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Women with polycystic ovary syndrome (PCOS) frequently experience decreased sexual
arousal, desire, and sexual satisfaction. While the hypothalamus is known to regulate
sexual behavior, the specific neuronal pathways affected in patients with PCOS are not
known. To dissect the underlying neural circuitry, we capitalized on a robust preclinical
animal model that reliably recapitulates all cardinal PCOS features. We discovered that
female mice prenatally treated with anti-Miillerian hormone (PAMH) display impaired
sexual behavior and sexual partner preference over the reproductive age. Blunted female
sexual behavior was associated with increased sexual rejection and independent of sex
steroid hormone status. Structurally, sexual dysfunction was associated with a substan-
tial loss of neuronal nitric oxide synthase (nNOS)-expressing neurons in the ventrome-
dial nucleus of the hypothalamus (VMH) and other areas of hypothalamic nuclei
involved in social behaviors. Using in vivo chemogenetic manipulation, we show that
nNOSY™* neurons are required for the display of normal sexual behavior in female
mice and that pharmacological replenishment of nitric oxide restores normal sexual per-
formance in PAMH mice. Our data provide a framework to investigate facets of hypo-
thalamic nNOS neuron biology with implications for sexual disturbances in PCOS.
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Polycystic ovary syndrome (PCOS) is a highly prevalent disease affecting 5 to 18% of
women of reproductive age worldwide (1, 2). PCOS is diagnosed upon the presence of
at least two out of three prime features: high circulating levels of androgens (hyperan-
drogenism), menstrual irregularities (oligo-anovulation), and polycystic-like ovarian
morphology (2, 3). Beyond its implications leading to female infertility, the disease is
associated with several metabolic disruptions, cardiovascular diseases, and psychosocial
disorders (4). Among these neurological implications, it has become clear that approxi-
mately 30% or more of patients with PCOS experience sexual dysfunctions, with clini-
cal studies reporting a high risk of low sexual arousal, desire, and satisfaction and
impaired lubrication and orgasm (5-9). These symptoms allude to disturbances in
brain circuits controlling sexual function in the context of PCOS.

Neural circuits driving female sexual behaviors are conserved among vertebrate spe-
cies operating under the influence of sex steroid hormone modulation, which is para-
mount for partner interaction, receptivity, and sexual performance (10, 11). Indeed,
gonadal sex hormones are implicated in shaping circuit architecture in the hypothala-
mus during development and activating these neonatally programmed circuits over
reproductive adult life in many species (12-16). The hypothalamus integrates sensorial
stimuli and autonomic arousal from endogenous sex drive cues (e.g., estrous phase,
energy status, hormone milieu, genital stimulation) to convey this information to other
brain areas and peripheral nerves (10, 17). The ventromedial nucleus of the hypothala-
mus (VMH) is considered the hub of specialized neurons, with intrinsic properties
driving different components of sexual behavior (18-21). The VMH harbors neurons
expressing neuronal nitric oxide synthase (nNOS), the enzyme responsible for the pro-
duction of nitric oxide (NO), a key gaseous neurotransmitter that stimulates female
sexual behavior (22, 23) and communicates with other circuits within the social brain
(24, 25). Despite current advances unraveling novel pathways in the female sexual
brain with specific behavioral responses, there is a clear lack of knowledge on how dis-
turbances in these circuits may participate in sexual dysfunctions affecting one-third of
women with PCOS.

Growing evidence indicates that androgen excess 77 wutero induces a developmental
reprogramming of the female fetal brain toward the manifestation of PCOS traits later in
life (26-29). Some studies have suggested that the clinical signs of hyperandrogenism
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have detrimental sexual effects (5), indicating a negative correla-
tion between androgen levels and sexual function in PCOS. In
recent years, it has been proposed that prenatal anti-Miillerian
hormone excess may trigger gestational hyperandrogenism via
the inhibition of placental aromatase (29, 30) and that women
with PCOS display higher circulating levels of androgens and
AMH during pregnancy as compared to healthy women (29,
31). Prenatal AMH-treated mice (PAMH) reliably recapitulate
all the mouse equivalents of the PCOS Rotterdam criteria (29,
32) and are thus a preclinical model to mimic the human
PCOS condition. PAMH female mice also display pronounced
neuroendocrine dysfunction leading to exacerbated luteinizing
hormone (LH) secretion (29), as in women with PCOS (33),
denoting the presence of prenatally reprogrammed defects
within the gonadotropin-releasing hormone (GnRH) neuronal
network. Thus, prenatal AMH excess—mediated disruptions in
the female brain may be key to understanding the pathophysi-
ology of PCOS.

Here, we investigated whether prenatal AMH excess could
underpin defects in sex circuits promoting sexual dysfunction
in PCOS-like female mice. We uncovered a profound decrease
of nNOS and progesterone receptor (PR) expression in the
VMH. These anatomical changes were also associated with sig-
nificant impairment of sexual receptivity in PCOS-like female
mice. Nevertheless, normal sexual function in PAMH female
mice was restored to control levels upon peripheral injection of
NO donor. Performing a series of acute functional manipula-
tions in freely moving female mice, we showed that chemoge-
netic silencing of nNOSY™" neurons in control female mice
recapitulates PCOS-like sexual dysfunctions. Taken together,
we unveiled a brain pathway potentially underpinning the etiol-
ogy of low sexual drive in PCOS while pointing to prospective
therapeutic approaches to rescue normal sexual function in
these women.

Results

PCOS-like Animals Show Altered Sexual Behavior. To date, alter-
ations in female sexual behavior in preclinical models of PCOS
are not well described. Here, we generated PAMH female mice
(29) and performed a thorough neuroanatomical and behav-
ioral assessment of these animals (Fig. 14). We confirmed that
adult PAMH female mice present with a substantial disruption
of reproductive cycles, wherein PAMH animals spend less time
in proestrus, the preovulatory stage (P < 0.0001), and more
time in metestrus (P < 0.05) than control female mice (S/
Appendix, Fig. S1 B and C). Hyperandrogenemia is a hallmark
of PCOS (34) and preclinical PCOS models (32); however, cir-
culating testosterone levels are commonly measured over the
light phase of light:dark cycles. We assessed plasma testosterone
levels on the day of estrus (receptive phase) over the dark phase,
when naturally nocturnal mice display full sexual behavior. We
found that PAMH female mice have higher plasma testosterone
levels (~8.62-fold increase) than control female mice (S7
Appendix, Fig. S1E). Neuroendocrine disruptions contribute to
increased testosterone production through high LH pulse secre-
tion and, hence, LH actions in PCOS ovaries (28, 33). We
found that diestrous PAMH mice exhibit high pulsatile LH
secretion over the dark phase of the light:dark cycles (87
Appendix, Fig. S1F). Specifically, PAMH female mice exhibit
higher mean LH levels (87 Appendix, Fig. S1G), pulse frequency
of LH release (S Appendix, Fig. S1H), and integrated LH
response (SI Appendix, Fig. S11) than control female mice.
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Copulatory behavior in female rodents is typically displayed as
lordosis over the consummatory phase, being primarily depen-
dent upon the proper functioning of brain circuitry. Thus, female
mice were tested for lordosis behavior to determine whether the
PAMH insult also promotes the disruption of sexual receptivity
and performance in adulthood (Fig. 1). PAMH female mice dis-
played significantly fewer lordosis responses compared with con-
trol female mice (Fig. 1B). This disruption in sexual behavior was
not attributed to a loss of mating partner’s interest as male mice
attempted to mount PAMH female mice more often than control
female mice (Fig. 10). The latency for the first mount was not
different between the groups, taking on average 309.4 + 148.2 s
for the first mounting attempt in males paired with control
female mice vs. 408.8 + 110.2 s for males paired with PAMH
female mice (Mann—Whitney U'test; P = 0.58).

Decreased sexual motivation and performance are frequently
associated with high levels of anxiety in both healthy women and
women with PCOS (35). Thus, we tested whether PAMH treat-
ment could also promote anxiety-like behavior as a primary culprit
of sexual dysfunction by employing the elevated plus maze (EPM)
test, in which spending less time in open areas of the maze is a
valid index of anxiety-like behavior (36). Analysis indicated that
PAMH treatment does not affect the time spent in open areas,
such as the open arm and the central part of the maze (57
Appendix, Fig. S2A4). We observed a mild increase in the time
spent in the closed arms of the maze by PAMH female mice com-
pared with control mice (S7 Appendix, Fig. S2B). Increased time
in closed arms could indicate a normal proclivity toward dark
enclosed areas following risk assessment and avoidance of open
spaces. However, we also did not detect any differences in the
number of entries in either the closed or the open arms (57
Appendix, Fig. S2 B and (). The ratio of time spent in the open
arms compared to the other areas of the maze (57 Appendix, Fig.
S2D) and the latency to enter the open arms (S/ Appendix, Fig.
S2E) were also similar between the two groups. Together, our
findings reveal that PAMH female mice display a pronounced
impairment of sexual performance, which is unlikely to be related
to an anxiety-like condition.

Sexual Dysfunction and Sexual Rejection Behaviors Are Not
Dependent upon Circulating Ovarian Hormone Levels in PCOS-like
Mice. Ovarian steroid hormone actions in the female brain by
estradiol (E2) and progesterone (P4) are necessary to increase
sexual motivation and the display of adequate lordosis behavior
(37), respectively. Thus, differences in endogenous E2 and P4
levels could influence lordosis behavior in PAMH female mice.
To investigate this possibility, we assessed lordosis behavior in
control and PAMH female mice before (intact) and after ovari-
ectomy followed by E2 and P4 supplementation. We found
that E24+P4 treatment does not affect lordosis behavior in both
groups and that PAMH female mice still display impaired sex-
ual behavior in comparison with control female mice (Fig. 1.D;
effect of the E24+P4 treatment: P = 0.73, Fy 4 = 0.12; effect
of the phenotype: P < 0.0001, F; 55 = 148.00). These results
suggest that intrinsic defects may arise from developmental dis-
ruptions in the PCOS-like condition, most likely impinging on
the E2/P4 signaling pathways, and that sex hormone replenish-
ment in adulthood is not sufficient to recover normal sexual
performance.

Social interactions between female and male mice toward
copulation are facilitated when female mice are highly receptive.
Conversely, during unreceptive states, female mice may display
rejecting behaviors in response to male mounting attempts. Based
on previous reports (38, 39), we categorized these sexual rejection
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Fig. 1. PAMH female mice display sexual dysfunction during adulthood. (4) Schematic representation of PAMH modeling. (B) LQ in control (n = 7) and PAMH

(n = 7) female mice. Unpaired Student's t test; ***P < 0.001. GD: gestational age. (C) Number of male mounting trials over the 15-min lordosis test. Males were
paired with control (n = 7) and PAMH (n = 7) female mice. Unpaired Student’s ¢t test; *P < 0.05. (D) LQ from paired intact and ovariectomized female mice with
estradiol (E2)/progesterone (P4) supplementation (E2+P4) in control (n = 7) and PAMH (n = 7) groups. Two-way ANOVA with Tukey's posthoc test. () Representa-
tion of sexual rejection behaviors in female mice such as mild rejection (arching and escaping) and severe rejection (kicking and boxing) behavior. (F and G) MRQ
and SRQ in paired intact and ovariectomized female mice treated with E2+P4 in control (n = 7) and PAMH (n = 7) groups. Two-way ANOVA with Tukey’'s posthoc
test. (H) Drawing shows how mate preference test was performed in female mice. (/) The time spent by control (n = 8) and PAMH (n = 8) female mice exploring
the different compartments of the mate preference test box. Two-way ANOVA with Tukey's posthoc test; *P < 0.05, **P < 0.01; ***P < 0.001. (/) Preference score
for mate preference test in control (n = 8) and PAMH (n = 8) female mice. The blue bar indicates male-directed preference while the pink bar indicates female-

directed preference. Unpaired Student's t test; **P < 0.01. Data are represented as mean + SEM. Different letters indicate statistically different groups.

behaviors into two types: mild rejection, in which female mice
display either arching of the back to prevent mounting or escap-
ing, and severe rejection, when female mice engage with hin-
dlimb kicking and boxing following mounting attempts (Fig.
1E). We observed that while intact control female mice in estrus
display a low mild rejection quotient (MRQ = 30.2) and severe
rejection quotient (SRQ = 3.8), intact PAMH female mice in
estrus spend more time rejecting male mounts with high rates of
both mild (MRQ = 86.7) and severe (SRQ = 30.8) rejecting
behaviors (Fig. 1F and G). We also observed that hormone sup-
plementation does not change the magnitude of these behaviors
in both groups for either mild (effect of the E24+P4 treatment:
P = 0.53, F; 4 = 0.39) or severe rejection (effect of the E2+P4
treatment: P = 0.96, F; 54 = 0.003) in comparison with when the
same animals were first tested in intact estrus (Fig. 1 Fand G).
Because PAMH mice present a robust disruption of sexual
performance and enhanced display of rejecting behaviors, we
also investigated whether the mate preference was altered in these
animals. We assessed mate preference using a two-chamber test
in which one side contained a sexually-experienced and receptive
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female mouse and the opposite side contained asexually-experienced
male mouse (Fig. 1H). Group analysis revealed that control
female mice spend more time exploring the chamber with an
experienced male, whereas PAMH female mice spend a similar
amount of time exploring both chambers (Fig. 1/). Further anal-
ysis confirmed that unlike control female mice, which present a
typical male-directed preference, PAMH females fail to show
any sex-directed preference (Fig. 1J). This loss of male-directed
preference may contribute to the impairment in sexual function
observed in PAMH female mice.

Sexual Dysfunction in PAMH Mice Is Associated with Decreased
Expression of nNOS and PR in the Hypothalamus. Among mul-
tiple signal transduction pathways governing female sexual
behavior, both NOergic signaling and progesterone actions are
well known to trigger female lordosis (22, 37, 40, 41). Women
with PCOS have both low circulating levels of NO metabolites
(42, 43) and impaired progesterone-mediated negative feedback
(33, 44). Therefore, we hypothesized that the expression of
nNOS and PR could be disrupted in PAMH female mice as they
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exhibit both neuroendocrine and sexual dysfunction. We mapped
the expression of nNOS and PR in different hypothalamic regions
known to be involved in female sexual behavior (17, 21, 24, 45):
the rostral periventricular area of the third ventricle (RP3V), the
VMH, and the arcuate nucleus (ARN) during estrus.

First, we documented by immunohistochemical studies a
robust ~50% reduction in the number of nNOS neurons located
in the RP3V (nNOS®?Y; Fig. 24-D) in PAMH female mice
compared with control female mice (Fig. 2E). The expression of
PR in the RP3V (PR*™Y) was not altered lz/y PAMH treatment
(Fig. 2F), whereas the number of nNOS®*Y neurons coexpress-
ing PR was significantly lower in PAMH mice than in controls
(Fig. 2G; 61.7% lower in PAMH; P < 0.0001). The percentage
of colocalization between nNOS®?Y and PR®?Y was similar in
both groups (Fig. 2H; P = 0.66; control = 47.22 + 1.5% vs.
PAMH = 40.91 + 7.2%).

Next, we investigated the expression of both proteins in the
VMH, which is highly important for progesterone-mediated sex-
ual performance in female mice (19, 21) and the integration of
neuroendocrine functions (Fig. 2/-I). We discovered that
PAMH female mice exhibit 44.5% fewer nNOS neurons in the
VMH (nNOSYMY) when compared with controls (Fig. 2M). A
similar shift was also observed for both cells expressing PR
(PRY™™)  (Fig. 2M: 52.2% reduction; P < 0.0001) and
nNOSYMH heurons coexpressing PR (Fig. 20; 43.4% reduction;
P < 0.01) in PAMH female mice compared with control female
mice. Although these protein expressions were attenuated in
PAMH mice, the percentage of nNOSY™ expressing PRVMH
colocalization was similar between the groups (Fig. 2 control =
61.3% vs. PAMH = 64.3%; P = 0.69), indicating that the
reduction of the number of PR™™" cells may be dependent
upon the reduction of nNOSY™MH expression.

We then investigated whether the expression of nNOS and PR
in the ARN (nNOS*™ and PRA™, respectively) (Fig. 2Q-7)
could be disturbed in a PCOS-like condition. Immunohistochemi-
cal analysis showed that the number of nNOS*™ neurons (Fig,
20), PRA™ cells (Fig. 2V), and nNOS*™ neurons coexpressing
PR (Fig. 2W) were significantly lower in PAMH mice than control
mice. The ARN is an eclongated region stretching caudally
throughout the medial basal hypothalamus; thus, we carried out a
refined analysis of different parts of the ARN to identify specific
regions with abnormal nNOS and PR expression. The lower num-
ber of nNOS*™™ neurons in PAMH female mice was due to a
robust decrease in the middle part of the nucleus (mARN; bregma
= —1.55 mm + —2.03 mm; P < 0.01), whereas the rostral
(rARN; bregma = —1.23 mm < —2.03 mm) and caudal parts
(rARN; bregma = —2.03 mm < —2.53 mm) did not seem to be
significantly affected by PAMH treatment (87 Appendix, Fig. S34).
Meanwhile, PR expression was decreased along with the entire
extension of the ARN in PAMH female mice (SI Appendix, Fig.
S3B). The percentage of coexpression of PR and nNOS was the
lowest among the three hypothalamic regions for both groups (Fig.
2X), and the number of nNOS**™ neurons coexpressing PR was
only significantly decreased in the mARN region (SI Appendix,
Fig. S30).

We further analyzed the percentage of PR cells coexpressing
nNOS in the three hypothalamic nuclei. We found that within
each nucleus, control and PAMH female mice express similar
percentages of coexpression of the two proteins in PR cells (57
Appendix, Fig. S3D). Among the three nuclei, the VMH con-
tained the highest colocalization rate with 91.6 + 2.5% and
92.1 + 3.6% of PR cells coexpressing nNOS in control and
PAMH mice, respectively (SI Appendix, Fig. S3D; effect of
hypothalamic nuclei: F, 30 = 216.7; P < 0.0001). PR®Y cells
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coexpressed 43.3 + 6.9% and 32.12 + 6.9% in control and
PAMH mice, respectively, whereas the ARN displayed the low-
est colocalization rate with 5.6 + 0.9% and 5.0 + 1.2% in con-
trol and PAMH mice, respectively (S Appendix, Fig. S3D).
Because gonadal hormones influence the expression of nNOS
in hypothalamic and limbic regions in both sexes in different
mammalian species (46), we further examined whether the
hyperandrogenism of PAMH animals could negatively impact
nNOS expression in other brain regions involved in the control
of sexual behavior. Histological analysis from brain sections
containing the medial preoptic area (MPA), median preoptic
nucleus (MnPQO), anterior division of the bed nucleus of the
stria terminalis (aBNST), and posterodorsal medial amygdala
nucleus (pdMeA) did not reveal any difference in the number
of nNOS neurons in these regions between control and PAMH
female mice (S/ Appendix, Table S1). Taken together, these
data illustrate a robust association between neuroendocrine and
sexual behavior impairments with a disruption of nNOS and
PR expression in the hypothalamus of PCOS-like female mice.

Peripheral Injection of NO Donor Restores Normal Sexual
Behavior and Attenuates Sexual Rejection in PAMH Mice. Pre-
vious reports indicate that the control of female sexual behavior is
highly dependent upon NOergic signaling in rodents (22-24).
Having established the loss of nNOS expression in hypothalamic
sites in PAMH mice, we next addressed whether the replenish-
ment of NO levels could rescue normal sexual function. Control
and PAMH female mice were injected with either saline or
S-nitroso- N-acetylpenicillamine (SNAP; 8mg/kg), a well-known
NO donor to boost circulating NO levels. Saline-injected PAMH
mice displayed the previously observed impairment in lordosis
behavior in comparison with saline-injected controls (Fig. 3A4).
The administration of SNAP prior to testing robustly recovered
normal lordosis behavior in PAMH female mice similar to
control levels (Fig. 34; effect of SNAP treatment: 2 < 0.0001,
Fi34 = 52.29). The recovery of lordosis behavior reached an
approximated 7.28-fold increase in PAMH female mice following
SNAP treatment (lordosis quotient; LQpamusaline = 9-37 =+
2.48 vs. LQpamu+snap = 68.17 + 6.97). Concurrently, SNAP
administration significantly reduced both mild (Fig. 3B) and
severe (Fig. 30) rejection behaviors in PAMH female mice similar
to control levels, while it did not change these parameters in
control female mice (effect of SNAP treatment for MRQ:
P < 0.0001, Fy 34 = 27.71; effect of SNAP treatment for SRQ:
P < 0.0001, F, 3 = 40.47).

We aimed to determine how 8 mg/kg SNAP treatment may
change the neuronal activation landscape in the female brain in
estrus control and PAMH mice following the lordosis test. We
chose to evaluate the percentage of cells expressing cFOS, an
immediate early gene product and proxy of enhanced neuronal
activity, in hypothalamic and limbic areas that share either
direct or indirect connectivity with the VMH (24, 47, 48) and
are involved in the control of both appetitive and consumma-
tory aspects of sexual behavior (49-52): the RP3V, MPA,
MnPO, aBNST, ARN, pdMeA, dorsomedial hypothalamus
(DMH), ventrolateral and dorsomedial periaqueductal gray
matter (vVIPAG, dmPAG), and ventral tegmental area (VTA; S/
Appendix, Fig. S4A). The percentage of cells expressing cFOS
was also examined within the ventrolateral VMH (VIVMH) and
dorsomedial VMH subregions ({VMH; SI Appendix, Fig. S4B).
We found that vehicle-treated estrous PAMH female mice had a
significantly lower percentage of cFOS expression within the
MPA, MnPO, vIVMH, and pdMeA compared with control ani-
mals treated with either vehicle or SNAP (87 Appendix, Fig. S4C).

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203503119/-/DCSupplemental

Control

E G
P 400, 4004 200, 1001
S *kkk 2 = 2 2
2 300{ 22, £ 300] %0 £ 2150 ¢ & 80;
> g g o 5 e o @
E 200 g i 2E 28 % g
4 o o o
g ! %200 o g%mo Z% 40{r8%s
Z E o2 =2
< 100 5 1001 z € 50 < 20
s > £ £
Control  PAMH 0 Control _ PAMH Control  PAMH 0 Control _ PAMH
Control PAMH

M£400_ N 300 o 300 P 100, -
g 2 o 2
= 300 x 8240 « 880 oo *
- £ i
S &z 1801 Hr 60{rEEe
% 2001 of GE ™|l o0
¢ 3120 240,
% 1001 =% -
QO 1= 60+ £ 201
z
Control  PAMH “Control  PAMH Control PAMH 0 Control  PAMH

PAMH

A0

Um 300, Vv 600, w 40, x X 20

5 2] 0 8 n

E 5 x 5 5 o0

8 S 4501 & £ 301 x 515

= 200/ 2 &2 T o 3 =
z . z Oz o 2z i

2 <, 3001 ! 2% 20 1o gg oo
Z o 5 Q 2 n el

€ 100 5 CE (o] =x % 5 o0

5 2 150, z 10, i €

=

0 Control  PAMH 0 Control  PAMH O Control ~ PAMH Control  PAMH

Fig. 2. Sexual dysfunction in PAMH mice is associated with decreased expression of neuronal nNOS and PR in the hypothalamus. (A-D) Representative
images of the RP3V. (E-G) Number of nNOS-, PR-, and nNOS+PR-expressing cells in the RP3V in control (n = 6) and PAMH (n = 5) female mice. Unpaired Stu-
dent’s t test. (H) Percentage of nNOS neurons coexpressing PR in the RP3V in control (n = 6) and PAMH (n = 5) female mice. Mann-Whitney / test. (/-L) Repre-
sentative images of the VMH. (M-0) Number of nNOS-, PR-, and nNOS+PR-expressing cells in the VMH in control (n = 8) and PAMH (n = 7) female mice.
Unpaired Student’s t test. (P) Percentage of nNOS neurons coexpressing PR in the VMH in control (n = 8) and PAMH (n = 7) female mice. Mann-Whitney
U test. (Q-T) Representative images of the ARN. (U-W) Number of nNOS-, PR-, and nNOS+PR-expressing cells in the ARN in control (n = 5) and PAMH (n = 5)
female mice. Unpaired Student's ¢ test. (X) Percentage of nNOS neurons coexpressing PR in the ARN in control (n = 5) and PAMH (n = 5) female mice.
Mann-Whitney U test. The white dashed boxes indicate the region of a high-magnification image. Full yellow arrows show examples of colocalization
between nNOS and PR immunoreactivity, whereas hollow yellow arrows point to nNOS expression only. Data are represented as mean + SEM; *P < 0.05;
**%P < 0.01; ***P < 0.001; ****P < 0.0001 (Inset boxes in A, /, and Q show in light green the position of the RP3V, VMH, and ARN, respectively, within the
mouse brain from a coronal view. White scale barsin A, C, I, K, Q, and S, 100 um; white scale barsin B, D, J, L, R, and T, 50 pm).
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Remarkably, SNAP administration increased cFOS expression in
all four regions in PAMH mice to control levels (S/ Appendix,
Fig. S$40). In both regions of the PAG, SNAP-treated control
mice displayed lower cFOS expression compared with vehicle-
treated control mice, whereas SNAP treatment did not alter
cFOS expression in these regions in either PAMH mice group
(81 Appendix, Fig. S4C). Evaluation of the proportion of nNOS
neurons expressing cFOS in each of these areas revealed that only
a small portion of nNOS neurons expressed cFOS in vehicle-
treated PAMH mice in the vIVMH (7.92 + 4.88%) and pdMeA
(3.78 + 3.40%) following the lordosis test. SNAP treatment of
PAMH mice fully restored the proportion of nNOS cells express-
ing cFOS to control levels (87 Appendix, Fig. S4D). These results
indicate that SNAP-mediated amelioration of sexual dysfunction
in PAMH female mice may result from the recovery of normal
neuronal activation in the hypothalamic and limbic structures in
the female brain involved in sexual behavior.

NO-mediated physiological responses are mostly dictated by
intracellular levels of cyclic guanosine monophosphate (cGMP).
Sildenafil citrate, commercialized as Viagra, is a commonly used
drug for male sexual dysfunction, and it works enhancing NOer-
gic signaling by decreasing the degradation of cGMP and thus
leading to the accumulation of intracellular levels of cGMP . To
determine the severity of NO insufficiency in PAMH mice, we
administered sildenafil citrate to both groups and evaluated lordo-
sis behavior. Sildenafil citrate treatment did not rescue normal
lordosis behavior in PAMH mice (Fig. 3D; effect of sildenafil cit-
rate treatment: P = 0.45, F; 53 = 0.57). We also observed that
sildenafil citrate treatment was not effective to attenuate either
mild (Fig. 3E) or severe (Fig. 3F) rejection behaviors in PAMH
mice. Together, our results point to severe NO deficiency in
PAMH mice and suggest a potential therapeutic approach to res-
cue normal sexual function in PCOS based on enhancing NO
production rather than controlling the downstream ¢cGMP levels.

Chemogenetic Silencing of nNOSY™" Neurons Recapitulates
PCOS-like Sexual Dysfunction. Among the three hypothalamic
areas investigated in our study, the VMH (nNOSY™M is consid-
ered the NOergic output responsible for controlling sexual Berfor—
mance in mammalian females (22), whereas nNOS™?V and
nNOS™™ are likely to contribute to the neuroendocrine control
of GnRH/LH secretion (53). PRYM™ neurons are also known to
participate in female sexual behavior (19), and here we demon-
strated that approximately 60% of the n(NOS"™" neuronal popu-
lation coexpress PR. Hence, we focused our investigations on
examining whether acute chemogenetic inhibition of nNOS"™"
neurons would promote the impairment of sexual function such
as that observed in PAMH female mice. To this end, we selec-
tively targeted the expression of the designer receptors exclusively
activated by designer drugs (DREADD)-based tool hM4(Gi) into
the VMH of NosI" (Nosl-ires-cre; B6.129—N05]tm1(°re)Mgm’/])
female mice (81 Appendix). Viral transfection was established using
a Cre-recombinase-dependent adeno-associated virus serotype 9 in
which hM4(Gi) is fused with the mCherry reporter under the
control of the human synapsin (hSyn) promoter (AAV9-hSyn-
DIO-hM4D(Gi)-mCherry) (Fig. 3G). The control group was
composed of wild-type female mice receiving the same stereotaxic
surgery. This approach provided an average efficiency of 86.82 +
2.33% of nNOSY™ neurons targeted with the inhibitory
DREADD and with an off-target infection rate of 5.48 + 2.17%
in non-nNOSYMH neurons (Fig. 3H-0).

Following viral transfection, NosI“/* female mice were sub-
jected to two lordosis tests and randomly received either vehicle

or the DREADD ligand clozapine N-oxide (CNO; 3 mg/kg)
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one hour before behavioral assessment. We discovered that

acute inhibition of nNOSY™M" neurons with CNO markedly
impaired lordosis behavior (Fig. 37 LQyehice = 67.39 + 6.13
vs. LQeno = 4.24 + 2.26; P < 0.01; Wilcoxon signed-rank
test) compared with vehicle injection. Over the same assessment
frame, CNO-injected mice displayed higher mild (Fig. 3Q) and
severe (Fig. 3R) rejection behaviors than vehicle-injected mice.
The control group did not show any difference between treat-
ments when analyzing either lordosis (SI Appendix, Fig. S5A),
mild rejection (SI Appendix, Fig. S5B), or severe rejection behav-
iors (81 Appendix, Fig. S5C). Our data indicate that the selective
inhibition of nNOSY™™ neurons recapitulates the observed sex-
ual dysfunction and enhancement of rejection behaviors of our
PCOS Vg/{reclinical mouse model. These results also reveal that
nNOSY™H nheurons are functionally required for the display of
female sexual behavior in mice.

Kisspeptin Does Not Rescue Normal Sexual Behavior following
Acute Inhibition of nNOSY™" Neurons. Recent reports support
the idea that kisspeptin, widely known for its role in the neuroen-
docrine control of fertility, stimulates female sexual behavior
(23, 24). It is suggested that this kisspeptidergic drive may be
upstream to nNOSYMH neurons and located in the RP3V region
(Kiss1®Y)  (24). However, the RP3V is also a target of
PR-expressing VMH (PRY™H) nheurons triggering female sexual
behavior in an estrus-dependent manner (15). Here, we aimed to
dissect the requirement of the coupling kisspeptin-nNOS ™"
neurons for the display of normal sexual behavior and whether
the disruption of this pathway recapitulates PCOS-like sexual
dysfunction.

Using a similar approach as described above, we stereotaxi-
cally delivered the expression of AAV9-hM4(Gi)-mCherry in
nNOSYM# neurons in both NosI™* and wild-type female
mice. Following viral transfection, all sexually experienced
estrous female mice were exposed to three lordosis behavioral
tests before commencing treatments. Each animal was subjected
to different treatments applying a preinjection (-60 min) with
either vehicle or CNO followed by injection (-30 min) with
vehicle or kisspeptin-10 (0.52 pg/kg) before the lordosis test
(Fig. 44). In control female mice, CNO alone did not have
any effect on the behavioral output, while kisspeptin injection
significantly enhanced lordosis performance (Fig. 4B). In
NosI”"/* female mice, pretreatment CNO caused significant
disruption of sexual behavior and kisspeptin injection was not
able to reverse this condition (Fig. 45).

Previously, our group showed that a certain degree of mascu-
linization occurs within different hypothalamic nuclei in
PAMH female mice (29). Here, we examined whether PAMH
treatment affects progesterone-sensitive Kiss1®"*Y" neurons.
Using the reporter knock-in mouse line Kiss1-(IRES)-Cre*’~/
ROSA26-CAG-tauGFP*'~ (Kiss1-GFP), in which the expres-
sion of Cre recombinase enzyme is dependent upon the kiss-
peptin promoter, we generated control and PAMH female
mice (Fig. 4C). This approach allowed the proper visualization
of Kiss1 cell bodies, which is commonly challenging using tra-
ditional immunohistochemical approaches. Neuroanatomical
analysis revealed that PAMH female mice had a significantly
lower number of Kiss1*"*" neurons when compared with con-
trol female mice (Fig. 4D; 65.3% of reduction; P < 0.0001).
We could also detect a disruption in the number of Kiss1®"?
neurons expressing PR in PAMH female mice in comparison
with control female mice (Fig. 4D), although both groups pre-
sented a similar percentage of PR-expressing Kiss1RP3Y neurons
(Fig. 4E). Further investigation revealed that kisspeptin and
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Fig. 3. Functional requirement of NOergic signaling and nNOSY™" neurons for the control of female sexual behavior. (A-C) Lordosis, mild rejection, and severe
rejection quotients following the administration of 8 mg/kg SNAP 15 min before the behavioral test in control (n = 11) and PAMH (n = 8) female mice. Two-way
ANOVA with Tukey's posthoc test. (D-F) Lordosis, mild rejection, and severe rejection quotients following the administration of 15 mg/kg sildenafil citrate 1 h
before the behavioral test in control (n = 6) and PAMH (n = 10) female mice. Two-way ANOVA with Tukey's posthoc test. (G) Schematic shows strategy for selec-
tive expression of AAV9-hM4D(Gi)-mCherry targeted to nANOSYM" neurons in Nos1<®/* female mice. (H-0) Representative confocal images show viral transfection
in the VMH of Nos 1<+ female mice. Images show nNOS (H), mCherry (/), nuclear marker DAPI (J), and colocalization immunoreactivity in the nucleus. (L-0) depict
high-magnification images from (H-K), respectively, representing the area shown within the white dashed box in K . Full yellow arrows show examples of colocali-
zation between nNOS and mCherry immunoreactivity, whereas hollow yellow arrows point to mCherry expression only. (P-R) Lordosis, mild rejection, and severe
rejection quotients following chemogenetic inhibition of NANOSY" neurons in female mice. Acute chemogenetic manipulation with 3 mg/kg CNO promotes sex-
ual dysfunction and enhanced sexual rejection in Nos1®'* female mice (n = 10). Wilcoxon signed-rank test; **P < 0.01. Data are represented as mean + SEM.
Different letters indicate statistically significant differences. Scale bars: H-K, 100 pm; L-O, 30 pm.

nNOS were mostly expressed in two distinct populations
within the RP3V region (SI Appendix, Fig. S6 A-F), whereas
only a small portion of neurons expressed both proteins simi-
larly in control and PAMH female mice (87 Appendix, Fig. S6
G and H; control = 0.62% vs. PAMH = 0.83%). These data
suggest that kisspeptin signaling is upstream of nNOSY™M"
neuron—mediated lordosis behavior and that conjoint disrupted
expression of both Kiss1®"*" and nNOSY™" may contribute
to sexual dysfunction in PCOS.

Discussion

Clinical studies have identified the presence of impaired sexual
function in nearly one-third of young women with PCOS (6, 8)

PNAS 2022 Vol.119 No.30 2203503119

showing significant sexual dysfunction, estimated as decreased
sexual satisfaction, arousal, lubrication, and orgasm (8). This evi-
dence suggests the existence of central impairments in the brains
of women with PCOS.

The employment of preclinical models offers the unique oppor-
tunity to investigate the etiology of sexual dysfunction in PCOS,
and PAMH mice have recently been used to understand neuroen-
docrine impairments (29, 54), infertility (29), and transgenera-
tional epigenetic inheritance of the disease (30). Here, we confirm
that this model is a robust translational tool to investigate repro-
ductive dysfunction in PCOS. We report that androgen excess
and high LH secretion, a proxy of high GnRH secretion, are also
present over the dark phase of the light:dark cycles, when mice are
most receptive to sexual intercourse and when we performed the
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behavioral experiments. We detected higher testosterone levels in
PAMH female mice in estrus over the dark phase as compared to
our previous reports (29) and others (55), in which diestrous mice
were characterized only over the light phase. It remains unknown
how precisely testosterone levels fluctuate over the estrous cycle
and light:dark cycles in control and PCOS-like mice; however,
these observations suggest that high testosterone levels during the
estrous phase may disrupt progesterone-mediated actions in hypo-
thalamic sex circuits of PCOS-like mice (56).

Our study reveals the presence of severe alterations in the
display of mating behavior in PAMH mice, such as impaired
lordosis and male-directed preference. Notably, impairment in
lordosis behavior and enhanced sexual rejection were observed
in both intact and ovariectomized PAMH mice supplemented
with E2+P4, suggesting that intrinsic defects may arise from
developmental disruptions in the PCOS-like condition, most
likely impinging on central ovarian steroid hormone-sensitive
neurons. Consistent with this hypothesis, we show that PCOS-
like female mice have a robust loss of PR-expressing neurons in
the VMH, which may profoundly affect the social interaction
between mating partners and sexual performance. It is known
that progesterone signaling via PR is required for the full dis-
play of lordosis behavior (37, 40). This requirement is placed in
the hypothalamic module controlling sexual behavior in mam-
mals, the VMH (15, 18, 19, 21, 41). PR™™" neurons are a
robust and required component of the female sexual brain for
proper mating behavior (19). PRY™" neurons are primed by
estrogen, and structural circuit changes strengthen the connection
between these neurons and their output within the RP3V region
of the hypothalamus when female mice are receptive (15). This
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circuit plasticity is accompanied by an increase in the activity of
PRVMH neurons during both mating chemo-investigation and
the display of lordosis (15). This development shows that PRVM™
neurons are a functionally relevant component of female sex cir-
cuits and that the loss of PR expression in the VMH may greaty
contribute to sexual dysfunction in PCOS. Interestingly, among
the three hypothalamic nuclei analyzed, the VMH contained the
highest colocalization rate between PR and nNOS, with nearly
90% of PR cells coexpressing nNOS in control and PAMH
mice, as opposed to 30 to 40% in the RP3V and only 5% in the
ARN. These data further point to the VMH as a hot spot for
NO signaling in progesterone-sensitive cells of the hypothalamus.

We provide evidence that there is a great loss of progesterone-
sensitive nNOSY™™ neurons in PAMH female mice compared
to controls. Progesterone actions in sex circuits are enhanced by
drugs that increase cGMP levels, being a critical molecular output
of NO actions in neuronal circuits (57). The NO-cGMP path-
way is well characterized to mediate lordosis in rodents (22) but,
to date, the functional relevance of nNOSYM neurons for this
behavior has been unclear. We showed that treatment with sil-
denafil citrate, which impedes the degradation of c<GMP, is not
sufficient to promote the recovery of normal lordosis in PAMH
mice, demonstrating the severity of NO deficiency in the VMH.
A major finding from our study is that nNOSY™* neurons are
required to drive normal sexual behavior in female mice and that
silencing these neurons using chemogenetics also enhances sexual
rejection behaviors. Sexual rejection is profoundly modulated by
sensorial inputs from the vomeronasal organ (VNO) pathways in
female rodents (39, 49). For instance, the pheromone ESP22,
which negatively affects lordosis, activatess VNO-dependent
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inhibitory GABAergic inputs to the vIVMH, enhancing sexual
rejection in female mice (39). This evidence is in parallel with our
findings illustrating the importance of proper vIVMH neuronal
activity in female proceptive behavior. Loss of nNOSYM" neurons
may impair the integration of sensorial inputs arriving in the
VMH, leading to prolonged sexual rejection in PCOS-like mice,
but whether these VNO pathways directly regulate nNOS"™"
neuronal activity remains to be investigated. GABAergic transmis-
sion within the VMH has been reported to facilitate lordosis in
female rodents (58), and projections from pdMeA GABA neurons
to the vIVMH may mediate this facilitatory role (59). However,
recent data showed that neuroendocrine dysfunction is highly
associated with enhanced GABAergic inputs (29, 56) and signal-
ing (26) in the hypothalamus in PCOS mouse models and with
high levels of GABA in the cerebrospinal fluid of women with
PCOS (60). Although it is tempting to speculate that excessive
GABAergic transmission may override the facilitatory role of
GABA in the VMH and be detrimental to lordosis behavior,
future research should determine a definitive role of GABAergic
pathways controlling female sexual behavior in the context of
PCOS specifically.

Among_ their various afferents, Kiss1*"™" neurons have been
recently proposed to contact the vVIVMH to regulate female sexual
behavior in mice (24). However, it is also known that PRYMH
neurons project back to the RP3V, displaying an estrous
cycle—dependent functional connectivity between both nuclei
(15). Here, using a pharmacological mechanistic approach, we
showed that kisspeptin-mediated sexual effects are ongy relevant
and dependent upon the proper function of nNOSY™™ neurons.
This finding strengthens the idea that Kiss1®"™" neurons are
placed upstream of nNOS"™" neurons to drive lordosis behav-
ior. However, we cannot exclude the possibility that nNOS"™*
neurons also impinge upon Kiss1*"*Y neuronal activity, forming
a homeostatic loop between the RP3V and the VMH over the
control of female sexual behavior in mice. Further dissection
showed that PAMH female mice present a robust reduction of
progesterone-sensitive Kiss1""?" neurons, which most likely con-
tributes to the loss of kisspeptin-nNOSY™* coupling required
for proper sexual function in PCOS.

Recent studies have suggested that the PAMH-induced
reproductive phenotype is mediated by androgen signaling at
the level of kisspeptin cells (54), and a functional androgen
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receptor (AR) in neurons is required for the presentation of
PCOS-like features in female mice (61). Previous works have
also shown that exposure to high androgen levels lowers the
hypothalamic expression of nNOS (62) and that AR signaling
and its interactions with estrogen receptor alpha have profound
organizational effects on the number of nNOS neurons in lim-
bic areas in mice (46, 63). Consistently, we found that PAMH
female mice presented a loss of nNOS expression in the hypo-
thalamic R3PV, VMH, and ARN. However, we did not detect
any significant changes in the number of nNOS-expressing
neurons distributed in other the hypothalamic and limbic
regions of PAMH brains as compared to those in the control
animals, suggesting that such loss is region-specific and that the
lack of NO in these areas could disrupt normal neurotransmit-
ter function and impact sexual behavior.

We hypothesize that in PCOS-like animals, perinatal exposure
to androgen excess has organizational actions on nNOS-ir cell
numbers in hypothalamic areas associated with the control of
reproductive functions and sexual behavior, thus triggering
developmental brain circuit abnormalities with detrimental out-
comes over the adult reproductive life and finally affecting
proper female sexual performance and neuroendocrine functions
(Fig. 5). Indeed, our neuroanatomical data were also associated
with the detection of high LH pulses in estrous PAMH mice,
implying that the loss of homeostatic control of the GaRH/LH
secretion in PAMH may be linked to impaired progesterone sig-
naling at the central level as previously documented in women
with PCOS (64) and other PCOS animal models (56). The pre-
sent investigation also revisited the expression of Kiss1®"™" neu-
rons in PAMH female mice and documented that these mice
have a profound loss of progesterone-sensitive Kiss1*">" neu-
rons. This particular group of Kiss1*"*" neurons is pivotal to
the preovulatory GnRH/LH surge (65, 66), and disruptions in
this population are likely to contribute to fertility problems in a
PCOS-like condition.

The disruption of NO signaling in the RP3V and ARN of
PAMH female mice may be related to the control of GnRH neu-
ron function as previously discovered by our group (67, 68) and
others (69), showing that NO inhibits the firing pattern of
GnRH neurons and modulates the pulsatile secretion of GnRH
(67). Notably, PAMH animals present chronically increased
spontaneous GnRH neuronal activity together with exacerbated
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LH pulse secretion (29), and we now provide evidence of a strong
reduction in the number of nNOS-expressing neurons in these
animals, which could account for the accelerated GnRH/LH pulse
frequency. Future works are thus required to assess whether NO
supplementation may restore the neuroendocrine and reproductive
alterations of PCOS-like animals. Interestingly, clinical meta-
analysis data showed that PCOS is strongly associated with low
serum or plasma levels of NO metabolites (42, 43). However, it
remains unknown whether an attenuated NO pathway is present
in PCOS brain circuits. Moreover, pharmacological strategies that
increase NO levels have been shown to hold promising therapeu-
tic potential for the reproductive alterations of PCOS as they
improved menstrual cyclicity, ovulation (70, 71), and pregnancy
rates (71) in women with PCOS.

Here, we provide evidence that the use of NO donors (i.e.,
SNAP) ameliorates sexual dysfunction in a preclinical PCOS
model. Changes in cFOS expression within the hypothalamic
and limbic systems driven by SNAP administration suggest that
NO supplementation may recover sexual function by reinstating
normal circuitry response to a sexual encounter in our model. It
will be interesting in the future to determine whether women
with PCOS or women affected by hypoactive sexual desire disor-
der, the most severe form of low sexual drive (72), present altered
central levels of NO and/or nNOS circuitry, and whether they
could eventually benefit from NO-based therapeutic options.

In conclusion, our results have broad repercussions for our
understanding of developmental reprogramming in the female
brain leading to disturbances in hypothalamic circuitry, driving
sexual dysfunction in PCOS, and provide grounds for prospec-
tive therapeutical venues aimed at correcting these defects.

Materials and Methods

Animals. Mice were housed under specific pathogen-free conditions in a
temperature-controlled room (21°C-22 °C) and ad libitum access to food and
drinking water. Unless stated in the text, mice were kept under an inverted 12-h
light:dark cycle with lights off from 9:00 am to 9:00 pm. All experiments were
performed using adult (ages 2-5 mo) wild-type mice, and transgenic lines are
described in S/ Appendix. Animal care and experimental design were carried out
under the guidelines established by the European Council Directive of Septem-
ber 22, 2010 (2010/63/EU) and under ethical protocol number APA-
FIS#29172-2020121811279767 v5 from the Institutional Ethics Committees of
Care and Use of Experimental Animals of the University of Lille, France.

PAMH Treatment. The generation of PAMH female mice was caried out
according to a previous report (29) and is detailed in S/ Appendix.

Assessment of Reproductive Status, LH Pulse Profiling, and Blood
sampling. Estrous cycle pattern was assessed in adult control and PAMH mice

as stated elsewhere (73) and is detailed in the SI Appendix.

Hormone Measurements and Analysis. Blood sampling for both LH and
testosterone measurements was collected over the dark phase 3 h after the lights
were turned off. Blood LH levels were determined using a well-established
enzyme-linked immunosorbent assay (ELISA) method (74) (SI Appendix). Plasma
testosterone levels were measured in duplicates using a commercial ELISA kit
(Demeditec Diagnostics, GmbH, DEV9911) according to the manufacturer’s instruc-
tions. The assay sensitivity of this mouse testosterone ELISA was 0.066 ng/mL, and
the intra-assay coefficient of variation was 10.4%.

Immunohistochemistry, Image Acquisition, and Analysis. Tissue prepara-
tion for immunohistochemistry is detailed in S Appendix. Inmunohistochemis-
try was performed as described elsewhere (28, 75). Primary antibodies were
used at the following respective concentrations: polyclonal sheep anti-nNOS
(1:2,000; generous gift from Dr. Piers C. Emson and validated elsewhere [76]),
polyclonal rabbit anti-PR (1:500; Sigma; SAB4502184), rabbit anti-red fluores-
cent protein (1:500; Rockland Immunochemicals, Inc.; 600-401-379), polyclonal
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chicken anti-GFP (1:1,000; Aves Labs Inc., GFP-1020), and polyclonal rabbit anti-
cFOS (Synaptic Systems GmbH; 226 008). Brain sections were incubated with a
mixture of primary antibodies and 2% normal donkey serum in incubation solu-
tion (0.25% bovine serum albumin with 0.3% Triton in TBS) over 48 h at 4 °C.
Following washes with TBS, brain sections were incubated with secondary anti-
bodies. Alexa Fluor 488 donkey anti-sheep (A11015), Alexa Fluor 647 donkey
anti-rabbit, (A31573), and Alexa Fluor 568 donkey anti-rabbit (A10042) were all
purchased from Thermo Fisher Scientific Inc. and used at 1:400 dilution in TBS
solution. Alexa Fluor 488 donkey anti-chicken (Jackson ImmunoResearch Labs;
703-545-155) was used at 1:500 dilution in TBS solution. Sections were mounted
onto glass slides and left to dry until covered with Fluoromount-G with DAPI (Invi-
trogen/Thermo Fisher Scientific Inc.; 00-4959-52), and coverslipped. Two repre-
sentative brain sections from each brain region were chosen from each animal for
image acquisition and immunohistological analysis. Detailed procedures for
image acquisition and cFOS quantification are provided in SI Appendix.

Ovariectomy and Ovarian Steroid Hormone Supplementation. Adult female
mice (age 3 mo) were ovariectomized under 4% isoflurane anesthesia with cons-
tant airflow. Two weeks following surgery and recovery, female mice were
primed with E24-P4 to have high sexual receptivity based on previous reports
(77). To this end, mice received subcutaneous (s.c.) injections of 0.5 pg/50 pl
estradiol benzoate (Sigma-Aldrich; E8515) 48 h and 24 h prior to the lordosis
test, and a single s.c. injection of 500 pg/50 ul progesterone (Sigma-Aldrich;
P0130) 3 to 4 h before the lordosis test. Both drugs were diluted in sesame oil
at least one day before the protocol commenced.

Female Sexual Behavior Test. Estrous female mice were tested for lordosis
behavior over the dark phase following previously reported protocols (24, 37)
and as described in S/ Appendix. During the annotation of sexual behavior, we
also assessed sexual rejection behaviors over the same period (S/ Appendix). All
behavior tests were videotaped and manually annotated using Behavioral Obser-
vation Research Interactive Software (78).

Mate Preference Test. The mate preference test assessed the response of
female mice to sensory stimuli to same- and opposite-sex counterparts. Technical
details are described in SI Appendix.

EPM Test. The EPM test was employed as previously reported elsewhere (36),
and details are provided in S/ Appendix.

Chemogenetic Manipulations (Viral Transfection, Stereotaxic Injections,
and Behavioral Assessment). The AAV9 hM4D DREADD (AAV-hSyn-DIO-

hM4D(Gi)-mCherry) (titer = 4.5 x 10" vg/mL; Addgene; 44362-AAV9) was ste-
reotaxically injected into the VIVMH (SI Appendix) of NosT-ires-cre female mice
under 4% isoflurane anesthesia with constant airflow. The lordosis test was car-
ried out as described above with sexually experienced female mice after three
lordosis test trials. Female mice received an intraperitoneal (i.p.) injection with
100 pL CNO (Tocris; 6329) at a dose of 3 mg/kg diluted in sterile saline one
hour before behavioral assessment. Each mouse received either CNO or saline
(vehicle) in a random order, and the two behavioral assessments were per-
formed 10 days apart.

Pharmacological Treatments. SNAP: Female mice received an s.c. injection
with 8 mg/kg SNAP (Sigma-Aldrich; N3398) diluted in 100 pL saline 15 min before
behavioral testing, and the chosen dose was based on previous reports (24). Kiss-
peptin: Female mice received an s.c. injection with 0.52 pg/kg kisspeptin-10 (Kiss-
10; rodent metastin [45-54] amide; GeneCust YY-10-NH2) diluted in 100 pL saline
30 min before the behavioral test based on previous reports (24). Sildenafil citrate:
Female mice received an i.p. injection with 15 mg/kg sildenafil citrate (Sigma-
Aldrich; 171599-83-0) 1 h before behavioral assessment based on previous trials
from our laboratory. Sildenafil citrate was first diluted in DMSO to make up a stock
solution of 25 mg/mL and further diluted with sterile saline to make up a working
solution of 15 mg/mL for s.c. injection on the day of the injection.

Data Analysis and Statistics. Statistical analysis was performed with PRISM
software 8.0 (GraphPad Software, San Diego, CA). Normal distribution was deter-
mined with the Shapiro-Wilk normality test for all samples before any group
analysis. Sample sizes were chosen according to standard practices and are
shown in each figure legend. Investigators were not blinded to the group
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allocation or drug treatment; however, each mouse was randomly chosen to
receive different treatments on different days. We used the Mann-Whitney
U test to compare two experimental groups in which unpaired samples were not
normally distributed. For normally distributed unpaired samples, we used a
two-tailed Student's t test. Paired samples were analyzed using the Wilcoxon
signed-rank test or a repeated-measures one-way ANOVA. Group analysis with
two nominal predictor variables used two-way ANOVA with either Tukey's or
Sidak's posthoc test. Statistical significance was accepted when P < 0.05.

Data Availability. All study data are included in the article and/or S/ Appendiix.
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