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Abstract
Exposure to cocaine during the fetal period can produce significant lasting changes in the structure
and function of the brain. Cocaine exerts its effects on the developing brain by blocking monoamine
transporters and impairing monoamine receptor signaling. Dopamine is a major central target of
cocaine. In a mouse model, we show that cocaine exposure from embryonic day 8 (E8) to E14
produces significant reduction in dopamine transporter activity, attenuation of dopamine D1-receptor
function and upregulation of dopamine D2-receptor function. Cocaine’s effects on the D1-receptor
are at the level of protein expression as well as activity. The cocaine exposure also produces
significant increases in basal cAMP levels in the striatum and cerebral cortex. The increase in the
basal cAMP levels was independent of dopamine receptor activity. In contrast, blocking the
adenosine A2a receptor downregulated of the basal cAMP levels in the cocaine-exposed brain to
physiological levels, suggesting the involvement of adenosine receptors in mediating cocaine’s
effects on the embryonic brain. In support of this suggestion, we found that the cocaine exposure
downregulated adenosine transporter function. We also found that dopamine D2- and adenosine A2a-
receptors antagonize each other’s function in the embryonic brain in a manner consistent with their
interactions in the mature brain. Thus, our data show that prenatal cocaine exposure produces direct
effects on both the dopamine and adenosine systems. Furthermore, the dopamine D2 and adenosine
A2a receptor interactions in the embryonic brain discovered in this study unveil a novel substrate for
cocaine’s effects on the developing brain.

Introduction
Cocaine exposure during the fetal period can lead to lasting impairment of neurological
function (Chasnoff et al., 1989a; Chasnoff et al., 1989b; Chiriboga et al., 1993; Chiriboga et
al., 2009; Delaney-Black et al., 1996; Eyler et al., 2009; Kosofsky and Wilkins, 1998). Cocaine
exerts its effects by blocking the activity of monoamine transporters. Central actions of cocaine
are believed to be mainly due to blockade of the dopamine transporter, the resulting decrease
in dopamine re-uptake at the synapse and increase in extracellular dopamine levels (Bhide,
2009; Meyer et al., 1993; Ritz et al., 1990; Ritz et al., 1987). Persistent increases in extracellular

© 2009 Elsevier Ltd. All rights reserved.
*Corresponding author: Dr. Pradeep G. Bhide, Developmental Neurobiology, Massachusetts General Hospital, 149, 13th Street,
Charlestown, MA 02129, Phone: 617-726-5763; Fax: 617-726-6656, Bhide@helix.mgh.harvard.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neuropharmacology. Author manuscript; available in PMC 2011 February 1.

Published in final edited form as:
Neuropharmacology. 2010 February ; 58(2): 436. doi:10.1016/j.neuropharm.2009.09.007.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dopamine levels can impair pre- and pos-synaptic receptor activity by impairing receptor - G
protein coupling mechanisms (Zhen et al., 2001). Since cocaine in the maternal circulation can
penetrate the placental and fetal blood-brain barriers, and since dopamine, dopamine
transporter and dopamine receptors are present in the fetal brain, cocaine from the maternal
circulation can disrupt dopaminergic signaling mechanisms in the fetal brain (Akbari et al.,
1992; Jones et al., 2000; Kosofsky et al., 1994; Levitt et al., 1997; Mayes, 1999; Meyer et al.,
1993; Wang et al., 1995b).

Cocaine can interfere with dopaminergic signaling in the mature brain via direct actions on the
dopaminergic system as well as indirectly via its effects on the adenosine receptor (Shen et al.,
2008; Soria et al., 2006). Dopamine and adenosine receptors engage in antagonistic interactions
that play significant roles in the regulation of motor and cognitive functions (Fuxe et al.,
2007; Schwarzschild et al., 2006). Whether dopamine-adenosine interactions occur in the
embryonic brain or whether cocaine can affect the adenosine system of the embryonic brain
has remained unclear.

We report that administration of cocaine to pregnant mice from 8th to 14th day of pregnancy
[embryonic day 8 (E8) to E14; equivalent to first trimester of human gestation] not only impairs
dopamine receptor signaling but also adenosine receptor signaling in the brain. Cocaine’s
effects on the dopaminergic system involve attenuation of D1-receptor signaling and
enhancement of D2-receptor signaling. Cocaine’s effects on the adenosine system of the
embryonic brain involve reduction in extracellular adenosine uptake and increase in
extracellular adenosine levels. We also show that antagonistic interactions between dopamine
D2- and adenosine A2a-receptors occur in the embryonic brain. Therefore, cocaine likely
produces its effects on brain development by directly affecting the dopamine and adenosine
signaling mechanisms and also by impairing dopamine-adenosine interactions.

Material and Methods
Animals

Timed-pregnant Swiss-Webster mice were obtained from Charles River Laboratories
(Wilmington, MA). A transplacental cocaine exposure paradigm described previously
(Kosofsky et al., 1994; Wilkins et al., 1998) was used to expose mouse embryos to cocaine
twice daily from the morning of embryonic day 8 (E8; day of conception = E0) to the evening
of E14, inclusive. At the beginning of the experiment, pregnant dams of comparable weight
were assigned to cocaine (40 mg/kg/day) or saline control groups. The dams were handled for
5 min each morning, beginning on the 6th day of pregnancy (corresponding to E6). From E8
to E14, cocaine was injected subcutaneously to the cocaine group twice daily (7 AM and 7
PM; 20 mg/kg/injection; total daily dose = 40 mg/kg). Dams in saline control group received
subcutaneous saline injections (same volume as the cocaine injection to the cocaine dams),
twice daily, from E8 to E14 at the same time that the dams in the cocaine group received their
cocaine injections. The dams were singly housed in a temperature and humidity controlled
environment, on a 12 hour light/dark cycle with food and water available ad libitum. The dams
were anesthetized on E15 (Ketamine, 50 mg/kg body weight and Xylazine, 10 mg/kg body
weight, i.p.) at 9 AM and the embryos were removed by hysterectomy for further analyses.
The age of each embryo was ascertained by examination of the external morphological features
(Kaufman, 1992; Theiler, 1972). Embryos (or entire litters) that did not fulfill the criteria for
E15 were discarded from this analysis. All of the experimental procedures were in full
compliance with institutional guidelines and the NIH Guide for the Care and Use of Laboratory
Animals.
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Cyclic AMP assay
The embryonic brains were dissected in sterile, cold phosphate buffered saline using a
dissection microscope. From each brain, the frontal cortex (approximately the rostral third of
the cerebral wall) and the striatal primordium (ganglionic eminence and the striatal
differentiating fields) were micro-dissected and collected. Samples of each brain region pooled
from both right and left hemispheres were cut into 2mm2 segments and incubated for 10 min
at 37 °C in minimal essential medium buffered with 20mM HEPES at pH 7.3 and containing
100µM ascorbic acid, 100µM pargyline and 0.5mM Rolipram (a phosphodiesterase inhibitor).
The various drugs described in the Results section were added to the medium at concentrations
stated in the Results section and the tissue suspension was incubated for 30 min at room
temperature. The reaction was stopped by adding 10% TCA (final concentration). The cAMP
was purified and assayed by methods described previously (de Mello et al., 1982; Gilman,
1970; Matsuzawa and Nirenberg, 1975). The cAMP levels were normalized to protein levels,
assayed by the Lowry method.

Western Blot
Samples of the frontal cortex and striatum were collected from E15 brains, as described above
and also from control adult (P60) brains. The samples were homogenized with RIPA buffer
with a proteinase inhibitor cocktail. Protein concentration was estimated with the Bradford
method. Samples were diluted in buffer composed of 10% glycerol (v/v), 1% h-
mercaptoethanol, 3% SDS, and 62.5mM Tris base and boiled for 5 min. Approximately 30µg
of protein from each sample was electrophoresed in 10% SDS–PAGE and transferred to
nitrocellulose membranes (ECL-Hybond). Then, the membranes were washed with Tween 20
Tris-buffered saline (TTBS) and blocked for 1.5 h with 5% skim milk in TTBS. The membranes
were incubated with the anti-D1 receptor antibody (1:1000 in TTBS; Sigma) overnight at 4°
C, rinsed in TTBS and incubated with anti-rat peroxidase conjugated secondary antibody for
45 minutes at room temperature. Following three washes in TTBS (10 min each), the
immunoreaction was detected with ECL kit (Amersham). Blots were reprobed with anti-actin
antibody (1:1000 in TTBS, Santa Cruz) for 2 hr at room temperature, rinsed in TTBS and
incubated with anti-mouse peroxidase conjugated secondary antibody for 45 min at room
temperature. Following three TTBS washes (10 min each), the immunoreaction was detected
with the ECL kit. Band intensities were analyzed by using Quantity One 4–6 software (Bio-
Rad Laboratories Inc)

Immunohistochemistry
Fresh frozen embryonic brains were sectioned in the coronal plane in a cryostat at 15mµ
thickness. The sections were blocked for 30 minutes with 1% BSA and incubated with the anti
D1 receptor antibody (dilution 1:1000) overnight at 4°C. The sections were washed 3 times
with phosphate buffered saline and incubated with a fluorescent anti-rat secondary antibody
(1:400) for 40 minutes at room temperature. Following 3 more rinses with PBS, the sections
were stained with propidium iodide solution to label cell nuclei and mounted with Gelmount.

[3H]-Dopamine uptake
Samples of the E15 frontal cortex and striatum were incubated for 1 h in 1 ml of MEM
containing 1µCi [3H]-dopamine (2.4 × 10−6M) buffered at pH 7.4 with 20mM HEPES at 37°
C or 8°C (to block dopamine active transport). Then, the medium was removed and the tissue
washed six times with 2 ml cold PBS. This procedure was sufficient to wash out the
radioactivity not taken up by the tissue. After the washes, 1ml water was added to the tissue
to disrupt the cells. Following successive freeze-thaw cycles, cellular radioactivity was assayed
using a scintillation counter. The protein content was assayed by the Lowry method.

Kubrusly and Bhide Page 3

Neuropharmacology. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[3H]-Adenosine uptake
The same procedure as above was used except that the tissue was incubated for 1 h in 1 ml of
MEM containing 1µCi [3H]-adenosine (1.7 × 10−6M), instead of [3H]-dopamine.

We were concerned that any residual cocaine in the tissue samples may have an impact on the
neurotransmitter uptake assays. The last cocaine administration to the pregnant dams had
occurred 12 hr prior to the removal of the embryos for tissue dissection, minimizing the
likelihood that high concentration of cocaine would remain in the tissue after dissection. To
minimize the impact of any residual cocaine, the striatal and cortical tissue samples were
washed in culture medium 3 times prior to exposure to [3H]-dopamine or [3H]-adenosine. The
concentration of the any residual cocaine, if present at all, would not have been higher than
that found in the intact brain just before the tissues were dissected.

Results
We used 3H-dopamine uptake to assay dopamine transporter function in the striatum and
cerebral cortex from saline- or cocaine-exposed E15 mice. We found a significant decrease
in 3H-dopamine uptake in the striatum (~50%; p<0.001) of the cocaine-exposed embryos
compared to saline-exposed embryos (Fig. 1A) indicating attenuation of dopamine transporter
function and increased extracellular dopamine. The cocaine exposure did not produce
statistically significant changes in 3H-dopamine uptake in the cerebral cortex (~18% decrease
in cocaine-exposed cortex; p = 0.06; Fig. 1A).

To determine whether dopamine can alter intracellular cAMP levels at E15, we incubated
homogenized samples of striatum or cerebral cortex from saline-exposed E15 mice with
dopamine (1, 5, 10 or 100 µM) for 30 minutes in the presence of ascorbic acid (an anti-oxidant)
and pargyline (a monoamine oxidase B inhibitor). Dopamine increased intracellular cAMP
levels in a dose-dependent manner in the striatum as well as the cerebral cortex (Fig. 1B). The
cAMP levels reached plateau at 10µm concentration in both the samples (Fig 1B).

Next we examined D1-receptor expression in the striatum and cerebral cortex of saline- or
cocaine-exposed E15 mice by immunohistochemistry. Punctate, membrane-bound and
cytoplasmic labeling was found in the dorsal cerebral wall (future cerebral cortex) as well as
in the striatum of the basal forebrain in both groups of mice (Fig. 2A). However, the intensity
of the labeling was dramatically reduced in the cocaine-exposed embryonic brain in both the
regions (Fig. 2A). Western blot confirmed that D1-receptor protein expression was
significantly reduced in the cerebral cortex and striatum of the cocaine-exposed embryos (Fig.
2B, C). Since specificities of commercially available antibodies to the D1-receptor protein can
vary, we used samples of the cortex and striatum from normal adult mice along with the
embryonic brain samples in the western blot so that the data from the saline-exposed embryos
and adults could be compared to our earlier data on developmental expression of the D1-
receptor in striatal membrane preparations (Araki et al., 2007). In agreement with our earlier
findings (Araki et al., 2007), the expression of the D1-receptor in the embryo was significantly
lower compared to that in the adult, in both cocaine- or saline-exposed groups (Fig. 2B,C).

To assay D1-receptor function directly, we exposed homogenized samples of the striatum or
cerebral cortex to the selective D1-receptor agonist SKF81297 and measured intracellular
cAMP levels. Although SKF81297 increased cAMP levels in tissue samples from both saline-
and cocaine-exposed embryos, the net increase in cAMP levels (stimulated – basal) was
significantly smaller in the cocaine-exposed striatum (~38%; p=0.01) and cortex (~60%;
p=0.003) compared to the same regions in the saline-exposed brains (Fig. 3). These data show
that dopamine D1-receptor function is significantly attenuated in the cocaine-exposed
embryonic striatum and cerebral cortex.
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Next, we examined the effects of cocaine exposure on D2 receptor expression and function.
The western blot or immunohistochemistry did not yield conclusive data in then embryonic
brain samples (e.g. the negative controls showed staining that resembled that in the positive
controls). Therefore, we abandoned analysis of D2 receptor expression and focused on function
by cAMP synthesis assay. D2 receptor is coupled to Gi/o proteins, which inhibit adenylyl
cyclase and decrease intracellular cAMP levels. To assay D2 receptor function, we initially
exposed homogenates of the striatum or cerebral cortex from saline- or cocaine-exposed
embryos to forskolin (10µM), which increased the cAMP levels in all the samples, as expected
(Fig. 3B,C). In separate experiments, we exposed the samples to forskolin plus the D2 receptor
agonist 11-trihydroxy-N-propyl-noraporphine hydrobromide (TNPA; 10 or 100 µM). TNPA
did not produce significant changes in the forskolin-induced cAMP levels in the striatum or
cortex of saline-exposed embryos, suggesting that D2-receptor activity in these brain regions
was extremely low (Fig. 3B,C). However, TNPA (100 µM) induced significant reduction in
forskolin-induced cAMP levels in the striatum of cocaine-exposed embryos (Fig. 3B),
suggesting increased D2-receptor activity in the cocaine-exposed striatum. TNPA did not
induce significant changes in this measurement in the cerebral cortical samples from the
cocaine-exposed embryos (Fig. 3C. These data show that the cocaine exposure produces
significant increases in D2 receptor activity in the striatum but does not affect D2-receptor
activity in the cerebral cortex.

In the course of these experiments, we discovered that basal (un-stimulated) cAMP levels were
significantly higher in the cortex and striatum of cocaine-exposed embryos compared to the
saline-exposed embryos (Fig. 4). This seemed paradoxical to us because decreased D1-receptor
activity and increased D2-receptor activity in the cocaine-exposed brains can be expected to
decrease basal cAMP levels rather than increasing it. Since activation of the D1-receptor is
one mechanism by which cAMP levels can increase, we examined if blocking the D1-receptor
using Schering 23390, a selective D1-receptor antagonist, could decrease the basal cAMP
levels. We found that Schering 23390 did not affect basal cAMP levels in either brain region
of the cocaine-exposed embryo (Fig. 4). Thus, the increased basal cAMP levels could not be
explained based on dopaminergic signaling mechanisms alone.

The striatum is enriched in adenosine receptors. Activation of the adenosine A2a receptors,
which are positively coupled to adenylyl cyclase via Gs protein, increases intracellular cAMP
levels. A2a receptor mRNA is expressed in the rodent striatum early in embryonic period and
striatal neurons express A2a mRNA soon after becoming postmitotic (Weaver, 1993). A2a
receptors mediate structural and behavioral changes induced by exposure to psychostimulants
including cocaine (Chen et al., 2000; Marcellino et al., 2007). We examined whether A2a
receptors could mediate the increase in basal cAMP levels in the cocaine exposed embryonic
brain.

We found that A2a receptor antagonist Schering 58261 produced decreases in the basal cAMP
levels in the cocaine-exposed E15 cerebral cortex and striatum (Fig. 4). The decrease was
statistically significant in the cerebral cortex but not the striatum. Schering 58261 did not
produce significant changes in basal cAMP levels in saline-exposed E15 cerebral cortex or
striatum (Mean±SEM cAMP levels in pMol/mg protein: Cortex basal = 39.83±5.72; Cortex
Schering 58261 = 35.66±1.73; striatum basal striatum basal = 25.17±4.01; striatum Schering
58261 = 30.33±1.73; t-tests, p>0.05).

Since adenosine receptor signaling appeared to be altered by the cocaine exposure, next we
examined whether adenosine uptake is altered in the cocaine exposed embryonic brain by
assaying 3H-adenosine uptake. We found that adenosine uptake was reduced significantly in
the cocaine-exposed striatum (by ~ 37%; p<0.05; Fig. 5). Although adenosine uptake was also
reduced in the cerebral cortex of the cocaine-exposed embryo, the reduction was not
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statistically significant (~17% reduction, p=0.05; Fig. 7). These data show that cocaine
exposure interferes with adenosine uptake, presumably by blocking the activity of the
adenosine transporter.

Dopamine D2 receptor and adenosine A2a receptor have antagonistic functions in the mature
striatum (Ferre et al., 2007; Fuxe et al., 2007; Schwarzschild et al., 2006). We examined if
similar antagonism existed in the embryonic striatum in terms of effects on cAMP synthesis.
Initially, we established that periodate-oxidized adenosine (PAD; 100µM) increased cAMP
synthesis in the E15 striatum (~163%; p<0.001) and cerebral cortex (~106%; p<0.001; Fig. 6).
The selective A2a antagonist Schering 58261 fully blocked the PAD-induced increase in cAMP
(Fig. 6) suggesting involvement of A2a receptor in the cAMP synthesis. A selective A2a
agonist CGS21680 also increased cAMP levels in the E15 striatum (~253%; p<0.001) and
cerebral cortex (~185%; p<0.001) (Fig. 6). The selective A2a antagonist Schering 58261 fully
blocked the CGS21680-induced increase in cAMP (Fig. 6) further confirming the involvement
of the A2a receptor.

Finally, we examined if dopamine D2 and adenosine A2a receptors produced antagonistic
effects in the embryonic brain as in the mature brain. When we incubated samples of the E15
striatum and cerebral cortex with the selective A2a agonist CGS21680 plus the D2 receptor
agonist TNPA, the CGS21680-induced increase in cAMP levels was blocked in both tissue
samples (Fig. 6). Thus, activation of the D2 receptor blocked the action of the A2a receptor
with regard to cAMP synthesis. The blockade of CGS21680-induced cAMP synthesis
produced by TNPA was comparable to the blockade of this parameter by the selective A2a
antagonist Schering 58261 (Fig. 6), suggesting antagonistic actions between the D2 and A2a
receptors in the fetal brain.

Discussion
Our data show that prenatal cocaine exposure influences dopamine and adenosine signaling in
the striatum and cerebral cortex. Moreover, the data show that dopamine D2 and adenosine
A2a receptors antagonize each other’s actions in the embryonic brain. Therefore, cocaine likely
exerts its effects on the developing brain by directly interfering with dopamine and adenosine
receptor signaling as well as via impairment of dopamine D2 and adenosine A2a receptor
interactions.

A number of earlier studies showed that cocaine blocks dopamine transporter function in the
embryonic brain and interferes with dopamine D1-receptor signaling by uncoupling the
receptor from its G protein partner (Friedman et al., 1996; Simansky and Kachelries, 1996;
Unterwald et al., 2003; Wang et al., 1995a). The attenuation of the dopamine D1-receptor
signaling has been demonstrated using receptor agonist-induced cAMP synthesis assays
(Unterwald et al., 1993). Our data confirm these earlier findings by showing reduced uptake
of exogenous dopamine in the cocaine-exposed E15 brain, which reflects reduced dopamine
transporter function (Fig. 1), and reduced cAMP synthesis following activation of the dopamine
D1-receptor (Fig. 3), which indicates attenuation of D1-receptor function. We also show that
the cocaine exposure decreases expression of the D1-receptor protein in the embryonic brain
(Fig. 2). Thus, cocaine’s effects on the D1-receptor in the embryonic brain may occur both at
the level of protein expression and receptor G-protein coupling.

Both D1- and D2-receptors are expressed in the embryonic brain (Araki et al., 2007; Ohtani et
al., 2003) and both may be vulnerable to cocaine’s effects. However, the effects of cocaine
exposure on the dopamine D2-receptor in the embryonic brain had not been well characterized.
Our data show that D2 receptor activity is upregulated in the E15 striatum following the cocaine
exposure (Fig. 3B). Thus, in the embryonic striatum of the cocaine-exposed mice the overall
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dopaminergic tone is in favor of the D2-receptor because not only is its activity upregulated
but that of the D1-receptor is significantly downregulated. Since, dopamine D1- and D2-
receptors produce opposite effects on developmental events such as neurogenesis (Ohtani et
al., 2003; Popolo et al., 2004) and neuronal migration (Crandall et al., 2007) and since
dopamine’s overall effects on neurogenesis and neuronal migration in the embryonic striatum
are D1-lke effects (Crandall et al., 2007; Ohtani et al., 2003; Popolo et al., 2004), cocaine
exposure likely reverses dopamine’s physiological effects in favor of the D2-receptor. Further
support for cocaine-induced upregulation of D2-like effects in the embryonic brain is derived
from our studies of GABA neuron migration from the striatum to the cerebral cortex in the
embryonic brain. We found that cocaine produced significant decreases in the migration of
GABA neurons in the same manner as activation of the D2-receptor in control embryos or
knockout of the D1-receptor in a mouse model (Crandall et al., 2004; Crandall et al., 2007).

An unexpected finding in the present study was that cocaine exposure led to significant
increases in basal (unstimulated) cAMP levels in the embryonic striatum and cortex (Fig. 4).
It was unexpected because the D1-receptor, which is positively coupled to adenylyl cyclase
and whose activation leads to increases in cAMP (Monsma et al., 1990;Robinson and Caron,
1996;Schinelli et al., 1994) is downregulated in the cocaine-exposed striatum whereas D2-
receptor, which is negatively coupled to adenylyl cyclase and whose activity decreases cAMP
(Monsma et al., 1990;Robinson and Caron, 1996;Schinelli et al., 1994) is upregulated. Neither
complete blockage of the D1-receptor nor further activation of the D2-receptor reduced the
basal cAMP to physiological levels seen in the saline controls. However, blocking the
adenosine A2a receptors decreased the basal cAMP levels in the cocaine-exposed cerebral
cortex to the levels seen in the control cortex. We did not see a similar effect in the saline-
exposed cerebral cortex. This led us to consider whether cocaine can modulate adenosine
receptor signaling in the embryonic brain.

Indeed, cocaine exposure reduced adenosine uptake in the embryonic striatum (Fig. 5)
reflecting attenuation of adenosine transporter function and suggesting direct effects of cocaine
on the adenosine system of the embryonic brain. In the mature striatum adenosine and
dopamine receptors heterodimerize and modulate each other’s function by antagonistic
mechanisms (Ferre et al., 2007;Fuxe et al., 2007;Fuxe et al., 2008). Adenosine receptors are
expressed in the embryonic rodent brain early in development (Shearman and Weaver,
2001;Weaver, 1993). However, whether the D2 and A2a receptors interact with each other in
the embryonic brain was not known. Our data show that dopamine D2- and adenosine A2a
receptors antagonize each other’s effects on cAMP synthesis (Fig. 6) suggesting similar
interactions between the two receptors in the embryonic and mature striatum. Our finding that
D2-A2a interactions occur in the embryonic striatum unveils dopamine-adenosine receptor
interactions as a novel substrate for cocaine’s effects on the developing brain.

We found that blocking the A2a receptor led to significant reductions in basal cAMP levels in
the cocaine-exposed cortex but not the striatum. One possibility for the lack of significant
cAMP reductions in the striatum is that a higher concentration of the A2a antagonist Sch58261
than that used here may be needed to completely block A2a receptors because striatal A2a
receptor expression is higher than that in the cortex. An earlier study (Unterwald et al., 2003)
found significant reductions in basal cAMP levels in the striatum of E18 mice exposed to
cocaine from E10 to E17. However, in that study theophylline, an antagonist of adenosine
receptors (Bishnoi et al., 2007) was used to block phopshodiesterase activity in the cAMP
assays (Unterwald et al., 2003). Therefore, it is likely that in that study also basal cAMP levels
in the cocaine-exposed brain were increased as a result of cocaine’s effects on the adenosine
receptor and/or dopamine-adenosine interactions.
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In summary, our data show that prenatal cocaine exposure produces direct effects on both the
dopamine and adenosine systems. It attenuates dopamine D1-receptor function and enhances
the D2-receptor function thereby tilting the physiological D1-D2 balance in favor of the D2-
receptor. Dopamine D2 and adenosine A2a receptors produce antagonistic effects on each other
in the embryonic brain. The D2-A2a interactions offer an additional substrate for cocaine’s
actions on the developing brain.
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Figure 1.
A. Cocaine exposure significantly reduces uptake of exogenous 3H-dopamine in explants of
E15 mouse striatum. Cocaine does not produce significant changes in this measurement in
explants of E15 cerebral cortex. B. Dopamine produces dose-dependent increases in cAMP
levels in explants of cerebral cortex and striatum obtained from E15 mice. Maximal cAMP
levels are induced at a dopamine concentration of 10µM (10−5M) in both tissue samples.
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Figure 2.
Dopamine D1-receptor expression in the saline- or cocaine-exposed E15 mouse brain. A.
Immunohistochemistry reveals D1-receptor labeling (green) in cryostat sections of the cerebral
cortex (a–d) and striatum (e–h). Nuclei are labeled with propidium iodide (red). The D1-
receptor immunoreactivity is localized to the cytoplasm and it is significantly reduced in the
cocaine exposed cerebral cortex (c,d) and striatum (g,h) compared to the saline exposed
cerebral cortex (a,b) and striatum (e,g). B. Western blot reveals reductions in D1-receptor
protein in the cerebral cortex and striatal extracts from an E15 cocaine-exposed embryo (Coc)
compared to age-matched saline-exposed embryo (Sal). To verify antibody specificity, samples
of striatum and cortex from postnatal day 60 (P60) mice were analyzed in parallel experiments.
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Protein loading was standardized by using β-actin. C. Quantitative analysis of band intensities
shows reduced intensities in the cocaine-exposed samples compared to the saline-exposed
control samples. The significantly higher expression in the P60 samples compared to the E15
samples is also evident.
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Figure 3.
Dopamine receptor activity was examined by using cAMP synthesis assay in samples of the
cerebral cortex and striatum from saline – or cocaine-exposed E15 embryos. Net change in
cAMP levels is illustrated [net increase = (basal – stimulated)]. A. D1-receptor agonist SKF
81297 induced significantly smaller net increases in cAMP levels in both the brain regions of
the cocaine-exposed embryo compared to the saline-exposed embryo. B. The D2-receptor
agonist TNPA did not produce significant changes in forskolin-stimulated cAMP levels in the
striatum of saline-exposed E15 embryos but produced significant decreases in this
measurement in the striatum of the cocaine-exposed embryos. C. TNPA did not produce
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significant changes in forskolin-induced cAMP levels in the cerebral cortex of saline- or
cocaine-exposed E15 embryos.
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Figure 4.
Basal cAMP level and its modulation by dopamine D1- and adenosine A2a receptor antagonists
in samples of the cerebral cortex (A) and striatum of E15 saline- or cocaine-exposed embryos.
Basal (unstimulated) cAMP levels are significantly elevated in the cerebral cortex and striatum
of cocaine-exposed embryos compared to the saline-exposed controls. A2a receptor antagonist
Schering 58261 decreases the basal levels in the cerebral cortex of the cocaine-exposed
embryos such that the levels are not statistically different from the basal levels seen in the
saline-exposed controls. The D1-receptor antagonist Schering 23390 does not affect the basal
levels in the cortex. Neither Schering58261 nor Schering 23390 has statistically significant
effects on basal cAMP levels in the cocaine-exposed striatum.
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Figure 5.
Exogenous 3H-adenosine uptake in the cerebral cortex and striatum of E15 saline- or cocaine-
exposed E15 embryos. The uptake was significantly reduced in the striatum but not the cortex
of the cocaine-exposed embryo.
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Figure 6.
Dopamine D2- and adenosine A2a-receptor interactions in the cerebral cortex (A) and striatum
(B) of E15 saline-exposed (control) embryos. Periodate-oxidized adenosine (PAD)
significantly increased cAMP levels in both the cerebral cortex and the striatum. PAD-induced
increase in cAMP was blocked in the presence of the A2a antagonist Schering58261 in both
the regions. The selective A2a agonist CGS21680 produced significant increases in cAMP
levels and the increase was blocked by the A2a antagonist Schering21680 as well as by the
D2-receptor agonist TNPA in both the brain regions.
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