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SCALZO, F. M., S. F. ALI, N. A. FRAMBES AND L. P. SPEAR. Weanling rats exposed prenatally to cocaine exhibit an increase
in striatal D2 dopamine binding associated with an increase in ligand affinity. PHARMACOL BIOCHEM BEHAV 37(2) 371-373,
1990. —Prenatal exposure to cocaine can result in abnormal neurobehavioral development. This study found an incease in D2
dopamine receptor binding, associated with an increase in ligand affinity, in striatum of weanling rats exposed prenatally to cocaine.
There were no changes in D2 receptor binding in nucleus accumbens nor D1 receptor binding in either striatum or nucleus accumbens.
Alterations in D2 dopamine receptors may be associated with neurobehavioral alterations following prenatal cocaine exposure.
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OVER the past decade, there has been a substantial increase in the
population of human infants whose mothers have used cocaine
during pregnancy (2, 10, 16). Both clinical investigations (3-6)
and studies in laboratory animals (14, 24-26) have reported altered
behavioral/cognitive function in offspring exposed early in life to
cocaine. A number of researchers are beginning to examine the
profile of neural alterations resulting from such cocaine exposure.

Available evidence suggests that chronic treatment with the
dopamine (DA) uptake inhibitor cocaine during ontogeny may
result in subsequent alterations in the DA system later in life. For
instance, administration of cocaine during the early postnatal
period has been reported to increase glucose metabolism and D1
dopamine receptor binding in a number of dopaminergic brain
regions, with these effects being dependent upon the sex of the
animal and the age of postnatal treatment (8, 9, 23). Gestational
cocaine exposure has been reported to alter later psychopharma-
cological and neuropharmacological sensitivity to dopaminergic
manipulations (26,27), suggesting that alterations in the DA
system may also result from in utero cocaine exposure.

The present study was designed to examine D1 and D2
dopamine receptor binding characteristics, using the specific

371

ligands [*H]SCH-23390 and [*H]spiroperidol, respectively, in
membranes prepared from striatal and nucleus accumbens tissue of
weanling offspring exposed gestationally to cocaine. Examination
of D1 binding characteristics were conducted in these offspring to
determine whether gestational cocaine exposure would result in an
increase in D1 binding as has been recently reported for cocaine
treatment during the early postnatal period (23).

METHOD

Gravid Sprague-Dawley rats were placed into one of two
treatment groups: one which received subcutaneous (SC) injec-
tions of 40 mg/kg/3 cc cocaine hydrochloride daily from gesta-
tional days 8-20, and another which received SC injections of
0.9% saline over the same gestation period [see (26) for dosing
rationale]. On the day after birth, postnatal day (PND) 1, each
litter was culled to 8-10 pups per litter and fostered to an untreated
surrogate dam where they were left undisturbed until PND 21. On
PND 21, four male pups per litter were sacrificed and their brains
rapidly removed and placed on ice. Striatum and nucleus accum-
bens were quickly removed by free-hand dissection (13), weighed,
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TABLE 1

D1 AND D2 DOPAMINE RECEPTOR BINDING IN NUCLEUS ACCUMBENS
AND STRIATUM (MEAN fmoles/mg PROTEIN + S.E.M.) OF OFFSPRING
EXPOSED TO SALINE OR 40 mg/kg COCAINE ON
GESTATIONAL DAYS 8-20

Striatum Nucleus Accumbens
Prenatal
Treatment D1 D2 D1 D2
Saline Control 365.3 139.0 142.5 80.3
N=8 *26.3 +79 +18.7 *+6.0
Cocaine (40 mg/kg) 370.8 163.6* 150.3 82.4
N=8 *+9.8 *7.9 *17.9 *7.5

A significant increase in striatal D2 binding was found in cocaine-treated
offspring. Membranes from nucleus accumbens and striatum were incu-
bated with either 1.0 nM [*H]SCH-23390 or [*H]spiroperidol with or
without 1 pM (+)butaclamol. N=number of rats/group. *p<0.05,
significantly different from saline controls.

frozen on dry ice and stored at —70°C until time of assay. Litter
was considered to be the unit of analysis, with pups from eight
litters being represented in each treatment group.

Membranes for receptor binding assays were prepared from
striatal and nucleus accumbens tissue as previously described (1).
D1 and D2 dopamine receptor binding was assayed using aliquots
of membrane preparations incubated with [*HISCH-23390 (81.0
Ci/mmol, New England Nuclear, Boston, MA), for DI, or
[*H]spiroperidol (24.2 Ci/mmol; New England Nuclear, Boston,
MA), for D2 binding. Single point assays were performed on
aliquots of striatal or nucleus accumbens membranes following
methods previously described (1) at a concentration of 1.0 nM for
each ligand and 1.0 uM unlabelled competitor. Scatchard analysis
was then conducted on D1 and D2 binding in striatal membranes
using the same binding method and ligand concentration of
0.02-2.00 nM. Incubations were carried out in triplicate for 20
min at 37°C in a total volume of 1 ml. Parallel incubations were
performed in the presence of 1 pM (+)butaclamol (Research
Biochemical, Inc., Wayland, MA). Total radioactivity was
quantified by liquid scintillation spectrometry (Tracor Mark III,
Elk Grove Village, IL). Specific binding was calculated as
the difference between the amount of [PH]JSCH-23390 or
[®H]spiroperidol binding alone (total binding) and that in the
presence of 1.0 wM (+)butaclamol (nonspecific binding). Ali-
quots of membrane preparations were used for the determination
of protein content by the method of Lowry (17) using bovine
serum albumin (Sigma Chemical Co., St. Louis) as the standard.
Estimation of the equilibrium dissociation constant (K,) and the
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number of binding sites (B,,,) was performed by Scatchard
analysis using a linear regression analysis (22). Statistical differ-
ences were tested using Student’s ¢-test.

RESULTS

The single point studies revealed an increase in [*H]spiroperidol
binding in the striatum of animals exposed to 40 mg/kg cocaine
during gestation, #(14)=2.20, p<<0.05 (Table 1). There was no
difference between treatment groups in nucleus accumbens
[*H]spiroperidol bindin§. There were also no differences between
treatment groups in ["H]JSCH-23390 binding for either brain
region (Table 1). Scatchard analysis of D1 and D2 receptor
binding in the striatum showed that there was a decrease in K, in
cocaine-treated animals compared to saline-treated controls, #(6) =
3.47, p>0.05. This change in affinity was not accompanied by a
change in B (Table 2).

max

DISCUSSION

In this study, D2 binding was observed to be increased in
striatum following gestational cocaine exposure. No alterations in
D1 binding were observed following gestational cocaine exposure
in membranes from either nucleus accumbens or striatum. This
lack of alteration in D1 binding is in contrast to the increases in D1
binding reported in the nucleus accumbens of males and the
caudate of females in autoradiograms of adult offspring following
cocaine administration from 11-20 days postnatally by Segal et al.
(23). Such increases were not seen with cocaine treatment during
the 1-10-day postnatal period (23), suggesting the possibility that
D1 receptor upregulation may only be evident following chronic
cocaine treatment relatively late in ontogeny.

Scatchard analysis revealed that the increase in D2 binding in
striatum following gestational cocaine treatment was the result of
an increase in affinity rather than an increase in the number of
binding sites. This is a rather surprising finding in that often the
receptor alterations following drug treatment either during devel-
opment or in adulthood are associated with alterations in B, .,
rather then K. For instance, alterations in DA binding observed
after pre- or early postnatal treatment with DA antagonists are
related to changes in the number of receptors with no change in
affinity (15, 19, 21). However, alterations in K, for DA receptors
have been reported in a number of instances following pharmaco-
logical or dietary manipulations early in life, including neonatal
6-hydroxydopamine treatment {[*H]domperidone binding; (7)},
dietary lithium {[*H)spiperone binding; (28)}, and lead exposure
{l*H]haloperidol; (20)}. What factors influence whether alterations
in receptor affinity versus number will be seen following a given
challenge early in life still remain to be determined.

The increase in D2 binding in striatum following gestational

TABLE 2

Bnax (fmoles/mg PROTEIN) AND K, (nM) FOR D1 AND D2 DOPAMINE RECEPTORS IN
STRIATUM OF WEANLING OFFSPRING EXPOSED TO SALINE OR 40 mg/kg COCAINE
ON GESTATIONAL DAYS 8-20

D1 [°PH]SCH-23390

Prenatal
Treatment Booax

D2 [*H]Spiroperidol

Kd Bmax Kd

366.7

Saline Control +
337.4 + 15.8

Cocaine (40 mg/kg)

17.8 1.22 £ 0.09
1.27 * 0.04

233.5 £ 225 0.62 = 0.01
208.9 x 18.2 0.54 = 0.02*

A significant reduction in the K, of D2 receptors was found in cocaine exposed offspring. Each
B..« * S.E.M. and K; = S.E.M. is the mean of four experiments, each of which represents
tissue pooled from two litters. *p<0.05, significantly different from saline controls.
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cocaine exposure in this experiment is reminiscent of the findings
of Rosengarten and Friedhoff (19) where gestational exposure to
the indirect DA agonist L-DOPA was observed to result in an
increase in [3H]spiroperidol labeled DA binding sites. However,
recently Fung and associates (12) have reported that chronic
exposure to 30 mg/kg/day cocaine throughout gestation adminis-
tered via SC osmotic minipumps produced no alterations in the
B,.. or K, of [*H]spiperone binding in striatal tissue of 14-
day-old offspring. There are marked differences in the physiolog-
ical response to intermittent injections versus continuous minipump
exposure in adulthood with, for instance, sensitization being
observed with intermittent cocaine exposure and tolerance ob-
served with continuous cocaine exposure [e.g., (18)]. Thus, it is
perhaps not unexpected that the effects of intermittent versus
continuous cocaine exposure during gestation may also vary. To
the extent that animal studies are designed to model human use
patterns, intermittent drug administration schedules may prove to
be more appropriate.

Alterations observed in D2 binding after early pharmacological
challenges, such as the increases in D2 binding observed following

gestational cocaine in the present study, may be related to
drug-induced alterations in endogenous ligand/receptor interac-
tions as these receptors are maturing [see (11) for further discus-
sion]. Alternatively, these receptor modifications may not be
solely a consequence of drug-induced alterations in the amount of
endogenous DA reaching these nascent receptors, but may instead
reflect compensatory processes occurring in response to effects of
the drug challenge on the development of other aspects of the DA
system (e.g., alterations in terminal proliferation). Further work is
needed to characterize the potentially complex profile of DA
alterations induced by gestational cocaine exposure and to deter-
mine the impact of these alterations on neurobehavioral function.

ACKNOWLEDGEMENTS

This work was supported in part by grants from the National Institute
on Drug Abuse (RO1-DA04478 and KO2-DA00140 to L.P.S.) and an
appointment to the ORAU Postgraduate Research Program at the National
Center for Toxicological Research (F.M.S.) administered by Oak Ridge
Associated Universities through an interagency agreement between the
U.S. Department of Energy and the U.S. Food and Drug Administration.

REFERENCES

1. Ali, S. F.; Buelke-Sam, J.; Slikker, W., Jr. Prenatal reserpine
exposure in rats decreases caudate nucleus dopamine receptor binding
in female offspring. Toxicol. Lett. 31:195-201; 1986.

2. Chasnoff, I. J. Perinatal effects of cocaine. Contemp. Obstet. Gyne-
col. 20:153-179; 1987.

3. Chasnoff, 1. J.; Burns, W. J.; Schnoll, S. H.; Burns, K. A. Cocaine
use in pregnancy. N. Engl. J. Med. 313:666-669; 1985.

4. Chasnoff, 1. J.; Bumns, K. A.; Burns, W. J. Cocaine use in pregnancy:
Perinatal morbidity and mortality. Neurotoxicol. Teratol. 9:291-293;
1987.

5. Chasnoff, 1. J.; Hunt, C. E.; Kletter, R.; Kaplan, D. Prenatal cocaine
exposure is associated with respiratory pattern abnormalities. Am. J.
Dis. Child 143:583-587; 1989.

6. Davidson Ward, S. L.; Schuetz, S.; Krishna, V.; Bean, X.; Wingert,
W.; Wachsman, L.; Keens, T. G. Abnormal sleeping ventilatory
pattern in infants of substance-abusing mothers. Am. J. Dis. Child
140:1015-1020; 1986.

7. Deskin, R.; Seidler, F. J.; Whitmore, W. L.; Slotkin, T. A.
Development of alpha-noradrenergic and dopaminergic receptor sys-
tems depends on maturation of their presynaptic nerve terminals in the
rat brain. J. Neurochem. 36:1683-1690; 1981.

8. Dow-Edwards, D. L. Long-term neurochemical and neurobehavioral
consequences of cocaine use during pregnancy. Ann. NY Acad. Sci.
562:280-289; 1989.

9. Dow-Edwards, D. L.; Freed, L. A.; Milhorat, T. H. Stimulation of
brain metabolism by perinatal cocaine exposure. Dev. Brain Res.
42:137-141; 1988.

10. Frank, D. A.; Zuckerman, B. S.; Amaro, H.; Aboagye, K.; Bauch-
ner, H.; Cabral, H.; Fried, L.; Hingson, R.; Kayne, H.; Levenson, S.
M.; Parker, S.; Reece, H.; Vinci, R. Cocaine use during pregnancy:
Prevalence and correlates. Pediatrics 82:888—-895; 1988.

11. Friedhoff, A. J.; Miller, J. C. Clinical implications of receptor
sensitivity modification. Annu. Rev. Neurosci. 6:121-148; 1982.

12. Fung, Y. K.; Reed, J. A.; Lau, Y.-S. Prenatal cocaine exposure fails
to modify neurobehavioral responses and the striatal dopaminergic
system in newborn rats. Gen. Pharmacol. 20:689-693; 1989.

13. Glowinski, J.; Iversen, L. L. Regional studies of catecholamines in rat
brain. I. The disposition of *H-norepinephrine, *H-dopamine and
3H-DOPA in various regions of the brain. J. Neurochem. 13:655-669;
1966.

14. Hutchings, D. E.; Fico, T. A.; Dow-Edwards, D. L. Prenatal cocaine:
Maternal toxicity, fetal effects and locomotor activity in rat offspring.
Neurotoxicol. Teratol. 11:65-69; 1989.

15. Kostrzewa, R. M.; Saleh, I. Impaired ontogeny of striatal dopamine
D, and D, binding sites after postnatal treatment of rats with

SCH-23390 and spiroperidol. Dev. Brain Res. 45:95-101; 1989.

16. Little, B. B.; Snell, L. M.; Palmore, M. K.; Gilstrap, L. C., IIL.
Cocaine use in pregnant women in a large public hospital. Am. J.
Perinatol. 5:206-207; 1988.

17. Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J. Protein
measurement with the Folin phenol reagent. J. Biol. Chem. 193:
265-275; 1951.

18. Reith, M. E. A.; Benuck, M.; Lajtha, A. Cocaine disposition in the
brain after continuous or intermittent treatment and locomotor stimu-
lation in mice. J. Pharmacol. Exp. Ther. 243:281-287; 1987.

19. Rosengarten, H.; Friedhoff, A. J. Enduring changes in dopamine
receptor cells of pups from drug administration to pregnant and
nursing rats. Science 203:1133-1135; 1979.

20. Rossouw, J.; Offermeier, J.; Van Rooyen, J. M. Apparent central
neurotransmitter receptor changes induced by low-level lead exposure
during different developmental phases in the rat. Toxicol. Appl.
Pharmacol. 91:132-139; 1987.

21. Saleh, M. 1.; Kostrzewa, R. M. Impaired striatal dopamine receptor
development: Differential D-1 regulation in adults. Eur. J. Pharmacol.
154:305-311; 1988.

22. Scatchard, G. The attractions of proteins for small molecules and ions.
Ann. NY Acad. Sci. 51:660-672; 1949.

23. Segal, D. H.; Freed, L. A.; Hughes, H. E.; Milhorat, T. H.;
Dow-Edwards, D. L. Alterations in (*H)SCH23390 binding in rat
brain following perinatal exposure to cocaine. Soc. Neurosci. Abstr.
15:1319; 1989 (abstr. No. 519.19).

24. Smith, R. F.; Mattran, K. M.; Kurkjian, M. F.; Kurtz, S. L.
Alterations in offsprings behavior induced by chronic prenatal cocaine
dosing. Neurotoxicol. Teratol. 11:35-38; 1989.

25. Spear, L. P.; Kirstein, C. L.; Bell, J.; Yoottanasumpun, V.; Green-
baum, R.; O’Shea, J.; Hoffmann, H.; Spear, N. E. Effects of prenatal
cocaine exposure on behavior during the early postnatal period.
Neurotoxicol. Teratol. 11:57-63; 1989.

26. Spear, L. P.; Kirstein, C. L.; Frambes, N. A. Cocaine effects on the
developing central nervous system: Behavioral, psychopharmacolog-
ical and neurochemical studies. Ann. NY Acad. Sci. 562:209-307;
1989.

27. Spear, L. P.; Kirstein, C. L.; Frambes, N. A.; Moody, C. A.
Neurobehavioral teratogenicity of gestational cocaine exposure. NIDA
Res. Monogr.; in press.

28. Wajda, 1. J.; Banay-Schwartz, M.; De Guzman, T.; Manigault, I.
Dietary lithium during development: Changes in amino acid levels,
ionic content, and [*H]spiperone binding in the brain of rats. Neuro-
chem, Res. 8:637-648; 1983.



