The Journal of Neuroscience, July 15, 2000, 20(14):5538–5543
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1

Obstetric complications involving anoxia or prolonged hypoxia
are suspected to increase the risk for such mental disorders as
schizophrenia and attention deficit–hyperactivity disorder. In previous studies, we reported evidence of enhanced nucleus accumbens (NAcc) dopamine (DA) function in adult rats subjected
to intrauterine anoxia during cesarean (C) section birth. In the
present study, we used voltammetry and monoamine-sensitive
electrodes to investigate the possibility that this functional hyperactivity of the meso-NAcc system is attributable to a loss of
inhibitory control from the medial prefrontal cortex (PFC). We
monitored the DA responses to repeated once-daily stress in the
right or left PFC of adult male rats born vaginally (VAG) or by
C-section, either with (C ⫹ 15) or without (C ⫹ 0) an additional 15
min of intrauterine anoxia. In C ⫹ 15 animals, we observed a
pronounced and persistent blunting of stress-induced DA release

in the right PFC but not in the left; with repeated testing, a similar
pattern of dampened right PFC DA stress responses emerged in
C ⫹ 0 animals. In addition, C ⫹ 15 animals were spontaneously
more active than VAG and C ⫹ 0 animals and displayed an
increase in PFC DA transporter density that was also lateralized
to the right hemisphere. There was no evidence, however, that
PFC D1 and D2 receptor levels differed between birth groups or
hemisphere. These findings suggest a mechanism by which
perinatal complications involving anoxia might contribute to the
etiology of mental disorders that have been linked to disturbances in central DA transmission and lateralized PFC
dysfunction.
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Obstetric complications at or close to the time of birth have long
been thought to increase the risk for some mental disorders (Hartsough and Lambert, 1985; Lewis and Murray, 1987; Norman and
Malla, 1993; Verdoux and Bourgeois, 1993; Günther-Genta et al.,
1994; Milberger et al., 1997). Such complications are suspected to
produce subtle changes in brain maturation, the impact of which
may become apparent only much later in life. One consequence
common to many obstetric problems is an episode of anoxia or
hypoxia to the fetus. Using a delayed cesarean (C) section procedure in rats, we found evidence that perinatal complications involving anoxia can lead to alterations in central dopamine (DA)
function during adulthood that are consistent with the postulated
pathophysiology of schizophrenia and other disorders, most notably attention deficit–hyperactivity disorder (ADHD) (Weinberger,
1987; Castellanos, 1997). Specifically, we showed that the acute
nucleus accumbens (NAcc) DA response to repeated stress is
greater in adult rats born by C section than in vaginally born
controls and even more so when the animals had sustained an
anoxic episode during cesarean delivery (Brake et al., 1997b).
Moreover, these animals would sensitize to the locomotor stimulant action of amphetamine after being stressed under conditions
that failed to sensitize vaginally born controls (Brake et al., 1997a).
These findings suggested that, under certain conditions, fetal distress at birth can trigger neurodevelopmental changes that eventually result in increased mesolimbic DA responsiveness.
The development of NAcc DA hyperfunction, we reasoned,
might reflect a loss of inhibitory control from DA-sensitive afferents originating in the medial prefrontal cortex (PFC) where stress
will also activate DA transmission (Deutch, 1992; Abercrombie et

al., 1989; Doherty and Gratton, 1996). The PFC plays a pivotal role
in so-called executive functions. Specialized neurons within the
PFC are involved in maintaining task-relevant information “on
line” for brief periods (Fuster, 1997). These neurons are part of the
circuitry that subserves processes related to working memory and
sustained attention, both essential components for structuring goaldirected behaviors. Dopamine plays a modulatory role here by
optimizing the activity of PFC neurons and the functions they
subserve (Williams and Goldman-Rakic, 1995; Murphy et al.,
1996). Not surprisingly, disorders of higher executive function
often reflect disruptions of prefrontal cortical and DA systems.
Thus, the purpose of the present study was to investigate how
PFC DA function is affected in adult animals subjected to intrauterine anoxia during C section delivery. Based on our recent
findings in neonatally PFC-lesioned rats (Brake et al., 2000), we
hypothesized that the enhanced NAcc DA stress response seen in
these animals reflects, at least in part, impaired DA transmission in
PFC. To test this idea, we used voltammetry to monitor the acute
PFC DA responses to repeated, once-daily stress. We also used
quantitative receptor autoradiography to examine possible changes
in PFC DA D1 and D2 receptors and DA transporter (DAT) levels.
There is accumulating evidence that the PFC is functionally lateralized with respect to the regulation of stress responses (Sullivan
and Gratton, 1999), and the left and right mesocortical DA projections have been shown to be differentially involved in numerous
aspects of stress-related processes (Carlson et al., 1993, 1996;
Sullivan and Szechtman, 1995; Sullivan and Gratton, 1998; Berridge et al., 1999). Consequently, we examined DA stress responses
and DAT D1 and D2 receptor binding in left and right PFC
separately.
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MATERIALS AND METHODS
Animals and intrauterine anoxia. All procedures were performed in accordance with the guidelines established by the C anadian Council on Animal
C are and the Society for Neuroscience Policy on the Use of Animals in
Research. Rats were delivered via C section and asphy xiated according to
methods modified from those first reported by Bjelke et al. (1991); a
detailed description of the procedure has been published previously (Brake
et al., 1997a,b). On the day of parturition, Sprague Dawley dams (Charles
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River, St. Constant, Quebec, C anada) were decapitated and hysterectomized, and the isolated intact uterus was immediately immersed in a 37°C
saline bath for 13.5 min. The pups were then delivered from the uterus and,
if necessary, gently palpated to initiate breathing. The period of anoxia was
defined as the time the uterus was immersed in the saline bath to the
moment the pups began breathing on their own. Therefore, the animals
that had been subjected to birth anoxia were designated C section ⫹ 15
min of anoxia (C ⫹ 15).
The extent of asphytic insult in C ⫹ 15 animals is less severe than it
appears; compared with humans, the rat brain at birth is more resistant to
anoxia (Jilek et al., 1970). It is worth noting, however, that although anoxia
during human birth is caref ully monitored, severe hypoxemia may still
occur in preterm infants without observable changes in breathing or heart
rate (Hales et al., 1993; Poets et al., 1995). It should be emphasized also
that rats are born at an earlier ontogenic stage than humans and would
more closely parallel the premature infant (Romijin et al., 1991).
A second group of animals comprised pups born by C section with no
added period of anoxia (C ⫹ 0). These animals were delivered immediately after removing the uterus from the dam. Both groups of pups
delivered by C section were placed on a heating pad until they had f ully
recovered and were breathing regularly. A third group of animals comprised pups that were born vaginally (VAG).
A code consisting of a small amount of indelible (India) ink that was
injected into one of the paws was used to later identif y birthing condition.
All pups were cross-fostered with surrogate dams in litters of 10 pups per
dam, and each litter comprised pups from each of the three birth groups.
Only male pups were included in the study to avoid confounding group
effects with sex differences. Upon weaning at 21 d, animals were randomly
paired and housed on a 12 hr light /dark cycle (lights on at 8:00 A.M.) with
food and water available ad libitum.
Surger y. At 3– 4 months of age, animals from each of the three birth
conditions were pretreated with atropine sulfate (0.1 mg / kg, i.p.), anesthetized with sodium pentobarbital (60 mg / kg, i.p.), and implanted under
stereotaxic guidance with a voltammetric recording electrode aimed at
either the right or left PFC (prelimbic /infralimbic cortex); the coordinates
were 3.2 mm anterior to bregma, ⫾0.6 mm lateral to the midline, and 4.2
mm below the cortical surface (Paxinos and Watson, 1985). All animals
were also implanted with a Ag /AgC l reference electrode and a stainless
steel ground wire in the contralateral and ipsilateral parietal cortex,
respectively. Miniature pin connectors soldered to the electrochemical and
reference electrodes and ground wire were inserted into a plastic strip
connector that was then anchored with acrylic dental cement to four
stainless steel screws threaded into the cranium.
Electrochemical probes. The electrochemical probes each comprised
three 30-m-diameter carbon fibers (Avco Specialty Materials, L owell,
M A) that extended 50 –100 m beyond the sealed tip of a pulled glass
capillary. The exposed fiber bundle was repeatedly coated with a 5%
solution of the ion exchange polymer Nafion (Aldrich, Milwaukee, W I).
Electrodes were calibrated immediately before implantation to determine
their sensitivity to DA and their selectivity for DA against ascorbic acid.
Only electrodes with a DA to ascorbic acid selectivity ratio greater than
1000:1 and a linear response (r ⱖ 0.997) to increasing concentrations of
DA were used.
Electrochemical measurements. Electrochemical recordings were performed using a computer-controlled chronocoulometric system (Medical
Systems Corp., Greenvale, N Y). An oxidative potential of ⫹55 V, with
respect to the reference electrode, was applied to the electrode for 100
msec at a rate of 5 Hz. The amplitude of the resulting oxidation current
was digitized and integrated over the last 80 msec of each pulse. Every 10
digitized measures of current were summed and converted on-line to
equivalent values of DA concentration using the in vitro calibration factor
for each respective electrode (for a detailed description, see Brake et al.,
1997b, 1999; Doherty and Gratton, 1992, 1996, 1997).
Animals were tested in a sound-attenuating recording chamber with a
glass façade; the animals had been acclimatized to the recording chamber
for 2–3 hr before surgery. T wo days after surgery, animals were placed in
the recording chamber and connected to the recording apparatus via a
shielded cable and low-impedance commutator (Airflyte, Bayonne, NJ). A
preamplifier (gain of 1 ⫻ 10 8) was connected directly onto the animal’s
head assembly to minimize electrical interference. Baseline electrochemical signals were recorded for ⬃160 min on the first test day. On each of the
5 subsequent days, stable baseline recordings were obtained for 20 –30 min,
after which animals were stressed by placing a wooden clothespin ⬃1.5 cm
from the base of the tail for 15 min. Recordings were performed until the
electrochemical signal returned to baseline (prestress) levels.
Histolog y. At the conclusion of the experiment, animals were deeply
anesthetized with sodium pentobarbital (75 mg / kg, i.p.) and transcardially
perf used with 0.9% saline, followed by a 10% formalin solution. The
brains were stored in 10% formalin and subsequently cryoprotected in a
30% sucrose –formalin solution before being sliced. Electrode placements
were confirmed from 40 m thionin-stained coronal sections.
Electrochemical data format and anal ysis. Because of the inherent differences in sensitivity between Nafion-coated electrodes, in vivo changes in
oxidation current recorded with different electrodes (in different animals)
cannot be assumed to be equivalent. Thus, valid comparisons are possible
only if the sensitivity of each electrode is calibrated against a standard and
the electrochemical data are expressed as standard equivalent values. In
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the present study, DA was used as the standard to calibrate electrode
sensitivity. Accordingly, in vivo changes in oxidation current are expressed
as micromolar equivalent values of DA concentration. Averaged data are
presented as micromolar DA equivalent changes in electrochemical signal
relative to the signal level at the onset of the stress period (time 0). Because
the record at time 0 was the reference point for changes in electrochemical
signal that followed, it was given a value of 0. A value of 0 M, therefore,
is not meant to correspond to the absolute concentration of extracellular
DA. Rather, the data reflect relative changes in the DA signal elicited by
stress. Statistical comparisons were based on group differences in the
amplitude of electrochemical signal increases taken at 5 min intervals from
onset of tail-pinch stress. An overall four-way mixed factorial ANOVA
with hemisphere (left or right PFC) and birth group (VAG, C ⫹ 0, or C ⫹
15) as between-subject factors and test day (days 1–5) and time from stress
onset (70 min at 5 min intervals) as within-subject factors was conducted to
uncover any significant effect of repeated once-daily exposures to stress.
However, because the magnitude of the DA stress response was known a
priori to be experience-dependent (Doherty and Gratton, 1992), data
obtained on day 1, when animals were naı̈ve to experimental conditions,
were analyzed separately from those obtained on days 2–5. For this
purpose, the effects of birth group, hemisphere, and time from stress onset
were assessed using a three-way mixed factorial ANOVA. When indicated,
post hoc analyses were conducted using T ukey’s honestly significant difference (HSD) test.
Locomotor activit y. Birth group differences in spontaneous locomotor
activity were assessed in a separate cohort of 36 randomly selected,
experimentally naı̈ve 3-month-old animals (n ⫽ 12 per birth group). The
animals were placed in activity chambers (30 ⫻ 40 ⫻ 40 cm) for 2 hr/d for
5 consecutive days; the animals had been allowed to acclimatize to their
respective chambers on two separate occasions before testing. The 12
chambers were housed in a dimmed room and were each equipped with
two photoelectric switches; consecutive interruptions of the two light
beams were monitored and stored by a computer. Each animal was tested
at the same time of the dark phase of its diurnal cycle (between 9:00 A.M.
and 2:00 P.M.). To avoid confounding spontaneous locomotor activity with
novelty-induced activity, each animal was tested in the same chamber
throughout the experiment. The data are expressed as mean photobeam
interruptions per 10 min interval. The data were collapsed across test days,
and group differences were tested using a mixed factorial ANOVA and post
hoc comparisons (T ukey’s HSD).
Quantitative receptor autoradiography. Tissue used for receptor autoradiography was taken from separate groups of experimentally naı̈ve animals
(n ⫽ 6 – 8 per birth group). At 3 months of age, animals were decapitated,
and the brains were rapidly removed, frozen in isopentane, and then stored
at ⫺80°C. Brains were sliced in serial 16 m coronal sections, which were
mounted on glass slides (two sections per slide), desiccated under vacuum
at 4° C overnight, and then stored at ⫺80° C until used.
For DAT binding, sections were preincubated for 20 min in ice-cold 50
mM Tris HC l buffer, pH 7.0, containing 120 mM NaC l. Total binding was
measured from four sections that had been incubated for 60 min in the
same ice-cold buffer to which was added 10 nM [ 3H]N-[1-(⫺2benzo(b)thiophenyl)cyclohexyl]piperidin ([ 3H]BTC P) (DuPont N EN,
Boston M A), a specific DAT ligand (Kd of 0.9 nM for high-affinity uptake
site) (Vignon et al., 1988; Katz et al., 2000). Nonspecific binding was
determined from two adjacent sections by adding 1 mM GBR12935 to the
binding buffer. Sections were subsequently washed in ice-cold buffer (four
times for 5 min each), rinsed in ice-cold distilled water, and left to dry
overnight.
D1-like receptor binding was measured from sections preincubated at
room temperature for 20 min in 50 mM Tris HC l buffer, pH 7.4, containing
120 mM NaC l, 5 mM KC l, and 0.1% ascorbic acid. Sections (n ⫽ 4) were
then incubated for 60 min in the same buffer to which was added 2 nM
[ 3H]SCH23390 (DuPont N EN) and 30 nM ketanserine to prevent binding
to serotonergic receptors. Nonspecific binding was determined from two
adjacent sections by adding 1 M (⫹)-butaclamol to the buffer. Total
D2-like receptor binding was determined by incubating sections (n ⫽ 4) for
60 min at room temperature in 50 mM Tris HC l buffer, pH 7.4, containing
120 mM NaC l, 5 mM KC l, 0.1% ascorbic acid, and 5.7 nM [ 3H]Raclopride
(DuPont N EN). Nonspecific binding was assessed from adjacent sections
that were incubated in the same buffer containing 1 M (⫹)-butaclamol.
Sections used for D1-like and D2-like receptor binding were washed in
ice-cold buffer (three times for 5 min each), rinsed in ice-cold distilled
water, and left to dry overnight.
Brain sections were apposed to tritium-sensitive Hyperfilm (Amersham
Pharmacia Biotech, Toronto, Ontario, C anada) alongside microscalecalibrated tritium standards (Amersham Pharmacia Biotech); exposure
times for [ 3H]BTC P, [ 3H]SCH23390, and [ 3H]Raclopride were 7, 25, and
14 d, respectively. Autoradiograms were analyzed with a computerized
image-analysis system (MCI D-M4; Imaging Research, St. C atherine’s,
Ontario, C anada), and binding densities were converted to femtomoles per
milligram protein based on the tritium standard calibration and the specific
activity of each respective ligand. For each animal, specific D1-like and
D2-like receptor and DAT binding was calculated by subtracting the
averaged nonspecific binding (n ⫽ 2 sections) from the averaged total
binding (n ⫽ 4 sections). Birth group and hemispheric differences in DA
receptor and DAT binding were assessed for significance using a two-way
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Figure 1. Photomicrograph of tissue damage produced by a typical electrode placement in the right PFC. Arrow indicates point of deepest electrode penetration.
ANOVA, followed by planned comparisons based on the results of the
electrochemical recording experiment.

RESULTS
PFC dopamine response to stress
Nineteen animals with histologically confirmed electrode placements in the left PFC (VAG, n ⫽ 6; C ⫹ 0, n ⫽ 6; C ⫹ 15, n ⫽ 7)
and 17 animals with confirmed placements in the right PFC (VAG,
n ⫽ 6; C ⫹ 0, n ⫽ 6; C ⫹ 15, n ⫽ 5) were included in the data
analysis (Fig. 1). Based on the atlas of Paxinos and Watson (1985),
the point of deepest electrode penetration was estimated in
all cases to be within the infralimbic or ventral prelimbic region of
the PFC.
Figure 2 shows for the three birth groups of animals the mean
increases in DA signal recorded in the left and right PFC on each
of the 5 test days. Analysis of the stress-induced DA signal increases recorded on day 1, when animals were naı̈ve to experimental conditions, revealed a significant interaction between birth
group and hemisphere (F(2,30) ⫽ 3.504, p ⫽ 0.0429). Post hoc
comparisons indicated that stress-induced signal increases recorded in the right PFC of C ⫹ 15 animals were significantly
smaller than those recorded in the same hemisphere of C ⫹ 0 and
VAG animals ( p ⬍ 0.05). There were no such group differences in
the magnitude of the stress responses recorded in the left PFC.
A four-way ANOVA of the entire data set (days 1–5) indicated
that there was no significant effect of test day, nor was there a
significant interaction between test day and any of the other variables (birth group, hemisphere, and time from stress onset). Thus,
the data collected from each animal were collapsed across test days,
and a three-way ANOVA was conducted with birth group and
hemisphere as between-subject factors and time from stress onset
as the within-subject factor. This analysis uncovered a significant
three-way interaction between birth group, hemisphere, and time
from stress onset (F(26, 2262) ⫽ 3.788, p ⬍ 0.0001). Post hoc analysis
revealed that DA stress responses recorded in the right PFC of both
C ⫹ 0 and C ⫹ 15 animals were significantly attenuated compared
with the right PFC stress responses of VAG animals ( p ⬍ 0.05). No
such group differences were observed in the left hemisphere where
stress-induced DA signal increases were often greater but also
considerably more variable than in the right PFC; although unexplained, this difference has been reported by others (Maisonneuve
et al., 1990).

Spontaneous locomotor activity
Figure 3 presents the within-session changes in spontaneous locomotor activity of VAG, C ⫹ 0, and C ⫹ 15 animals. Compared with
animals of the other two birth groups, C ⫹ 15 animals were,
overall, significantly more active during the initial 50 min of the
session (F(22,1947) ⫽ 2.107, p ⫽ 0.0019).

DA receptors and transporter
Significant birth group differences in DAT binding were observed
in the right but not the left PFC (F(2,21) ⫽ 3.686, p ⫽ 0.037).

Figure 2. Mean ⫾ SEM increases of DA signals recorded in left and right
PFC in response to each of five once-daily episodes of tail-pinch stress.
Overall, the right but not the left PFC DA stress responses in C ⫹ 15 and
C ⫹ 0 animals were significantly smaller than in VAG controls ( p ⬍ 0.01;
Tukey’s HSD). However, on the first test day, right PFC DA responses were
significantly attenuated only in C ⫹ 15 animals ( p ⬍ 0.05; Tukey’s HSD).
Length of horizontal bar corresponds to the duration of the stress period.

Specifically, the density of [ 3H]BTCP-labeled sites in the right PFC
was higher in C ⫹ 15 animals than in VAG controls ( p ⬍ 0.05); the
DAT binding density in right PFC of C ⫹ 0 animals was also higher
relative to controls but not significantly so. There were no significant differences in PFC D1-like and D2-like receptor binding between the three birth groups or the left and right hemispheres
(Table 1).
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Figure 3. Mean ⫾ SEM spontaneous locomotor activity scores of VAG, C
⫹ 0, and C ⫹ 15 animals (n ⫽ 12 per group). Across the 5 test days, C ⫹
15 animals were more active than VAG and C ⫹ 0 animals during the initial
50 min of the session (*p ⬍ 0.05; †p ⬍ 0.01; Tukey’s HSD).
Table 1. Birth group differences in left and right PFC DA D1- and D2like receptor and transporter levels
Left PFC

Right PFC

16.7 ⫾ 1.98
23.3 ⫾ 4.76
21.5 ⫾ 2.10

16.2 ⫾ 1.74
21.6 ⫾ 3.98
19.5 ⫾ 1.77

1.92 ⫾ 0.22
2.49 ⫾ 0.48
3.24 ⫾ 1.06

1.99 ⫾ 0.38
2.61 ⫾ 0.45
2.12 ⫾ 0.58

33.5 ⫾ 4.97
47.7 ⫾ 7.43
39.5 ⫾ 7.04

25.7 ⫾ 5.89
31.9 ⫾ 7.85
53.1 ⫾ 10.40*

3

D1-like receptors [ H]SCH23390
VAG
C⫹0
C ⫹ 15
D2-like receptors [3H]Raclopride
VAG
C⫹0
C ⫹ 15
DA transporter [3H]BTCP
VAG
C⫹0
C ⫹ 15

Dopamine receptor and transporter levels are expressed in femtomoles per milligram
wet tissue. Values are means ⫾ SEM of six to eight animals from each birth group
(*p ⬍ 0.05, Scheffe’s C ⫹ 15 vs VAG in right PFC).

DISCUSSION
The main finding of the present study is that perinatal distress (C
section plus anoxia) leads to a lateralized suppression of stressinduced activation of PFC DA transmission during adulthood. This
developmental insult is also associated with long-lasting changes in
DAT levels in the right PFC and with behavioral hyperactivity.
When stressed for the first time (day 1), a blunted right PFC DA
response was seen only in animals that had been asphyxiated
during C section delivery (C ⫹ 15 group). However, with each
subsequent daily exposure to stress, the same pattern emerged in C
section alone (C ⫹ 0) animals, suggesting that the lateralized PFC
deficit is, in part, experience-dependent. That the present procedures, which induce a mesocortical DA deficit, also result in subcortical (mesolimbic) DA hyperfunction (Brake et al., 1997a,b) is
consistent with a large body of evidence demonstrating that mesocortical DA exerts a tonic inhibitory influence on subcortical DA
function (Pycock et al., 1980; Deutch, 1992; Mitchell and Gratton,
1992; Rosin et al., 1992; Doherty and Gratton, 1996; Banks and
Gratton, 1995; Carr et al., 1999).
The long-term effects of perinatal anoxia on PFC DA were also
examined in a study by El-Khodor and Boksa (1997), who observed
a significant reduction of steady-state DA levels in PFC of C ⫹ 0
but not C ⫹ 15 animals, suggesting that adult PFC DA function is
more profoundly altered as a result of C section birth than our data
would indicate. The significance of this finding in the context of the
present study is difficult to assess, however. El-Khodor and Boksa
(1997) also reported that PFC DA metabolite levels were unaffected by conditions at birth, indicating that the decreases in tissue

DA levels they observed in C ⫹ 0 animals reflect altered intracellular DA accumulation rather than increased DA release. Interpretation is further complicated by the fact that the data of El-Khodor
and Boksa (1997) were obtained from both the left and right PFC;
thus, the extent to which these changes in PFC DA metabolism
might be lateralized remains to be examined. Interestingly, in this
context, depletion of DA in the right but not left PFC results in
bilateral increases in striatal DA turnover ratios (Sullivan and
Szechtman, 1995).
We also observed differences between birth groups in DAT
levels, and these too were evident only in the right PFC. In contrast,
there was no evidence that D1-like and D2-like receptor levels
differed between birth groups or hemisphere. The lateralized increase in right PFC DAT levels could explain the blunted DA
response observed there, given that reuptake is the primary mechanism of extracellular DA clearance and that DA transmission is
extremely sensitive to changes in DAT density or kinetics (Wightman and Zimmerman, 1990). Although the effect was not statistically significant, right PFC DAT levels in C ⫹ 0 animals were also
comparatively higher than in VAG controls. Whether this marginal
increase in DAT density is functionally relevant to the progressive
day-to-day decrease of right PFC stress response seen in C ⫹ 0
animal is unclear at present. Because the tissue used for autoradiography was taken from naı̈ve animals, it also remains to be
determined whether PFC DAT levels in C ⫹ 0 (and C ⫹ 15)
animals would differ after repeated daily exposure to stress.
Rats subjected to perinatal anoxia were found to be persistently
hyperactive, as our previous study suggested (Brake et al., 1997a).
The fact that the hyperactivity was expressed during the first hour
of each session possibly suggests a heightened response to novelty,
a failure to habituate to the testing environment, or an impaired
ability to inhibit exploratory activity. Whatever the underlying
deficit may be, it is clear from the locomotor activity data that its
behavioral consequences are seen only when animals sustained an
anoxic episode during C section delivery. Why C ⫹ 0 animals were
not also hyperactive is unclear at present. A variety of procedures
inducing perinatal anoxic states in rats have been shown to result in
behavioral hyperactivity that peaks during the juvenile period and
declines toward the time of puberty (Speiser et al., 1983, 1988). In
addition, such treatments produce lasting deficits in spatial memory
(Dell’Anna et al., 1991) and discrimination learning (Hershkowitz
et al., 1983). Given the observed asymmetrical cortical alterations,
it is noteworthy that a variety of experimentally induced deficits
in the right, but not left hemisphere, including frontal 6-hydroxydopamine lesions, induce locomotor hyperactivity (Robinson, 1979;
Robinson and Stitt, 1981; Kubos et al., 1982).
As mentioned earlier, birth complications involving hypoxic or
anoxic states are commonly cited as risk factors for such disorders
as schizophrenia and ADHD. Insofar as each condition has been
hypothesized to involve a mesocortical DA deficit in conjunction
with hyperfunctional subcortical DA systems (Davis et al., 1991;
Deutch, 1992; Castellanos, 1997), the present results lend credence
to an etiological link with birth complications. However, there are
many reasons to believe that the pattern of lateralized cortical
changes reported here has special relevance to ADHD.
In addition to the reciprocal changes in cortical/subcortical DA
function and associated behavioral hyperactivity, several clinical
studies have demonstrated right hemispheric deficits in ADHD
(Carter et al., 1995; Nigg et al., 1997). Imaging studies have
revealed anatomical and functional deficits in prefrontal–striatal
circuitry in the right hemisphere, correlating with symptomology
(Casey et al., 1997; Castellanos, 1997). Based on their observations,
Heilman et al. (1991) have specifically proposed that ADHD
reflects an impairment in right hemispheric mesocortical DA function, and asymmetrical DA metabolism in the PFC of ADHD
subjects has been demonstrated (Ernst et al., 1998). Notably, it has
been shown in rats that DA turnover in the right PFC is positively
correlated with performance in tasks of sustained attention
(Puumala and Sirviö, 1998).
The present finding of elevated DAT levels in the right PFC is
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also significant in this regard. The standard treatment for ADHD
is methylphenidate (Ritalin), which acts at the DAT by blocking
DA uptake, thus increasing the availability of synaptic DA. In
humans, genetic studies have shown links between anomalies in the
DAT gene and ADHD (Cook et al., 1995; Gill et al., 1997), and
knock-out mice lacking the DAT gene have been proposed as an
animal model of ADHD based primarily on their profound hyperactivity and response to psychostimulants (Gainetdinov, 1999). The
present results suggest that far more subtle, localized, and lateralized alterations in DAT may be associated with a spectrum of
changes characteristic of ADHD. Such changes are induced by
early developmental insult and may become manifest through similar, if not common, mechanisms as those that are affected in
genetically predisposed individuals. Interestingly, obstetric complications are predictive of ADHD diagnosis in both familial and
nonfamilial forms of the disorder (Milberger et al., 1997).
The present birth manipulations could alter cortical development
and maturation in several ways. The timing of any developmental
insult is important in determining the type of long-term damage
incurred and the particular afferent systems affected. In the rat,
cortical DA afferents begin reaching their cortical targets earlier
(approximately the final trimester of gestation) and achieve their
adult innervation pattern later (2 months postnatal) than other
major cortical afferent systems (Berger-Sweeney and Hohmann,
1997). The window of vulnerability of this system to developmental
insults is therefore particularly long. Moreover, this system develops faster in females than males, possibly conferring a prolonged
vulnerability to insult in the latter; presumably, this might contribute to the higher incidence among males of neurodevelopmental
disorders such as ADHD.
Additionally, the same perinatal manipulation as presently used
is known to cause dysregulation of plasma hormone (glucocorticoid) physiology in the first weeks of life (Boksa, 1997). There is a
high density of steroid receptors in PFC and hippocampus, which
are overexpressed at approximately the time of birth (MacLusky et
al., 1979; Meaney et al., 1985; McEwen, 1992). Glucocorticoids
affect both cell death and neurogenesis in the hippocampus during
this developmental phase (Gould et al., 1991a,b), although such
actions have not been investigated in PFC. Cesarean section birth
with anoxia, however, does increase cell death in PFC by postnatal
day 8 in the rat (Dell’Anna et al., 1997). Finally, glucocorticoid
receptors are also colocalized in DA-containing cell bodies of the
ventral tegmental area, the origin of the mesocortical DA innervation (Harfstrand et al., 1986), potentially affecting development of
this projection system.
The asymmetrical nature of the cortical changes reported here is
striking, although not surprising. The mesocortical DA system in
the adult rat can exhibit considerable functional lateralization in
such things as regulation of stress responses (Carlson et al., 1993;
Sullivan and Gratton, 1998; Berridge et al., 1999), drug selfadministration (Glick et al., 1994; Nielsen et al., 1999), and subcortical DA function (Sullivan and Szechtman, 1995; Carlson et al.,
1996). Cerebral DA asymmetries are present from the time of birth
(Afonso et al., 1993; Rodriguez et al., 1994; Varlinskaya et al.,
1995). Also, given the different rates of human cortical maturation
of the two hemispheres (Geshwind and Galaburda, 1987), it should
not be surprising that long-term sequelae of early developmental
insults would be asymmetrical as well.
That perinatal anoxia affected only the right PFC may reflect the
intrinsic specialization of this structure in regulating physiological
stress responses in the rat (Sullivan and Gratton, 1999). Differences
in the degree of fetal or neonatal physiological distress, either
acutely or cumulatively, might therefore preferentially impact on
maturational processes within this brain region. Mesocortical DA
innervation, particularly in the right PFC, is thought to play an
important role in optimizing adaptive responses to stressful conditions (Sullivan and Szechtman, 1995; Sullivan and Gratton, 1998;
Berridge et al., 1999). It is perhaps then not a coincidence that
blunted or suboptimal plasma glucocorticoid stress responses are
seen not only in adult rats subjected to perinatal anoxia (Boksa et
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al., 1996) but also in ADHD subjects with “developmentally persistent” forms of the disorder (King et al., 1998). Hence, compromising the development of the right PFC would ultimately be
expected to disrupt those processes normally subserved by this
region, be they adapting to stress, behavioral inhibition, regulation
of subcortical systems, or higher executive and attentional
functions.
In summary, perinatal distress involving anoxia induces lasting
changes in mesocortical DA function and behavior. Together with
other findings, it is suggested here that highly selective and lateralized changes in PFC may be primary in contributing to an
observed spectrum of changes associated with this developmental
challenge. Although the present manipulations are not intended to
model a specific disease state, parallels with the clinical features of
neurodevelopmental disorders such as ADHD are numerous and
intriguing. These findings implicate mechanisms by which perinatal
distress could lead to clinically reported outcomes and generate
testable hypotheses concerning the long-term behavioral consequences of perinatal trauma.
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