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Abstract

The melanocortin pathway has been implicated in both metabolism and sexual function. When the melanocortin 4 receptor
(MC4R) is knocked out globally, male mice display obesity, low sexual desire, and copulatory difficulties; however, it is unclear
whether these phenotypes are interdependent. To elucidate the neuronal circuitry involved in sexual dysfunction in MC4R
knockouts, we re-expressed the MC4R in these mice exclusively on Sim1 neurons (tbMC4R5™! mice) or on a subset of Siml1
neurons, namely oxytocin neurons (tbMC4R°* mice). The groups were matched at young ages to control for the effects of
obesity. Interestingly, young MC4R null mice had no deficits in sexual motivation or erectile function. However, MC4R null
mice were found to have an increased latency to reach ejaculation compared to control mice, which was restored in both
tbMC4RS™! and tbMC4R™" mice. These results indicate that melanocortin signaling via the MC4R on oxytocin neurons is
important for normal ejaculation independent of the male’s metabolic health.
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Introduction

Sexual dysfunction can profoundly affect a man’s quality of
life. At least one-fifth of men experience some form of sexual
dysfunction during their lifetime [1, 2]. The correlation be-
tween age and worsening sexual function is well-
documented [3—-7], often related to increased obesity and con-
sequent diabetes and cardiovascular complications [8].
Although treatments such as phosphodiesterase inhibitors ex-
ist for erectile dysfunction, responsiveness to these drugs vary,
and medications for other forms of sexual dysfunction are
limited [3]. Medications targeting potential impairments in
brain circuits underlying sexual function have recently gar-
nered interest. For example, selective serotonin reuptake in-
hibitors, which act by increasing extracellular serotonin, have
been used as a treatment for premature ejaculation [2]. The
dopamine agonist apomorphine has been explored as a treat-
ment for sexual motivation and erectile dysfunction [9]. Drugs
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that target the melanocortin system have also been tested as an
erectile dysfunction treatment [10, 11]. Increasing our under-
standing of the neurocircuitry underlying aspects of sexual
function may lead to more effective treatment options.
Strong preclinical and clinical evidence supports the in-
volvement of the melanocortin system in sexual function
[12—15]. Melanocortins, including «-melanocyte-stimulating
hormone (MSH), BMSH, yMSH, and adrenocorticotropic
hormone (ACTH), are products of the proopiomelanocortin
(POMC) polypeptide. These products bind to five different
melanocortin receptors (MC1R, MC2R, MC3R, MC4R,
MCS5R) with varying binding affinities [16—18]. Since the
MC3R and MC4R are the primary subtypes expressed by
the brain [19], these two may mediate the central effects of
melanocortins. MC4 receptors, which are G protein—coupled
receptors that can couple with Gi/o, Gs, and Gq, can trigger
multiple downstream pathways [20]. Evidence suggests that
the MC4R, which has an established role in in mediating
satiety [21, 22], may also mediate sexual behavior and func-
tion. Administration of exogenous «MSH, an agonist of the
MC3R and MC4R [18], has been found to lead to erection in
rodents [23]. At 3 to 6 months of age, MC4R null mice show
decreased motivation to engage in sexual activity and take
longer to reach ejaculation [14]. Male mice with POMC-
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producing neurons that are insensitive to leptin and insulin
show reduced aMSH production and reduced expression of
MC4Rs. These mice exhibit decreased sexual motivation as
indicated by reduced mounting behavior during the initial
sexual encounter; this phenotype is evident at 4to 6 months
of age, concurrent with increases in adiposity and insulin in-
sensitivity [24].

POMC neurons project to nuclei that express Sim1, such
as the paraventricular nucleus (PVH) [25], the supraoptic
nucleus (SON), and regions of the amygdala including the
medial amygdala (MeA) and basolateral amygdala (BLA)
[26-28]. We previously showed that genetically re-
expressing MC4Rs only in Siml neurons of MC4RKO
mice restores both ejaculation and intromission efficiency
at 6 months of age [29]. However, MC4Rs in Sim1 neurons
also play a role in regulating feeding behavior [28, 30, 31];
these mice weighed twice the amount of control mice at the
time of testing [29]. Therefore, it remains to be determined
whether MC4Rs on Siml neurons directly regulate sexual
function, or whether obesity is a necessary component of
the dysfunction seen.

Oxytocin neurons comprise a large portion of the Siml
neuron population [32] and are found in the PVH and SON
[33], downstream of POMC neurons. Oxytocin neurons have
been heavily implicated in mediating sexual behavior in both
animals [34-36] and humans [37, 38]. These neurons are pos-
tulated to mediate the effects of MC4 receptor agonists on
partner preference and female sexual function [39, 40]. We
hypothesized that oxytocin neurons may mediate MC4R-
driven sexual behavior in male mice. We therefore examined
the ability of MC4Rs on Sim1 and oxytocin neurons to main-
tain sexual function using 2-month-old mice without age-
related obesity. Our findings underline the feasibility of iden-
tifying specific neuronal targets for the treatment of male sex-
ual dysfunction.

Results

Before testing sexual behavior, the metabolic profile of
MC4RKO mice was investigated, as metabolic diseases are
known to be associated with sexual dysfunction. MC4 recep-
tors play an important role in regulating satiety [21, 22,
41-43]. Previous studies have shown that MC4RKO mice
gain a significant amount of weight over the course of their
lives [22, 28, 30, 31]. To confirm these findings, a body com-
position profile was obtained from the tested mice at 2 months
of age. Nuclear magnetic resonance (NMR) revealed that
MC4R manipulation affected weight gain. MC4RKO mice
were significantly heavier than WT mice (p =0.0009;
Fig. 1a). This increase in weight reflected an increase in fat
mass (p <0.0001; Fig. 1b) but not in lean mass compared to
WT (p =0.0895; Fig. 1¢).

Sim1 neurons have been shown to play a role in energy
expenditure as well [28, 30, 31], so we investigated whether
the expression of MC4R only on Sim1 neurons rescued these
parameters. tbMC4R5™ body weights did not differ from WT
mice (p = 0.2105), although they trended towards weighing less
than MC4RKO mice (p =0.0797; Fig. 1a). ttMC4R5™" and
WT mice did not differ in fat mass (p = 0.0942; Fig. 1b) or lean
mass (p > 0.9999; Fig. 1¢), but they had less fat mass compared
to MC4RKO mice (p =0.0301; Fig. 1b). Thus, consistent with
previous literature [30], Sim1 neurons appear to be involved
with the body composition changes seen in MC4RKO mice.

Food intake over 24 h was increased in MC4RKO mice
(p =0.0006) compared to WT mice (Fig. 1d). Food intake was
not different between tbMC4RS™! and WT mice (p = 0.1146)
or MC4RKO mice (p=0.1061). The intermediate phenotype
displayed by tbMC4R%™! mice suggest that Siml neurons
partially contribute to the hyperphagia of MC4R null mice.
A glucose tolerance test found no significant difference across
groups (F(2, 27)=0.6355, p=0.5374), suggesting that at
2 months of age, neither MC4RKO nor tbMC4R5™! mice
have a diabetic phenotype (Fig. le, f). These results were
somewhat surprising, as previous studies have reported hyper-
glycemia in MC4RKO mice as young as 10 weeks old [22, 44,
45]. However, previous reports examined mice on a C57BIl6
background, a strain known to be susceptible to the develop-
ment of type 2 diabetes [46], whereas the mice in this study
were on a mixed C57B16/129S background.

Sim1 neurons [31] and MC4R [41] have been shown to
affect locomotion. We therefore tested whether knocking out
MCA4R had an effect on mouse activity. Calorimetric cages
demonstrated a significant interaction between genotype and
time of day (F(2.45)=6.46; p =0.0034), which is consistent
with the nocturnal nature of the mice. MC4RKO mice (p =
0.0028) were less active at night compared to the WT controls
(p =0.002). The tbMC4R5™! mice were not significantly less
active than the WT (p =0.0708) or MC4RKO mice (p =
0.3476; Fig. 1g). These findings suggest MC4R signaling in
Sim1 neurons partially contributes to the locomotion pheno-
type of the MC4RKO mice.

In accord with some [47], but not all previous studies [31],
we found no compensatory increase in O, consumption
(F(2.46)=1.625, p=0.2080; Fig. 1h) or thermogenesis
(F(2.46)=0.06763, p =0.9347; Fig. 1j) in the MC4RK O mice
in response to their obese phenotype. Genotype had a signif-
icant main effect on RER (F(2.44)=5.285, p =0.0088) be-
cause of the difference between the thMC4R>™' mice and
WT (p=0.0225). This finding indicates greater utilization of
fat for energy by the tbMC4R5™! mice during the day com-
pared to the control mice; no significance was seen during the
night (p =0.4706; Fig. 11). While Siml neuron ablation in
adulthood can reduce energy expenditure [48], our studies
indicate that this effect does not solely depend on disrupted
MCH4R signaling in Siml neurons.
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Fig. 1 Nuclear magnetic resonance (NMR) at 2 months of age. a
MC4RKO mice had increased weight gain compared to WT and
tbMC4RS™! mice using a one-way ANOVA (N =8-11). b Fat mass was
increased in MC4RKO mice compared to WT. ¢ There was no difference in
lean mass at 2 months of age between groups. d MC4RKO mice had
increased food intake compared to WT mice. e Glucose tolerance testing
(GTT) revealed no changes between groups. f The GTT data was also
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represented as the area under the curve (AUC). g Activity was reduced in
MC4RKO mice at night compared with WT mice. h VO, was not signif-
icantly different. i The respiratory exchange ratio (RER) showed that
MC4RKO mice was reduced at night compared to controls. (J)
Metabolic cages normalized to lean body mass revealed no difference in
heat production. Asterisk indicates comparison with WT; number sign
indicates comparison with tbMC4RS™!
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A high-fat diet control group (WT-HFD) was utilized to
control for weight gain independent of MC4R manipulation.
These mice were age- and weight-matched to the MC4RKO
mice. An NMR study confirmed that the body weight of these
mice equaled that of the MC4RKO mice (p > 0.9999; Fig. 2a).

To test the role of the MC4R in sexual behavior, male mice
were paired with females and their behavior was recorded.

Measures of sexual motivation included anogenital sniffing
duration, latency to mount, and number of mounting attempts
in the first 20 min after pairing the mice [24, 49-51]. There
was no difference between groups in the duration of the
anogenital sniffing phase (£(3.29)=1.62, p=0.2062; Fig.
2b), the latency to mounting behavior (F(3.29)=1.724, p=
0.1841; Fig. 2c), or in the number of mounting attempts within
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Fig. 2 Sexual behavior in WT (n=9), WI-HFD (n =5), MC4RKO (n =
9), and tbMC4R5™! (n=10) mice. a WT-HFD mice were weight-
matched to MC4RKO mice and both groups weighed significantly more
than WT controls. b Time spent in the anogenital sniffing phase was not
different across groups. ¢ Latency to mount phase was not different across
groups. d Mounting attempts within the first 20 min of sexual behavior
was not different across groups. e Mounting attempts between MC4RKO
and all other groups was significantly different. f Intromission number

was not significantly different between groups. g The ratio of successful
intromission to mounting attempts, an indicator of intromission efficien-
cy, was not significant across groups. h Latency to ejaculation was sig-
nificantly increased in MC4RKO mice compared to all other groups. i
There was a significant correlation between latency to ejaculate and
mounting attempts. Asterisk indicates comparison with WT; ampersand
indicates comparison with WT-HFD; circumflex accent indicates com-
parison with MC4RKO
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the first 20 min of sexual activity (F(3.30)=1.439, p=
0.2511; Fig. 2d). These results imply increased body weight
alone at this age did not impede the level of interest that these
mice had in initiating copulation. We therefore conclude that
sexual motivation was not different between the WT and
MC4RKO mice.

To fully analyze sexual function, we examined sexual be-
havior of the paired mice over a 6-h period. Compared to both
the WT (p=0.0027) and WT-HFD controls (p =0.0061; Fig.
2e), the MC4RKO mice had increased total mounting attempts.
The MC4RKO mice also reached intromission more times than
the WT (p=0.0482) but not the WT-HFD littermates (p =
0.0655; Fig. 2f). The intromission:mount ratio, which is an
indication of intromission efficiency and erectile function
[52-54], was not different between groups (F'=1.558(3.29),
p=0.2207; Fig. 2g). Interestingly, there was an increased laten-
cy to ejaculation in the MC4RKO mice compared to the WT
(»p=0.0012) and WT-HFD mice (p =0.0049; Fig. 2h).
Nevertheless, all MC4RKO mice achieved ejaculation within
the six hours that were filmed. We reasoned that if the WT mice
were achieving ejaculation more successfully, they would not
need as many mounting attempts as the MC4RKO males. To
visualize the relationship between latency to ejaculate and
mounting attempts, we tested the correlation between the two
measures and found it to be strongly positive (r=0.9422,
p<0.0001, R*=0.8877; Fig. 2i). This finding indicates that
the mice that took longer to ejaculate were the same mice that
had higher mounting attempts. Overall, the MC4RKO mice
required a significantly longer period of time to reach ejacula-
tion compared to the WT mice and weight-matched controls,
despite intact sexual motivation.

The tbMC4R5™! mice were generated to determine wheth-
er MC4 receptors on Sim1 neurons were critical to the effects
seen. The Sim1-cre controls and ttMC4R5™" mice were test-
ed for sexual behavior at the same time as the other groups.
The Sim1-cre control males did not differ from the WT litter-
mates in mounting frequency (p = 0.3468), or any other mea-
sures, so the WT group is used as the control group in all
figures for ease of interpretation. Although the tbMC4RS™!
mice did not exhibit any altered behavior compared with the
controls, mounting attempts (p = 0.0303) and latency to ejac-
ulation (p =0.009) were all significantly lower than the
MC4RKO mice (Fig. 2e—i). These results show that express-
ing MC4Rs only on Siml neurons prevents the changes in
sexual behavior and ejaculation seen in the MC4R null mice.

To narrow down the neurocircuitry involved further, we
examined whether expression of MC4Rs on oxytocin neu-
rons, which are a subset of Sim1 neurons in the PVH, could
rescue the deficits in sexual performance seen in the MC4R
null mice [32]. The tbMC4R®*" mice were generated, and
colocalization of the MC4R and oxytocin neurons in Oxt-cre
controls (Fig. 3a) and the tbMC4R®*" mice was confirmed
(Fig. 3b). Colocalization was also noted in the SON (Fig.
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3c). The tbMC4R°*" mice were paired with females at
2 months of age, and sexual behavior was tested at the same
time as the other groups. Because the Oxt-cre mice were not
different from the WT littermates in mounting frequency (p =
0.929), or any other measures, the WT mice are shown as the
control group in the figures. The tbtMC4R°* mice had weights
that were comparable to the MC4RKO mice (p > 0.9999) and
significantly greater than WT mice (p =0.0048; Fig. 4a). In
terms of sexual motivation, the tbMC4R°* mice were no dif-
ferent from other groups. However, mounting attempts (p =
0.0306) and latency to ejaculation (p =0.0273) were signifi-
cantly lower than the MC4RKO mice (Fig. 4b—¢). These re-
sults show that MC4R expressed only on oxytocin neurons
also prevent the alterations in ejaculation seen in the MC4R
null mice.

Serum was collected from mice to assess hormone concen-
trations. Results showed that knocking out MC4R had no
effect on serum testosterone (F'=0.3579, p = 0.7838), estradi-
ol (F=0.4287, p=0.7341), luteinizing hormone (LH; F =
1.451, p=0.2499), or follicle-stimulating hormone (FSH,;
F=3.418, p=0.3315) levels and did not alter the LH/FSH
ratio (F'=0.7304, p =0.5426) (Fig. 5a—¢). It is unlikely, there-
fore, that altered sexual function is secondary to
hypogonadism.

Discussion

In humans, a multitude of studies have found a link between
sexual dysfunction and obesity [55-59]. Physical activity has
been shown to reduce the risk of sexual dysfunction, while
hypertension, diabetes, and cardiovascular disease increase
the risk [59, 60]. Men who lost weight through diet and exer-
cise were able to improve erectile function [61, 62]. These
studies were primarily done in men older than 40 years of
age. One study investigated men younger than 50 and found
reduced erectile function associated with obesity due to re-
duced testosterone levels [63]. After the age of 50, men have
been found to have more impairments in desire, erection, and
ability to reach ejaculation [56]. Neuronal degeneration and
vascular disease may contribute to the effects of age on sexual
function; with age, the incidence of obesity [64], hypertension
[65], diabetes [66], and heart disease [67] all increase. It is
unclear whether human sexual dysfunction is primarily related
to obesity directly or through its comorbidities.

Rodent studies can help to elucidate the mechanisms in-
volved in obesity-related sexual dysfunction. Diet-induced
obese mice have been shown to have deficits in erectile func-
tion, as shown by decreased intracavernosal pressure at rough-
ly 4 months of age [68]. Similarly, the obese MC4R null mice
show evidence of erectile dysfunction [24, 29]. Since the
MCH4R is known to play a role in both metabolic regulation
[22, 69-71] and sexual behavior [13, 14, 24, 72, 73], the
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Oxytocin-cre (GFP)

MC4R

Fig. 3 Colocalization was seen between GFP expression in oxytocin
neurons (green) and MC4R (red) in both (a) Oxt-cre mice (% 20 magni-
fication) and (b) tbMC4R°* mice (x 40 magnification). Images show the

present studies used young male MC4RKO mice to elucidate
the role of the MC4R in sexual function independent of met-
abolic factors. We specifically examined whether these defects
are secondary to increased body weight, activity levels, or
glucose intolerance. We found that the MC4R was directly
involved in ejaculation latency in male mice and, furthermore,
that expressing MC4R exclusively in Sim1 or oxytocin neu-
rons corrected this deficit.

At 2 months of age, MC4R disruption showed some degree
of adiposity, although to a lesser degree than older mice. No
glucose intolerance was seen at this age. Notably, the weight
of'the MC4RKO mice at this age was equivalent to the weight
of 6-month-old WT mice, which do not show impaired sexual
function [29]. At 2 months, the ttMC4R*" mouse weights

hypothalamus immediately adjacent to the third ventricle (3V).
Colocalization was also seen between oxytocin neurons and MC4R in
the SON in (¢) tbMC4R**" mice (x 40 magnification)

were equivalent to those of the MC4RKO mice. In contrast,
the tbMC4R5™! mice had somewhat normalized body
weights, which is consistent with previously published find-
ings [28]. Strikingly, both of these mouse models had normal
sexual function compared to the MC4RKO mice. Our results
also demonstrated that the sexual function of age-matched,
weight-matched WT-HFD mice was significantly better than
the MC4RKO mice. From these data, we conclude that the
sexual deficits exhibited by 2-month-old MC4RKO mice can-
not be explained by metabolic disruption.

Because sexual function was intact in all groups that
expressed MC4R, it is possible that the melanocortin system
plays a neuroprotective role against the metabolic effects of
obesity on copulation. In fact, the melanocortin system has
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mice had a similar weight to MC4RKO mice and both groups weighed
significantly more than WT controls. b Mounting attempts between
MC4RKO and all other groups was significantly different by one-way
ANOVA, with Bonferroni’s post-tests. ¢ Intromission number was not

been shown to have neuroprotective effects such as inhibiting
mediators of inflammation such as NFKB [74], iNOS [75,
76], COX-2 [75], and TNF« [76]. Upregulation of the
MC4R has been found in surviving tissue following ischemic
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significantly different between MC4RKO and all other littermates. d
The ratio of successful intromission to mounting attempts, an indicator
of intromission efficiency, was not significant across groups. e Latency to
ejaculation was significantly increased in MC4RKO mice compared to all
other groups. Asterisk indicates comparison with WT; circumflex accent
indicates comparison with MC4RKO

injury [77]. However, any neuroprotection that may be con-
ferred by melanocortins is likely limited, as obese mice with
intact melanocortin systems have been known to exhibit sex-
ual dysfunction [78].
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In these studies, we found that the MC4R, when isolated
from its effects on body weight, is particularly involved in
ejaculation in mice. Melanocortins and oxytocin have been
implicated in central ejaculatory control [79-82]. In human
studies involving PET imaging, the midbrain, thalamic nuclei,
and cerebellum are associated with ejaculation [83, 84]. Animal
studies have also implicated the MPOA, the nucleus
paragigantocellular, and the PVH in ejaculatory function [85,
86]. Parasympathetic control drives penile erection [87], and
the emission phase of ejaculation requires coordinated control
of both parasympathetic and sympathetic nerves [85]. Neurons
in the PVH, including oxytocin neurons, project to the brain
stem and spinal cord autonomic systems [88—90], so it is pos-
sible for these neurons to be involved in ejaculatory processes.

The fact that penile erection and sexual motivation were
unaffected in our study was a surprising finding as previous
studies have implicated the MC4R in these aspects of sexual
function [14, 24, 72, 73]. Besides overlooking the potential
confound of metabolic dysfunction, many of these other stud-
ies examined penile erection outside of a copulatory setting.
Given that the current experiments focused on how the MC4R
affected erection during copulation, they may not generalize to
non-copulatory settings.

Because of the importance of erectile dysfunction in
humans, ejaculation is sometimes underemphasized in rodent
studies of sexual function. However, we previously reported
that the MC4RKO male mice at 6 months of age are unable to
reach ejaculation [29]. Van der Ploeg and colleagues found
reduced ejaculatory efficiency in the MC4RKO mice at 3 to
6 months of age [14]. In both these studies of older mice, the
impaired ejaculation was found in conjunction with impaired
erectile function, while here, we found only ejaculatory im-
pairment at 2 months of age. These data suggest a critical role
of melanocortin signaling in ejaculation which may merge
with age and body weight-dependent effects on erectile func-
tion. Melanocortins may therefore have unexplored potential
as a treatment for ejaculatory disorders.

MCA4R expression by Sim1 neurons prevented sexual def-
icits. Sim1 and MC4R expression overlap in the PVH, supra-
optic nucleus, anterior hypothalamic nucleus, and MeA [19,
25]. To narrow down the location and neuronal subtype in-
volved in this effect, we chose to examine the role of oxytocin
neurons. Sim1 haploinsufficiency leads to an 80% reduction
in oxytocin expression in mice [32]. Oxytocin neurons are
found in the PVH and SON [91]. Not all Sim1 neurons in
the PVH or SON also express oxytocin: however [32, 48],
this fact may explain the weight changes that were seen in
the tbMC4R5™! but not in the tbMC4R®™ mice.

Oxytocin’s role in regulating erection and ejaculation has
been extensively studied in rodents [92]. Oxytocinergic pro-
jections from the PVH to the hippocampus, medulla
oblongata, and spinal cord facilitate penile erection [93]. Our
results reveal MC4R signaling in oxytocin neurons permits
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ejaculation but argue against this pathway directly mediating
erectile function. Administration of both systemic and ICV
oxytocin has been found to facilitate ejaculatory function
[94], while IV, ICV, and intrathecal administration of an an-
tagonist of oxytocin receptor (GSK557296) have been found
to inhibit ejaculation [95]. Similar studies have found a de-
creased latency to ejaculate in rabbits and rats after adminis-
tration of oxytocin [94, 96]. The effect of oxytocin receptor
ligands on the ejaculatory response may be due to modulation
of serotonin and dopamine neurotransmission [97]. The injec-
tion of a specific D4 agonist into the PVN induced penile
erection in rats, which was blocked by the intraventricular
injection of an oxytocin inhibitor [98], suggesting some inter-
action between dopamine and oxytocin in the regulation of
sexual function. Studies have also implicated the involvement
of serotonin in this neurocircuitry. Rats that do not express the
serotonin transporter (SERT) exhibit delayed ejaculation com-
pared to controls [99]. Using pharmacological studies with
serotonin agonists and antagonists, SHT1A and SHT7 recep-
tors were implicated in ejaculatory function [99]. The MC4R
has been found to be downstream of the action of serotonin
agonism in a study of hypophagia [100]. Similar studies using
serotonin and dopamine agonists in the MC4R null mice
could elucidate interactions between serotonin, dopamine,
and melanocortin neurocircuitry in sexual behavior.

Delayed ejaculation is a poorly understood, but distressing
condition. Pharmaceutical therapy for this disorder is under
investigation [101]. One study found that intranasal oxytocin
resulted in an increased latency to ejaculation compared to
placebo [38], but another study failed to replicate this finding
[102]. Both studies involved healthy men, rather than men
with ejaculatory dysfunction. Our results suggest that targeted
oxytocin treatment may warrant further exploration.

Given that our studies used re-expression models, they ad-
dress the sufficiency but not the necessity of the pathways
investigated. Interestingly, another study using an oxytocin
knockout mouse model found that oxytocin was not necessary
for sexual behavior such as anogenital sniffing, mounting,
intromission, and ejaculation [103]. Redundant pathways
supporting ejaculatory function likely exist. For example,
oxytocin-knockout males may exhibit normal sexual behavior
due to parallel dopamine neurocircuitry [103]. It should also
be recognized that when gene ablation occurs prenatally, par-
allel pathways may develop abnormal strength to compensate
for the loss of a neuropeptide such as oxytocin. The use of
such technology as DREADD, and optogenetics may allow
for temporally controlled suppression of these pathways to
improve understanding of how the melanocortin system
works physiologically to impact sexual function.

In conclusion, we found that melanocortin signaling via the
MC4R on Siml-expressing neurons and oxytocin neurons
enables ejaculation in young male mice. Furthermore, we con-
firmed that this effect, unlike melanocortin effects on sexual
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motivation and erectile function, was not related to the meta-
bolic effects of MC4R deletion. These results emphasize the
importance of considering the action of age and age-related
obesity on sexual behavior. These data provide new insight
into the neurocircuitry underlying ejaculation and help to rec-
oncile conflicting literature on sexual dysfunction in the
MC4RKO mouse. Elucidating this neurocircuitry will lead
to better treatment options for men with sexual dysfunction.

Materials and Methods
Animal Production and Care

To generate the MC4RKO mice, heterozygous mice were pur-
chased from The Jackson Laboratory (loxTB Mc4r, 006414). In
these mice, a transcription blocker in the promoter of the MC4R
gene prevents MC4R expression. This transcription blocker is
flanked by loxp sites, such that cre recombinase exposure re-
sults in its removal, allowing expression of MC4R. Therefore,
mice expressing cre on Siml neurons, and homozygous for the
floxed MC4R gene, express MC4R only on Siml-expressing
neurons (tbMC4R5™"). To generate the tbMC4R5™' mice, a
Sim1-cre-expressing mouse line (The Jackson Laboratory,
006395) was bred with the loxTB MC4R mice. These models
have been published previously [28] and expression patterns
were verified in our lab using immunohistochemistry [29].
Similarly, oxytocin-ires cre mice (Oxt-cre; The Jackson
Laboratory, 024234) were used to generate mice that expressed
MC4R only on oxytocin neurons (tbMC4R®*"). Breeding pairs
were designed so that one parent would be heterozygous for the
loxTB MC4R and the other would be both heterozygous for the
loxTB MC4R as well as hemizygous for either Siml-cre or
oxytocin-cre. Littermates therefore included wild-type (WT),
cre controls, MC4RKO, and mice with targeted MC4R re-ex-
pression. For detection of cre-expressing neurons, mice were
crossed with a loxp-flanked GFP reporter line (The Jackson
Laboratory, 024750). All mice were on a mixed C57B16/129S
background. Genotyping for the mouse lines was performed by
Transnetyx, Inc., using real-time PCR.

All mice used in this study were kept in accordance with
the University’s [ACUC guidelines. Mice were housed in an-
imal facilities where they were given ad libitum food and
water on a 12:12 light dark cycle. Except for the mice placed
in calorimetric cages, the same cohorts used for sexual behav-
ior testing were used for all tests. All tests of the MC4RKO,
control groups, tbMC4R*™! and tbMC4R°™ mice were per-
formed concurrently.

Metabolic Studies

The morning after sexual behavior testing, nuclear magnetic
resonance (NMR) was used to assess fat content of the mice

(BrukerOptics). At 9—12 weeks old, the mice were given a
glucose tolerance test (GTT). The morning of the GTT, mice
were fasted for 6 h on ALPHA-dri bedding (Shepherd)
starting at 8 am. At 2 pm, baseline glucose levels are obtained
by measuring tail-vein blood. A 2-g/kg dose of dextrose was
administered intraperitoneally, and subsequent blood glucose
levels were measured at 15, 30, 45, 60, 90, and 120 min post-
injection using a veterinary glucometer (AlphaTRAK 2,
ADW Diabetes).

Mice were placed in calorimetric cages (Columbus
Instruments’ Comprehensive Lab Animal Monitoring
System) at two months of age in order to assess food intake,
water intake, physical activity, and energy expenditure. Mice
were allowed to acclimate to the cages for over 24 h before
data was collected. Data was collected every 20 min for 72 h
before returning each mouse to their home cage (Oxymax for
Windows).

Diet-Induced Obesity

A subset of the WT littermate mice were given a high-fat
diet (HFD; OpenSource Diets, 60% fat content) instead of
standard chow starting at 3 weeks of age. Mice were
weighed weekly until their weights were comparable to
the MC4RKO mice at the time of their sexual behavior
testing.

Sexual Behavior Studies

Male mice at the age of 7-8 weeks were exposed to hormone-
primed, ovariectomized female mice three separate times to
gain sexual experience. To prime the females, a subcutaneous
100-pL dose of 3-estradiol-3-benzoate in sesame oil (200 pg/
mL) was given 48 h prior to sexual behavior, and then, an
intraperitoneal 125-uL dose of progesterone (4 mg/mL) was
administered 7 h prior to pairing [104]. Pairing occurred from
8 pm to 9 am in the male’s cage, during the normal period of
activity for mice. The fourth pairing was videotaped (DVR
Swann 4500 and T850 Day and Night Security Camera secu-
rity system) and analyzed for sexual behaviors between 8 pm
and 2 am; this time period was determined during preliminary
experiments to include the majority of relevant sexual
behaviors.

Sexual behaviors measured included anogenital sniffing,
mounting, intromission, and ejaculation. Anogenital sniffing
was defined as the period in which the male sniffed the female’s
genitals prior to the first mounting attempt. Mounting attempts
were defined as any time the male placed his forepaws onto the
female’s back and attempted to thrust. Successful intromission
was defined as deep, slow rhythmic thrusting during a mount-
ing attempt. The intromission to mount ratio was defined as the
number of times intromission was reached per total mounting
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attempts. Ejaculation was identified by observing the male
freeze and fall over following intromission.

Hormone Assays

Submandibular blood samples were taken at weeks 10—13.
Serum was obtained by placing samples in the centrifuge for
10 min at 4 °C at 4472 RCF and then collecting the serum
layer. Analysis was done using testosterone and estradiol
ELISA kits (CalBiotech). LH and FSH was measured by the
University of Virginia Ligand Assay and Analysis Core using
a multiplex assay.

Free-Floating Brain Section Immunohistochemistry

Upon euthanasia, each mouse was anesthetized with a
ketamine/xylazine mixture (100 mg/kg ketamine, 10 mg/kg
xylazine) and perfused with 10% formaldehyde. The brain
was removed and stored in 10% formaldehyde for 24 h,
followed by increasing concentrations of sucrose in PBS up
to 30% sucrose until sectioned with a freezing microtome. The
brain was sectioned in 35-40-um slices and then stored in a
cryoprotectant (20% ethylene glycol with 20% glycerol in
PBS at pH 7.4) at —20 °C. To verify that oxytocin neurons
expressed MC4Rs in targeted nuclei, brain sections were
blocked with 5% donkey antisera and incubated overnight
with rabbit anti-MC4R (Abcam ab24233) and chicken anti-
GFP (Aves Labs Inc., [gY0511FP12). Sections were exposed
to goat anti-chicken Alexa Fluor 488 (A11039, Life
Technologies) and donkey anti-rabbit Alexa Fluor 594
(A21207, Life Technologies) secondary antisera as previously
described [29] and observed using a confocal microscope
(TCS SP5 Laser Scanning Confocal Microscope, Leica
Microsystems).

Data Analysis

All data in figures are represented as mean + SEM. One-way
and two-way ANOVA tests were used to compare more than
two groups followed by Bonferroni’s post-tests. Correlation
tests were used to determine the relationship between two
continuous variables, with results reported as r values.
Statistical significance was defined as p < 0.05. In figure leg-
ends, *p <0.05; **p <0.01; ***p < 0.001; ****p < (0.0001.
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