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Abstract

Several evidences suggest that transient global anoxia after Caeracan section birth in rats produces behavioral changes related to
dopaminergic transmission. However, all of the reports tested the behavioral changes in adult rats. Here we investigated the role of perinatal
anoxia on behavioral paradigms related to dopamine (DA) such as novel environment, saline injection, b-amphetamine, apomorphine and
stress-induced changes in locomotor activity at prepubertal and postpubertal ages. All these dimensions of behavior can be affected in
schizophrenia. Caesarean section birth with or without an additional period of anoxia was performed in Sprague—Dawley rats and their
behaviors were studied at P35 and P56, respectively. In addition, a third group of animals born vaginally served as control. No significant
differences in saline injection and p-amphetamine-induced locomotion were observed when the three groups of rats at P35 were compared.
However, stress-induced locomotor activity was significantly increased in the Caesarean birth plus anoxia at P35, while after puberty (at
P56), saline injection, p-amphetamine and stress-induced locomotion were significantly enhanced in the Caesarean birth plus anoxia
compared to its control groups. The data suggests that anoxia at birth mediates differently the functional development and maturation of DA

behaviors in adult rats.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Accumulated evidence suggests that at least some cases
of schizophrenia could have their origin in birth compli-
cations [18] such as a transient period of anoxia to the
fetus. This obstetric complication may cause an early
neurodevelopmental defect [26,27], which presumably
alters the cytoarchitecture of the limbic brain areas
[1,2,27,32] and produces a deregulation of the dopaminer-
gic system [36]. Clinical features of schizophrenia typical-
ly appear in early adulthood [25] and are exacerbated by
p-amphetamine [19] and stressful life events [21]. The
neuroleptic drugs, DA D2-like receptors antagonist, may in
part control the symptoms [31,33]. According to previous
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reports, adult rats that had been subjected to a transient
anoxic episode at birth were sensitized more readily to the
effects of repeated stress on the nucleus accumbens (Nacc)
dopamine (DA) release [5], amphetamine and stress-in-
duced locomotor activity [6,12,13]. Therefore, anoxia at
birth alters the Nacc DA release in response to stress in
adult rats [5]. The medial part of the prefrontal cortex
(mPFC) has been implicated in the pathophysiology of
schizophrenia [37] and exerts an important regulatory
control on the subcortical DA system, mainly, the overac-
tivity which is believed to underlie some of the psychotic
symptoms of the disease [17,36]. We found that a neonatal
lesion of the mPFC produces postpubertal behavioral
changes related with DA activity [8,14]. The mPFC is
interconnected with the limbic cortex directly through
intracortical projections [16,20], which projects to the
ventral tegmental area (VTA), the main source of meso-
corticolimbic DAergic projections [29]. Furthermore, the
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mPFC efferents to the VTA controls the DA output to the
nucleus accumbens (Nacc) [22,34]. Additional mPFC con-
nections include direct glutamatergic excitatory projections
to the Nacc [10,30].

Biochemical studies have indicated that anoxia at birth
alters the function of the subcortical DA systems [3,4].
However, all these studies have only shown that anoxia at
birth results in a DA hyperactivity in the adult rat [5,6].
While schizophrenia symptoms appear after puberty, i.e., in
adolescence or early adulthood, it is important to understand
the role of the anoxia at birth on the maturation of the DA
system before and after puberty. In the present investigation,
we have evaluated the developmental consequences of
anoxia at birth. At pre- and postpubertal ages, animals were
tested in behavioral paradigms commonly used to assess the
functioning of the mesolimbic DA system, which demon-
strated a postpubertal onset of increased novel environment
and amphetamine-induced locomotion in the anoxia at birth
group. While apomorphine and stress-induced locomotion
were increased at both ages in the C plus anoxia group. The
results suggest an important role of anoxia at birth in the
functional maturation of behavior related with schizophrenia
and subcortical DA activity.

2. Materials and methods
2.1. Animals

Pregnant Sprague—Dawley rats were obtained on day 20
of gestation from our animal facilities (University of Pue-
bla). Animals were individually housed in a temperature-
and humidity-controlled environment on a 12-h light—dark
cycle with free access to food and water. Intrauterine anoxia
was induced as described previously [5,6]. On the day of
parturition (22 days of gestation), Sprague—Dawley dams
were decapitated and hysterectomized. The entire uterus,
including the fetus, was quickly isolated and immediately
immersed in a 37 °C saline bath for 10 min (C plus anoxia).
The pups were removed from the uterus and stimulated by
gentle rubs to initiate breathing. The umbilical cord was
ligated and the pups were placed on a heated pad until they
were paired with a foster dam. Survival was 96% following
10 min of birth anoxia.

One group of controls consisted of pups that were
removed from the uterus immediately after being deliv-
ered by Caesarean section (C-only). All the procedure
between the hysterectomy of the dam and the removal of
the fetus from the uterus was 40 s and survival was 100%
in this group. After the procedure, the pups were placed
under a heat pad for recovery and then they were paired
with a foster dam. The other group was the one born
vaginally (V-control). Pups were cross-fostered by surro-
gate dams and each dam was matched with an equal
number of pups. Only male pups were included in the
present study. A small quantity of indelible India ink was

injected into one of the paws of each pup to identify the
condition of the animal. On P21 the animals were weaned
and grouped two or three animals per cage. All surgical
procedures described in this study are in accordance with
the “Guide for the Care and Use of Laboratory Animals”
of the Mexican Council for Animal Care as approved by
the BUAP Animal Care Committee. All efforts were made
to minimize animal suffering and to reduce the number of
animals used.

2.2. Behavioral testing

Five (P35, prepubertal rats) or 8 weeks (P56, postpu-
bertal animals) after birth, the locomotor activity of C-only
(n=8-9 per age group), V-control (n=8-9 per age
group) and C plus anoxia (n=8-9 per age group) rats
were assessed in eight-photocell activity boxes (20 X
40 X 30 cm) connected to a computer counter (Tecnologia
Digital, Mexico). The locomotor activity of each animal
was assessed under three testing conditions: (1) After
exposure to a novel environment: unacclimatized rats were
placed in an activity box for a 60 min period while the
locomotor activity score was recorded. (2) After apomor-
phine injection: 2 days after the first test, rats were again
placed in the activity boxes, and basal locomotor activity
was recorded for 60 min. Animals were injected first with
1 ml/kg 0.1% ascorbid acid/0.9% NaCl solution (s.c.) and
60 min later they were injected with a 0.5 mg/ml solution
of apomorphine hydrochloride (ICN Biomedicals, Aurora,
OH) dissolved in 0.1% ascorbid acid/0.9% NaCl (0.5 mg/
kg free base, s.c.), and the locomotor activity was subse-
quently recorded for 90 min. (3) After p-amphetamine
injection: 48 h after the apomorphine injection, the ani-
mals were placed in the activity boxes where they were
kept for a 60-min habituation period, injected first with 1
ml/kg 0.9% NaCl (s.c.) and 60 min later with a 0.5 mg/ml
solution of p-amphetamine sulfate (Sigma, St. Louis, MO,
USA) dissolved in 0.9% NaCl (0.5 mg/kg free base, s.c.)
and the locomotor activity was recorded for the next 120
min.

Other groups of animals at P35 (=8 per condition
group) or P56 (n=8 per condition group) were assessed
for repeated stress. The locomotor activity of each animal
was assessed for five consecutive days for 60 min after 2 h of
restricted movement. Each animal was introduced in a
restricted acrylic container for 2 h and immediately they
were placed in the activity boxes.

2.3. Data analysis

Behavioral results were analyzed by applying two-way
ANOVA, followed by Newman—Keuls tests for post-hoc
comparisons, with a conditioned birth group and age as
independent factors (p<0.05 was considered significant).
The results of the locomotor activity after restricted move-
ment were analyzed with a repeated measure ANOVA.
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3. Results

The pre- (P35) and postpubertal (P56) effects of the anoxia
at birth on locomotor activity in a novel environment are
illustrated in Fig. 1. At both age groups, either in control
groups (C-only and V-control) or C plus anoxia, active
exploratory behavior was the initial response of rats placed
in a novel environment. Two-way ANOVA revealed that
the locomotion was significantly affected by the anoxia
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Fig. 1. Locomotor activity (mean number of beam interruptions per 60
min + S.E.M.; n=8-9 per group) in a novel environment of V-control, C-
only and C plus anoxia rats at P35 and P56. Locomotor activity was
determined as described in Materials and methods. (A) Temporal profile of
locomotor activity at P35. (B) Temporal profile of locomotor activity at
P56. (C) Analysis of total activity scores reveals that C plus anoxia rats at
P56 are more active compared with their corresponding controls.
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Fig. 2. Locomotor activity after vehicle and apomorphine administration
(0.5 mg/kg, s.c.) of C plus anoxia or V-control and C-only (mean number of
beam interruptions per 10 min + S.E.M.; n=8-9 per group). (A) Temporal
profile of locomotor activity at P37. (B) Temporal profile of locomotor
activity at PS58. (C) Analysis of total activity scores after apomorphine
reveals that C plus anoxia rats are more active compared with their controls
at both ages.

(F254=5.52, p<0.01), by age (F54=14.9, p<0.001),
without differences between anoxia X age interactions
(F254=1.51, p=0.2). However, the C plus anoxia rats at
P56 were more active than their corresponding control groups
(Fig. 1A and C), while at P35, all the groups exhibited similar
spontaneous locomotor activity (Fig. 1B and C).

Fig. 2 shows the effect of anoxia at birth, at pre- (P37)
and postpubertal (P58) on apomorphine-induced locomo-
tion. The analysis by a two-way ANOVA revealed the
significance of anoxia (F540="7.16, p=0.002) as well as
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by age (F40=11.66, p=0.0015) without differences be-
tween anoxia X age interactions (£, .49=0.14, p=0.8) (Fig.
2). However, the C plus anoxia rats at both ages were more
active after apomorphine administration than their
corresponding control groups (Fig. 2). No significant effect
of vehicle injection (two-way ANOVA, between anoxia:
F540=0.01 p=0.9; between age F 40=1.65 p=0.2; inter-
action anoxia X age: F,490=2.13 p=0.13) was observed in
any of the groups (Fig. 3).
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Fig. 3. Locomotor activity after vehicle (saline) and Dp-amphetamine
administration (0.5 mg/kg, s.c.) of C plus anoxia or V-control and C-only
(mean number of beam interruptions per 10 min + S EM.; n=8-9 per
group). (A) Temporal profile of locomotor activity at P39. (B) Temporal
profile of locomotor activity at P60. (C) Post-hoc analysis of total activity
scores after D-amphetamine reveals that C plus anoxia rats are significantly
more active compared with their controls only at P60 (°p<0.01).
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Fig. 4. Locomotor activity after 2 h of restrain stress for 5 days in the C plus
anoxia or V-control and C-only (mean number of beam interruptions per 60
min £ S.EMM.; n=8 per group). Post-hoc analysis of locomotor activity
scores for 5 days of restrain stress reveals that C plus anoxia rats are
significantly more active compared with their controls at both ages (P35—
39: °C plus anoxia vs. V-control or C-only p<0.05, P56—60: °C plus
anoxia vs. V-control or C-only p<0.001). In addition, at P56—60: C-only
rats are significantly less active compared with V-control (°p<0.05).

Amphetamine administration induced a marked increase
in the locomotion activity at P39 and P60 in anoxia after birth
in rats (Fig. 3). Analysis of the entire period of p-am-
phetamine effects (two-way ANOVA, between anoxia:
F5 44=3.46, p=0.040; between age F 44=75.88, p=0.019;
interaction anoxia X age: [ 44=4.5, p=0.016) (Fig. 3)
revealed no significant differences in the locomotor activity
between V-control, C-only and C plus anoxia rats at P39.
Locomotion-induced amphetamine, however, was signifi-
cantly increased at P60 in C plus anoxia animals when
compared with V-control and C-only (p<0.01) (Fig. 3C).
Analysis of the saline (vehicle) injection effect (two-way
ANOVA, between anoxia: /5 44=5.09, p=0.01; between age
Fy44=10.9,p=0.001; interaction anoxia X age: [, 44 =4.65,
p=0.014) (Fig. 3) revealed no significant differences in the
locomotor activity between groups at P39, while C plus
anoxia rats at P60 exhibited a hyperresponsiveness in the
first minutes after vehicle application compared with their
corresponding control groups (p <0.001) (Fig. 3).

In a new group of animals, the restriction stress test for 5
days (Fig. 4), both P35-39 and P56—60 C plus anoxia and
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control animals (V-control and C-only), exhibited active
locomotor behavior after 2 h of restriction. However,
repeated measures one-way ANOVA (Fs,0=3.34,
p<0.0001, n=8—10 per group) revealed that the locomo-
tion was significantly higher in C plus anoxia animals at
both ages, compared with their corresponding controls
(P35-39 C plus anoxia vs. V-control and C-only p<0.05;
P56—-60: C plus anoxia vs. V-control and C-only p <0.001).
No significant difference in the locomotion was observed
between V-control and C-only animals at P35—39, however,
C-only exhibited a decrease in the locomotion after the
restriction stress test compared with V-control at P56—60.

4. Discussion

The major aim of the present study was to evaluate the
pre- and postpubertal changes in the DA-related behavior in
the animal model of anoxia at birth. In addition, our results
suggest the age-dependent nature of the effects of anoxia at
birth on these behaviors linked to the mesolimbic DA
system. We report here that this procedure induces an
increase in locomotor behavior at P56, evident after saline
injection as well as after p-amphetamine administration.
Furthermore, as demonstrated by the evaluation at two
different ages, the behavioral changes in the stress-induced
locomotor activity were presented at both ages (P35 and
P56), while the amphetamine effect was only exhibited at
P56.

Our data in adult rats (P56) are consistent with previous
reports using the same anoxia at birth paradigm [5,6,12]. In
these studies, rats with anoxia at birth showed increased
locomotor activity in response to either repeated stress or
amphetamine administration [6,12]. In addition, the findings
presented here suggest that the DA-related behavioral
changes were exacerbated after puberty and support the
hypothesis that some cases of schizophrenia could have
their origin in birth complications [18] such as anoxia at
birth. The mechanism by which anoxia at birth induces a
DA-related behavior after puberty is not clear at this time.
However, the apparent hyperresponsiveness of the meso-
limbic DA neurons suggested by the present behavioral data
and previous reports [5,11] may be explained by examining
the structures that regulate the mesolimbic DA system. The
limbic—cortical regions may modulate mesolimbic DA
transmission, in particular, the mPFC [8,11,14]. Further-
more, the mPFC is regulated by the hippocampal formation
via glutamatergic projections [16,20]; this cortical structure
also sends excitatory projections to the VTA, the source of
the mesolimbic DA system and the Nacc [22,29,34], both
structures are interconnected [10,30]. In recent years, some
evidence has accumulated which implicates the mPFC, the
hippocampal formation, the Nacc and the mesolimbic DA
system in anoxia at birth [3,4]. For example, anoxia at birth
caused a hyperresponsiveness to amphetamine, to a novel
environment, to stress, etc. Although all these studies on

anoxia at birth in the adult rat provides important informa-
tion about the structures that may in part be participating in
behavioral changes, they do not address the consequences
of anoxia at birth on the development of subcortical
DAergic activity, such as our results show before and after
puberty. Thus, it is possible that our finding of anoxia at
birth in rats corresponds with some of the features of human
schizophrenics, for example, exacerbation of the mesolim-
bic DA-related behavior after puberty. However, more
studies are necessary in this animal model as well as the
analysis of the behavioral and biochemistry changes at
different ages in order to understand better the developmen-
tal process.

By comparison, the bilateral ventral hippocampal (VH)
lesion in the neonatal rat (P7) has been proposed as an
animal model to test the hypothesis that early neurodeve-
lopmental abnormalities lead to behavioral changes linked
to schizophrenia, because it results in the development of
hypersensitivity to stress, and to direct (apomorphine) or
indirect (D-amphetamine) DA agonists, which appear only
after puberty [7,15,23,24]. Similar to our results in anoxia at
birth, these reports in the neonatal VH lesion demonstrated
that a novel environment, stress and amphetamine induced
locomotor activity after puberty, while apomorphine in-
duced locomotion before and after puberty. These similar-
ities suggest that anoxia at birth may in part alter the VH or
the connectivity between the VH with the mPFC as the
principal hypothesis used to explain the DA-related behav-
ioral changes in the neonatal VH lesion [14,36]. In addition,
El-Khodor et al. [11] reported that anoxia at birth produced
changes in the DA D3 receptors in the Nacc in the same
sense as compared to our previous report in the neonatal VH
lesioned rats [15]. In another neurodevelopmental model,
the neonatal mPFC lesion results in enhanced Nacc DA
release in response to repeated stress [8] and increases in
amphetamine-induced locomotion with increase in D2 re-
ceptor levels in the shell of the Nacc in the adult rat [14].
Furthermore, animals with neonatal mPFC damage also
show a hyperresponsive plasma corticosteroid response to
restrain stress [8]. Therefore the mPFC is involved in these
two neurodevelopmental animal models [8,14,23]. Further-
more, several evidences suggest that a developmental neu-
ropathology of the frontal cortex may be involved in the
aetiology of schizophrenia [35]. In particular, it has been
suggested that error in the development of the mPFC may,
in part, underlie this illness [36]. Several studies have
demonstrated that the mPFC plays a role in behavior, Nacc
DA sensitization [28] and stress response [9,10]. Therefore,
Brake et al. [8] has postulated that anoxia at birth may be
affecting the neurodevelopmental function of the mPFC
similar to a neonatal VH lesion [7,15] or a neonatal mPFC
lesion [8,14]. While our data emphasize that anoxia at birth
may be related with some of the features of human schizo-
phrenia in these two neurodevelopmental animal models
(neonatal VH lesion and neonatal mPFC lesion), such as a
postpubertal increase in mesolimbic DA-related behavior.
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In conclusion, anoxia at birth leads to an augmented age-
related factor in the DA-related behavior. The mechanism
related to this augmented age-related behavior after puberty
is still unknown, while the behavioral consequences of the
anoxia at birth in the adult rat were characterized as
described previously [5,6,12,13]. However, the anoxia at
birth resulted in induced locomotion after the saline injec-
tion and p-amphetamine, which appeared after puberty
(P56), while the stress-induced hyperlocomotion was
detected before puberty.
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