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            Abstract
Oestrogen depletion in rodents and humans leads to inactivity, fat accumulation and diabetes1,2, underscoring the conserved metabolic benefits of oestrogen that inevitably decrease with age. In rodents, the preovulatory surge in 17Î²-oestradiol (E2) temporarily increases energy expenditure to coordinate increased physical activity with peak sexual receptivity. Here we report that a subset of oestrogen-sensitive neurons in the ventrolateral ventromedial hypothalamic nucleus (VMHvl)3,4,5,6,7 projects to arousal centres in the hippocampus and hindbrain, and enables oestrogen to rebalance energy allocation in female mice. Surges in E2 increase melanocortin-4 receptor (MC4R) signalling in these VMHvl neurons by directly recruiting oestrogen receptor-Î± (ERÎ±) to the Mc4r gene. Sedentary behaviour and obesity in oestrogen-depleted female mice were reversed after chemogenetic stimulation of VMHvl neurons expressing both MC4R andÂ ERÎ±. Similarly, a long-term increase in physical activity is observed after CRISPR-mediated activation of this node. These data extend the effect of MC4R signalling â€” the most common cause of monogenic human obesity8 â€” beyond the regulation of food intake and rationalize reported sex differences in melanocortin signalling, including greater disease severity of MC4R insufficiency in women9. This hormone-dependent node illuminates the power of oestrogen during the reproductive cycle in motivating behaviour and maintaining an active lifestyleÂ in women.
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                    Fig. 1: VMHvl neurons are sensitive to oestrogen and maintain energy expenditure in adult female mice.[image: ]


Fig. 2: VMHvlMC4R neurons are a molecularly and anatomically distinct subset of VMHvlERÎ± neurons.[image: ]


Fig. 3: VMHvlMC4R neurons control physical activity levels and when stimulated reverse inactivity and hypometabolism in obese OVX female mice.[image: ]


Fig. 4: Sex-specific role for MC4R signalling in the VMHvl can be bypassed using CRISPRa.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 VMHvlERÎ±KO does not affect energy intake or physical activity during the light phase but does decrease iBAT thermogenic gene expression.
a, Representative image of a successful hit confirmed post-mortem by loss of ERÎ± expression (red) in the VMHvl (white arrow) with corresponding expression of GFP driven by the AAV2-Cre viral vector. Scale bars, 100 â€‰Âµm.Â b, Food intake and X-ambulatoryÂ parameters obtained in light period for VMHvlErÎ±KOÂ (nÂ =Â 10) and ARCERÎ±KO (nÂ =Â 12)Â female cohorts compared to controls (nâ€‰=â€‰7Â andÂ 5). c, d, Equivalent fat mass in VMHvlERÎ±KO (nÂ =Â 9), ARCERÎ±KO (nÂ =Â 11), and control (nÂ =Â 7 and 6) (c) and oxygen consumption rates in VMHvlERÎ±KO (nÂ =Â 12), ARCERÎ±KO (nÂ =Â 11), and control (nÂ =Â 6 and 6)Â (d) female mice measured by EchoMRI and indirect calorimetry in CLAMS, respectively. e, Quantification of BAT thermogenic gene expression levels by qPCR in VMHvlERÎ±KO (nâ€‰=â€‰6), ARCERÎ±KO (nâ€‰=â€‰7), and control (nâ€‰=â€‰6Â andÂ 3) female mice (VMHvlERÎ±KO Ucp1: unpaired two-tailedÂ Student's t-test, t9â€‰=â€‰2.599, Pâ€‰=â€‰0.0288).


Extended Data Fig. 2 Induction of pS6 and Mc4r in the VMHvl depends on oestrogen signalling through ERÎ±.
a, Immunofluorescence microscopy images of ERÎ± and pS6(S244/S247) in the VMHvl (left panels) and ARC (right panels) of Esr1fl/fl and OVX female mice 4â€‰h post oestradiol benzoate treatment. b, Immunofluorescence microscopy images of ERÎ± (red) and pS6(S244/S247) (green) in the VMHvl in conditional knockout (Esr1Nkx2-1Cre) 4OVX female mice following 4â€‰h after oestradiol benzoate treatment. c, Immunofluorescence microscopy images of ERÎ± (red) and pS6(S244/S247) (green) in the VMHvl of intact adult male mice following 4â€‰h post vehicle or oestradiol benzoate treatment. Bar graph to the right shows increased number of pS6(S244/S247)-positive neurons in the VMHvl of male mice after oestradiol benzoate treatment as done for OVX female mice (unpaired two-tailed t-test, t6â€‰=â€‰8.569, Pâ€‰=â€‰0.0001). d, Mammalian Phenotype Ontology terms most significantly enriched and top five significantly enriched Reactome Pathways among DEGs in the VMHvl (vehicle versus oestradiol benzoate). e, qPCR analysis of the indicated target genes in VMHvl from oestrus female mice, proestrus female mice, and male mice; data points represent values from individual mice (one-way ANOVA Nmur2: F2,15â€‰=â€‰8.469, Pâ€‰=â€‰0.0035, post hoc: oestrus (E) versus proestrus (P) Pâ€‰=â€‰0.0454, proestrus versus male Pâ€‰=â€‰0.0030, and oestrus versus male Pâ€‰=â€‰0.1438; Esr1: F2,11â€‰=â€‰10.18, Pâ€‰=â€‰0.0031, post hoc: oestrus versus proestrus Pâ€‰=â€‰0.1650, proestrus versus male Pâ€‰=â€‰0.0374, and oestrus versus male Pâ€‰=â€‰0.0033). Holmâ€“Å idÃ¡k multiple comparisonsÂ test. f, Mc4r expression levels in VMHvl from OVX oestradiol-benzoate-treated (nâ€‰=â€‰6) female mice normalized to vehicle treatment (nâ€‰=â€‰3) (unpaired two-tailed Student'sÂ t-test t6â€‰=â€‰6.519, Pâ€‰=â€‰0.0006). g, ISH showing Mc4r expression (red arrows) in the VMHvl of an oestrus female, a proestrus female, and an intact male. h, Representative ISH (Mc4r, red arrows) and immunofluorescent (pS6, yellow arrows) staining in the VMHvl (dashed circle) from OVX female mice treated with vehicle for 4â€‰h, oestradiol benzoate for 2â€‰h, or oestradiol benzoate for 4â€‰h. i, Full size images showing bilateral expression of Mc4r and Rprm in intact female mice staged for oestrus and proestrus. Rprm expression is unchanged in both oestrous stages. Data presented as box plots (see Fig. 1c legend for description). Micrographs are representative of data from 5 mice.


Extended Data Fig. 3 ERÎ±-binding sites in oestradiol-benzoate-sensitive target genes contain conserved ERE consensus sequences.
CUT&RUN CPM-normalized coverage track showing oestradiol-benzoate-specific ERÎ± binding sites containing EREs (pink boxes) within the Greb1 locus (a; 3/3 replicates) and Pgr locus (b; 3/3 replicates), and in the Mc4r promoter (c; 1 of 3 replicates) in 400,000 sub-cortical brain nuclei collected from vehicle and oestradiol benzoate (5â€‰Âµg) treated gonadectomized mice. Below each track the location and sequence conservation of full (a, b) ERE and half (c) SP1/ERE consensus sites in target gene loci indicated by pink and green boxes. d, e, Location and sequence conservation of ERE consensus sites within Mc4r and Nmur2 loci corresponding to ERÎ± binding sites presented in FigÂ 1g. For all panels the genomic intervals containing ERE/SP1 sites are located within the ERÎ± binding sites identified by CUT&RUN.


Extended Data Fig. 4 Limited induction of Mc4r expression in the MeA by ERÎ± signalling, and additional neuroanatomical targets of VMHvlMC4R neurons.
a, Representative coronal brain images of Ai14Mc4r female mice stained for ERÎ± (green) and Ai14 (magenta) in the MeA used for quantification shown in FigÂ 2a. b, Additional ISH comparing Mc4r induction in the VMHvl and MEA in oestrus and proestrus female mice. c, Representative mYFP reporter expression in additional neuroanatomical regions. Scale bars, 200â€‰Âµm. d, Heat map from Fig. 2d rearranged to compare VMHvlMC4R and VMHvlERÎ± projection intensity in target regions along the anterior-posterior axis. e, VMHvlMC4R projections to the PAG preferentially target the PAGdl/l and PAGdm. Scale bars, 200â€‰Âµm.


Extended Data Fig. 5 VMHvlMC4R neurons function specifically to drive physical activity.
a, Distance travelled over time in female and male mice following a single injection of CNO (repeated-measures two-way ANOVA interaction effect female: F39,312â€‰=â€‰11.96, Pâ€‰<â€‰0.0001; male: F39,312â€‰=â€‰6.898, Pâ€‰<â€‰0.0001).Â Holmâ€“Å idÃ¡k multiple comparisonsÂ test.Â b, Total time spent immobile in intact female and male VMHvlCreâˆ’ controls (nâ€‰=â€‰5/4) and VMHvlMC4R::hM3Dq mice (nâ€‰=â€‰5/5) (repeated-measures two-way ANOVA female interaction effect F1,8â€‰=â€‰33.89, Pâ€‰=â€‰0.0004, post hoc Pâ€‰<â€‰0.0001 and male interaction effect F1,8â€‰=â€‰96.79, Pâ€‰=â€‰0.0005, post hoc Pâ€‰<â€‰0.0001). Holmâ€“Å idÃ¡k multiple comparisonsÂ test.Â c, Thermal imaging of BAT surface temperatures for VMHvlCreâˆ’ (left mouse) and VMHvlMC4R:: hM3Dq (right mouse) female mice treated with CL-316,243. d, No differences were observed in Ucp1 mRNA in the BAT from VMHvlCreâˆ’ and VMHvlMC4R::hM3Dq mice collected 1.5â€‰h after a single CNO injection. e, Body weights for female VMHvlCreâˆ’ (nâ€‰=â€‰5) and VMHvlMC4R::hM3Dq (nâ€‰=â€‰6, baseline measurement includes 1 mouse with mistargeted injection) mice prior to glucose tolerance test (GTT). f, GTT glucose levels for intact female cohorts treated with saline or CNOÂ and total area under the curve (AUC) (unpaired two-tailed Student'sÂ t-test t8â€‰=â€‰2.824, Pâ€‰=â€‰0.0223). g, Body weight normalized food consumption in female mice (nâ€‰=â€‰5/5) following Sal/CNO injection during light dark period (ZT12â€“ZT17) (repeated-measures two-way ANOVA Dark period interaction effect F1,8â€‰=â€‰3.502, Pâ€‰=â€‰0.0982, post hoc Pâ€‰=â€‰0.0489). Holmâ€“Å idÃ¡k multiple comparisonsÂ test.Â h, Sustained physical activity increase across light/dark periods in VMHvlMC4R::hM3Dq (nâ€‰=â€‰5) female mice administered CNO-H2O as compared to VMHvlCreâˆ’ female mice (nâ€‰=â€‰5) or during exposure to plain drinking water (H2O). i, j, Cumulative distance travelled (i) and number of rearing events (j) during light/dark periods following administration of CNO or water during the light stage (i repeated-measures two-way ANOVA F1,8â€‰=â€‰15.8, Pâ€‰=â€‰0.0041, post hoc Pâ€‰=â€‰0.0006 and j, repeated-measures two-way ANOVA F1,8â€‰=â€‰15.8, Pâ€‰=â€‰0.0041, post hoc Pâ€‰=â€‰0.0006). Holmâ€“Å idÃ¡k multiple comparisonsÂ test.Â k, Starting body weights and weight change during continuous administration of CNO-H2O for intact female mice. l, ERÎ± and mCherry expression in the VMHvl following targeted injection of Cre-dependent AAV-hM4Di-mCherry into a female Mc4r-t2a-cre mouse. m, Number of rearing episodes during the dark period in VMHvlMC4R::hM4Di (nâ€‰=â€‰8) and VMHvlCreâˆ’ (nâ€‰=â€‰4) intact female mice following administration of plain or DCZ-laden drinking water. Data are meanâ€‰Â±â€‰s.e.m. or box plots (described in Fig. 1c legend).


Extended Data Fig. 6 Increased physical activity and improvement in metabolic health markers in OVX VMHvlMC4R::hM3Dq female mice in response to acute and chronic CNO.
a, Distance travelled over time in OVX female VMHvlCreâˆ’ (nâ€‰=â€‰5) and VMHvlMC4R::hM3Dq (nâ€‰=â€‰5) mice during administration of plain H2O or CNO-H2O (repeated-measures two-way ANOVA interaction effect F11,88â€‰=â€‰5.265, Pâ€‰<â€‰0.0001). b, Total dark period rearing events in intact and OVX female mice administered plain H2O or CNO-H2O drinking water (repeated-measures two-way ANOVA interaction effect F1,8â€‰=â€‰60.31, Pâ€‰<â€‰0.0001 post hoc Pâ€‰<â€‰0.0001). c, Body weights (repeated-measures two-way ANOVA time effect F2,24â€‰=â€‰49.51, Pâ€‰<â€‰0.0001; genotype effect F2,24â€‰=â€‰33.50, Pâ€‰<â€‰0.0001) and fasting glucose levels (repeated-measures two-way ANOVA time effect F2,26â€‰=â€‰6.456, Pâ€‰=â€‰0.0053; genotype effect F1,26â€‰=â€‰10.11, Pâ€‰=â€‰0.0038) in female mice after OVX and subsequent HFD feeding. d, Blood glucose (left) and AUC (right) during ITT in chow-fed OVX female mice following 6-hour fast and saline/CNO treatment. e, Blood glucose (left, repeated-measures two-way ANOVA interaction effect F1,8â€‰=â€‰7.791, Pâ€‰=â€‰0.0235, post hoc: VMHvlMC4R::hM3Dq saline versus CNO, T15 Pâ€‰=â€‰0.0009 and T60 Pâ€‰=â€‰0.0318) and AUC (right, repeated-measures ANOVA with mixed-effects model, note: one cre+ female with missed injection was included in saline but not CNO treated groups, interaction effect F1,8â€‰=â€‰7.791, Pâ€‰=â€‰0.0235, post hoc: VMHvlMC4R::hM3Dq saline versus CNO Pâ€‰=â€‰0.0007) values during 90 min ITT test on HFD-fed OVX female mice performed 6 hours post fasting and post injection with saline or CNO. f, Blood glucose levels following a 6â€‰h fast in OVX female mice maintained on Chow/HFD following a single saline or CNO injection (repeated-measures ANOVA with mixed-effects model, note: one cre+ female with missed injection was included in saline but not CNO treated groups, Chow: treatment effect F1,17â€‰=â€‰5.038, Pâ€‰=â€‰0.0384, post hoc Pâ€‰=â€‰0.0179; and HFD: interaction effect F1,17â€‰=â€‰20.47, Pâ€‰=â€‰0.0019, post hoc Pâ€‰=â€‰0.0073). g, Percentage change in body weight in HFD-fed OVX female mice (nâ€‰=â€‰5/5) continuously administered CNO-laden drinking water (repeated-measures two-way ANOVA interaction effect F7,64â€‰=â€‰4.583, Pâ€‰=â€‰0.0003. h, Fasting blood glucose levels in OVX/HFD mice before and after 8 days of chronic CNO (repeated-measures ANOVA with mixed-effects model, note: one cre+ female with missed injection was included in saline but not CNO treated groups, interaction effect F1,17â€‰=â€‰5.180, Pâ€‰=â€‰0.0361 post hoc: VMHvlMC4R::hM3Dq Pre versus Post Pâ€‰=â€‰0.0156). i, Plasma cholesterol levels before (Pre) and after (Post) 8 days of continuous CNO-H2O exposure (repeated-measures ANOVA with mixed-effects model, note: one cre+ female with missed injection was included in saline- but not CNO-treated groups, interaction effect F1,8â€‰=â€‰5.502, Pâ€‰=â€‰0.0470, post hoc Pâ€‰=â€‰0.0203). j, Average daily food intake during 8 days of continuous CNO-H2O exposure (points represent separate daily measurements of average consumption per mouse). Data are meanâ€‰Â±â€‰s.e.m. or box plots (described in Fig. 1c legend). aâ€“h, ANOVA withÂ Holmâ€“Å idÃ¡k multiple comparisons test.


Extended Data Fig. 7 Additional metabolic and expression data for conditional Mc4r-rescue mice.
a, FOS expression (arrows) in the VMHvl and PVH of female mice treated with oestradiol benzoateâ€‰Â±â€‰MT-II. b, FOS+ cells in oestradiol benzoateâ€‰+â€‰MT-II (nâ€‰=â€‰5) compared to vehicle (Veh)â€‰+â€‰MT-II (nâ€‰=â€‰3, **Pâ€‰=â€‰0.0037) and oestradiol benzoateâ€‰+â€‰vehicle (nâ€‰=â€‰4, **Pâ€‰=â€‰0.0046) treated female mice (one-way ANOVA F2,9â€‰=â€‰14.00, Pâ€‰=â€‰0.0017). c, Mc4r and Sf1 expression patterns from Genotype-Tissue Expression Project intersect specifically in the hypothalamus (blue arrows) and not in peripheral tissues (red arrows). Transcripts/million (TPM) expression presented as box plots with centre line at median, box edges are 25th and 75th percentiles, and whiskers are 1.5x interquartile range. d, Equivalent body weights within cohorts of female and male Mc4r+/+, Mc4rloxTB and Mc4rSf1-cre mice at weaning. e, Percentage lean (one-way ANOVA F2,31â€‰=â€‰101.4, Pâ€‰<â€‰0.0001, post hoc: Mc4r+/+ versus Mc4rloxTB Pâ€‰<â€‰0.0001, Mc4r+/+ versus Mc4rSf1-cre Pâ€‰<â€‰0.0001, and Mc4rSf1-cre versus Mc4rloxTB Pâ€‰=â€‰0.0720) and % fat (one-way ANOVA F2,31â€‰=â€‰104.2, Pâ€‰<â€‰0.0001, post hoc: Mc4r+/+ versus Mc4rloxTB Pâ€‰<â€‰0.0001, Mc4r+/+ versus Mc4rSf1-cre Pâ€‰<â€‰0.0001, and Mc4rSf1-cre versus Mc4rloxTB P=0.0769) body composition analysis (EchoMRI) in adult female mice of each genotype. f, Oxygen consumption (VO2) as a function of body weight in adult female mice. g, Body weights in 13-week-old Mc4r+/+, Mc4rloxTB, and Mc4rSf1-cre female mice (one-way ANOVA F2,32â€‰=â€‰226.6, post hoc: Mc4r+/+ versus Mc4rloxTB Pâ€‰<â€‰0.0001, Mc4r+/+ versus Mc4rSf1-cre Pâ€‰<â€‰0.0001, and Mc4rSf1-cre versus Mc4rloxTB P=0.0029). Data presented as meanâ€‰Â±â€‰s.e.m. or scatterplots of values from individual mice.Â Number of mice analysed are indicated onÂ each bar. Â b, d-g,Â Holmâ€“Å idÃ¡k multiple comparisons test.


Extended Data Fig. 8 Expression and physical activity levels in male and female Mc4rCRISPRa mice.
a, mCherry expression in Mc4rCRISPRa female hypothalamus. b, Fluorescent ISH images from Mc4rCRISPRa female (left) and male (right) showing Esr1 and Mc4r expression. Images are reproducedÂ and expanded from Fig. 4g to show limited induction of Mc4r outside of the VMHvl target region. c, Dark phase (ZT12â€“ZT24) physical activity levels (distance per 12â€‰h) as a function of Mc4r or mCherry mRNA expression in microdissected VMHvl from control and Mc4rCRISPRa female mice. d, Home-cage activity in Mc4rCRISPRa (nâ€‰=â€‰4) and control (nâ€‰=â€‰3) male mice. e, Time spent immobile during the 12 hour dark phase in control and Mc4rCRISPRa female (unpaired two-tailedÂ Student's t-test, t9â€‰=â€‰2.015, Pâ€‰=â€‰0.0747) and male Mc4rCRISPRa mice (see Fig. 4 for number of mice per group) (unpaired two-tailed Student'sÂ t-test, t5â€‰=â€‰3.245, Pâ€‰=â€‰0.0228). f, Mc4rCRISPRa (nâ€‰=â€‰6) and control (nâ€‰=â€‰7) female body weights during ad lib feeding. g, Normalized daily food intake in Mc4rCRISPRa (nâ€‰=â€‰6) and control (nâ€‰=â€‰7) female mice (unpaired two-tailedÂ Student's t-test, t11â€‰=â€‰2.409, *Pâ€‰=â€‰0.0347). h, BAT surface temperatures in female control (nâ€‰=â€‰4) and Mc4rCRISPRa (nâ€‰=â€‰5) mice, repeated measurements at 30- and 60-min post-anaesthesia. i, Cortical bone thickness for female cohorts (unpaired two-tailed t-test, t6â€‰=â€‰2.957, Pâ€‰=â€‰0.0254). j, Body weights in control (nâ€‰=â€‰4) and Mc4rCRISPRa (nâ€‰=â€‰6) female mice at wk 9 and at wk 17 after eight weeks of OVX. k, Distance travelled over 24 hours in OVX control and OVX Mc4rCRISPRa compared to intact female mice (blue). l, Total dark phase distance in intact (nâ€‰=â€‰5), OVX control (nâ€‰=â€‰7), and OVX Mc4rCRISPRa (nâ€‰=â€‰8) female mice. Data are presented as scatterplots of values from individual mice, meanâ€‰Â±â€‰s.e.m., or as box plots (described in the legend of Fig. 1c).


Extended Data Table 1 Brain region abbreviationsFull size table


Extended Data Table 2 Statistical tests and resultsFull size table





Supplementary information
Supplementary Video 1
CNO administered in the drinking water stimulates VMHvlMC4R neurons to increase physical activity. Video recording of VMHvlMC4R::hM3dq (top) and VMHvlCreâˆ’ (bottom) female mice following addition of CNO-laden drinking water (0.25â€‰mgâ€‰mlâˆ’1) during the inactive, lights-on period. Recordings have been sped up 20Ã—.
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