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Abstract

Background

Schizophrenia is accompanied by altered motor activity and abnormal thermoregulation;

therefore, the presence of these symptoms can enhance the face validity of a schizophrenia

animal model. The goal was to characterize these parameters in freely moving condition of

a new substrain of rats showing several schizophrenia-related alterations.

Methods

Male Wistar rats were used: the new substrain housed individually (for four weeks) and

treated subchronically with ketamine, and naive animals without any manipulations. Adult

animals were implanted with E-Mitter transponders intraabdominally to record body temper-

ature and locomotor activity continuously. The circadian rhythm of these parameters and

the acute effects of changes in light conditions were analyzed under undisturbed circum-

stances, and the effects of different interventions (handling, bed changing or intraperitoneal

vehicle injection) were also determined.

Results

Decreased motor activity with fragmented pattern was observed in the new substrain. How-

ever, these animals had higher body temperature during the active phase, and they showed

wider range of its alterations, too. The changes in light conditions and different interventions

produced blunted hyperactivity and altered body temperature responses in the new sub-

strain. Poincaré plot analysis of body temperature revealed enhanced short- and long-term

variabilities during the active phase compared to the inactive phase in both groups. Further-

more, the new substrain showed increased short- and long-term variabilities with lower

degree of asymmetry suggesting autonomic dysregulation.
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Conclusions

In summary, the new substrain with schizophrenia-related phenomena showed disturbed

motor activity and thermoregulation suggesting that these objectively determined parame-

ters can be biomarkers in translational research.

Introduction
Animal models are not only important tools for understanding pathological mechanisms, but
they are also necessary for testing hypotheses that cannot be addressed in human studies and
for developing and preclinical testing of new treatments [1]. However, investigating psychiatric
illnesses in animals is quite difficult, as these illnesses are characterized by disturbances in func-
tions assigned to humans only (e.g., hallucinations). Nevertheless, certain aspects of schizo-
phrenia can indeed be modeled in animals. It is well-known that both genetic predisposition
and environmental factors contribute to the pathomechanism of this neuropsychiatric disor-
der; therefore, the combination of these interventions may lead to a reliable chronic schizo-
phrenia model with relatively high constructive validity. Recently a complex animal model has
been developed by selective breeding based on behavioral alterations after combined subchro-
nic ketamine treatment (NMDA-receptor antagonist) and postweaning social isolation [2,3].
These animals showed several signs of schizophrenia, i.e., disturbed pain sensitivity, sensory
gating, stereotypic behaviors and cognitive functions suggesting that they might be a more reli-
able model of schizophrenia than naive animals with isolation and ketamine treatment or the
new substrain without any treatment.

Impairment in motor behaviors is an important sign of schizophrenia, as it is associated
with its subtype, psychopathology and medication; thus, excessive motor agitation or reduced
motor activity, even akinetic episodes, could be observed [4,5]. Motor activity changes in differ-
ent schizophrenia animal models have been observed mainly in open field for a short period
[6], and few animal data are available about the motor activity changes in schizophrenia rodent
models in freely moving condition for a long period [7,8].

A body of evidence has demonstrated disturbed thermoregulation in schizophrenic patients
with controversial results, but its mechanism has not been revealed [9–11]. Only few studies
have investigated the body temperature (BT) changes under restrained circumstances in
schizophrenic animal models, but no data are available about the thermoregulation during
freely moving, unstressed conditions [12,13]. Therefore, our objective was to reveal 1) the cir-
cadian rhythm of thermoregulation and motor activity in the 18th generation of the new sub-
strain after social isolation and ketamine treatment in freely moving conditions, and 2) the
effects of changes in light condition and different interventions (change of bedding, handling
or intraperitoneal (IP) vehicle injection) on these parameters as well. One valuable tool to
determine the variability of some physiological data is the Poincaré plot analysis (PPA) which
has been applied for heart rate, blood pressure and electroencephalogram data [14–17]. This
time-domain analysis can determine short- and long-term variabilities and asymmetry in the
variabilities. While the variabilities in BT have also been investigated in a few studies, no PPA
has been performed yet for this parameter [18]. The further goal was to reveal the circadian
rhythm of these Poincaré parameters in control animals and to disclose the potential distur-
bances in these factors of the new substrain.
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Materials and Methods
All experiments were carried out with the approval of the Hungarian Ethical Committee for
Animal Research (Reference number: XIV/03285/2011).

2.1 Selective breeding process
The paradigm for selective breeding has previously been described [2]. Briefly: Wistar rats,
after weaning at 3 weeks of age, were tested with the tail-flick (TF) test (48°C hot water) to
assess pain sensitivity and then housed individually for 28 days. The animals were treated with
ketamine (Calypsol, Gedeon Richter Plc., Budapest, Hungary; 30mg/kg IP, 4mL/kg, daily, 5
times/week, 15 injections in total) from 5 to 7 weeks of age. Then the animals were re-housed
(4–5/cage), and 1 week of recovery followed with no treatment. Starting at the age of 9 weeks,
the pain sensitivity with TF test, the sensory gating with prepulse inhibition (PPI), and the cog-
nitive functions and stereotypic behavior on hole-board (HB) test were assessed (Table 1). Ani-
mals with the highest level of disturbances in these parameters were used for selective breeding
throughout 18 generations [2,3].

2.2 Telemetric experiments
Two experimental groups of 6-6 rats were compared: naive socialized male rats without keta-
mine treatment; and the 18th generation of selectively bred male rats with social isolation and
ketamine treatment. After the abovementioned behavioral tests (Table 1), the animals were
involved in the telemetric experiments between 4 and 6 months of age. E-Mitter system with
battery-free and implantable transponders attached to PC-based data acquisition software is
appropriate to monitor abdominal temperature (°C) and gross locomotor activity (in arbitrary
unit) in freely moving animals in their home cage with 1 min of sampling frequency (Starr Life
Sciences, E-Mitter, Vitalview, Oakmont, PA, USA). Animals were intraabdominally implanted
with E-Mitter transponders under ketamine-xylazine (72 and 8mg/kg IP, respectively) anesthe-
sia to minimize the suffering of animals during the surgery and post-surgery recovery. Follow-
ing the surgical procedure the animals were injected with gentamycin (10 mg/kg,
subcutaneously) to prevent infection and were housed individually in cages (42x30x19cm)
with ad libitum access of chow and tap water. The cages were placed on receiver platforms in
an isolated room (23°C and 66% humidity) with a 6:00 a.m.–6:00 p.m. light cycle. After 5 days
of recovery period, BT and motor activity were monitored continuously for 13 days. The ani-
mals were not disturbed for 8 days in total. Each of them was handled (for about 1 min) and
bed-changed (which means handling together with new environment) on 2–2 different days,
and IP vehicle injections were applied at once between 8:30 and 9:00 a.m. Since the intraindivi-
dual variabilities of both motor activity and BT were high, more data sampling was required.
To do this, the data of different days with the same conditions were pooled as applied in an

Table 1. Schedule of the experimental protocol for selective breeding and behavioral testing.

Weaning Procedures for selective breeding Behavioral testing

Age (weeks) 3 4 5–7 8 9 10 16–24

Naive rats TF, PPI group housing (3–4 rats/cage) TF,
PPI

HB Telemetry
recordings

New
substrain

social
isolation

social isolation + ketamine treatment (30 mg/kg/
daily)

group
housing

Abbreviations: TF: tail-flick test, PPI: prepulse inhibition test, HB: hole-board test.

doi:10.1371/journal.pone.0143751.t001
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earlier study [19]; thus, 48 recordings (6 animals for 8 days) without any disturbances and 30
recordings (6 animals for 5 days) with disturbances (handling, bed-change and/or vehicle
injection) were pooled, but they were separately analyzed for dark and light phases. Regarding
the analysis of motor activity and BT, several parameters were calculated for the active (dark)
and passive (light) phases without any intervention, as indicated in Table 2 [20]. To observe
the acute effects of changes in light conditions or different interventions (handling, bed chang-
ing or IP vehicle injection), the mean of activity level (AL) and BT per 10 min epoch for 1 or 2
hours after the actions were analyzed (based on a preliminary study), and the baseline value
was calculated as the mean of values for an hour before the actions (Table 2).

2.3 Statistical analysis
Poincaré plot analysis. The time domain analysis of temperature variability was per-

formed separately for light and dark periods (containing 720–720 data points during 12–12
hours) to characterize the scatter plot of BT using the Poincaré descriptors. In the PPA, each
point has coordinates (BTn, BTn+1), so that it binds a temperature with the next one to display
nonlinear aspects of the data sequence [16,17]. The line of identity is the 45° imaginary diago-
nal line on the Poincaré plot, and the points falling on this line has the property of BTn = BTn+1

(Fig 1). The basic descriptors of the PPA (Table 2b) are the SDNN, which corresponds to the
total variability of the temperature time series. SD1 (short-term variability) measures the dis-
persion of points perpendicular to the line of identity, whereas SD2 (long-term variability)
describes the dispersion along the line of identity [16,17]. There is the following relation

Table 2. Parameters used to describemotor activity (a) and body temperature (b).

a. Motor activity
Activity level (AL) the mean number of activity counts per 1 hour epoch

Movement index (MI) the percentage of 1 min epochs with an activity count >0

Relative movement
index (RMI)

the mean number of activity count during 1 min epochs with an activity
count >0, reflecting the degree of activity during the active epochs

Phase number (PN) the total number of inactive and active periods, reflecting the rhythmicity
of the motor behavior

Phase length (PL) DI the mean duration of uninterrupted immobility periods provides
measures of the length of immobility epochs

DA the mean duration of uninterrupted active periods provides measures of
length of active epochs

b. Body temperature
(BT)

mean BT the mean BT per 1 hour epoch

BTmin and BTmax minimum and maximum values of BT

BT amplitude difference of maximum and minimum BT

BT variability SD1 the short-term variability measures the dispersion of points perpendicular
to the line of identity on Poincaré plot

SD2 the long-term variability measures the dispersion of points along the line
of identity on Poincaré plot

BT asymmetry (BTA) C1d relative contribution of decreases to short-term variance

C1i relative contribution of increases to short-term variance

C2d relative contribution of decreases to long-term variance

C2i relative contribution of increases to long-term variance

doi:10.1371/journal.pone.0143751.t002
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between these descriptors:

SD12¼Var
BTnþ1�BTnffiffiffi

2
p

� �
ð1aÞ

SD22¼Var
BTnþ1�BTnffiffiffi

2
p

� �
ð1bÞ

SDNN2¼SD12þSD22

2
ð2Þ

The body temperature asymmetry (BTA) phenomenon reflects the consistently different
contribution of temperature decreases and increases to the variance-based descriptors of the
variability of BT time series [16,17]. The points located on the identity line have the following
property: BTn = BTn+1, above it, there are increases (BTn+1 >BTn), and below this line, there
are decreases (BTn+1<BTn) (Fig 1). To calculate BTA, the short and long term variances were
partitioned accordingly:

SD12¼SD12
i þSD12

d ð3aÞ

SD22¼SD12
i þSD12

d ð3bÞ

After calculation of these parameters, normalized contributions of increases (C1i, C2i) and
decreases (C1d, C2d) to SD1

2 or SD22 were partitioned (Table 2b):

C1i¼
SD12

i

SD12 ð4aÞ

Fig 1. A sample Poincaré plot analysis of temperature time series derived from a 12-h recording
during dark phase from a control rat. The dashed line is the identity line; all points on this line correspond
to two neighboring temperatures with equal values; all points above this line correspond to BT increases (BTn

+1>BTn); all points below this line correspond to BT reductions (BTn+1<BTn). BTn: BT of the current value, BTn

+1: BT of the next value. SD1: the standard deviation quantifying the dispersion of points in the Poincaré plot
across the identity line. SD2 represents the dispersion along the identity line.

doi:10.1371/journal.pone.0143751.g001
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C1d¼
SD12

d

SD12 ð4bÞ

C2i¼
SD22

i

SD22 ð4cÞ

C2d¼
SD22

d

SD22 ð4dÞ

Data are expressed as means±S.E.M. Different parameters were compared with one-way or
repeated-measures two-way ANOVA; the Newman-Keuls post hoc test was also applied. For
the asymmetry analysis, the binomial test for comparing the numbers of asymmetric cases and
the Wilcoxon test for comparing the relative contributions were used [16]. Statistical analysis
was performed with Statistica 12.0 software (Statsoft, Tulsa, Oklahoma, USA). Differences
were considered significant for p<0.05.

Results
In agreement with our recent studies [2,3], the naive and selected rats involved in the telemetric
experiments showed significant differences in the behavioral tests. The new substrain showed
decreased acute heat pain sensitivity indicated by longer tail-flick latency (13.8±0.92 s) com-
pared to the naive rats (10.7±1.13 s; p<0.05). Regarding the sensory gating of acoustic startle
reflex, it decreased close to significantly (p = 0.07) in the new substrain (33.9±7.62%) compared
to the naive group (55.7±7.58%). Comparing their cognitive performance in the modified HB
test, the selected rats could collect significantly fewer food rewards (1.5±1.19 over 16) com-
pared to their naive counterparts (13.2±1.19 over 16; p<0.01), and it was accompanied by
impaired stereotypic behavior (decreased rearing, locomotor and exploratory, but increased
self-grooming activities).

3.1 Motor activity and body temperature alterations during undisturbed
circumstances
Motor activity and BT did not change significantly during the 8 days, which suggest that these
parameters were stable. Motor activity and BT of rats belonging to either of the two groups
showed daily rhythm with dark maxima and day minima characteristic of most rodent species
(Figs 2A and 3A).

The analysis of AL at dark and light phases showed significant effects of group (F1,110 =
32.73, p<0.001), phase (F1,110 = 2514, p<0.001) and a close to significant effect of interaction
(F1,110 = 3.33, p = 0.07; Fig 2A); thus, the animals of the new substrain exhibited decreased AL
during both phases compared to control rats. The analysis of mean values of BT showed a sig-
nificant effect of phase (F1,110 = 3929, p<0.001), and phase and group interaction (F1,110 =
21.00, p<0.001); thus, the new substrain had significantly higher temperature during the dark
period (Fig 3A). Therefore, lower activity was accompanied by higher BT in the new substrain.

The analysis of the movement index (MI) and relative movement index (RMI) (Table 2b)
showed that these values were higher during the active phase compared to the inactive one in
both groups (Fig 2B and 2C). The new substrain had significantly lower MI during the inactive
phase, while RMI decreased in both phases compared to the control group. Thus, these animals
had reduced number of active epochs with decreased motor activity during these epochs.

The analysis of phase number (PN) revealed that the animals of the new substrain exhibited
significantly higher PN during the active phase compared to the control group and to the
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passive period (Fig 2D). Regarding the phase differences in phase length (PL), DI (length of
immobility epochs) was significantly longer during the passive phase compared to the active
one, while DA (length of active epochs) showed the opposite pattern in both groups (Fig 2E);
thus, DI was significantly longer than DA during light phase, while the opposite was observed
in the dark period. Furthermore, the new substrain exhibited significantly shortened DI and
DA during their active period.

Regarding the detailed analysis of ranges of BT (Table 2a), animals in both groups had sig-
nificantly higher minimum and maximum values during the active phase than in the passive
one (Fig 3B). Moreover, the new substrain had significantly lower minimum value during the
inactive phase and higher maximum values in both phases compared to control animals.
Therefore, the amplitude of BT increased during the dark period compared to the light one in
the control group, but the new substrain did not show this pattern since they had significantly
higher BT amplitude during the light phase than the control group (Fig 3C).

Regarding the analysis of mean changes in BT between two consecutive data points, the
degree of BT increases during the dark phase were significantly larger compared to the light
phase or to the BT decreases in both groups (Fig 3D). The comparison of the two groups
revealed significantly smaller degree of increases in the new substrain compared to the control
animals during the active phase.

Fig 2. Motor activity parameters in undisturbed circumstances during light and dark phases.Mean AL
(activity level; A), MI (movement index; B), RMI (relative movement index; C), PN (phase number; D), PL
(phase length; E) with duration of uninterrupted immobility (DI) or active (DA) period. * p<0.05 between
groups; # <0.05 between the day cycles; x p <0.05 between the DI and DA. Data are presented as
means ± SEM.

doi:10.1371/journal.pone.0143751.g002
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3.2 The acute effects of changes in light conditions and different
interventions
The analysis of BT and motor activity values at the beginning of changes in light conditions
revealed that BT of the new substrain was higher in both light on or off conditions, in spite of
the fact that the motor activity changes were blunted in this group (Fig 4A and 4B). The differ-
ent interventions (handling, cleaning or vehicle injection) produced significant, temporary and
similar effects. Thus, all the three interventions caused temporary hyperlocomotion accompa-
nied by increased BT in both groups; therefore, these data were pooled for further analysis. The
analysis of these data showed that the animals of the new substrain exhibited delayed hyper-
thermia with decreased hyperactivity (Fig 4C and 4D).

3.2.1 Poincaré plot analysis of BT. The Poincaré descriptors (Table 2b) were analyzed
separately for the dark and light periods without disturbances. As Fig 1 shows, the shape of the
scatter plot was similar to a slim cigar (SD1 is about 10 times as low as SD2); thus, SD2 had
high contribution to SDNN; therefore, it had almost the same value as SD2. For that reason,
the results of SDNN were not presented. The very slim shape of the plot indicated strict linear-
ity of the data, which suggests that 1 min was an appropriately short time-lag for BT sampling.

Both SD1 and SD2 were significantly larger in both groups during the active phase com-
pared to the passive period (Fig 5B and 5C). Furthermore, the new substrain had increased
short-lasting variability during the active phase, but higher long-lasting variability during both
phases than the control rats. Regarding the short-term asymmetry of temperature, the number
of SD1d was dominant, and the mean CD1d was significantly larger than SD1i in both groups
independently of the day phase (Table 3). Thus, the short-term asymmetry was present in the
two groups during both day phases with a significantly lower level in the new substrain
(Table 3). The comparison of the short-term asymmetry of dark vs. light periods revealed that

Fig 3. Body temperature parameters in undisturbed circumstances during light and dark phases. The
mean values of BT minimum (A), BT maximum (B), BT amplitudes (C), and the mean of changes in BT
between two consecutive data points (D). * p <0.05 between groups; # p <0.05 between the day cycles; x p
<0.05 between the BT decreases and increases. Data are presented as means ± SEM.

doi:10.1371/journal.pone.0143751.g003
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the active phase was accompanied by decreased asymmetry in the control group but not in the
new substrain.

Regarding the long-term asymmetry of temperature, the number of SD2i was dominant,
and the mean SD2i was significantly larger than SD2d in the control group in both day phases,
which reflects significant asymmetry. In contrast, the new substrain had significant long-term
asymmetry only during the light phase (Table 3). Thus, the degree of the long-term asymmetry
was clearly decreased in the new substrain compared to the control group during the light, but
not the dark phase. The comparison of the long-term asymmetry of dark vs. light periods did
not show significant differences in either group.

Fig 4. BT (A) andmotor activity (B) alterations during the light-phase changes for an hour. BT (C) and
motor activity (D) changes after interventions for two hours. " signs the beginning of changes in light condition
or the interventions. * p <0.05 between groups; # p <0.05 compared to baseline. Data are presented as
means ± SEM.

doi:10.1371/journal.pone.0143751.g004

Fig 5. Poincaré plot analysis of body temperature in undisturbed circumstances during light and dark
phases. Changes in SD1 (A) and SD2 (B). * p <0.05 between groups; # p <0.05 between the day cycles.
Data are presented as means ± SEM.

doi:10.1371/journal.pone.0143751.g005
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Discussion
Telemetric investigation revealed that the new substrain had significant alterations in thermo-
regulation and locomotor activity registered for a long period under unrestrained conditions.
Thus, they had lower activity and disturbed rhythmicity (enhanced PN with decreased PL)
accompanied by higher value and enhanced amplitude of BT. PPA demonstrated significant
differences in the BT variabilities and BTA between the light and dark phases in both animal
groups. The new substrain had higher degree of short- and long-term variabilities but lower
level of asymmetry compared to the control group.

Altered motor activity in schizophrenia constitutes an integral part of its psychopathology;
therefore, motor symptoms are used as a diagnostic criterion [4,5,21]. Disturbances in motor
activity and its circadian rhythm have been studied in schizophrenic patients with actigraphy
showing that the total motor activity was lower in patients compared to control subjects
[5,21,22]. Several chronic schizophrenia animal models show changes in motor activities; how-
ever, most of the studies used short observation periods in open field [6]. Slight changes in the
activity were found on hole-board test in our new substrain suggesting that the brief investiga-
tion period could not reveal the fine disturbances in motor activity [3]. The telemetry method
allows frequent measurements of different physiological parameters in rodents without induc-
ing stress-related changes [23,24]. Few studies have investigated the locomotor activity in
unstressed conditions for long-term period in schizophrenia animal models with controversial
results [7,8,25]. In agreement with mutant mouse models [8,26], this new substrain of rats had
decreased motor activity with abnormal (saccadic) rhythmicity revealing disrupted architecture
of motor behavior. It is well-known that schizophrenic patients show disrupted circadian activ-
ity rhythms and sleep-wake patterns including higher nocturnal movement and a less clear def-
inition of activity onset in the morning and offset in the evening [21,22,26]. In agreement with
these human studies, changes in light condition or different interventions caused blunted
motor responses in the new substrain, too.

The maintenance of BT within narrow limits is a homeostatic control that is critical for sur-
vival; therefore, BT is one of the most commonly studied variables as a powerful indicator of
circadian synchrony [27]. Abnormal thermoregulation has been reported in schizophrenic
patients; thus, drug-free schizophrenic patients exhibit elevated BT both in resting state and
during exercise, and it has correlated with their psychiatric rating scale score [10,28]. No data

Table 3. The short- and long-term asymmetries of body temperature.

Short-term asymmetry Long-term asymmetry

N (%) of SD1d>SD1i C1d N (%) of SD2d<SD2i C2i

Light phase

control 44 (91.7%)* 0.577* 43 (89.6%)* 0.537*

new substrain 37 (77.1%)* 0.525*# 31 (64.4%) 0.510#

Dark phase

control 37 (77.1%)* 0.525*+ 34 (70.8%)* 0.525*

new substrain 29 (60.4%) 0.512*# 40 (83.3%)* 0.525*

The number of cases (N) have C1d > C1i, or C2d < C2i, and the degree of the relative contribution of decreases (C1d) or increases (C2i) to short- and

long-term asymmetry, respectively.

* Significant degree of asymmetry;
# p<0.05 compared to control group;
+ p<0.05 compared to light phase.

doi:10.1371/journal.pone.0143751.t003
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are available about the BT changes in schizophrenia animal models measured in unrestrained
condition. We observed that in spite of the significantly lower activity during both phases in
the new substrain; these animals had higher BT with higher maximum values. One possible
explanation for this phenomenon might be that the saccadic rhythmicity of the motor activity
masked the effect of hypoactivity on thermoregulation, even leading to hyperthermia during
the active phase. However, the minimum temperature was lower in the passive period in the
new substrain compared to the control group; thus, the prolonged inactivity led to enhanced
hypothermia in this group. All of these alterations support a large scale of disturbances in the
thermoregulation of the new substrain.

PPA is a classical nonlinear analytical method that can analyze the variability of time series
signals. The few studies that have applied fast Fourier or cosinor analysis suggest that variabil-
ity in BT can be implicated for the diagnosis of cardiovascular disorders [18]. Poincaré plot
indices have advantages because the data have no requirements for normal distribution or spe-
cial processing that spectral analysis requires, but it provides a lot of information, especially if
the position of the points relative to the line of identity is taken into consideration [14,16]. Our
data first showed that circadian differences in the SD1 and SD2 of BT were consistent findings
in control rats, i.e., significantly higher degree of short- and long-term variabilities were
observed during the active phase compared to the passive one, which was in agreement with
the trend in the heart rate variability in healthy and schizophrenic subjects [29]. Asymmetry in
BT was also observed, i.e., lower contribution of BT increase to short-term variability, and
higher contribution of BT increase to long-term variability were detected in agreement with
the pattern of the asymmetry of heart rate [16,19]. The degree of these asymmetries depended
on day phases, and the new substrain had higher level of variabilities with blunted asymmetry.
Asymmetry is present in physiological systems as it is a fundamental property of the non-equi-
librium system, and it is related with nonlinear dynamics and time irreversibility exhibiting
complex inter-relationships [30,31]. It has been shown that heart rate asymmetry is decreased
with pathology, thus providing a marker for any loss of normal functionality [17,30]. The
blunted asymmetry of BT may indicate pathological abnormalities in the thermoregulation of
the new substrain, which suggests that it has a more chaotic pattern. A number of mechanisms
might be behind these alterations including somatic, autonomic and/or hormonal changes. It
can be proposed that besides the locomotor alterations, autonomic dysregulation (e.g.,
increased sympathetic tone) might also have taken part in the development of hyperthermia,
and its enhanced variability and decreased asymmetry observed in the new substrain [32];
however, further experiments are required to reveal the possible changes in the activity of the
autonomic nervous system in the new substrain. Several data have shown decreased heart rate
variability in schizophrenic patients, which might be due to the enhanced sympathetic and
decreased parasympathetic tones [29,33–35], but further human studies would be required to
reveal whether there are similar changes in the BT parameters, too. Schizophrenia is a disease
characterized by complex disturbances in multiple neurotransmitter systems including the
abnormalities in both the dopaminergic and the glutamatergic systems [36,37]. These transmit-
ters are also involved in the thermoregulation, motor activity and their circadian rhythm;
therefore, the abnormalities in these parameters are not unexpected sings of schizophrenia
[28,38–41]. Further studies are necessary to clarify the possible molecular biological and/or
genetic backgrounds of these alterations to enhance predictive validity of this model.

Limitations
It is important to note that this telemetry device required an unphysiological environment for
rats, which means that the animals were kept alone in their cages. Sleep–wake cycles in
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individuals with schizophrenia ranged from well entrained to highly disturbed rhythms with
fragmented sleep epochs, together with delayed melatonin onsets and higher levels of daytime
sleepiness [42]. Further electroencephalography experiments are required to reveal the possible
abnormalities in the sleep–wake cycles of these animals.

Regarding the construct validity of our model, it is important to mention that naive animals
after social isolation and ketamine treatment showed some alterations related to schizophrenia
[43,44]; furthermore, the combination of these environmental factors with genetic susceptibil-
ity through several generations led to higher reliability of the investigated signs in later genera-
tions [2,3]. All the behavioral traits seemed to be inheritable, which suggests that this might be
a reliable and practical animal model for schizophrenia. However, based on these results, it
cannot be decided whether these deficits reflect primary disease-related deficits in discrete
brain regions or simply secondary symptoms or just generalized functional impairments.
Therefore, further molecular–biological studies are required to determine the changes in the
receptor binding activity of different neurotransmitters (e.g., dopamine, glutamate). Addition-
ally, characterization of responses of the observed behavioral deficits to antipsychotic treatment
may provide further evidence for the predictive validity of our model.

Conclusions
In conclusion, the data give strong argument to support the use of telemetry as a complemen-
tary tool to evaluate BT and motor activity changes of rats in freely moving condition. These
data show that the new substrain has shown prolonged alterations in motor behavior, thermo-
regulation, and circadian rhythm after juvenile social isolation and ketamine treatment, in
accordance, at least partially, with the clinical picture of schizophrenic patients. We suppose
that the presence of these symptoms besides other behavioral abnormalities enhanced the face
validity of this schizophrenia animal model. These results first characterized the pattern of
temperature variability and asymmetry with PPA in control animals, and it revealed autonomic
dysregulation in a schizophrenia animal model. The precise practical use of these results has
yet to be found, but it seems that the analysis of variabilities and asymmetric patterns may con-
tribute to our knowledge and a better understanding of BT physiology.

Acknowledgments
The authors wish to thank Agnes Tandari for her excellent technical assistance and are grateful
to Csilla Keresztes for the linguistic review of the manuscript.

Author Contributions
Conceived and designed the experiments: GH GB. Performed the experiments: ZP GK. Ana-
lyzed the data: GH. Contributed reagents/materials/analysis tools: GH GK. Wrote the paper:
GH GK.

References
1. Wiescholleck V, Manahan-Vaughan D. Long-lasting changes in hippocampal synaptic plasticity and

cognition in an animal model of NMDA receptor dysfunction in psychosis. Neuropharmacology. 2013;
74: 48–58. doi: 10.1016/j.neuropharm.2013.01.001 PMID: 23376021

2. Petrovszki Z, AdamG, Tuboly G, Kekesi G, Benedek G, Keri S, et al. Characterization of gene-environ-
ment interactions by behavioral profiling of selectively bred rats: the effect of NMDA receptor inhibition
and social isolation. Behav Brain Res. 2013; 240: 134–145. doi: 10.1016/j.bbr.2012.11.022 PMID:
23195116

Complex Disturbances in a Schizophrenia Rat Model

PLOS ONE | DOI:10.1371/journal.pone.0143751 December 2, 2015 12 / 14

http://dx.doi.org/10.1016/j.neuropharm.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23376021
http://dx.doi.org/10.1016/j.bbr.2012.11.022
http://www.ncbi.nlm.nih.gov/pubmed/23195116


3. Kekesi G, Petrovszki Z, Benedek G, Horvath G. Sex-specific alterations in behavioral and cognitive
functions in a "three hit" animal model of schizophrenia. Behav Brain Res. 2015; 284: 85–93. doi: 10.
1016/j.bbr.2015.02.015 PMID: 25698594

4. Tandon R, Nasrallah HA, Keshavan MS. Schizophrenia, "just the facts" 4. clinical features and concep-
tualization. Schizophr Res. 2009; 110: 1–23. doi: 10.1016/j.schres.2009.03.005 PMID: 19328655

5. Walther S, Federspiel A, Horn H, Razavi N, Wiest R, Dierks T, et al. Resting state cerebral blood flow
and objective motor activity reveal basal ganglia dysfunction in schizophrenia. Psychiatry Res. 2011;
192: 117–124. doi: 10.1016/j.pscychresns.2010.12.002 PMID: 21511443

6. Duncan GE, Moy SS, Lieberman JA, Koller BH. Typical and atypical antipsychotic drug effects on loco-
motor hyperactivity and deficits in sensorimotor gating in a genetic model of NMDA receptor hypofunc-
tion. Pharmacol Biochem Behav. 2006; 85: 481–491. PMID: 17097724

7. Kawakami K, Matsumoto K. Behavioral alterations in mice lacking the gene for tenascin-X. Biol Pharm
Bull. 2011; 34: 590–593. PMID: 21467652

8. Oliver P, Sobczyk M, Maywood E, Edwards B, Lee S, Livieratos A, et al. Disrupted circadian rhythms in
a mouse model of schizophrenia. Curr Biol. 2012; 22: 314–319. doi: 10.1016/j.cub.2011.12.051 PMID:
22264613

9. Chong TW, Castle DJ. Layer upon layer: thermoregulation in schizophrenia. Schizophr Res. 2004; 69:
149–157. PMID: 15469188

10. Hermesh H, Shiloh R, Epstein Y, Manaim H, Weizman A, Munitz H. Heat intolerance in patients with
chronic schizophrenia maintained with antipsychotic drugs. Am J Psychiatry. 2000; 157: 1327–1329.
PMID: 10910799

11. Shiloh R, Weizman A, Epstein Y, Rosenberg SL, Valevski A, Dorfman-Etrog P, et al. Abnormal thermo-
regulation in drug-free male schizophrenia patients. Eur Neuropsychopharmacol. 2001; 11: 285–288.
PMID: 11532382

12. Kreuzer P, Landgrebe M, Wittmann M, Schecklmann M, Poeppl TB, Hajak G, et al. Hypothermia asso-
ciated with antipsychotic drug use: a clinical case series and review of current literature. J Clin Pharma-
col. 2012; 52: 1090–1097. doi: 10.1177/0091270011409233 PMID: 21956608

13. Salmi P. Independent roles of dopamine D1 and D2/3 receptors in rat thermoregulation. Brain Res.
1998; 781: 188–193. PMID: 9507118

14. Guzik P, Piskorski J, Krauze T, Narkiewicz K, Wykretowicz A, Wysocki H. Asymmetric features of
short-term blood pressure variability. Hypertens Res. 2010; 33: 1199–1205. doi: 10.1038/hr.2010.138
PMID: 20686487

15. Hayashi K, Mukai N, Sawa T. Poincare analysis of the electroencephalogram during sevoflurane anes-
thesia. Clin Neurophysiol. 2015; 126: 404–411. doi: 10.1016/j.clinph.2014.04.019 PMID: 24969375

16. Piskorski J, Guzik P. Asymmetric properties of long-term and total heart rate variability. Med Biol Eng
Comput. 2011; 49: 1289–1297. doi: 10.1007/s11517-011-0834-z PMID: 21953298

17. Piskorski J, Guzik P. Geometry of poincare plot of RR intervals and its asymmetry in healthy adults.
Physiol Meas. 2007; 28: 287–300. PMID: 17322593

18. Ahmed A, Gondi S, Cox C, Zheng M, Mohammed A, Stupin IV, et al. Body temperature circadian
rhythm variability corresponds to left ventricular systolic dysfunction in decompensated cardiomyo-
pathic hamsters. J Card Fail. 2011; 17: 937–943. doi: 10.1016/j.cardfail.2011.07.004 PMID: 22041331

19. Guzik P, Zuchowski B, Blaszyk K, SeniukW, Wasniewski M, Gwizdala A, et al. Asymmetry of the vari-
ability of heart rate and conduction time between atria and ventricles. Circ J. 2013; 77: 2904–2911.
PMID: 24152724

20. Middelkoop HA, van Dam EM, Smilde-van Den Dole DA, van Dijk G. 45-hour continuos quintuple-site
actimetry: relations between trunk and limb movements and effects of circadian sleep-wake rhythmicity.
Psychophysiology. 1997; 34: 199–203. PMID: 9090270

21. Wirz-Justice A, Haug HJ, Cajochen C. Disturbed circadian rest-activity cycles in schizophrenia
patients: an effect of drugs? Schizophr Bull. 2001; 27: 497–502. PMID: 11596850

22. Afonso P, Brissos S, Figueira ML, Paiva T. Schizophrenia patients with predominantly positive symp-
toms have more disturbed sleep-wake cycles measured by actigraphy. Psychiatry Res. 2011; 189: 62–
66. doi: 10.1016/j.psychres.2010.12.031 PMID: 21257208

23. Harkin A, O'Donnell JM, Kelly JP. A study of VitalView for behavioural and physiological monitoring in
laboratory rats. Physiol Behav. 2002; 77: 65–77. PMID: 12213503

24. Petrovszki Z, AdamG, Kekesi G, Tuboly G, Morvay Z, Nagy E, et al. The effects of juvenile capsaicin
desensitization in rats: behavioral impairments. Physiol Behav. 2014; 125: 38–44. doi: 10.1016/j.
physbeh.2013.11.007 PMID: 24291382

Complex Disturbances in a Schizophrenia Rat Model

PLOS ONE | DOI:10.1371/journal.pone.0143751 December 2, 2015 13 / 14

http://dx.doi.org/10.1016/j.bbr.2015.02.015
http://dx.doi.org/10.1016/j.bbr.2015.02.015
http://www.ncbi.nlm.nih.gov/pubmed/25698594
http://dx.doi.org/10.1016/j.schres.2009.03.005
http://www.ncbi.nlm.nih.gov/pubmed/19328655
http://dx.doi.org/10.1016/j.pscychresns.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/21511443
http://www.ncbi.nlm.nih.gov/pubmed/17097724
http://www.ncbi.nlm.nih.gov/pubmed/21467652
http://dx.doi.org/10.1016/j.cub.2011.12.051
http://www.ncbi.nlm.nih.gov/pubmed/22264613
http://www.ncbi.nlm.nih.gov/pubmed/15469188
http://www.ncbi.nlm.nih.gov/pubmed/10910799
http://www.ncbi.nlm.nih.gov/pubmed/11532382
http://dx.doi.org/10.1177/0091270011409233
http://www.ncbi.nlm.nih.gov/pubmed/21956608
http://www.ncbi.nlm.nih.gov/pubmed/9507118
http://dx.doi.org/10.1038/hr.2010.138
http://www.ncbi.nlm.nih.gov/pubmed/20686487
http://dx.doi.org/10.1016/j.clinph.2014.04.019
http://www.ncbi.nlm.nih.gov/pubmed/24969375
http://dx.doi.org/10.1007/s11517-011-0834-z
http://www.ncbi.nlm.nih.gov/pubmed/21953298
http://www.ncbi.nlm.nih.gov/pubmed/17322593
http://dx.doi.org/10.1016/j.cardfail.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22041331
http://www.ncbi.nlm.nih.gov/pubmed/24152724
http://www.ncbi.nlm.nih.gov/pubmed/9090270
http://www.ncbi.nlm.nih.gov/pubmed/11596850
http://dx.doi.org/10.1016/j.psychres.2010.12.031
http://www.ncbi.nlm.nih.gov/pubmed/21257208
http://www.ncbi.nlm.nih.gov/pubmed/12213503
http://dx.doi.org/10.1016/j.physbeh.2013.11.007
http://dx.doi.org/10.1016/j.physbeh.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24291382


25. Petrasek T, Prokopova I, Sladek M, Weissova K, Vojtechova I, Bahnik S, et al. Nogo-A-deficient trans-
genic rats show deficits in higher cognitive functions, decreased anxiety, and altered circadian activity
patterns. Front Behav Neurosci. 2014; 8: 1–15.

26. Pritchett D, Wulff K, Oliver P, Bannerman D, Davies K, Harrison P, et al. Evaluating the links between
schizophrenia and sleep and circadian rhythm disruption. J Neural Transm. 2012; 119: 1061–1075.
PMID: 22569850

27. Aréchiga H. Circadian rhythms. Curr Opin Neurobiol. 1993; 3: 1005–1010. PMID: 8124069

28. Shiloh R, Munitz H, Portuguese S, Gross-Isseroff R, Sigler M, Bodinger L, et al. Corneal temperature in
schizophrenia patients. Int J Neuropsychopharmacol. 2005; 8: 537–547. PMID: 15927092

29. Boettger S, Hoyer D, Falkenhahn K, Kaatz M, Yeragani VK, Bar KJ. Altered diurnal autonomic variation
and reduced vagal information flow in acute schizophrenia. Clin Neurophysiol. 2006; 117: 2715–2722.
PMID: 17029956

30. Costa M, Goldberger AL, Peng CK. Broken asymmetry of the human heartbeat: loss of time irreversibil-
ity in aging and disease. Physical Review Letters. 2005; 95: 198102. PMID: 16384029

31. Akselrod S, Gordon D, Ubel FA, Shannon DC, Barger AC, Cohen RJ. Power spectrum analysis of heart
rate fluctuation: a quantitative probe of beat-to-beat cardiovascular control. Science. 1981; 213: 220–
222. PMID: 6166045

32. Recordati G. A thermodynamic model of the sympathetic and parasympathetic nervous systems.
Auton Neurosci. 2003; 103: 1–12. PMID: 12531394

33. Moon E, Lee SH, Kim DH, Hwang B. Comparative study of heart rate variability in pateints with schizo-
phrenia, bipolar disorder, post-traumatic stress disorder, or major depressive disorder. Clin Psycho-
pharmacol Neurosci. 2013; 11: 137–143. doi: 10.9758/cpn.2013.11.3.137 PMID: 24465250

34. Bar KJ, Koschke M, Boettger MK, Berger S, Kabisch A, Sauer H, et al. Acute psychosis leads to
increased QT variability in patients suffering from schizophrenia. Schizophr Res. 2007; 95: 115–123.
PMID: 17630259

35. Guzik P, Piskorski J, Krauze T, Schneider R, Wesseling KH, Wykretowicz A, et al. Correlations
between the poincare plot and conventional heart rate variability parameters assessed during paced
breathing. J Physiol Sci. 2007; 57: 63–71. PMID: 17266795

36. Del Arco A, Mora F. Neurotransmitters and prefrontal cortex-limbic system interactions: implications for
plasticity and psychiatric disorders. J Neural Transm. 2009; 116: 941–952. doi: 10.1007/s00702-009-
0243-8 PMID: 19475335

37. Stone JM, Morrison PD, Pilowsky LS. Review: glutamate and dopamine dysregulation in schizophrenia
a synthesis and selective review. J Psychopharmacol. 2007; 21: 440–452. PMID: 17259207

38. Schwartz PJ, Erk SD. Regulation of central dopamine-2 receptor sensitivity by a proportional control
thermostat in humans. Psychiatry Res. 2004; 127: 19–26. PMID: 15261701

39. Radonjic NV, Petronijevic ND, Vuckovic SM, Prostran MS, Nesic ZI, Todorovic VR, et al. Baseline tem-
perature in an animal model of schizophrenia: long-term effects of perinatal phencyclidine administra-
tion. Physiol Behav. 2008; 93: 437–443. PMID: 17996259

40. Clark WG, Lipton JM. Changes in body temperature after administration of amino acids, peptides,
dopamine, neuroleptics and related agents: II. Neurosci Biobehav Rev. 1985; 9: 299–371. PMID:
2861591

41. Skagerberg G, Lindvall O. Organization of diencephalic dopamine neurones projecting to the spinal
cord in the rat. Brain Res. 1985; 342: 340–351. PMID: 4041835

42. Bromundt V, Koster M, Georgiev-Kill A, Opwis K, Wirz-Justice A, Stoppe G, et al. Sleep-wake cycles
and cognitive functioning in schizophrenia. Br J Psychiatry. 2011; 198: 269–276. doi: 10.1192/bjp.bp.
110.078022 PMID: 21263013

43. Becker A, Grecksch G, Schroder H. Pain sensitivity is altered in animals after subchronic ketamine
treatment. Psychopharmacology (Berl). 2006; 189: 237–247.

44. Tuboly G, Benedek G, Horvath G. Selective disturbance of pain sensitivity after social isolation. Physiol
Behav. 2009; 96: 18–22. doi: 10.1016/j.physbeh.2008.07.030 PMID: 18761027

Complex Disturbances in a Schizophrenia Rat Model

PLOS ONE | DOI:10.1371/journal.pone.0143751 December 2, 2015 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/22569850
http://www.ncbi.nlm.nih.gov/pubmed/8124069
http://www.ncbi.nlm.nih.gov/pubmed/15927092
http://www.ncbi.nlm.nih.gov/pubmed/17029956
http://www.ncbi.nlm.nih.gov/pubmed/16384029
http://www.ncbi.nlm.nih.gov/pubmed/6166045
http://www.ncbi.nlm.nih.gov/pubmed/12531394
http://dx.doi.org/10.9758/cpn.2013.11.3.137
http://www.ncbi.nlm.nih.gov/pubmed/24465250
http://www.ncbi.nlm.nih.gov/pubmed/17630259
http://www.ncbi.nlm.nih.gov/pubmed/17266795
http://dx.doi.org/10.1007/s00702-009-0243-8
http://dx.doi.org/10.1007/s00702-009-0243-8
http://www.ncbi.nlm.nih.gov/pubmed/19475335
http://www.ncbi.nlm.nih.gov/pubmed/17259207
http://www.ncbi.nlm.nih.gov/pubmed/15261701
http://www.ncbi.nlm.nih.gov/pubmed/17996259
http://www.ncbi.nlm.nih.gov/pubmed/2861591
http://www.ncbi.nlm.nih.gov/pubmed/4041835
http://dx.doi.org/10.1192/bjp.bp.110.078022
http://dx.doi.org/10.1192/bjp.bp.110.078022
http://www.ncbi.nlm.nih.gov/pubmed/21263013
http://dx.doi.org/10.1016/j.physbeh.2008.07.030
http://www.ncbi.nlm.nih.gov/pubmed/18761027

