
ORIGINAL RESEARCH
published: 14 August 2019

doi: 10.3389/fnbeh.2019.00184

Edited by:

Liana Fattore,
Italian National Research Council

(CNR), Italy

Reviewed by:
Viviana Trezza,

Roma Tre University, Italy
Juan M. Dominguez,

University of Texas at Austin,
United States

*Correspondence:
Gabriela Rodríguez-Manzo

grodrigu@cinvestav.mx

Received: 11 June 2019
Accepted: 29 July 2019

Published: 14 August 2019

Citation:
Canseco-Alba A and
Rodríguez-Manzo G

(2019) Endocannabinoids Interact
With the Dopaminergic System to

Increase Sexual Motivation:
Lessons From the Sexual

Satiety Phenomenon.
Front. Behav. Neurosci. 13:184.
doi: 10.3389/fnbeh.2019.00184

Endocannabinoids Interact With the
Dopaminergic System to Increase
Sexual Motivation: Lessons From the
Sexual Satiety Phenomenon
Ana Canseco-Alba and Gabriela Rodríguez-Manzo*

Departamento de Farmacobiología, Centro de Investigación y de Estudios Avanzados (Cinvestav-Sede Sur), Ciudad de
México, México

In male rats, copulation to satiety induces a long-lasting sexual inhibitory state,
considered to rely on a decreased sexual motivation. Dopaminergic transmission at
the mesolimbic system plays a central role in the regulation of male sexual motivation.
Endocannabinoids (eCBs) modulate the activity of the mesolimbic system and both
dopamine (DA) and cannabinoid receptor activation reverses the sexual inhibition that
characterizes sexually satiated rats. The eCB anandamide reverses sexual satiety when
systemically administered or infused into the ventral tegmental area (VTA), the region
where the activity of mesolimbic dopaminergic neurons is regulated. Thus, it could be
thought that sexual motivation is diminished during the long-lasting sexual inhibition of
sexually satiated rats and that eCBs reverse that inhibition through the modulation of
the dopaminergic system. To test this hypothesis, we assessed the motivational state
of sexually satiated male rats and determined if 2-arachidonoylglycerol (2-AG), the most
abundant eCB and a full cannabinoid receptor agonist, also reversed the sexual inhibitory
state. To establish the possible interaction between 2-AG and anandamide with the
dopaminergic system for the reversal of sexual satiety, we analyzed the effects of the
co-administration of each eCB and DA receptor agonists or antagonists. Results showed
that 24-h after copulation to satiety, when the sexual inhibition is well established, the
males’ sexual motivation is diminished as measured in the sexual incentive motivation
test. 2-AG, similarly to anandamide, reverses sexual satiety through the activation of
CB1 receptors and both eCBs interact with the dopaminergic system to reverse the
sexual inhibitory state. 2-AG effects are mediated by the modulation of the D2-like DA
receptor family, whereas anandamide’s effects are clearly mediated by the modulation of
the D1-like DA receptor family and the activation of D2-like DA receptors. Present results
evidence that a reduced sexual motivation underlies the sexual inhibitory state of sexually
satiated rats and support the notion that eCBs reverse sexual satiety by modulating
dopaminergic transmission, presumably at the mesolimbic system. Anandamide and
2-AG have a different interaction with D1-like and D2-like DA receptor families. Altogether
present data endorse the association of the eCB system with the regulation of the
motivational tone at the mesolimbic system.

Keywords: endocannabinoids (eCBs), CB1 receptors, D1-like/D2-like DA receptors, sexual motivation, sexual
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INTRODUCTION

Sexually experienced male rats allowed to copulate without
restriction with a single female will ejaculate repeatedly
until becoming sexually exhausted (Beach and Jordan, 1956;
Rodríguez-Manzo and Fernández-Guasti, 1994). Copulation to
satiety has as its main outcome the installation of a long- lasting
sexual behavior inhibition (up to 72 h) that gradually fades away,
requiring a 15-day period of sexual rest for exhausted males to
completely recover their initial ejaculatory capacity (Rodríguez-
Manzo et al., 2011). Twenty-four hours after copulation to
satiety, when exposed to a new sexually receptive female, the
majority of these animals (two-thirds of the population) does not
show any sexual activity and the remaining third displays a single
ejaculatory series after which males will not resume copulation
(Rodríguez-Manzo and Fernández-Guasti, 1994).

Copulation is a highly rewarding behavior and themesolimbic
dopaminergic (MSL) system is involved in the control of
its motivational component and reinforcing properties (Kelley
and Berridge, 2002). The dopamine (DA) neurons of the
MSL system, originating in the ventral tegmental area (VTA)
of the midbrain, project to the nucleus accumbens (NAcc;
Swanson, 1982; Ikemoto and Panksepp, 1999). DA has
been suggested to be important for the assignment of the
motivational value to rewarding behaviors (Berridge and
Kringelbach, 2011) and motivation plays a central role in
the maintenance of rewarding behaviors that are triggered
by salient environmental stimuli, such as sexual behavior
(Everitt, 1990). Copulation activates the MSL system increasing
DA release at the NAcc (Mas et al., 1990; Pfaus et al.,
1990; Wenkstern et al., 1993) and augmenting c-Fos protein
expression in the DA neurons of the VTA (Balfour et al., 2004).
During repeated copulation, DA levels at the NAcc remain
elevated, indicating a continued activation of the MSL system
(Fiorino et al., 1997).

The long-lasting sexual behavior inhibition that characterizes
sexually exhausted male rats is considered to rely on a
decreased sexual motivation (Guadarrama-Bazante and
Rodríguez-Manzo, 2019), as their performance in a sexual
motivation paradigm, immediately after reaching sexual
satiety, is diminished (Ågmo et al., 2004). Besides, it has
also been shown that interfering with the sexual motivation
decline that follows copulation to exhaustion, by means of
the Coolidge effect (renewal of sexual activity in satiated
rats induced by changing the female partner), hinder the
establishment of the long-lasting sexual behavior inhibition 24 h
after copulation to satiety (Rodríguez-Manzo, 1999a). These
data suggest that changes in the motivational component of
copulatory behavior might play an important role in the sexual
satiety phenomenon.

Interestingly, 24 h after copulation to exhaustion, once the
sexual inhibitory state is established, changing the female partner
has no effect on the sexual responsiveness of the satiated
rats (Rodríguez-Manzo, 1999a). Though, the established sexual
inhibition can be reversed by a number of pharmacological
agents (a 5-HT1A receptor agonist, an α2-adrenoceptor
antagonist, µ and δ opioid antagonists, among others), acting

at different neurotransmitter systems, which seem to directly
or indirectly interact with the dopaminergic system (Rodríguez-
Manzo and Fernández-Guasti, 1995; Rodríguez-Manzo, 1999b).
In addition, DA receptor agonists, systemically administered
or infused into the NAcc, also reverse the sexual inhibition of
satiated rats (Guadarrama-Bazante et al., 2014; Guadarrama-
Bazante and Rodríguez-Manzo, 2019). Together, these data
suggest that DA transmission plays a central role in the reversal
of sexual satiety.

Endocannabinoids (eCBs) are retrograde transmitters, of
which anandamide (AEA) and 2-arachidonoylglycerol (2-AG)
are the best characterized (Di Marzo et al., 1998). Unlike
classical neurotransmitters, eCBs are synthesized and released on
demand, during periods of high neural activity (Freund et al.,
2003). At the MSL system, eCBs are released from the DA cell
bodies in the VTA and from the medium spiny neurons in
the NAcc (Lupica and Riegel, 2005). Once in the synaptic cleft,
they retrogradely activate CB1 cannabinoid receptors, located on
GABAergic and glutamatergic axon terminals in each of these
brain regions, thereby inhibiting neurotransmitter release (Alger,
2002; Wilson and Nicoll, 2002). Through the modulation of MSL
system’s activity, eCBs regulate rewarding behaviors (Lupica
et al., 2004; Gardner, 2005). Sexual behavior is rewarding and
eCBs are involved in its control (Gorzalka et al., 2008), playing a
complex role in its expression (for review, see Rodríguez-Manzo
and Canseco-Alba, 2015).

In sexually satiated male rats, low doses of AEA
reverse the sexual inhibition that characterizes sexual
satiety (Canseco-Alba and Rodríguez-Manzo, 2014), an
effect mimicked by its direct infusion into the VTA
(Canseco-Alba and Rodríguez-Manzo, 2016).

Based on these data, it could be thought that sexualmotivation
is diminished during the long-lasting sexual inhibitory period
that characterizes sexually exhausted rats and that eCBs reverse
that inhibition through the modulation of the dopaminergic
system. To test this hypothesis, in this work we first assessed
the motivational state of sexually exhausted male rats 24 h after
copulation to satiety, by means of a sexual incentive motivation
test. We then determined if 2-AG, the most abundant eCB in
the brain, also reversed sexual satiety through the activation
of CB1 receptors. Finally, we analyzed the possibility of an
interaction between AEA or 2-AG and the dopaminergic system
for the reversal of sexual satiety, determining the possible
participation of each of the two DA receptor families in
this effect.

MATERIALS AND METHODS

Animals
Sexually experienced adult male Wistar rats (250–300 g b. wt.)
were used in this study. Animals were housed, eight per cage,
under inverted light/dark cycle conditions (12 h light: 12 h
dark, lights on at 22:00 h), at 22◦C, and with free access
to food and water. For the selection of sexually experienced
males, rats were subjected to five independent sexual behavior
tests, and those males showing ejaculation latencies (EL) shorter
than 15 min, in at least three of these tests, were considered
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FIGURE 1 | Description of sexual behavior protocols. The left side of the figure describes the protocol followed to render sexually experienced male rats, consisting
in subjecting sexually naïve rats to five independent sexual behavior sessions, run every other day. At the end of this process males showing ejaculation latencies (EL)
shorter than 15 min are considered sexually experienced and selected for the study. The right side of the figure describes the sexual satiety paradigm, involving
sexually experienced male rats that copulate ad libitum with a single sexually receptive female (♀1) until reaching the sexual satiety criterion (around 4 h). Twenty-four
hours later these males receive the pharmacological treatment or its vehicle and are subjected to a sexual behavior test with a new sexually receptive female (♀2).

sexually experienced (see Figure 1). Receptive female Wistar
rats served as sexual stimuli. Sexual receptivity was induced
in intact females by the sequential s.c. injection of estradiol
benzoate (12 µg/rat) followed 24 h later by progesterone
(6.0 mg/rat). Our institutional Internal Committee for the
Care and Use of Laboratory Animals (Comité Institucional
para el Cuidado y Uso de Animales de Laboratorio, CICUAL)
approved all experimental procedures (Protocol 0230-16), which
followed the regulations established in the Mexican Official
Norm for the use and care of laboratory animals NOM-062-
ZOO-1999.

Sexual Exhaustion Paradigm
Sexual behavior observations were conducted in a room under
dim red light, during the dark phase of the cycle. Male
rats were introduced into polycarbonate cylindrical arenas
(62 cm diameter, 52 cm height), with the floor covered with
fine sawdust, and a 5-min adaptation period was allowed to
the males before introducing a receptive female. The males
copulated with a single receptive female during 4 h, without
restriction. Previous data from our laboratory have shown that
this period is sufficient for all animals to reach the sexual
exhaustion criterion, i.e., 90 min from the last ejaculation
without attaining another ejaculation. At the end of the sexual
exhaustion session, the animals were returned to their home
cages. Twenty-four hours later, the same animals were subjected
to a sexual behavior test with a new sexually receptive female,
after receiving the pharmacological treatments or the vehicle (see
Figure 1).

In this last test, we recorded the percentage of males
displaying sexual behavior, i.e., mount, intromission, ejaculation
and copulation resumption after ejaculation. Since these animals

are sexually inhibited, the display of each of these sexual
responses indicates a facilitation of sexual behavior expression.
When the proportion of satiated animals capable of resuming
copulation after a first ejaculation, during the 24 h test,
is significantly increased in response to a pharmacological
treatment, it is considered that sexual satiety was reversed. In
those animals ejaculating, we recorded the following specific
sexual parameters: intromission latency (IL, time from the
introduction of the female to the appearance of the first
intromission); mount and intromission number displayed
prior to ejaculation (M and I); EL (time from the first
intromission until ejaculation) and post-ejaculatory interval
(PEI, time from ejaculation to the first intromission of the
next copulatory series). These specific parameters are regularly
used to evaluate the sexual performance of sexually experienced
male rats.

Locomotor Activity
In order to discard non-specific effects of the drug treatments
that could have interfered with sexual behavior execution,
the animals’ spontaneous locomotor activity was recorded
immediately after the sexual behavior tests that followed drug
treatments. To this purpose, male rats were placed into an
acrylic box (33 × 44 × 20 cm), with the floor divided
into 12 squares (11 × 11 cm for each quadrant), and the
number of crossings from one quadrant to another during a
5-min period was recorded. The cage was carefully cleaned
between tests.

Sexual Incentive Motivation Test
The sexual incentive motivation test was conducted in a room
under dim red light following the method described by Ågmo
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(2003). This is a non-conditioned test measuring the sexual
incentive motivation induced in male rats by a sexually receptive
female as opposed to the social incentive motivation induced
by another male rat. The apparatus consists of a solid plastic
elliptic open field arena (85 × 50 × 40 cm) that has two
diagonally opposed windows (one in each long wall extreme),
separated from the central arena by wire mesh. Each of these
windows communicates with a removable incentive animal cage
(20 × 10 × 15 cm), separated from the arena by the wire mesh
in which the incentive animals, i.e., a sexually receptive female
or a sexually experienced male are placed. In front of each
window, a rectangular zone in front of each incentive animal
cage (measuring 30 × 20 cm) is designated as the incentive zone.
Between tests, the female and male cages are semi-randomly
changed from one position to another and the apparatus cleaned
to eliminate odor traces from other animals.

Prior to the experimental session, the male subjects are
habituated to the arena for three consecutive days in the
absence of incentive animals and allowed to freely explore
it for 10 min. On the test day, the incentive animals are
introduced into their cages, the experimental male is then
placed into the center of the arena where it can hear, see
and smell the inaccessible incentive animals and its behavior is
videotaped during 10 min, in the absence of the experimenter.
An observer, blind to the experimental groups, analyzed video
recordings. The cumulative time spent by the experimental
subjects in the respective incentive zones is considered as
indicative of the incentive motivation generated by each animal
(male or female).

Drugs
All drugs were purchased from Sigma-Aldrich Chem. Company
(St. Louis, MO, USA). Arachidonoylethanolamide (anandamide,
AEA) and 2-AG were dissolved in a vehicle composed by a
mixture of ethanol (2%), Tween80 (2%) and saline solution
(96%). AM251 was dissolved in a vehicle composed by a mixture
of DMSO (1 drop), Tween (2%) and saline solution (98%).
Haloperidol was dissolved in distilled water adding three drops
of ascorbic acid (0.01%). Apomorphine, quinpirole, SKF38399,
SCH23390 and raclopride were dissolved in saline solution.
All drugs were i.p. injected in a volume of 1 ml/kg. All the
CB1 ligands (AEA, 2-AG and AM251) were administered 5 min
before subjecting the animals to the sexual behavior tests.
The DA receptor ligands had different latencies, which are
specified for each drug in the experimental design. Estradiol
benzoate and progesterone were dissolved in sesame oil and
s.c. injected to the females as described above, under the
animals’ heading.

Statistical Analyses
Comparison of the proportions of sexually exhausted rats
exhibiting the different sexual behavior responses, i.e., mount,
intromission, ejaculation and copulation resumption after
ejaculation, was conducted by means of the Fisher F-test. The
distinct sexual behavior parameters of sexually experiencedmales
in the dose-response curves, as well as the locomotor activity
data were compared by means of the Kruskal–Wallis ANOVA

followed by Dunn’s test when pertinent. The differences in
the time spent by male rats in the different incentive zones
were established by means of the Mann-Whitney U test. All
statistical analyses were performed with the Sigma Plot program
(version 12.0).

Experimental Design
Experiment 1: Incentive Sexual Motivation of
Sexually Exhausted Male Rats
Two independent groups of sexually experienced male rats
(n = 12 each) were used. One group was directly tested for
incentive motivation and served as the control group. The
experimental group was first subjected to the sexual exhaustion
paradigm and 24 h after copulation to satiety, tested for
incentive motivation.

Experiment 2: Effects of 2-AG on Sexual Behavior
Expression of Sexually Experienced and Sexually
Exhausted Male Rats
A dose-response (D-R) curve of the effects of 2-AG
(0.03–3.0 mg/kg) in sexually experienced rats was run to
establish the effects of this eCB on copulation of sexually
active animals. To establish the effects of 2-AG in sexually
satiated rats, six independent groups of sexually experienced
males (n = 8 each) were subjected to the sexual exhaustion
paradigm and 24 h later, injected with different doses of 2-AG
(0.03–3.0 mg/kg) or its vehicle and their sexual activity recorded.
An additional group of sexually exhausted rats was employed
to establish if 2-AG effects were mediated by CB1 receptors.
In this case, the CB1 receptor antagonist AM251 (0.1 mg/kg)
was injected to the satiated male rats immediately before the
administration of an effective 2-AG dose (0.3 mg/kg) and after
5 min the sexual behavior test was run. The AM251 dose was
chosen from a previously reported D-R curve (Canseco-Alba
and Rodríguez-Manzo, 2014).

Experiment 3: Interaction of the eCBs AEA and 2-AG
With the Dopaminergic System in Sexually
Exhausted Male Rats
Four independent groups of sexually exhausted males
(n = 8 each) were used to establish the effects of the unspecific
DA receptor antagonist haloperidol (125µg/kg,−30 min) on the
reversal of sexual exhaustion induced by an effective dose of AEA
(0.3 mg/kg) or 2-AG (0.3 mg/kg). The AEA dose was chosen
from the D-R curve of AEA effects on sexually satiated males
previously reported (Canseco-Alba and Rodríguez-Manzo,
2014). The haloperidol dose was chosen from a published D-R
curve run in sexually satiated animals (Rodríguez-Manzo, 1999b)
and was injected 30 min prior to either eCB; the control group
received the combination of vehicles.

The possible interaction of the unspecific DA receptor
agonist, apomorphine with the eCBs AEA and 2-AG was
determined by the co-administration of the DA agonist and
each of the eCBs, at doses that were subthreshold for
reversing sexual satiety. To this aim, four additional independent
groups of satiated males (n = 8 each) were used; one
receiving the combination of vehicles, another receiving the
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TABLE 1 | Specific sexual behavior parameters of the first copulatory series of sexually experienced male rats treated with specific doses of dopamine (DA) receptor
agonists.

Treatment n IL M I EL PEI

Vehicle (saline) 8 0.91 ± 0.17 3 8 8.07 ± 0.76 5.68 ± 0.34
Apomorphine 10 µg/kg 8 0.68 ± 0.14 2 6.5 6.04 ± 0.79 5.78 ± 0.54
SKF-38399 0.1 mg/kg 8 0.80 ± 0.18 5 10 9.77 ± 1.0 6.03 ± 0.47

IL, intromission latency; M, number of mounts; I, number of intromissions; EL, ejaculation latency; PEI, postejaculatory interval. Temporal measures are expressed in minutes (min) as
mean ± SEM and M&I as median number.

sub-effective dose of apomorphine (10 µg/kg, −15 min) and
two for the combinations of apomorphine with either AEA or
2-AG, at sub-effective doses (0.03 mg/kg each). Apomorphine’s
ineffective dose was chosen from a pilot study with sexually
experienced male rats. The data of this pilot study are shown
in Table 1.

Experiment 4: Participation of D1-Like DA Receptors
in the eCB-Induced Reversal of Sexual Satiety
Two independent groups of sexually satiated rats (n = 8 each)
were used to establish the effects of the combined treatment of an
effective dose of AEA or 2-AG (0.3 mg/kg each) with a dose of the
D1-like receptor antagonist SCH23390 that lacked effects per se
(0.1 mg/kg, −30 min). A dose-response curve of SCH23390 was
run in sexually experienced male rats to identify the dose not
modifying sexual behavior per se (Figure 6).

Two additional groups of sexually exhausted males
(n = 8 each) were employed to establish the effects of the
combination of previously determined suboptimal doses
of AEA or 2-AG (0.03 mg/kg each) with a sub-effective
dose of the D1-like receptor agonist SKF38399 (0.1 mg/kg,
−30 min), which was determined in a pilot study with sexually
experienced male rats. The data of this pilot study are included in
Table 1.

Experiment 5: Participation of D2-Like DA Receptors
in the eCB-Induced Reversal of Sexual Satiety
Two independent groups of sexually satiated rats (n = 8 each)
were used to establish the effects of the combined treatment of an
effective dose of AEA or 2-AG (0.3 mg/kg each) with a dose of the
D2-like receptor antagonist raclopride that lacked effects per se
(0.03 mg/kg, −20 min). A dose–response curve of raclopride was
run in sexually experienced male rats to identify the dose not
modifying sexual behavior (Figure 8).

Finally, another two groups of sexually exhausted males
(n = 8 each) were employed to establish the effects of the
combination of suboptimal doses of AEA or 2-AG (0.03 mg/kg
each) with a suboptimal dose of the D2-like receptor agonist
quinpirole (0.03 mg/kg, −15 min) chosen from a previously
reported D-R curve in sexually satiated rats (Guadarrama-
Bazante et al., 2014).

RESULTS

Sexual Incentive Motivation of Sexually
Exhausted Male Rats
In the sexual incentive motivation test it was found that sexually
experienced male rats spent significantly more time in the

incentive zone of the sexually receptive female as compared to the
time spent in the male’s incentive zone (Mann-Whitney U test,
U = 2, P < 0.001). In contrast, in the sexually exhausted males,
tested 24 h after copulation to satiety, there was no difference
between the time spent by the males in the incentive zones of
the sexually receptive female and the sexually active male (Mann-
Whitney U test, U = 82.5, P = 0.93; Figure 2).

Effects of 2-AG on Sexual Behavior of
Sexually Experienced and Sexually
Exhausted Male Rats
Figure 3 depicts the dose-response curve of the effects of
different doses of 2-AG on the sexual behavior of sexually
experienced male rats. It can be observed that none of the
sexual parameters were statistically significantly modified by
any 2-AG dose. The percentage of sexually exhausted male
rats showing mounts and intromissions (M&I), ejaculating (E)
and resuming copulation after ejaculation (CR), 24 h after
copulation to satiety, in response to different doses of the eCB
2-AG, are shown in Figure 4. As it can be seen in panel A,
the majority of the tested doses (0.1–3.0 mg/kg) significantly
increased the proportion of satiated rats attaining ejaculation
[seven out of eight (87.5%; Fisher F test, P = 0.01) for
0.1 mg/kg; eight out of eight (100%; Fisher F test, P = 0.001)
for 0.3 mg/kg and six out of eight (75%; Fisher F test,
P < 0.05) for both the 1.0 and 3.0 mg/kg doses] and resuming
copulation thereafter [five out of eight (62.5%; Fisher F test,
P < 0.05) for 0.1 mg/kg; six out of eight (75%; Fisher F test,
P < 0.01) for 0.3 mg/kg; and five out of eight (62.5%; Fisher
F test, P < 0.05) for the 1.0 and 3.0 mg/kg doses], while
the lowest dose tested (0.03 mg/kg) failed to increase these
proportions. Thus, 2-AG doses between 0.1 and 3.0 mg/kg
reversed sexual satiety.

Figure 4B depicts the action of the CB1 receptor antagonist,
AM251, at a dose that lacks effects per se (0.1 mg/kg), on the
increase in the percentages of sexually exhausted rats ejaculating
and resuming copulation after ejaculation induced by 0.3 mg/kg
2-AG. It can be observed that the 2-AG-induced reversal of
sexual satiety was canceled, indicating that this effect is mediated
by CB1 receptors.

Interaction of the eCBs AEA and 2-AG With
the Dopaminergic System in Sexually
Exhausted Male Rats
Figure 5 shows the effects of the combined injection of
the unspecific DA receptor antagonist haloperidol with AEA
or 2-AG (panels A and B, respectively) and those of the
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FIGURE 2 | Sexual incentive motivation is measured as the time spent by the male rat in the incentive zones of the sexually receptive female (dashed bars) or the
male (empty bars), in control sexually experienced (n = 12) and in sexually satiated male rats (n = 12). Data in the graph are expressed in seconds (s) as
mean ± SEM. A statistically significant difference was found in the sexually experienced males in the time spent in each of the incentive zones. Mann-Whitney U test,
∗∗∗P < 0.001. The features of the apparatus used to evaluate sexual incentive motivation are depicted on the left side of the figure.

combined injection of apomorphine, a non-specific DA receptor
agonist, with AEA or 2-AG (panels C and D, respectively) in
sexually exhausted male rats. Haloperidol injection (125 µg/kg)
per se did not induce mating behavior in sexually satiated
rats, while a dose of 0.3 mg/kg AEA (panel A) or 2-AG
(panel B), statistically significantly increased the proportions
of satiated rats ejaculating (Fisher F test, P < 0.01 for
AEA; P < 0.001 for 2-AG) and resuming copulation after
ejaculation (Fisher F test, P < 0.05 for both eCBs), as
compared to vehicle-treated satiated males. Pre-treatment with
haloperidol canceled both, AEA- and 2-AG-induced increases in
these percentages.

Apomorphine, at the dose of 10 µg/kg, lacked effects
on copulation of satiated rats, as did AEA (panel C) and
2-AG (panel D) at the dose of 0.03 mg/kg. However, the
combined administration of AEA with apomorphine increased
the proportion of sexually exhausted males copulating. These
increases were statistically significant for M (Fisher F test,
P < 0.05), for I (Fisher F test, P < 0.01) and for CR (Fisher
F test, P < 0.05). The combined treatment of apomorphine
with 2-AG statistically significantly increased the proportion of
satiated rats showing I (Fisher F test, P < 0.05), E (Fisher F test,
P < 0.05) and CR (Fisher F test, P = 0.01). Thus, sub-effective
doses of apomorphine and each of the eCBs synergized to reverse
sexual satiety.

Participation of D1-Like DA Receptors in
the eCB-Induced Reversal of Sexual
Satiety
A dose-response curve of the effects of the D1-like
receptor antagonist SCH23390 on the sexual behavior
of sexually experienced male rats is shown in Figure 6.
SCH23390 significantly increased the temporal parameters in
these animals at the 0.3 and 1.0 mg/kg doses (Kruskal–Wallis
ANOVA H(3) = 24.66, P < 0.001; Dunn’s Test, P < 0.05 for
IL), (Kruskal–Wallis ANOVA H(3) = 16.36, P < 0.001;

Dunn’s Test, P < 0.05 for EL; Kruskal–Wallis ANOVA
H(3) = 20.33, P < 0.001; Dunn’s Test, P < 0.05 for
PEI). The lowest SCH23390 dose (0.1 mg/kg) reduced
the I number (Kruskal–Wallis ANOVA H(3) = 8.18,
P < 0.042; Dunn’s Test, P < 0.05), considered a sexual
facilitative outcome, and lacked effects on any other
parameter; therefore, this dose was selected for the
combined treatments.

Figure 7 depicts the effects of the combined injection
of the D1-like receptor antagonist SCH23390 with effective
doses of AEA (panel A) or 2-AG (panel B), as well as
the effects of the combination of sub-effective doses of the
D1-like receptor agonist SKF-38399 with sub-effective doses
of AEA (panel C) or 2-AG (panel D), on sexual behavior
expression of sexually satiated rats. It can be seen that the
sole administration of 0.1 mg/kg SCH23390 lacked effects in
sexually satiated rats, however, it canceled the increase in the
percentage of satiated rats showing sexual behavior induced
by an effective dose of AEA (panel A). By contrast, this same
SCH23390 dose did not block the actions of the 2-AG effective
dose on copulation of sexually satiated rats (panel B). This
figure also shows that combination of sub-effective doses of the
D1-like receptor agonist with AEA synergized to significantly
increase the proportion of satiated rats showing each of the
sexual behavior responses (Fisher F test, P < 0.01 for M;
P < 0.05 for I, E and CR; panel C), whereas its combination with
a sub-effective dose of 2-AG failed to significantly increase these
proportions (panel D).

Participation of D2-Like DA Receptors in
the eCB-Induced Reversal of Sexual
Satiety
Figure 8 shows a dose-response curve of the effects of the D2-like
receptor antagonist raclopride on the sexual behavior of sexually
experiencedmale rats. Raclopride had sexual effects at doses from
0.1 to 1.0 mg/kg, increasing the EL (Kruskal–Wallis ANOVA,

Frontiers in Behavioral Neuroscience | www.frontiersin.org 6 August 2019 | Volume 13 | Article 184

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Canseco-Alba and Rodríguez-Manzo eCB-DA Interaction and Sexual Motivation

FIGURE 3 | Dose-response curve of the effects of different doses of 2-arachidonoylglycerol (2-AG; 0.03–3.0 mg/kg, n = 8 each) or vehicle (C) on the specific sexual
behavior parameters of sexually experienced male rats. IL, intromission latency; M, number of mounts; I, number of intromissions; EL, ejaculation latency; PEI,
postejaculatory interval. Latencies are expressed in minutes, as mean ± SEM, and numbers as medians.

H(3) = 26.36, P < 0.001; Dunn’s test, P < 0.05) at the two higher
doses and the PEI at the lower dose (Kruskal–Wallis ANOVA,
H(3) = 20.33, P < 0.001; Dunn’s test, P < 0.05). We selected
the lowest raclopride dose tested (0.03 mg/kg) for the combined
treatments, as it lacked sexual effects.

The effects of the combined injection of raclopride with
effective doses of AEA or 2-AG on sexual behavior expression
of sexually exhausted male rats are shown in Figure 9 (panels
A and B, respectively), as well as the effects of the combination
of sub-effective doses of the D2-like receptor agonist quinpirole
with sub-effective doses of AEA (panel C) or 2-AG (panel
D). It can be observed that 0.03 mg/kg raclopride, per se,
lacked effects on copulation of satiated rats. When combined

with an effective dose of AEA, raclopride did not block the
increases induced by this eCB (panel A), however, it canceled
the 2-AG-induced increases in the proportion of satiated
animals capable of displaying the different sexual behavior
responses (panel B). Combination of sub-effective doses of
the D2-like receptor agonist quinpirole and the eCBs, AEA
or 2-AG, synergized to significantly increase the proportion of
satiated rats showing each of the sexual behavior responses.
The combination of quinpirole with AEA promoted M, I
and E display in all animals (Fisher F test, P = 0.02 for
M; P = 0.007 for I and E) and seven out of eight animals
resumed copulation thereafter (Fisher F test, P = 0.01).
Combined treatment of quinpirole with 2-AG induced M
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FIGURE 4 | (A) Dose-response curve of the effects of different doses of 2-AG (0.03–3.0 mg/kg) or vehicle (C) on the percentage of sexually satiated rats that
exhibited the different sexual behavior responses: mount and intromission (M and I), ejaculation (E) and copulation resumption after ejaculation (CR). Fisher F test,
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. C. Panel (B) shows that the CB1 receptor antagonist, AM251 (0.1 mg/kg), blocks the reversal of sexual exhaustion induced
by 0.3 mg/kg 2-AG, i.e., the increase in the percentage of satiated rats ejaculating (E) and resuming copulation after ejaculation (CR). Fisher F-test ∗P < 0.05;
∗∗∗P < 0.001; n = 8 for each group. Asterisks over bars indicate statistical significance vs. the control group; other comparisons are indicated.

and I behavior in all animals (Fisher F test, P = 0.026 for
M and P = 0.007 for I), while seven out of eight animals
ejaculated (Fisher F test, P = 0.041) and resumed copulation
after ejaculation (Fisher F test, P = 0.01; panels C and D,
respectively).

The specific sexual behavior parameters of the satiated
animals in which treatments reversed satiety are shown
in Table 2.

None of the pharmacological treatments significantly affected
the spontaneous ambulatory behavior of sexually satiated male
rats. These data are presented in Table 3. Table 1 includes the
data of the pilot studies showing the doses of apomorphine
and SKF-38399 that lacked effects per se on the sexual behavior
of sexually experienced male rats which were selected for
experiments involving combined treatments of sub-effective
drug doses.
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FIGURE 5 | Interaction of the endocannabinoids (eCBs) AEA and 2-AG with dopamine (DA) transmission in the reversal of sexual satiety. The upper graphs show
the percentages of sexually exhausted rats that are able to mount (M), intromit (I), ejaculate (E) and resume copulation after ejaculation (CR) following vehicle
(1 ml/kg), Haloperidol (125 µg/kg), AEA (0.3 mg/kg) or 2-AG (0.3 mg/kg) and the combined treatment of Haloperidol with AEA (panel A) or 2-AG (panel B). The lower
graphs depict the effects of vehicle (1 ml/kg), Apomorphine (10 µg/kg) and their combined treatment with AEA (0.03 mg/kg; panel C) or 2-AG (0.03 mg/kg; panel D)
on the percentages of satiated rats showing M, I, E and CR. Fisher F-test, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, +P < 0.05, ++P < 0.01; n = 8 for each group.
Asterisks over bars indicate statistical significance vs. the control group; crosses show significance for other indicated comparisons.

TABLE 2 | Specific sexual behavior parameters of those sexually satiated male rats achieving ejaculation in response to drug treatment and of a group of sexually
experienced male rats as a reference.

Treatment n IL M I EL PEI

2-AG 0.3 mg/kg 6/8 13.55 ± 2.45 6 9 9.29 ± 2.93 15.67 ± 2.92
Apomorphine 10 µg/kg + AEA 0.03 mg/kg 7/8 3.91 ± 0.68 3 7 5.62 ± 1.05 16.02 ± 2.70
Apomorphine 10 µg/kg + 2-AG 0.03 mg/kg 7/8 3.01 ± 1.24 6 10 10.07 ± 3.02 16.41 ± 1.58
SKF-38399 0.1 mg/kg + AEA 0.03 mg/kg 6/8 3.62 ± 0.56 3 8 8.57 ± 1.80 20.32 ± 3.03
Quinpirole 0.03 mg/kg + AEA 0.03 mg/kg 8/8 4.22 ± 2.43 1 3 9.17 ± 2.43 23.92 ± 3.18
Quinpirole 0.03 mg/kg + 2-AG 0.03 mg/kg 7/8 13.18 ± 6.32 1 7 6.37 ± 0.84 38.05 ± 8.23
Sexually experienced 8/8 2.22 ± 0.28 0.5 6.5 5.97 ± 0.64 5.50 ± 0.61

IL, intromission latency; M, number of mounts; I, number of intromissions; EL, ejaculation latency; PEI, postejaculatory interval. Temporal measures are expressed in minutes (min) as
mean ± SEM and M and I as median number.

DISCUSSION

The main findings of the present series of experiments can be
summarized as follows: (a) sexually exhausted male rats exhibit a

reduced sexual motivation 24 h after copulation to satiety, when
the sexual inhibitory period is well established; (b) low doses of
the eCB 2-AG reverse sexual satiety through a CB1 receptor-
dependent mechanism, but do not modify copulatory behavior
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FIGURE 6 | Dose-response curve of the effects of different doses of the D1-like receptor antagonist, SCH23390 (0.1–1.0 mg/kg, n = 8 each), on sexual behavior of
sexually experienced male rats. IL, intromission latency; M, number of mounts; I, number of intromissions; EL, ejaculation latency; PEI, postejaculatory interval;
C, control. Latencies are expressed in minutes, as mean ± SEM, and numbers as medians. Kruskal–Wallis ANOVA followed by Dunn’s test, ∗P < 0.05 vs. control.

of sexually experienced male rats; (c) the eCBs AEA and 2-AG
interact with the dopaminergic system to induce sexual behavior
expression in sexually exhausted male rats; (d) D2-like, but not
D1-like DA receptors, participate in the 2-AG-induced sexual
satiety reversal; and (e) AEA-induced satiety reversal is mediated
by D1-like DA receptors. Notwithstanding, D2-like receptor
agonists also synergize with AEA to induce sexual activity in
sexually exhausted males.

The sexual incentive motivation test revealed that sexually
exhausted male rats do not show the preference for a sexually
receptive female exhibited by sexually experienced animals,
thereby confirming that during the sexual inhibitory period
that characterizes sexual satiety, male rats have a reduced
sexual motivation. As mentioned in the introduction section,
previous data implied that sexual motivation might play a role
in the sexual satiety phenomenon (Rodríguez-Manzo, 1999a;
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FIGURE 7 | Effects of the combined treatment of eCBs and D1-like receptor ligands on sexual behavior of sexually exhausted male rats. The upper graphs show
the percentages of sexually satiated rats that are able to mount (M), intromit (I), ejaculate (E) and resume copulation after ejaculation (CR) following vehicle (1 ml/kg),
the D1-like receptor antagonist SCH23390 (0.1 mg/kg), AEA (0.3 mg/kg) or 2-AG (0.3 mg/kg) and the combined treatment of SCH23390 with AEA (panel A) or with
2-AG (panel B). The lower graphs depict the effects of vehicle (1 ml/kg), the D1-like receptor agonist SKF38399 (0.1 mg/kg) and their combined treatment with AEA
(0.03 mg/kg; panel C) or 2-AG (0.03 mg/kg; panel D) on the percentages of satiated rats showing M, I, E and CR. Fisher F test, ∗P < 0.05, ∗∗P < 0.01, +P < 0.05;
n = 8 for each group. Asterisks over bars indicate statistical significance vs. the control group; crosses show significance for other indicated comparisons.

Guadarrama-Bazante and Rodríguez-Manzo, 2019), including a
report on a diminished sexual motivation measured in male rats
immediately after reaching sexual satiety (Ågmo et al., 2004).
However, the sexual motivational state of the satiated animals
during the long-lasting sexual inhibitory period (i.e., 24–72 h
later) had not been directly assessed. This assessment is
important, because 24 h after copulation to satiety, not only
the characteristic sexual inhibitory state is well established, but
also other possible confounding factors are absent. For instance,
the fatigue due to intense copulation is no longer present, since
the animals rested overnight. Males had free access to water
and food when returning to their home-cages after copulation
to satiety, eliminating hunger and thirst as factors playing a
role in their lack of interaction with the receptive female rat.
Finally, during the sexual incentive motivation test, the sexually
satiated rats are exposed to a new sexually receptive female,
eliminating the possible habituation to the sexual partner as

another factor involved in the absence of preference. Under
these conditions, we believe that the lack of interest for the
sexually receptive female exhibited by sexually satiatedmales 24 h
after copulation to satiety reflects an actual decrease in sexual
motivation, thus validating the notion that this factor is involved
in the long-lasting sexual inhibitory state that characterizes the
sexual satiety phenomenon.

eCB signaling in the brain has been found to regulate
the motivation for natural rewards (Parsons and Hurd, 2015).
Reinforcing this notion, previous data from our group showed
that the eCB AEA reversed sexual satiety after its direct infusion
into the VTA (Canseco-Alba and Rodríguez-Manzo, 2016).
This result supports the idea that eCBs’ actions at the MSL
system might modify the sexual motivational tone of sexually
satiated rats. AEA and 2-AG are the best-characterized eCBs
and both activate CB1 receptors; however, AEA binds with
moderate affinity and is a partial agonist at CB1 receptors,
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FIGURE 8 | Dose-response curve of the effects of different doses of the D2-like receptor antagonist Raclopride (0.03–1.0 mg/kg, n = 8 each) on sexual behavior of
sexually experienced male rats. IL, intromission latency; M, number of mounts; I, number of intromissions; EL, ejaculation latency; PEI, postejaculatory interval; C,
control. Latencies are expressed in minutes as mean ± SEM and numbers as medians. Kruskal–Wallis ANOVA followed by Dunn’s test, ∗P < 0.05 vs. control.

whereas 2-AG binds with low affinity but exhibits full efficacy at
these receptors (Hillard, 2000). Besides, 2-AG is more abundant
than AEA in the brain (Stella et al., 1997; Nomura et al.,
2008) and is considered as the key eCB released on demand
by VTA DA neurons to modulate its own activity (Melis
et al., 2004; Tanimura et al., 2010). Therefore, it was crucial
to determine if 2-AG was also capable of reversing the sexual
inhibitory state of sexually exhausted rats. Results showed that
similar to AEA’s effects (Canseco-Alba and Rodríguez-Manzo,

2014), low doses of 2-AG reversed sexual satiety through the
activation of CB1 receptors. However, 2-AG was capable of
inducing copulation in satiated rats within a broader dose
range than AEA (0.1–3.0 mg/kg vs. 0.1–0.3 mg/kg, respectively),
which is compatible with the higher efficacy of the former
at CB1 receptors. Interestingly, 2-AG induced the display of
sexual behavior in sexually satiated rats but did not modify the
sexual performance of sexually experienced animals. A possible
explanation for this differential action could be based on the
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FIGURE 9 | Effects of the combined treatment of eCBs and D2-like receptor ligands on sexual behavior of sexually exhausted male rats. The upper graphs show
the percentages of sexually satiated rats that are able to mount (M), intromit (I), ejaculate (E) and resume copulation after ejaculation (CR) following vehicle (1 ml/kg),
the D2-like receptor antagonist Raclopride (0.03 mg/kg), AEA (0.3 mg/kg) or 2-AG (0.3 mg/kg) and the combined treatment of Raclopride with AEA (panel A) or
2-AG (panel B). The lower graphs depict the effects of vehicle (1 ml/kg), the D2-like receptor agonist Quinpirole (0.03 mg/kg) and their combined treatment with AEA
(0.03 mg/kg; panel C) or 2-AG (0.03 mg/kg; panel D) on the percentages of satiated rats showing M, I, E and CR. Fisher F test, ∗P < 0.05, ∗∗P < 0.01, +P < 0.05;
n = 8 for each group. Asterisks over bars indicate statistical significance vs. the control group; crosses show significance for other indicated comparisons.

proposal that the net effect of CB1 receptor-mediated actions
at the MSL system depend on the level of baseline activity
of midbrain DA neurons, such that enhancing DA neuronal
firing may have a larger effect when baseline frequency is low
compared to when neurons are burst firing (Covey et al., 2017).
Following this idea, when sexually experienced rats are exposed
to sexually receptive females as well as during copulation,
DA neurons fire in the bursting mode rendering a phasic
DA release in the NAcc (Robinson et al., 2002). Although,
eCBs are capable of removing the tonic inhibition exerted by
GABAergic inputs onto midbrain dopaminergic neurons to
promote the phasic mode of DA release (Oleson et al., 2012),
in the sexually experienced males this effect is also elicited by
the rewarding stimulus (Grace, 1991; Grace et al., 2007), i.e., the
presence and interaction with the sexually receptive female,
which could account for the lack of 2-AG sexual facilitative
effects in these animals. By contrast, in sexually satiated rats

the inhibition of their sexual responsiveness suggests that DA
neuron baseline activity is low, explaining the ability of 2-AG to
produce sexual behavior facilitative effects in animals with this
sexual condition.

A central finding of the present work is that both AEA and
2-AG interact with the dopaminergic system to reverse sexual
satiety. Sub-optimal doses of each of these eCBs synergized
with a dose of apomorphine that was subthreshold for reversing
sexual satiety, whereas the reversal of the sexual inhibitory state,
induced by effective doses of AEA or 2-AG, was canceled by
the DA receptor antagonist haloperidol. These results contribute
to strengthening the notion of a relationship between eCB and
DA signaling in the facilitation of reward-motivated behaviors
(Oleson and Cheer, 2012; Wenzel and Cheer, 2018). They also
suggest that the deficient motivational tone of sexually exhausted
rats might be increased by eCBs’ actions, through the modulation
of DA activity, enabling sexually satiated males to respond with
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TABLE 3 | Effect of the different drug treatments on spontaneous locomotor
activity of sexually exhausted male rats.

Drug Dose Number of counts/
5 min mean ± SEM

2-AG Veh 0 44.25 ± 3.41
2-AG 0.03 mg/kg 47.50 ± 2.86

0.1 mg/kg 47.25 ± 6.05
0.3 mg/kg 51.75 ± 6.18
1.0 mg/kg 46.75 ± 5.76
3.0 mg/kg 48.88 ± 6.08

AM251 Veh + 2AG Veh 0 42.00 ± 3.13
AM251+2-AG 0.1 mg/kg + 0.1 mg/kg 49.50 ± 1.60
Haloperidol 125 µg/kg 46.71 ± 2.19
Hal Veh + AEA/2-AG Veh 0 41.10 ± 2.31
Haloperidol + AEA 125 µg/kg + 0.3 mg/kg 38.12 ± 1.97
Haloperidol + 2-AG 125 µg/kg + 0.3 mg/kg 41.03 ± 2.47
saline + AEA/2-AG Veh 0 35.87 ± 2.09
Apomorphine 10 µg/kg 36.25 ± 1.81
Apomorphine+ AEA 10 µg/kg + 0.03 mg/kg 38.25 ± 1.08
Apomorphine+ 2-AG 10 µg/kg + 0.03 mg/kg 35.75 ± 3.29
SCH23390 0.1 mg/kg 37.00 ± 2.61
SCH23390 + AEA 0.1 mg/kg +0.3 mg/kg 32.62 ± 1.48
SCH23390 + 2-AG 0.1 mg/kg + 0.3 mg/kg 50.38 ± 3.77
Raclopride 0.03 mg/kg 30.37 ± 1.58
Raclopride + AEA 0.03 mg/kg + 0.3 mg/kg 32.87 ± 2.60
Raclopride + 2-AG 0.03 mg/kg + 0.3 mg/kg 47.01 ± 3.20
SKF38399 0.1 mg/kg 38.28 ± 3.47
SKF38399 + AEA 0.1 mg/kg + 0.03 mg/kg 33.14 ± 2.25
SKF38399+ 2-AG 0.1 mg/kg + 0.03 mg/kg 44.57 ± 4.65
Quinpirole 0.03 mg/kg 56.11 ± 7.85
Quinpirole + AEA 0.03 mg/kg + 0.03 mg/kg 47.86 ± 1.90
Quinpirole + 2-AG 0.03 mg/kg + 0.03 mg/kg 50.25 ± 3.83

Kruskal–Wallis ANOVAs, non-significant.

sexual activity to the rewarding stimulus, represented by the
receptive female.

It has been proposed that the dopaminergic system might
be the common final pathway for the pharmacological reversal
of sexual satiety. This idea emerged from the fact that
several drugs, acting at different neurotransmitter systems, are
capable of reversing sexual satiety by interacting, directly or
indirectly, with the dopaminergic system (Rodríguez-Manzo
and Fernández-Guasti, 1995; Rodríguez-Manzo, 1999b; Hull
and Rodríguez-Manzo, 2017). Present results are in line with
this proposal ascribing to the MSL system a central position
in the dopaminergic-mediated regulation of male rat sexual
behavior expression.

Midbrain DA neurons are involved in the signaling of reward-
related stimuli by changing their firing pattern (Grace, 1991;
Grace et al., 2007). The basal activity of these neurons involves
low-frequency firing resulting in a dopaminergic tone capable
of activating high-affinity D2-like DA receptors in the NAcc.
Upon the presentation of a rewarding stimulus, this firing pattern
changes to a high-frequency burst firing that is accompanied
by an increase in NAcc DA release, which activates low-affinity
D1-like DA receptors (Grace et al., 2007; Dreyer et al., 2010). On
these bases, establishing theDA receptor family/families involved
in the 2-AG/DA and AEA/DA interactions to induce sexual
behavior display in sexually satiated rats appeared relevant.
Interestingly, our data showed that there was a differential
interaction between each of these eCBs and the two DA receptor

families. 2-AG synergized with D2-like, but not with D1-like
DA receptor agonists, to induce sexual satiety reversal; an effect
that was completely prevented by the D2-like receptor antagonist
raclopride. In contrast, AEA synergized with both D1- and
D2-like DA receptor agonists to reverse the sexual inhibition, but
only the D1-like DA receptor antagonist SCH23390 was able to
block the AEA-induced sexual satiety reversal.

It has been documented that 2-AG and AEA, in spite
of activating the same cannabinoid receptors and signal
transduction pathways (Janero et al., 2009), do not always
play the same physiological role, acting sometimes in concert
and sometimes not (Di Marzo and Cristino, 2008; Luchicchi
and Pistis, 2012). It is important to recall that in the present
work eCBs were exogenously administered and, therefore, could
activate CB1 receptors in different brain regions. Within the
MSL system, CB1 receptors are expressed both in the NAcc
(Pickel et al., 2006) and in the VTA (Herkenham et al., 1991);
therefore, systemically administered eCBs might have reversed
satiety by acting at each of these brain regions, where they behave
as retrograde messengers suppressing presynaptic glutamate and
GABA release (Lupica and Riegel, 2005). However, substantial
evidence indicates that exogenously administered cannabinoids
increase DA release in rat NAcc (Chen et al., 1990; Gardner and
Vorel, 1998; Gessa et al., 1998) and excite midbrain DA neurons
in the VTA (French et al., 1997). These data suggest that the
actions of exogenously administered eCBs in the present work
would be exerted at the VTA; a proposal supported by the finding
that intra-VTA infusion of AEA reverses sexual satiety (Canseco-
Alba and Rodríguez-Manzo, 2016).

In relation to DA receptors, D1-like and D2-like receptors
within the MSL system are mainly expressed in the NAcc,
segregated in different populations of medium spiny neurons,
which constitute 95% of the cells in this brain region (Yang et al.,
2018). According to present data, the 2-AG/DA interaction for
the reversal of sexual satiety clearly involves only the activation
of D2-like receptors, probably from the NAcc, since in the VTA
these receptors are somatodendritic autoreceptors that regulate
the firing rate of DA neurons and DA release in terminal fields.
D2 autoreceptor activation reduces DA release at the NAcc
and also limit somatodendritic DA release in the VTA (Rice
and Patel, 2015). In support of the notion that the 2-AG/DA
interaction takes place in the NAcc is the finding that direct
infusion of the selective D2-like DA receptor agonist, quinpirole,
into this brain region reverses the sexual inhibition of satiated
rats (Guadarrama-Bazante and Rodríguez-Manzo, 2019).

Results of this work also suggest that AEA’s interaction with
DA transmission in sexually satiated rats is essentially, although
not exclusively, mediated by D1-like DA receptor activation.
This conclusion derives from the fact that D1-like DA receptor
blockade with the antagonist SCH23390 canceled AEA-induced
reversal of sexual satiety and a sub-effective dose of the D1-like
receptor agonist SKF33939 synergized with a dose of AEA, that
was subthreshold for reversing sexual satiety, to promote sexual
behavior display. In line with this finding, our group observed
that systemically administered DA receptor agonists reverse
sexual satiety through the activation of D1-like DA receptors
(Guadarrama-Bazante et al., 2014).
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AEA also synergized with D2-like DA receptor activation
to reverse sexual satiety, but reversal of sexual satiety induced
by an effective dose of AEA, was not canceled by the D2-like
receptor antagonist raclopride. These results evidence that AEA
effects are mediated by the modulation of D1-like DA receptors,
though the independent activation of D2-like DA receptors with
quinpirole could synergize with the AEA-mediated activation of
D1-like DA receptors to reverse satiety. Interestingly, activation
of D2-like DA receptors in the NAcc increases the extracellular
levels of AEA in this brain region (Giuffrida et al., 1999). In
fact, DA exerts modulatory effects on both AEA and 2-AG
content in the NAcc (Patel et al., 2003), where medium spiny
neurons synthesize and release these eCBs in response to DA
stimulation. Remarkably, the NAcc’s content of AEA and 2-AG is
differentially modulated by the activation of D1-like and D2-like
DA receptors, respectively (Patel et al., 2003). These data further
support the relationships described in the present work, between
AEA and D1-like DA receptors and between 2-AG and D2-like
DA receptors. Thus, a possible contribution to the reversal of
sexual satiety of changes in NAcc’s content of these two eCBs,
resulting from the activation of the two DA receptor families,
cannot be discarded.

In spite of the differential interaction found for each
eCB with the DA receptor families, it has been considered
that the simultaneous activation of D1-like and D2-like DA
receptors in the NAcc is required for the processing of
reward relevant information (Ikemoto et al., 1997). Moreover,
it has been reported that only the combination of D1-like
and D2-like receptor agonists is able to enhance NAcc core
cell firing in vitro—an effect in which the participation of
eCBs is required—, while the independent activation of each
of these receptor families does not reproduce this result
(Seif et al., 2011). Remarkably, we found that the direct
infusion of the non-selective DA receptor agonist, apomorphine,
into the NAcc induced a full sexual satiety reversal, not
obtained with any other pharmacological treatment so far
tested in sexually satiated rats. In this case, the most effective
apomorphine dose induced sexual behavior to ejaculation and
copulation resumption after ejaculation in every sexually satiated
animal. Besides, the copulatory performance of these males
was as efficient as that of sexually experienced males, an
outcome not commonly seen with other treatments reversing
satiety (Guadarrama-Bazante and Rodríguez-Manzo, 2019).
This result reinforces the notion that the regulation of the
rewarding properties and motivational tone at the NAcc
is mediated by the cooperative actions of the two DA
receptor families.

Based on the data here presented, it could be proposed
that repeated activation of the MSL system by intense
copulation during sexual satiety development, induces a
diminished sexual motivational tone, responsible for their
characteristic long-lasting sexual behavior inhibition. AEA and
2-AG seem to reverse this sexual inhibitory state by modulating
dopaminergic transmission, presumably at the MSL system.
Specific experiments further analyzing the role played by eCBs
in the regulation of DA-mediated motivation for natural rewards
at the MSL system are warranted.

The motivational component of male rat sexual behavior and
the initiation of the copulatory behavioral pattern (Blackburn
et al., 1992) have not only been linked to mesolimbic DA, but
also to DA transmission at the hypothalamic medial preoptic
area (mPOA; Pfaus and Phillips, 1991; Hull et al., 1999).
Indeed, DA levels increase simultaneously in the NAcc and
mPOA in response to the presence of an inaccessible sexually
receptive female (Blackburn et al., 1992; Hull et al., 1999).
However, present and previous data from our lab do not
suggest a participation of this brain region in the eCB/DA-
mediated increase in sexual motivation that leads to the reversal
of sexual satiety. To the extent of our knowledge, eCBs have
not been associated to the control of mPOA DA neuron
activity and, infusion of DA receptor agonists into this brain
region does not reverse sexual satiety, except for a specific low
dose of the D2-like receptor agonist quinpirole (Guadarrama-
Bazante and Rodríguez-Manzo, 2019). However, the systemic
administration of several quinpirole doses failed to reverse
the sexual inhibition of satiated rats (Guadarrama-Bazante
et al., 2014). Notwithstanding, the indirect participation of the
mPOA, a brain region that is crucial for male sexual behavior
expression in all vertebrate species (Hull et al., 1999), through
its efferent projections, which have been considered essential
for the initiation of the copulatory pattern (Everitt, 1990),
cannot be discarded. Actually, some of these projections target
specifically the VTA (Simerly and Swanson, 1988; Stolzenberg
and Numan, 2011; Zahm et al., 2011) and might influence the
activity of mesolimbic DA neurons favoring an increase in sexual
motivation of sexually satiated rats.

The present work uses sexual satiety as an animal model to
provide new evidence showing that eCBs modulate the MSL
system with an impact on sexual motivation. This model offers
the opportunity to explore the nature of adaptive inhibitory
mechanisms (Bancroft, 1999) controlling the expression of
an innate behavior normally triggered by specific incentive
stimuli, i.e., copulation in the presence of an accessible sexually
receptive female, which appears to involve changes in the
male’s motivational tone. This research also suggests that
CB1 receptor activation might have therapeutic potential to
positively influence sexual arousal and desire, which deficiency
underlies several human sexual disorders, the hypoactive sexual
desire disorder (American Psychiatric Association, 2013) among
them; this possibility should be explored.

Like all studies, the present work has its limitations. Since all
drug treatments in this study were systemically administered, the
involvement of brain structures outside the mesolimbic system
as well as peripheral effects of eCBs cannot be discarded. The
participation of the MSL system in the eCB-mediated actions
here described has to be confirmed, however, this study is a good
starting point motivating more specific experiments directed to
identify the brain loci within the mesolimbic system where the
described eCB/DA interactions occur.
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