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Abstract

The effects of in utero cocaine exposure on cocaine-induced genomic and functional responses in postnatal life were examined. Pregnant
Dutch Belted rabbits were injected intravenously, twice daily, with cocaine hydrochloride (4 mg/kg) or saline from day 8 through day 29 of
pregnancy. Prenatally exposed kits were challenged with cocaine on postnatal day 20. In prenatal saline-exposed kits, cocaine induced time-
and dose-dependent c-fos gene expression in both frontal cortex and striatum. Prenatal cocaine exposure reduced cocaine-induced c-fos
responses by 35—58% in the frontal cortex and 37—41% in the striatum. Cocaine-induced functional responses that included head bobbing,
seizure, and locomotor activity were also attenuated in prenatal cocaine-exposed kits. Cocaine-induced c-fos expression and functional
responses were blocked by the D; dopamine receptor antagonist, SCH23390, or by the serotonin receptor antagonist, methysergide, but not
by the D, dopamine receptor antagonist, L-sulpride. The results indicate that in utero cocaine exposure leads to diminished responses to
cocaine challenge in the offspring, which may be mediated by prenatal cocaine-induced alterations in one or more components of the D

dopamine and/or serotonin receptor signaling systems during early postnatal life. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Prenatal exposure to cocaine has been shown to result
in developmental and neurobehavioral abnormalities in the
newborn (Chasnoff et al., 1992; Zuckerman et al., 1989).
Among the frequently observed neurologic abnormalities
in cocaine-exposed infants are tremors, hypertonia, and
impaired motor and sensory development (Chiriboga et al.,
1993). Studies using animal models of cocaine use during
pregnancy support the clinical and epidemiological data on
behavioral and cognitive deficits in the offspring (Kosof-
sky et al., 1994; Levitt et al., 1997; Molina et al., 1994;
Sobrian et al., 1990). Additionally, they have provided
insight into the molecular mechanism of the adverse
effects of cocaine on the developing central nervous
system (Cabrera et al., 1993; Keller et al.,, 1994; Levitt
et al., 1997).
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Systemic administration of cocaine elicits a rapid induc-
tion of expression of immediate-early genes such as c-fos, c-
jun, zif 268 in the stratum, limbic forebrain, and nucleus
accumbens of adult rodents (Graybiel et al., 1990; Helton et
al., 1993; Johansson et al., 1994; Steiner and Gerfen, 1993;
Wang et al., 1996). Both dopamine and serotonin receptor
systems have been recognized as mediators of these effects
(Bhat and Baraban, 1993; Humblot et al., 1998; Meyer et al.,
1992; Young et al., 1991). Immediate-early gene products
function as transcription factors that regulate the expression
of one or more target genes. The orchestration of immediate-
early gene expression and subsequent target gene activity has
been suggested as the possible mechanism mediating the
short and long-term effects of central stimulants (Graybiel et
al., 1990). Consequently, the rapid stimulation of immediate-
early gene expression is regarded as a useful indicator of
neuronal activation in a variety of central nervous system
stimulation paradigms (Sheng and Greenberg, 1990).

In rodents, acute cocaine elicits a variety of behavioral
responses; predominant among them are increased sniffing,
rearing, and locomotion (Spear et al., 1989). Cocaine acts by
binding to and inhibiting presynaptic dopamine, serotonin,

0091-3057/01/$ — see front matter © 2001 Elsevier Science Inc. All rights reserved.

PII: S0091-3057(01)00534-2



226 N. Tilakaratne et al. / Pharmacology, Biochemistry and Behavior 69 (2001) 225-232

and norepinephrine transporters with consequent increases
in the synaptic concentrations of these neurotransmitters.
Most studies attribute a dominant role to the mesocortico-
limbic dopaminergic system in mediating cocaine’s action.
Selective D; dopamine receptor antagonists, destruction of
dopamine innervation of the nucleus accumbens, or muta-
tions of the D; dopamine receptor abolish many of cocaine’s
functional and behavioral effects (Cabib et al., 1991; Xu et
al., 1994). Nevertheless, there is also evidence implicating
the 5-HT system in the stimulant actions of cocaine (Bhat
and Baraban, 1993).

Neurological abnormalities resulting from prenatal expo-
sure to cocaine may stem from alterations to one or more of
these neurotransmitter systems. Since activating these path-
ways elicits immediate-early gene responses, changes in
cocaine-induced genomic responses may indicate develop-
mental alterations attributable to prenatal cocaine exposure.
In this study, rabbit kits born to dams that were treated
chronically with cocaine during pregnancy were used to
determine the effects of prenatal cocaine on the sensitivity to
the drug in early postnatal life. The results show that
prenatal exposure to cocaine blunts both genomic and
functional responses to postnatal cocaine challenge.

2. Methods
2.1. Animals and prenatal cocaine exposure

Dutch Belted rabbits, of confirmed breeding history, were
obtained from Myrtle Rabbitry (Thompson Station, TN) and
maintained, singly caged with ad libitum supply of food
(laboratory rabbit chow HF/5325) and water. Room temper-
ature was set at 21 + 1°C with a 12-h light—dark cycle (light
on at 7:00 a.m. and off at 7:00 p.m.). After a week of
acclimation to the housing facility, the females were bred
with bucks of the same breed. Pregnant dams were randomly
distributed between two treatment groups: cocaine-treated
and saline-treated controls. Rabbits in the cocaine-treated
group were injected intravenously, twice daily, with 4 mg/kg
cocaine hydrochloride (NIDA, Bethesda, MD) via the mar-
ginal ear vein from Day 8 through Day 29 of gestation. The
injections were administered between 8:00 and 8:30 a.m. and
between 3:00 and 3:30 p.m. each day. Control dams were
injected with an equal volume of saline (2 ml). This regimen
of cocaine administration had no significant effects on the
weight gain of the dams or the duration of pregnancy as well
as no effects on the kits as measured by litter size, survival
rate, frequency of birth defects, or body weight (Murphy et
al., 1995, 1997; Wang et al., 1995). The kits were nursed by
their own mother until Day 20 when they were removed for
experimentation. We have chosen Day 20 animals as the test
subjects, as prior investigations in this model have shown
neurochemical and morphological changes that persist from
gestational to postnatal life (Friedman et al., 1996; Jones et
al., 2000).

2.2. Postnatal acute cocaine challenge

c-fos gene expression was assessed in 20-day-old kits 15
to 150 min following intraperitoneal saline or cocaine
challenge. The animals were decapitated and frontal (medial
prefrontal and anterior cingulated) cortical and striatal tissues
were dissected from each brain and stored individually on
dry ice until they were processed for RNA extraction,
approximately 2 h later. No more than one kit per litter
was included in each treatment group. Sex of each sacrificed
animal was determined by examining the internal sex organs.

2.3. RNA extraction and analysis

Total RNA from individual brain regions was obtained
by the guanidine isothiocyanate—phenol extraction method
(Chomczynski and Sacchi, 1987). Ten micrograms of RNA
from each tissue was size-fractionated by electrophoresis on
1% agarose—6% formaldehyde gel, stained with ethidium
bromide, and visualized to confirm equal loading across
lanes. RNA on the gel was transferred onto a Nytran
(Schleicher & Schuell, Keene, NH) membrane by capillary
transfer and fixed by ultraviolet irradiation (Stratalinker,
Stratagene, CA). Following 2-h prehybridization at 42°C in
a solution containing 50% formamide, 0.75 M NacCl, 0.075
M sodium citrate, Denhardt’s solution (0.02% bovine serum
albumin, 0.2% polyvinylpyrrolidone, 0.2% ficoll), 0.1%
sodium dodecyl sulfate (SDS), hybridization was carried
out for 20 h, at 42°C, in the same solution with additions of
dextran sulfate (0.1 g/ml), denatured salmon sperm DNA
(100 g/ml), and **P-labeled DNA probe (10 x 10° cpm).
The probe used for the detection of c-fos mRNA was a 500
bp Ncol—Accl restriction fragment of the c-fos cDNA.
Posthybridization washes were as follows: once at room
temperature for 15 min in solution containing 0.3 M NaCl,
0.03 M sodium citrate, and 0.1% SDS and once at 55°C for
15 min in solution containing 0.03 M NaCl, 0.003 M
sodium citrate, and 0.1% SDS. Membrane was exposed to
X-ray film with intensifying screen at — 70°C for 3 to 5
days. The relevant autoradiographic signals were quanti-
tated by laser scan densitometry (Biomed Instruments,
Fullerton, CA). Slot-blot analysis was done using a slot-
blot apparatus (Schleicher & Scheull) according to the
manufacturer’s protocol. Briefly, 10 pg total RNA per slot
was applied onto Nytran membrane, and the bound RNA
fixed by ultraviolet irradiation. Hybridization to a >P-
labeled c-fos ¢cDNA probe, autoradiography, and quantita-
tion of the hybridization signals were similar to those
employed in the Northern analyses.

2.4. Functional response test

Responses to cocaine challenge were monitored for 20
min by placing the rabbit kits, immediately after the
injection, on a bench top lined with corrugated paper.
Responses were scored as follows: (0) no response: no
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apparent change in behavior; (1) minimal response: running
in circles along the perimeter of the bench-top and occa-
sional head bobbing; (2) mild response: frequent head-
bobbing, initial running activity that quickly changed into
still posture with stiffened and extended limbs, but without
convulsions, followed by complete recovery in 5—8 min; or
(3) severe response: initial hyperactivity quickly followed
by ataxia, falling on the side or rolling over, violent
convulsions and peddling motion of all four limbs, exces-
sive salivation, and delayed (> 10 min) recovery.

2.5. Pretreatment with dopaminergic or serotonergic
antagonists

A separate experiment was conducted to determine the
effect of pretreatment with the D, dopamine receptor
antagonist, SCH23390 (Schering, Bloomfield, NJ), the D,
dopamine receptor antagonist, sulpiride (Ravizza, Milan,
Italy), or the 5-hydroxytryptamine (5-HT) serotonin receptor
antagonist, methysergide (Sandoz, East Hanover, NJ) on the
response to an acute cocaine challenge. Prenatal saline- and
cocaine-exposed kits were injected intraperitoneally with
one of the following combinations of two drugs adminis-
trated 30 min apart: (a) two injections of saline, (b) saline
followed by cocaine (40 mg/kg), (¢) SCH23390 (0.075 mg/
kg) followed by saline, (d) L-sulpiride (50 mg/kg) followed
by saline, (e) methysergide (5 mg/kg) followed by saline, (f)
SCH23390 followed by cocaine, (g) L-sulpiride followed by
cocaine, or (h) methysergide followed by cocaine. The
animals were monitored and scored as described above.
Animals were sacrificed 60 min after the second injection
and tissues were collected for RNA extraction and analysis.

2.6. Statistical analysis

Data obtained from four to eight individual experiments
per group were presented as mean + S.E.M. The data for c-
fos expression and functional responses were analyzed by
the two-factor analysis of variance (ANOVA) followed by
the Newman—Keuls test. The two-factors used to analyze
the time-course, dose—response and receptor-antagonist
data were the challenge treatment and time point, prenatal
exposure and acute cocaine dose, and prenatal exposure and
antagonist treatment, respectively. Statistical significance
was set at the level of P<.05.

3. Results
3.1. Cocaine-induced time-dependent c-fos gene expression

Northern analysis demonstrated that acute intraperitoneal
injection of cocaine hydrochloride (30 mg/kg) time-depend-
ently induced significant c-fos mRNA gene expressions in
both the frontal cortex and striatum of 20-day-old control
kits. As shown in Fig. 1, the response became significant at
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Fig. 1. Time-course analysis of cocaine-induced c-fos mRNA expression
in 20-day-old prenatal saline-treated rabbit kits. Animals were adminis-
tered a single intraperitoneal injection of saline or 30 mg/kg cocaine and
sacrificed at the indicated postinjection time-points. Frontal cortex (CX)
and striatum (ST) were dissected, and processed for RNA extraction. Ten
micrograms of total RNA from each animal was size-fractionated by
agarose gel electrophoresis, transferred onto a nylon-based membrane,
and analyzed by Northern hybridization to a *?P-labeled c-fos cDNA
probe. The corresponding autoradiograph signals were quantitated by
laser scan densitometry. *P<.05, **P<.01 compared with the
respective saline challenge.

30 min, peaked at 60 min, and returned to basal levels 150
min after the administration of cocaine. In both cortex and
striatum, the induction of c-fos mRNA peaked at about
400% above the respective levels in the saline controls.

3.2. Effect of prenatal cocaine exposure on cocaine-induced
c-fos gene expression

The effects of prenatal cocaine exposure on acute
cocaine-induced c-fos mRNA expression were examined
in 20-day-old kits. As shown in Fig. 2, cocaine challenge
dose-dependently increased c-fos mRNA in the frontal
cortex and striatum of prenatal saline or cocaine-exposed
rabbits. However, the responses to the cocaine challenge in
prenatal cocaine-exposed kits were lower by 35% to 58% in
the cortex and 37% to 41% in the striatum when compared
with responses to the three cocaine doses (20, 30, or 40 mg/
kg) tested in the control prenatal saline-treated offsprings
(P<.05, ANOVA, in both brain regions).

In order to determine the effect of gender or litter on
cocaine-induced c-fos gene expression, the data on the effect
of acute cocaine (30 mg/kg) on c-fos gene expression in
prenatal saline- or cocaine-exposed kits were segregated by
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Fig. 2. Dose—response of c-fos mRNA to acute cocaine in 20-day-old
prenatal saline- or cocaine-exposed rabbit kits. Animals received intra-
peritoneally 20, 30, or 40 mg/kg cocaine. Animals were sacrificed 60 min
postinjection, and frontal cortex (CX) and striatum (ST) were dissected
from each brain. RNA was extracted from each brain sample and 10 pg of
total RNA was size-fractionated on agarose gel, transferred on to a nylon
based membrane, and hybridized to a **P-labeled c-fos cDNA probe. The
corresponding autoradiograph signals were quantitated by laser scan
densitometry. * P<.05 compared with prenatal saline-exposed kits within
each dose of cocaine.
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Fig. 3. Dose-dependent functional responses to cocaine challenge in 20-
day-old prenatal saline or cocaine-exposed rabbit kits (20 days old).
Animals were given a single intraperitoneal injection of 20, 30, or 40 mg/kg
cocaine hydrochloride and their responses were monitored for 20 min
following injection. Animals were assigned to one of four reaction scores
(0, 1, 2, or 3) based on the severity of the response as described in the
Methods section. Each bar represents mean +S.E.M. of the reaction scores
for each group. * P<.05 compared with prenatal saline-exposed kits within
each dose of cocaine.

sex or litter of origin. Group comparisons to determine the
significance of prenatal treatment, sex, or litter of origin
revealed that while the prenatal treatment significantly
influenced the c-fos response (P <.05 for either cortex or
striatum), sex or litter of origin had no significant effect on
the responses to the cocaine challenge (data not shown).

3.3. Effect of prenatal cocaine exposure on cocaine-induced
functional responses

Cocaine-induced functional responses in 20-day-old rab-
bits are summarized in Fig. 3. Acute cocaine challenge dose-
dependently induced functional responses in both prenatal
saline and prenatal cocaine animals. At the dose of 20 mg/kg,
cocaine elicited significant but minimal responses in prenatal
saline rabbits. The functional responses to 40 mg/kg cocaine
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Fig. 4. Effect of dopaminergic and serotonergic antagonists on cocaine-
induced c-fos mRNA in 20-day-old prenatal saline or prenatal cocaine-
exposed rabbit kits. Animals representing the two prenatal treatment groups
were given one of the following combinations of intraperitoneal injections
administered 30 min apart: (a) saline (SAL)—saline, (b) saline—40 mg/kg
cocaine (COC), (¢) 0.075 mg/kg SCH23390 (Sch)—40 mg/kg cocaine, (d)
50 mg/kg L-sulpiride (Sul)—40 mg/kg cocaine, (¢) 5 mg/kg methysergide
(Meth)—40 mg/kg cocaine, (f) 0.075 mg/kg SCH23390—saline, (g) 50 mg/
kg L-sulpiride—saline, or (h) 5 mg/kg methysergide—saline. Animals were
sacrificed 60 min after the second injection, the frontal cortex (CX) and
striatum (ST) were dissected from each brain and RNA extracted. Ten
micrograms of total RNA from each tissue was size-fractionated by agarose
gel electrophoresis, transferred onto nylon-based membrane, and hybridized
to a *?P-labeled c-fos cDNA probe. The corresponding autoradiograph
signals were quantitated by laser scan densitometry. Data represent a
percent increase in c-fos mRNA over that in the saline—saline group.
** P< 01 compared with respective saline—cocaine treated kits. ~ P <.05
compared with respective saline—saline treated kits.
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challenge were severe. Acute cocaine-induced functional
responses were greatly attenuated across the cocaine doses
in prenatal cocaine rabbits compared to those in prenatal
saline animals. The prenatal cocaine animals did not
response to the challenge of 20 mg/kg cocaine. At the acute
cocaine challenge doses of 30 or 40 mg/kg, the responses
were significantly reduced in rabbit offsprings that were
prenatally exposed to cocaine (P <.05, ANOVA).

3.4. Effects of dopamine- or serotonin-receptor antagonists
on cocaine-induced responses

In order to characterize the c-fos responses to cocaine in
rabbit kits, the effects of the D; and D, dopamine receptor
antagonists, SCH23390 (0.075 mg/kg) and r-sulpiride (50
mg/kg), or the 5-HT serotonin receptor antagonist, methy-
sergide (5 mg/kg), were tested. As shown in Fig. 4,
SCH23390 or methysergide significantly reduced cocaine-
induced c-fos gene expression in the cortex and striatum of
prenatal saline animals (86% and 87% by SCH23390 and
68% and 74% by methysergide). L-Sulpiride did not affect
cocaine-induced c-fos mRNA expression. However, L-sul-
piride alone elicited a 2-fold stimulation of the c-fos
response in both brain regions. SCH23390 or methysergide,
when injected alone, elicited small 20% to 30% increases in
c-fos expression.

The functional responses to cocaine were also examined in
prenatal saline animals after pretreatment with the dopamine
or serotonin receptor antagonists (Fig. 5). The responses to
cocaine challenge were completely suppressed in all animals
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Fig. 5. Effect of dopaminergic and serotonergic antagonists on cocaine-
induced functional responses in 20-day-old prenatal saline or prenatal
cocaine exposed rabbit kits. Animals were given one of the following
combinations of treatments 30 min apart: (a) two injections of saline, (b)
saline—40 mg/kg cocaine (Sal+ Coc), (c) 0.075 mg/kg SCH23390—40 mg/
kg cocaine (SCH+Coc), (d) 50 mg/kg L-sulpiride—40 mg/kg cocaine
(Sul+Coc), (e) 5 mg/kg methysergide—40 mg/kg cocaine (Meth + Coc), (f)
0.075 mg/kg SCH23390—saline (SCH + Sal), (g) 50 mg/kg L-sulpiride—
saline (Sul+Sal), and (h) 5 mg/kg methysergide—saline (Meth + Sal) and
their functional responses were monitored for 20 min after the second
injection. The severity of the responses were scored on a scale of 0 to 3 as
described in the Methods section. Each bar represents mean+S.E.M. of the
reaction scores for each group. ** P<.01 compared with saline—saline
group; " P<.01 compared with saline—cocaine group.

that were pretreated with methysergide. The D; dopamine
receptor antagonist, SCH23390, also markedly suppressed
the severity of the behavioral responses to cocaine, while the
D, receptor selective antagonist, L-sulpiride, was without
effect. SCH23390, r-sulpiride, or methysergide, when
injected alone, did not elicit significant responses.

Cocaine-induced c-fos gene expression and functional
responses tested in 20-day-old rabbits that were exposed
prenatally to cocaine were also markedly antagonized by
SCH23390 or methysergide but not by r-sulpiride (Figs. 4
and 5).

4. Discussion

The present results demonstrate that acute cocaine injec-
tion stimulates c-fos gene expression in the neonatal rabbit
brain frontal cortex and striatum. The response is dose- and
time-dependent, evident as early as 30 min posttreatment,
peaks at 60 min, and returns to near basal levels at 150 min.
Gender or litter of origin did not influence the c-fos gene
responses to cocaine in prenatal saline- or cocaine-exposed
rabbits. The finding of cocaine-induced c-fos gene expres-
sion in rabbit brain during early postnatal age is an exten-
sion of similar findings previously demonstrated in adult
rodents (Graybiel et al., 1990; Helton et al., 1993; Johans-
son et al., 1994; Steiner and Gerfen, 1993; Weaver et al.,
1995). The relatively high level of basal c-fos expression in
rabbit neonates is another noteworthy feature of these
results. Immediate-early genes, in adult subjects, are not
constitutively expressed in most organs, but are rapidly and
robustly activated in response to a variety of stimuli. The
relatively high constitutive c-fos expression in early post-
natal brains seen in the present study may be related to their
active developmental status. Alcantara and Greenough
(1993) and Kosofsky et al. (1995) have shown considerable
basal c-fos expression in rat brain during the first 2 weeks of
life that are subject to significant regional and cellular
variation. Alternatively, since c-fos expression is also stimu-
lated by acute stress, the relatively high expression level in
control animals may reflect a greater sensitivity to handling
stress in the newborn.

The apparent ability of SCH23390 to suppress the
enhanced expression of c-fos induced by cocaine suggests
that the effect is mediated, at least in part, by D; dopamine
receptors. This is in agreement with previous results
obtained in mice and rats (Cole et al., 1992; Young et al.,
1991). However, the present results also demonstrate that
methysergide, a serotonin receptor antagonist, also blocks
the c-fos response to a similar extent as SCH23390, suggest-
ing that the serotonergic system contributes to the response
to cocaine challenge. These findings are consistent with the
results of Bhat and Baraban (1993) who reported on a
synergism between the serotonergic and dopaminergic sys-
tems in mediating the actions of cocaine. Furthermore, a
recent study demonstrates marked reduction in cocaine-
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induced c-fos gene expression in 5-HT;g receptor knockout
mice, suggesting that the 5-HT,5 serotonin receptors medi-
ate this cellular response to cocaine (Lucas et al., 1997).
Although immediate-early gene induction with indirect
dopaminergic agonists such as cocaine has been demon-
strated, the effects of selective direct D; or D, agonists on
immediate-early gene stimulation is found to be inconsis-
tent. While some studies have demonstrated a dramatic c-fos
response to direct activation of D; dopamine receptors with
SKF38393 (Robertson et al., 1989), others have indicated
the requirement of prolonged stimulation of both D; and D,
dopamine receptors suggesting a synergistic activity
between these two dopamine receptor subtypes (LaHoste
et al.,, 1993). However, the present data demonstrate that
cocaine-induced c-fos gene expression is completely pre-
vented by a selective D; dopamine receptor antagonist but
not by a selective D, dopamine receptor antagonist, sug-
gesting a dominant role of D; dopamine receptors in
mediating this response to cocaine. Thus, the genomic
response to cocaine in the 20-day-old rabbit is dependent
on activation of D; dopamine and serotonin receptors.
Given the ability of cocaine to block nerve terminal neuro-
transmitter transporters of both dopamine and serotonin
neurons, it appears that both of these synapses are involved
in this action of cocaine.

Acute exposure of adult rodents to cocaine results in
several characteristic responses including locomotion, ster-
eotypic behavior, and seizure activity (Woolverton and
Johnson, 1992). The response of 20-day-old rabbit kits
observed in the present study are similar to those seen in
adult rodents, with the notable exception that the stimulant
action in the rodent lasts for 20 min or more (Sobrian et al.,
1990), while in the young rabbit the response is compara-
tively of very short duration (2 to 3 min), even at the
relatively high doses of cocaine employed in the present
study. It is not clear whether species, age, or other determi-
nants such as differences in plasma esterase activity are
responsible for this difference. The functional response to
cocaine in the present work was completely abolished by
methysergide, drastically reduced by SCH23390, and unaf-
fected by r-sulpiride pretreatment — findings that further
support the role of serotonin and of D; dopamine receptors
in the actions of cocaine in the neonatal rabbits.

The present results also demonstrate that intrauterine
exposure to cocaine alters the sensitivity of the offspring,
during early postnatal life, to the genomic and functional
responses to cocaine challenge. The genomic responses to
cocaine were blunted both in the frontal cortex and in
striatum, across all tested cocaine doses. Stimulant-induced
expression of c-fos and other immediate-early genes results
from the cumulative action of signals initiated by receptor
stimulation. This action is widely regarded to be part of the
mechanism that mediates short- and long-term effects of
neurotransmitter receptor activation (Sheng and Greenberg,
1990). The more striking observation with regard to
response, however, is the marked reduction in sensitivity

to the locomotor, head-bobbing, and seizure-inducing
effects of cocaine in rabbit kits that had been prenatally
exposed to the drug. Thus, the c-fos and functional
responses to acute cocaine in prenatal cocaine-exposed kits
were consistently lower in severity to that elicited in
prenatal saline kits at age 20 days. In light of our previous
studies demonstrating that the effects of prenatal cocaine
exposure on D; dopamine receptor signaling and on cortical
neuronal structure appear as early as gestational Day 20 and
persist into adulthood (Friedman et al., 1996; Jones et al.,
2000), the attenuated cocaine-mediated responses to cocaine
noted in the present experiment may therefore be represen-
tative of a sustained change in brain neurochemistry that is
elicited during gestation. The desensitization to cocaine
noted in the present study parallels that reported by Siman-
sky and Kachelries (1996). These authors found a suppres-
sion of amphetamine-induced head-bobbing in both the
young and adult progeny of cocaine-treated does. The
present results in lagomorphs are also consistent with
several previous reports which demonstrated decreased
responsiveness to cocaine following prenatal exposure to
the drug in mice and rats (Byrnes et al., 1993; Meyer et al.,
1992, 1994). However, enhanced behavioral response to
cocaine in prenatal cocaine-exposed adult rats was also
reported previously (Peris et al., 1992).

The neurochemical basis of desensitization to stimulants
is presently not well understood. In view of the roles of the
dopaminergic and serotonergic systems in mediating the
actions of cocaine, potential changes in these neurotrans-
mission systems are of particular interest. Dopaminergic
changes resulting from prenatal cocaine exposure include
reduced basal dopamine levels in the striatum (Weise-Meyer
et al., 1993), increased striatal dopamine transporter (Koff
and Miller, 1994), decreased spontaneous dopaminergic cell
activity (Minabe et al., 1992), and reduced D; dopamine
receptor/Gas coupling (Friedman et al., 1996; Wang et al.,
1995). Similarly, a number of serotonergic deficiencies have
been reported to result from prenatal cocaine exposure
(Akbari et al., 1992). However, prior investigations per-
formed in the present animal models do not support the
involvement of a presynaptic mechanism since dopamine
levels, tyrosine hydroxylase activity, and the number of
dopamine uptake sites are unaltered in these in utero
cocaine-exposed rabbits (Du et al.,, 1999; Wang et al.,
1996). In addition, neither dopamine nor serotonin receptor
number seem to be affected by prenatal cocaine exposure
(Cabrera et al., 1993; De Bartolomeis et al., 1994; Wang et
al., 1995). Since intracellular second messengers are regu-
lated by dopamine and serotonin receptor activity, the
changes in neurochemistry and/or in postreceptor mecha-
nisms resulting from prenatal cocaine exposure may be the
basis for the reduced responsiveness to acute cocaine
challenge reported in this communication.

In conclusion, results from the present studies demon-
strate that rabbit offsprings exposed in utero to cocaine are
less responsive to functional and genomic effects of acute
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cocaine when challenged during early postnatal life. The
results also suggest that both dopamine and serotonin
neuronal systems contribute to the effects of cocaine. The
impact of prenatal cocaine on the development of these two
neurotransmitter systems may account for the lasting
decreased responsiveness to cocaine in the offspring.
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