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Abstract

Various evidence indicate that schizophrenia is a neurodevelopmental disorder. Epidemiological observations point to oxygen deficiencies
during delivery as one of the early risk factors for developing schizophrenia. The aim of the present study was to examine the effect of
postnatal anoxia in rats. Anoxia was experimentally induced by placing 9-day-old rat pups for 6 min in a chamber saturated with 100%
nitrogen (N,). Exposure to anoxia on postnatal day (PND) 9 resulted in significantly reduced subcortical dopamine metabolism and turnover,
as measured by striatal 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) concentrations. Furthermore, in the anoxic
group only, striatal HVA concentrations were negatively correlated to prefrontal cortical N-acetylaspartate (NAA) levels. Similar findings of
distorted prefrontal —subcortical interactions have recently been reported in schizophrenic patients. There was no effect of postnatal anoxia on
either baseline or D-amphetamine-induced deficit in the prepulse inhibition (PPI) paradigm in adulthood. Accordingly, although oxygen
deficiency early in life has been discussed as vulnerability factor in developing schizophrenia, exposure to postnatal anoxia in the rat does not

show clear-cut phenomenological similarities with the disorder.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Schizophrenia is one of the most devastating of the
psychiatric diseases. One of the most influential hypothesis
regarding the etiology and pathophysiology of this disorder
is the neurodevelopmental hypothesis (Weinberger, 1987).
It proposes that a “lesion” (due to, e.g., birth complica-
tions, infections, toxin exposure, maternal stress, etc.)
occurring in uterus or in the peri/postnatal period disturbs
the establishment of fundamental aspects of cerebral struc-
ture and function.

Abbreviations: DOPAC, 3,4-dihydroxyphenylacetic acid; HIP, hippo-
campus; HVA, homovanillic acid; NAA, N-acetylaspartate; mPFC, antero-
medial prefrontal cortex; PND, postnatal day; PPI, prepulse inhibition; pp,
prepulse; STR, striatum.
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There is accumulating evidence that insults to the central
nervous system very early in life may be related to the
development of schizophrenia later on. (Akbarian et al.,
1993a,b; Jacob and Beckmann, 1986, 1994; McNeil et al.,
2000). Notably, deficiencies in oxygen during delivery have
been stressed (Cannon, 1997; McNeil, 1995; Cantor-Graae
et al,, 2000) and it has been proposed that a common
denominator of the various obstetrical complications may
be oxygen deprivation (McNeil et al., 2000).

Several animal studies have addressed the outcome of
early oxygen deprivation and found long-term changes in
brain neurochemistry, especially dopamine and metabolite
levels and behaviour (e.g., Bjelke et al., 1991; Brake et al.,
1997; El-Khodor and Boksa, 1997, 1998; Nyakas et al.,
1991; Speiser et al., 1983). These studies all exposed the
pups to oxygen deprivation at the time around birth, i.e., just
prior to delivery or up to the first 3 days postdelivery.

It is conceivable that the timing of the insult is of crucial
importance to the outcome in order to affect the brain areas/
systems of interest. The rodent brain is less mature at the
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time of birth as compared to the human brain and undergoes
rapid brain growth postnatally, which is termed ‘“‘the brain
growth spurt,” with a peak around postnatal days (PNDs)
7—10 (Dobbing and Sands, 1979). Furthermore, at PNDs
12—13 the development of the cerebral cortex in the rat
corresponds roughly to the full-term newborn baby (Romijn
et al.,, 1991). Accordingly, postponing the insult to around
PNDs 7—12 in the rodent may be more comparable to the
clinical situation.

Indeed, other types of insults inflicted on PNDs 7-9 in
rat pups have been shown to induce changes in dopaminer-
gic sensitivity and impair behaviours with relevance to
schizophrenia. Ibotenic acid lesions of ventral hippocampus
(HIP) at PND 7 impaired social behaviour and prepulse
inhibition (PPI) and resulted in hyperlocomotion in adult
rats (Lipska et al., 1995; Sams-Dodd et al., 1997). Further-
more, the animals showed hyperresponsiveness to dopamine
agonists and decreased responsiveness to dopamine antag-
onists (Lipska and Weinberger, 1993). Moreover, separation
of rat pups from their mothers for 24 h at PND 9 reduced
PPI in adult rats (Ellenbroek et al., 1998).

The aim of the present study was to investigate in the
adult rat the behavioural and biochemical effects of oxygen
deprivation inflicted at PND 9. The behavioural consequen-
ces of postnatal anoxia were evaluated by PPI of the
acoustic startle response in adulthood. Subcortical dopamine
metabolism was evaluated by measuring striatal tissue
concentrations of dopamine and its metabolites homovanil-
lic acid (HVA) and 3,4-dihydroxyphenylacetic acid
(DOPAC). Furthermore, the concentration of N-acetylaspar-
tate (NAA), a measure of neural dysfunction or loss (Cendes
et al., 1997; Rubin et al., 1995; Tsai and Coyle, 1995), was
analysed in the medial prefrontal cortex (mPFC) and the
HIP.

2. Methods
2.1. Animals

All experimental procedures carried out in this study
were in compliance with the European Communities Coun-
cil Directive of 24 November 1986 (86/609/EEC) and
approved by the Danish Animal Welfare Committee,
appointed by the Danish Ministry of Justice.

Female and male SPF Wistar rats (Taconic M and B, P.O.
Box 1079, DK-8680 Ry, Denmark) were mated at the
animal facilities at NeuroSearch and allowed to deliver
normally. On PND 9, the anoxic insult was inflicted,
consisting of exposure to 6 min of anoxia (see below). Prior
experiments had shown that 6 min of anoxia resulted in a
mortality rate of approximately 25%. In order to reach equal
numbers of animals in each experimental group, around 2/3
of the males from each litter were allocated to the anoxia
group, and the other 1/3 served as the sham group. The
allocation to anoxia or sham treatment was random. PND 1

was defined as the day of delivery, or the following day after
if the pups were born later than 6 p.m. Only males were
used for the study, but female pups were allowed to stay in
the litter until weaning. All rats were weaned at 4 weeks of
age and the male rats were subsequently housed socially
with two to three animals from the same litter belonging to
the same experimental group. The animals used for the PPI
experiment were transferred to the animal facilities at the
Research Institute of Biological Psychiatry, Sct. Hans Hos-
pital approximately 3 weeks prior to testing.

Two cohorts of rats were used in the present study. In the
cohort of rats used for biochemical analysis, 3 out of 13
animals died during anoxia resulting in 10 animals in the
anoxic group and a mortality rate of 23%. No rats died in the
sham group, leaving 10 rats in this group. The animals were
4 months old at the time of decapitation. In the cohort of
animals used for the PPI experiment, 7 out of 31 rats died
during anoxia, leaving 24 animals in the anoxic group and a
mortality rate of 23%. No rats died in the sham group,
resulting in 23 animals in this group. They were approxi-
mately 3 months old at the beginning of the experiments.

2.2. Anoxia

Anoxia was carried out in an airtight chamber made of
transparent plastic (25.5 X 16.0 X 16.5 cm) and equipped
with an inlet to allow influx of 100% nitrogen (N,). It was
placed on a water-filled metal hotplate connected to a
thermostat-controlled water bath in order to ensure a tem-
perature of 37 °C in the chamber during the insult. The
chamber was saturated with 100% N, immediately before
introducing the pups. For each litter, all pups allocated to
anoxia were exposed to oxygen deprivation at the same
time. They were placed in the chamber together, left there
for 6 min, and then quickly removed from the chamber and
placed on a paper napkin on the hotplate. Spontaneous
breathing was reinitiated by manual stimulation of the chest
and mouth regions. When breathing stabilized and normal
body colour returned, the pups were weighed, marked (see
below) and returned to the dam. Animals, which had not
initiated breathing within 1 min after the anoxia, were
excluded (referred to as “died during anoxia,” see above).
The animals allocated to the sham group were placed in a
chamber containing atmospheric oxygen, located on the
hotplate, for the same period of time. Cutting the left digitus
minor marked the animals exposed to anoxia. Cutting both
the left and right digit minor identified the animals in the
sham group.

2.3. Tissue concentrations of dopamine, HVA, DOPAC and
NAA

The animals were decapitated under halothane anaesthe-
sia and the brains were immediately removed. The striatum
(STR), mPFC and HIP were removed from both hemi-
spheres under macroscopic dissection. Only HIP tissue from



K. Sandager-Nielsen et al. / Pharmacology, Biochemistry and Behavior 77 (2004) 767774 769

the left hemisphere was used in this study; HIP tissue from
the right hemisphere was used for other purposes. STR was
dissected according to the anatomical description in Heimer
et al. (1995) and comprised the entire caudate—putamen
lying within the ventromedially facing concavity of the
external capsule, which is inserted between its dorsal, lateral
and anterior margins and the neocortex and the corpus
callosum. The lateral ventricles, bed nucleus of stria termi-
nalis and globus pallidus comprised the medial borders. The
ventral borders consisted rostrally of the ventral STR while
the extended amygdala, including the bed nucleus of stria
terminalis, sublenticular region and the amygdalostriatal
area delimited the dissected tissue caudally. HIP tissue
comprised the entire hippocampal formation including the
dentate gyrus, the HIP proper and the subicular complex
(Amaral and Witter, 1995), extending from the septal nuclei
of the basal forebrain rostrodorsally, over and behind the
diencephalon, to the incipient temporal lobe caudoventrally.
mPFC tissue was dissected according to De Bruin (1994)
including the frontal area 2, the dorsal anterior cingulated
cortex, the prelimbic cortex and the infralimbic cortex. The
agranular insular cortical areas were not included.

The tissues were placed in preweighed Eppendorf tubes
on crunched dry ice, weighed and stored at — 80 °C until
further analysis.

2.3.1. Dopamine, DOPAC and HVA analysis

The tissue was dissolved in 1.0 ml 0.1 N perchloric acid
(PCA) containing 5% EDTA and was homogenised. The
homogenates were centrifuged at 14,000 X g for 30 min,
and 200 pl of the supernatant was filtered through a 0.22-pum
Millipore filter. The filtrate (20 pl) was collected in High
Performance Lipid Chromatography (HPLC) vials, and
analysed for DA, DOPAC and HVA contents using HPLC
(ESA Coulochem IT HPLC equipment) with UV detection at
214 nm. A Catecholamine HR-80 4.6 X 80 mm 3 pm
Nucleosil C'® column was used to separate metabolites.
The mobile phase consisted of 10.25 g NaH,PO,, 185 mg
EDTA, 100 mg octansulphonic acid, 9% methanol
(pH=3.7). Five hundred milliliters of filtered (0.22 um)
MilliQ water was added. The detection limits was calculated
as twice the baseline noise resulting in 0.15 fmol/ul (2 nA)
for dopamine and 0.1 pmol/ul (20 nA) for DOPAC and
HVA.

The detector sensitivities were 0.9996 (250 mV, 2 nA),
0.9993 (250 mV, 20 nA) and 0.9995 (250 mV, 20 nA) for
dopamine, DOPAC and HVA, respectively. For calibration,
1 point calibration was used.

2.3.2. NAA analysis

The tissue was dissolved in 1.0 ml 0.1 N PCA and was
homogenised. The homogenates were centrifuged at
20,000 X g for 10 min, the supernatants were filtered
through a 0.2-um Millipore filter, and 400 pl of the filtrates
were collected in HPLC vials. The HPLC method described
by Sager et al. (1995) was used for NAA determination with

slight modifications. The mobile phase consisted of 0.1 N
phosphate buffer (pH=4.5), 20 ml 1 N KH,PO, (pH=4.5),
1.875 g/l KCL and 2000 ml distilled H,O (Millipore) was
added. A Partisil SAX K-45-168 anion exchange column
was used to separate metabolites. NAA was detected by UV
detection at 214 nm. Detection limit and sensitivity were 2
and 10 pmol, respectively.

2.4. Prepulse inhibition

The animals were housed in pairs belonging to the same
experimental group, in a temperature- and humidity-con-
trolled room, with free access to food and water. Animals
were acclimatised to the experimental room for 1 h prior to
testing. The experiments were conducted in two soundproof
and ventilated startle chambers (San Diego Instruments),
each containing a Plexiglas tube (diameter 8.2 cm, length 25
cm), and a speaker in the roof. The tubes were mounted on a
platform under which a piezoelectric accelerometer was
attached. The accelerometer detected and transduced motion
of the tubes in response to the movements of the rats. The
rats were placed in the startle chambers and allowed to
habituate for 5 min. During the habituation period and
throughout the experiment, animals were exposed to white
background noise (70 dB[A]). The test session started and
ended with five startle trials consisting of 120 dB[A] bursts
of white noise each lasting 40 ms. These trials were not
included in the calculation of PPI. Within a test session,
each rat received 35 test trials. These 35 trials included 10
startle trials (120 dB[A], 20 ms) in order to measure basal
startle response, 20 trials where the startling stimulus (120
dB[A], 20 ms) was preceded (100 ms) by a prepulse (pp) of
varying intensity (2, 4, 8 or 16 dB[A] above background, 20
ms, each presented five times), and five trials with no
stimulus present in order to measure basal activity. These
35 trials were presented in a semirandomized order prevent-
ing two identical trials in succession. The intertrial interval
was variable between 10 and 20 s with a mean interval of 15
s. The entire session lasted approximately 20 min. The
movements of the tubes were measured for 100 ms after
onset of the startle stimulus (sampling frequency 1 kHz),
amplified and fed into a computer where the peak response,
the average response as well as the latency to the peak
response were calculated. The peak response was used for
further data analysis.

The effect of two doses of p-amphetamine (p-amphet-
amine sulphate, Nordisk Droge and Kemikalie, Denmark)
was evaluated with approximately 1 week elapsing between
each drug treatment. In order to prevent confounding effects
of prior p-amphetamine exposure, half of the animals from
each postnatal treatment group received vehicle (NaCl, 1
ml/kg sc) before both drug tests while the other half
received p-amphetamine in a dose of 1.0 mg/kg during the
first drug test and 3.0 mg/kg during the second drug test. p-
amphetamine was administered subcutaneously in a dose
volume of 1 ml/kg. Vehicle or p-amphetamine was injected
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20 min before the animals were placed in the test chambers.
The following parameters were calculated.
Percent PPI, calculated as:

Startle amplitude on prepulse + startle trial

100 —
Startle amplitude on startle trial

x 100

Baseline startle amplitude was determined as the mean
response of all startle trials. The startle amplitude for
each pp intensity were averaged and used for statistical
analysis.

2.5. Statistics

Group differences in STR dopamine, HVA and DOPAC
levels and mPFC NAA levels were analysed by applying
two-way ANOVA with group and hemisphere (left vs. right)
as independent factors and dopamine, DOPAC, HVA or
NAA as dependent factors. Because only HIP from the left
hemisphere was available, a one-way ANOVA with group as
independent and NAA levels as dependent factors was
applied.

Correlations between mPFC and HIP NAA and STR
metabolite concentration were performed by the Pearson
product moment correlation.

Group and drug treatment differences in PPI were ana-
lysed by applying a three-way ANOVA with dose (vehicle,
p-amphetamine 1.0, 3.0) as repeated measures and group
(sham and anoxia) and pp intensity (pp 2, 4, 8 or 16) as
factors.

Similarly, group and treatment differences in the no-
stimulus situation or in basal startle response were analysed
by a two-way ANOVA with dose (vehicle, b-amphetamine
1.0, 3.0) as repeated measures and group as factor. Post Hoc
Fisher LSD Multiple Comparison Test was used when
appropriate.

3. Results
3.1. Body weight

No differences were observed in body weight between
sham- and anoxia-exposed animals in any of the cohorts
used for the study, neither immediately after anoxia nor at
the time of decapitation or test of PPI, respectively (data not
shown).

3.2. Tissue concentrations of dopamine, HVA, DOPAC and
N-acetylaspartate

Exposure of 9-day-old rat pups to 6 min of anoxia had no
effect on the concentration of dopamine in either the right or
left STR in adult rats [ F(1,35)=0.35, P=.6; Table 1]. In
contrast, a highly significant group difference existed in the

Table 1

Tissue concentration of NAA, HVA, DOPAC and dopamine

Group NAA NAA DA HVA DOPAC
(M), (1M), (ng/g (ng/g (ng/e
mPFC HIP tissue), tissue), tissue),

STR STR STR

Mean (S.E.M.)

Sham

Right 7358.5 35.56 0.32 0.89
(294.1) 2.27) (0.02) (0.06)

Left 7191.8 6827.4 32.57 0.35 0.89
(149.5) (251.2) (0.51) (0.02) (0.05)

Anoxia

Right 6311.2 34.33 0.23% * * 0.68 * *
(585.0) (0.49) (0.01)

Left 7386.7 6810.8 32.14 0.30 0.64 * *
(323.5) (301.2) (1.38) (0.02) (0.04)

Right: tissue concentration in the right hemisphere; left: tissue concentra-
tion in the left hemisphere.

** P<.01 as compared to the corresponding sham group.

*** P<.001 as compared to the corresponding sham group.

concentration of DOPAC [F(1,33)=18.5, P<.0001], and
post hoc testing showed that the DOPAC levels were
significantly reduced in the right as well as the left STR in
the anoxic group as compared to the sham group (P<.01
for both; Table 1). Likewise, the concentration of HVA
was significantly reduced in animals exposed to anoxia
[F(1,35)=15.7, P<.001]. However, only HVA levels in
the right STR reached significance (P <.001) in comparison
to the sham group, although a tendency existed for HVA
levels in the left STR (P=.08; Table 1).

There was no significant difference between groups in
the levels of NAA in the left HIP [ F(1,13)=0.01, P=9] or
in mPFC [F(1,35)=1.2, P=.3; Table 1]. However, corre-
lation analysis showed that tissue concentration of HVA in
the right STR was significantly negatively correlated with
the concentration of NAA in the right mPFC in animals
exposed to postnatal anoxia (r=-—.67, P<.05; Fig. 1A).
Such a relationship was not observed in the sham group
(Fig. 1B). Furthermore, there was no correlation between
tissue concentration of HVA in the left STR and concen-
tration of NAA in the left mPFC in either the sham group
(r=—.59, P=.09) or the anoxia group (r=-—.19, P=.6).
Likewise, there were no correlations between striatal tissue
concentrations of DOPAC and NAA concentrations in
mPFC in either the left or the right side of the brain in
the anoxic group (r=.11, P=.78 and r=-—.21, P=.56,
respectively) or the sham group (r=-—.17, P=.65 and
r=—.08, P=.84, respectively).

The weight of striatal tissue from the left hemisphere
was significantly increased in animals exposed to anoxia as
compared to the left hemisphere STR tissue from the sham
group [ F(1,36)=6.2, P<.05; post hoc: P<.05; Table 2].
There was no group difference in the weight of either
mPFC or HIP tissue [F(1,36)=0.2 and F(1,36)=0.7,
respectively].
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Fig. 1. Effects of postnatal anoxia on the relationship between NAA (uM)
in right hemisphere mPFC and HVA (ng/g tissue) in right hemisphere STR.
(A) In the anoxic group specifically, a significant negative correlation
existed between the concentration of NAA in right hemisphere mPFC and
HVA in right hemisphere STR (r=— .67, P<.05). (B) No such correlation
was seen in the sham group. Data are presented as individual data points.

3.3. Prepulse inhibition

A three-way ANOVA revealed significant main effects of
group [F(1,156)=10.2, P<.01], pp [F(3,156)=96.5,
P<.0001] and drug treatment [ F(1,156)=25.0, P<.0001]
and significant interaction between drug treatment and
group [ F(1,156)=8.1, P<.01], but no Drug X Group X pp
interaction [ F(1,156)=0.7]. Post hoc comparisons showed
that in the sham as well as the anoxic group, 3.0 mg/kg of p-

Table 2

Tissue weight of STR, HIP and mPFC
STR STR HIP HIP PFC PFC
right (g) left (g) right (g) left (g) right (g) left (g)
Mean (S.E.M.)

Sham 0.023 0.024 0.044 0.043 0.029 0.026
0.001)  (0.001)  (0.003)  (0.003) (0.002)  (0.002)

Anoxia  0.025 0.028 0.044 0.046 0.029 0.030

(0.001)  (0.001)*  (0.003)  (0.003) (0.003)  (0.003)

* P<.05 as compared to the sham group.

amphetamine caused a highly significant reduction in PPI as
compared to the corresponding vehicle treated groups
(P<.0001 and P<.01, respectively; Fig. 2B). Administra-
tion of the low dose of p-amphetamine (1.0 mg/kg) resulted
in a tendency for a reduction of PPI in the anoxia group.
However, the data just failed to reach significance (P=.06;

AIOO AMPHETAMINE 1.0mg/kg
[ Anoxia VEHn =12
| EZ=Z3 Anoxia AMPH n =12
80 T
[ Sham VEHn =11 I;
vava) =
60 Sham AMPH n= 10 I
=
& 40 A
X
20 A
-20 T T T T
pp2 pp 4 pp 8 pp 16
Prepulse intensity (dB)
B AMPHETAMINE 3.0mg/kg
100
/3 Anoxia VEH n=12
%0 Z—2 Anoxia AMPH n=12 T
[ Sham VEH n=9 T
71 Sham AMPH n=11 b
60
&
S 40
20
Ll llE
]
-20 T T T T
pp2 pp 4 pp 8 pp 16

Prepulse intensity (dB)

Fig. 2. Effect of postnatal anoxia on prepulse inhibition of the acoustic
startle response. (A) There was no effect of 1.0 mg/kg of D-amphetamine
on either the sham or the anoxic group as compared to saline treatment,
although a trend existed in the anoxic group ( P=.9 and P=.06, respectively).
Intergroup comparisons showed that the low dose of D-amphetamine
resulted in significantly reduced PPI in animals exposed to anoxia as
compared to the effect of D-amphetamine in sham-treated animals
(P<.01). There was no difference in baseline PPI, after vehicle
administration, between the two groups (P=.3). (B) Animals exposed to
anoxia as pups as well as sham animals displayed significantly reduced PPI
after administration of the high dose of D-amphetamine (3.0 mg/kg, P<.01
and P<.0001, respectively). The effect of D-amphetamine did not depend
on the pp intensity. Baseline PPl was, after vehicle administration,
significantly reduced in the anoxic group as compared to the sham group
(P<.01). AMPH 1.0: D-amphetamine 1.0 mgkg. AMPH 3.0: D-
amphetamine 3.0 mg/kg. Data are presented as mean and S.E.M.
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Table 3

Amplitude of the response during startle trials and during no-stimulus trials
Vehicle 1 Treatment 1 Vehicle 2 Treatment 2
NaCl AMPH NaCl AMPH
(1 ml/kg) (1.0 mg/kg) (1 mlkg) (3.0 mg/kg)
Mean (S.E.M.)

Anoxia

Startle 3065.2 2807.4 2778.3 2295.6
(358.8) (269.1) (412.3) (185.1)

No stimulus 5.0 (1.0) 8.0 (1.3) 6.9 (1.4) 11.3 2.1)*

Sham

Startle 3377.6 2724.2 3516.3 2766.1
(388.6) (403.6) (413.1) (542.9)

No stimulus 4.4 (0.8) 6.8 (1.1) 5.6 (1.2) 8.3 (1.1)

AMPH: D-amphetamine (1.0 or 3.0 mg/kg sc, doses volume: 1 ml/kg).
* P<.05 as compared to Vehicle Treatment 2.

Fig. 2A). There was no effect of this dose of b-amphetamine
in the sham group (P=.9).

Between-group comparisons showed that PPI was sig-
nificantly more reduced in the anoxic group after 1.0 mg/kg
p-amphetamine as compared to the same treatment in the
sham group (P<.01; Fig. 2A). No such group difference
existed when the animals were treated with 3.0 mg/kg of p-
amphetamine (P=.9; Fig. 2B), in that case, the reduction in
PPI was equal in both groups. Also, baseline PPI, after
vehicle administration, was significantly reduced in the
anoxic group during the second drug testing as compared
to the sham group (P <.01; Fig. 2B). However, this was not
the case during the first drug testing, where the degree of
PPI was equal in both groups after vehicle administration
(P=.3; Fig. 2A).

There was no main effect of group or drug treatment in
basal startle response [ (1,39)=0.7, P=.4 and F(1,39)=0.8,
P=.4, respectively; Table 3]. However, a significant main
effect of drug treatment existed in the no-stimulus condition
[F(1,39)=11.6, P<.01], revealing that animals exposed to
anoxia expressed higher activity levels during the no-stim-
ulus condition when injected with 3.0 mg/kg of p-amphet-
amine as compared to saline treatment (P <.05; Table 3).
There was no significant effect of either 1.0 or 3.0 mg/kg of
p-amphetamine on the startle response in the sham group
during the no-stimulus condition (P=.6 and P=.1, respec-
tively; Table 3).

Repeated exposure to the PPI paradigm had no effect on
baseline PPI, as shown by an equal degree of PPI after
vehicle treatment during the first and second drug test
sessions in the anoxic group as well as the sham group
(P=.3 and P=.6, respectively; Fig. 2A and B).

4. Discussion
The main finding of this study was that exposing 9-day-

old rat pups to 6 min of anoxia resulted in significantly
reduced subcortical dopamine metabolism and turnover in

adult rats, as measured by striatal DOPAC and HVA con-
centrations. Concomitantly, in the anoxic group only, a
significant negative correlation existed between striatal
HVA and NAA levels in the right mPFC. There was no
effect of exposure to postnatal anoxia on baseline PPI and
the response to p-amphetamine in the PPI paradigm, al-
though a trend for enhanced sensitivity to the low dose of p-
amphetamine (1.0 mg/kg) existed in the anoxic group.

The negative correlation between the concentration of
NAA in mPFC and the dopamine metabolite, HVA in STR
was found only in the anoxic group and only in right
hemisphere tissue. No such correlation was evident in the
sham group. Furthermore, exposure to postnatal anoxia
resulted in highly significant reductions in striatal DOPAC
and HVA levels in the adult animals.

It is well established that the prefrontal cortex has a
prominent role in the regulation of striatal/nucleus accum-
bens dopamine function (Kolachana et al., 1995; Pycock et
al., 1980). This regulatory role has been shown to be
functionally lateralized with respect to regulation of stress
response as well as regulation of subcortical dopamine
function, and that it is primarily the mesocortical dopamine
innervation in the right mPFC which is involved (Sullivan
and Gratton, 1999; Sullivan and Szechtman, 1995). More-
over, exposure to anoxia during cesarean section has been
shown to cause blunted stress-induced dopamine response
in the right mPFC in the adult rat, without any effect in the
left mPFC (Brake et al., 2000), supporting the findings of
mainly right side effects in this study. Accordingly, postnatal
anoxia may affect the functional integrity of the mesocort-
ical dopamine system. However, the significance of the
mainly right side effect in this study needs to be further
explored.

Furthermore, it must be stressed that DOPAC and HVA
levels are measures of dopamine metabolism and turnover
and do not address whether the dopamine activity at the
receptor is increased or decreased. Moreover, in the present
study, there was no significant reduction of NAA in either
right or left mPFC (or left hemisphere HIP) in animals
exposed to anoxia as pups as compared to sham-treated
animals. Reduced concentration of NAA in prefrontal cortex
has been reported in a nonpharmacological rat model of
schizophrenia (Bertolino et al., 2002). Likewise, reduced
concentrations of NAA in dorsolateral prefrontal cortex
have been reported in schizophrenic patients in most studies
(e.g., Bertolino et al., 1996) but not in all, possibly depend-
ing on group size (Bertolino et al., 2000). Nevertheless, the
data may indicate that postnatal anoxia do not affect single
structures, such as the PFC or the HIP in isolation. Rather,
an explanation could be that exposure to postnatal anoxia
disturbs the interaction between structures, in particular,
cortical—subcortical integration. Distorted prefrontal—sub-
cortical dopamine interactions have been found repeatedly
in schizophrenic patients (Bertolino et al., 1999).

Likewise, schizophrenic patients have frequently been
reported to display deficient PPI (for a recent extensive
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review, see Braff et al., 2001). In rats, deficits in PPI can be
induced by psychotomimetic compounds, such as amphet-
amine and PCP (Mansbach and Geyer, 1989, 1991; Man-
sbach et al., 1988; for an extensive review, see Geyer et al.,
2001) or nonpharmacological interventions, such as lesions
of the ventral HIP at PND 7 (Lipska et al., 1995) or maternal
separation at PND 9 (Ellenbroek et al., 1998).

In the present study, there was no difference in baseline
PPI between saline-treated sham and anoxic rats during the
first drug testing session. During the second drug testing
session, in contrast, animals exposed to postnatal anoxia
displayed significantly reduced PPI when injected with
saline as compared to the sham group. However, the sham
group showed a nonsignificant increase in PPI during the
second test session as compared to the first vehicle session.
Consequently, it is more likely that this group difference is
due to increased PPI in the sham group rather than repre-
senting a real deficit in baseline PPI in the anoxic group.
Thus, exposing rat pups to anoxia on PND 9 do not appear
to affect baseline PPI.

Robust deficits in PPI were, as expected, seen in both
groups after injection with the high dose of D-amphetamine
as compared to vehicle injections. In contrast, no deficit was
evident after injection with the low dose of p-amphetamine
in either of the groups. However, it must be noted that a
strong trend existed for reduced PPI after low dose of p-
amphetamine as compared to saline injections in the anoxic
group. This was further supported when an intergroup
comparison was made, comparing the degree of PPI after
1.0 mg/kg of p-amphetamine in the two groups; the degree
of PPI after low dose p-amphetamine treatment was signif-
icantly reduced in the anoxic group as compared to the
effects in the sham group. Thus, exposing rat pups to anoxia
on PND 9 do not appear to affect baseline PPI but may seem
to render the animals more vulnerable to the deleterious
effects of p-amphetamine. Parallel findings have been
reported in schizophrenic patients, where administration of
psychotomimetic compounds exacerbate or even induce
psychotic symptoms in doses, which have no effect in
normal subjects (e.g., Davis, 1974).

In conclusion, the present results demonstrate that ex-
posing rat pups to anoxia on PND 9 results in long-lasting
changes in subcortical dopamine metabolism tentatively
caused by dysfunctional cortical—subcortical interaction.
However, further studies need to verify and extend the
nature of these findings. The early insult does not seem to
affect baseline PPI in the adult rat, but may render the
animals more vulnerable to the effect of p-amphetamine,
although this was not statistically significant. Accordingly,
although oxygen deficiency early in life has been discussed
as a vulnerability factor in developing schizophrenia, it does
not cause clear-cut phenomenological similarities with the
disorder in the rat. However, the model may be interesting in
exploring the effects of oxygen deficiency on the interaction
between the prefrontal cortex and the subcortical dopamine
systems.
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