature of 21 + 2 °C to a depth of 35 cm. The
water was rendered opaque by adding a small amount of non-toxic white paint
(Primalex, PPG Deco, Czech Republic). The maze was located in a room providing an
abundance of extra-maze cues. Swimming trajectories were monitored by an over-
head camera connected to a digital tracking system and data acquisition program
(Tracker, Biosignal Group, USA). The maze contained a transparent plastic platform
(10 cm in diameter) located in the centre of quadrants that were labelled based on
compass directions.

In the visible platform sessions (two daily sessions), the animal underwent 10
swims in 15-min intervals, always being released from the South of the pool. The
platform position was chosen pseudo-randomly from eight locations for each swim.
The order of platform positions varied between the two sessions.

In the hidden platform testing, the rats were released for eight swims per day,
separated by 15-min intervals from the following start positions: S, W, SE, NW, E,
SW, NE, N, to ensure a rat was learning spatial location of the platform and not the
path itself. These start positions varied pseudo-randomly within every day and this
sequence varied for each daily session. The platform was positioned in the centre of
NE quadrant in the initial three acquisition sessions of the hidden-platform phase
and it was relocated to SW for the subsequent two daily reversal sessions. In total,
there were five daily sessions of the hidden-platform testing in the MWM. Probe tri-
als (60-s swims with the platform removed from the pool) were administered after
the final acquisition session, and first and second reversal sessions, respectively, to
demonstrate the remembered platform position.

2.4. Design of the study, measured parameters and data analysis

The design of the study is shown schematically in Fig. 1B. Saline was applied to all
animals (1 mlkg~") 30 min prior to start of the testing during three initial acquisition
sessions in active place avoidance and the MWM. After the third acquisition sessions,
animals were assigned randomly to control group and groups with MK-801. The drug
(or saline in case of the controls) was applied only in the reversal sessions 30 min
prior to the start of active place avoidance testing and 30 min prior to the first swim
in the hidden platform version of the MWM. In the visible platform experiment in
the MWM, all animals were applied with saline 30 min prior to the initial swim in
the first session (10 swims) and with saline or drug 30 min before the first swim
in the second session (10 swims). The intervals between injections of MK-801 and
probe trials on the reversal days were 140 min.

Separate groups of animals were used for active place avoidance reversal exper-
iment, visible platform version of the MWM and spatial reversal in the MWM. In the
active place avoidance testing, a control group (n=20) and groups with five above-
mentioned doses were used: 0.05 mgkg~"! (n=9),0.08 mgkg~' (n=8),0.10mgkg~!
(n=8),0.12mgkg ! (n=8) and 0.15mgkg~! (n=8). In the visible platform experi-
ment in the MWW, all groups had n=10. In the reversal experiment in the MWM,
all groups also consisted of 10 rats.

In the active place avoidance task, an offline analysis program (Track Analysis,
Biosignal Group, USA) measured and evaluated total distance travelled per session

(measured as a sum of linear distances between points selected every second in the
coordinate frame of the arena) which reflected only the active movement exclud-
ing passive arena rotation. Spatially selective parameters included the number of
entrances into the to-be-avoided sector (number of errors) per session, maximum
time without shock (maximum time avoided) and percentage of the total time per
session in the target quadrant. The target quadrant in the active place avoidance
task was defined as a 60-degree sector of the arena, which corresponded to the
to-be-avoided sector and dwelling time in this sector was expressed as relative per-
centage of the total time (20 min). Procedural performance in the task (efficiency
of escape reaction) was measured by total number of shocks (which were repeated
upon staying in the sector; see above) divided by the number of errors; this param-
eter is henceforth referred to as skill learning index. The total distance reflected the
locomotor activity (forced by arena rotation and presence of the room-frame-fixed
sector), and the number of errors and maximum time avoided served as cumulative
measures of within- and between-session improvements. In the MWM, an off-line
program (Track Analysis, Biosignal Group, USA) evaluated total distance (m) to find
the platform in each swim; this measure corrects for possible changes in swimming
speed. In the probe trials, we evaluated the total time spent in the target quadrant,
which was defined as a 90-degree sector of the Morris water maze centred at the
actual platform position. We used an initial 30-s interval of the probe trial as the
most sensitive time period (unpublished observations; note that upon failing to find
the platform in the previous position at the beginning, animals often explore other
parts of the maze).

Since the animals were randomly divided into treatment groups after the com-
pletion of initial three acquisition sessions in both active place avoidance and the
MWM, only the reversal sessions in the place avoidance and water maze were ana-
lyzed for putative differences between groups. Data from the reversal sessions of
the active place avoidance had skewed (non-normal) distribution in all measured
parameters; therefore we transformed all the values with a common logarithm.
Prior to this transformation, a constant of “1” was added to all values to ensure that
the resultant values are not less than zero. The same transformation was applied to
the total distance to reach the platform in the MWM, which also had skewed distri-
bution. Data from the active place avoidance were analyzed with a two-way ANOVA
(groups x sessions) with repeated measures on sessions. Groups served as a between
subject-factor. Data from the reversal sessions in the MWM were analyzed with a
general linear model (three-way ANOVA: groups x sessions x swims with repeated
measures on sessions and swims). Groups again served as a between-subject factor.
Time in the target quadrant in the probe trials were analyzed with a two-way ANOVA
(groups x sessions) with repeated measures on sessions. Data from the probe trials
were not logarithmically transformed prior to analysis. Data from the second day of
the visible platform test in the MWM were also not transformed and were analyzed
with a two-way ANOVA (groups x swims); repeated measures on swims. Note that
only saline was applied on the first day and animals were randomly divided into
groups hereafter. A Newman-Keuls post hoc test followed the ANOVA when appro-
priate. Significance was accepted at P<0.05. All statistical calculations were done
in Statistica 8 (StatSoft, Czech Republic).

3. Results

Visual observation of the rats did not suggest any signs of severe
sensorimotor deficit after application of saline or MK-801 at the
above-mentioned doses. Animals treated with MK-801 showed
mild hyperactivity in the active place avoidance task, which was
confirmed by an analysis of the total distance (see next subsection).
In the MWM, rats treated with 0.15 mgkg~! of MK-801 sometimes
continued swimming after finding and climbing onto the platform,
suggesting an impaired procedural functions; moreover, the high-
est dose also increased swimming speed in the visible platform
test (data not shown). Mild ataxia was observed only rarely after
the highest dose.

3.1. Reversal learning in the active place avoidance

There was a significant effect of MK-801 on the total dis-
tance in active place avoidance (Fig. 2A). A two-way ANOVA
(groups x sessions) revealed a significant main effect of groups
(F(5,55)=24.93; P<0.001), sessions (F(1,55)=6.85; P<0.05) but
not an interaction between these factors (F(5,55); P>0.05). A
Newman-Keuls post hoc test computed on the group factor showed
that significant hyperlocomotion was seen after doses 0.08, 0.10,
0.12 and 0.15mgkg~1 but not after the dose 0.05 mgkg~1.

Analysis of the numbers of errors showed that it was affected by
MK-801 treatment (Fig. 2B). A two-way ANOVA (groups x sessions)
with repeated measures on sessions showed a significant main
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B: Number of errors per session
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Fig. 2. (Panel A) Effect of MK-801 on the total distance in the active place avoidance task. Note that all doses of MK-801 (except the lowest one 0.05 mgkg~') increased
locomotion. (Panel B) Effect of MK-801 on the number of errors. There was a worsening of this parameter after MK-801 at doses 0.08 mgkg~',0.12mgkg ' and 0.15mgkg"'.
(Panel C) Effect of MK-801 on maximum time avoided. Disruption of this parameter was detected at doses 0.12 mgkg~! and 0.15 mgkg~. Control groups improved between
the two reversal sessions. (Panel D) MK-801 and time in the target sector. Doses 0.08 mgkg~!, 0.12mgkg~"! and 0.15mgkg-! impaired performance measured by this
parameter. (Panel E) Effect of MK-801 on the skill learning index. There was no significant main effect of MK-801 on this parameter. Arrows demote relocation of the goal
and start of MK-801 application. Annotation: #P<0.05 in the main effects of the drug and *P<0.05 in the interaction term.

effect of groups (F(5,55)=9.71; P<0.001), sessions (F(1,55) = 26.36;
P<0.001) and interaction between both factors (F(5,55)=3.21;
P<0.05). A post hoc test performed on the groups factor revealed
that groups treated with 0.15mgkg=! (P<0.001), 0.12mgkg!
(P<0.01) and 0.08mgkg~! (P<0.05) of MK-801 differed from
controls; groups treated with 0.05 mg kg~! and 0.10 mg kg~ of MK-
801 did not differ from controls (both Ps >0.05). A Newman-Keuls
post hoc test of the interaction showed that only groups treated
with 0.15 MK-801 differed from controls on the initial reversal day
(P<0.05), whilst other groups did not differ, although there was

a trend in at some lower doses too (see Fig. 2B). On the second
reversal day, there was a difference between groups treated with
0.12mgkg~! and 0.15mg kg1 of MK-801 (both Ps <0.05). The per-
formance of the control group improved between both reversal
sessions (P<0.05).

Analysis of the maximum time avoided showed, again, a
difference as a result of the MK-801 application (Fig. 2C). A
two-way ANOVA (groups x sessions) showed a significant main
effect of groups (F(5,55)=8.72; P<0.001), sessions (F(1,55)=9.63;
P<0.01) but only a trend for an interaction between both factors
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Fig. 3. (Panel A) Effect of MK-801 on the total distance to reach the platform in the reversed hidden platform experiments in the MWM. Doses 0.10-0.15 mg kg~ impaired
reversal learning measured by this parameter. (Panel B) Total distance to reach the visible platform in the second sessions of visible platform testing was only increased by
0.15mgkg~! MK-801. Arrows demote relocation of the goal and start of MK-801 application. Annotation: #P<0.05 in the main effect and *P<0.05 in the interaction term.
(Panel C) Time in the target quadrant in the second probe trial, conducted after the first reversal session. Preference for the target quadrant is significantly decreased by
MK-801 at doses 0.10mgkg~1, 0.12mgkg-"! and 0.15 mg kg1. TARG, target quadrant; OPP, opposite quadrant; CCW, counter-clockwise adjacent quadrant; CW, clockwise
adjacent quadrant. (Panel D) Target quadrant preference in the probe trial conducted after the second reversal sessions. All groups again show strong preference for the

correct quadrant.

(F(5,55)=2.18; P=0.07). Apost hoc test performed on the group fac-
tor revealed that application of MK-801 at the doses 0.12mgkg !
and 0.15mgkg~! impaired performance in this measure (P<0.05,
0.01, respectively). Control group improved performance from the
first to the second reversal session (P<0.05).

Percentage of time in the target quadrant was altered as a result
of the application of MK-801 (Fig. 2D). A two-way ANOVA revealed
a significant main effect of groups (F(5,55)=7.27; P<0.001), ses-
sions (F(1,55)=11.44; P<0.005) but no interaction between these
two factors (F(5,55)=1.69; P=0.15). ANewman-Keuls post hoc test
on the factor of groups showed that groups receiving 0.08 mgkg~!
(P<0.05), 0.12mgkg~"! (P<0.01) and 0.15mgkg-! (P<0.001) of
MK-801 showed impairment in this parameter. No difference was
seen after 0.05 mgkg~—! MK-801 application (P<0.44), and a trend
for worsening was detected only after 0.10mgkg~! of MK-801
(P=0.08).Ittherefore appears that the percentage of time in a target
quadrant is a sensitive measure of spatial performance.

The skill learning index, indicative of procedural functions
(i.e., an escape reaction from the to-be-avoided sector upon first
shock), was affected by MK-801 application in a more compli-
cated fashion than the mere group factor (Fig. 2E). A two-way
ANOVA failed to show an effect of groups (F(5,55)=0.85; P>0.05),
sessions (F(1,55)=0.26; P>0.05), but interestingly, it revealed an
interaction between these two factors (F(5,55)=4.37; P<0.01). This
interaction suggested that skill learning index improved over two
reversal sessions in some groups, but not others. Analysis of the

interaction showed that this index improved (decreased) between
the two reversal sessions in groups treated with saline (control
group) and 0.15 mgkg~! of MK-801, and remained similar in ani-
mals treated with 0.05mgkg=! and 0.08 mgkg~! of MK-801, or
even increased (worsened) in groups treated with 0.10 mg kg and
0.12mgkg~! of MK-801. However, generally, this index was rela-
tively low and barely exceeded the value of 2 (e.g., 2 shocks per
1 error) in the reversal sessions. Moreover, the interaction term
was very subtle and none of the interactions was confirmed by a
Newman-Keuls post hoc test calculated on the interaction. There
were high variances in the skill learning index and this finding
should be interpreted cautiously. However, in general there were
no robust increases in the skill learning index due to application of
MK-801.

3.2. Reversal learning in the Morris water maze

Reversal learning (cognitive flexibility) in the MWM was
affected by treatment with MK-801 (Fig. 3A). Regarding the total
distance to reach the platform, a general-linear-model three-way
ANOVA (groups x sessions x swims) with repeated measures on
the last two factors showed significant main effects of groups
(F(5,51)=16.25; P<0.0001), sessions (F(1,51)=82.00; P<0.0001)
and swims (F(7,357)=25.05; P<0.0001). Moreover, interactions
were detected between groups and swims (F(35,357)=2.27;
P<0.0005) and between sessions and swims (F(7,357)=5.62;
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P<0.0001) but not between groups and sessions (F(5,510)=0.53;
P>0.05). There was also a significant triple interaction between
groups, sessions and swims (F(35,357)=1.47; P<0.05).

Importantly, a Newman-Keuls post hoc test calculated on the
group factor showed that groups treated with 0.05mgkg-! and
0.08 mgkg~! MK-801 did not significantly differ from the con-
trol group, but groups treated with 0.10mgkg~!, 0.12mgkg!
and 0.15mgkg! of MK-801 differed from control rats. All groups
improved in shortening the distance to reach the platform
between the two reversal sessions (i.e., absence of an interac-
tion between groups and sessions). A post hoc analysis of the
interaction term group x swims showed that while controls and
animals treated with 0.05 mgkg~1, 0.08 mgkg~1,0.10 mgkg~! and
0.12mgkg~! improved with each successive swim, no between-
swim improvement was seen in the group treated with the highest
dose (0.15mgkg~1). A post hoc analysis of the triple interaction
revealed that control rats and the groups treated with 0.05 mg kg~!
and 0.08 mgkg~! of MK-801 improved between swims in both
of the two consecutive reversal sessions. Groups treated with
0.10mgkg ! and 0.12 mg kg1 of MK-801 improved only in the sec-
ond reversal session, and the group treated with the highest dose
failed to improve between swims at all.

A two-way ANOVA conducted on the time in the target quad-
rant (groups x sessions) involving the first and second reversal
sessions showed a significant main effect of groups (F(5,52) = 12.46;
P<0.0001), an effect of sessions (F(1,58)=19.23; P<0.0001) but no
interaction between both factors (F(5,52)=0.66; P>0.5) (Fig. 3C).
Post hoc analysis of the factors group showed that groups between
0.10mgkg~! and 0.15 mgkg~! had lower preference for the target
quadrant. In the second reversal session, however, the preferences
of all groups were again generally high, tending to return to values
obtained prior to treatment (Fig. 3D).

3.3. Visible platform testing in the Morris water maze

All animals adopted a strategy of swimming towards the plat-
form in the first visible platform session, which was manifested
as gradually decreasing distances to reach the platform in con-
secutive swims (data not shown). After random assignment to
treatment groups, there were differences between them on the
second day of the visible platform following application of saline
or MK-801 (Fig. 3B). A two-way ANOVA (groups x swims, groups
as an independent factor; repeated measures on swims) showed a
significant main effect of groups (F(5,47)=8.93; P<0.0001), swims
(F(9,423)=5.84; P<0.001) but no interaction between these fac-
tors (F(45,423)=0.73; P>0.05). A Newman-Keuls post hoc analysis
of the factor of swims revealed that the total distance in the first
swim significantly differed from the remaining swims (all Ps < 0.05),
suggesting a within-session improvement. Post hoc analysis of
the groups revealed that animals treated with the highest dose
had a significantly longer total distance compared to control rats
(P<0.05) and also all other treatment groups (Ps < 0.05), suggesting
that only highest dose caused significant impairment of navigation
to the visible platform.

Moreover, the swimming speed of our rats in the visible plat-
form test in the MWM was increased only in the groups treated
with the highest dose of MK-801 (data not shown).

4. Discussion

Results of this work showed that the reversal learning of adult
male rats in the active place avoidance task and the Morris water
maze is sensitive to systemic treatment with MK-801, a non-
competitive (open-channel) blocker of NMDA receptors. MK-801
was administered in the same sessions as spatial contingencies

were changed; therefore the present study did not test the effect of
the drug on learning (or acquisition) of the tasks. The impairments
of reversal performance were consistently evident after doses of
0.12-0.15mg kg1, and some deficits (such as that in percentage of
time in a target quadrant or number of errors in the place avoidance
task) were seen even at the lower dose of 0.08 mgkg~!. With the
present data, it is impossible to explain why a dose 0.08 mgkg~!
affected active place avoidance reversal, but such deficit was not
seen at the dose 0.10 mg kg~!. MK-801-induced impairments were
seen in both tasks. These data extend our knowledge of behavioural
deficits in this animal model of schizophrenia-like behaviour in
several aspects.

4.1. Active place avoidance with reversal

First, in the active place avoidance task, the doses which caused
disruption of spatial reversal performance appear to be lower than
those prerequisite to impair acquisition in this task suggesting a
preferential sensitivity of the reversal configuration to MK-801
[17,26,32] For example, our previous study [32] showed a deficit
in the active place avoidance acquisition at a dose 0.20mgkg™!
but not 0.10mgkg~! (a lower dose; however, disrupted acquisi-
tion in the MWM). A subsequent study [17] has suggested a dose
of 0.15mgkg~! as a threshold for the impairment of acquisition
of the active place avoidance task in Long-Evans rats. However,
there have been also observations suggesting the dose 0.10 mg kg1
might impair the acquisition of active place avoidance [10], more
specifically, the level of final asymptotic performance.

4.2. Reversal experiment in the MWM

Secondly, in the reversal experiment conducted in the Morris
water maze, we consistently observed deficits beginning at the
dose 0.10 mgkg~'. Such a finding is in agreement with our previous
experiments [32], which showed a deficitin MWM acquisition after
the same dose. This suggests that in the MWM, the dose thresh-
olds of MK-801 for disruption of performance in acquisition versus
reversal configuration are equivalent. Interestingly, a recent study
[14] and an older report [33] suggested that even lower doses (as
low as 0.05mgkg-! or 0. 07mgkg=1) can be efficient in impair-
ing MWM acquisition. This suggests that Long—Evans rats from our
breeding colony may have lower sensitivity to MK-801 than other
rat lines and this is also corroborated by a previous finding by our
research group [26], which showed a lower sensitivity to MK-801 of
Long-Evans compared to Wistar rats. Data from probe trial appear
to confirm the general view that doses from 0.10mgkg~! impair
memory trace in the MWM in reversal configuration. It is interest-
ing that in the final reversal probe (day 5), all groups again tended
to prefer the target quadrant over adjacent and opposite quadrants,
despite they were still impaired in reversal testing.

4.3. Possible procedural deficits in the tasks

Furthermore, previous studies (e.g., [18]) also suggested that in
the MWV, it is very difficult to separate the navigational deficits
induced by NMDA-receptor antagonists from procedural impair-
ments and that such deficits may be eliminated by non-spatial
pretraining to the rules of the task. Our present results are not
entirely consistent with these data as we show here that only the
dose 0.15mgkg~! impaired the swimming towards a visible plat-
form. However, the present study has involved pretraining the rats
to a visible platform procedure with the application of saline (day 1
of the visible platform testing), and this familiarization with proce-
dure might have alleviated the dose sensitivity on performance in
the second day., therefore, appears that doses of MK-801 between
0.10mgkg ! and 0.12 mgkg! affect primarily navigational rather



V. Lobellova et al. / Behavioural Brain Research 246 (2013) 55-62 61

than sensorimotor functions, specifically in the MWM in our strain
(note that contrarily to the MWM, in active place avoidance, the
hyperlocomotion was seen at lower doses; see above).

4.4. Comparison with other studies

The present results clearly demonstrate that MK-801 at rela-
tively low doses affects behavioural flexibility tested by reversal
configuration. Such results are consistent with previously pub-
lished findings obtained in different paradigms and models. The
study by Chadman et al. [34] showed that MK-801 administered
at similar doses negatively influences reversal learning in juve-
nile rats (postnatal days 21-30) in a T-maze and found that doses
0.06 mgkg~! and 0.10mg kg ! selectively impaired reversal in the
T-maze. Importantly, this effect was demonstrated to be inde-
pendent of behavioural sensitization and state-dependent learning
[34]. Moreover, the effect of MK-801 on this discrimination reversal
learning was found to be mediated by NMDA-receptor blockade in
the hippocampus [35], dorsomedial striatum [36] and medial pre-
frontal cortex [37] in weaned rats. Based on these findings, it is
conceivable that the deficit seen in the present study might have
been mediated by a blockade of glutamate receptors in these struc-
tures, although, the dose 0.15mgkg~! could have also induced
an overall psychotomimetic state accompanied by overall impair-
ments involving procedural, sensory and motivational functions.
Higher doses of MK-801 were required to abolish the reversal
learning in an allocentric reversal task in the 8-arm radial maze
in an older study by Bischoff and Tiedtke [38]. A study by Beninger
et al. [39] showed a deficit in the MWM reversal learning in MK~
801-treated rats (however, at much higher dose of 0.50 mgkg=1),
and our results confirm this finding. Interestingly, Caramanos and
Shapiro [40] demonstrated that MK-801 impaired reversal learning
in the radial-arm maze at a broad dose range, but it did not exert
an effect upon working memory in female rats (for a limited role
of NMDA receptors in working memory; see [26,41]). Additionally,
another work [42] detected impairment in acquisition and reversal
of a visuospatial task in marmoset monkeys.

4.5. Role of the hyperlocomotion

In the light of present results in active place avoidance, a
question might be raised, to what extent the MK-801-induced
hyperlocomotion (found in all doses except the lowest one, i.e.,
0.05mgkg=!) contributed to the spatial deficit in active place
avoidance reversal. Increases in locomotion are conventionally
observed after application of this drug [8,10,15,32,39] but at con-
siderably higher doses compared to the ones used in the present
study (see also [26], who found no hyperlocomotion in the place
avoidance at 0.10mgkg~! of MK-801 in Long-Evans strain). We
therefore propose, that hyperactivity observed in the present study
atrelatively low doses of MK-801 could be the result of an increased
number of shocks obtained due to the changed spatial contingen-
cies and due to higher cognitive demand (possibly together with a
moderate hypoglutamatergia). Such interpretation would be sup-
ported by the fact that in the visible platform test in the Morris
water maze, an increase in the swimming speed was seen only
after the highest dose (i.e., 0.15mgkg~!; data not shown). Note
that hyperactivity found in the MWM after this dose (i) is consis-
tent with the previous results obtained in the arena [17] and (ii)
occurred in the task where pre-drug sensory and motor demands
and behavioural load after the application of the drug are similar
(i.e., first and second sessions of the visible platform test in the
MWM, respectively). It should also be pointed out that the high-
est dose used in this study could also mildly interfere with the
shock perception, however this option seems improbable due to

the absence of the main effect of drug application upon the skill
learning index (see Section 3).

5. Conclusions

This study provides the evidence for disrupted cognitive flexi-
bility in the active place avoidance task and Morris water maze in
an MK-801-induced animal model of schizophrenia-like behaviour.
Furthermore, the present data suggest higher sensitivity of active
place avoidance task in reversal configuration (being sensitive
to 0.08 mgkg=1) than the MWM (being sensitive from the doses
0.10mgkg-1), which underlines the importance of the task in
searching for novel treatments for cognitive deficits in schizophre-
nia.
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INTRODUCTION

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 vVFGN task in comparative
research.

Keywords: schizophrenia, spatial navigation, learning and memory, virtual reality environment, cognitive deficit,
Morris Water Maze (MWM), psychotic disorders, spatial behavior

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

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

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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Spatial navigation in schizophrenia—from animals to humans

A l_l videocamera

orientation cues

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 vEGN
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 Table1) 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)

Y4 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-Ill)—forward 9.3+3.7 10+2.3 254.5 0.09
Digit Span (WAIS-Ill)—backward 53+2.1 7.4+21 137.5 0.0001
Spatial Span (WMS-IIl)—forward 8.5+1.8 9+14 281.5 0.42
Spatial Span (WMS-IIl)—backward 75+25 9+14 218.5 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; DUFR, duration of untreated psychosis; TMT, Trial Making Test; RCFT, Rey-Osterrieth Complex Figure.
WMS-IIl, Wechsler Memory Scale Il edition; WAIS-IIl, Wechsler adult intelligence scale Ill 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

Pointing & Navigation

accuracy

0T good performance T 1
£
£
o
Q
5 =
= 1) 3
s | & g | =

2| o &
@
) o o o
= c & s
B s 2 -
o £ £ s
« o © T
o o £
£
E
50 poor performance -0

entrance to the goal position enabling only rotational movement in 10s
memorizing. (E) lllustration 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” (Supalova, 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.

Opverall 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 Table1): 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

A Pre-training RM session DMP session
Time schedule o »----» »----» »
5 min 10-15 min 15 - 20 min
B .
REFERENCE MEMORY (RM) session
1% search 8 standard test trials & 1probe visible goal
Trial |_1 2 | 3 4 | 5 6l 7 | 8] 9 | 10] M
grsiy 3 orientation 1 Block 1 Block2 |prose|  Block 3 Block4 |conTroL
cues
c DELAYED-MATCHING-TO-PLACE (DMP) session
1 search + 2 standard trials per goal
B Cc ACQUISITION
phase | | A2 A3 | B1] B2 | B3| c1 | c2| c3 | Goalx Trial
‘o RECALL round 1 | round 2 __ | &
X Z phase | B I B I c | I B I c | il
| round 3
PROBE -
phase I_l_l_l B C | Goal

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 60s 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 10s 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 |—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 ll—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
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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.

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).

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

2

3)

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 = pathp,;,/pathye, (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 X 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 ¢-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
VvFGN 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
x 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(; s54) = 9.5;
p < 0.01], a significant interaction (block x 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 [t56) = 3.9, p < 0.001] but not in the number of entrances
to the inactivated goal [t(s6) = 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 [#56) = 0.57; p = 0.57] or in
path eff parameter [#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)
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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 x sex) with repeated measures
(goal x trial) (see Figure 6). The main group effect was found in
the pointing accuracy for trials 2 and 3 [F(;, 54y = 7.8; p < 0.01].
The 1st search trials—A1l, B1, Cl—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 x group) only approached the significance level [F(3, 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 x 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
[Fq, 54y = 20.4; p < 0.001] and in path eff [F(, 54y = 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 x 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.
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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

B DMP Acquisition - navigation accuracy
1.01 o HC

= = SZ

=3

>

(%)

c

Q

S

E

o

£

s

Q.

B3 C1 C2 C3

A1 A2 A3 B1 B2

Goal x trial

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.
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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
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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
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A B C
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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(Xx,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-AcqgDMP 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; AcqDMF, Acquisition phase of the DMP session; RecDMR, Recall phase of the DMP session; ProbeDMRP

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(; 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 X 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(, s4) = 4.2, p < 0.05]. Sex dif-
ferences approached the significance level in the path efficiency
measured in the Acquisition [F(;, 54y = 3.6, p = 0.064] and the
Recall phase [F(1, 54y = 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 (bgar = —0.52; p < 0.05)
and the navigation accuracy (bgar = 0.49; p < 0.05) in the RM
session. The full model was significant only for pointing accuracy
(R = 0.57; R? = 32%; p = 0.045), but not for the path efficiency
(R =0.54; R?> = 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 (bgar =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; R? = 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 vEGN 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
etal., 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 vVFGN
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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Abstract— Schizophrenia is manifested in positive, negative
and cognitive symptoms. Especially, the cognitive symptoms offer
useful methodological approach for comparative studies using
spatial navigation tasks in both, schizophrenia patients and
animal models of cognitive deficit in schizophrenia. In order to
demonstrate the deficit of spatial cognition in schizophrenia and
to test the validity of pharmacological model, we designed two
virtual tasks inspired by previous animal research: the virtual
Morris water maze and Carousel maze. The newly-designed tasks
require the tested subject to navigate toward several hidden goal
positions placed on the floor of an enclosed stable arena or on a
rotating arena. Data obtained in a group of schizophrenia
patients and matched group of healthy volunteers show cognitive
impairment in first episodes of schizophrenia using both,
standardized neurocognitive methods and newly-developed
virtual tests. The virtual test batteries show different involvement
of navigation strategies and different level of impairment in
schizophrenia patients. These findings indicate usefulness of
these virtual methods in future cognitive remediation. Despite the
fact, that both virtual tasks test spatial navigation towards
hidden goal, obtained results are divided into partly different
clusters using PCA, while performance parameters measured in
the stable arena form a cluster mostly with tests of memory and
executive functions; the rotating arena seems to be more related
to performance tests dependent on timing, psychomotor speed
and mental flexibility.

Keywords — cognitive functions; spatial navigation;
schizophrenia; virtual reality environment, Morris water maze;
Carousel maze; neurocognitive assessment; cognitive strategies
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I. INTRODUCTION

The impairment of cognitive functions is considered to be a
characteristic and permanent manifestation in patients with
schizophrenia disorder [1].

The MATRICS (Measurement and Treatment Research to
Improve Cognition in Schizophrenia) initiative identified seven
crucial cognitive areas typically influenced in schizophrenia:
attention, psychomotor speed, working memory, logical
thinking, problems solving, social cognition, and verbal and
visuo-spatial learning [2].

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 [3]. This deficit has been demonstrated in
82-84 % of the patients [4].

Tasks used to test spatial abilities have the potential to
address similar cognitive performance in humans and animals.
Impairment of visuo-spatial abilities has been already
demonstrated in animal models of schizophrenia [5,6,7] and
also in schizophrenia patients using various virtual tasks
developed on the basis of the original paradigms for animals
[8,9,10]

In order to assess complex spatial abilities in schizophrenia and
compare our results with the data obtained in animal models,
we designed two virtual reality tasks adopted from the animal
research: the Morris water maze [11] and the Carousel maze
paradigm (active place avoidance task developed by [12]).
Both paradigms have been adjusted and transformed to single
day protocols in order to test human subjects. Experiments
have been conducted in virtual reality (VR) environments
created using the Unreal Tournament game engine editor that
allowed us to build large-space and/or moving environment.



Both groups of participants have been tested using standard
neuropsychological methods in order to compare the
performance in newly designed virtual tests with standardized
performance.

II. METHODS

A. Participants

A study group of 29 (17 males and 12 females, age 18-35)
first-episode schizophrenia patients (SZ, diagnosed as acute
psychotic  episodes with schizophrenia symptoms or
schizophrenia according to DSM-IV) and a control group of
healthy volunteers (HC) were recruited and matched for age,
sex, education level and gaming experience. Patients were
recruited in the early remission phase during their first
psychiatric hospitalization, therefore considered to be first-
episode schizophrenia patients (FEP) with a variable duration
of untreated psychosis (DUP, 6.4 + 132.4 months) defined as
the duration of untreated but clearly presented psychotic
symptoms. All of the patients were tested prior to the end of
their hospitalization

Healthy subjects were recruited from the same socio-
demographic background via a local advertisement. To provide
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: no history of neurological disease or loss of
consciousness longer than 10 minutes; and native in
Czech/Slovak language. The main exclusion criterion for
control subjects was a personal history of any psychiatric
disorder. All tested subjects signed a written informed consent
approved by the Ethics Committee.

B. Apparatus and software

The game engine Unreal Tournament (UT2004; Epic
Games) was used to visualize the virtual scene to the
respondents presented in a first-person view on a 24" LCD
monitor. The custom-made Java software toolkit called
“SpaNav” was connected to the game engine to control the
experiment and collect online data. Subjects controlled their
movements in virtual environment using only one joystick of
the gamepad device.

C. Design and procedure

Clinical and neuropsychological assessment. To confirm the
cognitive deficit in our study subjects, all participants (SZ and
HC) completed a battery of standard neurocognitive tests (for
details on individual tests see Table I).

All of the patients completed a psychiatric interview prior to
the experiment in order to obtain information about their
current symptoms using the Positive and Negative Symptoms
Scale (PANSS;[13], averaged score 56 + 16) and the Global
Assessment of Functioning scale (GAF, [14], averaged score
64 £ 20.5). 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

calculated in chlorpromazine equivalents (CPZ, avg = 426)
according to [15].

TABLE L LIST OF NEUROCOGNITIVE TEST BATTERY USED AS
STANDARD MEASURES OF COGNITIVE FUNCTIONS

Neuro-cognitive battery Tested function Abbreviation

5 ] A - visual psychomotor speed

Trial making test B- mentai flexibility and attention

verbal psychomotor speed and fluency
(phonological vs. categorical)

Verbal Fluency Test

Perceptual vigilance taks lapses -reaction slower than 500 ms

Auditory Learning Test verbal learning and memory

Rey/Taylor Complex Figure

visual perception and memory RCFT-copy / 3/ 30

verbal immediate attention {forward) working

Digit Span (WAIS-1II) miemary {back]

Spatial Span
(Corsi block test)

visual immediate attention (forward) working
memory (back) COR- back

Spatial perception, visual abstract processing,
problem solving

Block design (WAIS-III)

Similarities (WAIS-II1)

Abstract verbal reasoning

Key Search test executive functions - visual planning

left-right orientation,
mental rotations, attention

Money Road Map Test

Pre-training of motor control. Prior to the experiment, all of
the participants underwent a short (5 min long) pre-training of
movement control using the gamepad apparatus. 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 possible”.

Consecutively all participants performed two virtual tasks,
which required the subject to navigate towards hidden goal
positions placed on the floor of an arena, stable or rotating.
Each single trial started with pointing towards the goal and
was followed by navigation towards the goal using three
visible orientation cues.

Stable arena. The virtual task with the hidden goal
paradigm was inspired by the Morris water maze [11] and was
performed in a large-scale enclosed virtual arena (see Fig. 1),
designed as a virtual analogy of real space apparatus called
Blue Velvet Arena [16]. This virtual Four Goals Navigation
(VFGN,[17]) task requires the participant to find and remember
the hidden goal position on the floor of an enclosed virtual tent
using three visible orientation cues.

'I camera

3 orientation cues

¥*

Fig. 1. MWM paradigm (adjusted from Fajnerova et al., 2014): (left)
model of the original MWM apparatus for rats; (right) Virtual
version, the vVFGN task in an enclosed dry arena




Four separate phases of the VFGN task represent the analogies
of the MWM protocol variants: 1) Training - reference
memory protocol with stable goal position, 2) Acquisition -
reversal protocol with changing goal position, 3) Recall -
delayed matching-to-place protocol, 4) Probe - trials with
removed goal position (without feedback).

Rotating arena. The second virtual test was inspired by the
Carousel maze - Active allothetic place avoidance (AAPA)
task - performed on a rotating arena [12]. However, the original
avoidance task was modified to a preference version of the
task, as a virtual arena called the Active Allocentric Place
Preference task (AAPP, Vicek et al, unpublished). The same
hidden goal principle as in the previous task was used to test
spatial abilities in subjects standing on a rotating arena. The
hidden goal positions are connected to two reference frames
either: 1) to the frame of the slowly rotating ARENA and rotate
together with the tested individual or 2) to the static ROOM
and move with respect to the subject and arena (see Fig. 2).
Time limit for each trial was 20 s. The task was divided to four
separate phases: 1) Training - searching for two goals, one in
the arena frame and one in the room frame; 2) Arena frame -
navigation towards two goals moving with the arena; 3) Room
frame - navigation towards two goals connected to the room
frame (appearing as moving); 4) Frame switching - alternated
search between 4 goals placed either in arena frame or in room
frame.

D. Measured parameters and data analysis

The spatial performance measured in the Stable arena was in
all except probe trials evaluated using two parameters, the
pointing error (absolute angular difference between the
pointed and linear direction towards the goal position) and the
path efficiency (range 0 to 1, calculated as a ratio between the
minimal path length and the real distance travelled by the
subject). In probe trials the goal quadrant preference
(proportion of the trial time spent in the correct arena
quadrant) was evaluated.

The performance in the Rotating arena was measured using
the previously described pointing error parameter. The second
applied trial time parameter represents the time needed to enter
the goal position. Only selected parameters are presented in
this paper. To analyze the data a custom-made PHP program
called drf2track was used to produce primary data tables and
trajectory pictures; further statistical analysis was performed in
Statistica 11. The group differences were calculated using the
repeated measures ANOVA and overall level of significance
was set to 0.05.

Principal components analysis (PCA) was used in both groups

separately to analyze the relationship between the newly-
developed virtual tests and standard neuropsychological test
battery.

II. RESULTS

The results of both virtual tests confirmed the deficit of
cognitive abilities observed ecarlier using the battery of
standard tests (not presented) in the group of first episode
schizophrenia patients.

A. Neuropsychological battery

Results obtained using the standard neurocognitive battery
has been tested for possible group differences in order to
determine the cognitive deficit in the group of schizophrenia
patients. As expected according to the previous studies, most of
the tests showed significant group differences, suggesting that
the first episode schizophrenia patients tested in our study are
impaired in all assessed cognitive domains (see Table II).

TABLE II. GROUP DIFFERENCES OBTAINED IN THE BATTERY OF
STANDARD NEUROCOGNITIVE TESTS
Raw data Group
(Average + SD) differences
Neurocognitive assessment (SZ and HC)
74 HC Mann-Whitney
U test

Perceptual ~ Vigilance task- 1] e
lapses 9+9 2+4
Verbal fluency 38+12 47+9 174.5 ***
Categorical fluency 19.545.5 29+5 56.5 ***
Trial making test

TMT - A 38+12 26+8 155 #**

TMT - B 97+42 50+12 01.5 ***
Auditory verbal learning test

AVLT -I-V 49+11 60+7 156 ***

AVLT-VlI interference 9.5+3 13£2 101 ***

AVLT - 30 min 9+3 1342 79 Hxx
Rey/Taylor Complex Figure

RCFT —copy 32.543 361 138%***

RCFT -3min 17£7 26+5 105 ***

RCFT - 30 min 1847 26+5 117 *%*
Spatial Span (WMS-III) —

forward 8.5+2 9+1.4 322 ns

backward 7.5£2.5 9+14 218.5 *
Digit Span (WAIS-III) —

forward 9+2 10+£2 295 ns

backward 542 8+2 143.5 ***
Similarities (WAIS-III) 22+5 28+2 114.5 ***
Key Search test 1143 13+2 314.5 ns
Moncy Road map test 445 1+2.6 243  **

Fig. 2. [left] - The original AAPA task (carousel maze); [middle] -
Schematic view of the Virtual version of the AAPP task. - Training
conditions in two possible reference frames: Room frame (square
shape) and Arena frame (circular shape). [right] - Rotating arena
from the first-person view.

B. Hidden goal on the Stable arena

All phases of the VFGN task show decline in spatial abilities
of schizophrenia patients in comparison to healthy volunteers
(published in full extend in [17]).

e The first Training phase demonstrates learning
difficulties presented in lower accuracy in pointing (Fig.
3A) and navigation (p < 0.01) in schizophrenia patients.

o The subsequent Acquisition phase with changing goal
position as a measure of mental flexibility, showed only
mild group differences in pointing (p < 0.01) but not in
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Fig. 3. Performance of both groups in the Stable arena - VFGN task
(modified according to Fajnerova et al., 2014). (A) The Training
session performance expressed using the pointing error parameter.
(B) The path efficiency in Acquisition phase (last trial for each goal
position) and in all Recall trials. (C) The time proportion spent in
the correct arena quadrant in the last Probe phase. (D) Illustration of
some differences observed in individual strategies used in individual
trials of the Training session (during the first search, standard trial
and probe trial). (E) Illustration of the navigation strategies
identified in standard and probe trials during repeated search for the
hidden goal position.
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Fig. 4. Performance of both groups in four phases of the Rotating
arena -AAPP task - expressed using the trial time parameter.
(A) The Training phase with simple frame change (arena x
room). (B) The Arena frame performance. (C) The Room
frame performance. (D) Frame change -Alternation between
all 4 previously acquired goal positions, placed in Arena or
Room frame. (E) Illustration of SZ and HC in the last trial in
Arena (left) and Room (right) phase: pointing accuracy
(orange line) and search trajectory (blue line) towards the goal
position (red circle).

navigation accuracy (Fig. 3B — gray area), probably due
to the skill learning effect (as all three goal positions
were spatially identical).

e The recall of the three previously learned goal position
sequence (ABC) in the later Recall phase showed
deficit of spatial working/long-term  memory
demonstrated in significantly decreased navigation
performance (p < 0.001) more expressed in the first
repetition round (Fig. 3B).

o The last Probe phase without feedback about the correct
position, showed significantly disturbed spatial bias in
schizophrenia patients (p < 0.001), demonstrated in
lower proportion of time spent in the correct arena
quadrant (Fig. 3C).

To wunderstand the observed behavioral differences, we
analyzed the strategies used by both groups to search for the
goal position (see Fig. 3D and 3E). Automated analysis was
used to identify the strategies, according to performance values
such as path efficiency, goal quadrant preference or heading
direction angle. We were able to identify the following
strategies: direct search, mark strategy, focal search, and
incorrect focal search (see Fig. 3E). All other strategies were
evaluated as Unknown. We identified the following group

differences using the Cochran-Mantel-Haenszel test for
repeated 2x2 tests of independence:

Direct search strategies were used in the (2) Acquisition
phase more frequently in healthy controls (51%) than in
patients’ group (43%) (Chi-square = 4.817, p < 0.5).
Similar difference (even more pronounced) was
observed in the (3) Recall phase in HC (61%) and in SZ
patients’ group (45%) (Chi-square = 8.347, p < 0.01).

e focal search strategy was used more frequently in
healthy controls (83%) than in patients’ group (53%) in
the (4) Probe phase trials (Chi-square = 17.977, p <
0.0001).

C. Hidden goal on the Rotating arena

Similarly, all phases of the virtual AAPP task show decline
of spatial performance in schizophrenia. All differences are
presented using trial time (TT) parameter (pointing time (PT)
and pointing error (PE) parameters are not presented.

o The first Training phase showed impaired learning
abilities on the rotating arena (more pronounced in the
room frame goal) (p < 0.01, Fig. 4A).

e The second phase performed in the Arena frame with
‘stable’ goals showed only mild decrease in measured



parameters (p < 0.01), less expressed in the second half
(Fig. 4B).

e However, the third phase with navigation towards the
goals connected to the Room frame, moving relative to
the subjects (Fig. 4C) showed strongly profound decline
of spatial abilities in schizophrenia (p < 0.001),
probably due to the dissociation between reference
frames of the subject and goals.

e The last phase created to assess the cognitive flexibility
and coordination, as it required repeated switching
between the two reference frames (switching between
two mental maps, two sets of orientation cues for arena
and room), shows substantial deficit in schizophrenia
patients (p < 0.001, Fig. 4D).

We individually analyzed the behavior of
schizophrenia subjects (see Fig. 4E) and we have identified
two main reasons for more profound impairment in
navigation abilities while navigating in Room frame: 1) the
goal is identified in incorrect frame of reference and is
therefore falsely linked to incorrect set of orientation cues
in arena frame; 2) the navigation towards objects (cues,
goals) in the Room frame is deficient due to impaired
ability to plan trajectory and anticipate the future position
of the goal, while patients” own position is shifted by the
arena rotation.

D. Virtual tests vs. Standard tests

In order to understand the relationship between the results
obtained from the two newly-designed virtual tests (inspired by
previous animal research) and the battery of standard
neurocognitive methods, we analyzed the data obtained from
all tests using a Principal Components Analysis and factor
analysis. Prior to the analysis all data were transformed to the
same direction (increasing value means larger impairment) and
to standard Z-scores.

Performed factor analysis (rotated - Varimax normalized)
revealed two main factors (presented on Fig 5 separately for
the group of healthy controls and schizophrenia patients).
Factor 1 explains 18% of variability in healthy controls and
37% of variability in the group of schizophrenia patients;
Factor 2 explains another 12/14 %. Similarly the PCA analysis
shows two main factors (see Fig.6): Factor 1 explaining 39%
of variability in HC group and 48% in SZ group. Factor 2
explains 30% variability in HC and 12% in SZ group.

Results from individual test batteries (Stable and Rotating
arena, Standard neuropsychological methods) are for better
visualization presented in different colors (for abbreviations see
also Table I). Interestingly, all three test batteries (see FA and
PCA results, Fig. 5 and 6) show different distribution in
healthy controls and schizophrenia patients. Moreover the
Results from the Stable arena environment show more
scattered distribution in HC group along with Factor 2, on the
other hand results from the Rotating arena environment are
more scattered along the Factor 1 in the SZ group. This
indicates the following:
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Fig. 5. Results of the factor analyses performed on both tested groups
separately, showing the relationship of the two main factors
obtained from the analysis. The upper image shows the results
obtained from HC group and the lower image the results from the
group of SZ patients. Results from individual batteries are presented
in different colors (Stable arena — blue, Rotating arena — red,
Standard neurocognitive tests — green). Data from virtual test
batteries are marked by the number of the test phase order (vFGN 1-
4, aappl-4).

e In general, cognitive performance of SZ group shows
decreased variability in comparison to HC group
(patients tend to fail in most of the tests).

e The factor analysis in performance of HC group on
Stable arena shows assessment of more variable
abilities (probably due to more variable measures) in
comparison to the uniform performance on the
Rotating arena, where only time parameters are
measured.

e On the other hand, the SZ group shows increased
variability in Rotating arena performance, probably
due to observed deficit in room frame and switching
condition (not observed in HC group) in contrast to
less demanding arena frame performance.

e According to PCA results in HC group, Factor 2
creates clusters of tests focused either on learning and




memory (together with Stable arena results) or on
cognitive flexibility and psychomotor speed (together
with Rotating arena results). This finding suggests
that despite that both virtual batteries test spatial
navigation towards hidden goal, they assess partly
different abilities.

IV. CONCLUSION

Presented results show significant deficit of visuo-spatial
functions in first episode schizophrenia patients, which is
demonstrated in both tested paradigms (hidden goal search on
stable and rotating arena). The deficit is present in all four
phases of these two virtual test batteries. These findings are
supported by our results obtained using the battery of standard
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Fig. 6. Results of the PCA performed on the group of
schizophrenia patients, showing the relationship of the two
main factors. Results from individual batteries are presented
in different colors (Stable arena — blue; Rotating arena — red;
Standard neurocognitive tests — green). Standard tests results
are presented using abbreviations explained in Table 1. Data
from both virtual batteries (Stable, Rotating arena) are
marked by the tests name and order of the test phase (VFGN
1-4, aappl-4). Individual type of variables are marked by
abbreviations (TT-trial time; PT - pointing time; Point/PE —
pointing error; Path — path efficiency; Preference — Time
spent in the goal quadrant; Entrances- Number of entrances
to the goal in Probe trial).

neurocognitive measures and also data obtained previously in
similar paradigms [8, 10]. Our results demonstrate the
necessity for remediation of spatial learning and memory after
the first psychotic episode.

Despite the fact that both virtual paradigms used the same
hidden goal principle and the same amount of orientation cues
(3 objects), the rotating arena shows more pronounced decline
of the spatial performance in schizophrenia than the stable
one. This is not surprising, as due to the arena rotation the task
demands attention shifts and navigation in two frames of
reference, in contrast to the stable arena.

Importantly, individual phases of both presented virtual
tests demonstrate variable extent of sensitivity towards the
cognitive deficit in schizophrenia, supporting our assumption
that particular parts of each test examine distinct visuo-spatial
functions (e.g. learning, working and long-term memory,
mental flexibility etc.). The first test battery on Stable arena
showed that the performance in SZ group was more impaired
in Recall and Probe phase than during the training and
acquisition process. Similarly in the Rotating arena test battery
the navigation towards goals fixed in the room frame, that are
unstable relative to the subject’s position, was more affected
than the search for goal positions rotating together with the
arena and the subject. These findings indicate that some parts
of these virtual test batteries could form suitable tools for
future virtual remediation of impaired visuo-spatial abilities in
schizophrenia. Individual parts could be therefore used for
remediation of specific functions with increasing level of
difficulty.

Moreover we were able to identify some group differences
in the strategies used to search for the hidden goal position on
Stable and on the Rotating arena. These findings will be later
applied in the cognitive remediation of schizophrenia patients,
since the incorrect strategies and typically observed mistakes
can be individually explained and discussed with the patient
during training. This information can be also used to explain
typical problems and manifestation of the disease (e.g. deficit
in planning) and the way they can be managed.

Considering the fact that our results are in consistence with
the behavioural deficit observed in animal models of
schizophrenia using similar methods [5,6,7], we believe that
both virtual test batteries could be used as tools for future
comparative research, in order to identify cognitive changes in
neuropsychiatric disorders. In addition, both tests will be
useful in future translational research focused on development
of new drugs for pharmacological treatment of schizophrenia
patients. This can be achieved using similar comparative
methods enabling comparison of possible effects of new
treatment methods on cognitive functions in schizophrenia and
animal model of the disease.

In addition, we do believe that both virtual tasks could be
useful in measurement of cognitive enhancement as an
outcome of pharmacological or non-pharmacological
treatment in neuropsychiatric disorders, as they address



complex cognitive functions and can be easily modified to
retest variants.

Currently we perform also repeated assessment one year
after the first hospitalization, to test the persistence of the
cognitive deficit, either after the full remission of symptoms or
due to potential relapse of the illness. The future analysis will
therefore address the results obtained using this repeated
measure and possible sensitivity of the developed methods to
the future course of illness in individual patients.
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symptomatology or antipsychotic medication. Moreover, VERB functioning was a better
predictor of GAF and WHOQOL-BREF than VIS functioning. Given the findings of
negative or missing effect of VIS deficit on WHOQOL-BREF and GAF, the accuracy of
these measures in evaluating the impact of global cognitive deficit on everyday life in
schizophrenia could be questioned.

Keywords: cognitive deficit, first psychotic episode, schizophrenia spectrum disorder, global functioning, quality
of life, visuospatial functions, verbal functions, antipsychotic medication

INTRODUCTION

Abnormalities in cognitive functions are considered to be one
of the key components in Schizophrenia (SZ). Neurocognitive
deficit represents a reliable feature, with moderate to large
effect size on global functioning across all cognitive domains
(Milev et al., 2005). An important amount of research in SZ
has examined the relationship between cognition and variety
of clinical factors including age of onset, symptomatology,
severity, duration, medication, functional outcome, and Quality
of life (QOL) (Heinrichs and Zakzanis, 1998; Bilder et al., 2000;
Mesholam-Gately et al., 2009). However, studies focusing on
specific relationships among cognitive domains or relationships
inside the domains and their influence on daily functioning are
limited (Harvey et al, 2012). One of the most neglected areas
is the comparison of the impact that visuospatial (VIS) and
verbal (VERB) abilities have on global functioning and QOL.
Focused research of VIS functions can help provide a better
understanding of neuropsychological patterns of heterogeneity in
SZ. In addition, since VIS functions are less biased by language
skills, research in this area can enlarge the neuropsychiatric field
(Paradis, 2008). Furthermore, VIS functions are an important
tool for a comparative research on animal models of SZ
(Fajnerova et al., 2014).

One of the main reasons why visuospatial functions did
not receive much attention as an independent entity in the
research of SZ was the negative impact of the first-generation
(typical) antipsychotic treatment on some motor and visuospatial
functions (e.g., psychomotor retardation; Spohn and Strauss,
1989; Bilder et al., 1992; Meltzer and McGurk, 1999; Arana,
2000). With the development of second generation (atypical)
antipsychotics (AP), the risk of neurological side effects seemed
reduced. Moreover, findings of slightly positive effects of some
atypical AP on cognitive deficit were reported in SZ (e.g.,
Peuskens et al., 2005; Houthoofd et al., 2008) and these findings
were supported by results in an animal model of SZ (Bubenikova
etal., 2005). However, when atypical antipsychotics were directly
compared with the typical ones, no differences were found in
either psychomotor functions or other cognitive areas (Jones
et al., 2006; Keefe et al., 2007; Lewis and Lieberman, 2008).
Another limitation related to the study of VIS functions is that
not all studies use a separate model of verbal and visuospatial
functions. Usually, both VERB and VIS functions are included
in the same cognitive domain (e.g., memory domain) or in
the total IQ score; alternatively, they are studied as isolated
variables. The question how much (if at all) the AP medication
affects the motor and VIS functions when compared with the
verbal functions, and to what extent the visuospatial functions

impact daily functioning and the quality of life requires more
research.

Visuospatial impairment can negatively affect various daily
activities from the most common, such as watching TV or
reading a book, to the most complex, including social interactions
(visual recognition of social signals), and recognition of territorial
boundaries (interpersonal space; Cummings and Mega, 2003).
SZ subjects exhibit impaired performance in a wide range of
VIS functions, from the most basic level of visual perception to
more complex visuospatial processing and navigation abilities
(e.g., Stuve et al., 1997; Doniger et al., 2001; Butler et al., 2005;
Hanlon et al., 2006; Piskulic et al., 2007; Weniger and Irle,
2008; Cocchi et al., 2009; Folley et al., 2010; Landgraf et al.,
2010; Fajnerova et al., 2014). This decline in VIS performance
is already present in the first episode of schizophrenia and
performance further deteriorates over time, predicting poor
outcome (Stirling et al., 2003). Cross-sectional studies in subjects
with late-life schizophrenia report the impairment in visuospatial
ability, alongside with the executive and verbal fluency deficit.
Moreover, longitudinal studies suggest that the cognitive decline
in late-life schizophrenia may first affect VIS abilities (Rajji and
Mulsant, 2008). It was also demonstrated that VIS tasks related
to attention, memory, and planning predict improvements
on psychosocial functions, such as autonomy in daily living,
treatment compliance, and social competence in subjects with
psychosis (Prouteau et al., 2005). Given the significance of VIS
functions in our daily life, it is expected that visuospatial tests
would be good predictors of functional outcome in SZ.

Functional capacity and quality of life play a key role in
the study of the course, treatment efficacy, and other factors
related to functional outcome in SZ. Both functional capacity
and QOL are negatively associated with clinical symptoms
(Gaite et al.,, 2005; Malla and Payne, 2005; Milev et al., 2005;
Makara-Studzifiska et al., 2011). Negative symptoms are more
strongly related to poor QOL and psychosocial functioning in
SZ outpatients (Eack and Newhill, 2007; Rocca et al., 2009),
whereas general psychopathology shows a consistent negative
relationship with QOL across all study samples and treatment
settings (Eack and Newhill, 2007; Rocca et al., 2009). Findings
about the influence of positive symptoms are heterogenous, with
the relationship toward negative and general symptomatology
being more evident, varying only in the extent of impact (Eack
and Newhill, 2007; Rocca et al., 2009).

In terms of cognition, the current state of the literature did
not enable drawing any conclusions about specific cognitive
constructs related to global functioning and QOL. Some studies
have documented a relationship between measured general
cognitive ability (IQ index) and global functioning or QOL
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(Tzeng et al, 2004; Chaplin et al, 2006; Leeson et al,
2009), while other studies also point out the importance of
specific neuropsychological domains. Results of these studies are
very heterogeneous, depending on the measures used in the
assessment. Despite the heterogeneity of measures, the deficit
in executive functions appears to be the most evident and
burdensome, and is most related to the impairment of global
functioning and QOL in SZ (Bilder et al., 2000; Reed et al., 2002).
In addition, lower QOL is related to the deficit in verbal memory
(Ritsner, 2007; Fiszdon et al., 2008; Matsui et al., 2008). As was
stated previously, VIS and VERB functions are usually combined
in a single domain or IQ score. Thus, the role of VIS functions in
global functioning and QOL remains unclear.

To our knowledge, no study to date has described the extent
to which visuospatial functions affect everyday life of SZ patients,
in contrast to the effect of verbal abilities. Our study aimed to
answer the following questions:

(1) Are visuospatial abilities impaired in the first-episode
schizophrenia spectrum (FES) patients in comparison with
the matched group of healthy controls? If that is the case, is
the degree of the deficit the same as in verbal functions?

(2) Are the VIS functions in FES patients affected by
the antipsychotic medication and the actual psychiatric
symptomatology (measured with PANSS)? Is similar effect
visible in the VERB functions?

(3) Is the global functioning and the quality of life in FES
patients affected by VIS functioning when analyzed in the
presence of VERB functions and clinical characteristics
(symptoms and medication dose)? If so, is the effect of
visuospatial and verbal functioning the same?

MATERIALS AND METHODS

Subjects
Thirty-six subjects (22 males and 14 females, FES group) who met
ICD-10 criteria for the first psychotic episode of schizophrenia
spectrum disorder [F20.X (N = 4) and F23.1/F232 (N =
32)] were recruited at the National Institute of Mental Health
(NIMH). Patients were evaluated once they were stabilized
at the end of their first psychiatric hospitalization in partial
symptomatic remission state, according to Andreasen’s remission
criteria (2005). The group was considered in partial remission
state rather than in complete remission, as they did not
fulfill the criterion of asymptomatic 6-month period. Study
subjects were diagnosed in a routine clinical process by two
experienced psychiatrists. In case of diagnostic disagreements
(e.g., comorbidity) the specific case was excluded from the study.
In order to compare the cognitive performance in FES
subjects with the healthy population, a group of healthy control
subjects (N = 36, group HC) was recruited from the same
socio-demographic background via a local advertisement. The
inclusion criteria for both groups were: (a) 17-35 years of age;
(b) no history of neurological disease or loss of consciousness
longer than 10 min; (c) native in Czech/Slovak language; and (d)
additionally for the FES group to meet ICD-10 diagnostic criteria
(dg F20.X or F23.1, F23.2) and to be first admitted to psychiatric

care. The main exclusion criterion for the control subjects was
personal history of any psychiatric disorder; for the FES group
it was the fulfilled diagnostic criterions for another psychiatric
disorder. Both groups were carefully matched in terms of sex,
age (max 2 years difference tolerance), and level of education (for
details and statistical comparison of the matching parameters,
see Table 1). In each group there were 16 participants with a
higher education level (university studies) and 20 with a lower
level of education.

Prior to the study, all participants signed a written informed
consent in accordance with the Declaration of Helsinki, approved
by the Ethics Committee of NIMH.

Clinical and Neuropsychological

Assessment
Two psychiatric scales were used to evaluate clinical
characteristics in the FES subjects. Current symptomatology

TABLE 1 | Demographic data, clinical assessment, and QOL questionnaire.

Demographic Group mean + SD Group differences

variables
FES HC Mann-Whitney U p-value
N 36 36
Sex (M:F) 22:14 22:14
Age 26.3+56 257452 614 0.697
Education level (1-6) 3.7+13 40+1.2 556 0.261
Clinical assessment FES subjects
(mean + SD)

PANSS total score 50.8 £ 17
PANSS-positive 125+5.2
PANSS-negative 16.0+7.3
PANSS-general 26.4+6
AP medication—CPZ 391.2 + 122
equivalents (mg)
GAF 64.5 +18.3
WHOQOL-BREF FES subjects Normative data

(mean + SD) (mean + SD)

(Dragomirecka and
Bartoriova, 2006b)

Physical health 144+24 1565+26
(domain 1)
Psychological health 141 +25 148+24
(domain 2)
Social (domain 3) 13.2+ 3.1 156.0+2.9
Environmental 143+ 2.1 133+ 2.1
(domain 4)

First psychotic episodes of schizophrenia spectrum disorder subjects (FES) and healthy
controls (HC) individually matched by sex, age (within 2 years), and education level (see
demographic variables). All values are present as mean + SD. Clinical scales PANSS
(Positive and Negative Symptoms Scale) and GAF (Global Assessment of Functioning),
antipsychotic medication level in CPZ (chlorpromazine) equivalents, and Quality of life
questionnaire WHOQOL-BREF assessed in FES subjects. 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.
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was assessed using the Positive and Negative Syndrome Scale
(PANSS; Kay et al., 1987). The Global Assessment of Functioning
(GAF; Jones et al., 1995) was used in order to objectively evaluate
general psychosocial functioning of the FES group. The GAF
scale is used to address general functioning (score 0-100) in
daily activities of individual FES subjects. All FES subjects were
medicated by different dose and type of atypical antipsychotics
or their combination (olanzapin, amisulpirid, and risperidon),
that is why chlorpromazine equivalents (CPZ; Woods, 2003;
Andreasen et al,, 2010) were used to evaluate the effect of
medication dosage on cognitive functioning. For details on the
clinical parameters see Table 1.

The quality of life was subjectively evaluated by FES subjects
using the Quality of life questionnaire WHOQOL-BREF (WHO
group, 1998), a short-form quality of life assessment that
calculates four domain profiles (Physical health, Psychological

health, Social relationships, and Environment), and was
validated for FES population (Mas-Expésito et al., 2011).
The questionnaire was translated and validated for a Czech
population (Dragomireckd and Bartonova, 2006b).

Regarding the neuropsychological assessment, the used
measures were chosen in accordance with the evidence of
related articles (mentioned in introduction) and suggested also
by the MATRICS initiative (Green et al., 2004; Nuechterlein
et al, 2008). Some additional measures not commonly used
and standardized in schizophrenia population were used in
order to assess VIS functions in greater detail. The final
neuropsychological battery consisted of 11 tests focused on
both the visuospatial and the verbal functions (see Table 2). All
tests were assessed by trained clinicians, according to the cited
administration protocols. Detailed information about all test
methods is provided in Table 2. In order to compare cognitive

TABLE 2 | Description of (A) Visuospatial and (B) Verbal neuropsychological tests.

Test Monitored cognitive function Test outputs

References Test description

(A) VISUOSPATIAL NEUROPSYCHOLOGICAL TESTS

Trail Making Test (TMT A
and B)

Psychomotor speed (A);
visuospatial working memory (B);
mental flexibility (B/A)

Time A (s); Time B (s); Ratio B/A

Reitan and Wolfson, 1985;
Preiss and Preiss, 2006

Chaining a sequence of numbers
(A) or alternatively numbers and
letters (B) that are randomly
distributed on a single paper

Rey-Osterrieth (Taylor)
Complex Figure Test (RCFT)

Visuospatial organization,
constructional functions and

visual memory 30 min (RCFT-30)

Raw score for copy trial (RCFT-copy),
reproduction after 3 (RCFT-3) and

Osterrieth, 1944; Preiss
et al., 2012

Copy and reconstruction of
figure after 3 and 30 min

Key Search Test (KST) Executive functions

Raw scores of strategy

BADS (Wilson et al., 1996)  Strategy of exploration of
2-dimensional space (2D square

shape)

Money Road-Map Test
(RMT)

Spatial orientation

Raw scores for number or errors/32;
A, B and C error types

Money et al., 1965 Ability to determine right/left
turns on crossroads in 2D view

of a simple maze/city

Spatial Span (SS) Visuospatial working memory

backward)

Raw scores: total (forward +

PC version adjusted from
the Corsi block test in
(PEBL, 2012) according to
WMS-IIl (Wechsler, 1997)

Repeating a sequence of spatial
positions presented in 2D plane,
forward or backward

PEBL Perceptual Vigilance
Task (PVT)

Vigilance and attention

(B) VERBAL NEUROPSYCHOLOGICAL TESTS

Auditory Verbal Learning
Test (AVLT)

Verbal learning and memory

Number of lapses [Reaction time (RT)
over 500 ms], average RT speed

Learning curve and total number of
words (AVLT-I-V); immediate recall
(AVLT-VI); delayed recall (AVLT-30);

PEBL battery (PEBL, 2012;
Dinges et al., 1985; Loh
et al., 2004)

Response to stimulus appearing
in the variable time interval
(1-95) during 10 min

Rey, 1964; Preiss et al.,
2012

Repeated recall of 15 words with
interference trial (B) and delayed
recall after 30 min

number of confabulations and

repetitions

Verbal Fluency Test (VFT) Psychomotor speed and mental

flexibility

Number of words for phonemic (total
of three trials) and semantic fluency

Preiss et al., 2012 Speaking aloud words beginning
with letters N, K, P or naming

category of animals during 1 min

Digit Span (DS) Attention (forward), verbal

working memory (backward) backward)

Raw scores: total (forward +

WAIS-IIl (Wechsler,
1997); Czech version

Repeating list of numbers
forward and backward

Similarities (Sim) Verbal conceptualization

Raw score—correct responses

(Cernochova et al.,
2010) Describe similarities between

pair of words
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performance in the FES subjects with the healthy population, the
same test battery was administered to a HC subjects. Below is
a description of the three visuospatial methods that have some
specific characteristics.

The PEBL (PEBL, 2012) version of the Perceptual Vigilance
Task (PVT) was used in its 10-min-long alternative (Loh et al.,
2004) in order to test attention and vigilance. A simple circle
stimulus appears in the PVT at intervals ranging between 2 and
125, and the participant is required to press the spacebar as
quickly as possible.

A computerized version of the Spatial Span (SS) test was used
in order to test spatial attention and working memory without
uncontrolled examiner effects (such as prolonged presentation of
the longer spatial sequences). We adjusted the original protocol
of the Corsi block-tapping test (Kessels et al., 2000) applied in
the PEBL battery (PEBL, 2012) to match individual positions
and spatial sequences of the SS in the WMS-III (Wechsler, 1997;
Cernochovi et al., 2010).

The Money Road-Map-Test (Money et al, 1965) is not
traditionally used in standard test batteries such as MATRICS;
this test was selected in order to test specific visuospatial
functions, such as mental rotation and perspective taking
strategy. For this reason, the total number of errors (out
of a total of 32 turns) was divided into three categories
(according to Markovd et al, 2015) by the angle of the
route before each turn relative to the subject’s heading:
(A) rotation of <70° (9 turns), (B) rotation of 90° (13
turns), and (C) rotation of more than 110° (10 turns).
Another specifically selected test, the Key Search Test, was
chosen as a sensitive method testing dysexecutive syndrome
in schizophrenia (Evans et al, 1997), using spatial planning
abilities.

Data Analysis

Statistical analysis was performed using the SPSS software
(version 15.0). The significance level of all statistical analysis
was set to 0.05. The group differences in demographic variables
(age, education) were analyzed using non-parametric Mann-
Whitney U-test. Identical method was used to compare the
raw scores obtained in the visuospatial tests. Non-parametric
Spearman Rank Order Correlations were used in order to detect
correlations between variables.

The raw scores of neurocognitive tests were used to compare
performance between the FES subjects and the HC. Raw
scores were transformed to z-scores in order to calculate
cumulative scores of VERB and VIS scores. Z-scores were
calculated as the difference among raw scores of the individual
FES subjects and the HC group mean, divided by the HC
standard deviation. The cumulative scores (VERB and VIS) were
computed as a sum of the standardized z-scores divided by
the number of applied measures from the relevant variables
list as follows (for explanation of individual abbreviations see
Table 2): VERB score (AVLT_I-V, AVLT-VI, AVLT-30, VFT-
semantic, VFT-phonemic, DS-backward, Similarities) and VIS
score (RCFT-copy, RCFT-3, RCFT-30, TMT-A, TMT-B, SS-
backward, RMT-total errors). PVT test results were not included
in calculation of the cumulative scores, as performance on

this test is purely attentional. In addition, to assure the
accuracy of input variables to the cumulative scores and
their consistency, reliability analysis and factor analysis were
performed (Cronbach’s Alpha for VERB = 0.73; Cronbach’s
Alpha for VIS = 0.75). Multiple linear regression analysis
(stepwise method criteria as follows: probability-of-F-to-enter
< 0.05; probability-of-F-to-remove > 0.10) was used to assess
the effect of performance in individual visuospatial and verbal
tests (dependent variables) of (A) the clinical characteristics
(independent variables): PANSS (scores divided into three sub-
scores: general symptoms-G, positive symptoms-P, negative
symptoms-N), and (B) the antipsychotic medication calculated
in CPZ. In additional stepwise multiple linear regression
analysis an overall effect of PANSS scores, CPZ level, and
cumulative VERB and VIS scores was assessed on (A) global
functioning measured by GAF and (B) four individual domains
of quality of life measured by WHOQOL-BREF (WHO group,
1998).

RESULTS

Differences in Cognitive Performance
Between FES and HC Group

As a result of matching the participants on an individual basis, no
significant group differences in age and education were observed
(Figure 1 and Table 1). In each group, there were 16 participants
with a higher education level (university studies) and 20 with
lower level of education.

Group differences in the results of neuropsychological
tests were significant in most of the applied VIS and
VERB measures, when analyzed from raw scores using the
non-parametric Mann-Whitney U-test (for more details see
Tables 3A,B).

The group of FES subjects showed significantly lower VIS
performance on all three parts of the Rey-Osterrieth Complex
Figure Test (RCFT-copy, RCFT-3, RCFT-30). The FES group was
also slower in the Trail Making Test part A and part B. The
average speed of FES subject responses in the PVT was lower
and they also had a higher number of lapses (with reaction times
above 500 ms). The FES subjects also made more errors on the
Road Map Test (RMT). In addition, splitting of individual turns
in the RMT (according to Markovd et al., 2015) to three possible
error types showed that schizophrenia subjects tend to fail more
in the turns demanding mental rotation of the spatial scene
(turns B and C) compared to the turns that demand no or very
small mental rotation (see Figure 2). We found no significant
differences in the raw scores of the KST from the BADS battery.
In contrast to the Digit Span (DS) test, the SS test did not
show any significant group differences. However, the difference
observed in the backward score was approaching the significance
level (p = 0.063).

VERB performance was significantly impaired in most of
the VERB measures as follows: verbal learning and delayed
recall in the Verbal Learning Test (AVLT); the phonemic and
semantic Verbal Fluency (VFT), abstract executive functions in
the Similarities (Sim) and working memory in the DS task. No
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Neurocognitive test scores

VERBAL |

VISUOSPATIAL

M FES group

Z-score difference: FES vs. HC data

VFT phonemic
VFT semantic
DS forward
DS backward
AVLT |-V

AVLT VI

AVLT 30
Similarities
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FIGURE 1 | Neuropsychological profile of FES subjects calculated in z-scores for individual test parameters relative to the healthy controls (average
Z-score = 0). Selected test results are divided into verbal (left) and visuospatial (right) tests. FES, first psychotic episodes of schizophrenia spectrum disorder; HC,
healthy controls; VFT, Verbal Fluency Test; AVLT, Auditory Verbal Learning Test; DS, Digit span; PVT, Perceptual Vigilance Test; TMT, Trail Making Test; RMT, Money
Road-Map Test; RCFT, Rey-Osterristh Complex Figure; SS, Spatial span; KST, Key Search Test.

KST

RMT errors
TMTA
TMTB

SS forward

SS backward
RCFT copy
RCFT 3min
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difference was observed in the immediate recall and attention
performance in DS forward.

Regression Model of PANSS Effect on
Performance in Visuospatial and Verbal
Tests in FES

First set of stepwise multiple regression analysis models
of psychiatric symptomatology measured using PANSS
(predictors: PANSS-P, PANSS-N, PANSS-G) showed no
effect of symptomatology on the performance in individual
visuospatial and verbal tests (dependent variables), except for the
performance in one single test—the Trail Making Test part B.
Two of the three predictors from the regression model performed
by stepwise method were significant: PANSS-N and PANSS-G.
They explained more than 40% of performance variability in the
TMT-B test (see Table 4). No effect of individual PANSS scores
was identified on cumulative VERB and VIS scores.

Regression Model of CPZ Level Effect on
Performance in Visuospatial and Verbal
Tests in FES

We did not observe any significant influence of medication
(CPZ) on the performance in any of the visuospatial tests using
the linear regression analysis. We identified negative effect of
medication dosage (B = —0.040, SE = 0.017, Beta = —0.373)
only in one verbal test—the phonemic Verbal Fluency Test (N =
35). CPZ explained 11% of performance variability (SE = 12.253,
Durbin-Watson = 2.247; F = 5.338, p < 0.05). This observation
would not survive Bonferroni adjustments (p = 0.027). No effect
of CPZ level was identified on cumulative VERB and VIS scores.

Regression Model of Clinical and
Neuropsychological Factors on Global

Functioning in FES

In order to analyze the possible effect of verbal and nonverbal
cognitive performance on global functioning (measured on the
GAF scale), we performed a multiple regression analysis with
the following predictors: PANSS-P, PANSS-N, PANSS-G, CPZ
level, and cumulative VIS and VERB scores (see Table 5).
Only two of the independent variables, the severity of positive
symptoms (PANSS-P score) and verbal functioning (cumulative
VERB score), showed a significant effect on global functioning.
Together, these variables explained more than 60% of GAF
variability.

Regression Model of Clinical and
Neuropsychological Factors on Quality of
Life (QOL) in FES

The same model of clinical and neuropsychological parameters
was applied in the stepwise multiple regression analysis that
identified significant effect of severity of negative symptoms
(PANSS-N score), verbal functioning (cumulative VERB score)
and positive symptoms (PANSS-P score) on perceived quality
of Physical health (domain 1) in FES. These predictors together
explained nearly 50 % of the observed variability (for details
see Table 6). The QOL domain Psychological health (domain 2)
was found to be affected by the overall VERB functioning (see
Table 7).

No significant effect of clinical and neuropsychological
parameters was observed in the evaluated quality of Social
relationships (domain 3). In contrast, the Environment quality
(domain 4) appeared to be affected mostly by one significant
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TABLE 3 | Group differences in (A) Visuospatial and (B) Verbal neurocognitive tests.

Neurocognitive assessment FES raw scores (N = 36) HC raw scores (N = 36) Mann-Whitney U p-value
mean SE median SD mean SE median SD
(A) VISUOSPATIAL PERFORMANCE
TMT-A 38.3 21 356.5 125 27.8 1.6 26.5 9.4 306.5 <0.001***
T™MT-B 93.5 7.6 84.5 45.4 50.6 2.1 49.5 12.8 181 <0.001***
Ratio B/A 2.5 0.1 2.3 0.8 1.9 0.1 1.9 0.5 417 <0.01*
RCFT-copy 325 0.5 33.5 3.0 35.6 0.1 36 0.9 201 <0.001***
RCFT-3 min 18.8 1.1 22.0 6.5 25.7 0.9 26 5.2 234 <0.001**
RCFT-30 min 19.3 1.1 19.8 6.4 25.8 0.8 26 4.6 237 <0.001***
Recognition (errors) 4.6 0.4 4.5 2.1 3.6 3.0 0.3 1.9 360 0.073
KST 11.9 0.6 125 3.4 18.2 0.2 13 1.5 532.5 0.188
RMT-number of errors/32 3.1 0.6 2 3.6 1.2 0.4 0 24 394 0.003**
RMT A 0.3 0.1 0 0.8 0.1 0.1 0 0.5 628 0.661
RMT B 1.6 0.3 1 1.8 0.8 0.3 0 1.7 457.5 0.021*
RMT C 1.2 0.3 1 1.7 0.3 0.1 0 0.8 385 <0.001***
SS total 16.3 0.5 17 3.1 17.6 0.4 18 2.3 460 0.147
SS forward 8.6 0.3 9 1.6 8.9 0.2 9 1.4 535 0.592
SS backward 7.8 0.4 8 2.1 8.7 0.2 9 1.5 429 0.063
PVT-average response speed 337.3 8.7 321 44.5 305.5 8.0 294.5 40.8 189.5 0.007**
PVT—correct 66.3 1.8 70 10.0 70.7 0.8 72 4.9 415 0.068
PVT-comissions 1.3 0.4 0 25 0.9 0.2 0 1.3 541 0.791
PVT-lapses 7.9 1.6 4 9.1 21 0.6 1 3.6 279.5 <0.001***
(B) VERBAL PERFORMANCE
AVLT—I-V 47.8 1.8 48.0 10.8 59.9 1.2 61.5 7.5 2315 <0.001***
AVLT—3min 9.3 0.4 9.0 25 13.1 0.3 14.0 24 167.5 <0.001***
AVLT—30min 8.6 0.5 8.0 3.0 13.1 0.4 14.0 2.2 137.5 <0.001***
AVLT-repetitions 6.0 0.8 4.5 5.0 1.9 0.4 1.0 2.2 302.5 <0.001***
AVLT-confabulations 2.0 0.4 1.0 25 1.1 0.3 1.0 1.6 543.5 0.214
VFT phonemic 41.8 22 41 12.9 48.9 1.7 48.5 10.4 395.5 0.004**
VFT semantic 19.7 1.0 185 5.6 28.9 0.9 28.0 5.5 120 <0.001™*
DS total 14.8 0.7 145 4.5 17.0 0.7 17.0 3.9 450 0.025*
DS forward 9.3 0.4 8.5 2.2 9.7 0.4 9 23 573 0.392
DS backward 5.2 0.4 6 2.1 7.4 0.4 7.5 2.3 397 0.004**
Similarities 22.9 0.8 23 4.9 28.8 0.4 29 2.2 165 <0.001***

SE, standard error of the mean; SD, standard deviation. For abbreviations of individual methods see Table 1. TMT, Trail Making Test; RCFT, Rey-Osterrieth Complex Figure; KST, Key
Search Test; RMT, Money Road-Map Test (A, B, C—type of errors); SS, Spatial Span; PVT, Perceptual Vigilance Test; AVLT, Auditory Verbal Learning Test; VFT, Verbal Fluency Test; DS,

Digit Span. Significance level: *p < 0.05, *p < 0.01, ***p < 0.001.

parameter, the cumulative VIS score performance. This factor
explained together with CPZ level around 27% of the
observed variability in domain 4 (see Table 8). However, worse
Environment QOL was predicted by better VIS functioning and
higher AP dosage.

DISCUSSION

Differences in Cognitive Performance
Between FES and Control Group

Our study confirmed the presence of a deficit in visuospatial
cognitive abilities in a sample of first psychotic episode of
schizophrenia spectrum disorder subjects, when compared with
matched group of healthy controls. Similar pattern of deficit was

also observed in verbal functions. This result is in accordance
with previous studies, both in the first episodes and chronic SZ
subjects (e.g., Green et al., 2004; Fioravanti et al., 2005). First, we
selected the PVT as an indicator of vigilance and response speed,
as deficits in these abilities could affect performance in other
applied measures. Our sample of FES subjects demonstrated
deficit in vigilance and response speed on the PVT task. However,
this deficit ranged between none and moderate (SD 0-1.5),
with more severe deficits observed in other cognitive measures.
Nevertheless, we suggest future visuospatial studies apply such
attentional measure as a covariate factor in order to clarify
how vigilance and response speed may affect tested visuospatial
abilities.

Deficit on visuospatial functions was manifested in perceptual
organization abilities (copy in the Rey-Osterrieth Complex
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FIGURE 2 | Group performance presented as number of errors on the
Money Road Map Test (RMT) (mean =+ standard error). Errors are divided
into three different types according to the rotation toward subjective
perspective of the tested subject (A-less than 70° deviation from subject’s
heading; B-90°; C-more than 110°). FES group, first psychotic episodes of
schizophrenia spectrum disorders; HC group, healthy controls. Significance;
ns, non-significant; *p < 0.05, **p < 0.001.

Figure Test- RCFT) and in the delayed recall of visuospatial
information (RCFT after 3 and 30 min), while the recognition
(RCFT recognition) of visuospatial material was comparable with
the performance of HC. This finding was characterized by a
reduced number of recalled details but not by an increased rate
of forgetting. This is consistent with a disturbance in encoding
or retrieval from memory but no deficit in information storage
(Rodriguez, 2012). The problems in recall might be further
compounded by a primary deficit in visual scanning abilities or
limited analysis of the visual fields, leading to the omission of
significant details and even whole sections of the figure (Golden
et al., 2002).

Trail Making Test (TMT-A and B) also showed significantly
slower processing speed, impaired visuomotor tracking and
switching ability. Although the performance on the TMT might
be perceived as partly language dependent, since the sequence
of numbers or numbers and letters has a verbal component,
participants’ visuospatial tracking ability is the main cognitive
domain assessed by this task. The higher ratio of TMT B/A
also pointed out a deficit in executive control function (Lezak
et al, 2012). The repeated finding of significantly impaired
TMT A and B performance in SZ (Heinrichs and Zakzanis,
1998), complemented by the TMT ratio B/A deficit, suggests
an independent deficit in both processing speed and switching
ability. Similar to the RCFT, the problems on both these functions
might be further compounded by a primary deficit in visual
scanning abilities. Future research in this area is needed.

Interesting results were found in the Money Road Map Test
(RMT), which to our knowledge has not been previously used
in FES patients. The higher number of total errors shows deficit
in left/right direction sense, and additionally in perspective
taking abilities (Schultz, 1991; Markova et al., 2015). These
abilities are suggested as the main solution strategy in RMT.

The lower RMT performance in FES group is therefore even
more apparent, if the individual intersections are divided into
three types according to their perspective taking demands, which
is essential in order to respond in the left/right condition.
While the number of errors in condition A (no change in
perspective) is not significantly disrupted in FES, both conditions
B and C (90 and more degrees deviations requiring perspective
taking) showed significant impairment. On top of that, the
number of errors increased with the growing degree of deviation
(from condition A-C), similarly to the mental rotation abilities
described previously (e.g., de Vignemont et al, 2006). This
finding deserves further investigation and standardization of the
method that could lead to a wider usage of this test in SZ clinical
research. Moreover, due to its spatial characteristic the test could
also be very useful in comparative studies of SZ.

The visuospatial executive planning ability, measured with
the Key Search Test (KST), failed to show a deficit in FES
subjects. Impairment in KST was previously demonstrated in
studies of chronic SZ (Evans et al., 1997; Thara et al., 2003; Vargas
et al., 2009). The fact that we evaluated first psychotic episode
of schizophrenia spectrum patients in early remission could
explain this contradictory finding. Ihara et al. (2003) showed
connection between the KST performance and the severity of
negative symptoms in chronic SZ subjects. The mild severity of
negative symptoms in our FES group could be responsible for the
lack of significance found in KST. The lack of information about
the symptomatology in the other two cited studies does not allow
us to properly compare our findings. In addition, the fact that
the differences were analyzed using the raw scores (0-16) could
cause smaller sensitivity of the KST measure, as the recalculated
profile scores (range 0-4) separate the performance more strictly
into five categories. To test this presumption, we did an ex post
facto analysis with raw scores transposed to profile scores, which
indeed led to significant disadvantage of the FES group (U = 445;
p = 0.023).

Verbal abilities showed a deficit in conceptualization
and executive functions (semantic Verbal Fluency Test and
Similarities), and in verbal learning and delayed recall (AVLT).
It would be interesting to also analyze the verbal recognition
pattern and compare it to the results of visuospatial recognition.
Studies addressing this topic in SZ showed that the verbal
recognition is preserved (see Fiszdon et al.,, 2008). However,
because of some missing data in verbal recognition of HC group
we were unable to complete this comparison. We are aware that
this is a limitation of the present study. The significant increase
in the number of repetitions suggests that SZ subjects have
difficulties in self-monitoring and tracking abilities that are the
key in the retrieval process (Lezak et al., 2012).

The verbal and visuospatial measures (DS and SS) of
immediate recall and working memory (WM) showed similar
patterns in FES (see Figure1). No deficit was observed on
either the verbal or visuospatial tasks assessing immediate recall
and attention (DS and SS forward). Even though the deficit in
verbal WM (DS backward) was stronger than in the spatial WM,
there was a trend of significance in SS backward (p = 0.06).
Moreover, the pattern of deviation in both tests was similar
(see Figure 1). One of the reasons for the lack of significance
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TABLE 4 | Regression model of PANSS effect (predictor) on performance in TMT B (dependent variable).

Dependent variable TMT-B Adjusted R2 SE of the estimate Durbin-Watson B SE Beta F p
Predictor variable (Model): 0.409 35.1850 1.850 124 <0.001
(Constant) 112,244 29,361 0.001
PANSS-N 3.766** 0.850 0.599 <0.001
PANSS-G —2.968** 1.034 —0.388 0.007
Excluded:

PANSS-P 0.006 0.968

Stepwise multimodal linear regression in FES subjects (N = 34); PANSS, Positive and Negative Symptoms Scale (N, negative; G, general; B, positive); TMT-B, Trail Making Test —part 2;
Adjusted R?, explained variability; B, Unstandardized Coefficients beta; SE, Standard error; Beta, Standardized beta coefficient; Significance: **p < 0.01, ***p < 0.001.

TABLE 5 | Regression model of clinical and neuropsychological variables (predictors) on global functioning measured by GAF (dependent variable).

Dependent variable: GAF Adjusted R2 SE of the estimate Durbin-Watson B SE Beta F P
Predictor variable (Model): 0.587 11.407 1.954 18.775 <0.001
(Constant) 104.853 6.971 <0.001
PANSS-P —2.1563"* 0.389 -0.712 <0.001
VERB 0.898* 0.388 0.298 0.030
Excluded:

PANSS-N —0.168 0.248
PANSS-G —0.105 0.461
CPZ 0.044 0.754
VIS 0.093 0.603

Stepwise multimodal linear regression in FES subjects (N = 26); GAF, Global Assessment of Functioning; PANSS, Positive and Negative Syndrome Scale (R, positive; N, negative; G,
general); CPZ, chlorpromazine equivalents; VERB, cumulative score for verbal tests; VIS, cumulative score for visuospatial tests; Adjusted R?, explained variability; B, Unstandardized
Coefficients beta; SE, Standard error; Beta, Standardized beta coefficient; Significance: *p < 0.05, ***p < 0.001.

in SS backward could be the smaller size of the study sample
producing reduced power size. Other reason might be the use
of a computerized version of the task. Because the computerized
version has not been validated, its sensitivity can be questioned.
However, computerized version of SS and its alternative, the
Corsi block tapping test, are commonly used in clinical studies
(e.g., Kessels et al., 2000; or studies reported in Lezak et al.,
2012), and they bring the advantage of administration reliability
independent of examiner bias. Despite the lack of significance
in the SS backward, the finding of impaired TMT-B (switching)
supports the assumption of visuospatial WM deficit in SZ.

Effect of Symptomatology on Cognitive
Functioning in FES

In agreement with more recent reviews and empirical reports
(Andreasen et al., 2005; Keefe and Fenton, 2007; Ventura et al.,
2009), we confirm the absence of relations between the symptoms
severity and standard cognitive measures, except for performance
on the Trail Making Test (TMT-B). TMT-B performance was
negatively affected by negative symptoms and positively affected
by general symptomatology. No effect of positive symptoms
was identified. Current literature describes a strong to moderate
association of cognitive functioning and negative symptoms

(O’Leary et al., 2000), whereas positive symptoms and cognitive
performance are usually independent in SZ (Addington et al.,
1991; Rossi et al.,, 1997; Andreasen et al.,, 2005). The finding
that better TMT-B performance was predicted by worse general
symptomatology could be explained by the fact that the PANSS
scale had higher inter-rater variability, particularly in the negative
and general symptomatology, which could generate distortion
in our findings. Indeed, our FES group showed higher scores
especially in some general symptoms (not reported in detail),
such as the item G4 (tension), which was previously identified
as more difficult for some raters (Khan et al., 2013). Despite
the single observation in TMT-B, in general, the cognitive
performance showed to be independent of clinical symptoms.

Effect of Pharmacological Treatment on

Cognitive Functioning in FES

In agreement with other studies (Jones et al., 2006; Keefe et al.,
2007; Lewis and Lieberman, 2008), we found no effect of atypical
antipsychotic medication (antipsychotic dosage calculated in
CPZ equivalents) on visuospatial or verbal performance, except
the phonemic verbal fluency performance. There was a negative
effect of CPZ on phonemic Verbal Fluency Test; however, this
result became non-significant after Bonferroni correction. Our
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TABLE 6 | Regression model of clinical and neuropsychological variables (predictors) on perceived quality of Physical health (dependent variable).

Dependent variable: Physical health Adjusted R2 SE of the estimate Durbin-Watson B SE Beta F P
Predictor variable (Model): 0.485 1.8198 1.753 8.234 0.001
(Constant) 17.064 1.202 <0.001
PANSS-N —0.162** 0.050 —0.520 0.004
VERB 0.173* 0.067 0.405 0.017
PANSS-P 0.150* 0.066 0.353 0.033
Excluded:

PANSS-G —0.079 0.628
CPZ —0.172 0.354
VIS —0.206 0.385

Stepwise multimodal linear regression (N = 24); Physical health, domain 1 in WHOQOL-BREF; PANSS, Positive and Negative Syndrome Scale (P, positive; N, negative; G, general); CPZ,
chlorpromazine equivalents; VERB, cumulative score for verbal tests; VIS, cumulative score for visuospatial tests; Adjusted R?, explained variability; B, Unstandardized Coefficients beta;
SE, Standard error; Beta, Standardized beta coefficient; Significance: *p < 0.05, **p < 0.01.

TABLE 7 | Regression model of clinical and neuropsychological variables (predictors) on perceived quality of Psychological health (dependent variable).

Dependent variable: Psychological health Adjusted R2 SE of the estimate Durbin-Watson B SE Beta F P
Predictor variable (Model): 0.144 2.235 1.803 4.859 0.038
(Constant) 16.214 1.013 <0.001
VERB 0.173* 0.079 0.425 0.038
Excluded:

PANSS-P 0.031 0.879
PANSS-N —0.235 0.250
PANSS-G 0.016 0.934
CPz —0.087 0.691
7S -0.107 0.728

Stepwise multimodal linear regression (N = 27); Psychological health, domain 2 in WHOQOL-BREF; PANSS, Positive and Negative Syndrome Scale (R, positive; N, negative; G, general);
CPZ, chlorpromazine equivalents; VERB, cumulative score for verbal tests; VIS, cumulative score for visuospatial tests; Adjusted R, explained variability; B, Unstandardized Coefficients

beta; SE, Standard error; Beta, Standardized beta coefficient; Significance: *p < 0.05.

study implies that the impairment in visuospatial functions is
independent of the dosage of neuroleptic medication.

Clinical Factors and Neurocognition, and
their Effect on Global Functioning in

Schizophrenia Spectrum Disorder

In our FES group we did not find any associations between GAF
and VIS functions. The fact that the only visuospatial measure
that correlated with the GAF score was the Trail Making Test
B! could be responsible for this negative finding. Moreover, the
strong association between the negative and general symptoms
toward TMT-B performance described earlier (see Section Effect
of Symptomatology on Cognitive Functioning in FES) suggests
that VIS performance, moderated by the symptomatology, might
not survive the regression analysis as an independent predictor.
Another possible explanation for this finding is the fact that GAF

LEx post facto analysis revealed that the GAF scale is significantly correlated only
with two neurocognitive measures. Negative correlation was found in visual Trail
Making Test B (r = —0.43, p < 0.001) and positive correlation in the semantic
Verbal Fluency Test (r = 0.36, p < 0.01).

scale was constructed as a measure of psychosocial disability
in relation to symptomatology, rather than neurocognition
(Jones et al., 1995; Roy-Byrne et al., 1996). Thus, more specific
neurocognitive functions, such as VIS, might not be captured. On
the other hand, GAF was positively affected by VERB functions
(cumulative VERB score). However, VERB functioning was only
an accompanying factor of the main negative effect produced by
positive symptoms. The effect of negative symptoms reported
in previous studies (Gaite et al., 2005) was not identified as
significant in our FES sample. We assume that positive symptoms
might have a more pronounced negative effect on the functioning
of individuals’ in our FES sample than negative and general
symptoms, due to the early remission state.

In order to compare our results with previous studies, we
used the GAF as a scale of functioning recommended as a
mandatory control assessment by EGOFORS (European Group
On Functional Outcomes and Remission in Schizophrenia)
initiative (Peuskens and Gorwood, 2012). However, in our
opinion, a more ecologically valid scale to measure functioning
in relationship to individual neurocognitive domains is needed.
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TABLE 8 | Regression model of clinical and neuropsychological variables (predictors) on perceived quality of Environment (dependent variable).

Dependent variable: Environment Adjusted R2 SE of the estimate Durbin-Watson B SE Beta F P
Predictor variable (Model): 0.278 1.9072 1.986 5.425 0.013
(Constant) 15.946 1.404 <0.001
VIS —0.107* 0.037 —0.533 0.008
CPZ —0.008* 0.004 —0.392 0.043
Excluded:

PANSS—P —0.068 0.711
PANSS—N —0.141 0.495
PANSS—G 0.224 0.251
VERB —-0.109 0.720

Stepwise multimodal linear regression (N = 24); Environment, domain 4 in WHOQOL-BREF; PANSS, Positive and Negative Syndrome Scale (R, positive, N, negative, G, general); CPZ,
chlorpromazine equivalents; VERB, cumulative score for verbal tests; VIS, cumulative score for visuospatial tests; Adjusted R?, explained variability; B, Unstandardized Coefficients beta;

SE, Standard error; Beta, Standardized beta coefficient; Significance: *p < 0.05.

Clinical Factors and Neurocognition, and
their Effect on Quality of Life in

Schizophrenia Spectrum Disorder

According to our results, the quality of life seems to be
related more to verbal than visuospatial cognitive measures.
Two of the four domains of WHOQOL-BREF (Physical and
Psychological health) were positively associated with overall
VERB performance, whereas only one domain (Environment)
was related to overall VIS functioning and this association was
negative. Better cuamulative VIS score was associated with worse
environment quality (health services, leisure time activities, etc.).
Some previous studies have reported similar counterintuitive
negative correlations (Prouteau et al, 2005; Fiszdon et al,
2008; Narvaez et al, 2008). This negative relation between
QOL and neurocognition is often explained with a lack of
insight (Prouteau et al., 2005; Narvaez et al., 2008) or with
an overestimation of the level of disability due to present
depressive symptoms (Bowie et al., 2007). We do not attempt
to interpret this negative relation in terms of insight, as some
other possible moderators might attenuate the relationship
between neurocognition and QOL. However, we are aware
of this discrepancy and we suggest that future research is
needed in order to clarify the character of such puzzling
results.

The WHOQOL-BREF domain of Social relationships was not
associated with any of the clinical or neurocognitive measures.
We believe that this domain might not fully reflect quality of
social relationships. This domain includes only three questions
that report on the quality of social relations, sexual life, and social
support. These items do not cover all aspects of interpersonal
relationships. Moreover, the item “Friend’s support” was reported
to be less relevant for the younger population assessed also in our
study (Dragomireckd and Bartonovd, 2006a). WHOQOL-BREF
might therefore not be a suitable tool for the measurement of
social QOL in such a specific population.

Our choice of QOL measure, the WHOQOL-BREE, likely
also played a role in the obtained results. In general, research
findings on the relationship of neurocognition and QOL are

very heterogeneous and often report weak associations between
these two constructs (Heslegrave et al., 1997; Aksaray et al., 2002;
Fiszdon et al., 2008). One issue that has to be considered is
how other QOL questionnaires address cognition in individual
items. For example, only one question of the WHOQOL-BREF
specifically concentrates on the cognitive functioning. When we
ex post facto analyzed the correlation between this item (Q7,
quality of concentration in Psychological health domain) and
individual cognitive measures, we found a strong relationship
toward several cognitive tests, both VIS and VERB (mostly
related to processing speed, memory and executive functions)?.
This is in agreement with previous studies that highlighted the
role of executive functions (e.g., Fiszdon et al., 2008; Matsui et al.,
2008) and memory domains as the most representative measures
related to QOL. If QOL questionnaires were more focused on
cognitive functioning, we believe that the contradictory findings
could be reduced.

In terms of clinical symptomatology, out of the four
WHOQOL-BREF domains only Physical health appeared to
be significantly affected by psychiatric symptoms. As expected,
cognitive performance was not the only factor affecting subjective
quality of physical health; the severity of the negative and positive
symptoms obviously had some impact as well. Meta-analysis
by Eack and Newhill (2007) described the strongest, but still
small, association of Physical health QOL to general symptoms.
However, our study found no such association. An explanation
for the differences between our results and the previous findings
can be the fact that we assessed first psychotic episode in
schizophrenia spectrum patients and that the length of illness
might moderate the relationship between symptoms and QOL
(Eack and Newhill, 2007).

2Ex post facto analyzed relationship of Psychological health item Q7
(concentration) with individual test methods, showed positive correlation
with the AVLT test in terms of learning (r 0.572) and delayed memory
(r = 0.508), Verbal Fluency (phonemic: r = 0.519; semantic: r = 0.457) and
Spatial Span performance (total score: r = 0.479; backwards: r = 0.445), and
similarly negative correlation with TMT processing time (part A: r = —0.432; B:
r = —0.602).
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Concluding Remarks

The studies addressing effect of cognitive deficit on global
functioning or QOL are common in current research of SZ.
However, studies that address these findings in first psychotic
episode of schizophrenia spectrum disorder and which include
complex verbal and visuospatial cognitive assessment are quite
rare. We addressed the need for such research in the present
study.

The results of the present study confirmed a deficit of
visuospatial functions in FES. This deficit is independent of
antipsychotic medication and clinical symptoms. Both global
functioning and quality of life were shown to be more related
to verbal than to visuospatial functions. Given the findings of
negative or missing effect of visuospatial deficit on WHOQOL-
BREF and GAFE the accuracy of these measures to evaluate
the impact of global cognitive deficit on everyday life in
schizophrenia could be questioned. We suggest the need for
further investigation of the association of QOL questionnaires
and GAF scale to cognitive functioning. Finally, according to
our findings, the deficit in executive and memory domains
is the most pronounced in the FES group. We suggest that
these two domains may contribute to the cumulative cognitive
performance affecting QOL and GAF scores. Further research
needs to clarify this assumption.

Limitations of the Study and Future

Directions

There are several limitations of the present study that warrant
discussion. First, the results of the study could be tempered by
the small size of the sample and consequent reduction in power
size. Despite the smaller number of participants, we were able to
demonstrate the deficit in both visuospatial and verbal cognitive
functioning in schizophrenia, and the relationship of these
abilities toward global functioning and quality of life. In order
to reveal possible effects of other variables on these relationships
(such as demography and subtypes of schizophrenia) and to
identify individual cognitive domains affecting QOL and GAF, a
larger sample size is needed.

Second, the issue of cross-sectional vs. longitudinal studies
in this area is important. The present study, although cross-
sectional, has identified some specific effects that can be
examined over a longer time period. The next step in this research
is, therefore, to track the longitudinal effect of visuospatial
functions on global functioning and QOL in schizophrenia. We
are currently conducting a follow-up assessment in our study
group 1 year after their first hospitalization to measure the
cognitive functioning in full remission state. Moreover, studies
comparing FES with chronic schizophrenia patients are limited.
To address this limitation we are assessing a chronic SZ sample in
order to analyze the influence of the illness duration on relations
between neurocognition, QOL, and GAF.

Third, the fact that the verbal and visuospatial
neuropsychological tests were not always matched in terms
of the measured cognitive domain, and for psychometric
parameters, might be another possible limiting factor. In
addition, not all test methods are validated in schizophrenia
and some of them are not standardized for Czech population

either. Measures validated in schizophrenia population might be
expected to be more sensitive when capturing a degree of deficit.
We are also aware of the fact that we don’t cover all the functions
of each cognitive domain. For example we did not include verbal
recognition in our analysis; therefore the encoding ability could
not be assessed as clearly as in the visuospatial domain. More
specific and detailed visuospatial assessment is necessary in order
to cover all domains that can be related to functional outcome
and QOL in schizophrenia spectrum disorders.

Fourth, measures of QOL and global functioning applied
in this study could be limited in terms of their association
with cognitive functioning in SZ. It would be very helpful to
compare them to other methods that might be more related
to neurocognition. For example, the Social and Occupational
Functional Assessment Scale (SOFAS) could provide a better
measurement of functional outcome that is not tied to
symptomatology. In addition, only subjective QOL was measured
in this study. Objective measures of QOL are needed in
order to understand the complex relationships of psychosocial
functioning and neurocognition in SZ. According to our results
about relation of specific domains of QOL and GAF obtained
in the ex post facto measures, we suggest that these associations
should be further investigated in future research.

Finally, several neurotransmitter functions are affected by
atypical antipsychotics and our study applied only the CPZ
equivalent. Future study should also address other factors in
order to analyze the effects of medication on cognitive abilities
in greater detail.
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SOUHRN

Prostorové chovéni zvifat i ¢lovéka zahrnuje komplexni systém kognitivnich schopnosti, které vykazuji vysokou evoluéni homogenitu. V navi-
gaci rozliSujeme zejména egocentrické procesy (relativni k vlastni poloze) a allocentrické procesy (orientované viiéi externim objektiim). Ke stu-
diu navigace ¢asto slouzi tilohy piivodné vytvofené pro zvifata (zejména potkany). Dnes nejznaméjsi prostorovou tilohou je navigace na skryty
cil v Morrisové vodnim bludisti. Méné znamy je pak Test vyhybdni se mistu na rotujici aréné. Pro testovani lidi byly vytvofeny zejména virtual-
ni verze téchto prostorovych tdloh. Sledovani aktivity nebo dusledku lokélnich poskozeni mozkovych oblasti béhem navigace v téchto tlohach
pomohlo objasnit neurondlni koreldty prostorové kognice. Tyto poznatky vedly také k testovdni prostorovych tloh pfi stanoveni kognitivni-
ho deficitu u schizoftrenie i schizofrenii podobného chovani u zvirat. Vysledky téchto studii naznacuji, zZe budouci klinické vyuziti virtudlnich
prostorovych testti mtze byt velice slibné.

Kli¢ovd slova: prostorova kognice, schizofrenie, kognitivni deficit, test hledani skrytého cile, vyhybani se mistu na rotujici aréné

SUMMARY

The spatial behavior of animals and humans involves a complex system of cognitive abilities, which show high evolutionary homogeneity. In
particular, we distinguish egocentric navigation processes (relative to their own position) and allocentric processes (oriented towards external
objects). To study the spatial cognition tasks originally created for animals (especially rats) are usually used. Today the most famous orientati-
on task is the navigation to the hidden goal in Morris water maze. Less known is the avoidance test on the rotating arena. Virtual versions of
these spatial tasks have been created to test the navigation in people. The neuronal activity observed using imaging methods or effects of local
brain damage tested during navigation tasks have helped to clarify the neuronal correlates of spatial cognition. These findings also led to the
usage of these spatial tasks in evaluation of cognitive deficits in schizophrenia and schizophrenia-like behavior in animals. Results of these stu-

dies suggest that future clinical use of virtual spatial tests could be very promising.
Key words: spatial cognition, schizophrenia, cognitive impairment, hidden goal task, place avoidance on rotating arena

Fajnerova I, Rodriguez M, Hordéek J, Brom C, Ceplova Z, Bures ], Vi¢ek K. Prostorova kognice a schizofrenie. Psychiatrie 2011;15(Suppl. 2):xx-xx

Uvod

Prostorova kognice piedstavuje slozity systém kognitivnich
schopnosti, které umoznuji ziskavani, organizaci, vyuZiti a revizi
poznatkt o prostoru. Tyto procesy jsou pak vyuzity pro orientaci
ve dvoudimenzionalnim prostoru (napf. na plose papiru nebo mo-
nitoru poéitace) i béhem pohybu v jakémkoliv tfidimenzionalnim
prostiedi. Testy prostorové kognice dnes patii k ¢astym metoddm
studia deficitu kognitivnich schopnosti u zvifat i lidi (viz Bohbot
et al., 1998; Morris 1984). Prostorové tilohy jsou uzitecné ve srov-
ndavacich studiich. Tyto studie sleduji pfedevsim evoluéni vyvoj ko-
gnitivnich schopnosti zivo¢ichti riiznych skupin a umozriuji srovna-
ni jejich kognitivnich schopnosti. Mohou se tak uplatnit i pfi testo-
vani ac¢inku 1é¢iv na zvifeci (farmakologické) modely lidskych neu-
ropsychiatrickych onemocnéni, které vedou k rozvoji kognitivniho
deficitu (napf. Alzheimerova demence nebo schizofrenie). Vzhledem
k tomu, Ze u schizofrenniho okruhu onemocnéni je dnes zna¢na po-
zornost vénovana pravé kognitivnimu deficitu, je cilem animalnich

studii otestovat chovani a kognici modelovych zvifat. Nejcastéjsim
prostiedkem pro takové studie jsou pak prostorové tlohy.

Aby bylo mozné srovnavat chovani zvifecich modelii a lidi pomo-
ci porovnatelnych tiloh, je potfebné vyvinout sadu kognitivnich testi
pouzitelnych u obou skupin. Vzhledem k tomu, Ze neni mozné tes-
tovat kognitivni schopnosti zvifat pomoci béznych psychologickych
testll (spojenych s verbalni slozkou), je naopak nutné aplikovat ani-
malni metody testujici chovdni a kognici na lidskou populaci. Tyto
ulohy vzdy testuji nékolik kognitivnich funkci soucasné, protoze nent
mozné je od sebe plné oddélit. Z tohoto dtivodu predstavuji prosto-
rové testy komplexni metodu, ktera je tak ¢asto blizsi reilnym zivot-
nim situacim, nez mnohé stolni testy. Je ovSem naroc¢né vywvorit do-
statecné rozsahlé experimentalni prostiedi v redlném svété, keeré by
soucasné umoznilo zaznamenavat chovani lidského jedince. Vzhle-
dem k prostorovym omezenim téchto tiloh v redlném prostredi se dnes
stale Castéji pristupuje k tvorbé testil vyuzivajicich virtualni realitu.

Cilem tohoto sdéleni je poskytnout prehled studii vénujicich se
problematice prostorovych tloh u zvifat i u lidi a popsat mozkové
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Obrdzek 1: Schematické zobrazeni modelu pracovni paméti tvorené vi-
zuo-prostorovym ndcrtnikem, fonologickou smyckou a centrdlni exeku-
tivni slozkou (Baddeley, 1992)

struktury, které se pfi feSeni takovych tiloh uplatniuji, a to s ohle-
dem na mozZnosti studia schizofrenie.

Prostorova kognice

Prostorova kognice je procesem urcovani a pamatovani si pozice
(vlastniho téla i okolnich objektti), sméru a vzdalenosti viici jinym
objekttiim v jakémkoliv prostoru. Soucasti prostorové kognice je i
nésledny naviga¢ni proces, ktery vyuziva téchto informaci pti udr-
Zovani urc¢itého kurzu trajektorie smérem k naplanované cilové po-
zici (Jeffery, 2003). Jedna se o velice komplexni chovani vyuZivajici
do jisté miry viechny kognitivni funkce. Pokud se totiz chceme zo-
rientovat v prostiedi a najit v ném cestu k cili, musime v prvni fadé
svému okoli vénovat ndlezitou pozornost a soustiedit se na rtizné
zdroje informaci (pfevazné vizualni, sluchové nebo i vnitini infor-
mace o vlastnim pohybu). Aby bylo mozné z velkého mnozstvi do-
stupnych informaci vybrat ty, které jsou diilezité a vhodné k orien-
taci, musime si je spravné organizovat. Musime nejdfive rozpoznat,
na jaky objekt se divime, zatadit ho do urcité kategorie, napf. na
pohyblivé/proménlivé versus stabilni prvky prostfedi, abychom ke
své orientaci vyuzili jen ty informace, které jsou relevantni. Pfi na-
$em pohybu prostfedim dochazi k neustalym zménam, neobejde-
me se proto ani bez ¢innosti pracovni paméti, kterd nim umoziu-
je sledovat, neustédle obnovovat a po urcitou dobu si pamatovat d-
lezité informace pro nasi orientaci. Ve spojitosti s prostorovou ko-
gnici lidi, keefi vyuzivaji jako primarni zdroj informaci vizudlni pod-
néty, nas bude zajimat pfedevsim kapacita vizuo-prostorové slozky
pracovni paméti (VPP), nazvané vizuo-prostorovy nicértnik (Bad-
deley, 1992). NemuzZeme vSak opomenout ani centrilné exekutiv-
ni slozku pracovni paméti, ktera je odpovédna za vybavovéni infor-
maci, uloZenych v tomto nac¢rtniku (viz obr. 1). VPP je pfitom defi-
novéna jako proces zpracovavani a uchovavani informaci o vizudl-
ni identité objektt a jejich pozic v prostoru (McAfoose et al., 2009).
Predpokldddme proto, Ze VPP a pozornost jsou pro proces prosto-
rové navigace klicovymi funkcemi. Pro navigaci je samoziejmé du-
lezitd i schopnost odhadu vzdalenosti a Ghlu viici sledovanému ob-
jektu, zalozena na nasi schopnosti vnimani hloubky pomoci bino-
kuldrnich a monokularnich voditek.

Typy prostorového chovani

Ve snaze pochopit, jaké informace zvifata i lidé pouzivaji pii své
navigaci prostiedim a jaké mozkové procesy se Gcastni jejich zpra-
covavani a nasledné odpovédi organismu, bylo prostorové chovini
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Obrdzek 2: Schematické zobrazeni modelu tvorby kognitivni mapy, pri
kterém se postupné zapojuji nejdvive egocentrické a pak i allocentrické
procesy (upraveno podle Roche et al., 2005)

roztiidéno do nékolika kategorii. JelikoZ existuje nékolik rtiznych
systému tiidéni prostorového chovdni, zaméfime se jenom na nej-
béznéjsi taxonomii. Zjednodusené tak mtiZeme rozlisit zejména ego-
centrické a allocentrické naviga¢ni procesy (Jeffery, 2003; O‘Keefe et
al., 1978; Roche et al., 2005).

Egocentrické procesy jsou zapojené béhem naseho pohybu pro-
stfedim a neustdle reaguji na zmény polohy téla, a tak aktualizu-
ji jeho pozici viici objekttim v okolnim prostoru (Jeffery, 2003). Do
tohoto procesu vstupuji jak informace z externich zdroju (vizualni,
sluchové, taktilni a olfaktorické), tak i vnitini somatosenzorické in-
formace. V nepfitomnosti externiho zdroje informaci nabyvaji zna¢-
ny vyznam pravé vnitini inercidlni vstupy z vestibularniho systému
asubstritové informace z proprioreceptorti (Mittelstaedt et al., 1991).
PFi navigaci za tmy proto mluvime spiSe o procesu integrace drihy
nebo idiothetické navigaci (Whishaw, 1998). Takovy zptisob naviga-
ce véak vede k postupné nartistajicim chybam v odhadu vzdalenos-
ti, kreré pak musi byt ¢as od ¢asu korigovany referen¢ni informaci
z vnéjsich zdrojti (vizualni, auditivni, nebo taktilni), jinak dochazi
ke vzniku kumulativni chyby. Proces integrace drihy je dnes z du-
vodu ¢astého vyuziti virtudlnich naviga¢nich testt ¢asto opomijen.

Allocentrické procesy naopak predstavuji komplexnéjsi zptisob
zpracovani prostorovych informaci, které jsou na vlastni pozici téla
nezavislé. Informace jsou zde integrovany v podobé jakési souradni-
cové soustavy, kterd charakterizuje vzijemné prostorové vztahy zna-
mych objektii v prostiedi (Jeffery, 2003).

Oba popsané procesy béhem navigace vzajemné kooperuji za
tvorby jakési vnitini reprezentace prostiedi, kterd byla Tolmanem
jiz v roce 1948 oznacena pojmem ,kognitivni mapa“. Sou¢asny mo-
del pravdépodobného procesu vzniku kognitivni mapy je zobrazen
na obr. 2 (upraveno podle Roche et al., 2005). Jiz tradi¢ni teorie , ko-
gnitivniho mapovani“ (OKeefe et al., 1978) predpokldda, ze vzni-
kajici mentdlni mapa ukladd informace v podobé allocentrického
soufadnicového systému pozic zapamatovanych objektd. Kromé
této teorie se viak objevuji i naviga¢ni modely, které ukazuji, ze pa-
matovani si cilovych pozic miiZe byt ve skute¢nosti zaloZeno i na
ulozenych lokalnich pohledech (mentélnich snimcich) z cilového
mista (McNaughton et al., 1989). Prostorové vztahy mezi nékolika
takovymi misty jsou pak uloZeny v podobé mentalni reprezentace
pohybti potfebnych k pfesunu od jednoho k druhému.
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béhem nékolikadenniho tréninku, naopak
u verze zaméfené na pracovni pamét se po-
zice platformy méni kazdy den (Dudchen-
ko, 2004). Skrytou cilovou pozici je mozné
najit jenom odvozenim jeji relativni polo-
hy vici raznorodym orientaénim bodiim
v okoli arény. Tento test si tedy vyzaduje al-

Obrdzek 3: Morrisovo vodni bludisté: (A) pivodni verze pro blodavce; (B) redlnd analogie pro lidi

nazvand Blue Velvet Arena; (C) Virtudlni analogie arény

Metody studia prostorové kognice

Testy prostorové kognice bychom mohli rozdélit do dvou kate-
gorii, na stoln{ testy (,table-top tasks“) a na naviga¢ni tilohy. Tyto
dva typy testit se lisi pfedevsim velikosti testovaciho prostiedia per-
spektivou, ze které musi testovana osoba tlohu fesit.

Vyzkum prostorové kognice je u lidi vyrazné rozmanitgjsi nez
u zvifat, ackoliv pouzivané testové tilohy ¢asto vychazi pravé ze zvi-
fecich modelt. V literatufe najdeme mnoho tloh testujicich pro-
storovou kognici na rtizné Grovni naro¢nosti. Mezi ty nejjednodussi
miizeme zafadit i paradigma mentalni rotace (Shepard et al., 1988).
2D nebo 3D objektt1. V téro tiloze je vyuzity proces mentalni trans-
formace (rotace) vizuilnich podnétti. Vzhledem k soucasné prezen-
taci podnétu v piivodni i rotované pozici je tento test zavisly spise
na vizuo-prostorové predstavivosti neZ na pamétovych procesech.

Velice ¢asto se vyuzivaji i testy vizuo-prostorové pracovni pamé-
ti (VPP). Cilem takovych testt1 je vySetfit schopnost jedince sprav-
né si zapamatovat pozice (nebo sméry, orientace a vzdalenosti) ur-
citych objektii v casovém sledu v ohrani¢eném 2D nebo 3D prosto-
ru. Mezi typické tilohy testujici VPP fadime piedevsim prostorovou
verzi testu oddédleného vybaveni (sDRT, Spatial Delayed-Response
Task; Piskulic et al., 2007) a jeho rtiznorodé varianty. Pro testova-
ni VPP je tak mozné pouzit napt. i zndmou tlohu n-back, kterd pfi
sledovani série podnétti vyzaduje vybavit si napf. prostorovy pod-
nét po nékolika (n) krocich. Naprosta vétsina téchto testi viak vy-
uziva jenom dvojdimenziondlni prostor (obrazovky pocitace nebo
papiru), a pfedstavuji tak jednodussi formu prostorové orienta-
ce. Dal$im zndmym prostorovym testem VPP je test prostorového
rozsahu (Corsi block test), ktery je soucasti testové sady WMS-IIL
(Wechsler, 1997). V jeho redlné i pocitacové verzi je kolem testova-
né osoby zapamatovat si a zopakovat pofadi nékolika kostek (tvo-
ficich mfizku 2D pozic), a to ve spravném (pfedvedeném a nasled-
né pievraceném) poradi.

Pro testovani prostorové kognice vSak byly vytvofeny i vyrazné slo-
zitéj8i tkoly vyZadujici navigaci v redlném nebo virtudlnim 3D pro-
storu (napf. radidlni a komplexni bludisté, navigace ve mésté nebo
budové a navigace bez pouziti zraku).

K nejrozsifenéjsim testtim prostorové kognice vsak jisté patif
rtizné analogie Morrisova vodniho bludisté (MWM; Morris, 1981).
Toto paradigma bylo ptivodné vytvofeno pro potkany jako test uce-
ni a paméti, ktery vyuziva pfirozenou snahu zvifete uniknout z vody
za pomoci platformy skryté pod hladinou vody (viz obr. 3A). Poz-
déji se tento test stal uziteénym prostiedkem studia stirnuti, ex-
perimentélnich 1ézi i sledovani u¢inku farmakologickych 1é¢iv a
toxickych latek na kognici (predevéim u potkanti). Od roku 1982
bylo publikovano vice nez 2500 ¢lanki vyuzivajicich tento model
nebo jeho variace. MWM se vyuziva ve dvou zdkladnich modifika-
cich, a to jako test referen¢ni nebo pracovni paméti (Morris, 1984).
V referenéni verzi z{istava pozice skryté platformy na stejném misté

locentrickou navigaci (orientaci podle vzda-
lenych ptevazné zrakovych voditek). Protoze
startovni pozice se béhem experimentu neu-
stale méni, je nezbytné pfed pohybem k cili
provést re-orientaci vlastni pozice viiéi rele-
vantnim orienta¢nim znac¢kam v okoli bazénku (nebo arény). Poz-
déji byly vytvoteny i lidské analogie MWM testujici navigaci na cil
prevazné v suchych kruhovych aréndch, a to jak v redlné podobg, rak
iv mnoha virtudlnich verzich. U nds je analogie této tilohy provozo-
vand v aparatufe nazvané Blue Velvet Aréna, kterd dnes existuje ve
své redlné i virtualni podobé (viz obr. 3A a 3B). V poslednich letech
se analogie MWM dlohy zacinaji uplatiiovat i jako prostiedek vy-
Setfeni deficitu prostorové kognice u pacientt trpicich neurodege-
nerativnimi zménami (Hort et al., 2007) nebo neuropsychiatrickou
poruchou (Hanlon et al., 2006).

Dal$im velmi slibnym testem je i Test aktivniho allocentrického
vyhybani se mistu (AAPA; Cimadevilla et al., 2000), nazyvany také
kolotocové bludisté (carousel maze). Tento test je provadén na po-
hyblivé aréné, kde diky rotaci vznikaji dva oddélené referenéni rimce
(viz obr. 4). Ukolem testovaného subjektu pak je aktivné se vyhybat
60° vyseci, kterd je skryta a stabilni v ramci mistnosti. Pro ispésné
vyhybani se zakdzané oblasti je nutné spravné rozpoznat relevant-
ni a nerelevantn{ informace (Cimadevilla et al., 2001). Oddélit tedy
informace vizané na stabilni referen¢ni rimec mistnosti (previzné
vizualni informace) od téch informaci, které jsou vazané na rotujici
arénu (referencni ramec arény, viz obr. 4). Ukazalo se, Ze tento test
(na rozdil od MWM) je citlivy jiz na jednostranné poskozeni hippo-
kampu u potkana.

Realné analogie obou testtt byly vyvinuty i pro testovani lidi a jsou
zprovoznény v aparatuie nazvané ,Blue Velvet Aréna“ (BVA; Stepan-
kova etal., 2003; viz obr. 2B), kterd md podobu uzavieného kruhové-
ho stanu s moznou rotaci podlahy. Analogie Glohy, MWM byla po-
jmenovand Test hleddni skrytého cile (Hidden Goal Task, HGT; Ka-
lova etal., 2005), analogii koloto¢ového bludisté nalezneme pod na-
zvem Test disociovanych referené¢nich rameti (Dissociated reference

T ¥
-

Pohyblivy ramec

aremny

Stabilni rdmec

Obrizek 4: Uloba aktivnibo vyhybdni se mistu (AAPA) na rotujici aré-
né. Ulohou testovaného zvivete je aktivné se vyhybat 60° vyseci (vyznace-
né Cervené), kterd je stabilni v ramci mistnosti (neotdci se s arénou). Pokud
tedy zvife seds, je rotaci arény piivezeno do zakdzané oblasti a potrestdno
slabou elektrickou rankou. Zvive tak musi odlisit podnéty relevantni (sta-
bilni) od irelevantnich, které se toci spolu s nim a arénkou, a pouZit je pii
vyhybdni se zakdzané oblasti.
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frames test, DRF; Vicek et al., 2006). Oba tes-
ty jsou dnes spé$né pouziviny pro testo-

vani deficitu prostorové kognice u riznych | prefronini kira

onemocnéni, pfedevéim ale u pacientt s Al-
zheimerovou demenci a mirnou kognitivni
poruchou (Hort et al., 2007).

Vyznamny metodicky posun pfines-
lo testovani prostorové navigace v prostfe-
di virtudlni reality (VR), které bylo popr-
vé piedvedeno v roce 1983 (Krueger et al.,

parigtaini kira

Mozkova oblast Funkce
Hipokampdini visuo-prostorova pamét; misto vzniku kognitivni
retrospleniaini kira formace mapy a jejiho vybavovani
Prefrontdini kira pracovni pamét, planovani a rozhodovani;
‘wybavovani asového pofadi prostorovych pozic;
navigace integraci drahy bez vizualnich podnéti
Parietdlni kira visug-motoricka koordinace pohyb a odhad
vadalenasti
Retrospleniaini kiira pieklad referenénich ramed
(pasterior g. cingull) (mezi ego- a allo-centrickym)
':‘: ! ¢ procedurdini uéeni

1985). Navzdory uréitym omezenim, jako
jsou uzsi zorné pole a absence skute¢ného
pohybu, poskytuje VR mnoho vyhod. Hlav-
ni vyhodou VR je pfedeviim moZnost po-
drobného zaznamu chovani a pohybu testo-
vané osoby spolu s vyuzitim Sirokého spektra stimulti a jejich snadné
manipulace. Diky automatické prezentaci podnétii dosahuji pocita-
¢em Fizené testy vyS$si casové presnosti, neZ tradi¢ni neuropsycholo-
gické testy (tuzka-papir) prezentované ¢lovékem. Bylo také prokaza-
no, ze kognitivni mapy vytvorené ve 3D VR jsou srovnatelné s témi,
které vznikaji v redlném prostiedi (Arthur et al., 1997). Pro tento tcel
byly srovnavany mapy zakreslené pokusnymi osobami po aktivnim
pohybu v realném nebo virtudlnim prostfedi, které obsahovalo né-
kolik béznych objektii v ur¢itém prostorovém uspoiadani. Virtualni
prostor nam ve srovnani se standardnimi testy navic poskytuje i ja-
kysi pocit ,,pfitomnosti®, coz mtiZe vést k vyssi ekologické validite.

Vzhledem k nepfitomnosti informaci, generovanych vlastnim po-
hybem osoby ve virtudlnim prostiedi, jsou u VR experimentii ¢asto
zanedbavané procesy integrace drahy. Je véak nutné poznamenat, ze
tyto procesy vyuZivaji mimo vnitinich somato-senzorickych infor-
maci i ¢ast zrakovych informaci v podobé optického toku. Jde o vi-
zualni zmény vznikajici pfi pohybu pozorovatele prostiedim, kte-
ré se projevuji zjevnym pohybem prvkii vizudlni scény a napovida-
ji tak, kterym smérem se osoba pohybuje. Proto ticast idiothetické
slozky na navigaci ve VR nemtiZeme plné opomijet.

Metodika VR je také vyznamnym prostiedkem objasfiovani ¢in-
nosti jednotlivych oblasti mozku zapojenych v procesu navigace po-
moci zobrazovacich metod (fMRI, PET, EEG). VR ndm navic umoz-
nuje vytvorit srovnatelné testy pro zvifata i lidi.

Neuronalni zdklady prostorové kognice

Funkece kognitivniho systému prostorové navigace je zajistovana
siti mozkovych oblasti, zahrnujicich predev§im medialni temporalni
lalok (MTL), prefrontalni a parietdlni kiiru, mozecek, ¢asti bazalnich
ganglii a také retrosplenidlni ktiru (Maguire et al., 1998a). Vzhledem
k tomu, Ze vyslednd kognitivni mapa vznikd spoluptisobenim nékoli-
ka navigac¢nich proces, které se vzajemné doplnuji, neni experimen-
talné jednoduché je od sebe plné oddélit. Béhem naviga¢nich tloh
tak ¢asto nalezneme aktivované oblasti sdilené véemi prostorovymi
procesy. Do jisté miry véak mitizeme kontrolovat, které informace
budou k navigaci pouZzity, a tim ovlivnit vyslednou aktivitu mozku.

Pokud budou k navigaci pouzité jenom zrakové podnéty, nalezne-
me zfejmé aktivitu zrakové kiiry v okcipitdlnim laloku. Pokud vsak
vyuzijeme i sluchovych nebo ¢ichovych podnétii, objevi se i aktivita
senzorickych a asocia¢nich oblasti, ktera je s témito smysly spojena.
Vzhledem k tomu, Ze u ¢lovéka se pfi testovani navigace vyuziva pre-
devsim vizudlnich podnétti, nemtiZeme opomenout ani oblasti odpo-
védné za rozpoznavani objekttl a prostorovych scén. Pro rozpoznavé-
ni objektti byla identifikovana oblast laterdlniho okcipitdlniho kom-
plexu (LOC) a fusiformni kiiry a pro pozorovani prostorovych scén
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Obrdzek S: Oblasti mozku zapojené bébem zpracovdni prostorovych informaci a orientace v pro-
stiedi (obrdzek vlevo) a jejich specifické funkce (tabulka)

posteriérni ¢ast parahipokampdlniho zivitu (Hasson et al., 2003).

Pokud se subjekt béhem navigace pohybuje (aktivné ¢i pasivné),
a tedy vyuziva procesu integrace drahy, nalezneme i aktivitu parie-
talni somato-senzorické oblasti (Aguirre et al., 1998). Parietdlni kara
se ale Gcastni i bézného odhadu vzdalenosti pomoci zrakovych in-
formaci. Dtilezitd je i funkce retrosplenidlni kiry (medialné uloZe-
nd parietdlni ktra cinguldrniho gyru, viz obr. 5), ktera spolupracuje
se strukturou hipokampu. Pfedpoklada se, Ze oblast retrosplenial-
ni kiiry je odpovédna za pieklad informaci mezi referen¢nimi ram-
ci, a podili se tak na pfesunu pozornosti z egocentrického na allo-
centricky rimec a naopak (Iaria et al., 2007).

Za vyznamnou strukturu Gcastnici se tvorby allocentrické ko-
gnitivni mapy vak povazujeme oblast medialniho spankového la-
loku (déle jen MTL), a to pfedevsim struktury hipokampalni forma-
ce (HF, dile jen hipokampus, viz obr. 5). Aktivita hipokampu byla
jiz prokdzand v mnoha naviga¢nich dlohdch (viz Roche et al., 2005).
O‘Keefe a Nadel publikovali v roce (1978) knihu, ve které popsali, ze
u savctt mtiZe byt vyslednd allocentricka kognitivni mapa kédovana
praveé ve struktufe hipokampu. Tato teorie je zalozend mimo jiné-
ho i na pozorovani tzv. mistovych bunék (,,place cells), excita¢nich
pyramidalnich neuronti v oblastech Cornus Ammonis (CA1-CA3)
hippokampu potkana, které vykazuji prostorové selektivni aktivitu.

Bylo potvrzeno, Ze bilaterdlni léze struktur MTL, konkrétné hipo-
kampu, u potkana zna¢né narusuje prostorové schopnosti. Jde viak
predevsim o deficit v allocentrické navigaci, napf. pfi hleddni skryté
platformy v MWM (Morris et al., 1982). Testovani potkanti v koloto-
¢ovém bludisti prokdzalo naruseni kognice jiz po jednostranné lézi
hipokampu (Cimadevilla et al., 2001). Na druhé strané, zakladni pro-
storové proceduralni schopnosti jsou i po lézi hipokampu zachova-
ny. Nebyla napf. narusena egocentrickd navigace ke skryté platformé
pii vypousténi ze stejné startovni pozice (Eichenbaum et al., 1990).
Na hipokampu zavisla je ale taky idiothetickd navigace, ¢ili integra-
ce drahy za nepfitomnosti zrakové informace (Whishaw 1998). Ne-
sporna tloha HF v prostorové kognici byla potvrzena i vySetfenim
pacienttt s hipokampdélni 1ézi. Jiz unilaterdlni (pravostrannd) léze
HF vedla k zivaznému naruseni vizuo-prostorové pameéti, jak pri
2D lokalizaci objektit, tak i v navigaci na skryty cil v lidské analogii
MWM (Bohbot et al., 1998).

Tato zji§téni potvrzuji i zobrazovaci studie u zdravych lidi, kte-
ré prokazaly aktivitu MTL v rliznych prostorovych tlohich (napf.
Gron et al., 2000; Maguire et al., 1998b). Nékolik studii véak pozdé-
ji ukazalo, Ze pfi feSeni uréitych prostorovych tloh nemusi byt ob-
last MTL aktivni. Tato aktivace se objevuje pfevdzné u studif vyza-
dujicich allocentrickou navigaci a flexibilitu, napt. pfi hledani tra-
sy novym prostiedim. Naopak v tlohach sledovani jiz dobfe na-
ucené trasy nebyva aktivita hipokampu a pfilehlé MTL nalezena.
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V takovém pfipadé se aktivuje spiSe neuronalni sit zahrnujici cor-
pus nuclei caudati (bazilni ganglia), insuldrni kiiru a rozsdhlé ob-
lasti parietdlni kary (Hartley et al., 2003). Tyto oblasti jsou prav-
dépodobné odpovédné za udrzovani, vybavovani a vykonavani ur-
¢itého sledu ¢innosti (pohybtt), vedoucich k cili pomoci jakési ,re-
prezentace naucenou trasou” (;action-based navigation‘, Hartley et
al., 2003). Takovy typ navigace naucenou trasou tedy mtizeme cha-
pat jako automatizovany proces podobny procedurdlnimu ucent,
které je na aktivité MTL nezdvislé. Dtikazem tohoto tvrzeni byl vy-
kon pacienta H. M. trpiciho oboustrannou hipokampélni 1ézi, kte-
ra vedla k nevratnému naruseni jeho deklarativni paméti, navzdory
zachovalé schopnosti proceduralniho uceni (Milner, 1972). Pacient
H. M. tak byl nadale schopen zlep3ovat se, tedy uit se riiznym po-
stuptim a ¢innostem (byl napf. schopen zlepsovani v testu, kde mél
pomoci zrcadla piekreslovat obraz hvézdy na papir). Pokud by ale
béhem navigace naucenou trasou doslo k zablokovani znimé tra-
sy prekdzkou, opét by se objevila aktivita hipokampu a prefrontal-
ni ktiry, potfebna pro planovani nové trasy jiz zndmym prostfedim
(Maguire et al., 1998a).

Vyznamnou tlohu v prostorové kognici hraje i prefrontalni kira
(viz obr. 5), ktera je zapojena jak v prostorové pracovni paméti (Gol-
dman-Rakic, 1996), tak v exekutivnich funkcich, jako jsou plino-
vani a flexibilita chovani, rozhodovani a strategické volby. U pot-
kanti byla ve spojitosti s prostorovou kognici sledovina predevsim
medidlni prefrontdlni kiira (mPFC; Uylings et al., 2003), kterd je do
prostorovych procest zapojena i diky husté komunikaci s HF. Vy-
kon zvifat s 1ézi prefrontilni kiiry vSak neni v tiloze MWM naru-
$en, vyjimku predstavuje jen situace odebrini orienta¢nich bodt
(Jo et al., 2007). Naopak, léze mPFC tiplné narusi idiotetickou na-
vigaci (de Bruin et al., 2001) a také vede k oslabeni vykonu v tilo-
héch, které vyzaduji zapamatovani ¢asového poradi prostorovych
lokaci (Kesner et al., 1987). Predpoklada se, ze mPFC participuje
v prostorové kognici pfi planovani navigace na cil. Vysledky téch-
to studii dile naznacuji, Ze mPFC a hipokampus pracuji paralel-
né, a 1éze mPFC tak nemusi nutné vést k deficitu prostorové ko-
gnice v Glohdch, které nejsou silné zavislé na vizuo-prostorové sloz-
ce pracovni paméti, protoZe hipokampus déle pracuje. Vzhledem
k tomu, Ze pravé prefrontalni kiira hraje diilezitou tlohu v neuro-
patologii schizofrenie, je velice uzite¢né vyuziti prostorovych tiloh
(se zaméfenim na pracovni pamét) i pii testovani kognitivniho de-
ficitu u tohoto onemocnéni.

Prostorova kognice a jeji testovani u schizofrenie

Dulezitou a klinicky vysoce relevantni sou¢asti klinického obrazu
schizofrenie je dnes stile vice zmifiovan kognitivni deficit. Ten byl
jiz dobfe vymezen iniciativou MATRICS (Measurement and Treat-
ment Research to Improve Cognition in Schizophrenia; Kern et al.,
2004). MATRICS uvadi sedm kognitivnich oblasti, jejichZ deficit je
pro schizofrenii specificky: pozornost, rychlost zpracovani informa-
ci, pracovni pamét, verbalni a vizuo-prostorové uéeni, logické mys-
leni, feSen{ problémi a socidlni kognice. Zda se v3ak, Ze pro schizo-
frenii je typickd predeviim porucha organizace a zpracovani infor-
maci na Grovni centrdlné exekutivni slozky pracovni paméti. (Lon-
gevialle-Henin et al., 2005). To je dtivodem, pro¢ se negativni sym-
ptomy projevuji na drovni zpracovani jak verbdlni, tak i vizuo-pro-
storové informace, s naslednymi chybami v zapamatovani. Narugené
zpracovani vizuo-prostorové informace tak vede ke vzniku mentalni
reprezentace prostoru, tedy kognitivni mapy, kterd obsahuje chyby
a nepfesnosti. Vybavovani informaci z kognitivni mapy pak miize
narusit prostorovou orientaci na r@izné Grovni. Ditkazy narusené

prostorové kognice byly popsany u schizofrenniho onemocnéni,
a také u animalniho modelu schizofrenie (viz niZe).

Pfi testovani poruch popisovanych kognitivnich domén byly po-
uzité riznorodé metody, zaméfené casto jen na nékterou z nich. Ta-
kovi frakcionace ale vede k obrovské variabilité vysledk, které jsou
tak ¢asto nejednoznacné a rozporuplné. Vyuziti mnoha tradi¢nich
test metodou tuzka-papir navic snizuje ekologickou validitu, tedy
vyuzitelnost vysledk v relném Zivoté. Bylo by tedy uzite¢né sledovat
kognitivni funkce u schizofrenie testem, ktery by vySetfil vice moda-
lit soucasné v co nejvice pfirozenych podminkach. Takovy komplex-
ni piistup piedstavuji pravé testy prostorové kognice, které mohou
byt vyuzité jak v animalnich modelech schizofrenie, tak i v klinic-
kém vyzkumu. Tyto tlohy testuji soubor kognitivnich schopnosti,
které vyuzivime béhem své orientace v prostiedi.

Animalni model schizofrenie a prostorova kognice

Prostorové tlohy se ukazaly byt velmi uZitecnym prostiedkem
pro testovani kognitivniho deficitu u farmakologického modelu
schizofrenie. Nej¢astéjsim modelovym zvifetem je hlodavec. Obje-
vuji se viak i studie u opic, napf. u makak. Do jisté miry je u opic
mozné vyuzivat i typicky lidské testy, napf. jiz popsanou tilohu od-
daleného vybaveni (Cahusac et al., 1989). V takovém piipadé je po-
mérné jednoduché srovnat jejich vysledky s vykonnosti lidi. Nicmé-
né farmakologické studie u opic jsou eticky problematické, velice
ndkladné finan¢né a nidro¢né na prostor. Proto je nej¢astéj$im mo-
delovym zvifetem potkan. V ptipadé hlodavcii vSak neni mozné vy-
uzit prostorové tilohy pouzivané u lidi. Bylo sice prokdzano, ze pot-
kan je schopny reagovat i na prostorové podnéty na monitoru po-
¢itace (Nekovarova et al., 2006), ale takové tilohy jsou pro farmako-
logické studie u hlodaveti nevhodné, protozZe jsou velice zdlouhavé
(vyzaduji trénink mnohem delsi nez 1 tyden). Je proto nutné vyu-
Zit jiz zndmych prostorovych tloh vytvofenych specidlné pro tato
zvifata (napf. MWM a kolotoc¢ové bludisté) a vytvotit naopak jejich
lidské analogie.

Deficit prostorové kognice byl v modelech schizofrenie prokdzin
uopiciu potkantl. Dnes nejznaméjsim modelem schizofrenie je apli-
kace antagonisttt NMDA receptorti (ketamin, MK-801 nebo fency-
klidin), kterd vyvolava psychéze podobné symptomy nejen u lidi, ale
i u opic a potkant1 (Bubenikova-Valesova et al., 2008). Ketamin po-
davany zdravym dobrovolniktim prokazatelné vede k indukci schi-
zofrenii podobnych symptomii, k pozménénému vnimani a kogni-
tivnimu deficitu (Krystal et al., 1994). Podani ketaminu u potka-
nt také prokazatelné zhorsilo kognitivni funkce, v diisledku ¢eho
byl narusen vykon v obou verzich MWM, jak v testu referen¢ni, tak
i pracovni paméti (Sircar et al., 1998; Vales et al., 2006). Deficit pro-
storové kognice u zvifecich modelt byl prokdzan i v tiloze s rotuji-
ci arénou (AAPA; Stuchlik et al., 2004). Vzhledem k tomu, Ze tento
test koloto¢ové arény vyuziva zmény referen¢nich ramct, miize byt
uzite¢nym prostfedkem i pro vySetfeni pracovni paméti u schizofre-
nie. Aby bylo mozné srovnat tyto vysledky pozménéného chovani zvi-
feciho modelu s kognitivnim deficitem u schizofrenie, je ale nutné
otestovat srovnatelnym testem i pacienty schizofrenniho okruhu.

Prostorova kognice u pacienti se schizofrenii

Pacienti se schizofrenii vykazuji naruSeny vykon na vSech drov-
nich prostorové kognice. Jsou pomalej$i a méné pfesni jiz na nejza-
kladnéjsi Grovni, a to v mentélni rotaci pismen a objekeii (de Vigne-
mont et al.,, 2006). Delsi reakéni ¢as muze byt vysvétlen celkovym
zpomalenim mentalnich procest u schizofrenie a také narusenou
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delsim ¢asem a delsi trajekrorif v dloze hle-
dani skrytého cile. V pfipadé oznaceni cile
blizkou znackou vsak byl vykon pacientit
srovnatelny s kontrolami.

Ve spoluprici Fyziologického tstavu
AVCR a Psychiatrického centra Praha byla

Obrazek 6: Ukdzka virtudlni verze HGT pomoci 2 orientacnich znacek s postupné se ménici pozici
cile. KaZdy krub predstavuje nabled na arénu v jedné fazi testu s nékolika pokusy. V pronich 3 fizich se
testovand osoba pohybuje v aréné se stejnou konfiguraci znacek, mezi fazemi se ale presouvd pozice cile
(Cervené kolecko), coz vyZaduje potlaceni jedné zapamatované pozice drubou. Ve 4. fizi (Test 3) se tes-
tuje schopnost jedince si zapamatovat zcela novou Ronfiguraci. Dvé fize opakovdni pak ovéri, jak dobre
si osoba zapamatovala pozici cile po casové prodlevé v jiz naucenych konfiguracich.

kontrola

A SS

Obrdzek 7: Ukdzka navigace na skryty cil (jeho pozice je oznacena cervenym koleckem) v ,,pro-
be“ pokusu HGT s neaktivnim cilem. (A) Pobyb kontrolniho subjektu. (B-C) Ukdzka pohybu dvou
pacientii se schizofrenii, jejichz pohyb ukazuje nejistotu v naucené pozici cile a jeho vztahu viici nejbliz-
$i orientacni znacce. Tato nejistota vede k hleddni cile na obou strandch znacky (B) nebo ndhodnému

hleddni na celé plose arény (C).

funkci vizuo-prostorového nacértniku a centralné exekutivni sloz-
ky pracovni paméti zapojeného pfi imaginaci motorickych pohy-
bu (Baddeley, 1992).

Jednou z nejlépe sledovanych kognitivnich domén u schizofre-
nniho onemocnéni je pravé pracovni pamét (PP). Pokud se zamé-
fime vylu¢né na vizuo-prostorovou komponentu PP, stale najdeme
nespocet praci, které prokézaly deficit VPP u onemocnéni schizofre-
nniho okruhu (Piskulic et al., 2007). Tyto studie vyuzivaji jednodu-
ché podnéty s prostorovou komponentou. Jejich ekologicka validita,
tedy vyuzitelnost vysledka v redlném Zivoté, je ale nizka. V posled-
nich letech se ale objevuji i studie vySetiujici deficit prostorové pa-
meéti u schizofrenie za pouziti rozsdhlych virtudlnich prostfedi. Jed-
na z takovych studii (Weniger et al., 2008) prokazala deficit ve slozi-
téjsi allocentrické navigaci, s vyuZitim orienta¢nich znacek, navzdory
zachovalé egocentrické navigaci zapamatovanou trasou. V jiné studii
byla testovina i schopnost pacient piepinat mezi egocentrickym
a allocentrickym referenénim rdmcem pfi hodnoceni prostorovych
vztahtl na zdmeckém ndmésti (Landgraf et al., 2010). Studie ukaza-
la, Ze pacienti se schizofrenii maji schopnost vidét prostor v egocen-
trickém ramci zachovanou, ale ve srovnani s kontrolami jsou jejich
allocentrické odpovédi nepiesné a prepindni mezi ego- a allo- refe-
ren¢nim rdmcem je vyrazné zpomaleno. To naznacuje, Ze tiloha ko-
lotocového bludisté, kterd vyzaduje pravé takové prepinani referenc-
nich rdmct, muze byt velmi uzitecna pfi testovani kognitivniho de-
ficitu u schizoftrenie.

U schizofrenie byl jiz testovan i klasicky model virtudlni ver-
ze MWM, a to ve standardni referen¢ni tloze hledani skrytého cile
i v navigaci na viditelny cil (Hanlon et al., 2006). Tato studie pro-
kézala vyznamny behavioralni deficit u schizofrenie, projevujici se

20

pacienti se schizofrenii

u pacientt se schizofrenif testovana i virtu-
alniverze HGT (analogie MWM), se zaméfe-
nim na pracovni pamét diky ménici se pozici
cile (viz obr. 6). Pfedbézné vysledky naZnacu-
ji, Ze pacienti s onemocnénimi schizofrenni-
ho okruhu jsou ve srovnani s kontrolami sig-
nifikantné pomalejsi v hledani skrytého cile
(ptedevsim v prvnich ¢astech tilohy) a jejich
trajektorie vedouci k cili je signifikantné del-
§i, tedy neni pfima. Pouziti ,probe“ poku-
su (bez zpétné vazby o vstupu do cile) navic
prokazalo nejistotu v zapamatované pozici
cile, coz vede k signifikantné niz§imu ¢asu
straveného ve spravném kvadrantu arény,
tedy v oblasti cile (viz obr. 7).

Je zajimavé, Ze navzdory uvedenym nale-
ziim popisujicim deficit prostorové kogni-
ce u schizofrenie, pacienti trpici timto one-
mocnénim nepopisuji tézkosti s prostoro-
vou orientaci v redlném zivoté. MoZnym
vysvétlenim tohoto jevu je predpoklad, ze
pokud je schopnost egocentrické naviga-
ce v prostoru zachovina, kompenzuje ne-
dostatky ¢i nepfesnosti narusenych allo-
centrickych procesti. Vznikajici kognitivni
mapa je tak pravdépodobné vice egocent-
ricka a vede spiSe k navigaci zapamatovanou trasou. Tato jednodu-
ché strategie tak umozni orientaci na kazdém jiz navstiveném mis-
té. Naopak navigace v novém prostiedi nebo s pouzitim ptekdzky
muiZe byt naruSena. Pfikladem neznamého prostiedi tak mtize byt i
experimentalni prostfedi. Ur¢ity vliv miizeme pfipsat i casovym ome-
zenim stanovenym v pritbéhu klinického testovani, které je v redl-
nych situacich neomezuje. Jak jiz bylo feceno, u schizofrenie docha-
zi i k celkovému zpomaleni mentalnich procestt. Casovy limit tak
puisobi nejen jako motivaéni, ale i stresovy faktor.

Zavér

Vysledky mnoha animdlnich i klinickych studii prokazaly, ze ko-
gnitivni deficit u schizofrenie se projevuje narusenim vykonu v rtiz-
norodych prostorovych tlohach. V soucasnosti nejpouzivanéjsi pro-
storovou tlohou je nepochybné Morrisovo vodni bludisté. Rtizno-
rodé analogie této tlohy hledani skrytého cile jsou jiz fadu let vyu-
Zivany pri testovani kognitivniho deficitu hlodavcti a lidi. Navzdory
tomu, Ze tato Gloha patfi k béznym metoddm vyzkumu u animalni-
ho modelu schizofrenii podobného chovani, bylo jeho vyuziti v kli-
nickém vyzkumu zatim omezené. Velice slibnou tlohou se ukazu-
je byti tzv. kolotocové bludisté, keeré vyuzivd segregace ménicich se
orienta¢nich rdmct na rotujici aréné. Tato tloha tak vyzaduje mno-
hem slozitéjsi vybér naviga¢nich strategii a relevantnich podnétt,
nez je tomu pii hledani skrytého cile v MWM.

Dlouhodoby vyzkum vyuzivajici obou téchto metod (Morrisova
vodniho bludisté i koloto¢ového bludi$té) naznacuje, Ze jsou vhod-
nym prostiedkem pro vySetfeni kognitivnich funkei jak u animalniho
modelu schizofrenie, tak i u pacientt trpicich timto onemocnénim.
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Velice slibnym se proto jevi vyuziti analogii téchto tloh pro klinic-
ké testovani u lidi. K tomu je viak potieba vytvorit verze obou testt
ve virtudlnim prostfedi, které by byly srovnatelné s vysledky z real-
nych testtt u animalniho modelu schizofrenie. Diky vzdjemné spo-
lupraci odborniku z neurofyziologickych a vypocetnich oborit dnes
proto vznikaji vircudlni analogie téchto dvou prostorovych tiloh i u
nas. Pfedbézné vysledky virtualni verze MWM (HGT-Test hleddni
skrytého cile) jsou slibné a potvrzuji naruseni prostorové kognice
u pacientil schizofrenniho okruhu. Vzhledem k tomu, Ze navigace
v pohyblivém prostiedi (DRF-Test oddélenych referen¢nich ramctt)
predstavuje ndro¢néjsi test prostorové kognice, predpoklddame, Ze
jeho pouziti prokaze i mirnéjsi kognitivni deficit u pacienttt s ne-
naru$enym vykonem v tloze HGT.

Vzhledem k tomu, Ze obé tilohy testuji prostorovou kognicive 3D
prostiedi, je jejich ekologicka validita vyssi v porovndni s tradi¢ny-
mi metodami vyuzZivajicimi tuzku a papir. Domnivime se, Ze testo-
vani prostorové kognice béhem navigace v tifrozmérném prostie-
di ndm poskytne komplexni pohled na kognitivni deficit spojeny
s timto onemocnénim.

Objasnéni toho, jakym zptisobem se kognitivni mapa schizofre-
nnich pacientti li$f, ndm miize prozradit mnoho nejen o jejich ko-
gnitivnim deficitu, ale i pozitivnich pfiznacich. Bludy a halucinace
totiZ mohou do jisté miry piedstavovat urcitou obdobu chybnych
mentélnich reprezentaci, vznikajicich béhem orientace ve vnitinim
psychickém prostiedi nemocného.
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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

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

(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
(Briine and Briine-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
etal., 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; Briine, 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 (Briine, 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 (Briine, 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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Default mode

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

Salience network

Anticorrelation

Central executive

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 (Elvevdg 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; Nygard 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.

AUTHOR CONTRIBUTIONS

The main idea behind this work was courtesy of Filip Spaniel. All
of the authors contributed to the final version of the paper equally
and have approved it.

ACKNOWLEDGMENTS

The study was supported by IGA MZ CR grants No. NT14291,
NT13843 and NT13386, GACR grant P303/12/1464, 14-03627S
and by CSF Project of excellence in the field of neuroscience
(GBP304/12/G069). The institutional support from the Prague
Psychiatric Center by MH CZ—DRO (PCP, 00023752) and from
the Academy of Sciences of the Czech Republic (RVO: 67985823)
covered the salaries and other institutional costs.

REFERENCES

Abdel-Hamid, M., Lehmkamper, C., Sonntag, C., Juckel, G., Daum, L, and Brune,
M. (2009). Theory of mind in schizophrenia: the role of clinical symptomatol-
ogy and neurocognition in understanding other people’s thoughts and inten-
tions. Psychiatry Res. 165, 19-26. doi: 10.1016/j.psychres.2007.10.021

Amodio, D. M., and Frith, C. D. (2006). Meeting of minds: the medial frontal cortex
and social cognition. Nat. Rev. Neurosci. 7, 268-277. doi: 10.1038/nrn1884

Andreasen, N. C. (1999). A unitary model of schizophrenia: bleuler’s “frag-
mented phrene” as schizencephaly. Arch. Gen. Psychiatry 56, 781-787. doi: 10.
1001/archpsyc.56.9.781

Frontiers in Behavioral Neuroscience

www.frontiersin.org

May 2014 | Volume 8 | Article 171 | 7



Nekovarova et al.

Brain networks dysfunction underlying schizophrenia

Andreasen, N. C., Calarge, C. A., and O’Leary, D. S. (2008). Theory of mind
and schizophrenia: a positron emission tomography study of medication-free
patients. Schizophr. Bull. 34, 708-719. doi: 10.1093/schbul/sbn034

Andrews-Hanna, J. R. (2012). The brain’s default network and its adaptive role in
internal mentation. Neuroscientist 18, 251-270. doi: 10.1177/1073858411403316

Anticevic, A., Cole, M. W., Murray, J. D., Corlett, P. R., Wang, X. J., and Krystal,
J. H. (2012). The role of default network deactivation in cognition and disease.
Trends Cogn. Sci. 16, 584-592. doi: 10.1016/j.tics.2012.10.008

Anticevic, A., Repovs, G., and Barch, D. M. (2013). Working memory encoding
and maintenance deficits in schizophrenia: neural evidence for activation and
deactivation abnormalities. Schizophr. Bull. 39, 168—178. doi: 10.1093/schbul/
sbr107

Benoit, R. G., Gilbert, S. J., Volle, E., and Burgess, P. W. (2010). When I think
about me and simulate you: medial rostral prefrontal cortex and self-referential
processes. Neuroimage 50, 1340-1349. doi: 10.1016/j.neuroimage.2009.12.091

Blakemore, S. J., Wolpert, D., and Frith, C. (2000). Why can’t you tickle yourself?
Neuroreport 11, R11-R16. doi: 10.1097/00001756-200008030-00002

Bonnelle, V., Ham, T. E., Leech, R., Kinnunen, K. M., Mehta, M. A., Greenwood,
R. J., et al. (2012). Salience network integrity predicts default mode network
function after traumatic brain injury. Proc. Natl. Acad. Sci. U S A 109, 4690—
4695. doi: 10.1073/pnas.1113455109

Bora, E., Fornito, A., Radua, J., Walterfang, M., Seal, M., Wood, S. J., et al. (2011).
Neuroanatomical abnormalities in schizophrenia: a multimodal voxelwise meta-
analysis and meta-regression analysis. Schizophr. Res. 127, 46—57. doi: 10.1016/j.
schres.2010.12.020

Bora, E., and Pantelis, C. (2013). Theory of mind impairments in first-episode
psychosis, individuals at ultra-high risk for psychosis and in first-degree relatives
of schizophrenia: systematic review and meta-analysis. Schizophr. Res. 144, 31—
36. doi: 10.1016/j.schres.2012.12.013

Bosco, E. M., Colle, L., De, E S., Bono, A., Ruberti, S., and Tirassa, M. (2009).
Th.o.m.a.s.: an exploratory assessment of Theory of Mind in schizophrenic
subjects. Conscious. Cogn. 18, 306-319. doi: 10.1016/j.concog.2008.06.006

Bosia, M., Riccaboni, R., and Poletti, S. (2012). Neurofunctional correlates of theory
of mind deficits in schizophrenia. Curr. Top. Med. Chem. 12, 2284-2302. doi: 10.
2174/1568026611212210002

Bozikas, V. P, Giannakou, M., Kosmidis, M. H., Kargopoulos, P., Kioseoglou, G.,
Liolios, D., et al. (2011). Insights into theory of mind in schizophrenia: the
impact of cognitive impairment. Schizophr. Res. 130, 130-136. doi: 10.1016/j.
schres.2011.04.025

Briine, M. (2003). Theory of mind and the role of IQ in chronic disorganized
schizophrenia. Schizophr. Res. 60, 57—64. doi: 10.1016/50920-9964(02)00162-7

Briine, M., and Briine-Cohrs, U. (2006). Theory of mind—evolution, ontogeny,
brain mechanisms and psychopathology. Neurosci. Biobehav. Rev. 30, 437-455.
doi: 10.1016/j.neubiorev.2005.08.001

Camchong, J., MacDonald, A. W., ITI, Bell, C., Mueller, B. A., and Lim, K. O. (2011).
Altered functional and anatomical connectivity in schizophrenia. Schizophr.
Bull. 37, 640-650. doi: 10.1093/schbul/sbp131

Chan, R. C,, Di, X., McAlonan, G. M., and Gong, Q. Y. (2011). Brain anatomical
abnormalities in high-risk individuals, first-episode and chronic schizophre-
nia: an activation likelihood estimation meta-analysis of illness progression.
Schizophr. Bull. 37, 177-188. doi: 10.1093/schbul/sbp073

Corcoran, R., Cahill, C., and Frith, C. D. (1997). The appreciation of visual jokes
in people with schizophrenia: a study of ‘mentalizing’ ability. Schizophr. Res. 24,
319-327. doi: 10.1016/50920-9964(96)00117-x

Corcoran, R., Mercer, G., and Frith, C. D. (1995). Schizophrenia, symptomatology
and social inference: investigating “theory of mind” in people with schizophre-
nia. Schizophr. Res. 17, 5-13. doi: 10.1016/0920-9964(95)00024-g

Crow, T. J. (1985). The two-syndrome concept: origins and current status.
Schizophr. Bull. 11, 471-486. doi: 10.1093/schbul/11.3.471

D’Argembeau, A., Ruby, P., Collette, F.,, Degueldre, C., Balteau, E., Luxen, A., et al.
(2007). Distinct regions of the medial prefrontal cortex are associated with self-
referential processing and perspective taking. J. Cogn. Neurosci. 19, 935-944.
doi: 10.1162/jocn.2007.19.6.935

Damasio, A. (1999). The Feeling of What Happens: Body and Emotion in the Making
of Consciousness. United Kingdom: William Heinemann, 386.

Das, P., Lagopoulos, J., Coulston, C. M., Henderson, A. F, and Malhi, G. S. (2012).
Mentalizing impairment in schizophrenia: a functional MRI study. Schizophr.
Res. 134, 158-164. doi: 10.1016/j.schres.2011.08.019

David, N., Newen, A., and Vogeley, K. (2008). The “sense of agency” and its
underlying cognitive and neural mechanisms. Conscious. Cogn. 17, 523-534.
doi: 10.1016/j.concog.2008.03.004

Ellison-Wright, 1., and Bullmore, E. (2010). Anatomy of bipolar disorder and
schizophrenia: a meta-analysis. Schizophr. Res. 117, 1-12. doi: 10.1016/j.schres.
2009.12.022

Elvevig, B., and Goldberg, T. E. (2000). Cognitive impairment in schizophre-
nia is the core of the disorder. Crit. Rev. Neurobiol. 14, 1-21. doi: 10.
1615/critrevneurobiol.v14.i1.10

Farrer, C., Franck, N., Frith, C. D., Decety, J., Georgieff, N., d’Amato, T., et al.
(2004). Neural correlates of action attribution in schizophrenia. Psychiatry Res.
131, 31-44. doi: 10.1016/j.pscychresns.2004.02.004

Fletcher, P. C., and Frith, C. D. (2009). Perceiving is believing: a Bayesian approach
to explaining the positive symptoms of schizophrenia. Nat. Rev. Neurosci. 10,
48-58. doi: 10.1038/nrn2536

Franck, N., Farrer, C., Georgieff, N., Marie-Cardine, M., Dalery, J., d’Amato,
T., et al. (2001). Defective recognition of one’s own actions in patients with
schizophrenia. Am. J. Psychiatry 158, 454—459. doi: 10.1176/appi.ajp.158.3.454

Frith, C. (2005). The neural basis of hallucinations and delusions. C. R. Biol. 328,
169-175. doi: 10.1016/j.crvi.2004.10.012

Frith, C. D. (1992). The Cognitive Neuropsychology of Schizophrenia. Hove, UK:
Lawrence Erlbaum.

Frith, C. D., Blakemore, S., and Wolpert, D. M. (2000). Explaining the symptoms
of schizophrenia: abnormalities in the awareness of action. Brain Res. Brain Res.
Rev. 31, 357-363. doi: 10.1016/s0165-0173(99)00052-1

Fryer, S. L., Woods, S. W., Kiehl, K. A., Calhoun, V. D,, Pearlson, G. D., Roach,
B. J., et al. (2013). Deficient Suppression of Default Mode Regions during
Working Memory in Individuals with Early Psychosis and at Clinical High-Risk
for Psychosis. Front. Psychiatry 4:92. doi: 10.3389/fpsyt.2013.00092

Gallagher, S. (2013). A pattern theory of self. Front. Hum. Neurosci. 7:443. doi: 10.
3389/fnhum.2013.00443

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. ]. Psychiatry 164, 450-457. doi: 10.1176/appi.ajp.164.3.450

Glahn, D. C,, Laird, A. R,, Ellison-Wright, I., Thelen, S. M., Robinson, J. L.,
Lancaster, J. L., et al. (2008). Meta-analysis of gray matter anomalies in
schizophrenia: application of anatomic likelihood estimation and network anal-
ysis. Biol. Psychiatry 64, 774-781. doi: 10.1016/j.biopsych.2008.03.031

Green, M. E, Nuechterlein, K. H., Gold, J. M., Barch, D. M., Cohen, J., Essock,
S., et al. (2004). Approaching a consensus cognitive battery for clinical trials
in schizophrenia: the NIMH-MATRICS conference to select cognitive domains
and test criteria. Biol. Psychiatry 56, 301-307. doi: 10.1016/j.biopsych.2004.
06.023

Guo, W, Yao, D, Jiang, J., Su, Q., Zhang, Z., Zhang, J., et al. (2014a). Abnormal
default-mode network homogeneity in first-episode, drug-naive schizophrenia
at rest. Prog. Neuropsychopharmacol. Biol. Psychiatry 49, 16-20. doi: 10.1016/j.
pnpbp.2013.10.021

Guo, S., Kendrick, K. M., Yu, R., Wang, H. L., and Feng, J. (2014b). Key functional
circuitry altered in schizophrenia involves parietal regions associated with sense
of self. Hum. Brain Mapp. 35, 123-139. doi: 10.1002/hbm.22162

Harrison, B. J., Yucel, M., Pujol, J., and Pantelis, C. (2007). Task-induced deactiva-
tion of midline cortical regions in schizophrenia assessed with fMRI. Schizophr.
Res. 91, 82-86. doi: 10.1016/j.schres.2006.12.027

Hommes, J., Krabbendam, L., Versmissen, D., Kircher, T., van Os, J., and van, W.
R. (2012). Self-monitoring as a familial vulnerability marker for psychosis: an
analysis of patients, unaffected siblings and healthy controls. Psychol. Med. 42,
235-245. doi: 10.1017/50033291711001152

Horacek, J., Zavesicka, L., Tintera, J., Dockery, C., Platilova, V., Kopecek, M.,
et al. (2005). The effect of tryptophan depletion on brain activation measured
by functional magnetic resonance imaging during the Stroop test in healthy
subjects. Physiol. Res. 54, 235-244.

Howes, O. D., and Kapur, S. (2009). The Dopamine Hypothesis of Schizophrenia:
version III—the final common pathway. Schizophr. Bull. 35, 549-562. doi: 10.
1093/schbul/sbp006

Irani, F, Platek, S. M., Bunce, S., Ruocco, A. C., and Chute, D. (2007). Functional
near infrared spectroscopy (fNIRS): an emerging neuroimaging technology with
important applications for the study of brain disorders. Clin. Neuropsychol. 21,
9-37. doi: 10.1080/13854040600910018

Frontiers in Behavioral Neuroscience

www.frontiersin.org

May 2014 | Volume 8 | Article 171 | 8



Nekovarova et al.

Brain networks dysfunction underlying schizophrenia

Irani, E, Platek, S. M., Panyavin, I. S., Calkins, M. E., Kohler, C., Siegel, S. J., et al.
(2006). Self-face recognition and theory of mind in patients with schizophrenia
and first-degree relatives. Schizophr. Res. 88, 151-160. doi: 10.1016/j.schres.2006.
07.016

Jardri, R., Pouchet, A., Pins, D., and Thomas, P. (2011). Cortical activations dur-
ing auditory verbal hallucinations in schizophrenia: a coordinate-based meta-
analysis. Am. J. Psychiatry 168, 73—-81. doi: 10.1176/appi.ajp.2010.09101522

Jardri, R., Thomas, P.,, Delmaire, C., Delion, P., and Pins, D. (2013). The neuro-
dynamic organization of modality-dependent hallucinations. Cereb. Cortex 23,
1108-1117. doi: 10.1093/cercor/bhs082

Kasparek, T., Prikryl, R., Rehulova, J., Marecek, R., Mikl, M., Prikrylova, H., et
al. (2013). Brain functional connectivity of male patients in remission after
the first episode of schizophrenia. Hum. Brain Mapp. 34, 726-737. doi: 10.
1002/hbm.21469

Koelkebeck, K., Pedersen, A., Suslow, T., Kueppers, K. A., Arolt, V., and Ohrmann,
P. (2010). Theory of Mind in first-episode schizophrenia patients: correlations
with cognition and personality traits. Schizophr. Res. 119, 115-123. doi: 10.
1016/j.schres.2009.12.015

Laird, A. R., Fox, P. M., Eickhoff, S. B., Turner, J. A., Ray, K. L., McKay, D. R,, et al.
(2011). Behavioral interpretations of intrinsic connectivity networks. J. Cogn.
Neurosci. 23, 4022-4037. doi: 10.1162/jocn_a_00077

Langdon, R., and Coltheart, M. (1999). Mentalising, schizotypy and schizophrenia.
Cognition 71, 43=71. doi: 10.1016/s0010-0277(99)00018-9

Leube, D., Whitney, C., and Kircher, T. (2008). The neural correlates of ego-
disturbances (passivity phenomena) and formal thought disorder in schizophre-
nia. Eur. Arch. Psychiatry Clin. Neurosci. 258(Suppl. 5), 22-27. doi: 10.
1007/s00406-008-5017-z

Li, C. S, Yan, P., Bergquist, K. L., and Sinha, R. (2007). Greater activation of the
“default” brain regions predicts stop signal errors. Neuroimage 38, 640-648.
doi: 10.1016/j.neuroimage.2007.07.021

Manoliu, A., Riedl, V., Doll, A., Bauml, J. G., Muhlau, M., Schwerthoffer, D., et al.
(2013). Insular dysfunction reflects altered between-network connectivity and
severity of negative symptoms in schizophrenia during psychotic remission.
Front. Hum. Neurosci. 7:216. doi: 10.3389/fnhum.2013.00216

Manoliu, A., Riedl, V., Zherdin, A., Muhlau, M., Schwerthoffer, D., Scherr, M.,
et al. (2014). Aberrant dependence of default mode/central executive network
interactions on anterior insular salience network activity in schizophrenia.
Schizophr. Bull. 40, 428-437. doi: 10.1093/schbul/sbt037

Mars, R. A. (2011). The neural bases of social cognition and story comprehension.
Annu. Rev. Psychol. 62, 103—134. doi: 10.1146/annurev-psych-120709-145406

Mars, R. B, Neubert, F. X., Noonan, M. P, Sallet, J., Toni, I., and Rushworth, M. F.
(2012). On the relationship between the “default mode network” and the “social
brain”. Front. Hum. Neurosci. 6:189. doi: 10.3389/fnhum.2012.00189

Mazza, M., De, R. A., Surian, L., Roncone, R., and Casacchia, M. (2001). Selective
impairments of theory of mind in people with schizophrenia. Schizophr. Res. 47,
299-308. doi: 10.1016/50920-9964(00)00157-2

McKiernan, K. A., Kaufman, J. N., Kucera-Thompson, J., and Binder, J. R.
(2003). A parametric manipulation of factors affecting task-induced deacti-
vation in functional neuroimaging. J. Cogn. Neurosci. 15, 394-408. doi: 10.
1162/089892903321593117

Menon, M., Schmitz, T. W., Anderson, A. K., Graff, A., Korostil, M., Mamo, D., et al.
(2011). Exploring the neural correlates of delusions of reference. Biol. Psychiatry
70, 1127-1233. doi: 10.1016/j.biopsych.2011.05.037

Menon, V. (2011). Large-scale brain networks and psychopathology: a unifying
triple network model. Trends Cogn. Sci. 15, 483-506. doi: 10.1016/j.tics.2011.
08.003

Menon, V., and Uddin, L. Q. (2010). Saliency, switching, attention and control: a
network model of insula function. Brain Struct. Funct. 214, 655-667. doi: 10.
1007/s00429-010-0262-0

Meyer-Lindenberg, A. S., Olsen, R. K., Kohn, P. D., Brown, T, Egan, M. E,
Weinberger, D. R., et al. (2005). Regionally specific disturbance of dorsolateral
prefrontal-hippocampal functional connectivity in schizophrenia. Arch. Gen.
Psychiatry 62, 379-386. doi: 10.1001/archpsyc.62.4.379

Mitchell, J. P., Banaji, M. R., and Macrae, C. N. (2005). The link between social
cognition and self-referential thought in the medial prefrontal cortex. J. Cogr.
Neurosci. 17, 1306-1315. doi: 10.1162/0898929055002418

Montag, C., Dziobek, I, Richter, 1. S., Neuhaus, K., Lehmann, A., Sylla, R,, et al.
(2011). Different aspects of theory of mind in paranoid schizophrenia: evidence

from a video-based assessment. Psychiatry Res. 186, 203-209. doi: 10.1016/j.
psychres.2010.09.006

Moran, L. V., Tagamets, M. A., Sampath, H., O’Donnell, A,, Stein, E. A, Kochunov,
P, et al. (2013). Disruption of anterior insula modulation of large-scale brain
networks in schizophrenia. Biol. Psychiatry 74, 467—474. doi: 10.1016/j.biopsych.
2013.02.029

Moran, M. E., Weisinger, B., Ludovici, K., McAdams, H., Greenstein, D., Gochman,
P, et al. (2014). At the boundary of the self: the insular cortex in patients with
childhood-onset schizophrenia, their healthy siblings and normal volunteers.
Int. J. Dev. Neurosci. 32, 58—63. doi: 10.1016/j.ijdevneu.2013.05.010

Murray, R. J., Schaer, M., and Debbane, M. (2012). Degrees of separation: a quan-
titative neuroimaging meta-analysis investigating self-specificity and shared
neural activation between self- and other-reflection. Neurosci. Biobehav. Rev. 36,
1043-1059. doi: 10.1016/j.neubiorev.2011.12.013

Nelson, B., Thompson, A., Chanen, A. M., Amminger, G. P, and Yung, A. R. (2013).
Is basic self-disturbance in ultra-high risk for psychosis (‘prodromal’) patients
associated with borderline personality pathology? Early Interv. Psychiatry 7, 306—
310. doi: 10.1111/eip.12011

Nelson, B., Whitford, T. J., Lavoie, S., and Sass, L. A. (2014). What are the
neurocognitive correlates of basic self-disturbance in schizophrenia?: itegrat-
ing phenomenology and neurocognition. Part 1 (Source monitoring deficits).
Schizophr. Res. 152, 12-19. doi: 10.1016/j.schres.2013.06.022

Newen, A., and Vogeley, K. (2003). Self-representation: searching for a neural sig-
nature of self-consciousness. Conscious. Cogn. 12, 529-543. doi: 10.1016/s1053-
8100(03)00080-1

Northoff, G., and Qin, P. (2011). How can the brain’s resting state activity generate
hallucinations? A ‘resting state hypothesis’ of auditory verbal hallucinations.
Schizophr. Res. 127, 202-214. doi: 10.1016/j.schres.2010.11.009

Northoff, G., Heinzel, A., de, G. M., Bermpohl, E.,, Dobrowolny, H., and Panksepp,
J. (2006). Self-referential processing in our brain—a meta-analysis of imaging
studies on the self. Neuroimage 31, 440—-457. doi: 10.1016/j.neuroimage.2005.
12.002

Nygard, M., Eichele, T., Loberg, E. M., Jorgensen, H. A., Johnsen, E., Kroken, R.
A., et al. (2012). Patients with schizophrenia fail to up-regulate task-positive
and down-regulate task-negative brain networks: an fMRI study using an
ICA analysis approach. Front. Hum. Neurosci. 6:149. doi: 10.3389/fnhum.2012.
00149

Orliac, E, Naveau, M., Joliot, M., Delcroix, N., Razafimandimby, A., Brazo, P., et al.
(2013). Links among resting-state default-mode network, salience network and
symptomatology in schizophrenia. Schizophr. Res. 148, 74-80. doi: 10.1016/j.
schres.2013.05.007

Palaniyappan, L., Balain, V., Radua, J., and Liddle, P. F. (2012a). Structural correlates
of auditory hallucinations in schizophrenia: a meta-analysis. Schizophr. Res. 137,
169-173. doi: 10.1016/j.schres.2012.01.038

Palaniyappan, L., Simmonite, M., White, T. P, Liddle, E. B., and Liddle, P. E (2013).
Neural primacy of the salience processing system in schizophrenia. Neuron 79,
814-828. doi: 10.1016/j.neuron.2013.06.027

Palaniyappan, L., White, T. P., and Liddle, P. F. (2012b). The concept of salience
network dysfunction in schizophrenia: from neuroimaging observations to
therapeutic opportunities. Curr. Top. Med. Chem. 12, 2324-2338. doi: 10.
2174/1568026611212210005

Pedersen, A., Koelkebeck, K., Brandt, M., Wee, M., Kueppers, K. A., Kugel, H., et al.
(2012). Theory of mind in patients with schizophrenia: is mentalizing delayed?
Schizophr. Res. 137, 224-229. doi: 10.1016/j.schres.2012.02.022

Pentaraki, A. D., Stefanis, N. C., Stahl, D., Theleritis, C., Toulopoulou, T., Roukas,
D,, et al. (2012). Theory of Mind as a potential trait marker of schizophrenia:
a family study. Cogn. Neuropsychiatry 17, 64-89. doi: 10.1080/13546805.2011.
568289

Peralta, V., and Cuesta, M. J. (2005). The underlying structure of diagnostic systems
of schizophrenia: a comprehensive polydiagnostic approach. Schizophr. Res. 79,
217-229. doi: 10.1016/j.schres.2005.05.003

Pickup, G.J. (2008). Relationship between Theory of Mind and executive function
in schizophrenia: a systematic review. Psychopathology 41, 206-213. doi: 10.
1159/000125554

Pomarol-Clotet, E., Salvador, R., Sarro, S., Gomar, J., Vila, F, Martinez, A,,
et al. (2008). Failure to deactivate in the prefrontal cortex in schizophrenia:
dysfunction of the default mode network? Psychol. Med. 38, 1185-1193. doi: 10.
1017/50033291708003565

Frontiers in Behavioral Neuroscience

www.frontiersin.org

May 2014 | Volume 8 | Article 171 | 9



Nekovarova et al.

Brain networks dysfunction underlying schizophrenia

Pousa, E., Duno, R., Blas, N. ], Ruiz, A. L., Obiols, J. E., and David, A. S. (2008).
Exploratory study of the association between insight and Theory of Mind (ToM)
in stable schizophrenia patients. Cogn. Neuropsychiatry 13, 210-232. doi: 10.
1016/50920-9964(08)70381-5

Premack, D., and Woodruff, G. (1978). Chimpanzee problem-solving: a test for
comprehension. Science 202, 532-535. doi: 10.1126/science.705342

Pujol, N, Penades, R., Rametti, G., Catalan, R., Vidal-Pineiro, D., Palacios, E., et al.
(2013). Inferior frontal and insular cortical thinning is related to dysfunctional
brain activation/deactivation during working memory task in schizophrenic
patients. Psychiatry Res. 214, 94-101. doi: 10.1016/j.pscychresns.2013.06.008

Qin, P, and Northoff, G. (2011). How is our self related to midline regions and the
default-mode network? Neuroimage 57, 1221-1233. doi: 10.1016/j.neuroimage.
2011.05.028

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

Sarfati, Y., and Hardy-Bayle, M. C. (1999). How do people with schizophrenia
explain the behaviour of others? A study of theory of mind and its relationship
to thought and speech disorganization in schizophrenia. Psychol. Med. 29, 613—
620. doi: 10.1017/50033291799008326

Sarfati, Y., Hardy-Bayle, M. C., Besche, C., and Widlocher, D. (1997). Attribution
of intentions to others in people with schizophrenia: a non-verbal exploration
with comic strips. Schizophr. Res. 25, 199-209. doi: 10.1016/50920-9964(97)
00025-x

Sass, L. A. (2014). Self-disturbance and schizophrenia: structure, specificity, patho-
genesis (Current issues, New directions). Schizophr. Res. 152, 5-11. doi: 10.
1016/j.schres.2013.05.017

Sass, L. A., and Parnas, J. (2003). Schizophrenia, consciousness and the self.
Schizophr. Bull. 29, 427—-444. doi: 10.1093/oxfordjournals.schbul.a007017

Schilbach, L., Bzdok, D., Timmermans, B., Fox, P. T., Laird, A. R., Vogeley, K., et al.
(2012). Introspective minds: using ALE meta-analyses to study commonalities
in the neural correlates of emotional processing, social & unconstrained cogni-
tion. PLoS One 7:¢30920. doi: 10.1371/journal.pone.0030920

Schilbach, L., Wohlschlaeger, A. M., Kraemer, N. C., Newen, A., Shah, N. J., Fink,
G. R, et al. (2006). Being with virtual others: neural correlates of social inter-
action. Neuropsychologia 44, 718-730. doi: 10.1016/j.neuropsychologia.2005.
07.017

Schultze-Lutter, E (2009). Subjective symptoms of schizophrenia in research
and the clinic: the basic symptom concept. Schizophr. Bull. 35, 5-8. doi: 10.
1093/schbul/sbn139

Shepherd, A. M., Laurens, K. R., Matheson, S. L., Carr, V. J,, and Green, M. J.
(2012). Systematic meta-review and quality assessment of the structural brain
alterations in schizophrenia. Neurosci. Biobehav. Rev. 36, 1342-1356. doi: 10.
1016/j.neubiorev.2011.12.015

Sridharan, D., Levitin, D. J., and Menon, V. (2008). A critical role for the right
fronto-insular cortex in switching between central-executive and default-mode

networks. Proc. Natl. Acad. Sci. U S A 105, 12569-12574. doi: 10.1073/pnas.
0800005105

van der Meer, L., Costafreda, S., Aleman, A., and David, A. S. (2010). Self-
reflection and the brain: a theoretical review and meta-analysis of neuroimaging
studies with implications for schizophrenia. Neurosci. Biobehav. Rev. 34, 935—
946. doi: 10.1016/j.neubiorev.2009.12.004

Vogeley, K., and Fink, G. R. (2003). Neural correlates of the first-person-
perspective. Trends Cogn. Sci. 7, 38—42. doi: 10.1016/s1364-6613(02)00003-7

Vogeley, K., Bussfeld, P., Newen, A., Herrmann, S., Happe, E, Falkai, P,, et al. (2001).
Mind reading: neural mechanisms of theory of mind and self-perspective.
Neuroimage 14, 170-181. doi: 10.1006/nimg.2001.0789

Waters, E, Woodward, T., Allen, P., Aleman, A., and Sommer, 1. (2012). Self-
recognition deficits in schizophrenia patients with auditory hallucinations:
a meta-analysis of the literature. Schizophr. Bull. 38, 741-750. doi: 10.
1093/schbul/sbQ114

White, T. P, Joseph, V., Francis, S. T., and Liddle, P. E. (2010). Aberrant salience
network (bilateral insula and anterior cingulate cortex) connectivity during
information processing in schizophrenia. Schizophr. Res. 123, 105-115. doi: 10.
1016/j.schres.2010.07.020

Whitfield-Gabrieli, S., Thermenos, H. W., Milanovic, S., Tsuang, M. T., Faraone, S.
V., McCarley, R. W,, et al. (2009). Hyperactivity and hyperconnectivity of the
default network in schizophrenia and in first-degree relatives of persons with
schizophrenia. Proc. Natl. Acad. Sci. U S A 106, 1279-1284. doi: 10.1073/pnas.
0900938106

Wolpert, D. M., and Kawato, M. (1998). Multiple paired forward and inverse
models for motor control. Neural Netw. 11, 1317-1329. doi: 10.1016/s0893-
6080(98)00066-5

Zhou, J., Greicius, M. D., Gennatas, E. D., Growdon, M. E,, Jang, J. Y., Rabinovici,
G. D, et al. (2010). Divergent network connectivity changes in behavioural
variant frontotemporal dementia and Alzheimer’s disease. Brain 133, 1352—
1367. doi: 10.1093/brain/awq075

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: 29 December 2013; accepted: 22 April 2014; published online: 30 May 2014.
Citation: Nekovarova T, Fajnerova I, Horacek ] and Spaniel F (2014) Bridging
disparate symptoms of schizophrenia: a triple network dysfunction theory. Front.
Behav. Neurosci. 8:171. doi: 10.3389/fnbeh.2014.00171

This article was submitted to the journal Frontiers in Behavioral Neuroscience.
Copyright © 2014 Nekovarova, Fajnerova, Horacek and Spaniel. 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

May 2014 | Volume 8 | Article 171 | 10



