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How might cannabinoids influence sexual behavior?
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M arijuana and hashish are wide-
spread drugs of abuse that contain
A%-tetrahydrocannabinol (THC), a bioac-
tive ingredient best known for its psycho-
tropic effects. Remarkably, THC also pro-
duces multiple nonpsychotropic effects:
for example, analgesia, hypotension, mod-
ulation of bronchospasm, and reduction of
inflammation (1-6). That THC also in-
fluences sexual behavior was clearly dem-
onstrated for the first time in the early
1980s; yet the precise molecular mecha-
nism of this effect has remained unsolved.
In this issue of PNAS, Mani et al. (7)
revisit these seminal experiments. They
identify the molecular target by which
THC affects sexual behavior, and unveil a
remarkable operative cross talk mecha-
nism between THC and the progesterone
and dopamine signaling pathways, which
were already known to play a central role
in reproductive behavior.

The chemical synthesis of THC was first
described in 1964 (8). In the following
years, researchers used synthetic THC to
study its diverse biological effects.
Whether these effects occurred through
receptors or simply by changing plasma
membrane fluidity was unknown. One
early hypothesis, which has now been
abandoned, was that THC could directly
bind to the estrogen receptor, thus com-
peting for the sequence of events initiated
by estrogen (9, 10). Although controver-
sial, this hypothesis had the advantage of
stimulating research to ascertain a link be-
tween cannabinoids and sexual behavior.

An important step forward in under-
standing the biological effects of cannabi-
noids was made in 1988 when Howlett and
colleagues (11) used a high-affinity radio-
active cannabinoid ligand, [*H]CP-55,940,
to demonstrate the existence of a specific
cannabinoid binding site in cell mem-
branes of rat brain. This discovery was
shortly followed by the molecular cloning
and sequencing of the cannabinoid CB1
and CB2 receptors (12, 13). Both recep-
tors are seven transmembrane Gjj,-
coupled receptors that display distinct pat-
terns of tissue expression. CB1 receptors
are abundantly expressed in the CNS and
to alesser extent in the periphery, whereas
CB2 receptors seem to be exclusively ex-
pressed by immune cells (14). It is well
known that activation of CB1 receptors

modulates the release of various neuro-
transmitters, which could account for the
effects produced by THC on higher cog-
nitive functions (15, 16). Engagement of
CB2 receptors expressed by circulating
macrophages reduces their immune re-
sponse, which might account for the anti-
inflammatory effect produced by THC
intake (6, 17, 18).

An influence of THC on reproductive
behavior has been suspected for at least 30
years. Studies carried out in the 1960s
reported that chronic oral administration
of marijuana resin somehow “significantly
reduces fertility” in rats (19). THC can
influence reproductive behavior by acting
at multiple levels. In males, THC sup-
presses spermatogenesis, reduces the
weight of reproductive organs, decreases
the concentration of circulating hormones
(such as testosterone) in plasma, and af-
fects some components of sexual behav-
ior. In females, THC prolongs the estrous
cycle and decreases the proestrous surge
of luteinizing hormone inhibiting ovula-
tion. On the other
hand, if THC facil-
itates sexual behav-
ior: Where does it
act? Mani et al. (7)
address these ques-
tions by using
ovariectomized rats
and quantifying
lordosis quotient,
one of the well
characterized com-
ponents of sexual
receptivity. The inhibitory effect of ovari-
ectomy on lordosis is quite dramatic; how-
ever, complete receptive behavior can be
restored by exogenous hormone adminis-
tration, such as estradiol benzoate, an
estrogen receptor agonist. Ovariecto-
mized animals treated with high doses of
THC alone fail to show lordosis, but rel-
atively low doses of THC significantly
increase the lordosis primed by estradiol
benzoate. By using antagonists against
either CB1 or CB2 receptors, namely
SR141617A and SR14528, Mani et al. (7)
demonstrate that the effect produced by
THC on sexual behavior occurs through
engagement of CB1 receptors. This find-
ing is consistent with the fact that CB1
receptors are expressed in the hypothala-
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mus, in particular at the level of the ven-
tromedial nucleus (20, 21). Future studies
using CB1 knockout mice could unambig-
uously demonstrate the involvement of
CBI receptors in the THC-induced lordo-
sis (22, 23). At this point, however, it was
necessary to address the noninvolvement
of CB2 receptors, as at least one study
suggested their presence in the CNS (24).
Indeed, Mani et al. show that SR14528
does not antagonize the effect produced
by THC on lordosis.

A bell-shaped curve response is often
observed with in vivo administration of
THC. In this study, Mani et al. (7) give an
interesting rationale for this phenomenon
observed on lordosis quotient. At high
concentrations, such as 400 ng injected
i.c.v., THC reduces motor activity. Thus,
the smaller lordosis quotient observed at
high concentrations of THC might be
attributed to the fact that the females are
less mobile, which is obviously important
for this behavior.

It has been shown that the estradiol
benzoate-induced
lordosis is also in-
creased by proges-
terone and dopa-
mine (25). The
temporal pattern
of hormone levels,
as well as the be-
havioral receptiv-
ity in intact or
ovariectomized es-
tradiol benzoate-
and progesterone-
primed rats is consistent with an impor-
tant role for both progesterone and estro-
gen in the control of sexual receptivity.
Interestingly, a molecular mechanism has
been proposed for this cross talk between
progesterone and estrogen, in which pro-
gestin receptors could directly interact
with estrogen receptors to activate MAP
kinase (26). Dopamine is also a crucial
part of this cross talk mechanism (25),
acting through D1B (also known as dopa-
mine D5 receptors) (27, 28). Mani et al.
(7) push this idea one step further and
explore the possibility that CB1 receptors

See companion article on page 1249.
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Two models that could account for the molecular mechanism underlying the cross talk between

A-tetrahydrocannabinol (THC), progesterone, and dopamine. (A) THC, progesterone, and dopamine act
through CB1, progestin (PR), and dopamine D 1B receptors, respectively. If the same target cell expresses
these three receptors, a cross talk that involves mitogen-activated protein kinase (MAPK) could take place.
(B) THC acts through CB1 receptors expressed on dopaminergic terminals, increasing the release of
dopamine. Dopamine would then activate D1B receptors, which in turn stimulate the cAMP-protein
kinase A, a pathway leading to the phosphorylation of dopamine and cAMP regulated phosphoprotein

32 (DARPP-32) (29).

are also part of this operative cross talk
mechanism modulating sexual behavior.
These results are schematized in Fig. 1.
Progesterone acts through progestin re-

1. Martin, B. & Lichtman, A. H. (1998) Neurobiol.
Dis. 5, 447-461.

2. Walker, J. M., Huang, S. M., Strangman, N. M.,
Tsou, K. & Sanudo-Pefia, M. C. (1999) Proc. Natl.
Acad. Sci. USA 96, 12198-12203.

3. Calignano, A., La Rana, G., Giuffrida, A. &
Piomelli, D. (1998) Nature (London) 394, 277-
281.

4. Wagner, J. A., Varga, K. & Kunos, G. (1998) J.
Mol. Med. 76, 824—836.

794 | www.pnas.org

ceptors. By using receptor antagonists and
antisense oligonucleotides, they demon-
strate that the increased lordosis induced
by THC requires functional progestin and

5. Calignano, A., Kétona, I., Désarnaud, F., Giuffrida,
A., La Rana, G., Mackie, K., Freund, T. F. &
Piomelli, D. (2000) Nature (London) 408, 96-101.

6. Buckley, N. E., McCoy, K. L., Mezey, E., Bonner,
T., Zimmer, A., Felder, C. C., Glass, M. & Zim-
mer, A. (2000) Eur. J. Pharmacol. 396, 141-149.

7. Mani, S., Mitchell, A. & O’Malley, B. W. (2001)
Proc. Natl. Acad. Sci. USA 98, 1249-1254. (First
Published January 23, 2001; 10.1073/pnas.
031563998).

D1B receptors. Furthermore, progester-
one’s effect requires operative CB1 and
D1B receptors. Finally, increased lordosis
quotient induced by the D1/D5 agonist,
which had previously been shown to re-
quire progestin receptors (25), also re-
quires operative CB1 receptors.

Having identified the receptor subtype
by which THC, progesterone, and the D1
agonist SKF 38393 increases the lordosis
quotient, Mani et al. (7) propose two
models that could account for the molec-
ular mechanism underlying this cross talk.
In Fig. 14, the MAP kinase signaling
pathway is activated by CB1 and D1B
receptors, which could then phosphory-
late coactivators of progestin receptors. In
Fig. 1B, activation of CB1 receptors mod-
ulates the release of dopamine, which in
turn activates D1B receptors. The cross
talk between D1B and the progestin re-
ceptor could occur within the same target
cell; possibly through the dopamine and
cAMP regulated phosphoprotein 32
(DARPP-32) as a common target protein.

The presence of cannabinoid receptors
in different tissues, and the diversity of the
biological effects produced by THC sug-
gest the presence of distinct endogenous
cannabinoid signaling systems. Two can-
nabinoid receptors have been identified at
the molecular level, with a possible third
cannabinoid receptor that has been phar-
macologically pinpointed (30). Two en-
dogenous cannabinoid ligands, namely
anandamide and 2-arachidonoylglycerol,
have been identified, with at least two
additional candidates (31-35). One of the
most exciting question in the field of can-
nabinoid research is to understand the
functional role of the endogenous canna-
binoid signaling system (36). How, where,
and under which circumstances are these
endogenous cannabinoid ligands pro-
duced? Are there different endogenous
cannabinoid signaling systems for differ-
ent biological functions? Since THC in-
fluences sexual behavior, which endoge-
nous cannabinoid ligand is involved in
modulating this biological function
through CB1 receptors? It has recently
been shown that levels of anandamide
fluctuate during the ovarian cycle in both
the hypothalamus and the pituitary gland
(37). Could anandamide be involved in
regulating sexual behavior? These are
only some of the questions opened by
Mani et al. (7).
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