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Dopamine in the medial preoptic area (MPOA) stimulates sexual activity in males. This
is evidenced by microdialysis and microinjection experiments revealing that dopamine
receptor antagonists in the mPOA inhibit sexual activity, whereas agonists facilitate
behavior. Microdialysis experiments similarly show a facilitative role for dopamine, as
levels of dopamine in the mPOA increase with mating. While the majority of evidence
suggests an important role for dopamine receptors in the mPOA in the regulation
of male sexual behaviors, whether sexual activity or sexual experience influence
dopamine receptor function in the mPOA has not been previously shown. Here we used
immunohistochemical assays to determine whether varying levels of sexual activity or
experience influence the number of cells containing Fos or D2 receptor immunoreactivity.
Results show that sexual experience facilitated subsequent behavior, namely experience
decreased latencies. Moreover, the number of cells with immunoreactivity for Fos or D2
correlated with levels of sexual experience and sexual activity. Sexual activity increased
Fos immunoreactivity. Sexually experienced animals also had significantly more
D2-positive cells. Sexually inexperienced animals copulating for the first time had a larger
percentage of D2-positive cells containing Fos, when compared to sexually experienced
animals. Finally, regardless of experience, animals that had sex prior to sacrifice had
significantly more D2-positive cells that contained Fos, vs. animals that did not copulate.
These findings are noteworthy because sexually experienced animals display increased
sexual efficiency. The differences in activation of D2 and changes in receptor density may
play a role in this efficiency and other behavioral changes across sexual experience.

Keywords: copulation, dopamine, D2 dopamine receptors, sexual experience, preoptic area, Fos

INTRODUCTION

Dopamine plays an important role in the regulation of male sexual behavior (Hull and
Dominguez, 2015). Consider, for example, earlier reports showing that systemic administration
of L-DOPA results in a greater number of rats displaying sexual activity (Da Prada et al,
1973; Paglietti et al, 1978). Administration of apomorphine, a D1/D2 dopamine receptor
agonist, also results in rats requiring less time to reach an ejaculation and a larger percent of
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them achieving ejaculations (Paglietti et al., 1978). In addition
to enhancing the consummatory aspects of behavior, dopamine
agonists boost psychogenic erections and sexual motivation.
Animals receiving the selective D2/D3 DA receptor agonists,
7-OH-DPAT or B-HT 920, displayed a greater number of
psychogenic erections in the presence of an inaccessible
estrous female when compared with rats receiving vehicle
control (Ferrari et al, 2002). While agonists facilitate sexual
behavior, antagonists appear to impair behavior. For instance,
administration of the D2-receptor antagonist haloperidol
decreases the number of mounts, intromissions, and ejaculations,
and increases mount and intromission latencies in rats (Pfaus
and Phillips, 1989). Administration of dopamine antagonists
also inhibit anticipatory sexual behavior, as sexually experienced
male rats receiving drugs display fewer anticipatory level
changes, before the introduction of a sexually receptive
female (Pfaus and Phillips, 1991) in a bilevel chamber that
is used as an assay of sexual motivation (Mendelson and
Pfaus, 1989). Finally, it appears that central, not peripheral,
dopamine receptors facilitate erectile response, since erections
elicited by systemically administered apomorphine were blocked
by haloperidol (a centrally active dopamine antagonist) but
not domperidone (a peripherally active dopamine antagonist)
in mice (Rampin et al, 2003) and in rats (Pehek et al,
1988a).

While several brain areas orchestrate to regulate sexual
behaviors, one region in particular, the medial preoptic area
(mPOA) is the most extensively studied brain region relating
to the regulation of male sexual behavior in all vertebrate
species (Hull and Dominguez, 2015). This emphasis is justifiable,
as the mPOA receives indirect input from every sensory
modality (Simerly and Swanson, 1986) and sends projections
to structures that are critical for the initiation and patterning
of copulation (Simerly and Swanson, 1988). A number of
neurotransmitters and hormones influence sexual function by
acting in this area (Hull et al, 1994; Dominguez and Hull,
2005; Dominguez et al., 2006; Hull and Dominguez, 2006;
Dominguez, 2009; Kleitz-Nelson et al., 2010a,b). Ablation studies
confirm a role for this region in the regulation of sexual
behaviors; lesions here significantly impair several aspects of
behavior (Hull and Dominguez, 2015). Conversely, electrical
stimulation of the mPOA in rats reduced the number of
intromissions required for ejaculation, the time preceding an
ejaculation, and the postejaculatory interval (Malsbury, 1971;
Rodriguez-Manzo et al, 2000). Stimulation of the mPOA
also elicits erections and the urethrogenital reflex, a model
for orgasm (Marson and McKenna, 1994; Giuliano et al,
1997).

Not surprisingly, sexual activity also increases neural activity
in the mPOA. For instance, electrophysiological recordings in
the mPOA of sexually experienced monkeys showed increased
activity both when the animals lever-pressed to bring a
conspecific female closer and also during copulation, while
activity ceased after ejaculation (Oomura et al.,, 1988). Other
experiments, using similar electrophysiological recordings in
rats also showed that mating induces increased activity in
the mPOA (Shimura et al., 1994). Immunohistochemical data

mirror the electrophysiological results. Fos-immunoreactivity
(ir), used as a measure of cellular activity, increases in
the mPOA after males are exposed to the odor of an
estrous female (Bressler and Baum, 1996; Pfaus and Heeb,
1997; Tobiansky et al., 2012). When comparing Fos-ir in
the mPOA of copulating animals, vs. controls, increasing
amounts of copulation induce increasing amounts of Fos-ir
in the mPOA of male rats (Robertson et al, 1991; Baum
and Everitt, 1992; Veening and Coolen, 1998; Nutsch et al,
2014).

Whether the mPOA also modulates behavioral changes that
result from sexual experience is still not entirely clear. However,
several studies suggest that the mPOA is at least partly involved
in these experience-induced changes. Consider, for example, the
following studies that linked sexual experience with changes
in the mPOA: sexual experience influences mating-induced
activity in nitric oxide synthase-containing cells in the mPOA
of male rats (Nutsch et al., 2014); the number of astrocytes
in the mPOA negatively correlated with latency to ejaculate
in sexually inexperienced but not experienced male rats (Will
et al., 2015); sexual experience increases oxytocin receptor
protein and gene expression in the mPOA of male rats (Gil
et al., 2011); experience-induced enhancement of male sexual
behavior involves dopamine D1 receptors and phosphorylation
of dopamine- and cyclic-AMP-regulated phosphoprotein-32
in the mPOA of male rats (McHenry et al, 2012); sexual
experience increased androgen receptors in the mPOA of
male mice (Swaney et al., 2012); sexual experience increased
nitric oxide synthase in the mPOA of male rats. Here we
focus on mating induced stimulation of D2-receptor containing
cells, and whether this stimulation is influenced by sexual
experience.

Given the mPOA’s integrative and central role in the
regulation of male sexual behavior, it may not be surprising
that dopamine facilitates sexual activity by acting in this region
(Dominguez and Hull, 2005). Sources of dopamine to the
mPOA include dopamine-producing cells in the periventricular
nucleus (A14; Moore and Lookingland, 1995), the rostral zona
incerta (A13; Bjorklund et al., 1975), and (at least in female
rats) also the ventral tegmental area (A10; Miller and Lonstein,
2009). Studies employing selective lesions, microinjections, or
microdialysis techniques back a close link between dopamine
activity in the mPOA and increased sexual function in
males. Consider that 6-OHDA lesions of dopamine fibers
in the mPOA, 1 week before testing, combined with acute
depletion of dopamine synthesis in Al4 resulted in fewer
ejaculations, longer ejaculation latencies and longer post-
ejaculatory intervals (PEL Bitran et al., 1988). Microinjections
of dopamine antagonists have an equally deleterious effect.
Microinjections of cis-flupenthixol into the mPOA result
in fewer rats copulating, and those that copulate achieve
fewer ejaculations (Pehek et al., 1988b). Microinjections of
dopamine antagonists also impair penile reflexes, specifically
microinjections of cis-flupenthixol decreased ex copula penile
reflexes. Conversely, microinjections of dopamine agonists
enhance behavior. Apomorphine microinjections increase the
number of ejaculations and decrease the time required to achieve
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an ejaculation and the time spent in PEI (Hull et al., 1986).
Apomorphine microinjections into the mPOA also decrease
latency to the first penile reflex and increase the number
of erections in a timed test (Pehek et al., 1989), showing
an enhanced penile response following dopamine receptor
stimulation in the mPOA.

Lastly, microdialysis experiments show increased release
of dopamine in the mPOA of rats following precopulatory
exposure to an estrous female and during copulation (Hull
and Dominguez, 2015). Further evidence that dopamine in the
mPOA contributes to sexual motivation, not merely general
arousal, was provided by Kleitz-Nelson et al. (2010a,b) using
Japanese quail, which exhibit a shorter temporal pattern of
copulation than rats and do not have an intromittent organ.
These studies showed that levels of dopamine increased in
the presence of a female, returning to baseline after removal
of the female; however, quails that failed to copulate did not
display this increased release (Kleitz-Nelson et al., 2010b).
Conversely, males that showed a substantial increase in
dopamine during precopulatory interactions behind a barrier
readily copulated with females after its removal (Kleitz-Nelson
et al., 2010a).

While the preponderance of evidence supports an important
regulatory role for dopamine and its receptors in the mPOA,
whether varying levels of sexual activity or sexual experience
differentially stimulate dopamine-receptor containing cells in
the mPOA was hitherto unknown. To this end, we employed
immunohistochemical assays to determine whether varying
levels of sexual activity or experience influence the number of
cells containing D2-like dopamine receptors, Fos, or both in the
mPOA of male rats.

MATERIALS AND METHODS

Subjects

Sixty Long-Evans male rats (Harlan, Indianapolis, IN; 90 days
old at arrival) were housed individually in large plastic cages,
in a climate-controlled room, on a 14:10 h light/dark cycle,
with lights off at 10:00 a.m. and/on at 8:00 p.m. Food and
water were freely available. Conspecific females (n = 17) were
ovariectomized under ketamine hydrochloride (50 mg/kg) and
xylazine hydrochloride (4 mg/kg) anesthesia. They were brought
into behavioral estrus with 4 pg estradiol benzoate (s.c.) 48 h
before, and 400 g (s.c.) progesterone 4 h before testing.
Behavioral receptivity was confirmed by placing the female with a
stud male shortly before the test began. All procedures were done
in accordance with the National Institutes of Health Guidelines
for the Use of Animals and were approved by the Institutional
Animal Care and Use Committee at the University of Texas at
Austin.

Male rats were randomly assigned to one of the following
four conditions: animals that were sexually experienced, but did
not mate on the day of sacrifice (experienced but no sex, Exp-
NoSex); animals who were sexually experienced and also mated
on the day of sacrifice (experienced and sex, Exp-Sex); animals
who were sexually naive and did not mate on the day of sacrifice

(inexperienced and no sex, Inexp-NoSex); animals who were
sexually naive but experienced mating for the first time on the
day of sacrifice (inexperienced and sex, Inexp-Sex).

Sexual experience consisted of mating with a sexually
receptive female for 90 min, every other day, for 6 days
before the day of sacrifice, for a total of 9 h. On the 6th
day, animals were observed to confirm that they achieved at
least two ejaculations during the final experience session. Three
animals that did not meet this criterion were excluded from
further testing. Two days separated the last experience day
and the test day, when animals were sacrificed. Behavioral
data were obtained and analyzed on the test day, which was
2 days after the final experience session. Animals in the
mated groups were allowed to copulate to one ejaculation.
Animals that failed to copulate after 1 h were removed
and excluded from further analysis. No-sex controls were
handled, but females were not introduced into their home
cage. All animals were sacrificed with an overdose of sodium
pentobarbital (100 mg/kg), 1 h after ejaculation or the end of
testing.

Immunohistochemistry

Rats were perfused transcardially with saline under pentobarbital
anesthesia, followed by 4% paraformaldehyde in 0.1 M phosphate
buffer (PB; pH = 7.35). Brains were removed, postfixed for
1 h in the same fixative at room temperature, and stored
in 30% sucrose at 4°C. Coronal sections were cut at 35 pm
and stored in cryoprotectant solution. Sections containing the
mPOA underwent immunohistochemical staining for Fos and
D2 dopamine receptors. Washes in PB, 4x for 5 min, preceded
all incubations. Sections underwent the following incubations:
1% H,0, in PB, and then blocked in 2% normal goat serum
and 1% Tween-20 (blocking solution); mouse anti Fos primary
antibody (1:5000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) in blocking solution, overnight at room temperature.
The following day, sections were incubated in anti-mouse
biotinylated secondary antibody (1:500 in blocking solution;
Vector Labs, Burlingame, CA, USA). Immunoreactivity was
visualized with a diaminobenzidine (DAB)-nickel chromogen
solution (Sigma, St. Louis, MO, USA) to yield a purple-
black precipitate, incubation lasted 10 min. After washing
thoroughly with PB, sections were then incubated with rabbit
anti-D2 primary antibody and blocking solution, overnight
at room temperature (1:6000; EMD Millipore, Billerica, MA,
USA). The following day, incubation in anti-rabbit biotinylated
secondary antibody (1:500 in blocking solution; Vector Labs,
Burlingame, CA, USA) preceded the avidin-biotin conjugate,
and was visualized with a DAB chromogen solution without
nickel, yielding a brown precipitate. Sections were dehydrated,
mounted, and coverslipped with DPX (VWR, Radnor, PA,
USA). For negative controls, sections underwent the same
immunostaining procedure, except the D2, Fos, or both
primary antibodies were excluded. When introducing and
removing tissue from incubations, experimenters were careful
to minimize the transfer time separating the first and last set
of tissue, the transfer time averaged 40 s for all incubations
including DAB.
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Light microscopy was used to quantify the number of cells
containing D2-ir, Fos-ir, and double-labeled cells. The mPOA
was examined bilaterally and immunolabeled cells were counted
ina 300 x 400 pm area in the medial preoptic nucleus (MPN), a
central nucleus in the mPOA. Counts were performed manually
using Image]. Brains were sliced at 35 pm into four equal
sections. Tissue was analyzed from one of these sections, thus
there was a 105 wm separating each slice. Cell counts were
averaged across both hemispheres and across the six sections. Six
sections for each animal were counted bilaterally, according to
coordinates from Swanson (2004).

Western Immunoblotting

For immunohistochemistry, we stained using a rabbit polyclonal
anti-D2 dopamine receptor. The manufacturer’s description
of the D2 antibody states that it recognizes the D2 receptor
in rats, does not cross-react with other dopamine receptors,
and exhibits minimal cross-reactivity with the short-form
(D2Sh) of the receptor. This is important to note because,
while the D2Sh is situated primarily pre-synaptically (viz.
autoreceptor), the D2Lh long-form functions more as a
classical post-synaptic receptor, and our quantifications were of
D2-containing cells not fibers. Additionally, the predicted size
of D2 is approximately 50 kDa. However, the manufacturer’s
own immunoblotting experiments using this D2 antibody
detected two bands at ~48 and ~51 kDa. Immunoblotting
experiments using other D2 antibodies also report bands
beyond 50 kDa (Farooqui et al, 1992; Sakata et al., 1992;
Boundy et al.,, 1993). For this reason, we performed Western
immunoblotting experiments to test the specificity of the D2
antibody.

For Western immunoblotting, brain samples were
homogenized and purified in RIPA buffer (Pierce) with
protease inhibitor tablets (Roche), and protein content was
estimated using a NanoDrop system. 10 pg protein load
volume was separated by electrophoresis and compared using
PrecisionPlus unstained standards (BioRad). As positive
controls, brain samples were collected from regions known
to have relatively high concentration of D2 receptors, namely
the dorsal striatum (DS) and posterior cortex (CTX; Lidow
et al., 1989; Meador-Woodruff et al., 1989); negative controls
included samples collected from the liver (LIV) and kidney
(KID). Samples were transferred to PVDF and exposed
to rabbit anti-D2 antibody (1:4000, Millipore) and then
goat anti-rabbit HRP secondary (1:30,000, Bio-Rad) in a
blocking buffer containing 2% normal goat serum. Bands
were visualized using ECL chemiluminescence. Results
confirmed the presence of a band at ~50 kDa, however
we found additional bands beyond 50 kDa (see Figure 1).
Henceforth we designate D2 immuno-positive staining in
our experiments as indicative of putative D2-like dopamine
receptors.

Data Analysis
A two-way analysis of variance (ANOVA; mating x experience)
was performed to probe for differences in the number of

DS CTX LIV KID
150

50 EEm—

37

25 -
20 .
W

15

FIGURE 1 | Western immunoblotting analysis of antibody against D2
dopamine receptor protein, raised in rabbit. The ladder depicting
molecular weight is on the left of the dorsal striatum (DS), posterior cortex
(CTX), liver (LIV), and kidney (KID) samples to the right. Molecular weight of the
D2 receptor protein is 51 kDa. Immunoblotting analyses reveals a band at
~50 kDa, in addition to other bands, in the brain samples. This band is absent
in both liver and kidney samples.

immuno-positive cells. Also, Welch two sample ¢-tests were used
to probe for differences in behavioral measures. Data analyses
were performed with R (version 3.2.2).

RESULTS

A two way ANOVA revealed a significant main effect of sex on
the number of Fos-positive cells in the mPOA (F(; 49y = 178.915,
p < 0.001), whereby animals that had sex prior to sacrifice had
significantly more Fos-ir cells. However, there was not a main
effect of experience (F(;,40) = 0.800, p = 0.376), nor was there a sex
by experience interaction (F(; 40y = 0.562, p = 0.4579; Figure 2A).
A heat map depicting the relationship between the number of
Fos-positive cells and sexual behavior is presented in Figure 3A.

A two way ANOVA revealed a significant main effect of
experience on the number of putative D2-ir cells in the mPOA
(F(1,40) = 7.417, p < 0.01) whereby sexually experienced animals
had significantly more D2-ir cells regardless of sexual activity
prior to sacrifice (experienced, 167 £ 3.9; inexperienced 148 £
2.3; see Figure 2B). However, there was not a main effect of sex
(F(1,40) = 2.564, p = 0.117), nor was there a sex by experience
interaction (F(1,40) = 0.119, p = 0.732; Figure 3B). A heat map
depicting the relationship between the amount of D2-ir cells and
sexual behavior is presented in Figure 3B.
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FIGURE 3 | Heat maps depicting correlation between sexual behavior
* * and D2- or Fos-immunoreactivity in the mPOA of male rats. (A) There
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8 204 number of D2 immunopositive cells in sexually experienced animals. (C) There
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3 time. (ML, mount latency; IL, intromission latency; EL, ejaculation latency;
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FIGURE 2 | Effects of sexual activity and sexual experience on D2-
and Fos-immunoreactivity in the mPOA of male rats. (A) Animals

who copulated prior to sacrifice had significantly more Fos-positive cells.

(B) Animals with sexual experience had significantly more D2-immunopositive
cells compared to naive animals. (C) There was an interaction between sex
and experience on the percentage of D2 cells that contained Fos; specifically,
naive animals copulating for the first time had a significantly higher percent of
D2 cells that expressed Fos. (*p < 0.05).

sexually naive animals copulating for the first time had a
significantly higher fraction of D2-positive cells that expressed
Fos compared to sexually experienced animals, see Figure 2C.
However, there was not a significant difference in the fraction
of D2-positive cells that expressed Fos between sexually naive
and experienced animals that did not copulate prior to sacrifice.
Finally, regardless of experience, animals that had sex prior to
sacrifice had significantly more D2-ir cells that expressed Fos
than animals that did not copulate (Figure 3C). A heat map
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depicting the relationship between the fraction of D2-ir cells that
expressed Fos and sexual behavior is presented in Figure 3C.

Analyses of percent of Fos-positive cells without D2-like
receptors, using a two-way ANOVA, revealed a main effect of sex
(F1,42) = 15.795, p < 0.001), where the percent of Fos cells not
containing D2 was higher in animals that did not copulate before
being sacrificed. See Figure 4 for representative micrographs.
Following are the percent of Fos-positive cells not containing D2
(mean + SEM): naive/no-sex, 11.45 & 1.4; naive/sex, 7.98 =+ 0.8;
experienced/no-sex, 13.04 =+ 1.4; experienced/sex, 6.51 £ 1.0.

In order to verify that changes in immunoreactivity were
specific to the mPOA, the number of immuno-reactive cells
for Fos and D2 was also examined in the diagonal band of
Broca, a region found at the same anteroposterior level as

FIGURE 4 | Micrographs portraying representative-colocalized D2-
and Fos-immunoreactive cells (black arrows), together with D2-
immunoreactive cells (white arrows) in the mPOA. Representative
micrographs taken from (A) a sexually experienced male rat that mated on the
day of testing and (B) sexually experienced rat that did not mate on the day of
testing. Scale bar is 20 pm.

the mPOA. Analyses revealed no significant differences in the
number of D2-ir, Fos-ir, or colocalized cells between any of
the four groups. Specifically, the number of D2-ir cells was as
follows for each group (mean & SEM): Exp-No Sex, 105 =+ 3.08;
Exp-Sex, 104 £ 4.62; Naive-No Sex, 118 + 5.46; Naive-Sex,
112 £ 6.01. The number of Fos-ir cells was as follows for each
group (mean £ SEM): Exp-No Sex, 1.5 £ 0.7; Exp-Sex, 2.7 £ 0.6;
Naive-No Sex, 1.5 £ 0.58; Naive-Sex, 3.9 £ 0.6. The number of
cells containing both D2 and Fos was as follows for each group
(Mean + SEM): Exp-No Sex, 1.3 & 0.60; Exp-Sex, 1.85 £ 0.36;
Naive-No Sex, 1.3 & 0.56; Naive-Sex, 2.5 £ 0.48.

Behavioral measures are presented here in Table 1. Consistent
with previous findings, experienced animals had shorter latencies
to mount, intromit, and ejaculate. Sexual experience did not
influence mount or intromission frequency.

DISCUSSION

Studies show that dopamine agonists microinjected into the
mPOA facilitate sexual behavior, whereas microinjections of
dopamine antagonists impair copulation, genital reflexes, and
sexual motivation (Hull and Dominguez, 2015). Moreover,
dopamine levels increase in the mPOA during precopulatory
exposure to an estrous female and during copulation (Hull and
Dominguez, 2015). Consistent with other studies, we showed
that mating increases Fos in the mPOA of male rats (Hull
and Dominguez, 2015). We also showed that sexual experience
facilitates sexual behavior in males, as measured by decreased
latencies to initiate mating and achieve ejaculation. This, too,
is consistent with previous studies. We are the first to show
that mating increases Fos in D2-containing cells in the mPOA
and moreover, that this stimulation is experience dependent.
We also found that repeated sexual experience increases
the number of cells containing D2-like immunoreactivity.
Interestingly, the number of Fos cells not containing D2
was higher in animals that did not copulate before being
sacrificed, supporting the importance of dopamine-receptor
containing cells for mating, as copulation stimulated mostly
D2-containing cells. Lastly, we found correlations between the
number of Fos-ir cells and intromissions, D2-ir and mount
latency, and percent Fos/D2 and intromissions, as a function of
experience.

TABLE 1 | Copulatory behavior.

Behavior Experience Mean + SEM’ t-value p-value
Mount latency Naive 11.26 + 4.31 —2.57 <0.05
Experienced 0.20 £ 0.09
Intromission latency Naive 16.72 £ 4.91 —3.31 <0.01
Experienced 0.47 £0.15
Ejaculation latency Naive 12.66 +1.18 —4.95 <0.001
Experienced 5.33 £ 0.89
Total mounts Naive 5.73+1.45 —0.30 ns
Experienced 6.27 £1.14
Total intromissions Naive 7.55+0.72 0 ns
Experienced 7.55 +1.19

'Mean and SEM for times are reported in minutes.
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Our results show that mating stimulated cells containing
D2-like receptors in the mPOA. Generally, activation of receptors
in the D1 family (D1 and D5) of receptors stimulates adenylyl
cyclase, while those in the D2 family (D2, D3, and D4)
inhibit the formation of cAMP by inhibiting the enzyme
adenylate cyclase (Sibley and Monsma, 1992; Gingrich and
Caron, 1993). Consequently, separating specific contributions
of DI vs. D2 in the mPOA to the expression of male
sexual behavior becomes important. And while we did not
directly examine activation of D1 receptors, we should like to
speculate on the significance of our findings on the role of
D1/D2 in the mPOA on sexual behavior. The Hull model of
dopaminergic influence on sex (Dominguez and Hull, 2005)
posits that stimulation of D1 and D2 receptors in the mPOA
may have some synergistic and some opposing behavioral
effects.

Stimulation of DI receptors increased the number of
ex copula erections but decreased the number of seminal
emissions; conversely a D1 antagonist had the opposite effect,
decreased erections and increased seminal emissions (Hull
et al., 1992). Therefore, stimulation of D1-like receptors may
provide the “engine” for erections. In this same study, a low
dose of apomorphine increased erections, and this effect was
fully blocked by the D1 antagonist SCH-23390 and partially
blocked by the D2 antagonist raclopride, suggesting that
both receptor types contributed to apomorphine’s effects, but
that the D1 receptor was more effective. On the other hand,
a high dose of apomorphine increased seminal emissions,
and this effect was blocked by the D2 antagonist raclopride
and slightly enhanced by the D1 antagonist SCH-23390
(Markowski et al., 1994), suggesting that potent stimulation
of D2-like receptors may shift the autonomic balance to
favor seminal emission and inhibit erection. Therefore, D1
and D2 receptors in the mPOA have different thresholds
of activation and different effects on autonomic control of
genital reflexes. Finally, microinjections of THP into the mPOA
facilitate copulation (Markowski et al., 1994), whereas a high
dose of the D2 agonist quinelorane delayed the start and
slowed the rate of copulation while decreasing the number of
intromissions required to trigger an ejaculation (Hull et al,
1989). Therefore, synergy between D1 and D2 receptors
in the mPOA occurs, in that activation of D2 receptors
may be required to disinhibit erections, which are then
activated by stimulation of D1 receptors by low to moderate
levels of dopamine. In contrast, intense or more prolonged
stimulation of D2 receptors may shift the autonomic balance
to favor ejaculations. According to this model a high threshold
mechanism, activated by stimulation of D2 receptors, facilitates
seminal emissions and inhibits erections (viz. sympathetic
activation); if true, then our results are in line with this
model. These are also consistent with other animal models,
such as the Japanese quail, where D1 and D2 manipulations
have differential effects on appetitive and consummatory
behavior (Balthazart et al., 1997). Ejaculations in our study
were associated with increased stimulation of D2-containing
cells, as evidenced by the presence of Fos in D2-containing
cells. This is, again, consistent with the Hull model, in which

stronger dopaminergic stimulation of D2 receptor-containing
cells precedes ejaculations. Our results also showed that sexually
inexperienced animals had greater activation of D2-containing
cells, suggesting that these animals required both stimulation
of D2-like receptors to facilitate disinhibition of genital reflexes
and also required greater stimulation of D2-containg cells
to achieve ejaculations. This too is consistent with the Hull
model.

The short and long form of the D2 receptor vary in
size and function (Moreira et al., 2010). Here we examined
the D2 long form, which functions primarily postsynaptically.
However, we did not examine the function of D1 receptors.
Nevertheless, colocalization of D2 receptors with Fos suggests
some involvement of D1 receptors since this activation would
presumably require D1 stimulation. Stimulants such as cocaine,
d-amphetamine, and methamphetamine produce large increases
in striatal Fos levels (Graybiel et al, 1990; Carney et al,
1991; Young et al, 1991), signifying that increased dopamine
increases c-fos expression. This increase, however, was blocked
by selective D1-receptor antagonists (Young et al, 1991).
Other studies, however, do show interactive effects of D1 and
D2 receptors on Fos expression, as in the lateral habenula
(Wirtshafter and Krebs, 1997). Wirtshafter and Krebs injected
rats with various doses of the selective D2 agonist quinpirole
either alone or in combination with various doses of the
selective D1 agonist A-77636. Individually, the selective agonists
induced small increases in Fos-ir, but combinations of the
two drugs resulted in a robust increase (Wirtshafter and
Krebs, 1997), indicating an important synergism between D1
and D2 receptors (Gerfen et al., 1995; Keefe and Gerfen,
1995). Since increased c-Fos expression is associated with
depolarization, the upregulation of c-Fos in D2-containing
cells after mating, as shown here, backs the idea that
D1 and D2 in the mPOA have synergistic influences on
copulation. Namely, the initiation of mating stimulates the D1
receptor through low to moderate levels of dopamine, which
is then followed by intense or more prolonged stimulation
of D2 receptors, shifting the autonomic balance to favor
ejaculations.

Regarding sexual experience, we show that mating stimulates
cells containing putative D2 receptors in the mPOA and
that this stimulation is greater in the mPOA of previously
inexperienced males undergoing their first sexual encounter.
This finding is noteworthy because sexually experienced
animals display increased sexual efficiency, as evidenced by
an increase in ejaculation frequency and decreased latencies,
when compared to inexperienced males (Hull and Dominguez,
2015). This difference in activation of D2 may play a role in
the behavioral differences that endure between experienced
and inexperienced animals. Specifically, one can speculate
that dopamine-sensitive cells require less stimulation with
repeated and prolonged experience, as evidenced by lower
colocalization in the experienced vs. inexperienced animals
in our study. Finally, we also discovered a greater number
of putative D2-ir cells in experienced animals. This change
correlated  with behaviors. Sexually experienced
animals required less time to initiate mating, as evidence

sexual

Frontiers in Behavioral Neuroscience | www.frontiersin.org

April 2016 | Volume 10 | Article 75


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Nutsch et al.

Mating Stimulates mPOA D2 Receptors

by mount latency. This latency negatively correlated with
the number of D2-ir cells, meaning that the more time
required before mating, the lower the number of D2-ir.
This suggests that sexual experience increased levels of D2,
which is associated with decreased latency to mate. Other
experience-dependent behavioral measures correlated with
Fos-ir. The number of Fos-ir cells positively correlated
with number of intromissions in inexperienced animals,
suggesting that sexually inexperienced animals required greater
stimulation of the mPOA to achieve ejaculations, as these
animals mated to only one ejaculation. Conversely, the repeated
stimulation resulting from more intromissions may have
led to greater activity in the mPOA. Finally, The number of
D2-cells containing Fos positively correlated with the number
of intromissions, again in sexually inexperienced animals.
As with Fos, this might have a two-pronged explanation.
Namely, sexually inexperienced animals required greater
stimulation of the D2-containing cells to achieve ejaculations,
and conversely the prolonged exposure to dopamine resulting
from greater intromissions may have led to greater activity in the
mPOA.

In conclusion, we showed that sexual experience facilitated
sexual behavior and that these changes had behavioral correlates
in the mPOA. Namely, cells containing D2-like dopamine
receptors colocalized with Fos. This colocalization was highest
in animals mating for the first time. Sexually experienced
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