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Introduction

Female sexual dysfunction affects approximately 40% of women in the United States, yet few therapeutic options exist for these patients. The melanocortin system is a new treatment target for hypoactive sexual desire disorder (HSDD), but the neuronal pathways involved are unclear.





Methods

In this study, the sexual behavior of female MC4R knockout mice lacking melanocortin 4 receptors (MC4Rs) was examined. The mice were then bred to express MC4Rs exclusively on Sim1 neurons (tbMC4RSim1 mice) or on oxytocin neurons (tbMC4ROxt mice) to examine the effect on sexual responsiveness.





Results

MC4R knockout mice were found to approach males less and have reduced receptivity to copulation, as indicated by a low lordosis quotient. These changes were independent of body weight. Lordosis behavior was normalized in tbMC4RSim1 mice and improved in tbMC4ROxt mice. In contrast, approach behavior was unchanged in tbMC4RSim1 mice but greatly increased in tbMC4ROxt animals. The changes were independent of melanocortin-driven metabolic effects.





Discussion

These results implicate MC4R signaling in Oxt neurons in appetitive behaviors and MC4R signaling in Sim1 neurons in female sexual receptivity, while suggesting melanocortin-driven sexual function does not rely on metabolic neural circuits.
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Introduction

Although definitions and assessment tools for the female sexual response cycle are not yet standardized (1–8), available studies have found that approximately 40% of women in the United States report a sexual problem independent of fertility (9–13) and 22% experience distress as a result (9). Few effective options exist for treating sexual dysfunction in women (14–19). One central target that has received attention for the treatment of female sexual dysfunction is the melanocortin system (17). This system consists of three types of neurons: neurons that secrete products of pro-opiomelanocortin (POMC) such as α-melanocyte stimulating hormone (α-MSH), downstream neurons with receptors for those POMC products such as the melanocortin 4 receptor (MC4R), and counter-regulatory neurons that secrete an inverse agonist of the MC4R called agouti-related peptide. α-MSH stimulates lordosis behavior in female rats after administration into the third ventricle, median eminence, medial preoptic area, or ventromedial hypothalamus (20–25). MC3Rs and MC4Rs, found predominantly in the brain (26, 27), facilitate solicitations and lordosis in rodent models (23, 28). In women, bremelanotide—an exogenous melanocortin 3/4 receptor agonist—increases both arousal and sexual satisfaction (29, 30). Intranasal bremelanotide causes adverse side effects such as increased blood pressure, which halted clinical trials (31–33). However, subcutaneous bremelanotide showed sufficient safety and efficacy (30, 34–36) for FDA approval for the treatment of HSDD in patients without uncontrolled hypertension or cardiovascular disease in June of 2019.

The development of bremelanotide is an important step in the treatment of female sexual dysfunction, but the neural pathways underlying its effects on sexual function are unclear. As evidenced by the effects of bremelanotide on blood pressure, centrally acting drugs can cause serious side effects when the neural pathways that they target play additional roles in other systemic functions. To this end, it is imperative that downstream circuitry controlled by melanocortins be explored. We have therefore evaluated the role of the MC4R in the sexual behavior of female mice lacking the receptor throughout the brain.

Expression of the MC4R partially overlaps with that of the transcription factor single-minded homolog 1 (Sim1) in areas such as the paraventricular nucleus of the hypothalamus (PVH), supraoptic nucleus (SON), anterior hypothalamic nucleus, and medial amygdala (MeA) (37). These areas are critical targets of POMC neuronal projections. We hypothesized that Sim1-expressing neurons might mediate the MC4R-dependent effects of melanocortins on female sexual function. To test this possibility functionally, we produced tbMC4RSim1 mice that only express MC4Rs in Sim1 neurons. In addition, Sim1-expressing neurons in regions such as the PVH and SON have been shown to include oxytocin neurons (38, 39). Oxytocin promotes sexual behavior and contributes to sexual desire and reward (40–45). In humans, plasma oxytocin levels increase during sexual arousal and orgasm in both women and men (46). Therefore, we also examined mice expressing MC4R only in oxytocin neurons to determine whether this population of neurons is sufficient for melanocortin-mediated sexual behavior.





Materials and methods




Animal production and care

MC4R knockout mice on a C57BL/6 background, originally produced by the Lowell lab, were obtained from The Jackson Laboratory (loxTB Mc4r, 006414). These mice contain a floxed transcription blocker in the MC4R gene promoter that prevents MC4R transcription. Tissue-specific cre expression results in the removal of the transcription blocker, and thus the expression of MC4R. Littermate wild-type (WT) mice with normal MC4R expression were generated from crosses of heterozygous loxTB-MC4R parental mice. Homozygous loxTB-MC4R (MC4RKO) offspring were compared to these WT littermates unless otherwise specified.

To target cre expression to Sim1-expressing neurons (47–49), we used Sim1-cre mice (The Jackson Laboratory, 006395). We bred mice to be homozygous for the floxed MC4R and hemizygous for the Sim1-cre genes, resulting in the expression of MC4R only on Sim1-expressing neurons (tbMC4RSim1). To assist with visualization of Sim1-expressing neurons, these mice were also bred with mice expressing a cre-dependent tdTomato reporter (The Jackson Laboratory, 007909). In a parallel set of experiments, an oxytocin-cre mouse line was used to generate mice that express MC4R only on oxytocin neurons (tbMC4ROxt). Genotyping was confirmed by automated qPCR by Transnetyx, Inc. The specificity of cre expression in Sim1-cre and oxytocin-cre mice has been demonstrated in the literature, and tbMC4RSim1 is a well-established mouse model (47, 50–52).

All experimental protocols were approved by the University of Toledo’s Institutional Animal Care and Use Committee (IACUC), and the mice used in this study were kept in accordance with IACUC guidelines. The sex of mice was determined at weaning by anogenital distance. The mice were housed in the facilities of the Department of Laboratory Animal Resources, where they were given ad libidum access to food and water on a 12:12 light-dark cycle. Except for mice that received high fat diet (described below), mice ate standard rodent chow (2016 Teklad Global 16% Protein Rodent Diet, 12% fat by calories; Harlan Laboratories, Indianapolis, Indiana).





Sexual behavior studies

To allow induction of estrus with hormonal treatment, female mice were ovariectomized between five to six weeks of age and given a week to recover. Previous studies in mice have found that inexperienced females are much less likely to exhibit lordosis (53, 54). Thus, beginning at week seven to eight, these female mice were paired with experienced C57BL/6 male mice on four separate occasions to gain sexual experience. All males used in pairings and experiments had at least four sexual experiences and carried no genetic modifications. Females were hormonally primed to induce behavioral estrus using 100µL of subcutaneous β-estradiol-3-benzoate in sesame oil (200µg/mL) 48 hours prior to pairing followed by 125 µL of intraperitoneal progesterone (4mg/mL) seven hours prior to pairing (55). Females were paired with experienced male mice from 8pm-9am, during their normal period of activity.

Experimental mice were two months of age at the time of the experimental pairing. The pairing was filmed (DVR Swann 4500 and T850 Day and Night Security Camera security system) between 8pm and 12am and later analyzed for behaviors prior to the first ejaculation, if any. Each pair was placed in a separate cage and in a dark room during experimentation. Female sexual behavior includes receptive behaviors, such as lordosis, as well as expressions of sexual motivation through appetitive or proceptive behaviors designed to solicit the attention of the male. Rejection behaviors were also recorded including bucking, biting, and pushing back against the male. Preliminary studies established that mouse solicitation and lordosis behaviors differ from those of rats and require modified criteria for evaluation, as found by others (56). Approaches, consisting of nose-to-nose and anogenital sniffs of the male, were considered to be expressions of social and/or sexual interest by the female. The following criteria were used to identify lordosis: all four paws of the female firmly planted on the ground with the front half of the mouse pushed up off the ground. The lordosis quotient, the frequency of lordosis behavior during male mounting, was calculated as the number of lordosis behaviors divided by the number of mounts (x100). Videos were blinded and one observer scored all videos to reduce inter-observer variability.





Metabolic testing

MC4R null mice exhibit obesity (47, 57), so sexual behavior was examined at two months of age, before obesity became a confounding factor. At this age, all mice weighed below 35g (Figure 1A). Glucose tolerance testing (GTT), nuclear magnetic resonance (NMR), and calorimetric cages were used to assess the metabolic profile of these mice. Specifically, the morning after sexual behavior testing, NMR was used to assess body composition (BrukerOptics). Then, at 9-12 weeks old, a GTT was performed. The morning of the GTT, mice were fasted for six hours on alpha-dri bedding. Following the fast, baseline glucose levels were obtained from tail-vein blood samples with an AlphaTRAK 2 (ADW Diabetes) glucometer. A 2g/kg dosage of dextrose was given intraperitoneally, and blood glucose levels were measured at 15, 30, 45, 60, 90, and 120 minutes post-injection. After completion of the sexual behavior studies and other metabolic measurements (10 - 12 weeks old), mice were individually housed in calorimetric cages (OxyMax system, Columbus Instruments, Columbus, OH). Metabolic parameters and food intake were measured over a 3-day period after one day of acclimation. Mice had access to food and water ad libitum. Spontaneous locomotor activity was measured with an optical beam measuring horizontal and vertical movement (XYZ-axis). Oxygen consumption (VO2), carbon dioxide production (VCO2), and energy expenditure were sampled every 20 min. All calculations were made with OxyMax software, with the modified Weir equation used to determine energy expenditure.




Figure 1 | Mice fed HFD had normal sexual function at two months of age. (A) Weight of WT (n=11), MC4RKO (n=11), and WT mice on HFD (WT-HFD) (n=5). Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test. WT vs MC4RKO (p=0.003) and WT-HFD (p=0.101). (B) Lordosis quotient between WT (n=9), WT-HFD (n=5), and MC4RKO mice (n=9). One-way ANOVA with Sidak’s multiple comparison test was used: WT vs MC4RKO (p=0.018); MC4RKO vs WT-HFD (p=0.023). (C) All mouse groups were combined (n=44) to run correlation analysis on weight vs lordosis quotient. *p<0.05; **p<0.01.







Anxiety-like behaviors

Two tests of anxiety-like behavior were video recorded for analysis by a single observer. For the elevated plus maze, mice were placed in the center of a standard apparatus and allowed to explore for 10 minutes. Two paws in an arm of the maze were recorded as an entry. For the open field test, animals were placed into the center of a 4x4 grid of squares with four center squares and surrounding outside squares. An entry into a box was counted when at least three paws were placed in it simultaneously.





Diet-induced obesity

For DIO tests, WT littermates were given a high fat diet (HFD) (OpenSource Diets, 60% fat content) instead of standard chow at five weeks of age. Mice were weighed weekly until their weights were comparable to MC4RKO mice at the time of their sexual behavior testing.





Serum hormone concentrations

Submandibular blood samples were taken between 10 to 13 weeks of age from ovariectomized mice without sex hormone replacement. Blood was spun down in the centrifuge for 10 minutes at 4°C at 4472 RCF. Serum was collected and stored at -80°C until analysis. Luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were collected for measurement from ovariectomized animals two weeks after behavioral testing (no steroid replacement) by the University of Virginia Ligand Assay Core using the Milliplex Pituitary Magnetic Bead Assay (RPTMAG-86K; Millipore), with a combined intra-assay CV of 5.5% and an inter-assay CV of 11.5%. Samples were run in duplicate. The lower limit of detection for the LH multiplex assay was 0.24 ng/ml. The lower limit of detection for the FSH multiplex assay was 0.48 ng/ml.





In situ hybridization

For the Sim1-cre and tbMC4RSim1 mice in Figure 2, mouse brains were fixed in 4% paraformaldehyde overnight and then cut into five series of 25 μm sections with a vibrating-blade microtome (VT1000S, Leica). MC4R mRNA detection was achieved using an MC4R RNAscope probe (ACD, #319181), Opal 690 dye (1:1000), and detection kits (ACD, #323100) from Advanced Cell Diagnostics following the manufacturer’s protocol. All fluorescence images were acquired using a Zeiss LSM880 Airyscan confocal microscope.




Figure 2 | MC4R re-expression and colocalization with Sim1. (A) Using in situ hybridization, mRNA of MC4R in tbMC4RSim1 mouse brains was confirmed in the paraventricular hypothalamus (PVH), the nucleus of the olfactory tract (NLOT), and the medial amygdala (MeA). MC4R mRNA is labelled white. Nuclei were labelled using DAPI (blue). (B) Using immunohistochemistry, co-localization between MC4R and Sim1-cre driven tdTomato expression was confirmed in the MeA of Sim1-cre mice. Sim1 (tdTomato) labelled red; MC4R labelled green.



For the WT and MC4RKO mice in Figures 3 and 4, mouse brains were perfused with phosphate buffered saline (PBS) for 2 minutes, frozen on dry ice, cut into 14 um sections using a cryostat (Leica CM3050 S), and adhered to Superfrost Plus Microscope Slides (Fisher Scientific). mRNA was detected using the protocol and reagents in the RNAscope Multiplex Fluorescent V2 Assay from ACD. A custom oxytocin probe (ACD, #1240951-C1) was used with the fluorophore Opal 570 (1:6000), and the MC4R probe (ACD, #319181) was used with the fluorophore Opal 690 (1:500). For Figure 3, full brain sections were scanned at 20X using an Olympus VS120 slide scanner microscope. For Figure 4, the PVH and SON were imaged using a Leica TCS SP5 Confocal Microscope. Each image was set to the same display settings prior to image capture.




Figure 3 | In situ hybridization showing lack of MC4R in MC4RKO mice in the paraventricular hypothalamus (PVH), the nucleus of the olfactory tract (NLOT), and the medial amygdala (MeA). MC4R mRNA is labelled green. Nuclei were labelled using DAPI (blue).






Figure 4 | In situ hybridization for oxytocin (labeled in red) and MC4R (labeled in green) in the PVH of wildtype mice. Nuclei were labelled using DAPI (blue). Limited, but detectable, overlap was seen.







Immunohistochemistry

Upon euthanasia, mice were perfused with 4% paraformaldehyde prior to brain harvesting. The brains were transitioned to a 10% sucrose, a 20% sucrose, and finally a 30% sucrose solution in PBS, waiting until the tissue sank prior to each transition. The brain was sectioned in 35-40µm slices and then stored in cryoprotectant (20% glycerol and 30% ethylene glycol in PBS) until immunohistochemistry was performed. To examine MC4R localization on Sim1 neurons, brain sections were labeled overnight with rabbit anti-MC4R (Abcam ab24233) and then exposed to a Donkey anti-rabbit IgG Alexa Fluor 488 secondary antibody (Invitrogen, A21206). TdTomato was used as a cre-reporter; its fluorescence was visible via confocal (Leica TCS SP5) without the aid of an additional antibody.





Statistical analysis

Data analysis was performed using Graphpad 9.4.1. Data with only two groups were analyzed using an unpaired t-test. An F test was used to compare the variances between these groups, and when the variances were not equal, the t-test was run with Welch’s correction. Comparisons of more than two groups were made using a one-way ANOVA with Sidak’s multiple comparisons test. Groups were tested for equal variances using Levene’s test. When data sets did not have equal variances, they were analyzed using Brown-Forsythe and Welch ANOVA with Dunnett T3’s multiple comparisons test. All groups were tested for normality using the Kolmogorov-Smirnov test. Groups that were not normally distributed were accepted if the skewness and kurtosis were within +/-3. When a group had kurtosis higher than three, outliers were identified using ROUT (Q = 1%) analysis and removed to reduce the kurtosis of all data sets to below three. Correlation tests were used to determine the relationship between two continuous variables, with results reported as R2 values. Data in bar graphs are presented as mean ± SEM (95% confidence interval). Statistical significance was defined as p<0.05. In figure legends, *, p<0.05; **, p<0.01; ***, p<0.001.






Results

To verify the deletion of MC4R in our female MC4RKO mice, mRNA in coronal brain sections was detected using RNAscope in situ hybridization. Compared to WT sections, MC4RKO mice lacked mRNA for MC4R in the PVH, the nucleus of the lateral olfactory tract (NLOT) and the MeA (Figure 3). Although MC4R expression in the SON has been reported (37), we found MC4R expression there was too low to be detected in the WT mice (Figure 3).

To characterize the sexual behavior of female MC4RKO mice, females were ovariectomized, primed with estradiol and progesterone before all pairings, and given four sexual experiences with sexually experienced, control males before experiments began at 8-10 weeks of age. We quantified approach behaviors that show female interest in the male, rejection behaviors, mounts by the male, and the assumption by the female of a reflexive lordosis posture that indicates receptivity. Female approach behaviors were significantly reduced in MC4RKO mice compared to WT controls (p=0.043; Figure 5A). 10% of WT mice showed a rejection behavior such as attempting to bite or hit the male (1 out of 10) vs 45.4% percent of MC4RKO mice (5 out of 11; data not shown). In contrast, the number of times females were mounted by their male partners did not differ, indicating male behavior was consistent between groups regardless of female sexual motivation (Figure 5B). When examining data from all animals used in these studies, we found that the number of male mounts positively correlated with the number of female approaches; however, this effect accounted for only 18.9% of the overall variance in male mounting frequency (Figure 5C), too small to produce a detectable difference between the WT and MC4RKO groups. Finally, MC4RKO females had a decreased lordosis quotient (p=0.018; Figure 5D). This finding indicates that the MC4RKO mice were less sexually receptive than control animals.




Figure 5 | MC4R deletion resulted in fewer approach behaviors and a lower lordosis quotient compared to the WT control. Female approaches towards the male (sniffs or touches) (A), Male mounts (B), and lordosis quotient (D) are compared between WT (n=9) and MC4RKO (n=9-11). All mouse groups were combined (WT, Sim1-cre, Oxt-cre, MC4RKO, tbMC4RSim1, tbMC4ROxt; n=50) to run correlation analysis on approaches vs mounts (C). Groups in this figure were statistically analyzed together with groups from Figure 6. One-way ANOVA with Sidak’s multiple comparisons test was used for graphs A and C. Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 multiple comparisons test was used for graph B. Graph A, p=0.008. Graph B, p=0.018 *p<0.05; **p<0.01.






Figure 6 | Expression of the MC4R on Sim1 neurons normalizes food intake and locomotion. Food intake in day and night (A), ambulatory activity along the x-axis (B), and area under the curve for diurnal and nocturnal ambulatory activity (C) as measured in calorimetric cages for WT (n=7-9), MC4RKO (n=8-9), tbMC4RSim1 (n=7-8), and tbMC4ROxt mice (n=8). One-way ANOVA with Sidak’s multiple comparisons test was used for graph A. Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 multiple comparisons test was used for graph C. Graph A night, WT vs MC4RKO (p=0.003) and tbMC4ROxt (p=0.018). Graph C day, WT vs MC4RKO (p=0.005) and tbMC4ROxt (p=0.012). Graph C night, WT vs MC4RKO (p=0.004) and tbMC4ROxt (p=0.0008) *p<0.05; **p<0.01; ***p<0.001.



Gonadotropin-releasing hormone (GnRH) can facilitate lordosis behavior (58). One previous study found that LH concentrations were altered between four and seven months of age in intact MC4R null mice (59). In addition, POMC neurons have been hypothesized to play a role in sex steroid negative feedback (60). Any resulting altered GnRH and LH profile could have implications for sexual receptivity even in gonadectomized animals. We therefore examined these sex hormones in serum to determine whether the genotype affected how the hypothalamic-pituitary axis responded to ovariectomy. No differences were seen in LH and FSH concentrations or the LH/FSH ratio among the groups (Figures 7A–C).




Figure 7 | Serum LH and FSH concentrations were not different between groups. LH (A) and FSH (B) are represented separately as well as in the form of an LH : FSH ratio (C) for WT (n=11) and MC4RKO (n=12). Unpaired t-tests were used for graphs A and B. Unpaired Welch’s t-test was used for Graph C.



Because sexual function can be negatively affected by anxiety, we conducted an open field test to see if loss of MC4R increased anxiety-like behaviors. In the open field test, WT and MC4RKO mice showed no difference in latency to leave the center (Figure 8A). They also did not differ in the absolute time or percentage of time they spent in the center boxes (Figures 8B, C). WT and MC4RKO mice also had no difference in the number of fecal pellets produced during the test, another measure of anxiety (Figure 8D). However, a small but significant increase was observed in the amount of time MC4RKO mice spent in the outside boxes (p=0.029; Figure 8E). MC4RKO mice showed decreased locomotion and activity as indicated by the fewer number of boxes traversed (p=0.023) and number of rears (p=0.0056; Figures 8F, G). This finding was accompanied by a decrease in the number of entries into the center and the number of center boxes traversed (Figures 8H, I).




Figure 8 | MC4RKO mice exhibit decreased locomotion in an open field test. The time that each animal spent in the center boxes (A), the percent of time spent in the center (B), the latency to leave the center (C), the number of fecal pellets produced during the test (D), time spent in the outside boxes (E), the number of boxes traversed (F), the number of rears (G), the number of entries into the center boxes (H), and the number of center boxes traversed (I) is shown. WT=6-7 and MC4RKO=9-11 mice. Unpaired t-tests were used for graphs D-F and K; Unpaired Welch’s t-tests were used for graphs G-J. Graph F (p=0.029); Graph G (p=0.023); Graph H (p=0.006); Graph I (p=0.044); Graph J (p=0.0433). *p<0.05; **p<0.01.



The results of the open field test indicated that MC4RKO mice may have higher levels of anxiety or less locomotor activity. We therefore performed a second test for anxiety-related behaviors. In an elevated plus maze, WT and MC4RKO mice spent an equal percentage of time in the open and closed arms and had an equal number of entries into the open arms (Figures 9A–C). These results argue against the idea that MC4RKO mice exhibit increased anxiety.




Figure 9 | MC4RKO mice show no anxiety in an elevated plus maze. Time spent in the open (A) and closed (B) arms and entrances into the open arms (C) of an elevated plus maze by WT (n=6-7) and MC4RKO mice (n=8-9). No significant differences were found using unpaired t-tests.



MC4RKO mice are well-known to exhibit a hyperphagic phenotype accompanied by energy-conserving adaptive changes, such as reduced locomotion around their cages (61). We therefore acquired a metabolic profile on these animals at 9-12 weeks of age. MC4RKO mice had significantly increased weight gain compared to WT (p=0.041) (47), as well as a significant increase in lean mass (p=0.019), but surprisingly not fat mass, although a trend was evident (p=0.052; Figures 10A–C). In addition, MC4RKO mice showed increased food intake in the dark phase (p=0.0033; Figure 6A) and substantially decreased locomotor activity in both the day (p=0.0053) and night (0.0042; Figures 6B, C), as previously observed in the open field test. We did not detect a difference in oxygen consumption, respiratory exchange ratio, fasted glucose levels, or glucose tolerance (p=0.4478) (Figures 11A–D). These findings are consistent with previous work that found no hyperglycemia in female MC4R null mice (62), although another study found hyperglycemia in this model secondary to increased adiposity (63).




Figure 10 | Body composition of mice lacking MC4R. Comparison of the (A) body weight, (B) fat mass, (C) lean mass measured by NMR of cre control (n=8-11), MC4RKO (n=9-11), tbMC4RSim1 (n=8), and tbMC4ROxt (n=6-9) groups at two months of age. One-way ANOVA with Sidak’s multiple comparisons test was used for graphs C and E. Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 multiple comparisons test was used for graphs A and B. Graph A, WT vs MC4RKO (p=0.003), tbMC4RSim1 (p=0.005), and tbMC4ROxt (p=0.002). Graph B, WT vs tbMC4RSim1 (p=0.025). Graph C, WT vs MC4RKO (p=0.019), tbMC4RSim1 (p=0.0002), and tbMC4ROxt (p=0.0003). Graph E, MC4RKO vs tbMC4RSim1 (p=0.007) *p<0.05; **p<0.01; ***p<0.001.






Figure 11 | Unchanged metabolic rate and glucose sensitivity in MC4RKO females. Oxygen consumption (A) and respiratory exchange ratio (B) during the day and night measured from WT (n=7-9) and MC4RKO (n=8-9) mice in calorimetric cages. Glucose levels in mice after a 6 hour fast (C) and after glucose administration during a glucose tolerance test (D), with the areas under the curves shown in the inset. Unpaired t-tests were used for all graphs.



While all mice weighed less than 35 grams in this study, we considered the possibility that increased body weight contributed to their sexual phenotype. To examine the effect of adiposity on the sexual receptivity of mice, we generated diet-induced obesity (DIO) mice. WT mice were fed a high fat chow diet starting at five weeks of age and ending at two months of age when their weights were comparable to MC4R null mice (p>0.9999; Figure 1A). As in Figure 5, females were ovariectomized, primed with estradiol and progesterone before all pairings, and paired with sexually-experienced, control males for four practice matings and the recorded experiment. As previously mentioned, MC4RKO mice had a significantly lower lordosis quotient compared to WT mice. However, DIO mice exhibited a lordosis quotient comparable to WT mice (p>0.9999) and significantly higher than MC4RKO mice (Figure 1B; p=0.023). Correlation analysis confirmed that body weight did not correlate with lordotic response in the mice studied (p=0.94; Figure 1C). These data show that the sexual behavior deficits of young MC4R null mice cannot be attributed to weight gain.

Single-minded 1 (Sim1) is a transcription factor involved in hypothalamic development. Because Sim1 neurons express MC4R (48, 49), we were interested in whether these neurons are involved in the actions of melanocortins on female sexual behavior. In addition, MC4R activation has been shown to increase hypothalamic oxytocin levels and increase social investigation in male mice; these changes were blocked by an oxytocin receptor antagonist (64). We therefore hypothesized that Sim1-expressing neurons and/or oxytocin-expressing neurons might mediate the MC4R-dependent effects of melanocortins on sexual receptivity of female mice. To test this possibility, we produced tbMC4RSim1 mice that express MC4R only on Sim1 neurons and tbMC4Roxt mice that express MC4R only on oxytocin neurons. Expression of MC4R in tbMC4RSim1 animals was confirmed using in situ hybridization. The amount of mRNA for MC4R was similar between Sim1-cre and tbMC4RSim1 in the PVH, SON, NLOT, and MeA (Figure 2A). Since MC4R expression in the MeA was light, we verified the presence of MC4R in Sim1 using immunohistochemistry. After crossing the line with a cre-dependent tdTomato reporter line, we found that MC4R co-localized with Sim1-tdTomato positive neurons in the MeA (Figure 2B). In tbMC4ROxt mice, RNAscope experiments demonstrated a small amount of oxytocin and MC4R co-expression that varied depending on the coronal plane examined (Figures 4A, B). While oxytocin expression in the SON was robust (data not shown), we were unable to detect MC4R expression in that area (Figure 3). Very few oxytocin neurons were seen outside the PVH and SON.

Compared to cre controls, and similar to MC4RKO mice, tbMC4RSim1 mice had significantly increased weight (p=0.0002), fat mass (p=0.0254), and lean mass (p=0.0002; Figures 10A-C). These findings contrast with a previous study that found attenuated weight gain in tbMC4RSim1 mice (58), although in that study the mice had not been ovariectomized prior to testing. Likewise, tbMC4ROxt mice also had significantly increased weight (p<0.0001) and lean mass (p=0.0003) but not fat mass (p=0.011) compared to controls, with no significant difference from MC4RKO animals (Figures 10A–C). Thus, the reexpression of MC4Rs in Sim1 or Oxt neurons was unable to alter female body weight at this age. On the other hand, the increased food intake seen in MC4RKO animals was rescued in tbMC4RSim1 but not tbMC4ROxt mice (p=0.018; Figure 6A). The reduced activity of MC4RKO mice was likewise rescued in tbMC4RSim1 but not tbMC4ROxt mice (Dark p=0.0008; Figures 6B, C). These findings largely confirm previously published information on these models (47–49, 65). It is probable that decreased calorie intake and increased expenditure through locomotion would eventually lead to a reduction in body weight compared to MC4RKO mice in tbMC4RSim1 animals.

The sexual behaviors of tbMC4RSim1 mice and tbMC4ROxt mice were assessed in comparison to mice carrying only the Sim1-cre or the Oxt-cre allele. As these two control groups did not differ significantly on any measure, their data were pooled. As shown in Figure 12A, approach behaviors did not differ among the cre controls, MC4RKO, and tbMC4RSim1 mice, although the MC4RKO group showed the lowest mean number. Interestingly, approaches were dramatically elevated in the tbMC4ROxt group, with 4 out of 7 animals showing more than 50 approaches toward the male during the recording period. Only 11.8% of cre control mice showed a rejection behavior (2 out of 17) compared to the 45.5% percent of MC4RKO mice previously seen. No tbMC4RSim1 females attempted to fight the male (0 of 7), while 25% of tbMC4ROxt females did so (2 out of 8). Aggressive mice displayed a range of approach frequencies from low to high (data not shown), suggesting social interest shown towards the male did not always translate into sexual interest. Mounting rates were consistent across all groups (Figure 12B). tbMC4RSim1 mice displayed a lordosis quotient that was consistent with that of cre controls and significantly higher than MC4RKO mice (Figure 12C, p=0.0079). This result indicates that expression of MC4R on Sim1 neurons alone is sufficient to permit normal lordosis behavior. In contrast, the lordosis quotient of tbMC4ROxt females was intermediate between that of the cre controls and MC4RKO mice, significantly different from neither (Figure 12C). Thus, expression of MC4R only on Oxt neurons appears to promote social and/or sexual interest while having a lesser impact on the promotion of lordosis.




Figure 12 | MC4R expression exclusively on Sim1 neurons resulted in a lordosis quotient comparable to the Sim1-cre control. Female approaches to the male (A), male mounts (B), and lordosis quotient (C) were compared between combined cre controls (n=17-18), MC4RKO (n=9-11), tbMC4RSim1 (n=7-8), and tbMC4ROxt mice (n=6-7). One-way ANOVA with Sidak’s multiple comparisons test was used for graphs A and C. Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 multiple comparisons test was used for graph B. Graph A, tbMC4ROxt vs Cre Controls (p=0.0003) and MC4RKO (p=0.0003) and tbMC4RSim1 (p=0.0017); Graph C, MC4RKO vs Cre Controls (p=0.0009) and tbMC4RSim1 (p=0.011) and tbMC4ROxt (p=0.069) *p<0.05; **p<0.01; ***p<0.001.







Discussion




Melanocortins and the female sexual response

The current study investigated the specific neurons involved in the effect of MC4R function on sexual behavior in female mice. To clarify the role of the MC4R, we used a mouse model in which MC4R transcription is blocked globally and assessed the effect on female sexual receptivity at 2 months of age. To the best of our knowledge, this is the first time that the sexual behavior of female MC4R null mice has been tested. We found that compared to littermate controls, female MC4R knockout mice showed less interest in the male and reduced sexual receptivity, as measured by a significantly decreased number of approach behaviors and reduced lordosis quotient respectively. These data add to the growing evidence that POMC neurons play an important role in sexual behavior and fertility. These results are also in accord with the ability of exogenous melanocortins to promote sexual behavior and function through the MC4R in many species including humans.

Potential sexual solicitation behaviors by female mice deserve more detailed study. Rat females show hops, darts, and ear wiggles to initiate mating by males (66). These proceptive behaviors are considered an indicator of sexual desire and motivation. We found that female mice on a C57BL/6J background do not display these behaviors but will repeatedly approach the male to sniff or touch his head or genital region. While this behavior can elicit mounting behavior by the male, we found that approach behaviors by the female account for less than 20% of the variance in frequency of mounting by the male. Further, we cannot conclude that this approach behavior necessarily indicates sexual interest rather than social interest, since some of the females showing high numbers of approaches also rejected mounting attempts by hitting or biting the male. It is also possible that the overall reduction in ambulation by MC4RKO mice impacted their frequency of approaching the male (although see discussion of the behavior of tbMC4Roxt mice below). Additional experimental designs used in rats to gauge female sexual motivation should be employed in future studies, such as social approach chambers comparing interest in intact and gonadectomized males, paced mating chambers, measurement of ultra-sonic vocalizations, conditioned place preference studies, or operant chambers to assess the number of nose pokes a female will exhibit to gain access to a male (67, 68).

The current study also revealed distinct roles of Sim1 and Oxt neurons in MC4R-dependent sexual behavior. Although expression of the MC4R solely on Sim1 neurons did not impact female investigation of the male, expression of the MC4R solely on oxytocin neurons significantly increased approaches by the female. Note that this effect occurred despite the reduced overall ambulatory activity of tbMC4Roxt mice, which remained similar to that of MC4RKO mice. This finding suggests that locomotion and approach frequency are not necessarily coupled. Melanocortin action on PVH oxytocin neurons in particular could promote social interest, since these neurons are activated during social interaction in females (44, 69) and PVH oxytocin neuron numbers correlate with sociability in female mice (70). Indeed, the effect of an MC4R agonist that promoted social approach behavior in male and female mice was blocked by prior administration of an oxytocin receptor antagonist (71). The levels of social investigation in the MC4ROxt mice were higher than in animals with normal MC4R expression in all neurons suggesting that MC4R signaling may simultaneously suppress proceptive behaviors by acting on other neuron types. This hypothesis remains to be tested. Nevertheless, these results point to a complex but cumulatively positive influence of melanocortins on the motivation to engage in social and/or sexual interaction.

Our finding that MC4R signaling can influence rates of lordosis contradicts findings in rats. Previous findings involving administration of melanotan-II (MTII) or bremelanotide to rats implicate melanocortins in female solicitation behaviors but not lordosis (28, 72). However, estradiol and progesterone-primed rats exhibited a 100% lordosis quotient even without bremelanotide administration, so the potential for that drug to promote lordosis in a behavioral estrus state could not be evaluated. Administration of MTII faced a similar ceiling effect with a lordosis quotient of 100% +/- 0 with the drug and 93% +/- 3.0 with saline (72). In our study, we used ovariectomized mice treated with estradiol and progesterone to induce behavioral estrus; approximately 60% of mountings led to assumption of a lordotic posture in WT mice under these conditions. We did not examine mice given estradiol alone, a state of low sexual receptivity. In rats treated with estrogen only, MTII had no effect on the lordosis quotient or female solicitations (72), although bremelanotide did increase female solicitations (28). Species differences or different effects of endogenous versus exogenous melanocortins may underlie these divergent results.

We also found distinct roles of Sim1 and Oxt neurons in the MC4R-dependent promotion of lordosis. The lordosis quotient was normalized in mice that expressed MC4R exclusively on Sim1 neurons, strongly suggesting a role for Sim1 neurons in MC4R-dependent sexual behavior. In contrast, the tbMC4ROxt mice exhibited lordosis behavior that was intermediate between MC4RKO and control mice and was statistically indistinguishable from that of controls. These results suggest that the MC4R-dependent sexual behavior mediated by Sim1 neurons may be only partially dependent on oxytocin expressing neurons. Lordosis is facilitated dramatically by administration of oxytocin in rats, and oxytocin receptors in the mPOA and VMH appear to facilitate the frequency and duration of lordosis, respectively (73). However, oxytocin receptor knockout studies in mice suggest that oxytocin action may not be necessary for lordosis (74). This idea is consistent with our finding that Sim1 neuron MC4R re-expression had a more profound impact on female sexual behavior. Thus, multiple neuronal pathways may contribute to the lordotic response promoted by melanocortins.





Obesity and sexual behavior

The MC4R is known to be involved in inducing satiety (75). Since MC4RKO mice exhibit obesity (47), we originally hypothesized that the metabolic effects of the absent MC4R might alter sexual behavior. However, weight-matched WT mice exhibited a lordosis quotient comparable to WT mice on a normal chow diet, implying that weight gain alone cannot explain the sexual deficit seen in MC4RKO mice. Indeed, tbMC4RSim1 mice and tbMC4ROxt mice exhibited obesity that was as severe as that of MC4RKO mice, although those mouse lines had increased interest in the male and/or a normal lordosis quotient. This finding suggests that the abnormal metabolic function in MC4RKO mice cannot explain the impaired sexual behavior. It is likely that separate sexual and obesity-related melanocortin pathways exist.

Interestingly, female tbMC4RSim1 mice did not have attenuated adiposity despite previous reports that ovary-intact, age-matched MC4R null females were heavier than tbMC4RSim1 females (47). Chronic loss of estradiol production by the ovaries is known to increase body weight (76). Furthermore, estrogen receptor α has been shown to mediate this weight gain partially through regulation of POMC neurons, the source of melanocortins (77). The MC4RKO mice did not have a significant increase in fat mass in the month following ovariectomy (data not shown), which further implicates melanocortins in the anorexic effects of estrogens.





The location of relevant melanocortin sensing neurons

Our findings raise the interesting question of where MC4R expressing Sim1 neurons that promote lordosis are located. Strong Sim1 expression is found throughout the PVH, the supraoptic (SON) and posterior (PH) hypothalamic nuclei, and the NLOT. NLOT is a little studied area involved with chemosensory processing mediated by the main and the accessory olfactory systems. Lesions of this area in male rats interfere with copulation and other behaviors dependent on olfactory identification of other animals (78). Scattered expression of Sim1 is also found in the medial and basomedial amygdala, bed nucleus of the stria terminalis, medial preoptic nucleus, and in anterior and lateral hypothalamic areas, ventromedial thalamic and ventral and medial premammilary nucleus, ventral periaqueductal gray (PAG), and ventrolateral PAG accessory area (47). Additional work will be needed to determine which of these population(s) of melanocortin-responsive Sim1 neurons are involved in the female sexual response.

The partial similarity in the impact of deletion of MC4Rs from Sim1 and oxytocin neurons on lordosis could reflect gene deletion in a subset of oxytocin-positive Sim1 neurons, although non-overlapping populations with similar reproductive functions may exist. For example, MC4Rs are clearly expressed by Sim-1 neurons in the PVH (47–49). The question of whether PVH oxytocin neurons are responsive to melanocortins, however, has been an area of contention. Melanocortins induce immediate early gene expression in 14-15% of PVH oxytocin neurons in the mouse (38, 79). However, IHC and ISHH studies in mice found only a small PVH oxytocin neuronal population with MC4R-positive neurons (2.4% ± 0.4%) (80, 81), which accords with our findings. The discrepancy may reflect interaction between PVH MC4R neurons and PVH oxytocin neurons. For example, it has been suggested that MC4R-expressing glutamatergic neurons in the PVH may synapse on and activate oxytocin neurons (48). Additionally, release of oxytocin by a small number of melanocortin-responsive oxytocin neurons in the PVH may have a strong excitatory effect on the activity of surrounding oxytocin neurons (82, 83). Another area containing potential overlap of oxytocin and MC4R neurons is the SON. In rats, the SON receives projections from pro-opiomelanocortin (POMC) neurons (84–86) and contains high levels of the MC4R (87, 88). Accordingly, α-MSH induces Fos expression in rat oxytocin neurons in the SON and dendritic release of oxytocin, but it inhibits their firing rate and axonal secretion (89). In mice, the SON was originally reported to be devoid of the MC4R (80). Others, however, have reported MC4R expression in the SON of mice (90). MC4R expression in this area, however, appeared to be limited in our mice. Another area containing potential overlap of oxytocin and MC4R neurons is the medial amygdaloid nucleus, which contains many MC4R cells (80). The medial amygdala is important in sexual behavior particularly for the processing and integration of olfactory cues. Indeed, we also found colocalization between MC4R and Sim1 in the medial amygdala by IHC, an observation supported by previous findings (47, 48). Future studies should address which population(s) of melanocortin-responsive oxytocin neurons impact sexual behavior.





Limitations

Our study has some important limitations. First, this study used mice with congenital deletion of the MC4R. It is possible that melanocortin circuits undergo rearrangement due to the lack of activation of the MC4R in some neurons, possibly altering the development of neural circuitry central to female sexual behavior. MC4R mRNA is first expressed at E12 in the neuroepithelium, the proliferative zone surrounding the lower portion of the third ventricle; thus, it is theoretically possible that the MC4R could be involved in hypothalamic neurogenesis (91). MC4R receptors are present and functional in the hypothalamus soon after birth (92), and could play a role in the development of neuronal projections in the hypothalamus, as has been shown for the Glp1R in Sim1 neurons (93). Another important consideration is that our findings are compatible with other neuropeptides and transmitters playing a key role in female sexual behavior independent of Sim1 circuitry. For example, kisspeptin neurons may play an important role in sexual motivation, including sexual preferences and lordosis (94). Kisspeptin neurons respond to melanocortins (95), suggesting they may function alongside or downstream of the circuits targeted in this study.






Conclusions

Overall, we have demonstrated that MC4Rs are necessary for female mice to show normal interest in males and to exhibit a robust lordotic response to mounting. Furthermore, Sim1 neurons or oxytocin neurons are sufficient to maintain the lordotic response when MC4Rs are deleted from all other cells of the brain. The impact of MC4R on sexual behavior appears to be independent of its impact on body weight, offering hope that drug therapies to treat metabolic syndrome in women can avoid triggering alterations in their sexual experiences. Conversely, future elucidation of this neurocircuitry has the potential to provide more specific targets for female sexual dysfunction.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

Author ES was involved in the conception of the project, carrying out the experiments, and writing the manuscript. Authors MH, TC, and JB contributed to collecting data for the experiments. Author BX performed RNAscope experiments for MC4RSim1 mice under the supervision of CL. Author AC was involved in the conception of the project, contributed to the experimental design, and assisted in carrying out experiments. MH and RR assisted with data analysis and visualization. Author JH supervised the entire project and she and MH edited the manuscript text. All authors contributed to the article and approved the submitted version.





Funding

This research was supported by R01HD081792 and R01HD104418 to JH.




Acknowledgments

We would like to acknowledge the University of Virginia Ligand Assay and Analysis Core for the analysis of LH/FSH serum concentrations, and the microscopy core at the University of Toledo.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Hayes, RD, Dennerstein, L, Bennett, CM, and Fairley, CK. What is the “true” prevalence of female sexual dysfunctions and does the way we assess these conditions have an impact? J Sex Med (2008) 5(4):777–87. doi: 10.1111/j.1743-6109.2007.00768.x

2. McCool, ME, Theurich, MA, and Apfelbacher, C. Prevalence and predictors of female sexual dysfunction: a protocol for a systematic review. Syst Rev (2014) 3:75. doi: 10.1186/2046-4053-3-75

3. Georgiadis, JR, and Kringelbach, ML. The human sexual response cycle: brain imaging evidence linking sex to other pleasures. Prog Neurobiol (2012) 98(1):49–81. doi: 10.1016/j.pneurobio.2012.05.004

4. Sungur, MZ, and Gunduz, A. A comparison of DSM-IV-TR and DSM-5 definitions for sexual dysfunctions: critiques and challenges. J Sex Med (2014) 11(2):364–73. doi: 10.1111/jsm.12379

5. Giraldi, A, Rellini, A, Pfaus, JG, Bitzer, J, Laan, E, Jannini, EA, et al. Questionnaires for assessment of female sexual dysfunction: a review and proposal for a standardized screener. J Sex Med (2011) 8(10):2681–706. doi: 10.1111/j.1743-6109.2011.02395.x

6. Basson, R, Berman, J, Burnett, A, Derogatis, L, Ferguson, D, Fourcroy, J, et al. Report of the international consensus development conference on female sexual dysfunction: definitions and classifications. J Urol (2000) 163(3):888–93. doi: 10.1016/S0022-5347(05)67828-7

7. Basson, R. Women’s sexual function and dysfunction: current uncertainties, future directions. Int J Impot Res (2008) 20(5):466–78. doi: 10.1038/ijir.2008.23

8. McCabe, MP, Sharlip, ID, Lewis, R, Atalla, E, Balon, R, Fisher, AD, et al. Incidence and prevalence of sexual dysfunction in women and men: A consensus statement from the fourth international consultation on sexual medicine 2015. J Sex Med (2016) 13(2):144–52. doi: 10.1016/j.jsxm.2015.12.034

9. Lewis, RW, Fugl-Meyer, KS, Corona, G, Hayes, RD, Laumann, EO, Moreira, ED Jr., et al. Definitions/epidemiology/risk factors for sexual dysfunction. J Sex Med (2010) 7(4 Pt 2):1598–607. doi: 10.1111/j.1743-6109.2010.01778.x

10. Shifren, JL, Monz, BU, Russo, PA, Segreti, A, and Johannes, CB. Sexual problems and distress in united states women: prevalence and correlates. Obstet Gynecol (2008) 112(5):970–8. doi: 10.1097/AOG.0b013e3181898cdb

11. Laumann, EO, Paik, A, and Rosen, RC. Sexual dysfunction in the united states: prevalence and predictors. Jama (1999) 281(6):537–44. doi: 10.1001/jama.281.6.537

12. Mitchell, KR, Mercer, CH, Ploubidis, GB, Jones, KG, Datta, J, Field, N, et al. Sexual function in Britain: findings from the third national survey of sexual attitudes and lifestyles (Natsal-3). Lancet (2013) 382(9907):1817–29. doi: 10.1016/S0140-6736(13)62366-1

13. Laumann, EO, Nicolosi, A, Glasser, DB, Paik, A, Gingell, C, Moreira, E, et al. Sexual problems among women and men aged 40-80 y: prevalence and correlates identified in the global study of sexual attitudes and behaviors. Int J Impot Res (2005) 17(1):39–57. doi: 10.1038/sj.ijir.3901250

14. Reis, SL, and Abdo, CH. Benefits and risks of testosterone treatment for hypoactive sexual desire disorder in women: a critical review of studies published in the decades preceding and succeeding the advent of phosphodiesterase type 5 inhibitors. Clinics (Sao Paulo) (2014) 69(4):294–303. doi: 10.6061/clinics/2014(04)11

15. Palacios, S. Hypoactive sexual desire disorder and current pharmacotherapeutic options in women. Womens Health (Lond) (2011) 7(1):95–107. doi: 10.2217/WHE.10.81

16. Meyer, P. [Testosterone therapy in female hypoactive sexual desire disorder]. Rev Med Suisse (2016) 12(510):540–3.

17. Wylie, K, and Malik, F. Review of drug treatment for female sexual dysfunction. Int J STD AIDS (2009) 20(10):671–4. doi: 10.1258/ijsa.2009.009206

18. Katz, M, DeRogatis, LR, Ackerman, R, Hedges, P, Lesko, L, Garcia, M Jr., et al. Efficacy of flibanserin in women with hypoactive sexual desire disorder: results from the BEGONIA trial. J Sex Med (2013) 10(7):1807–15. doi: 10.1111/jsm.12189

19. Gao, Z, Yang, D, Yu, L, and Cui, Y. Efficacy and safety of flibanserin in women with hypoactive sexual desire disorder: A systematic review and meta-analysis. J Sex Med (2015) 12(11):2095–104. doi: 10.1111/jsm.13037

20. Wilson, CA, Thody, AJ, and Everard, D. Effect of various ACTH analogs on lordosis behavior in the female rat. Horm Behav (1980) 13(3):293–300. doi: 10.1016/0018-506x(79)90046-1

21. Gonzalez, MI, Vaziri, S, and Wilson, CA. Behavioral effects of alpha-MSH and MCH after central administration in the female rat. Peptides (1996) 17(1):171–7. doi: 10.1016/0196-9781(95)02092-6

22. Gonzalez, MI, Celis, ME, Hole, DR, and Wilson, CA. Interaction of estradiol, alpha-melanotrophin and noradrenaline within the ventromedial nucleus in the control of female sexual-behavior. Neuroendocrinology (1993) 58(2):218–26. doi: 10.1159/000126536

23. Cragnolini, A, Scimonelli, T, Celis, ME, and Schioth, HB. The role of melanocortin receptors in sexual behavior in female rats. Neuropeptides (2000) 34(3-4):211–5. doi: 10.1054/npep.2000.0815

24. Nocetto, C, Cragnolini, AB, Schioth, HB, and Scimonelli, TN. Evidence that the effect of melanocortins on female sexual behavior in preoptic area is mediated by the MC3 receptor - participation of nitric oxide. Behav Brain Res (2004) 153(2):537–41. doi: 10.1016/j.bbr.2004.01.014

25. Scimonelli, T, Medina, F, Wilson, C, and Celis, ME. Interaction of alpha-melanotropin (alpha-MSH) and noradrenaline in the median eminence in the control of female sexual behavior. Peptides (2000) 21(2):219–23. doi: 10.1016/S0196-9781(99)00191-6

26. Tao, YX. The melanocortin-4 receptor: physiology, pharmacology, and pathophysiology. Endocr Rev (2010) 31(4):506–43. doi: 10.1210/er.2009-0037

27. Siljee, JE, Unmehopa, UA, Kalsbeek, A, Swaab, DF, Fliers, E, and Alkemade, A. Melanocortin 4 receptor distribution in the human hypothalamus. Eur J Endocrinol (2013) 168(3):361–9. doi: 10.1530/EJE-12-0750

28. Pfaus, JG, Shadiack, A, Van Soest, T, Tse, M, and Molinoff, P. Selective facilitation of sexual solicitation in the female rat by a melanocortin receptor agonist. Proc Natl Acad Sci U S A (2004) 101(27):10201–4. doi: 10.1073/pnas.0400491101

29. Diamond, LE, Earle, DC, Heiman, JR, Rosen, RC, Perelman, MA, and Harning, R. An effect on the subjective sexual response in premenopausal women with sexual arousal disorder by bremelanotide (PT-141), a melanocortin receptor agonist. J Sex Med (2006) 3(4):628–38. doi: 10.1111/j.1743-6109.2006.00268.x

30. Clayton, AH, Althof, SE, Kingsberg, S, DeRogatis, LR, Kroll, R, Goldstein, I, et al. Bremelanotide for female sexual dysfunctions in premenopausal women: a randomized, placebo-controlled dose-finding trial. Women’s Health (2016) 12(3):325–37. doi: 10.2217/whe-2016-0018

31. Uckert, S, Bannowsky, A, Albrecht, K, and Kuczyk, MA. Melanocortin receptor agonists in the treatment of male and female sexual dysfunctions: results from basic research and clinical studies. Expert Opin Investig Drugs (2014) 23(11):1477–83. doi: 10.1517/13543784.2014.934805

32. Lodise, NM. Hypoactive sexual desire disorder in women: treatment options beyond testosterone and approaches to communicating with patients on sexual health. Pharmacotherapy (2013) 33(4):411–21. doi: 10.1002/phar.1209

33. Safarinejad, MR. Evaluation of the safety and efficacy of bremelanotide, a melanocortin receptor agonist, in female subjects with arousal disorder: a double-blind placebo-controlled, fixed dose, randomized study. J Sexual Med (2008) 5(4):887–97. doi: 10.1111/j.1743-6109.2007.00698.x

34. Portman, DJ, Edelson, J, Jordan, R, Clayton, A, and Krychman, ML. Bremelanotide for hypoactive sexual desire disorder: Analyses from a phase 2B dose-ranging study. Obstet Gynecol (2014) 123:31S. doi: 10.1097/01.AOG.0000447299.24824.6b

35. Cranbury, NJ. Palatin technologies receives notice of allowance on bremelanotide methods of use patent for treatment of hypoactive sexual desire disorder in premenopausal women [press release]. Issuer Direct Corporation (2017) 2017. Available at: https://palatin.com/palatin-technologies-receives-notice-of-allowance-on-bremelanotide-methods-of-use-patent-for-treatment-of-hypoactive-sexual-desire-disorder-in-premenopausal-women/.

36. Kingsberg, S, Lucas, J, Jordan, R, and Spana, C. Efficacy of bremelanotide for hypoactive sexual desire disorder (Reconnect study). J Sexual Med (2017) 14(5):e335. doi: 10.1016/j.jsxm.2017.04.586

37. Mountjoy, KG. Distribution and function of melanocortin receptors within the brain. melanocortins: Multiple actions and therapeutic potential. Adv Exp Med Biol (2010) 681:29–48. doi: 10.1007/978-1-4419-6354-3_3

38. Kublaoui, BM, Gemelli, T, Tolson, KP, Wang, Y, and Zinn, AR. Oxytocin deficiency mediates hyperphagic obesity of Sim1 haploinsufficient mice. Mol Endocrinol (2008) 22(7):1723–34. doi: 10.1210/me.2008-0067

39. Xi, D, Gandhi, N, Lai, MZ, and Kublaoui, BM. Ablation of Sim1 neurons causes obesity through hyperphagia and reduced energy expenditure. PloS One (2012) 7(4):e36453. doi: 10.1371/journal.pone.0036453

40. Calcagnoli, F, de Boer, SF, Althaus, M, den Boer, JA, and Koolhaas, JM. Antiaggressive activity of central oxytocin in male rats. Psychopharmacology (2013) 229(4):639–51. doi: 10.1007/s00213-013-3124-7

41. Caldwell, JD, Johns, JM, Faggin, BM, Senger, MA, and Pedersen, CA. Infusion of an oxytocin antagonist into the medial preoptic area prior to progesterone inhibits sexual receptivity and increases rejection in female rats. Horm Behav (1994) 28(3):288–302. doi: 10.1006/hbeh.1994.1024

42. Dhakar, MB, Rich, ME, Reno, EL, Lee, HJ, and Caldwell, HK. Heightened aggressive behavior in mice with lifelong versus postweaning knockout of the oxytocin receptor. Horm Behav (2012) 62(1):86–92. doi: 10.1016/j.yhbeh.2012.05.007

43. Neumann, ID. Brain oxytocin: A key regulator of emotional and social behaviours in both females and males. J Neuroendocrinol (2008) 20(6):858–65. doi: 10.1111/j.1365-2826.2008.01726.x

44. Borrow, AP, and Cameron, NM. The role of oxytocin in mating and pregnancy. Horm Behav (2012) 61(3):266–76. doi: 10.1016/j.yhbeh.2011.11.001

45. Pfaus, JG. Pathways of sexual desire. J Sexual Med (2009) 6(6):1506–33. doi: 10.1111/j.1743-6109.2009.01309.x

46. Carmichael, MS, Humbert, R, Dixen, J, Palmisano, G, Greenleaf, W, and Davidson, JM. Plasma oxytocin increases in the human sexual response. J Clin Endocrinol Metab (1987) 64(1):27–31. doi: 10.1210/jcem-64-1-27

47. Balthasar, N, Dalgaard, LT, Lee, CE, Yu, J, Funahashi, H, Williams, T, et al. Divergence of melanocortin pathways in the control of food intake and energy expenditure. Cell (2005) 123(3):493–505. doi: 10.1016/j.cell.2005.08.035

48. Shah, BP, Vong, L, Olson, DP, Koda, S, Krashes, MJ, Ye, C, et al. MC4R-expressing glutamatergic neurons in the paraventricular hypothalamus regulate feeding and are synaptically connected to the parabrachial nucleus. Proc Natl Acad Sci U S A (2014) 111(36):13193–8. doi: 10.1073/pnas.1407843111

49. Xu, Y, Wu, Z, Sun, H, Zhu, Y, Kim, ER, Lowell, BB, et al. Glutamate mediates the function of melanocortin receptor 4 on Sim1 neurons in body weight regulation. Cell Metab (2013) 18(6):860–70. doi: 10.1016/j.cmet.2013.11.003

50. Semple, E, and Hill, JW. Sim1 neurons are sufficient for MC4R-mediated sexual function in Male mice. Endocrinology (2018) 159(1):439–49. doi: 10.1210/en.2017-00488

51. Semple, E, Shalabi, F, and Hill, JW. Oxytocin neurons enable melanocortin regulation of Male sexual function in mice. Mol Neurobiol (2019) 56(9):6310–23. doi: 10.1007/s12035-019-1514-5

52. Wu, Z, Xu, Y, Zhu, Y, Sutton, AK, Zhao, R, Lowell, BB, et al. An obligate role of oxytocin neurons in diet induced energy expenditure. PloS One (2012) 7(9):e45167. doi: 10.1371/journal.pone.0045167

53. Bakker, J, Honda, S, Harada, N, and Balthazart, J. The aromatase knock-out mouse provides new evidence that estradiol is required during development in the female for the expression of sociosexual behaviors in adulthood. J Neurosci (2002) 22(20):9104–12. doi: 10.1523/JNEUROSCI.22-20-09104.2002

54. Kudwa, AE, and Rissman, EF. Double oestrogen receptor alpha and beta knockout mice reveal differences in neural oestrogen-mediated progestin receptor induction and female sexual behaviour. J Neuroendocrinol (2003) 15(10):978–83. doi: 10.1046/j.1365-2826.2003.01089.x

55. Frye, CA, and Vongher, JM. Progesterone has rapid and membrane effects in the facilitation of female mouse sexual behavior. Brain Res (1999) 815(2):259–69. doi: 10.1016/S0006-8993(98)01132-9

56. Farmer, MA, Leja, A, Foxen-Craft, E, Chan, L, MacIntyre, LC, Niaki, T, et al. Pain reduces sexual motivation in female but not male mice. J Neurosci (2014) 34(17):5747–53. doi: 10.1523/JNEUROSCI.5337-13.2014

57. Huszar, D, Lynch, CA, Fairchild-Huntress, V, Dunmore, JH, Fang, Q, Berkemeier, LR, et al. Targeted disruption of the melanocortin-4 receptor results in obesity in mice. Cell (1997) 88(1):131–41. doi: 10.1016/S0092-8674(00)81865-6

58. Wu, TJ, Glucksman, MJ, Roberts, JL, and Mani, SK. Facilitation of lordosis in rats by a metabolite of luteinizing hormone releasing hormone. Endocrinology (2006) 147(5):2544–9. doi: 10.1210/en.2005-1646

59. Chen, X, Huang, L, Tan, HY, Li, H, Wan, Y, Cowley, M, et al. Deficient melanocortin-4 receptor causes abnormal reproductive neuroendocrine profile in female mice. Reproduction (2017) 153(3):267–76. doi: 10.1530/REP-16-0341

60. Xu, Y, Faulkner, LD, and Hill, JW. Cross-talk between metabolism and reproduction: The role of POMC and SF1 neurons. Front Endocrinol (Lausanne) (2011) 2:98. doi: 10.3389/fendo.2011.00098

61. Hill, JW, and Faulkner, LD. The role of the melanocortin system in metabolic disease: New developments and advances. Neuroendocrinology (2017) 104(4):330–46. doi: 10.1159/000450649

62. Surwit, RS, Kuhn, CM, Cochrane, C, McCubbin, JA, and Feinglos, MN. Diet-induced type II diabetes in C57BL/6J mice. Diabetes (1988) 37(9):1163–7. doi: 10.2337/diab.37.9.1163

63. Ste Marie, L, Miura, GI, Marsh, DJ, Yagaloff, K, and Palmiter, RD. A metabolic defect promotes obesity in mice lacking melanocortin-4 receptors. Proc Natl Acad Sci U S A (2000) 97(22):12339–44. doi: 10.1073/pnas.220409497

64. Mastinu, A, Premoli, M, Maccarinelli, G, Grilli, M, Memo, M, and Bonini, SA. Melanocortin 4 receptor stimulation improves social deficits in mice through oxytocin pathway. Neuropharmacology (2018) 133:366–74. doi: 10.1016/j.neuropharm.2018.02.007

65. Xu, Y, Jones, JE, Lauzon, DA, Anderson, JG, Balthasar, N, Heisler, LK, et al. A serotonin and melanocortin circuit mediates d-fenfluramine anorexia. J Neurosci (2010) 30(44):14630–4. doi: 10.1523/JNEUROSCI.5412-09.2010

66. Ventura-Aquino, E, and Fernandez-Guasti, A. Reduced proceptivity and sex-motivated behaviors in the female rat after repeated copulation in paced and non-paced mating: effect of changing the male. Physiol Behav (2013) 120:70–6. doi: 10.1016/j.physbeh.2013.07.006

67. Armas, M, Marin, G, Uriarte, N, and Agrati, D. Increase in sexual motivation throughout adolescence in the cycling female rat. Dev Psychobiol (2021) 63(6):e22162. doi: 10.1002/dev.22162

68. Cummings, JA, and Becker, JB. Quantitative assessment of female sexual motivation in the rat: Hormonal control of motivation. J Neurosci Methods (2012) 204(2):227–33. doi: 10.1016/j.jneumeth.2011.11.017

69. Neumann, ID. Stimuli and consequences of dendritic release of oxytocin within the brain. Biochem Soc T (2007) 35:1252–7. doi: 10.1042/BST0351252

70. Wei, F, Zhang, L, Ma, B, Li, W, Deng, X, Zheng, T, et al. Oxytocin system driven by experiences modifies social recognition and neuron morphology in female BALB/c mice. Peptides (2021) 146:170659. doi: 10.1016/j.peptides.2021.170659

71. Penagarikano, O, Lazaro, MT, Lu, XH, Gordon, A, Dong, H, Lam, HA, et al. Exogenous and evoked oxytocin restores social behavior in the Cntnap2 mouse model of autism. Sci Transl Med (2015) 7(271):271ra8. doi: 10.1126/scitranslmed.3010257

72. Rossler, AS, Pfaus, JG, Kia, HK, Bernabe, J, Alexandre, L, and Giuliano, F. The melanocortin agonist, melanotan II, enhances proceptive sexual behaviors in the female rat. Pharmacol Biochem Behav (2006) 85(3):514–21. doi: 10.1016/j.pbb.2006.09.023

73. Schulze, HG, and Gorzalka, BB. Oxytocin effects on lordosis frequency and lordosis duration following infusion into the medial pre-optic area and ventromedial hypothalamus of female rats. Neuropeptides (1991) 18(2):99–106. doi: 10.1016/0143-4179(91)90008-7

74. Lee, HJ, Caldwell, HK, Macbeth, AH, and Young, WS 3rd. Behavioural studies using temporal and spatial inactivation of the oxytocin receptor. Prog Brain Res (2008) 170:73–7. doi: 10.1016/S0079-6123(08)00407-X

75. Adan, RA, Tiesjema, B, Hillebrand, JJ, la Fleur, SE, Kas, MJ, and de Krom, M. The MC4 receptor and control of appetite. Br J Pharmacol (2006) 149(7):815–27. doi: 10.1038/sj.bjp.0706929

76. Brown, L, and Clegg, D. Central effects of estradiol in the regulation of adiposity. J Steroid Biochem Mol Biol (2010) 122(1-3):65–73. doi: 10.1016/j.jsbmb.2009.12.005

77. Xu, Y, Nedungadi, TP, Zhu, L, Sobhani, N, Irani, BG, Davis, KE, et al. Distinct hypothalamic neurons mediate estrogenic effects on energy homeostasis and reproduction. Cell Metab (2011) 14(4):453–65. doi: 10.1016/j.cmet.2011.08.009

78. Vaz, RP, Cardoso, A, Sa, SI, Pereira, PA, and Madeira, MD. The integrity of the nucleus of the lateral olfactory tract is essential for the normal functioning of the olfactory system. Brain Struct Funct (2017) 222(8):3615–37. doi: 10.1007/s00429-017-1422-2

79. Pei, H, Sutton, AK, Burnett, KH, Fuller, PM, and Olson, DP. AVP neurons in the paraventricular nucleus of the hypothalamus regulate feeding. Mol Metab (2014) 3(2):209–15. doi: 10.1016/j.molmet.2013.12.006

80. Liu, H, Kishi, T, Roseberry, AG, Cai, X, Lee, CE, Montez, JM, et al. Transgenic mice expressing green fluorescent protein under the control of the melanocortin-4 receptor promoter. J Neurosci (2003) 23(18):7143–54. doi: 10.1523/JNEUROSCI.23-18-07143.2003

81. Li, C, Navarrete, J, Liang-Guallpa, J, Lu, C, Funderburk, SC, Chang, RB, et al. Defined paraventricular hypothalamic populations exhibit differential responses to food contingent on caloric state. Cell Metab (2019) 29(3):681–94 e5. doi: 10.1016/j.cmet.2018.10.016

82. Morris, JF, and Ludwig, M. Magnocellular dendrites: prototypic receiver/transmitters. J Neuroendocrinol (2004) 16(4):403–8. doi: 10.1111/j.0953-8194.2004.01182.x

83. Moos, F, and Richard, P. Paraventricular and supraoptic bursting oxytocin cells in rat are locally regulated by oxytocin and functionally related. J Physiol (1989) 408:1–18. doi: 10.1113/jphysiol.1989.sp017442

84. Douglas, AJ, Bicknell, RJ, Leng, G, Russell, JA, and Meddle, SL. Beta-endorphin cells in the arcuate nucleus: projections to the supraoptic nucleus and changes in expression during pregnancy and parturition. J Neuroendocrinol (2002) 14(10):768–77. doi: 10.1046/j.1365-2826.2002.00837.x

85. Sawchenko, PE, Swanson, LW, and Joseph, SA. The distribution and cells of origin of ACTH(1-39)-stained varicosities in the paraventricular and supraoptic nuclei. Brain Res (1982) 232(2):365–74. doi: 10.1016/0006-8993(82)90280-3

86. Leng, G, Yamashita, H, Dyball, RE, and Bunting, R. Electrophysiological evidence for a projection from the arcuate nucleus to the supraoptic nucleus. Neurosci Lett (1988) 89(2):146–51. doi: 10.1016/0304-3940(88)90371-0

87. Mountjoy, KG, Mortrud, MT, Low, MJ, Simerly, RB, and Cone, RD. Localization of the melanocortin-4 receptor (MC4-r) in neuroendocrine and autonomic control circuits in the brain. Mol Endocrinol (Baltimore Md) (1994) 8(10):1298–308. doi: 10.1210/mend.8.10.7854347

88. Kishi, T, Aschkenasi, CJ, Lee, CE, Mountjoy, KG, Saper, CB, and Elmquist, JK. Expression of melanocortin 4 receptor mRNA in the central nervous system of the rat. J Comp Neurol (2003) 457(3):213–35. doi: 10.1002/cne.10454

89. Sabatier, N, Caquineau, C, Dayanithi, G, Bull, P, Douglas, AJ, Guan, XM, et al. Alpha-melanocyte-stimulating hormone stimulates oxytocin release from the dendrites of hypothalamic neurons while inhibiting oxytocin release from their terminals in the neurohypophysis. J Neurosci (2003) 23(32):10351–8. doi: 10.1523/JNEUROSCI.23-32-10351.2003

90. Nyamugenda, E, Griffin, H, Russell, S, Cooney, KA, Kowalczyk, NS, Islam, I, et al. Selective survival of Sim1/MC4R neurons in diet-induced obesity. iScience (2020) 23(5):101114. doi: 10.1016/j.isci.2020.101114

91. Bouret, SG. Developmental programming of hypothalamic melanocortin circuits. Exp Mol Med (2022) 54(4):403–13. doi: 10.1038/s12276-021-00625-8

92. Glavas, MM, Joachim, SE, Draper, SJ, Smith, MS, and Grove, KL. Melanocortinergic activation by melanotan II inhibits feeding and increases uncoupling protein 1 messenger ribonucleic acid in the developing rat. Endocrinology (2007) 148(7):3279–87. doi: 10.1210/en.2007-0184

93. Rozo, AV, Babu, DA, Suen, PA, Groff, DN, Seeley, RJ, Simmons, RA, et al. Neonatal GLP1R activation limits adult adiposity by durably altering hypothalamic architecture. Mol Metab (2017) 6(7):748–59. doi: 10.1016/j.molmet.2017.05.006

94. Hellier, V, Brock, O, Candlish, M, Desroziers, E, Aoki, M, Mayer, C, et al. Female sexual behavior in mice is controlled by kisspeptin neurons. Nat Commun (2018) 9(1):400. doi: 10.1038/s41467-017-02797-2

95. Talbi, R, Leon, S, Gerutshang, A, Maguire, C, McCarthy, E, Dischino, D, et al. OR06-1 Melanocortins act on Kiss1 neurons to regulate reproduction in females. J Endocr Soc (2019) 3(Suppl 1):OR06-1. doi: 10.1210/js.2019-OR06-1




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Semple, Harberson, Xu, Rashleigh, Cartwright, Braun, Custer, Liu and Hill. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-983670-g002.jpg
A

Paraventricular Nucleus (PVH) Supraoptic Nucleus (SON)

Tg(Sim1-Cre) _Tg(S_im 1-Cre; Mc4r-TB) .T9 (Sim 1-Cre) Tg(Sim1-Cre; Mc4r-TB)

od

-

Nucleus of the Lateral Olfactory Tract .
(NLOT) Medial Amygdala (MeA)
Tg(Sim1-Cre) = -.. o Tg(Sirp1-Cre,‘_'Mc4r-4TB,)__ Tg(Sim1-Cre) : .A ' Tg(Sim1-Cre; Mc4r-TB)

b e s

B

Medial Amygdala (MeA)

Sim1-cre (Td-Tomato) Overlay






OEBPS/Images/fendo-14-983670-g010.jpg
* % Xk

%k % %k

(6) 3ybrap





OEBPS/Images/fendo-14-983670-g004.jpg
Overview

3 .






OEBPS/Images/fendo-14-983670-g012.jpg
%k % Xk

sayoeoiddy Jo #





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Melanocortin 4 receptor signaling in Sim1 neurons permits sexual receptivity in female mice

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Animal production and care

          



          		

            Sexual behavior studies

          



          		

            Metabolic testing

          



          		

            Anxiety-like behaviors

          



          		

            Diet-induced obesity

          



          		

            Serum hormone concentrations

          



          		

            In situ hybridization

          



          		

            Immunohistochemistry

          



          		

            Statistical analysis

          



        



        



        		

          Results

        



        		

          Discussion

        

          		

            Melanocortins and the female sexual response

          



          		

            Obesity and sexual behavior

          



          		

            The location of relevant melanocortin sensing neurons

          



          		

            Limitations

          



        



        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-14-983670-g006.jpg
Light

(6) @xe3u) pooy

MC4RKO
-0~ tbMC4R™

[=] (=} [=}
o (=} (=3
o (=} o
o~ N -
(syea1q weaq sixe x)
AuAnoy Aiojejnquiy

24

18

12
Hour

Dark

Light

% %k k

> 3000

[=]
[=
o
o

1ApaY Alojeinquiy






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2023.983670_cover.jpg
& frontiers | Frontiers in Endocrinology

Melanocortin 4 receptor signaling in Sim1
neurons permits sexual receptivity in female
mice





OEBPS/Images/fendo-14-983670-g008.jpg
(=] o o o o o o o o o o o o o o o
(=] © < N o o o o o -] 0 < N
O (s) 49juan aAea 03 Aouaje] ® © - o -
w pasiaAel] saxog jo # - pasiaAel] saxog Jajuad Jo #

* *
o o o o o
< (2] o -
m  J9jua) uljuadg awij % w - SaLIuUT IBJUd) JO #
*
*
o o o o o o o [Te] o (o] o w o
o 0 © < N (] N N - -
=]
s)a||ad |ed94 Jo
< (s) saxog Jajuan ul awi o 19118d |89 JO # © Siedy Jo #





OEBPS/Images/fendo-14-983670-g003.jpg
Paraventricular Nucleus (PVH) Supraoptic Nucleus (SON)

MC4RKO MC4RKO

1 MC4RKO MC4RKO

200 um 400 um






OEBPS/Images/fendo-14-983670-g001.jpg
Weight (g)

o o =] o o
© © < o~

O %) usponp sisopion

< (B) 3ubBiap





OEBPS/Images/fendo-14-983670-g011.jpg
A
80007 pay Night
6000 N -:- ) .

VO2 (ml/h/kg
N B
o o
S S

o

300

200

100

Fasting Glucose (mg/dL)

o

WT MC4RKO

@

1.5

-
o

RER (VCO,/VO,)
o
[3,]

0.0

Glucose (mg/dL)

30

40000

60
Time (min)

20

120





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-14-983670-g005.jpg
o o o o
e = 0
SJUNO JO # a (%) Juanonp sisopio-]

P<0.0016
150

* R?=0.1889
100

* %k

50
# of Solicitations

o
g 8 & ¢ ° g 8 8 8 =°
N - -~
sayoeo.iddy jo #

o SJUNO JO #






OEBPS/Images/fendo-14-983670-g007.jpg
o (=3 o o

-

o (Aw/Bu) Hs4 wnisg

= T 2 W oo W o
N - « o o

< w/Bu) H1 wniag





OEBPS/Images/fendo-14-983670-g009.jpg
O  saljug way uadQ jo #

- o =) o o o
0 © < N

m  WJy paso|) ul awl] %,

5 0 5 0 5 0
N N L L

< way uadQ ul awl] 9,





