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RAMOS. Early changes in the development of dopaminergic neurotransmission after maternal exposure to cannabinoids.
PHARMACOL BIOCHEM BEHAV 41(3) 469-474, 1992, — Perinatal exposure to cannabinoid derivatives has been shown
to affect brain development. In this work, we studied the changes induced by maternal exposure to cannabinoids during
gestation and lactation on the dopaminergic activity in the prosencephalic area of offspring of several days of development.
This brain area contains an increasing population of dopaminergic terminals from the different dopaminergic pathways that
become differentiated in the adult rat. We measured the endogenous content of dopamine and its intraneuronal metabolite,
L-3,4-dihydroxyphenylacetic acid, and the activity of tyrosine hydroxylase as indices of dopaminergic activity. Results showed
that perinatal exposure to cannabinoids caused several changes in the evolution of the dopaminergic indices studied. These
changes were mainly observed in males. The only alteration in females occurred on the tenth day of development: An increase
in dopamine content was observed with no changes in either the content of L-3,4-dihydroxyphenylacetic acid or tyrosine
hydroxylase activity. In males, the content of both dopamine and L-3,4-dihydroxyphenylacetic acid were decreased on the
day previous to birth in the animals exposed to cannabinoids. Although the reduction in its metabolite disappeared on the
fifth day, the decrease in dopamine was maintained and it was correlated with a decrease in tyrosine hydroxylase activity.
However, this decrease in the activity of tyrosine hydroxylase was followed by an increase on the tenth day. These results
allow us to conclude that perinatal exposure to cannabinoids produces changes in the normal development of several indices
of the activity of dopaminergic neurons in the brain area containing the most important population of dopaminergic endings.
These changes were mainly observed in males. They could be responsible for a long-term alteration in the neurological
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processes in which these neurons are involved in the adult.
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CANNABIS sativa preparations (hashish, marijuana) are
among the most widely used psychoactive drugs in the western
world (27). Their abuse produces multiple effects on a variety
of physiological processes controlled by the brain, such as the
neuroendocrine control of pituitary function and extrapyrami-
dal motor behavior. Cannabinoid consumption has been re-
ported to produce decreases in anterior pituitary hormone re-
lease (21,39), antidystonic effects (7), and enhancement of
psychotic disorders (2). Many experimental works have related
these neurological and psychiatric effects of cannabinoids to
alterations in the activity of some neurotransmitter systems in
the brain areas involved in the control of these processes (3).
These modifications were reflected by changes in some bio-
chemical indices of neurotransmitter activity [for review, see
(12)]). The administration of marijuana or delta-9-tetrahydro-

cannabinol (THC), its main psychoactive constituent, to ex-
perimental animals was followed by: a) changes in the hypo-
thalamic content of biogenic amines (43,44); b) stimulation of
nigrostriatal dopaminergic neurotransmission (36,42); and c)
increase in the content of homovanillic acid in the prefrontal
cortex and the olfactory tubercle (5).

Cannabinoids can be transferred from the mother to the
offspring through the placental blood during gestation (25)
and through the maternal milk during lactation (23). This
suggests the possibility of alterations in the developing pup
caused by maternal consumption of cannabinoid derivatives
during perinatal age. Both clinical and experimental studies
have shown that perinatal exposure to marijuana or its puri-
fied constituents produced a variety of long-term abnormali-
ties in brain, endocrine, immune, and hepatic functions [for
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review, see (9,32)]. Thus, prenatal exposure affected mainly
the embryonic and fetal organogenesis, whereas postnatal ex-
posure resulted in damage to the growing offspring (22,32).
Many of these perinatal effects were produced on the brain.
It has been proposed that one of the mechanisms of the neu-
roteratological disturbance induced by cannabinoid exposure
could be the neurotransmitter disturbance (28) since neuro-
transmitters may have important “trophic” and “plastic” influ-
ences on the development of the brain (24). Thus, perinatal
exposure to cannabinoids resulted in alterations in the normal
development of brain neurotransmission (10,40,41,46). Al-
though it is difficult to determine whether any of these
changes are specifically related to long-term effects on behav-
ioral parameters, some studies have shown alterations in adult
male copulatory behavior (9), in learning ability (1,45) and in
open-field activity (4) following perinatal exposure to canna-
binoids.

In recent papers, we reported the existence of alterations
in the activity of striatal and limbic dopaminergic neurons in
late postnatal stages after perinatal exposure to hashish crude
extract (HCE) (41), as well as the effects of withdrawal caused
by weaning (40). The aim of the present study is to investigate
the effects of maternal cannabis exposure on the development
and maturation of brain dopaminergic neurotransmission on
the days around the birth. To this end, pregnant rats were
daily fed HCE from fifth day of gestation up to and including
the lactation period. This period of treatment was chosen
based on a previous work of Mirmiran and Swaab (28) show-
ing that the last week of prenatal and the first 3 weeks of
postnatal life in rats are the periods of most vulnerability of
the neurotransmitters to the drug action, with the following
results: 1) development of brain neurotransmitter target areas
is affected and 2) activity of the neurotransmitter system itself
and its receptor sensitivity become permanently hampered,
leading to behavioral abnormalities. Studies were carried out
in late prenatal (first day before birth: — 1) and early postnatal
days (fifth and tenth days after birth). These days were chosen
on the basis of previous studies performed by other authors
(17) concerning the development of dopaminergic neurotrans-
mission. We measured dopamine (DA) and L-3,4-dihydroxy-
phenylacetic acid (DOPAC) contents and the ratio between
both (DOPAC/DA) as an index of development of dopamin-
ergic activity. Although it is not specific for dopaminergic
neurons, the activity of tyrosine hydroxylase (TH) was also
measured and partially used as an additional index of the
development of this neurotransmission. Measurements were
carried out in the prosencephalic area of offspring of both
sexes. This brain area contains an increasing population of
dopaminergic terminals of the different dopaminergic path-
ways that are differentiated in the adult rat (35).

METHODS
Animals

Female virgin rats of the Wistar strain were housed from
birth in a room with controlled photoperiod (0800-2000 h
light) and temperature (23 = 1°C). They had free access to
standard food (Panlab, Barcelona, Spain) and water. At adult
age (>8 weeks of life; 150-200 g), daily vaginal smears were
taken between 1000-1200 h, and only those animals exhibiting
three or more consistent 4-day cycles were used in this study.
Females in the proestrous phase were allowed to stay with a
male for mating, and a new vaginal smear was taken on the
next day. Those animals showing the presence of sperm cells
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were accepted as probably pregnant and used for the canna-
binoid exposure studies. The day on which sperm plugs were
found was designated the first day of gestation.

Cannabinoid Treatment

Hashish was obtained from the Spanish Administration
(Servicio de Restriccién de Estupefacientes y Psicétropos, Di-
reccién General de Farmacia y Productos Sanitarios, Minis-
terio de Sanidad y Consumo, Madrid, Spain). A crude extract
was obtained by maceration with methanol and subsequently
dried under a nitrogen flow. The extract contained 11.8%
THC, 5.7% cannabinol, and 9.7% cannabidiol, measured by
gass chromatography-mass spectrometry (19). This was pre-
pared in a sesame oil solution for administration. Pregnant
females received a daily dose of HCE (equivalent to 20 mg/kg
THC daily) from the fifth day of gestation. This dose is an
extrapolation from current estimates of moderate exposure to
this compound in humans, correcting for differences in route
of administration and body surface area (31). HCE was given
orally with the help of a cannula. Control rats were fed vehicle
alone. This treatment was maintained until the last day stud-
ied. During the whole period, we recorded the weight of the
mothers and the food intake in both groups.

Sampling

Studies were performed at three different ages of develop-
ment. In a first group, mothers treated or nontreated with
HCE were decapitated during the morning of the twenty-first
day of gestation (the day before birth). Fetuses were quickly
removed and sacrificed and brains were obtained and immedi-
ately frozen at —70°C until assay. They correspond to day
—1 of development taking the day of birth as zero. In other
groups, offspring of 5 and 10 days of life, born from mothers
treated with HCE or controls, were decapitated and similarly
processed as described above. In all development days, rats of
both sexes were obtained and analyzed separately. On the day
of analysis, brains were thawed and the prosencephalic area
dissected (18) and used for dopaminergic measurements. We
also checked several parameters such as the duration of the
pregnancy, the number of pups per litter, the ratio between
males and females, and the postnatal mortality.

Dopamine and DOPAC Determinations

DA and DOPAC contents were analyzed using HPLC with
electrochemical detection. Tissues were homogenized in 10-20
vol ice-cold 0.2 N perchloric acid with 0.5 mM sodium bisul-
fite and 0.45 mM EDTA. Dihydroxybenzylamine was added
as an internal standard. The homogenates were then centri-
fuged and the supernatants injected into the HPLC system.
Details of this system have been previously published (13).
Values are expressed as pg/mg of tissue weight.

Tyrosine Hydroxylase Determination

Tissues were weighed and homogenized in 5 vol 0.25 M
sucrose and processed according to the method described by
Nagatsu et al. (30). The amounts of L-dopa formed were eval-
uated by HPLC according to our previously reported method
(14). Values are expressed as ng/mg of tissue weight/h of
incubation.

Statistics

Data were assessed by Student’s z-test or analysis of vari-
ance (ANOVA) as required.
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RESULTS
Cannabinoid Effects on Several Gestational Parameters

As can be seen in Table 1, maternal exposure to HCE
increased the average duration of pregnancy. Mothers treated
with HCE showed also a decrease in total weight gain com-
pared to vehicle-fed animals. This decrease was not caused by
a reduction in the food intake, but can be related to the de-
crease in the number of pups per litter observed in mothers
treated with HCE. The females/males ratio was not affected
by the maternal treatment with HCE, aithough there was a
marked increase in the postnatal mortality in this group.

Cannabinoid Effects on Developing Dopaminergic
Neurotransmission

Results showed that perinatal exposure to HCE caused sev-
eral changes in the normal evolution of dopaminergic indices
throughout the developmental period studied. These changes
were mainly observed in males. However, the only alteration
observed in females was on the tenth day of development and
consists in an increase in the DA content (Fig. 1), without
changes in the DOPAC/DA ratio (Table 2) and in TH activity
(Fig. 2). In the case of males, the contents of both DA and
DOPAC decreased on the day previous to birth in animals
exposed to HCE (Figs. 1 and 3). The reduction in DOPAC
content disappeared on the fifth day (Fig. 3), although the
decrease in DA (Fig. 1) was maintained and was correlative to
a decrease in TH activity on this day (Fig. 2). However, the
decreased TH activity on this day was followed by an increase
on the tenth day (Fig. 2).

DISCUSSION

The effects of HCE exposure on gestational parameters
studied agree with previous reports (22,32,46). The length of
gestation was slightly higher in mothers fed with HCE, correl-
ative to a decrease in litter size and an increase in postnatal
mortality in accordance with Walters and Carr (46). More-
over, the maternal weight gain was decreased, although this
effect was not related to a decrease in the food intake, which
was not significantly altered, but to a reduction in the litter
size. Some discrepancies between these observations and pre-
vious reports could be attributed to the different cannabinoid
preparation used in the treatment.

TABLE 1

GENERAL DATA ABOUT THE EFFECTS OF PERINATAL
CONSUMPTION OF HCE ON GESTATIONAL PERIOD AND BIRTH

Parameters + Vehicle + HCE
Gestational length (days) 2 +0 22.6 + 0.2*
Mother weight gain (g)t 117.5 = 7.1 87.4 + 5.6*
Mother weight gain/

litter size (g) 8.2 + 0.4 9.4 + 1.1
Mother food intake (g) 20.4 + 0.6 20.5 + 0.7
Litter size 14.4 + 0.6 10.8 + 1.3*
Females/males ratio 1.2 + 0.3 1.0 £ 0.2
Postnatal morality (%) 109 + 5.6 27.4 + 7.3*

Values are means + SEM of 6-10 determination per group. Sta-
tistical differences were obtained by Student’s ¢-test.

*» < 0.05.

tThis parameter was obtained as the difference between the weight
in the day before delivery and the weight in the day of mating.
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FIG. 1. DA content in the prosencephalic area of females (upper) and
males (lower) of different days of development born from mothers
perinatally exposed to HCE. Values are means + SEM of six to eight
determinations per group. Statistical differences were obtained by
ANOVA (*p < 0.05 vs. the corresponding oil-treated group).

TABLE 2

DOPAC/DA RATIO IN THE PROSENCEPHALIC AREA OF FEMALES
AND MALES OF DIFFERENT DAYS OF DEVELOPMENT BORN FROM
MOTHERS PERINATALLY EXPOSED TO HCE

Days of Development + Oil + HCE
-1 Females 1.32 + 0.23 1.40 + 0.38
Males 1.17 + 0.28 1.10 = 0.13
5 Females 0.60 + 0.05 0.52 + 0.07
Males 0.46 + 0.05 0.60 + 0.08
10 Females 0.16 + 0.03 0.14 + 0.02
Males 0.19 + 0.03 0.14 + 0.03

Values are means + SEM of six to eight determinations per
group. Statistical differences were obtained by ANOVA.




472
—a +oil
o—e +HCE
44
- 3
£
~
£
25
E
14
L T T
-1 5 10
AGE {(days)
birth
a—=a+oil
o—o +HCE d
44
— -»
< 34
£
£ .
E 2
14
L] L T
-4 T 5 10
AGE (days)

birth

FIG. 2. TH activity in the prosencephalic area of females (upper) and
males (lower) of different days of development born from mothers
perinatally exposed to HCE. Values are means + SEM of six to eight
determinations per group. Statistical differences were obtained by
ANOVA (*p < 0.05 vs. the corresponding oil-treated group).

Regarding the development of dopaminergic neurotrans-
mission, it is important to note that the evolution of the
dopaminergic indices studied in control animals agrees with
previous reports on the development of dopaminergic neuro-
transmission (8,33). It has been shown that the normal evolu-
tion is not linear because there are phases of maximum growth
(33). This phenomenon occurred in the case of the evolution
of TH activity in males, which reached a maximum on the
fifth day after birth. Similarly, DOPAC contents were high
on the fifth day but decreased on the tenth day, whereas DA
contents were continuously increasing throughout the period
studied. Therefore, a constant reduction was originated in the
DOPAC/DA ratio indicating a dopaminergic terminal matu-
ration. In this respect, dopaminergic neurons differentiate on
the fourteenth embryonic day and their projections reach the
maturation in the first month after birth, with differences
between areas (33). Since phenotypic expression of a neuro-
transmitter seems to be dependent on the presence of several
factors in the microenvironment of the neurons (16), the pres-
ence of cannabinoids may lead to alterations in the develop-
ment of dopaminergic indices during both prenatal and post-
natal periods. Thus, exposure to cannabinoids affected the
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FIG. 3. DOPAC content in the prosencephalic area of females (upper)
and males (lower) of different days of development born from moth-
ers perinatally exposed to HCE. Values are means + SEM of six to
eight determinations per group. Statistical differences were obtained
by ANOVA (*p < 0.05 vs. the corresponding oil-treated group).

pattern of evolution of TH activity in males. It produced a
progressive increase in this enzyme, which abolished the drop
in its activity observed in controls. This caused maternal treat-
ment with HCE to produce an initial transitory decrease in
the TH activity in the prosencephalic area, corresponding to a
low DA content on the fifth day of development, but followed
by a rapid catch-up with an increase on the tenth day, accom-
panied by a recovery to normal contents in DA.

In a previous report, we found that perinatal exposure to
cannabinoids alters several dopaminergic indices at late post-
natal stages in a sex-dependent manner (40,41). Our present
data also show a sex-dependent alteration of this neurotrans-
mitter even before complete differentiation and maturation of
dopaminergic projections into their target areas. The effects
observed in males were more marked, whereas only slight
changes were observed in females, which exhibited only an
increase in the DA content on the tenth day after birth. Hence,
the hormonal milieu seems to play an important role in the
cannabinoid effects on the perinatal development of dopamin-
ergic neurons, even more if one considers that the period of
cannabinoid treatment included the critical developmental pe-
riods for sexual differentiation of the brain —late prenatal and
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early postnatal days—and that THC and/or other marijuana
ingredients could have estrogenic properties. Various observa-
tions can be argued at this respect.

First, several studies have shown the existence of sex differ-
ences in brain development following perinatal exposure to
various psychoactive drugs, such as alcohol, nicotine, and co-
caine [for review, see (15)]. The perinatal exposure to these
drugs mainly affected the development of male offspring,
abolishing several sexually dimorphic behaviors. These effects
have been related to a drug-induced deficit in the fetal pro-
duction of testosterone that leads to an incomplete masculin-
ization or, even, originates a demasculinizing effect (15).
Although a similar cannabinoid-induced decrease in fetal tes-
tosterone production has been shown after perinatal THC ad-
ministration (9), the possibility that this decrease was the re-
sponsible of our observed sex differences in the perinatal
dopaminergic development is unknown at the present.

Second, cannabinoids have been reported to have estro-
genic (38), antiestrogenic (6), and antiandrogenic effects (37).
Studies in progress also suggest the possibility of an interac-
tion between estrogens and THC at the pituitary (29) and
brain levels (Ferndndez-Ruiz et al., unpublished observa-
tions), similar to that observed at gonadal level (38).

Third, a possible explanation for the differences observed
in the present study between males and females is that the
neurological effects of cannabinoid derivatives were produced
using a physiological mechanism that could have a heteroge-
neous distribution in brain and may be related to the gonadal
status. In support of this possibility is the recent description
of cannabinoid binding sites in the brain with different prop-

erties (11,34) whose structure and genomic expression have
just been characterized (26).

On the other hand, although it has not been demonstrated
whether these receptors are present or not in dopaminergic
neurons, the recent observation of their high presence in the
nuclei of the basal ganglia (20) suggests that they could be
probably related to the dopaminergic nigrostriatal activity.
However, the possibility that cannabinoid effects were medi-
ated through modifications in other neurotransmitters cannot
be discarded (9,46).

In summary, these results allow us to conclude that perina-
tal exposure to cannabinoids produces changes in the normal
evolution of several parameters, indicating the activity of do-
paminergic neurons in the brain area containing the most im-
portant population of dopaminergic endings. These effects
involve changes on the DA synthesis and are mainly observed
in males, which suggests that the hormonal milieu plays an
important role in the cannabinoid effects. They could affect
the neurological processes in which these neurons are involved
in the adult. Further experimental studies of the molecular
mechanisms involved in the effects of perinatal exposure to
cannabinoids are presently underway.

ACKNOWLEDGEMENTS

This work has been possible through two grants (DGICYT SM89-
0003 and OMFI C180/91). Authors are indebted to the Span-
ish Administration (Servicio de Restriccién de Estupefacientes y
Psicétropos, Direccidén General de Farmacia y Productos Sanitarios,
Ministerio de Sanidad y Consumo, Madrid, Spain) for the hashish
supply.

REFERENCES

1. Abel, E. L. Prenatal exposure to cannabis: A critical review of
effects on growth, development and behavior. Behav. Neural
Biol. 29:137-156; 1980.

2. Andreasson, S.; Allebeck, P.; Engstrém, A.; Rydberg, V. Canna-
bis and schizophrenia: A longitudinal study of Swedish con-
scripts. Lancet ii:1483-1486; 1987.

3. Bloom, A. S. Effects of cannabinoids on neurotransmitter recep-
tors in the brain. In: Agurell, S.; Dewey, W. L.; Willette, R. E.,
eds. The cannabinoids: Chemical, pharmacologic and therapeutic
aspects. New York: Academic Press; 1984:575-589.

4. Borgen, L. A.; Davis, W. N.; Pace, H. B. Effects of prenatal
delta-9-tetrahydrocannabino! on the development of rat off-
spring. Pharmacol. Biochem. Behav. 1:203-206; 1973.

5. Bowers, M. B.; Hoffman, F. J. Regional homovanillic acid fol-
lowing delta-9-tetrahydrocannabinol and cocaine. Brain Res. 366:
405-407; 1986.

6. Chakravaty, 1.; Sengupta, D.; Bhattacharya, P.; Ghosh, J. I.
Effect of treatment with cannabis extract on the water and glyco-
gen content of the uterus in normal and estradiol-treated rats.
Toxicol. Appl. Pharmacol. 34:513-516; 1975.

7. Consroe, P.; Sandyk, R.; Snider, R. S. Open label evaluation of
cannabidiol in dystonic movement disorders. Int. J. Neurosci. 30:
277-282; 1986.

8. Coyle, J. T.; Henry, D. Catecholamines in fetal and newborn rat
brain. J. Neurochem. 21:61-67; 1973.

9. Dalterio, S. L. Cannabinoid exposure: Effects on development.
Neurobehav. Toxicol. Teratol. 8:345-352; 1986.

10. Dalterio, S.; Steger, R. W.; Bartke, A. Maternal or paternal ex-
posure to cannabinoids affects central neurotransmitter levels and
reproductive function in male offspring. In: Agurell, S.; Dewey,
W. L.; Willette, R. E., eds. The cannabinoids: Chemical, phar-
macologic and therapeutic aspects. New York: Academic Press;
1984:649-655.

11. Devane, W. A.; Dysarz, F. A. III; Johnson, M. R.; Melvin, L.
S.; Howlett, A. C. Determination and characterization of a

cannabinoid receptor in rat brain. Mol. Pharmacol. 34:605-613;
1988.

12. Dewey, W. L. Cannabinoid pharmacology. Pharmacol. Rev. 38:
151-178; 1986.

13. Ferndndez-Ruiz, J. J.; Alvarez-Sanz, C.; Ramos, J. A. 2-Hydrox-
yestradiol is not mediating the effects of estradiol on tuberoinfun-
dibular dopaminergic neurons controlling prolactin secretion in
female rats. J. Steroid Biochem. 32:71-75; 1989.

14. Fernandez-Ruiz, J. J.; Esquifino, A. I.; Steger, R. W.; Amador,
A. G.; Bartke, A, Presence of tyrosine-hydroxylase activity in
anterior pituitary adenomas and ectopic anterior pituitaries in
male rats. Brain Res. 421:65-68; 1987.

15. Ferndndez-Ruiz, J. J.; Rodriguez de Fonseca, F.; Navarro, M.;
Ramos, J. A. Maternal cannabinoid exposure and brain develop-
ment: Changes in the ontogeny of dopaminergic neurons. In:
Bartke, A.; Murphy, L. L., eds. Neurobiology and neurophysiol-
ogy of cannabinoids. Biochemistry and physiology of substance
abuse, vol. IV. Boca Raton, FL: CRC Press (in press).

16. Fishman, M. C.; Nelson, P. G. Activity and competition-
dependent synapse repression in culture. Adv. Exp. Med. Biol.
181:247-252; 1984,

17. Fligge, G.; Wuttke, W.; Fuchs, E. Postnatal development and
sexual differentiation of central catecholaminergic systems. Biog.
Amin. 3:249-255; 1986.

18. Glowinski, J.; Iversen, L. Regional studies of catecholamines in
the rat brain. 1. The disposition of *H)norepinephrine, (*H)do-
pamine and CH)DOPA in various regions of the brain. J. Neuro-
chem. 13:655-659; 1966.

19. Harvey, D. J. Mass spectrometry of the cannabinoids and their
metabolites. Mass Spect. Rev. 6:135-229; 1987.

20. Herkenham, M.; Lynn, A. B.; Little, M. D.; Johnson, M. R.;
Melvin, L. S.; de Costa, B. R.; Rice, K. C. Cannabinoid receptor
localization in brain. Proc. Natl. Acad. Sci. USA 87:1932-1936;
1990.

21. Hughes, C. L.; Everett, J. W.; Tyrey, L. Delta-9-tetrahydro-



474

22.

23.

25.

26.

27.

28.

29.

30.

31

32.
33.

34,

cannabinol suppression of prolactin secretion in the rat: Lack of
direct pituitary effect. Endocrinology 109:876-880; 1981.
Hutchings, D. E.; Morgan, B.; Brake, S. C.; Shi, T.; Lasalle,
E. Delta-9-tetrahydrocannabinol during pregnancy in the rat: I.
Differential effects on maternal nutrition, embryotoxicity and
growth in the offspring. Neurotoxicol. Teratol. 9:39-43; 1987.
Jakubovic, A.; Hattori, T.; McGeer, P. L. Radioactivity in suck-
led rats after giving '*C-tetrahydrocannabinol to the mother. Eur.
J. Pharmacol. 22:221-223; 1973.

. Kasamatsu, T.; Pettigrew, J. D. Preservation of binocularity

after monocular deprivation in the striate cortex of kittens treated
with 6-hydroxydopamine. J. Comp. Neurol. 185:139-162; 1979.
Martin, B. R.; Dewey, W. L.; Harris, L. S.; Beckner, J. S. *H-
delta-9-tetrahydrocannabinol distribution in pregnant dogs and
their fetuses. Res. Commun. Chem. Pathol. Pharmacol. 17:457-
470; 1977.

Matsuda, L. A.; Lolait, S. F.; Brownstein, M. J.; Young, A. C,;
Bonner, T. L. Structure of a cannabinoid receptor and functional
expression of the cloned cDNA. Nature 346:561-564; 1990.
Mendelson, J. H. Marihuana. In: Psychopharmacology: The
third generation of progress. New York: Raven Press; 1987:1565-
1571.

Mirmiran, M.; Swaab, D. F. Influence of drugs on brain neuro-
transmitter and behavioral states during development. Dev. Phar-
macol. Ther. 10:377-384; 1987.

Murphy, L. L.; Rodriguez de Fonseca, F.; Steger, R. W. Delta-9-
tetrahydrocannabinol antagonism of the anterior pituitary re-
sponse to estradiol in immature female rats. Steroids 56:97-102;
1991.

Nagatsu, T.; Oka, K.; Kato, T. Highly sensitive assay for tyrosine
hydroxylase activity by high performance liquid chromatography.
J. Chromatogr. 163:247-252; 1979.

Nahas, G. G. Toxicology and pharmacology. In: Nahas, G. G.,
ed. Marihuana in science and medicine. New York: Raven Press;
1984:102-247.

Nahas, G. G.; Frick, H. C. Developmental effects of cannabis.
Neurotoxicology 7:381-396; 1986.

Noisin, E. L.; Thomas, W. E. Ontogeny of dopaminergic func-
tion in the rat midbrain tegmentum, corpus striatum and frontal
cortex. Dev. Brain Res. 41:241-252; 1988.

Nye, J. S.; Seltzman, H. H.; Pitt, C. G.; Snyder, S. H. High-
affinity cannabinoid binding sites in brain membranes labelled
with [PH]-5'-trimethylammonium delta-8-tetrahydrocannabinol.
J. Pharmacol. Exp. Ther. 234:784-791; 1985.

3s.

36.

37.

38.

39.

41,

42.

43.

45.

RODRIGUEZ DE FONSECA ET AL.

Parés-Herbuté, N.; Tapia-Arancibia, L.; Artier, H. Ontogeny of
the metencephalic, mesencephalic and diencephalic content of
catecholamines as measured by high performance liquid chroma-
tography with electrochemical detection. Int. J. Dev. Neurosci.
7:73-79; 1989.

Poddar, M. K.; Dewey, W. L. Effects of cannabinoids on cate-
cholamine uptake and release in hypothalamic and striatal synap-
tosomes. J. Pharmacol. Exp. Ther. 214:63-67; 1980.

Purohit, V. D.; Ahluwahlia, B. S.; Vigersky, R. A. Marihuana
inhibits dihydrotestosterone binding to the androgen receptor.
Endocrinology 107:848-850; 1980.

Rawithch, A. B.; Schultz, G. S.; Kurt, E. E. Competition of
delta-9-tetrahydrocannabinol with estrogens in rat uterine estro-
gen receptor binding. Science 197:1189-1191; 1977.

Rettori, V.; Wenger, T.; Snyder, G.; Dalterio, S.; McCann, S.
M. Hypothalamic action of delta-9-tetrahydrocannabinol to in-
hibit the release of prolactin and growth hormone in the rat.
Neuroendocrinology 47:498-503; 1988.

. Rodriguez de Fonseca, F.; Cebeira, M.; Ferndndez-Ruiz, J. J.;

Navarro, M.; Ramos, J. A. Effects of pre- and perinatal exposure
to hashish extracts on the ontogeny of brain dopaminergic neu-
rons. Neuroscience 43:713-723; 1991.

Rodriguez de Fonseca, F.; Cebeira, M.; Herndndez, M. L,;
Ramos, J. A.; Ferndndez-Ruiz, J. J. Changes in brain dopamin-
ergic indices induced by perinatal exposure to cannabinoids in
rats. Dev. Brain Res. 51:237-240; 1990.

Sakurai-Yamashita, Y.; Kataoka, Y.; Fujiwara, M.; Mine, K.;
Ueki, S. Delta-9-tetrahydrocannabinol facilitates striatal dopa-
minergic transmission. Pharmacol. Biochem. Behav. 33:397-400;
1989.

Steger, R. W.; De Paolo, L.; Asch, R. H.; Silverman, A. Y.
Interaction of delta-9-tetrahydrocannabinol (THC) with hypo-
thalamic neurotransmitters controlling luteinizing hormone and
prolactin release. Neuroendocrinology 37:361-370; 1983.

. Tyrey, L. Reversal of the delta-9-tetrahydrocannabinol inhibitory

effect on prolactin secretion by rostral deafferentation of the me-
dial basal hypothalamus. Neuroendocrinology 44:204-210; 1986.
Vardaris, R. M.; Weisz, D. J. Chronic administration of delta-9-
tetrahydrocannabinol to pregnant rats: Studies of pup behavior
and placental transfer. Pharmacol. Biochem. Behav. 4:249-254;
1976.

. Walters, D. E.; Carr, L. A. Changes in brain catecholamine

mechanisms following perinatal exposure to marihuana. Pharma-
col. Biochem. Behav. 25:763-768; 1986.



