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Summary 
Perinatal cerebral hypoxia represents a major cause of obstetric complications and the resulting transient oxygen 
deficiency might belong to early risk factors for schizophrenia. The aim of this study was to evaluate possible long-term 
behavioral changes induced by one hour of continuous bilateral common carotid artery occlusion in 12-day-old male 
rats. Post-ischemic behavioral disturbances were evaluated in social (play) behavior on postnatal day 22 (PND 22), 
open field test (PND 35 and 50) and prepulse inhibition of the acoustic startle reflex (PND 50). Transient ischemia in 
neonatal rats was not significantly altered in social dyadic interactions evaluated in pre-weaning pups, but resulted in 
enhanced locomotor activity in pubertal rats (PND 35) and impaired prepulse inhibition of the startle reflex in post-
pubertal males (PND 50). These behavioral alterations suggest that perinatal hypoxic/ischemic insults may represent a 
risk factor for later manifestation of specific features relevant to schizophrenia in predisposed individuals.  
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Introduction 

 
Several epidemiological studies have confirmed 

that fetal and perinatal insults associated with brain 
hypoxia can increase the risk of schizophrenia (Jones et 
al. 1998, Cannon et al. 2000, 2002) and have given 
credence to the neurodevelopmental hypothesis of 
schizophrenia (Weinberger 1987, Murray and Lewis 
1987, Harrison 1999, Marenco and Weinberger 2000). 
Patients with schizophrenia had in their histories a 
particular excess of obstetric complications, such as 
premature rupture of fetal membranes, low birth weight, 

newborn immaturity, forceps delivery and resuscitation at 
birth (Verdoux and Murray 1998, review Cannon et al. 
2004). These complications are frequently accompanied 
by hypoxic-ischemic brain damage during delivery 
(Rantakallio et al. 1987, Cannon et al. 2000, 2002, 
Zornberg et al. 2000, Dalman et al. 2001). Therefore, we 
can see that obstetric complications involving perinatal 
lack of oxygen, including intrauterine hypoxia and birth 
asphyxia (Trojan and Šťastný 1988, Jones et al. 2004) 
represent a significant risk. These and other findings 
suggest that perinatal hypoxia acts additively or 
interactively with genetic factors by influencing 
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susceptibility to schizophrenia (Cannon et al. 2000, 
Zornberg et al. 2000). Because of methodological 
problems, however, a direct causative link between 
schizophrenia and hypoxia remains without definite 
conclusions (Cannon et al. 2004). It was suggested that 
animal modeling can be a useful tool for determining if 
brain hypoxic-ischemic episodes in animals can actually 
cause changes in behavior resembling those seen in 
schizophrenia (Boksa 2004). Earlier studies have already 
shown that alterations in neuronal pathways caused by 
obstetric complications can be reproduced in rats 
subjected to perinatal hypoxia (Antier et al. 1998, 
Balduini et al. 2000, Sandager-Nielsen et al, 2004). 
Suitable models of perinatal hypoxia, based on the 
bilateral ligation of the common carotid arteries (BCCA), 
have been established in immature rats (Jílek et al. 1968, 
Šťastný et al. 1971, Uehara et al. 1999). Under these 
conditions the neonatal brain does not suffer from anoxia 
(ischemia), but from oligemic hypoperfusion (stagnant 
hypoxia) (Choy et al. 2006).  

Neurodevelopmental processes in neonatal rats 
continue during the first three weeks of postnatal life and 
reach the level of those observed in human newborns at 
the end of the second postnatal week (Romijn et al. 1991, 
Bayer et al. 1993). Therefore, rat pups at postnatal day 12 
(PND 12) were used and subjected to one hour of 
continuous occlusion of both common carotid arteries. 
Changes in blood pH and blood gases were determined at 
the end of the hypoxic episode. Previous findings have 
revealed that stagnant hypoxia alters brain levels of 
glutamate/aspartate in 12-day-old rat pups (Jílek et al. 
1968). Similarly, neonatal intracranial infusion of 
glutamate receptor agonists, quinolinic acid and N-acetyl-
aspartyl-glutamate, to rat pups mimics animal models of 
schizophrenia, but with some behavioral differences 
(Šťastný et al. 2004, 2005, Bubeníková-Valešová et al. 
2006). To determine whether the behavioral changes in 
the post-ischemic animals were already present early in 
life or emerged during life, rats were tested before 
puberty and after puberty using a battery of tests for 
screening of schizophrenia-like symptoms (social and 
exploratory behavior, sensorimotor gating).  

The aim of this study was to evaluate – both 
during development and in early adulthood – changes in 
social (play) behavior (PND 22), reactivity in the open 
field paradigm (PND 35 and 50) and sensorimotor gating 
as revealed by the acoustic startle response and prepulse 
inhibition (PND 50). We investigated the effects of 
neonatal ischemia (PND 12) on behavior exhibiting 

strong links to changes seen in schizophrenia and discuss 
the validity of our “ischemic animal model” relative to 
this mental disorder.  

 
Methods 

 
Animals and housing 

Albino male rats (Wistar/Han rats, breeding 
colony BioTest Ltd, Konárovice, Czech Republic) were 
used in all experiments. Litters were obtained one week 
prior to the start of the surgical procedures and rearranged 
so that each group contained eight males and two 
females. Cages with individual nests were kept in an 
environmentally controlled room under 12 h of light and 
12 h of dark. On PND 28 the rat pups were weaned (the 
day of birth was designated as PND 0) and separated 
according to gender and experimental group into clear 
plastic cages. All procedures were conducted in 
accordance with the European Community Council 
Directives (86/609/EEC) and followed the guidelines of 
the National Committee for the Care and Use of 
Laboratory Animals. All behavioral experiments were 
performed in a soundproof room adjacent to the housing 
room between 8:00 h and 13:00 h. Additionally, the 
animals were used only once in a randomized order for 
each type of behavioral test.  

 
Animal surgeries  

Twelve-day-old rat pups (males weighing  
20-28 g) were anesthetized with halothane (3.0 % for 
induction and 1.0-1.5 % for maintenance) in a mixture of 
oxygen and carbon dioxide (95:5). The rat pups were 
placed in the supine position on a heating pad to maintain 
their rectal temperature constant (36.5±0.5 oC). The 
common carotid arteries were exposed through a cervical 
incision along the ventral midline. With the use of a 
stereomicroscope, both nerve-vascular bundles were 
separated and the common carotid arteries were isolated 
and occluded (BCCAO) with ligatures (10-0 silk); the 
skin incisions were then temporarily closed. The 
surgeries were routinely completed in less than 10 min.  

After 60 min the ventral incision was reopened 
and the ligatures on the common carotid arteries were 
removed. The ventral incision was resutured and after one 
hour of recovery, the pups were returned to their mothers. 
The exception to this procedure involved rat pups used 
for arterial blood sampling. The sham-operated animals 
underwent the same surgical protocol (bilateral common 
carotid artery isolation) as the experimental rat pups; 
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however, there was no ligation and subsequent occlusion 
of the common carotids.  

 
Blood gas analysis 

For blood gas analysis, 20 rat pups were chosen 
(10 from the experimental group and 10 from the sham-
operated group). Sixty minutes after the initial procedure 
the animals were separated, re-anesthetized and blood 
samples were withdrawn from a drop of blood that 
formed after transection of the left carotid artery. Blood 
samples (100 µl) were drawn into heparinized glass 
capillary tubes. Blood gas parameters (arterial pH, arterial 
partial pressures of CO2 and O2) were measured using a 
pH/Blood Gas Analyzer, type-1620 (Instrumentation 
Laboratory, France).  

 
Social (play) behavior 

Social (play) behavior (frequency, duration and 
latency of pinning and social behavior unrelated to social 
play behavior) was assessed in paired animals on PND 22 
to demonstrate the deficits of social functioning 
comparable to pre-schizophrenic symptoms. Male pups 
were tested as described by Vanderschuren et al. (1995). 
On the day of the experiment, the animals were isolated 
in plastic cages (40 x 23 x 23 cm), for 3.5 h prior to 
experimentation. The session consisted of placing two 
pups from different litters into the novel test arena for 
15 min. Each tested pair of animals came from the same 
group, i.e. both from the experimental group or both from 
the sham-operated group. The difference in body weight 
between the paired pups was less than 10 g. The behavior 
of the paired animals was recorded on videotape and was 
evaluated using the program ACTIVITIES (Donát 1991). 
Playing behavior (pinning: one of the animals lying on its 
back and the other pup standing over it) and social 
behavior unrelated to social play behavior (following the 
approach of the tested partner, mounting-crawling over 
the test partner, sniffing-grooming any part of the body of 
the test partner, including the anogenital area) were 
noted. In addition to this, we also noted “solitude” 
behavior in which the pairs kept a distance of at least 
10 cm from each other.   
 
Spontaneous activity in an open field 

Locomotor activity in the open field test was 
evaluated on PND 35 (pubertal) and PND 50 (young 
adult) rats. A clear plastic rectangular arena (65 x 45 x 35 
cm high) was placed in a sound attenuated, white-light 
observation room. The floor of the arena was divided into 

4 cm x 3 cm squares without any covering material. All 
tests started with the individual animals being initially 
placed in the center of the arena. During one 5-min 
session, the frequency, duration and latency of behavioral 
characteristics (rearing, crossing, immobility, floor 
sniffing, air sniffing, grooming) were tape-recorded and 
chronicled (Benešová et al. 2001) using the program 
ACTIVITIES. This PC program produces impulses (in 
0.1 s intervals) that allow to calculate the number of 
occurrences, total duration (i.e. total time spent 
performing activity) and latency (i.e. time from beginning 
of observation to the first occurrence) of selected 
behavioral elements (recorded by key codes). 

 
Acoustic startle response (ASR) and prepulse inhibition 
(PPI)  

On PND 50 the rats were transferred to a room 
adjacent to the Acoustic Startle One-Chamber System 
(SR-LAB, San Diego Instruments, CA). Each tested rat 
was placed into a clear Plexiglas tube which was mounted 
on a Plexiglass frame with a piezzoelectric accelerometer. 
The entire apparatus was placed in a sound-attenuated 
and illuminated cabinet. The acoustic stimuli were 
provided by a loudspeaker mounted 24 cm above the test 
cylinder. A piezzoelectric accelerometer, mounted below 
the Plexiglass frame, detected and transduced movements 
within the cylinder. The delivery of the acoustic stimulus 
was controlled by the SR-LAB system software. The 
stimulus was digitized, rectified and recorded as 250  
1-ms readings from stabilimeters. The magnitude of 
startle amplitude was defined as the average of readings.  

Initially, the rats were pre-exposed to the startle 
pulse alone (12 times at P120 dB, inter-trial interval of 
15 s) and 5 min of habituation (70 dB [A] background 
white noise) two days before the experimental trials. At 
the start of the experiment, the choice of prepulses and 
their timing was made according to the design described 
by Ellenbroek and Cools (2002). The rats were exposed 
to 50 pseudo-randomly arranged trials (10 startle, 10 no 
stimulus and 30 prepulse inhibition trials), background 
noise was continuously generated throughout each 
session. The inter-trial period ranged from 10 to 20 s and 
the whole session lasted 17 min. Different types of trials 
were presented pseudo-randomly throughout the session 
to exclude identical consecutive trials. Startle stimulus 
alone (PA) was 120 dB [A] of white noise, 30 ms in 
duration; whereas with the three different prepulses white 
noise with an intensity of either 73 (PP3), 75 (PP5) or 
80 (PP10) dB [A] was delivered for 30 ms and then 
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followed, 70 ms later, by the startle stimulus. For the 
evaluation of results we used values obtained from the 
11th – 50th trials of each tested animal, which consisted 
of 8 trials for each of the different PPs and the PA. The 
first block of trials (1st – 10th) was considered to be 
adaptation. Basal startle amplitude for each type of trial 
was calculated as the mean amplitude of the 8 trials and 
the percentage of PPI for each prepulse intensity (PP3, 
PP5 and PP10) was calculated as [100 % – (100 % x 
startle amplitude at PP)/PA]. Total PP (PPx) was given as 
the mean from all the different prepulses.  

 
Statistical analysis 

All the data were analysed using t-test statistics, 
except for the non-normally distributed pinning data 
where the Mann-Whitney test was used. All data are 
given as mean ± S.E.M. Statistical analyses were 
performed using BMDP statistical software. P<0.05 
values were considered to be significant.  

 
Results 

 
Changes in arterial blood gases  

A total of 10 rat pups from the sham-operated 
group and 10 pups from the experimental group were 
sampled 60 min after the surgical procedure. The blood 

samples in the experimental group showed a significant 
decrease in arterial pH (P=0.001) and in the average O2 

saturation of hemoglobin (saO2) (P=0.002), but pO2 

decline did not reach statistical significance (Table 1). 
With regard to pCO2, there was a significant increase 
(P=0.021), which however, was not accompanied by a 
significant increase in the concentration of HCO3

 .־
 
Social (play) behavior and social behavior unrelated to 
social play behavior on PND 22 

Results from the social (play) recognition test 
are shown in Table 2. During 15 min sessions, pinning 
behavior in pairs of identically lesioned rats did not show 
any differences when compared to sham-operated 
littermates in total duration, frequency and latency to 
pinning behavior. This activity (pinning) was very poorly 
performed by all the tested animals (11-36 %), including 
other naive pairs (unpublished results) and, therefore, it 
could not be used as a meaningful evaluation of the 
change in this type of behavior. No significant differences 
in frequency, duration and latency were observed 
between sham-operated and post-ischemic animals in the 
other monitored behavioral parameters. 

 
Open field test in pubertal rats on PND 35 

Enhanced locomotor activity during the 5 min 

Table 1. Blood gas parameters of sham-operated (control) and BCCAO (ischemic) 12-day-old rat pups one hour after bilateral common 
carotid artery occlusion. 
 

Group pH arterial pCO2 (kPa) arterial pO2 (kPa) sa O2 (in %) HCO3
- (mmol/l) 

Control 7.28±0.01 6.1±0.5 30.4±4.3 99.4±0.2 22.4±1.6 
Ischemic 7.22±0.01* 7.6±0.3* 21.5±4.2 96.4±0.8* 23.4±1.0 

 
All data are expressed as mean ± S.E.M. (n=10) for control and ischemic group. * different from control group. Statistically significant 
differences were defined as P<0.05. sa O2 - O2 saturation of arterial blood. 
 
 
Table 2. Effect of transient BCCAO (PND 12) on duration of play and social behavior in prepubertal rats (PND 22) during 15 min 
session. 
 

Social play 
behavior 

Social behavior (unrelated to social play) Alone (distance in 
pair ≥ 10 cm) 

Group 

Pinning Mounting/ 
crawling 

Grooming Approaching/ 
following 

 

Control 5.7±5.7 64.6±10.6 103.6±17.4 354.6±20.1 175.0±22.6 
Ischemic 9.6±6.4 81.0±10.9   72.2±15.8 351.8±14.5 184.7±21.6 

 
Data (in seconds) are expressed as mean ± S.E.M. for couples/group (n = 9 for control, n = 11 for post-ischemic group). 
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open field test (which measured ambulation, rearing 
counts, and the duration of immobility) was documented 
in pubertal post-ischemic rats (Table 3 and 4) compared 
to sham-operated rats. All data (which were analyzed 
using the Student t-test) showed significant differences 
between groups: “number of crossings” (P=0.039), 
“duration of immobility” (P=0.026) and “latency” of this 
parameter (P=0.017). However, the results for “frequency 
of rearing” (P=0.060) were not significant. No difference 
was found in grooming between the experimental and the 
sham-operated group (data are not shown). Fine 
exploration activities were defined as air and floor 
sniffing (Tables 3 and 4). Variability of these behavioral 
activities was evaluated with T-statistics and showed no 
difference in the frequency of air sniffing (P=0.214) 
between the groups. The slight decline in air sniffing 
between post-ischemic and sham-operated rats was 
statistically significant with regard to the duration of this 
behavioral activity (P=0.011). The significantly higher 
frequency of crossing activity seen in the post-ischemic 
rats was accompanied by a higher frequency of floor 
sniffing, but duration of floor sniffing was not 
significantly prolonged. In other behavioral activities no 
significant differences were found, including latency of 
defecation (used as a marker of emotionality). 
 

Open field test in young adult (post-pubertal) rats on 
PND 50 

During the 5-min open field test no significant 
differences were found in any of the other investigated 
behavioral parameters including grooming (data not 
shown). There were no significant differences for 
crossing (P=0.101), rearing (P=0.098) or duration of 
immobility (P=0.806) including latency of this parameter 
(P=0.097). 

  
Acoustic startle response and its prepulse inhibition 

Male rats from the experimental group did not 
exhibit any significant differences in the response to a 
single acoustic startle reaction (P120 dB), when 
compared to the sham-operated (control) post-pubertal 
males on PND 50 (control: 104.3±34.2, ischemic: 133.9± 
28.2, P=0.517). An impairment of PPI observed after the 
neonatal ischemic episode was documented by a decrease 

Table 3. Effect of transient BCCAO (PND 12) on frequency of locomotor activity (crossing and rearing), frequency of fine exploration 
(air and floor sniffing) and latency of immobilization (in seconds) during 5-min open field test in pubertal male rats (PND 35). 
 

Group Crossing Rearing Immobility Air sniffing Floor sniffing 

Control (n=10) 54.0±6.5 13.8±2.1 200.0±29.2 21.2±2.2 58.8±5.4 
Ischemic (n=16) 74.7±6.3* 20.0±2.1 275.1±14.6* 17.1±2.1 77.2±4.1* 

 
Data are expressed as mean ± S.E.M. * significantly different (P <0.05) from control group; n = number of animals. 
 
 
Table 4. Effect of transient BCCAO (PND 12) on duration (in 
seconds) of immobility, air and floor sniffing during 5-min open 
field test in pubertal male rats (PND 35).  
 

Group Immobility Air 
sniffing 

Floor 
sniffing 

Control 
(n=10) 

27.8±10.4 67.4±10.8 136.3±8.1 

Ischemic 
(n=16) 

3.1± 1.7* 37.8±5.7* 162.3±9.9 

 
Data are expressed as mean ± S.E.M. * = different from control 
group. P <0.05; n = number of animals. 
 
  

 
Fig. 1. Effect of bilateral common carotid artery occlusion (PND 
12) on prepulse inhibition of the acoustic startle response (startle 
pulse 120 dB) for prepulse (PPI) 3, 5, 10 dB and average of all 
PPI (PPx) above background noise (grey bars, n = 11) in 
comparison to sham-operated group (black bars, n = 7). Data 
are expressed as mean (in %) inhibition of the startle response ± 
S.E.M., * significantly different (P<0.05) from sham-operated 
group. 
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in prepulse inhibition at PP5 and mean PP (PPx, 
calculated as the mean of PP3, PP5, PP10) in post 
pubertal rats (Fig. 1). For PP3 (P=0.206) and PP10 
(P=0.065), the difference was not statistically significant, 
whereas the effect of BCCAO was seen in both PP5 
(P=0.043) and PPx (P=0.025). 
 
Discussion 

 
 Short duration bilateral occlusion of the 

common carotid arteries (BCCAO) has been shown to 
induce a number of abnormalities in the brain and 
behavior of rats that are very similar to those seen in 
patients with schizophrenia. Therefore, long-lasting 
behavioral alterations following a hypoxic/ischemic 
episode may represent a useful endpoint for studying the 
efficacy of potential pharmacological treatments that may 
improve the behavioral consequences of obstetric 
complications involving brain ischemia in humans 
(Balduini et al. 2000). However, the behavioral effects of 
BCCAO have not been studied in detail (Boksa 2004). 
Our model used postnatal rats to approximate more 
closely the level of maturity seen in the human brain at 
birth.  

Social play behavior, used as the earliest form of 
non-mother-directed social behavior (Vanderschuren et 
al. 1997), increases after PND 15 to a peak on PND 30-
36 and then gradually declines (Thor and Holloway 
1984). This first social non-mother-directed behavior was 
not displayed in our experimental conditions to the extent 
described by other researchers. This behavioral feature 
cannot be explained by light conditions that could have 
depressed social play (Panksepp et al. 1984, 
Vanderschuren et al. 1995), because the lighting 
conditions were the same as those used in the animal 
housing room. We hypothesize that the reduced 
motivation to social play could be a result of too short 
period of maternal separation (only 3.5 h) before testing 
with respect to weaning time (PND 28) which is the 
preferred weaning time in our animal house (Šťastný et 
al. 2004, 2005). On PND 28, rat adolescents have already 
established a typical daily rhythm (Nováková 1966, 
Girard et al.1991) and have completed changes in 
lipogenesis. Social behavior, unrelated to social play 
behavior, exhibited in the post-ischemic male rats showed 
no significant changes in contact behavior. These results 
suggest that the acute ischemic insult induced on PND 12 
had only limited effects on social interaction behavior. 
We concluded that different breeding circumstances 

might play an important role in the performance of 
socialization processes evaluated by social (play) test, 
including the role of the mother as a mediator in the 
future behavior of pups.  

One hour lasting bilateral occlusion of the 
common carotid arteries in 12-day-old rat pups induced 
enhanced locomotor activity (crossing) and depressed 
immobility in the open field paradigm in pubertal animals 
(on PND 35). Previous findings have shown both 
hyperactivity and hypoactivity as a consequence of 
neonatal hypoxia/ischemia (Speiser et al. 1983, Antier et 
al. 1998, Balduini et al. 2000, Ikeda et al. 2004, Lubics et 
al. 2005). With regard to locomotor activity, the protocol 
with the greatest similarity to ours, relative to the time of 
the ischemic insult was described by Decker et al.  
(2003), when very short intermittent burst of hypoxia 
over PND 7-11 resulted in hyperlocomotion of adult rats. 
Our observations showed that the differences in 
spontaneous activity, expressed as “crossing” during a 5 
min session, between sham-operated and post-ischemic 
males decreased with age; in early adulthood the rats 
exhibited an almost normal pattern of exploration in the 
open field paradigm. This finding supports the idea of a 
compensatory mechanism that can mitigate the effects of 
the perinatal insults, and which expressed itself as a 
higher level of plasticity in the neonatal rat brain 
(Balduini et al. 2000).  

 However, in our model the effects of one hour 
of continuous bilateral common carotid artery occlusion 
in 12-day-old rat pups were still present in early 
adulthood (PND 50) as a deficit in prepulse inhibition 
(without altered basal startle amplitude) in post-ischemic 
animals. Strong evidence indicates that PPI is regulated 
by the nucleus accumbens, more specifically, by its 
dopaminergic inputs, and disruption of PPI by DA 
agonists (i.e. apomorphine) are frequently used as an 
animal model of PPI deficits in schizophrenic subjects 
(Geyer et al. 2001). Jansen and Low (1996) showed that 
using neonatal ischemic-hypoxic brain injury based on 
the protocol of Rice et al. (1981) produced sensorimotor 
deficits in adult animals. However, this deficit was 
examined, not by using the prepulse inhibition paradigm, 
but by measuring the time during which the animals were 
able to remain on a rotating treadmill. Our findings 
documented the possible role of ischemic lesions, 
induced relatively late in the development of rat brains, 
on information-processing and modulation of PPI and 
potential deficits in brain structures associated with 
neuronal circuits involved in sensorimotor gating. 
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In summary, we have shown that one hour of 
continuous hypoperfusion of neonatal rat brains can 
induce behavioral deficits in young adult males that are 
relevant to schizophrenia. When 12-day-old male rats 
were subjected to transient brain ischemia and then tested 
as adolescent and young adult rats, they displayed a 
change in their reaction to novelty and to prepulse 
inhibition of the acoustic startle. The present study 
supports the model of schizophrenia as a neurodevelop-
mental disorder. We believe that early cerebral 
hypoperfusion is a factor in later neurodevelopment and 
consequently has the potential to alter CNS function. 

These alterations can be linked with the manifestations of 
neuropsychiatric disorders. Thus, even though genetic 
vulnerability plays a major role in the development of 
schizophrenia, these findings suggest that obstetric 
complications also contribute as epigenetic factors in the 
etiology of schizophrenia. 
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