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Gonadal hormones have primarily slow, genomically mediated effects, but copulation
requires rapid interactions with a partner. A major way in which hormones facilitate male
sexual behavior is by increasing production of neurotransmitter receptors or of enzymes that
regulate neurotransmitter synthesis or release. Dopamine is an important facilitative

Keywords: neurotransmitter, and the medial preoptic area (MPOA) is a critical integrative site for male
Copulation sexual behavior. MPOA dopamine is released before and during mating and facilitates
Rat copulation, genital reflexes, and sexual motivation. Gonadal hormones regulate dopamine
Experience release in the MPOA of male rats in part by increasing nitric oxide synthase (NOS) in the
Sensitization MPOA,; the resultant increase in production of nitric oxide (NO) increases both basal and

Gonadal hormone female-stimulated dopamine release. Glutamate also increases dopamine release via
increased production of NO. At least some of the glutamatergic inputs to the MPOA are
from the medial amygdala (MeA) and bed nucleus of the stria terminalis (BNST), which
mediate the female-stimulated increase in dopamine, which in turn enhances copulatory
ability. Extracellular glutamate in the MPOA increases during copulation, especially during
ejaculation, and increased glutamate facilitates copulation and genital reflexes. Previous
sexual experience also facilitates copulation and confers resistance to impairment by
various lesions, drugs, and stress. Experience enhances processing of sexual stimuli, and its
effects require activation of glutamate NMDA receptors and NOS in the MPOA. Neuronal NOS
is increased in the MPOA of experienced males. Therefore, glutamate, NO, and dopamine
interact in the MPOA to facilitate mating and to enhance future sexual responsiveness.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction specific neurons that integrate and execute the behaviors. This

review will summarize research, primarily from our laboratory,

Male sexual behavior is highly dependent on gonadal hor-
mones, which have primarily (though not exclusively) slow,
genomically mediated effects (reviewed in Hull et al., 2006).
However, copulation requires rapid somatomotor interactions
between two active individuals. The means by which the slow
hormonal effects are translated into rapid, interactive beha-
viors includes the up-regulation of various enzymes and
receptors that allow neurotransmitters to activate (or inhibit)
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that sheds light on the means by which hormones activate
male rat sexual behavior and the means by which previous
sexual experience enhances the ability to copulate. Sexually
experienced male rats show increased preference for being
with a receptive female (Lopezetal., 1999), require less time and
stimulation to achieve ejaculation (Dewsbury, 1969; Larsson,
1959; Pfaus and Wilkins, 1995), and are more resistant to
impairments due to various lesions (Claro et al., 1995; de Jonge
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etal., 1989; Kondo, 1992; Saito and Moltz, 1986) and stress (Pfaus
and Wilkins, 1995). Even repeated exposures to a female,
without actual mating, is sufficient to enhance copulatory
ability (Lagoda et al., 2004; Powell et al., 2003; see below). We will
explore both the normal neural events that lead to the behavior
and the means by which experience enhances its execution.

2. The neural circuitry of male sexual behavior

The neural connections that coordinate and execute sexual
behaviors begin with chemosensory input from the main
olfactory and vomeronasal systems and with somatosensory
input from the genitals. Auditory input, especially ultrasonic
vocalizations, also enhance the likelihood of mating (Barfield
and Thomas, 1986), but the roles of those stimuli are less well
studied. Chemosensory efferents from the main and acces-
sory olfactory systems project to the medial amygdala (MeA),
which in turn relays information to the medial preoptic area
(MPOA) both directly and indirectly, via efferents to the bed
nucleus of the stria terminalis (BNST) (see Fig. 1). Some of the
neurons of the chemosensory pathways contain nuclear
steroid receptors, and there are rich interconnections with
an adjacent hormonal circuit; therefore, gonadal hormones
can influence the receipt and processing of chemosensory
stimuli (reviewed in Wood and Newman, 1995; Simerly, 1995).
Genitosensory input, relayed from the spinal cord to the
central tegmental field (CTF, sometimes referred to as the
dorsolateral tegmentum), also projects to both the MPOA and
the MeA (Baum and Everitt, 1992; Simerly and Swanson, 1986).
A component of the CTF, the parvocellular portion of the
subparafascicular nucleus (SPFp), seems to be especially
important for stimuli related to ejaculation (reviewed in
Coolen et al., 2004; Hull et al., 2006). The MPOA sends efferents
to the paraventricular nucleus of the hypothalamus (PVN), the

Fig. 1 - Neural circuits regulating male sexual behavior. The
medial preoptic area (MPOA) receives direct and indirect
input from brain areas that are important for the assimilation
of sexually relevant information. Olfactory stimulation is
received by the olfactory bulbs (OB), the OB project to the
medial amygdala (MeA), which relays information to the bed
nucleus of stria terminalis (BST) and the MPOA. Additionally,
the MPOA and MeA receive somatosensory input via the
central tegmental field (CTF). In turn, the MPOA projects to
the ventral tegmental area (VTA) and the brain stem (BS). For
a complete description of MPOA afferents and efferents, see
Simerly and Swanson (1986, 1988).

ventral tegmental area (VTA, the source of the mesocortico-
limbic pathway), the nucleus paragigantocellularis (nPGi, a
major source of tonic inhibition on genital reflexes), and other
autonomic and somatomotor areas.

3. The role of MPOA dopamine in male sexual
behavior and the effects of sexual experience

The MPOA is the main integrative area for male sexual
behavior. Large lesions of the MPOA abolish copulatory ability,
and electrical or chemical stimulation facilitates mating and
elicits genital reflexes (reviewed in Hull et al., 2006). Compared
to previously naive males, sexually experienced males
showed a greater increase in immunoreactivity for the protein
product of the immediate-early gene c-fos (Fos-ir) in the MPOA
following copulation to one ejaculation (Lumley and Hull,
1999) (see Fig. 2). The increase was even more notable in that
experienced males ejaculated after fewer vaginal intromis-
sions, compared to naive males. Thus, the MPOA of experi-
enced males appeared to have been sensitized to sexual
stimuli, with fewer intromissions required to trigger ejacula-
tion and fewer copulatory behaviors eliciting more Fos-ir. The
dopamine D; receptor antagonist SCH-39166 decreased the
number of mating-induced Fos-ir cells and also inhibited
some copulatory measures in sexually naive males, though
not in experienced males (Lumley and Hull, 1999). This is
consistent with previous studies, noted above, showing
increased resistance of experienced males to impairment by
various lesions, stress, and castration.

One neurotransmitter in the MPOA that facilitates male
sexual behavior is dopamine. Microinjections of dopamine
agonists into the MPOA facilitate copulation and genital
reflexes, whereas dopamine antagonists impair copulation,
genital reflexes, and sexual motivation (reviewed in
Dominguez and Hull, 2005; Hull et al., 2006). Briefly, low
doses of a D,/D3 agonist (quinelorane) decreased the latency
to the first ex copula genital reflex without affecting the
numbers of reflexes; however, high doses of quinelorane
inhibited ex copula erections but increased seminal emissions
(Bazzett et al., 1991). A D, agonist (dihydroxyphenyl-tetrahy-
drothienopyridine, THP) produced effects opposite those of
the high dose of quinelorane: increased erections but fewer
seminal emissions (Hull et al.,, 1992). Therefore, small
increases in dopamine may disinhibit reflexes via D,-like
receptors; larger increases may facilitate parasympathetically
mediated erections and inhibit sympathetically mediated
seminal emission (i.e., prevent “premature ejaculation”) via
D;-like receptors; and large increases may shift autonomic
balance to favor seminal emission and ejaculation via a
member of the D, receptor family (see Fig. 3). This interpreta-
tion is consistent with data on reflexes using high and low
doses of the classic dopamine agonist apomorphine, together
with D; and D, antagonists (Hull et al., 1992) and with effects
on copulation of selective D; and D, agonists and antagonists
(Hull et al., 1989). It is not clear whether the differential effects
of low and high doses of D,-like agonists are mediated by
different members of the D, receptor family, with different
affinities or efficacies, or by different groups of neurons that
have different thresholds for activation.
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Fig. 2 — Male rats with previous sexual experience displayed
greater Fos immunoreactivity in the medial preoptic nucleus
(MPN), compared with those receiving their first sexual
experience. All animals copulated to one ejaculation;
however, experienced males had shorter mount,
intromission, and ejaculation latencies and required fewer
intromissions to elicit ejaculation. Values are expressed as
mean +SEM, *p<0.02. (Figure is from Lumley and Hull, 1999,
with permission).

Extracellular dopamine in the MPOA rises as soon as a male
rat detects the presence of an estrous female and remains
high during copulation (Hull et al., 1995) (see Fig. 4). This
dopamine response depends on the recent presence of
gonadal hormones. One week after castration, two-thirds of
the males showed a dopamine increase and copulated; the
remaining third of the one-week castrates, and all of the two-
week castrates, failed to show a dopamine increase and failed
to copulate (Hull et al., 1995). There was a perfect correlation
between a female-stimulated dopamine increase and the
ability to copulate. Thus, recent, but not concurrent, testoster-
one was necessary for both the dopamine response and
mating. The dopamine deficit in castrates is a chronic one, not
just a loss of the acute response to the female as castrates also
had lower extracellular dopamine during basal conditions,
compared to gonadally intact males (Du et al., 1998). However,
intracellular (stored) dopamine was actually higher in the
castrates, and amphetamine induced a greater release of
dopamine in castrates than in intact males. Therefore,
castrates had abundant dopamine stored in tissue; their
deficit was related to release, not synthesis, of dopamine.

4. Hormonal regulation of MPOA dopamine
release

Testosterone is primarily a prohormone, which is either
aromatized to estradiol or reduced to dihydrotestosterone in
target tissues (reviewed in Hull et al., 2002). Estradiol-alone
maintained normal basal levels of MPOA dopamine in
castrated rats, but not the female-stimulated dopamine
increase (Putnam et al., 2003) (see Fig. 5). Furthermore, all

estradiol-treated castrates intromitted, but none ejaculated
within the 30-min test period. Therefore, normal basal
dopamine levels, maintained by estradiol, appeared to be
sufficient for intromitting, but not for mating to ejaculation.
Dihydrotestosterone-alone maintained neither basal levels
nor female-stimulated dopamine increases, and no animal in
that group copulated. However, the combination of estradiol
plus dihydrotestosterone fully restored copulation, similarly
to testosterone itself. There were numerous correlations
between dopamine increases and copulatory measures.
These data suggest that normal basal levels of dopamine in
the MPOA are sufficient for at least some copulatory behavior,
but that a female-stimulated increase, which requires andro-
gen as well as estrogen, is required for efficient mating. These
data are consistent with the microinjection results, which
suggest that low to moderate levels of dopamine are sufficient
to disinhibit genital reflexes and to stimulate parasympathe-
tically mediated erection, but that higher levels of dopamine
are required to elicit ejaculation, via D,-like receptors.
Hormonal effects on intracellular (stored) dopamine are
essentially opposite those on extracellular dopamine. As in
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Fig. 3 - Model showing possible effects of D, versus D,
stimulation in the MPOA, as a result of a sexually exciting
stimulus and/or sexual activity (reviewed in Dominguez and
Hull, 2005). In this model, a low-threshold mechanism
mediated by a member of the D, receptor family disinhibits
genital reflexes. A moderate threshold mechanism facilitates
penile erections, after activation of D, receptors. A high
threshold mechanism, activated by stimulation of a member
of the D, receptor family, facilitates seminal emission/
ejaculation and inhibits erections. These mechanisms may
be activated successively by increasing levels or longer
duration of DA activity. It is not clear whether the initial
disinhibition and the triggering of ejaculation are mediated
by different members of the D, receptor family or by different
groups of neurons with different thresholds of activation.
(Figure is from Dominguez and Hull, 2005, with permission).



BRAIN RESEARCH 1126 (2006) 66-75 69

=l INTACT (COP)
180 —@— CAST+TP (COF)
—1— CAST+VEH (COP)
—O— CAST+VEH (NO COP)

160

—-

=

(=]
1

1204

DA (% BASELINE)
]
S
1

i

1 L 1 1 1
BL PRECOP COP1 COP3 COP5

Fig. 4 - Levels of extracellular DA in the MPOA of male rats
during baseline (BL), a precopulatory exposure to an estrous
female (PRECOP), and three 6-min copulation samples (COP).
Gonadally intact male rats showed an increase in
extracellular DA during precopulatory exposure to an
inaccessible estrous female, and all intact males copulated;
males castrated 2 weeks before showed no DA release in
response to the female, and none copulated. Values are
expressed as mean+SEM, “p<0.05, compared to final
baseline for intact males or for one-week vehicle-treated
castrates that copulated; **p<0.01, compared to final baseline
for intact males or for one-week vehicle-treated castrates that
copulated; +p<0.05, compared to baseline for
testosterone-treated castrates; #p<0.05, compared to final
baseline for vehicle-treated castrates that failed to copulate.
(Figure is from Hull et al., 1995, with permission).

the Du et al. (1998) study, oil-treated castrates had the highest
tissue (intracellular) dopamine followed by dihydrotestoster-
one-treated animals (Putnam et al., 2005) (see Fig. 6). Estradiol-
alone maintained the lowest tissue dopamine, with estradiol
+dihydrotestosterone and testosterone maintaining inter-
mediate dopamine levels. Castrates treated with dihydrotes-
tosterone-alone or oil showed little copulation, although
somewhat more than in the Putnam et al, 2003 study,
whereas testosterone and estradiol+dihydrotestosterone
treatments maintained normal or near-normal mating, and
estradiol-alone maintained intermediate mating ability.
Therefore, animals with higher extracellular and lower
intracellular dopamine levels had better copulatory ability.
Again, castrates could readily synthesize dopamine but could
not release their abundant intracellular stores.

5. The role of nitric oxide in dopamine release
in the MPOA and the effects of experience

A major stimulus for MPOA dopamine release is the gaseous
messenger molecule nitric oxide (NO). Reverse dialysis of the
NO precursor L-arginine increased extracellular dopamine,
and the NO synthase (NOS) inhibitor .-NMMA blocked that
increase and decreased basal levels when administered
alone (Lorrain and Hull, 1993). Reverse dialysis of a
different NOS inhibitor, .-NAME, blocked the copulation-

induced dopamine increase (Lorrain et al., 1996). Therefore,
both basal and female-stimulated dopamine release is
regulated by NO. Furthermore, neuronal NOS (nNOS) is
hormonally regulated. Castration decreased nNOS immu-
noreactivity (ir), compared to both intact males and
testosterone-treated castrates (Du and Hull, 1999). Tyrosine
hydroxylase, the rate-limiting enzyme for dopamine synth-
esis, was not affected, again supporting the idea that
dopamine synthesis is normal in castrates and that their
deficit in extracellular dopamine is due to decreased
release. Estradiol was the main factor maintaining nNOS-
ir in the MPOA, with dihydrotestosterone being no more
effective than oil, and estradiol+dihydrotestosterone or
testosterone being comparable to estradiol-alone (Putnam
et al.,, 2005). There was co-localization of nNOS-ir with both
androgen receptor-ir and estrogen receptor-alpha-ir in
several subareas of the MPOA, providing a means for
hormonal regulation of its activity (Sato et al., 2005). In
summary, estradiol up-regulates nNOS in the MPOA, with the
resulting production of NO maintaining normal basal dopa-
mine release and at least some copulation. The addition of
androgen is required for the female-stimulated increase in
dopamine and for efficient copulation. Androgen may work
primarily on genital structures and genitosensory processing
areas (Lugg et al., 1995; Meisel et al., 1984) and on
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Fig. 5 - Temporal changes in dialysate concentrations of
dopamine during copulation in the MPOA of male rat
castrates treated with various hormone regimens (EB,
estradiol benzoate; DHTB, dihydrotestosterone benzoate; Oil,
vehicle; TP, testosterone propionate). Samples include
baseline (BL), two precopulatory periods with an estrous
female behind a barrier (EST1 and EST3), and three periods
after the barrier was removed and the animals were free to
copulate (COP1, COP3, and COP5). (Although all samples were
analyzed statistically, only odd-numbered samples are
depicted, for greater clarity.) *p<0.05 different from
respective baseline (within-group); §p<0.05 different from
respective COP3 (within-group); +p<0.05 different from EB
and EB+DHTB groups (between-group); #p<0.05 difference
between oil and DHTB groups and the three other groups for
every sample period (between-group). Values are expressed
as mean+SEM. (Figure is from Putnam et al., 2003, with
permission).
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Fig. 6 — Tissue content of DA in the MPOA of castrates treated
with various hormone regimens. (a) Comparison among
animals without or with estradiol benzoate (EB) (E2- vs. E2+)
and/ordihydrotestosteronebenzoate (DHTB) (DHT-vs. DHT+).
Castrates with only EB (E2+/DHT-) had lower levels of tissue
dopamine content, compared to castrates treated only with
oil (E2-/DHT-). The difference between castrates with only
DHTB (E2-/DHT+) and those with EB+DHTB (E2+/DHT+) was
not statistically significant. (b) Comparison between EB +
DHTB and TP-treated animals. This difference was not
statistically significant. Values are expressed as mean +SEM,
*p<0.05. (Figure is from Putnam et al., 2005, with
permission).

chemosensory processing areas, including the MeA and BNST
(Simerly et al., 1990; Wood and Newman, 1993).

NO in the MPOA also affects copulation. Reverse dialysis of
the NO precursor L-arginine facilitated mounting, and similar
administration of the NOS inhibitor .-NMMA inhibited mount-
ing (Sato et al., 1998). Microinjections of .-NAME into the MPOA
completely blocked copulation in sexually naive males and
impaired the behavior in experienced males (Lagoda et al.,
2004). It also blocked the facilitative effects of seven non-
copulatory exposures of sexually naive males to an estrous
female, seen in saline-treated naive males, compared to naive
males not pre-exposed to a female (see Fig. 7). Specifically,
saline-treated female-exposed males had more mounts,
intromissions, and ejaculations than either L.-NAME-treated
or non-exposed control males.

A major stimulus for the activation of NOS is glutamate,
acting via NMDA receptors to admit Ca®*, which activates
calmodulin, which in turn activates NOS (reviewed in Aoki et al.,
1998; Garthwaite and Boulton, 1995). Indeed, microinjections of
the glutamate NMDA receptor antagonist MK-801 produced
behavioral effects similar to those observed with the NOS
inhibitor 1-NAME (Vigdorchik et al., 2003). MK-801 impaired
copulation in both naive and experienced males and blocked
the effects of seven pre-exposures to estrous females. There-
fore, either inhibiting NOS directly with L.-NAME (Lagoda et al.,
2004) or blocking NMDA receptors that typically activate NOS
(Vigdorchik et al., 2003) impaired copulation and prevented the
facilitative effects of pre-exposures to an estrous female.

If NO mediates at least some of the facilitative effects of
experience, the next question is whether nNOS, itself, is up-
regulated by sexual experience. Indeed, nNOS protein was
increased in Western blots from males with previous experi-
ence, whether or not they mated on the day of sacrifice (Fig.
8A, Dominguez et al., in press). Similarly, the number of nNOS-
ir cells in the medial preoptic nucleus (MPN) was higher in
males that had previous sexual experience, whether or not
they mated on the day of sacrifice (Fig. 8B, Dominguez et al., in
press). Therefore, one mechanism for enhanced copulation in
sexually experienced males is increased expression of nNOS,
which would result in greater production of NO, which would
in turn increase MPOA dopamine release, and, consequently,
enhance copulation.

The most common second messenger of NO is cGMP
(reviewed in West et al,, 2002), although NO’s effects are
sometimes mediated by ADP-ribosylation of presynaptic
proteins (Kleppisch et al., 1999; Schuman et al., 1994) or
S-nitrosylation of channel proteins (reviewed in Ahern et al.,
2002). The effects of NO on MPOA dopamine levels and on
copulation are mediated primarily via activation of soluble
guanylyl cyclase and production of cGMP. Reverse dialysis of a
membrane-permeable analog of cGMP (8-Br-cGMP) increased
extracellular dopamine, whereas the guanylyl cyclase inhibi-
tor ODQ decreased dopamine levels (Sato and Hull, 2006). ODQ
also blocked the dopamine increase elicited by the NO donor
sodium nitroprusside (SNP), showing that NO needed cGMP to
mediate its effects. However, the NOS inhibitor .-NMMA did
not block the increase elicited by 8-Br-cGMP (see Fig. 9);
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Fig. 7 - Mean total mounts, intromissions, and ejaculations
in sexually naive rats treated with the nitric oxide synthase
inhibitor .-NAME (100 pg/pl) or saline before each of seven
non-copulatory exposures to a receptive female and tested
drug free on Day 8 and in untreated naive males not
pre-exposed to a female. Open bars indicate naive rats that
did not receive pre-exposure, gray bars indicate rats that
received a saline microinjection before each exposure, and
black bars indicate naive rats that received an L.-NAME
microinjection before each exposure. Exposure to females
consisted of placing the female in a wire mesh cage over the
male’s home cage for 30 min. Values are expressed as
mean=SEM, *p<0.05, **p<0.01. (Figure is from Lagoda et al.,
2004, with permission).
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Fig. 8 - (a) Protein concentration for nNOS in the MPOA of
male rats in the following groups: sexually naive rats that did
(NS, naive/sex) or did not (NNS, naive/no-sex) mate on the
day of testing and sexually experienced rats that did

(ES, experienced/sex) or did not (ENS, experienced/no-sex)
mate on day of testing. (b) Average number of
nNOS-immunoreactive cells in the MPOA of male rats
undergoing these experience and mating conditions. Values
are expressed as mean+SEM, *p<0.05, compared to both
NS and NNS groups. (Figures are from Dominguez et al., in
press, with permission).

therefore, cGMP is “downstream” from NO and thus does not
need NO to mediate its effects. It is not clear how the cGMP
effect is mediated; however, in the striatum, cGMP exerts a
tonic excitatory influence on medium spiny neurons (West
and Galloway, 2004); perhaps a similar facilitative effect occurs
in dopamine- or glutamate-containing neurons in the MPOA.
In addition to increasing dopamine release, 8-Br-cGMP facili-
tated copulation, increasing the number of ejaculations per
30-min test and decreasing the time and intromissions
required to trigger the second and third ejaculations. Thus,
the cGMP analog decreased the threshold for ejaculation and
thereby increased the number of ejaculations per 30-min test.
Conversely, the guanylyl cyclase inhibitor ODQ decreased the
total numbers of intromissions and ejaculations during the
test. Therefore, NO, acting primarily via cGMP, increases
MPOA dopamine release and increases ejaculations.

6. The role of glutamate in dopamine release
and sexual experience

Since NO regulates dopamine levels in the MPOA and since a
major activator of NOS is glutamate acting on NMDA
receptors, we verified that, indeed, reverse dialysis of gluta-
mate into the MPOA increases dopamine levels (Dominguez et
al,, 2004). A small increase elicited by 1 mM glutamate in the
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Fig. 9 - (a) Effects of pre-treatment with the guanylyl cyclase
inhibitor ODQ on increases in MPOA dopamine elicited by the
nitric oxide donor sodium nitroprusside SNP. Data for control
animals (without ODQ pretreatment) are shown as open
circles, and the data for the ODQ animals are shown as closed
circles. ODQ blocked the effects of SNP, showing that cGMP is
“downstream” from nitric oxide. (b) Effects of pre-treatment
with the nitric oxide synthase inhibitor .-NMMA on
increases in MPOA dopamine elicited by the cGMP analog
8-Br-cGMP. Measures for control animals (without
L-NMMA-pretreatment) are shown as open circles, and data
for .-NMMA animals are shown as closed circles (BL is
baseline). .-NMMA failed to block the effects of 8-Br-cGMP,
showing that nitric oxide is “upstream” of cGMP. Values are
expressed as mean+SEM, *p<0.05. (Figure is from Sato and
Hull, 2006, with permission).
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dialysate was not statistically significant; however, 10 mM
glutamate elicited a significant 200% dopamine increase. One
question is whether the dopamine increase elicited by 10 mM
glutamate resulted from excitotoxic damage. This is unlikely
because dopamine levels fell towards baseline as soon as the
glutamate was removed. In addition, in vitro probe recovery for
both dopamine and glutamate was about 20%, so only about
one fifth of the concentration of glutamate in the dialysate
reached the tissue (~2 mM). In contrast to these data,
dopamine was elevated for at least 24 h following excitotoxic
damage to the striatum (Shimizu et al., 2003). In addition, the
MPOA appears to be unusually resistant to excitotoxic damage
since microinjection of 1 pl of 120 mM NMDA into the MPOA
resulted in a loss of no more than 10% of Nissl-stained
neurons in male hamsters (Ebling et al., 1998). In comparison,
1 ul of 12 mM NMDA (a 10-fold lower dose) into the striatum or
cortex caused a loss of more than 90% of neurons in those
areas. Therefore, the dopamine release elicited by 10 mM
glutamate in the dialysate was probably not a result of
excitotoxic damage.

Although glutamate increased extracellular dopamine,
levels of the dopamine metabolites DOPAC and HVA were
actually decreased (Dominguez et al., 2004). Dopamine must be
transported back into the terminal in order to be metabolized
to DOPAC by monoamine oxidase; subsequently, DOPAC can
diffuse outside the terminal and be converted to HVA by
catechol-O-methyl transferase (reviewed in Cooper et al.,
2003). Therefore, the increase in dopamine, together with
decreases in DOPAC and HVA, suggests that the dopamine
transporter had been inhibited. As will be discussed below, NO
has been reported to inhibit the dopamine transporter.

Both basal and glutamate-stimulated dopamine levels are
regulated by NO. Reverse dialysis of the NOS inhibitor .-NAME
alone decreased basal levels of dopamine and blocked the
increase elicited by glutamate in control animals; L.-NAME also
blocked the decrease in the metabolites. The inactive isomer
D-NAME had no effect. Therefore, glutamate increased extra-
cellular dopamine largely by increasing production of NO.
There are at least two possible ways in which glutamate could
increase extracellular dopamine. First, it could directly induce
exocytosis at dopamine terminals or increase firing of dopa-
mine cell bodies. Second, it could bind to NMDA receptors,
allowing Ca”* influx and consequent activation of calmodulin
and NOS (see Fig. 10). The increased production of NO could
elicit exocytosis of dopamine and inhibit the dopamine
transporter (reviewed in West et al.,, 2002; Kiss and Vizi,
2001). The ability of .-NAME to block the glutamate-induced
increase in dopamine suggests that the second, NO-mediated,
mechanism is the predominant one in the MPOA. Further-
more, the glutamate-induced decrease in dopamine metabo-
lites suggests that the transporter was, in fact, inhibited.

7. Where does the glutamate stimulus
originate?

The neural stimulus for female-elicited dopamine release
arrives at the MPOA from the MeA, either directly or via the
BNST. Large excitotoxic lesions of the amygdala severely
impaired copulatory ability, which was restored by micro-

Dopaminergic terminal/ varicosity

Glutamatergic terminal

NMDA receptor- and NOS-containing cell.

Fig. 10 - Model showing possible interactions between
glutamate, nitric oxide (NO), and dopamine in the MPOA. (1)
Glutamate (GLUT; gray hexagon) activates NMDA receptors,
which opens calcium channels. (2) The resultant increase in
intracellular calcium (gray diamonds) then activates
calmodulin (CaM), (3) which in turn activates the enzyme NO
synthase (NOS); this leads to an immediate production of NO.
NOS links to the carboxy-terminal tail of the NMDA receptor,
via a PSD-95 protein-protein interaction domain. Once
synthesized, NO freely diffuses from cell to cell, (4) where it
can alter activity in the presynaptic neurons. (5) Additionally,
in dopamine-producing neurons, NO has been shown to
inhibit the dopamine transporter (DAT) (6) and increase
calcium-dependent and/or calcium-independent vesicular
release. Therefore, increased NO in the MPOA, after
glutamate release, would increase levels of extracellular
dopamine and prolong the presence of dopamine in the
synapse. (Figure is from Dominguez and Hull, 2005, with
permission).

injections of the dopamine agonist apomorphine into the
MPOA (Dominguez et al., 2001), suggesting that a major way in
which the amygdala facilitates copulation is by increasing
MPOA dopamine release. Furthermore, smaller radio-fre-
quency lesions of the MeA did not affect basal dopamine
levels, but did block the female-elicited increase; males with
these MeA lesions had half the number of ejaculations as did
sham-lesion animals. As with estradiol-treated castrates,
maintenance of normal basal levels of dopamine in the
MPOA was sufficient for at least some copulation, but the
additional female-stimulated increase was necessary for
optimal copulation. In male hamsters, too, chemosensory
input is necessary for MPOA dopamine release; ipsilateral, but
not contralateral, olfactory bulbectomy blocked mating-
induced dopamine release in the MPOA (Triemstra et al,
2005). Finally, chemical stimulation of the male rat amygdala
elicited an increase in MPOA dopamine comparable to that
induced by a female (Dominguez and Hull, 2001). Therefore,
sensory input from the MeA is necessary for the female-
stimulated dopamine increase in the MPOA and for efficient
copulation. Although the initial increase in dopamine is
elicited primarily by chemosensory stimuli, additional genito-
sensory input during copulation may contribute to the
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Fig. 11 - Changes in extracellular MPOA glutamate during
copulation. Samples analyzed included baseline (BL),
precopulation (PRE: female placed above the male’s cage),
copulation (COP: only mounts and intromissions), ejaculation
(EJAC), post-ejaculatory interval (PEI), and post-copulation
(POST) samples. Samples were collected at 2 min intervals.
Values are expressed as mean+SEM. *p<0.05; **p<0.001.
(Figure is from Dominguez et al., 2006, with permission).

prolonged increase. Therefore, projections from the MeA,
either direct or via the BNST, may increase MPOA dopamine
release in response to both chemosensory and genitosensory
stimuli.

The means by which the amygdala elicits dopamine release
in the MPOA was not clear since there are no dopamine-
containing neurons in the amygdala of rats (Bjorklund and
Lindvall, 1984). However, glutamatergic input could stimulate
the dopamine release. A few axons in the MPOA from the MeA,
and more from the BNST, contained the vesicular glutamate
transporter and therefore appeared to be glutamatergic
(Dominguez et al., 2003). Furthermore, extracellular glutamate
in the MPOA increased during copulation and peaked at 300%
of baseline in the two-minute sample during which the male
ejaculated (Dominguez et al., 2006) (see Fig. 11). Glutamate
levels fell to baseline during the post-ejaculatory interval, and
the amount of that decrease was positively correlated with the
duration of the post-ejaculatory interval before resuming
copulation. Finally, reverse dialysis of a cocktail of neuronal
and glial glutamate reuptake inhibitors increased extracellular
glutamate levels, as expected, and also decreased ejaculation
latencies and post-ejaculatory intervals and increased the
numbers of ejaculations per 30-minute test (Dominguez et al,,
2006). Previous research has shown that glutamate micro-
injections into the MPOA of anesthetized male rats increased
erectile responses (Giuliano et al., 1997) and elicited the
urethrogenital reflex, a model of orgasm in humans (Marson
and McKenna, 1994). Therefore, extracellular glutamate
increases in the MPOA during copulation and facilitates several
components of male sexual behavior. As noted above, it may
also lead to the production of NO, which contributes to the
facilitative effects of sexual experience.

8. Summary

In summary, chemosensory information is processed by the
main and accessory olfactory systems and relayed to the MeA,

which in turn processes and relays it to the MPOA, both
directly and via the BNST. Genitosensory information is also
relayed to the MeA and the MPOA from the CTF. At least some
of the input from the MeA and BNST is glutamatergic.
Glutamate may increase MPOA dopamine release directly by
increasing dopamine cell firing and/or exocytosis from
terminals. It may also activate NMDA receptors, thereby
allowing Ca®* to enter NOS-containing cells and activate
calmodulin, which in turn activates NOS. The resultant NO
production may directly induce dopamine exocytosis and also
inhibit the dopamine transporter, which allows released
dopamine to remain in the synapse longer. Small increases
in dopamine disinhibit genital reflexes via D,-like receptors;
moderate increases stimulate erection and early stages of
copulation via D;-like receptors; and large increases facilitate
seminal emission and ejaculation via a member of the D,
receptor family. Glutamate may also stimulate reflexes and
copulation directly. Hormones regulate dopamine release, at
least in part, by up-regulating nNOS in the MPOA. Previous
sexual experience also increases the amount of nNOS in the
MPOA, thereby increasing production of NO and consequently
dopamine (and possibly glutamate) release. The increased
dopamine and glutamate may explain the finding of greater
ejaculation-induced Fos-ir in the MPOA of sexually experi-
enced males, in spite of their having had fewer intromissions,
compared to sexually naive males. Finally, the establishment
of sexual experience effects requires activation of both NMDA
receptors and NOS.
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