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UnravelaDynamicNeuropilRemodeling inLeptin-Induced
and Typical Pubertal Transition in Female Mice

Xingfa Han,1,2 Laura L. Burger,1 David Garcia-Galiano,1 Seokmin Sim,1 Susan J. Allen,1 David P. Olson,1,3

Martin G. Myers, Jr.,1,4 and Carol F. Elias1,5,6,*

SUMMARY

Epidemiological and genome-wide association studies (GWAS) have shown high
correlation between childhood obesity and advance in puberty. Early age at
menarche is associated with a series of morbidities, including breast cancer, car-
diovascular diseases, type 2 diabetes, and obesity. The adipocyte hormone leptin
signals the amount of fat stores to the neuroendocrine reproductive axis via
direct actions in the brain. Using mouse genetics, we and others have identified
the hypothalamic ventral premammillary nucleus (PMv) and the agouti-related
protein (AgRP) neurons in the arcuate nucleus (Arc) as primary targets of leptin
action in pubertal maturation. However, the molecular mechanisms underlying
leptin’s effects remain unknown. Here we assessed changes in the PMv and Arc
transcriptional program during leptin-stimulated and typical pubertal develop-
ment using overlapping analysis of bulk RNA sequecing, TRAP sequencing, and
the published database. Our findings demonstrate that dynamic somatodendritic
remodeling and extracellular space organization underlie leptin-induced and
typical pubertal maturation in female mice.

INTRODUCTION

Puberty is an intricate physiological process regarded as the transition from childhood to sexual maturity

that develops in a defined period of time (Plant, 2015; Sisk and Foster, 2004; Terasawa and Fernandez, 2001;

Wood et al., 2019). It begins with increased activity of the hypothalamic-pituitary-gonadal (HPG) axis

induced by stimulation of gonadotropin-releasing hormone (GnRH) neurons (Han et al., 2005; Plant,

2015; Sisk and Foster, 2004). In women, the first menstrual bleeding (menarche) defines the end of pubertal

development, the initiation of adult life, and the ability to reproduce. The timing of pubertal development

varies among individuals of the same sex, ranging from 8 to 13 years of age in girls and 9 to 14 years in boys.

In recent decades, however, increasing occurrence of earlier sexual maturation in girls and, on a small scale

also in boys, has been documented (Biro et al., 2006; Herman-Giddens et al., 1997; Kaplowitz et al., 2001;

Lee et al., 2010; Walvoord, 2010). These findings have become a matter of intense debate and concern due

to the association of earlier ages at puberty with increased prevalence of childhood obesity and adverse

consequences in adult life (Ahmed et al., 2009; Biro et al., 2006; Burt Solorzano and McCartney, 2010;

Ong et al., 2006; Shalitin and Kiess, 2017;Walvoord, 2010). Premature pubertal development in girls is asso-

ciated with a series of adult morbidities including breast cancer, cardiovascular diseases, type 2 diabetes,

and obesity (Berkey et al., 1999; Cheng et al., 2020; Day et al., 2015, 2017; Lakshman et al., 2008; Petridou

et al., 1996; Petry et al., 2018). The molecular mechanisms and the cross talk between metabolism and pu-

bertal development are not fully understood, but tissue- and/or cell-specific genome-wide association

studies (GTEx, GWAS projects) have identified the brain as the main site of genetic enrichment of tran-

scripts with roles in age at menarche and/or obesity susceptibility (Day et al., 2017; Locke et al., 2015).

Leptin is a key metabolic cue for sexual maturation and reproductive function. It signals the amount of

stored energy in adipocytes to the neuroendocrine reproductive axis (Barash et al., 1996; Chehab et al.,

1996; Clement et al., 1998; Donato et al., 2011; Egan et al., 2017; Farooqi et al., 2002). Humans and mice

with dysfunctional leptin (LEP/Lep) or leptin receptor (LEPR/Lepr) genes are obese and fail to enter puberty

(Barash et al., 1996; Chehab et al., 1996; Clement et al., 1998; Farooqi et al., 2002). Leptin administration to

leptin-deficient subjects restores pubertal development (Barash et al., 1996; Chehab et al., 1996; Farooqi
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et al., 2002). In wild-type juvenile rodents, paradigms of induced high adiposity (small litter size) or

increased leptin levels advance puberty (Ahima et al., 1997; Castellano et al., 2011; Kennedy and Mitra,

1963; Yura et al., 2000). The primary effects of leptin are exerted via direct actions in the brain (Cohen

et al., 2001; de Luca et al., 2005). Specifically, conditional deletion or re-expression of endogenous Lepr

gene in mice identified the hypothalamic ventral premammillary nucleus (PMv) and the agouti-related pep-

tide (AgRP) neurons in the arcuate nucleus (Arc) as key targets of leptin action in pubertal development

(Donato et al., 2011; Egan et al., 2017; Padilla et al., 2017). However, the molecular mechanisms associated

with obesity-induced early puberty remain to be fully elucidated.

In this study, we assessed changes in the transcriptional program of the PMv and Arc in response to leptin in

leptin-deficient mice and during typical pubertal maturation in wild-type females. Tissue blocks containing

the posterior aspect of the mediobasal hypothalamus, where PMv and Arc neurons are abundant, and mi-

cro punches individually targeting each nucleus were harvested. We further assessed the actively tran-

scribed genes in cells directly responsive to leptin (i.e., those expressing the leptin receptor long form

or LepRb) during pubertal maturation. Transcripts in LepRb cells were isolated by translating ribosome af-

finity purification (TRAP) (Allison et al., 2015; Burger et al., 2018). Microdissected hypothalamic tissue and

TRAP-isolated transcripts were subjected to RNA sequencing (RNA-seq). Through independent and over-

lapping analyses of the RNA-seq data, we identified candidate genes in hypothalamic nuclei associated

with leptin-induced and typical pubertal development.

RESULTS AND DISCUSSION

Transcriptional Changes in the Posterior Mediobasal Hypothalamus in Response to

Exogenous Leptin

To identify genes linking leptin and pubertal development in hypothalamic neurons, we performed tran-

scriptomic analysis of the posterior mediobasal hypothalamus (MBHp) (containing both PMv and Arc neu-

rons, reference images 75–77 in the Allen Mouse Brain Atlas, mouse.brain-map.org/static/atlas) of leptin-

deficient ob/ob (Lepob) females treated with either saline (named Lepob) or leptin (named Lepob + leptin)

compared with wild-type mice in diestrus treated with saline (WT), twice daily (n = 4/group). Only normally

cycling WT mice were used. After euthanasia, uterine weight was measured to confirm diestrus (<100 mg).

After 2 days of leptin treatment (twice daily, total of 2.5 mg/g/day), food intake and body weight of Lepob +

leptin mice were substantially decreased (Figures S1A and S1B) and mice with clear vaginal opening

(external sign of puberty onset) were euthanized. One hour after the last leptin or saline injection, a hypo-

thalamic block containing both the PMv and the Arc (MBHp; Figure 1A) was harvested for RNA extraction

and RNA-seq analysis. Hierarchical clustering comparing patterns of gene expression showed that Lepob

and Lepob + leptin mice were closely related (Figure 1B), indicating that short-term leptin treatment,

although sufficient for puberty onset, did not restore the full array of leptin-regulated genes.

Pairwise comparison among groups revealed 688 differentially expressed genes (DEGs, Figure 1C; see

Transparent Methods for criteria). Of those, 562 DEGs were identified between Lepob and WT mice (Fig-

ure 1C), of which 450 (80%) were upregulated and 112 (20%) were downregulated in Lepob mice (Figure S1C

and Table S1). Well-described leptin-regulated and/or energy balance-associated genes were detected:

e.g., Agrp, Npy, Pmch, and Nr5a1 (Sf1) were higher and Atf3 was reduced in Lepob mice (Allison et al.,

2018; Elias et al., 1999; Elias and Purohit, 2013; Qu et al., 1996; Schwartz et al., 1996, 1998).

To gain mechanistic insights, DEGs were further assembled into gene ontology (GO) subcategories:

biological process (BP), cellular component (CC), molecular function (MF), and KEGG pathways (Table

S1). Comparing the MBHp of Lepob and WT, DEGs were annotated into a series of GO terms in all subcat-

egories (Figures S1D and S1E; Table S1). Overall, downregulated DEGs were annotated into neurogenesis

and axon development (BP), neuregulin binding (MF), and estrogen signaling pathways (KEGG). Upregu-

lated DEGs were annotated into cell communication, transport, reproductive function, morphogenesis,

and growth. They were primarily associated with extracellular compartment (e.g., Adamts4, Abi3bp,

Col22a1, Col5a3, Col6a1, Col6a2, Lamb3, Lamc2, Anxa1, Omd) and plasma membrane and were involved

in transmembrane transport, protein dimerization, receptor binding (e.g., Ramp3, Ccr5, Prokr2, Adab2,

Gpr4, Mc3r, Gpr88, Slc6a3), PI3K pathway (Pik3c2b, Cdkn1a, Sgk3), focal adhesion, extracellular matrix-re-

ceptor interaction (Adamts18, Cd46, Fgl2, Prkcd, Tfrc, Shh), and protein processing. A number of these

DEGs have been described in GWAS longitudinal studies or rodent transcriptome analyses focused on

sexual development and idiopathic hypogonadotropic hypogonadism, e.g., Prokr2, Mc3r, Six6, Adcy28,
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Fezf1, Nr5a1, Nr4a2, Inhba, Ddc, Anxa1, and Trmt11 (Day et al., 2017; Hou et al., 2017; Topaloglu, 2017).

Similarities with GWAS data on age at menarche were also noticed in pathway analyses, such as neuronal

development and PI3K signaling (Day et al., 2017).

Following 2 days of leptin administration, the expression of 333 DEGs in Lepob females recovered to WT

levels, which we refer to as recovered DEGs (rDEGs, Table S1). The rDEGs are genes whose expressions

between Lepob and WT (G1.5fc, q < 0.05) were not different from those seen between WT and Lepob +

leptin. Functional enrichment analysis using VLAD showed that the rDEGs were primarily annotated to

developmental process, anatomical structure development/morphogenesis, cell differentiation/develop-

ment/proliferation, reproductive process, ion transport and vascular development (e.g., Shh, Wnt7a, Ser-

pine1, C2, Vwf, Igfbp2, Eln and, Cpa4). The rDEGs were mainly observed in the extracellular compartment,

membrane-bounded vesicle, and plasma membrane (e.g., Adamts4, Col1a2, Col5a3, Ptk2b, Ramp3,

Shisa8, and Omd) and were associated with ion, receptor and DNA binding, and transmembrane

Figure 1. Transcriptional Changes in the Posterior Mediobasal Hypothalamus (MBHp) in Response to Exogenous Leptin

(A) Illustration of experimental groups. Mice were divided into three groups (n = 4/group): wild-type diestrous treated with intraperitoneal (i.p.) saline (WT)

and leptin-deficient females treated with i.p. saline (Lepob) or i.p. leptin (Lepob + leptin). After 4 injections of leptin, twice daily, puberty onset was observed.

Mice were euthanized 1 h after the last saline or leptin injection. The MBHp was micro-dissected and collected for RNA-seq.

(B) Hierarchical clustering of differentially expressed genes (DEGs) across groups

(C) Venn diagram showing number of DEGs comparing groups.

(D) Recovered DEGs (rDEGs) associated with reproduction and/or development processes (gene ontology/GO terms 0000003 and 0032502, respectively).

‘‘rDEGs undefined’’ are selected genes whose expression was not recovered when PMv and Arc were individually analyzed.

(E) rDEGs are genes with recovered expression in PMv or Arc following leptin administration.

(F) ‘‘rDEGs undefined’’ are selected genes whose expression was not recovered when PMv and Arc were individually analyzed.

One-way ANOVA followed by Tukey’s test were used. a, b, and c: different superscripts indicate p < 0.05. Scale bar: 400 mm. See also Figure S1 and Table S1.
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transporter activity (MF). Using KEGG analysis, we found that the rDEGs were annotated to extracellular

matrix-receptor interaction, protein digestion and absorption, GnRH, and estrogen signaling (Figures

S1F and S1G and Table S1). About 35% of the rDEGs were associated with reproduction and/or develop-

ment process (Figure 1D). Because the Lepob + leptin mice showed puberty onset right before euthanasia,

we predict a subset of the rDEGs are downstream targets of leptin’s facilitatory action in pubertal devel-

opment and obesity-induced early puberty.

To validate our findings, the choice of cutoff values for differences, and to define whether rDEGs were part

of the PMv or Arc transcriptome, we performed qPCR inmicro punches of PMv and Arc frommice subjected

to the same experimental design (i.e., WT, Lepob, Lepob + leptin). We selected a group of genes that were

associated with reproductive and developmental processes, showed full recovery after leptin treatment,

have not been previously described, and did not show high differences in fragments per kilobase of

exon model per million reads mapped (FPKM) or fold changes (Figure 1D). Most of the selected genes

showed recovered expression (rDEGs) in the PMv (e.g., Shh, Wnt7a, Gipr, Ccl17, Shox2, Zglp1, and

Pla2g3) and a few in the Arc (e.g., Rbp4 and Zbtb16; Figure 1E). Several rDEGs were expressed in both

nuclei (e.g., Lhx9, Cd46, Nanos2, Pdim3, and Nr4a2). In those cases, potentially due to regulation in oppo-

site directions, we were unable to detect differences when PMv and Arc were individually analyzed by qPCR

(Figure 1F).

PMv and Arc LepRb Cell-Specific Transcriptional Changes Induced by Short-Term Leptin

Treatment

LepRb neurons comprise only a subset of all cells in both PMv and Arc (Campbell et al., 2017; Cravo et al.,

2013; Lam et al., 2017; Leshan et al., 2009). Thus, changes of gene expression in cells other than LepRb neu-

rons may have masked changes in key transcripts directly associated with leptin action. To determine tran-

scriptional changes in neurons directly targeted by leptin, we harvested RNA from LepRb cells by TRAP

(Heiman et al., 2014) and performed RNA-seq (TRAP-seq). The LepRbeGFP�L10a mice, which express a

chimeric L10a ribosomal subunit fused to enhanced green fluorescent protein (eGFP-L10a), allow for

eGFP immunoprecipitation of ribosomes with associated mRNAs specifically from LepRb neurons (Allison

et al., 2015, 2018). This strategy enables the identification of actively transcribed mRNAs derived from PMv

or Arc LepRb neurons in response to leptin administration. Lepob_LepRbeGFP�L10a mice were treated with

vehicle (saline) or leptin as described previously, with the exception that tissue was collected by micro

punches and LepRb cell-specific RNA was isolated by TRAP (Figure 2A). WT_LepRbeGFP�L10a diestrous fe-

males treated with saline were used as control. Much the same as before, four injections of leptin (2 days) to

Lepob females decreased body weight and induced puberty onset (vaginal opening). One hour after the

last leptin or saline injection, PMv and Arc micro punches were collected from 12 mice per group. Six

PMvmicro punches (bilateral) and three Arc micro punches (midline) from threemice were pooled together

comprising one biological replicate for a total of four biological replicates/group (Figure 2A). Taqman

qPCR was used to assess LeprmRNA enrichment in LepRb-enhanced versus LepRb-depleted RNAs before

RNA-seq as an initial quality control. Enrichment of Lepr in TRAP mRNA from LepRb-enhanced samples

was detected (Figure 2B; fold enrichment = 6.66G 0.33 for PMv and 4.56G 0.15 for Arc), similar to previous

report using hypothalamic blocks (Allison et al., 2015). Hierarchical clustering analysis showed a clear

segregation between actively translated genes in the PMv and Arc LepRb neurons (Figure 2C), revealing

a functional dissociation between PMv and Arc, as previously suggested (Donato et al., 2011; Egan

et al., 2017).

As an additional control, enrichment analysis was performed comparing data from a published database

using TRAP-seq and the same mouse line (i.e., LepRbeGFP�L10a Lepob versus LepRbeGFP�L10a WT) (Allison

et al., 2015, 2018). LepRb-enriched genes (beads FPKM/supernatant FPKM >1.5 = 1.5fc) were compiled

and matched with the present data. The actively transcribed genes in LepRb neurons between experi-

mental groups and both hypothalamic nuclei (PMv and Arc) were obtained using the same criteria as before

(G1.5fc, q < 0.05).

In PMv LepRb neurons, 154 differentially expressed genes (TRAP_DEGs) were identified comparing Lepob

and WT females (Figure 2D), of which 37 (24%) were upregulated and 117 (76%) were downregulated in

Lepob mice (Figure S2A and Table S2). Enrichment analysis narrowed those numbers down to 84 LepRb-en-

riched DEGs, 10 upregulated (12%) and 74 downregulated (88%) in Lepob mice (Figure 2E). The upregu-

lated TRAP_DEGs in the PMv of Lepob mice were mainly associated with cell development and adhesion
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Figure 2. PMv and Arc LepRb Cell-Specific Transcriptional Changes Induced by Short-Term Leptin Treatment

(A) LepRb eGFP-L10a mice were divided into three groups: diestrous females treated with i.p. saline (WT) and Lepob

females treated with i.p. saline (Lepob) or i.p. leptin (Lepob + leptin). Mice were euthanized 1 h after the last saline or leptin

injections. PMv (left and right sides) and Arc (median line) were collected by micro punches (1.25 mm diameter) of

individual mouse brains and LepRb_TRAP genes were subjected to RNA-seq. GFP fluorescence (green) shows the dense

distribution of LepRb neurons in the PMv and Arc.

(B) Enrichment fold of Lepr in individual samples was used as control.

(C) Heatmap showing DEGs across treatment groups.

(D, F, and G) Venn diagrams showing number of DEGs comparing treatment groups in LepRb PMv (D) and Arc (G)

neurons, and the number of recovered DEGs (rDEGs) in both nuclei (F).

(E and H) Enriched rDEGs in PMv (E) and Arc (H).

(I) Single (a and b) and dual (c and d) label immunofluorescence showing VWF immunoreactivity in endothelia of blood

vessels (bv) in the brain parenchyma (a–c) and in the base of the brain (d). Blood vessels were labeled with anti-laminin in

red, and VWF-ir was labeled in green (in a, c, and d). In b, GFP autofluorescence was visualized in green and VWF-ir in red.

Arrow indicates a LepRb eGFP-L10a cell (GFP autofluorescence).

(J) rDEGs in both nuclei.

Scale bars: 400 mm in (A); 200 mm in (Ia), and 50 mm in (Ib, Ic, and Id). See Figures S2–S4 and Tables S2 and S3.
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(e.g., Gja4, Bcam, Cldn5), intracellular signal transduction, and tissue remodeling. The downregulated

TRAP_DEGs were clustered into cell communication, protein folding and assembly, hormone secretion,

neuropeptide signaling (e.g., Tac1, Nms, Npvf, Scg5, Nts), mRNA processing, and oxidative phosphoryla-

tion (e.g.,Ndufaf2,Ndufaf6,Ndufc1, Uqcrb) (Table S2). TRAP_DEGs were commonly observed in the extra-

cellular space, neuron projection, and somatodendritic compartment, and were associated with receptor

and protein binding and hormone activity (e.g., Cryab, Fbxo2, Flna, Nptx2, Nts, Rbm3, Rgs11, Snca, Tac1,

Txn1, Vgf). KEGG pathways analysis showed that upregulated DEGs were selectively annotated into focal

adhesion (e.g., Vwf, Cav2, Flna, Myl9), whereas downregulated DEGs were predominantly annotated into

spliceosome, oxidative phosphorylation, protein processing in the endoplasmic reticulum (ER) (e.g., Pfdn1,

Hspe1, Pfdn4, Chordc1, Hspa5), and protein export (Table S2). Several of the PMv DEGs have been

described in GWAS and transcriptome studies associated with reproductive control, e.g., Tac1, Pin4,

Tbca, and Fezf1 (Day et al., 2017; Hou et al., 2017; Maguire et al., 2017; Simavli et al., 2015).

Following leptin administration, the expression patterns of 87 DEGs (56.5% of total 154) and 42 LepRb-en-

riched DEGs (50% of 84) in the PMv of Lepob females were similar to that seen in WT mice (TRAP_rDEGs,

Figures 2E, 2F, and S2B). They were assembled into regulation of cell communication and development,

nervous system development, neurogenesis, response to hormone, morphogenesis, protein folding, cyto-

skeleton organization, and secretion (Table S2). They were annotated into extracellular region, neuron pro-

jection, somatodendritic compartment, membrane-bounded and extracellular vesicles (CC), receptor and

protein binding, hormone activity, and unfolded protein binding (MF). KEGG pathway analysis highlighted

protein processing in the ER (Figures S2C and S2E; Table S2). As observed in previous experiments, only

part of the DEGs in Lepob mice was recovered to WT levels (rDEGs). Because puberty onset was observed

in leptin-treated Lepob mice, we predict that the rDEGs are those preferentially associated with leptin ac-

tion in pubertal maturation and obesity-induced advance in puberty.

In Arc LepRb neurons, 209 TRAP_DEGs were identified between Lepob and WT mice (Figures 2G); 38.8%

were greater in Lepob and 61.2% were greater inWT females (or downregulated in Lepob; Figure S3A; Table

S3). LepRb enrichment analysis showed that 87 DEGs were enriched in Arc_LepRb neurons (Figure 2H). The

downregulated TRAP_DEGs in Lepob were predominantly annotated into signal transduction, hormone

and neuropeptide signaling (e.g., Cartpt, Pomc, Gal, Kiss1, Tac2, Npvf, Pdyn, Adcyap1, Gfra1), develop-

mental process, neurogenesis, anatomical structure morphogenesis, protein kinase activity, and blood cir-

culation. They were mostly assembled into extracellular region, neuron projections, somatodendritic

compartment, and signaling receptor. The upregulated TRAP_DEGs were mainly categorized into

morphogenesis, vasculogenesis (e.g., Apold1, Gja4, Flna, Vwf) and cell motility (e.g., Acta1, Flt1, Egfl7,

Trpm4) (Table S3), cytoskeleton, and extracellular space, and were associated with protein heterodimeri-

zation and peptidase inhibitor activity. KEGG pathways analysis assembled the upregulated TRAP_DEGs

into protein processing in ER adipokine, MAPK, and prolactin signaling, whereas the downregulated

TRAP_DEGs were mainly annotated to leukocyte trans-endothelial migration (Table S3).

In the Arc, the expression of 147 DEGs (70% of 209) and 55 LepRb-enriched DEGs (63% of 87) in Lepob fe-

males reached the WT levels after leptin treatment (rDEGs; Figures 2F and S3B). The TRAP_rDEGs were

mainly annotated into regulation of cell communication, carbohydrate derivative metabolism, hormone

transport and secretion, and blood circulation (e.g., Sox18, Egfl7, Thy1, and Vwf). The Vwf gene is part

of endothelial cells transcriptome (Yamamoto et al., 1998) and has been consistently found in LepRb

cell-specific TRAP-seq (Figure 2I) (Allison et al., 2018). Sporadic LepRb GFP-labeled cells were observed

in the adjacencies of blood vessels (Figure 2I), but single-cell RNA-seq has indicated that Vwf is also ex-

pressed by neurons (Zeisel et al., 2018). Further studies will be necessary to assess if Vwf is expressed in

LepRb neurons or whether the data result from endothelial cell contamination of the TRAP procedure.

Either way, Vwf is regulated by acute leptin actions and may be associated with vasculogenesis during pu-

bertal maturation.

Arc TRAP_rDEGs were enriched in the soma, axon, cell junction, and somatodendritic compartment, and

in hormone activity and kinase and receptor binding (Figures S3C–S3E). KEGG pathway analysis shows

that these acute TRAP_rDEGs were notably enriched in protein processing in ER(Figures S3C–S3E; Table

S3). Several of the Arc rDEGs have been described in GWAS and transcriptome studies associated

with reproductive control, e.g., Tac1 and Tac2, Kiss1, Nr4a2, Pin4, Fndc3b, Gpr83, and Nedd1 (Day

et al., 2017; Hou et al., 2017; Maguire et al., 2017; Simavli et al., 2015).
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We found seven leptin-responsive TRAP_rDEGs expressed in both PMv and Arc (Figures 2F and 2J), of

which four were higher following leptin treatment (WT; Tac1, Trh, Hsph1, and Gch1) and three were higher

in the absence of leptin (Lepob; Rbm3, Myl9, and Slc6a6). Of those, Tac1, Gch1, and Rbm3 were previously

described to be enriched in hypothalamic LepRb neurons (Allison et al., 2015, 2018). A number of described

genes highly expressed and regulated by leptin in LepRb neurons were also identified as TRAP_DEGs or

TRAP_rDEGs, e.g., Pomc, Agrp, Npy, Cartpt, Socs3, Nts, and Ghrh (Ahima et al., 1999; Allison et al.,

2015, 2018; Mizuno and Mobbs, 1999), indicating the efficiency of TRAP-seq to detect LepRb-specific

transcripts.

The LepRb triggers cellular responses through several molecular pathways (Bates et al., 2003; Elias and Pur-

ohit, 2013; Morris and Rui, 2009; Myers et al., 2008; Singireddy et al., 2013). The JAK-STAT signaling via

phosphorylation of signal transducer and activator of transcription 3 and 5 (pSTAT3 or pSTAT5) is well

described. Using CiiiDER software (Gearing et al., 2019) we searched for DEGs in LepRb neurons with po-

tential binding sites for pSTAT3 and pSTAT5. Promoter regions spanning 1,500 bp upstream and 500 bp

downstream of the transcription start site were identified. Both PMv and Arc showed a series of DEGs

with putative pSTAT3 and pSTAT5 binding sequences. Enrichment analysis using 1,000 genes with no

expression changes (fold change = 0) as background identified several statistically enriched genes only

for pSTAT5 binding in the PMv LepRb neurons, e.g., Ctss, Gpr88, Hhatl, Hsph1, Phyhd1, Rbm3, Tgm2,

Trh, and Nptx2. Due to the small number of genes with STAT3- or STAT5-binding sites, we predict that

most of leptin’s effect in the reproductive axis is attained by alternative signaling pathways, such as PI3K

(Day et al., 2017; Garcia-Galiano et al., 2017). This is in agreement with previous studies suggesting that

JAK-STAT signaling has only minor effects in mediating leptin’s action in reproductive physiology (Bates

et al., 2003; Bjornholm et al., 2007; Singireddy et al., 2013).

To further validate and assess the specificity of both RNA-seq data, rDEGs in MBHp and leptin-induced

TRAP_DEGs in PMv and Arc LepRb neurons, we performed overlapping analysis with previously identified

genes (2,736) enriched in LepRb-expressing cells (Allison et al., 2015, 2018). We found that 133 of 562 DEGs

in the MBHp transcriptome were LepRb-enriched genes. Of them, 68 were rDEGs (Figure S4A).

Comparing previously identified hypothalamic transcripts that are both LepRb neuron enriched and leptin

regulated (364) in MBHp, we found that 17 (e.g., Rbm3, Vwf, Ccl17, Rbp4, Bst1, Lamc2, Cpa4, Ghsr, Fgl2,

Fosl2, Atf3, and Prokr2) were acutely regulated by leptin (Figure S4B). In PMv LepRb neurons 13 (e.g.,

Rbm3, Vwf, Gch1, Tac1, Cldn5, Rgs2, Llph, and Dnaja1) were both LepRb cell enriched and acutely regu-

lated by leptin. In Arc LepRb neurons 19 (e.g., Rbm3, Gch1, Tac1, Ghrh, Irs4, Stat3, Irf9, Bcl3, Ly6a, Nts,

and Serpina3h) were both LepRb-neuron-enriched and leptin-regulated genes (Allison et al., 2018). This

comparative analysis, although informative, should be interpreted with caution as methodological differ-

ences are apparent. For instance, previous studies have used one leptin injection and transcript enrichment

comparing RNA levels in immunoprecipitated versus supernatant, whereas we have used four leptin injec-

tions comparing immunoprecipitated across treatment groups. Thus, it is possible that four leptin injec-

tions may have induced the expression of genes undetected in previous studies. Because we have not per-

formed a direct enrichment analysis, we used only genes described in a published database known to be

enriched in LepRb neurons. Further studies will be necessary to validate the enrichment of genes in LepRb

neurons not previously described.

We also identified 13 TRAP_DEGs in Arc LepRb neurons reported to be expressed in AgRP neurons and to

be regulated by fasting (Henry et al., 2015). Of those, Rbm3, Hs3st1,Gch1,Nts, Irf9, and Plagl1 were LepRb

neuron enriched and acutely regulated by leptin (Figure S4C) (Allison et al., 2015, 2018). Due to the role of

AgRP neurons in the metabolic control of pubertal development (Egan et al., 2017; Padilla et al., 2017), we

postulate those DEGs have key roles in obesity (leptin)-induced advance in puberty.

PMv and Arc Transcriptional Changes during Pubertal Transition in Wild-Type Female Mice

To dissociate the metabolic and reproductive effects of leptin treatment and further define if the identified

DEGs in obese mice are physiologically relevant in typical pubertal development, we evaluated the tran-

scriptomic changes in the PMv and Arc of WT mice comparing prepubertal (PP) at postnatal day 18 (P18)

and diestrous females (Di) at P60–70. P18 was defined based on previous publications showing that devel-

opmental changes in the hypothalamic transcriptome are abundant between P12 and P22 (Hou et al., 2017).
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PMv and Arc micro punches were collected as previously described (n = 4 biological replicates/group), and

total transcripts were submitted to RNA-seq analysis.

Using the same criteria to determine differences described in previous sections (G1.5fc, q< 0.05), we found

860 DEGs in PMv samples between PP and Di females (Figure 3A). Of those, 398 (46%) were upregulated

and 462 (54%) were downregulated in PP (Figure 3B; Table S3). In Arc samples, 778 DEGs were identified

(Figure 3A), of which 439 (56%) were upregulated and 339 (44%) were downregulated in PP (Figure 3B; Table

S3). There were 383 DEGs common to both PMv and Arc, 477 were represented in PMv samples only and

Figure 3. PMv and Arc Transcriptional Changes during Pubertal Transition in Wild-Type Female Mice

(A) Venn diagram of differentially expressed genes (DEGs) in PMv and Arc between prepubertal (PP) and diestrous (Di)

females.

(B) Amount and percentage of up- and downregulated DEGs.

(C) Hierarchical clustering of the top 500 expressed genes.

(D and E) DEGs between PP and Di mice expressed (D) only in the PMv or (E) only in the Arc. Blue lines: genes associated

with both reproduction and development. Purple lines: genes associated with development.

(F) Heatmap showing relative gene expression of common DEGs in the PMv and Arc enriched in development and

reproduction (GO 0032502 and 0000003, respectively).

See Figure S5 and Table S4.
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395 in Arc samples only (Figure 3A). Hierarchical clustering of the top 500 genes showed a clear segregation

of transcript profile between PMv and Arc, and between PP and Di within PMv and Arc (Figure 3C), suggest-

ing a functional dissociation between both nuclei during pubertal transition in wild type females.

Functional enrichment analysis showed that the upregulated DEGs in PMv of PP females were predomi-

nantly enriched in development, cell adhesion andmigration, cell communication and signaling, reproduc-

tive process, and angiogenesis (Figure S5A; Table S4). They were highly represented in plasma membrane,

extracellular space, cell junction, neuron projection, and somatodendritic compartment, and enriched in

transporter activity, protein complex, and carbohydrate binding. In contrast, the downregulated DEGs

in PMv were predominantly enriched in development, morphogenesis, transport and neurogenesis, in

cytoskeleton, ion binding, protein dimerization activity, and transcription factor activity (Figures S5B and

S5C; Table S4). KEGG analysis of upregulated DEGs included pathways in cancer, PI3K-Akt signaling, focal

adhesion, extracellular matrix-receptor interaction, chemokine signaling, and protein processing (Table

S4). Of the total PMv DEGs (860), only about 2.5% (22 genes) were previously associated with disorders

of pubertal development or IHH, including Mkrn3, Sox10, Irx3, Igf2bp2, Otx2, Calcr, Inhba, Fezf1, Cbx4,

Cbx7, and Nr4a2 (Abreu et al., 2013; Day et al., 2017; Hou et al., 2017; Topaloglu, 2017).

In the Arc of PP female mice, the upregulated DEGs were predominantly associated with development,

morphogenesis, transport, neurogenesis, reproductive process, cell proliferation, cell adhesion, growth

factor, vasculogenesis, and axon ensheathment. They were mainly observed in cell periphery, plasma

membrane, extracellular region, and cytoskeleton and were associated with enzyme regulator activity,

ion transmembrane transporter activity, cell adhesion, and receptor and growth factor binding. Downregu-

lated DEGs were predominantly associated with development, cell differentiation and communication,

morphogenesis and neurogenesis, and inMF associated with ion, lipid, and cofactor binding and transcrip-

tion factor activity (Figures S5D–S5F; Table S4). KEGG pathways analysis highlighted gene enrichment in

PI3K signaling, focal adhesion, Ras signaling, protein processing and TGFb signaling, and de-enrichment

in metabolic pathways and arginine biosynthesis. Of the total Arc_DEGs (778), about 4% (29 genes) were

previously associated with disorders of pubertal development or IHH, including Mkrn3, Tac2, Tacr3,

Prok2, Prokr2, Sim1, Otx2, Lhx3, Nr4a2, Anxa1, Cbx4, and Cbx7 (Abreu et al., 2013; Day et al., 2017; Hou

et al., 2017; Topaloglu, 2017).

The PMv samples were slightly contaminated with cells of the Arc, as evidenced by Agrp and Pomc expres-

sion. Thus, to gain insights into the functional dissociation between PMv and Arc, we performed overlap-

ping analysis of the expression of genes among individual samples of both nuclei. Only DEGs whose

expression was detected in all individual samples of either PMv or Arc were assembled as PMv_DEGs or

Arc_DEGs. The expression of 244 genes was only detected in the PMv, of which 197 were protein-coding

genes based on UniProt database (Table S4). Of the 197 protein-coding genes, 45 were PMv_DEGs (Fig-

ure 3D). The expression of 531 genes was only detected in the Arc, of which 444 were protein-coding genes

(Table S4) and 67 of the 444 protein-coding genes were Arc_DEGs (Figure 3E). Functional enrichment anal-

ysis showed that most of these selectively and differentially expressed genes in the PMv or in the Arc were

associated with development and/or reproduction. Five PMv_DEGs (Gabrr2, Gpnmb, Gcnt4, Lmx1b, and

Slc17a1) and 9 Arc_DEGs (Six1, Mfap5, Wfikkn2, Ces1d, Folr1, P2rx2, Col9a1, Prss56, and Tm4sf4) were

associated with both development and reproduction (Figures 3E and 3F). Except for Slc17a7 in the PMv,

DEGs associated with development and reproduction were upregulated in the Arc and downregulated

in the PMv of PP mice. This is particularly interesting as LepRb neurons in the PMv and Arc associated

with pubertal development are differentially regulated by leptin (Donato et al., 2011; Egan et al., 2017; Pa-

dilla et al., 2017; Ross et al., 2018; Williams et al., 2011).

A significant number of DEGs (383) were expressed in both PMv and Arc. Of those, about 40% were asso-

ciated with reproduction and/or developmental process and, except for Anxa1 and Pthlh, showed same

direction of changes (up- or downregulation) comparing PP and Di (Figure 3F). Of note, around 20% of

the DEGs were associated with the extracellular region (e.g., Lamc1, Lama4, Col9a3, Serpinf1, Hapln2,

Admtsl4).

Overlapping Analysis of all RNA-Seq Data Focused on the PMv

We next performed overlapping analyses of the DEGs between Lepob and WT mice obtained in the MBHp

RNA-seq, in the LepRb TRAP-seq (PMv DEGs and Arc DEGs), and in the PP versus Di RNA-seq. Only DEGs
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were compared to gain insights into common transcriptome programs between prepubertal (wild-type and

Lepob with no leptin treatment) and adult female mice. Genes expressed in at least two datasets showing

expression in the same direction relative to PP versus Di were named ‘‘core’’ DEGs and were used for GO

enrichment analysis. With this strategy, we were able to identify genes directly or indirectly associated with

leptin action and those associated with pubertal development, including potential leptin downstream

targets.

In the PMv, a core of 125 DEGs was assembled (Figure 4A). Of those, 16 DEGs were common in all three

RNA-seq data and 6 were modulated in the same direction (e.g., Vwf, Shisa8, Rbm3, Npy, Hsph1, Cryab)

(Figure 4B). Contamination by the Arc is evident as Npy was detected in all three experiments. Ten genes

were common DEGs in MBHp RNA-seq and TRAP-seq (Mxra8, Slc5a5, Creld2, Chordc1, Cdkn1a, Cited1,

Sdf2l1, Gpr88, Igfbp6) but not in the pubertal transition, suggesting they are associated with leptin phys-

iology but may have low relevance for typical pubertal development in wild-type mice. Seven DEGs were

only detected in PMv TRAP-seq neurons and PP versus Di RNA-seq. Except for Ctss, all of them were

Figure 4. Overlapping Analysis of all RNA-Seq Data Focused on PMv

(A) Venn diagram showing independent and overlapping DEGs between Lepob and WT mice obtained in the MBHp RNA-seq, in the LepRb TRAP-seq

(PMv_DEGs), and DEGs between PP and Di RNA-seq.

(B) Heatmap showing relative gene expression comparing MBHp RNAseq, LepRb TRAP-seq (PMv_DEGs) and PP vs. Di RNAseq (PMv_DEGs).

(C) Heatmap showing relative gene expression comparing MBHp RNAseq and PP vs. Di RNAseq (PMv_DEGs).

(D) Molecular function (MF), cellular component (CC), and biological process (BP) of shared DEGs using DAVID enrichment analysis.
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regulated in opposite directions. The significance of this finding is not evident but may suggest a distinct

response to different levels of leptin. The other 92 genes were DEGs in MBHp and in PP versus Di RNA-seq,

of which 70%were regulated in the same direction (Figure 4C) andmay comprise downstream targets asso-

ciated with leptin action in pubertal development. Functional enrichment analysis highlighted high asso-

ciation with extracellular space, membrane-bounded vesicle, receptor binding, and behavior among

others (Figure 4D).

Overlapping Analysis of all RNA-Seq Data Focused on the Arc

In the Arc, a core of 162 DEGs was identified (Figure 5A), of which 7 (Npy, Agrp, Mgp, Ghrh, Rbm3, Hsph1

andNr4a2) were common in all three RNA-seq data. Fourteen DEGs were common in MBHp RNA-seq and

TRAP-seq (Figure 5B). Of those, 8 showed expression changes in the same direction (i.e., Rbp4, Phf7, Srsf5,

Avp, P4ha1, Chordc1, D16Ertd472e, and Hspa1b). The other 122 genes were DEGs in MBHp and PP versus

Di RNA-seq, of which 78% were coordinately regulated (e.g., Igf2, Cdkn1c, Gata2, Anxa1, Pla2g3; Fig-

ure 5C). We predict that those DEGs are downstream targets of leptin. Functional enrichment analysis re-

vealed enrichment in receptor binding and somatodendritic and extracellular spaces and positive regula-

tion of biosynthetic processes among others (Figure 5D).

Common GO subcategories are apparent comparing both hypothalamic nuclei. Of note, DEGs associated

with receptor binding and hormone activity, extracellular space, and somatodendritic compartment are

highly represented. The former subcategories are predictable, whereas only a few studies have

Figure 5. Overlapping Analysis of all RNA-Seq Data Focused on Arc

(A) Venn diagram showing independent and overlapping DEGs between Lepob and WT mice obtained in the MBHp-RNA-seq, in the LepRb TRAP-seq

(Arc_DEGs), and between PP and Di RNA-seq.

(B) Heatmap showing relative gene expression comparing MBHp RNAseq, LepRb TRAP-seq (Arc_DEGs) and PP vs. Di RNAseq (Arc_DEGs).

(C) Heatmap showing relative gene expression comparing MBHp RNAseq and PP vs. Di RNAseq (Arc_DEGs).

(D) Molecular function (MF), cellular component (CC), and biological process (BP) of shared DEGs using DAVID enrichment analysis.
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investigated the role of glial components and somatodendritic remodeling in pubertal development (Cla-

sadonte and Prevot, 2018; Cottrell et al., 2006; Prevot et al., 2003). Our findings highlight the relevance of

neuropil organization, vasculogenesis, and extracellular matrix composition in leptin-induced and typical

pubertal maturation.

Protein-Protein Interaction (PPI) and a NetworkModel for Leptin Action in Puberty Onset via

the PMv

The PPI network using only the central core genes (125 in the PMv and 162 in the Arc, Figures 4 and 5) regulated

in the same direction in all three RNA-seq assays was built using STRING v.11 (Search Tool for the Retrieval of

Interacting Genes/Proteins) and visualized using Cytoscape software v.3.7.2 (Figures 6 and 7). Nodes in the first

connection with Lepr (e.g., Vwf, Cryab, Rbm3, Hsph1, and Shisa8 in the PMv, and Agrp,Npy, Cart,Ghrh, Rbm3,

Hsph1,Nr4a2, andMgp in the Arc) represent genes predicted to be direct targets of leptin with a role in puber-

tal development. Nodes in the second connection with Lepr are common DEGs in MBHp RNA-seq and PP

versus Di RNA-seq, but not TRAP-seq. These are genes experimentally predicted by STRING software to be

downstream targets of leptin in pubertal development in undefined cells. Nodes in the third connection repre-

sent DEGs between PP andDi experimentally determined by STRING to interact with targets of leptin in puber-

tal development (Figures 6 and 7). Among them, Bcl11, Ctsk, Sox10,Mkrn3, Kctd13, and Prokr2 are genes pre-

viously described to have a role in pubertal development and/or fertility (Day et al., 2017; Hou et al., 2017;

Topaloglu, 2017). We predict that DEGs in the first node are directly regulated by changing levels of leptin

and could potentially mediate part of obesity-induced early puberty (Biro et al., 2006; Castellano et al., 2011;

Herman-Giddens et al., 1997; Lee et al., 2010; Walvoord, 2010).

Little is known about the molecular mechanisms underlying PMv neuronal actions in pubertal develop-

ment. The transcriptome analyses highlighted a wealth of genes associated with synaptic strength, extra-

cellular remodeling, and plasticity of dendritic spines. Several genes that are regulated both by leptin (WT

versus Lepob) and during pubertal transition (e.g., Bmp4, Ctgf, Col1a2, and Itgb4) have been identified in

direct PPI networks with several laminin subunits. Notably, during postnatal development, hippocampal

neurons synthesize and deposit laminins to stabilize synapses and shape dendritic spines (Omar et al.,

2017). Using a broad-spectrum antiserum for laminin subunits, we observed a dense distribution of laminin

immunoreactive (Lam-ir) cells in the PMv. Colocalization between LepRb GFP and Lam immunoreactivity

was higher in Lepob and in PP (about 25%) compared with Di (12%) females (Figure 6B). Moderate to low

number of Lam-ir cells were also observed in the Arc, but virtually no colocalization was detected in

LepRb-GFP neurons. Our findings indicate that at least part of neuropil remodeling during pubertal matu-

ration is attained by leptin recruitment of those pathways specifically in PMv neurons.

Protein-Protein Interaction (PPI) and a NetworkModel for Leptin Action in Puberty Onset via

the Arc

In the Arc, Npy and Agrp are well-described primary targets of leptin in metabolic and reproductive regu-

lation (Egan et al., 2017; Padilla et al., 2017; Wójcik-Gładysz and Polkowska, 2006), whereas the role of direct

leptin actions in Ghrh neurons is not yet clear (Rupp et al., 2018). We did not detect changes in Kiss1 or

Pdyn, but Tac2 expression was lower in PP and Lepob mice. Similarly, the difference in Pomc was undetect-

able, whereas Cartpt, coexpressed with Pomc in Arc neurons, was highly regulated. In agreement with pre-

vious studies, Cartpt was low in PP and Lepob mice (Kristensen et al., 1998; Rodrigues et al., 2011). Arc

Cartpt is also decreased in conditions of calorie restriction when leptin levels are low (Ahima et al., 1999;

True et al., 2013). In addition to transcript levels, we found low density of CART-ir fibers in the Arc of Lepob

and PP mice. Whether Arc Cartpt has a role in pubertal development needs further investigation.

Common Transcripts

Several transcripts were observed in PPI and network modeling of both PMv and Arc. TheNr4a2 encodes a

nuclear receptor that acts as a transcription activator or transrepressor by stabilizing histone-DNA binding

(Safe et al., 2016). GWAS studies identified the Nr4a2 (Nurr1) gene as a genetic locus associated with pu-

berty timing (Day et al., 2017). Knockout mice forNr4a2 show deficient differentiation of dopaminergic neu-

rons in the ventral tegmental area (Saucedo-Cardenas et al., 1998; Zetterström et al., 1997), but whether this

is also associated with the development of hypothalamic dopaminergic neurons and pubertal maturation is

not known. Of note, components of the dopaminergic system, including Cdkn1c, Ddc, Slc6a3, Th, Gpr88,

and Drd3 are highly represented in our database. In addition, regulation of Shisa8, a member of

cysteine knot AMPA receptor-modulating proteins associated with modulation of glutamatergic
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synaptic strengths (Farrow et al., 2015), specifically in the PMv is noteworthy. PMv neurons are essentially

glutamatergic and studies have implicated leptin in glutamatergic synaptogenesis of hippocampal neu-

rons (Bland et al., 2020). Previous studies have shown that leptin action in glutamatergic PMv neurons is

Figure 6. Protein-Protein Interaction (PPI) and a Network Model for Leptin Action in Puberty Onset via the PMv

(A) Nodes in first connection with Lepr are genes predicted to be direct targets of leptin. Nodes in second connection are DEGs common in MBHp and PP

versus Di RNA-seq, experimentally predicted to be downstream targets of leptin. Nodes in third connection (green) represent PP versus Di DEGs

experimentally determined to interact with leptin targets. Purple, DEGs; orange, rDEGs; solid lines, interactions identified by STRING; dotted lines,

predicted interactions.

(B) Fluorescent images showing partial colocalization of LepRb eGFP and Laminin (Lam) immunoreactivity (-ir). Arrows indicate dual-labeled neurons. Scale

bar: 200 mm.

(C) Quantification of dual-labeled neurons in the PMv of WT, Lepob, and PP females. Data are represented as mean G SEM. One-way-ANOVA and Tukey’s

test were used. F(2, 10) = 7.959, *p < 0.01. .
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sufficient but not required for pubertal development (Donato et al., 2011; Zuure et al., 2013). Whether these

findings are a result of developmental adaptations commonly seen in studies using mouse genetics or

rather an evidence for redundant pathways need further evaluation.

Subnetworks derived from Hsph1 gene are predicted in both the PMv and the Arc transcriptome. The

Hsph1 (heat shock protein family H member 1) gene is annotated to protein processing in ER. Hsph1

Figure 7. Protein-Protein Interaction (PPI) and a Network Model for Leptin Action in Puberty Onset via the Arc

(A) Nodes in first connection with Lepr are genes predicted to be direct targets of leptin. Nodes in second connection are

DEGs common in MBHp and PP versus Di RNA-seq, experimentally predicted to be downstream targets of leptin. Nodes

in third connection (green) represent PP versus Di DEGs experimentally determined to interact with leptin targets. Purple,

DEGs; orange, rDEGs; solid lines, interactions identified by STRING; dotted lines, predicted interactions.

(B) CART immunoreactivity (-ir) in PP versus Di.

(C) Quantification of CART-ir fiber density in the Arc. Note higher density of CART-ir fibers in diestrous females compared

with Lepob and PP. 3V, third ventricle. Ba–Bc, immunoperoxidase and silver amplification; Bd–Bf, pseudocolor using LUC

(Zeiss) and heatmap to demonstrate fiber density. Data are represented as mean G SEM. One-way-ANOVA and Tukey’s

test were used. F(2, 6) = 14.78, *p < 0.01. Scale bar: 200 mm in (Ba–Bf).
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and Hspa1a comprise crucial molecular machinery that prevents the aggregation of misfolded protein

(Mattoo et al., 2013). Protein overload or misfolded may induce ER stress and neuronal death, leading

to metabolic disorders and leptin resistance (Ozcan et al., 2009; Yang et al., 2010). The effects of ER stress

on pubertal development are not clear, but the fine regulation of protein production for tissue growth and

differentiation is critical for sexual maturation and individual health in adult ages. Likewise, the Rbm3 (RNA-

binding motif 3) and Cryab, also known as Hspb5 (small heat shock protein B5) have been associated with

neurogenesis and inhibition of neurodegenerative cell death (Jackson et al., 2019). Together with the

recruitment of Vwf, Mgp and downstream associated transcripts they may ensure neurite growth and dif-

ferentiation, vasculogenesis, and synthesis and degradation of components of the extracellular space dur-

ing pubertal development (Randi et al., 2018; Yao et al., 2016; Zhu and Reiser, 2018).

In this study, we took advantage of the possibility of monitoring pubertal development in obese mice to

generate a database of genes potentially associated with leptin action in pubertal development. The

TRAP-seq allowed for the dissociation of direct and potential downstream targets, and hypothalamic

microdissection enabled the identification of potential processes outside neuronal soma, including vascu-

logenesis, remodeling of somatodendritic space, axonal growth, and extracellular space composition. We

further used an RNA-seq database to compare juvenile and adult wild-type mice in the attempt to disso-

ciate leptin’s effect in metabolic and sexual maturation. Genetic screening in human subjects will further

inform the relevance of the identified genes for the understanding of the physiopathology of the HPG

axis development, and functional studies in animal models will be necessary to assess their role in

sexual maturation and the underlyingmechanisms. Of note, a subset of the DEGs were identified in humans

with HH, infertility, or altered pubertal timing (e.g., homologs of Fezf1, Nr5a1, Prok2, Prokr2, Tac2, and

Mkrn3) indicating that the experimental design and approaches used herein are reliable and

effective. The proposed models of multi-level nodes and clustering provide a framework and insights

into the molecular bases of puberty onset and the mechanisms associated with the obesity-induced

advance in puberty.

Limitations of the Study

The use of the Lepob mice enabled the close monitoring of puberty onset. However, the complex meta-

bolic, endocrine, and autonomic phenotype of these mice must be taken into consideration, and data

must be interpreted with caution. We focused our analysis on genes associated with development and

reproductive processes and compared the database with those obtained from lean wild-type mice. With

this strategy, we expect to have identified most of the genes potentially associated with leptin action in

pubertal maturation and obesity-induced advance in puberty. However, mixed data cannot be completely

excluded also because puberty is a complex temporal process during which distinct physiological systems

develop. The main goal of the present study was to unravel genes associated with puberty onset. Addi-

tional studies will be necessary to reveal key transcriptome programs across pubertal maturation and on

puberty completion. We also anticipate that the number of relevant DEGs is under-represented due to

the use of TRAP for cell-specific isolation. TRAP allows for identification of genes transcribed at the time

of tissue harvesting; DEGs that are not acutely induced by leptin were left out of the analysis. Moreover,

due to the heterogeneous nature of LepRb neurons, single-cell RNA-seq will be necessary to identify

the subpopulations of PMv and Arc neurons associated with puberty onset. As a final note, we have

used females due to the easy identification of external signs of puberty onset. Further studies in males

are necessary to validate the present data in both sexes.

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Carol F. Elias (cfelias@umich.edu).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The original data from all RNA-seq generated in this study are available at Mendeley (www.mendeley.com)

under https://data.mendeley.com/datasets/jv988xgnps/1.
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METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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M., Braun, E., Borm, L.E., La Manno, G., et al.
(2018). Molecular architecture of the mouse
nervous system. Cell 174, 999–1014.e1022.

Zetterström, R.H., Solomin, L., Jansson, L., Hoffer,
B.J., Olson, L., and Perlmann, T. (1997).
Dopamine neuron agenesis in nurr1-deficient
mice. Science 276, 248–250.

Zhu, Z., and Reiser, G. (2018). The small heat
shock proteins, especially HspB4 and HspB5 are
promising protectants in neurodegenerative
diseases. Neurochem. Int. 115, 69–79.

Zuure, W.A., Roberts, A.L., Quennell, J.H., and
Anderson, G.M. (2013). Leptin signaling in GABA
neurons, but not glutamate neurons, is required
for reproductive function. J. Neurosci. 33, 17874–
17883.

ll
OPEN ACCESS

18 iScience 23, 101563, October 23, 2020

iScience
Article

http://refhub.elsevier.com/S2589-0042(20)30755-0/sref56
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref56
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref56
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref57
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref57
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref57
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref57
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref57
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref57
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref58
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref58
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref58
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref58
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref58
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref59
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref59
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref59
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref59
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref59
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref60
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref60
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref60
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref62
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref62
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref62
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref62
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref62
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref62
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref63
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref63
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref63
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref64
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref64
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref64
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref64
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref64
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref65
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref65
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref65
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref65
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref65
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref65
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref66
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref66
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref66
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref66
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref66
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref66
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref66
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref66
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref67
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref67
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref67
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref67
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref68
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref68
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref68
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref68
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref68
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref68
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref68
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref68
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref69
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref69
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref69
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref69
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref69
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref69
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref70
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref70
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref70
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref70
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref71
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref71
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref71
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref72
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref72
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref72
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref72
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref72
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref73
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref73
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref73
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref73
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref73
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref73
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref74
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref74
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref74
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref75
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref75
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref75
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref76
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref76
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref76
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref77
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref77
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref77
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref77
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref77
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref77
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref78
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref78
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref78
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref79
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref79
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref79
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref79
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref79
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref79
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref80
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref80
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref80
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref80
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref81
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref81
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref81
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref82
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref82
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref82
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref82
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref83
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref83
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref83
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref83
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref84
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref84
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref84
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref84
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref84
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref86
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref86
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref86
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref86
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref86
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref87
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref87
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref87
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref87
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref88
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref88
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref88
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref88
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref89
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref89
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref89
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref89
http://refhub.elsevier.com/S2589-0042(20)30755-0/sref89


iScience, Volume 23

Supplemental Information

Hypothalamic and Cell-Specific Transcriptomes

Unravel a Dynamic Neuropil Remodeling in Leptin-Induced

and Typical Pubertal Transition in Female Mice

Xingfa Han, Laura L. Burger, David Garcia-Galiano, Seokmin Sim, Susan J. Allen, David P.
Olson, Martin G. Myers Jr., and Carol F. Elias













Table S5: Primers used in qPCR.  
 

Genes Primer sequence (5'-3') Product length (bp) 

18s 
F: TGACTCAACACGGGAAACC 
R: AACCAGACAAATCGCTCCAC 

125 

Ccl17 
F: GCTGGTATAAGACCTCAGTGGAGTGT 
R: CAATCTGATGGCCTTCTTCACA 

116 

Cd46 
F: ATGCCTGTGAACTACCACGGCCATTTGAAG 
R: TTTGCCAAATGAAGGGTCTTG 

230 

Crh 
F: TCTGCAGAGGCAGCAGTGCGGG 
R: CGGATCCCCTGCTGAGCAGGGC 

150 

Gipr 
F: CTGCCTGCCGCACGGCCCAGAT 
R: GCGAGCCAGCCTCAGCCGGTAA 

383 

Lhx9 
F: CGTCTCTACGCTTCTGCATC 
R: GGCGGAAAGGACACGAAT 

135 

Meox2 
F: TGGCAGCAAAAGGAAAAGCG 
R: GGAACCACACTTTCACCTGTCT 

218 

Nanos2 
F: ATTCAGAGCCGGAAGCAAAG 
R: GACTGCTGTTGAGTGGACAA 

285 

Nr4a2 
F: TTCCACCAGAACTACGTGGC 
R: CAGCTAGACACAGGAGTGCC 

116 

Pdlim3 
F: TTGACAGGGCAGAAACTCGC 
R: GAAGCGCTCACTACCTGTCT 

187 

Pla2g3 
F: GGGAACTCTGCTGAAAATGC 
R: AATGGTTTGTGGGCACTGAT 

90 

Rbp4 
F: GACAAGGCTCGTTTCTCTGG 
R: AAAGGAGGCTACACCCCAGT 

243 

Shh 
F: AGCAGACCGGCTGATGACTC 
R: TCACTCCAGGCCACTGGTTC 

83 

Shox2 
F: TGGAACAACTCAACGAGCTGGAGA 
R: TTCAAACTGGCTAGCGGCTCCTAT 

200 

Wnt7a 
F: GGCTACAACACACACCAGTAT 
R: GATCTGACCTGTGACCTCATTC 

137 

Zbtb16 
F: CCTGGACAGTTTGCGACTGA 
R: TCCGTGCCAGTATGGGTCT 

138 

Zglp1 
F: GGTTCAAGGGGGTAACTCTGG 
R: AGCAACTGGAACAACGGGTG 

282 

Note: F, Forward primer; R, Reverse primer  

 



Transparent Methods 

Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Sheep anti-VWF antibody Abcam Cat#ab11713 RRID:AB_298501 

Rabbit anti-Laminin antibody Novus Cat#NB300-144 RRID:AB_10001146 

Rabbit anti-CART antibody Phoenix Cat#H-003-62 RRID:AB_2313614 

Goat anti-Rabbit IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, 

Alexa Fluor Plus 488 

Invitrogen Cat#A32731 RRID:AB_2633280 

Donkey anti-Rabbit IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, 

Alexa Fluor Plus 488 

Invitrogen Cat#A32790 RRID:AB_2762833 

Donkey anti-Sheep IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa 

Fluor 594 

Invitrogen Cat#A-11016 RRID:AB_2534083 

Chemicals, Peptides, and Recombinant Proteins 

Biotin-Protein L GeneScript Cat#M00097 

BSA Jackson Immuno Research Cat#0001-000-162 

Cycloheximide (CHX) Sigma Cat#C7698 

Dithiothreitol Molecular Biology 

Reagent 

Sigma Cat#D9779 

D-(+)-Glucose Bioxtra Sigma Cat#G7528 

DHPC Avanti Polar Lipids/VWR Cat#100122-252  

EDTA Free, Protease Cocktail Tablets Roche Cat#11836170001 

GFP Ab, C8 Memorial-Sloan Kettering 

Monoclonal Antibody Facility 

Cat#HTZ-GFP-

19C8 

GFP Ab, F7 Memorial-Sloan Kettering 

Monoclonal Antibody Facility 

Cat#HTZ-GFP-

19F7 

HBSS, Hank’S balanced salt solution, 10X  Invitrogen/Life Technologies Cat#14065-056 

HEPES,1M  Affymetrix/Fisher Cat#16924 

iTaq™ Universal SYBR® Green 

Supermix 

BIO-RAD Cat#1725120 

KCl, 2M Applied Biosystems/Life 

Technologies 

Cat#AM9640G 

Leptin A.F. Parlow, NHPP, Harbor-

UCLA Medical Center, 

Torrance, California, USA 

N/A 

Methanol, Anhydrous, 99.8% Sigma Cat#322415 

MgCl2, 1M Applied Biosystems/Life Tech Cat#AM9530G 



NP-40, 10% Sterile, Rnase Free Vials AG Scientific Cat#P1505 

PBS, 10X  Applied Biosystems/Life Tech Cat#AM9625 

QIAzol Lysis Reagent Qiagen Cat#79306 

RNAsin Promega/Fisher Cat#N2515 

RNAse Free Water Applied Biosystems/Life Tech Cat#AM9937 

Roche Protector Rnase Inhibitor Roche/Sigma Cat#3335402001 

Sodium Azide, 99.5% Sigma Cat#S2002 

Sodium Bicarbonate Bioxtra Sigma Cat#S6297 

Steptavidin T1 Dynabeads Invitrogen/Life Technologies Cat#65601 

Superasin Applied Biosystems/Life Tech Cat#AM2694 

Critical Commercial Assays 

DNAse I Sigma-Aldrich Cat#AMPD1 

miRNeasy®mini Kit Qiagen Cat# 217004 

Illumina TruSeq mRNA Sample 

Preparation v2 kit 

Illumina Catalog #s  

RS-122-2001,  

RS-122-2002 

KAPA Library Quantification Kits Kapa Biosystems Cat# KK4835 

RNeasy Micro Kit Qiagen Cat#74004 

SMARTer Ultra Low RNA Kit for 

Illumina Sequencing 

Clontech Cat#634936 

SuperScript™ II Invitrogen Cat#18064022 

Deposited Data 

Sequencing data listed in the Tables  This paper Table S1-4 

Experimental Models: Organisms/Strains 

C57BL/6J mice Jackson labs Stock # 000664 

Lepob/+ mice  Jackson labs Stock # 000632 

LepRcre mice Leshan et al., 2006 N/A 

RosaeGFP-L10a/eGFP-L10a mice Krashes et al., 2014 N/A 

Oligonucleotides 

Primers for qPCR quantification This paper See Table S5 

Software and Algorithms 

CiiiDER Gearing et al., 2019 http://ciiider.com/ 

Cytoscape(v3.7.2) Cytoscape Software http://www.cytosca

pe.org/ 

Cufflinks/Cuffdiff(2.1.1) Trapnell et al., 2012  http://cole-trapnell-

lab.github.io/cufflin

ks/install/ 

DAVID(v6.8) Huang da et al., 2009  https://david.ncifcr

f.gov/ 

GraphPad Prism (v8.0)  GraphPad Software  https://www.graph

pad.com/ 

http://cole-trapnell-lab.github.io/cufflinks/install/
http://cole-trapnell-lab.github.io/cufflinks/install/
http://cole-trapnell-lab.github.io/cufflinks/install/


R (v 3.6.1) R Software https://www.R-

project.org/ 

STRING (v11.0)  String Consortium https://string-

db.org/cgi/input.pl 

TopHat (v2.0.13)  Trapnell et al., 2012  http://ccb.jhu.edu/

software/tophat/do

wnloads/ 

VLAD (v1.8.0) Richardson & Bult, 2015 http://proto.inform

atics.jax.org/protot

ypes/vlad/ 

 

Experimental Model and Subject Details 

Mice 

Lepob/+ mouse (ob/+; JAX® mice, stock # 000632) purchased from Jackson labs were 

intercrossed to generate Lep+/+ (WT) and Lepob/ob (Lepob) female littermates. Lepob/+ mice were 

crossed to LepRcre (Leshan et al., 2006) to obtain Lepob/+LepRcre mice, which were subsequently 

crossed to RosaeGFP-L10a/eGFP-L10a mice (Allison et al., 2015; Krashes et al., 2014) to generate 

Lepob/+LepRbcreRosaeGFP-L10a (LepRbLepReGFP-L10a) mice, which express GFP-labeled L10a 

ribosomal protein targeted to LepRb neurons. Lepob/+LepRbcreRosaeGFP-L10a mice were then 

intercrossed to generate Lep+/+; LepRbcre/creRosaeGFP-L10a/eGFP-L10a and 

Lepob/obLepRbcre/creRosaeGFP-L10a/eGFP-L10a (LepRbeGFP-L10a) female littermates. Adult (PND60-70) 

and prepubertal (PND18) C57BL/6J females were generated from the intercrossing of C57BL/6J 

mice (JAX® mice, stock # 000664). Mice were bred at the University of Michigan and maintained 

in a light- (12 h light/dark cycle) and temperature- (21 to 23°C) controlled environment with free 

access to water and food. Mice were fed with a phytoestrogen-reduced diet 2016 (16% 

protein/4% fat, Teklad 2916 irradiated global rodent diet, Envigo) to minimize the effect of 

exogenous estrogen in pubertal development. All procedures involving mice were approved by 

the University of Michigan IACUC in accordance with AAALAC and NIH guidelines (protocol # 

PRO08712). 

 

Methods 

Leptin treatment and harvesting of MBHp 

Mice (PND60-70) were divided into three groups (n=4/group): a) wildtype (WT) diestrous 

females treated with intraperitoneal (ip.) saline; b) leptin-deficient (Lepob) females treated with ip. 

saline (ob); and c) Lepob females treated with ip. leptin (Lepob+leptin) 2.5 g/g for 2 days, at 9:00 

AM and 5:00 PM (leptin from A.F. Parlow, Harbor-UCLA Medical Center, National Hormone and 

Peptide Program). One hour after the last saline or leptin injection (at 10:00 AM), females were 

euthanized by decapitation following anesthesia (isoflurane) and brains were harvested. Frontal 

sections of the hypothalamus (1 mm-thick) were collected using a brain matrix (Ted Pella, Inc. 

cat# 15003). The MBHp was micro-dissected, processed for RNA extraction and submitted for 

RNAseq analysis.  



Translating Ribosome Affinity Purification (TRAP) of PMv and Arc LepRb cells 

Diestrous LepReGFP-L10a and LepobLepReGFP-L10a female mice (PND60-70) were used. The 

expression of eGFP-L10a in LepRb neurons in the hypothalamus of the LepReGFP-L10a mouse 

line has been verified and validated by our group (Allison et al., 2018; Allison et al., 2015).The 

experimental design and saline/leptin treatment were the same as detailed in the previous item 

(“Leptin treatment and harvesting of MBHp”). The PMv and Arc were collected separately from 

the left and right sides of each individual mouse brain by micro punches (1.25 mm diameter). 

The third ventricle was used as anatomical reference for the medial and dorsal borders of the 

hypothalamus and the fornix was used as the lateral limit of the medial hypothalamus. 

Preliminary experiments assessing RNA concentration determined the need to pool micro 

punches from both sides of three mice per treatment group. Each pooled set of PMv or Arc 

punches was considered a single biological replicate, and four biological replicates in each 

treatment group were used. The mRNA was isolated from eGFP-tagged ribosomes, as well as 

eGFP-depleted supernatant (Allison et al., 2015; Burger et al., 2018; Heiman et al., 2014). 

Tissue punches were immediately homogenized in ice-cold lysis buffer [20 mM HEPES-KOH, 

150 mM KCl, and 10 mM MgCl2 (Affymetrix/Thermo Fisher Scientific); 1× EDTA Free Protease 

Inhibitor and 1.25% volume-to-volume ratio (v/v) of RNAse Inhibitor (Roche, Indianapolis, IN), 

0.625% v/v RNAsin (Promega, Madison, WI), 0.625% v/v Superasin (Invitrogen/Thermo Fisher 

Scientific), 0.5 mM dithiothreitol and 0.1 mg/ml cycloheximide. Lysis buffer volume was adjusted 

for input amounts of PMv and Arc punches (100 µL of lysis buffer per punches). Anti-GFP 

(HtzGFP-19F7 and HtzGFP-19C8; Antibody and Bioresource Core Facility, Memorial Sloan 

Kettering Cancer Center, New York, NY)-coated streptavidin magnetic beads (Streptavidin T1 

Dynabeads; Invitrogen/Thermo Fisher Scientific) were applied to the samples. 

Immunoprecipitation occurred overnight at 4°C. Polysome-RNA complexes bound to the anti–

GFP-coated streptavidin magnetic beads (LepRb neuron specific) were separated from the 

supernatant by a magnet; RNA was isolated using the RNeasy Micro Kit with on-column DNAsin 

(Qiagen, Valencia, CA). The RNA samples were subjected to RNA quantification and quality 

evaluation using the RNA 6000 Pico Chip (Agilent Technologies) for RNAseq. Before generating 

cDNA libraries, LepRb-enhanced and LepRb-depleted RNAs were reverse transcribed (Allison 

et al., 2018; Allison et al., 2015; Burger et al., 2018) and amplified for Lepr and Actb (β-actin, 

reference gene) using Taqman qPCR to determine enrichment for Lepr. The Lepr expression 

levels were normalized to Actb (no difference between groups), and enrichment was calculated 

as relative expression in LepRb-enhanced RNA samples divided by the normalized relative 

expression in the LepRb-depleted samples. The LepRb-enhanced RNA of each sample was 

used to create cDNA libraries with the SMARTer v4 Ultra Low Kit and Low Input DNA library Pre 

Kits (Clontech) (Burger et al., 2018).  

Tissue harvesting in prepubertal vs diestrus females 

C57BL/6J prepubertal (P18) and adult diestrous (P60-70) females (n=4 per group) were 

euthanized under isoflurane anesthesia. Vaginal cytology was monitored for approximately 7 

days before tissue collection in adult females to determine estrous cycle stage. Only normally 

cycling females were used. After euthanasia, uterine weight was measured to confirm diestrus 

(< 100 mg). PMv and Arc micro punches were dissected and collected as detailed in the 



previous section (“Translating Ribosome Affinity Purification (TRAP) of PMv and Arc LepRb 

cells”) and processed for RNAseq analysis. 

RNA-sequencing and Data Processing 

RNA was extracted with miRNeasy®mini Kit (Qiagen, cat# 217004) according to the 

manufacturer protocol. RNA was assessed for quality using the TapeStation (Agilent, Santa 

Clara, CA). Samples with RNA integrity numbers (RINs) of 8 or greater were subjected to 

Illumina TruSeq mRNA Sample Preparation v2 kit (Catalog #s RS-122-2001, RS-122-2002), 

and 1-3g of total RNA was purified to mRNA using polyA purification. The mRNA was 

fragmented via chemical fragmentation and reverse transcribed into cDNA using reverse 

transcriptase and random primers. The 3’ ends of the cDNA were adenylated, and 6-nucleotide-

barcoded adapters ligated. The products were purified and enriched by PCR to generate the 

final cDNA library. Final libraries were checked for quality and quantity by TapeStation (Agilent) 

and qPCR using Kapa's library quantification kit for Illumina Sequencing platforms (Kapa 

Biosystems, cat# KK4835). They were clustered on the cBot (Illumina) and 4 samples per lane 

were sequenced on a 50-cycle single end run in a HiSeq 2500 (Illumina) by the University of 

Michigan DNA Sequencing and Bioinformatics Cores. The Tuxedo Suite software package was 

used for alignment, differential expression analysis, and post-analysis diagnostics (Trapnell et 

al., 2013). Cufflinks/CuffDiff (http://coletrapnell-lab.github.io/cufflinks/) (Trapnell et al., 2012) was 

used for quantitation, normalization, and determination of differential expression using 

University of California Santa Cruz (Santa Cruz, CA) mm10.fa as the reference genome 

sequence (http:// genome.ucsc.edu/). Hierarchical cluster analysis was conducted to assemble 

genes with similar expression patterns across groups using Cluster 3.0 software. After 

normalization of the expression of each gene by log2 transformation, gene clustering was 

performed with average linkage method with Euclidean distance. The hierarchical cluster 

heatmap was organized by Java TreeView software. DEGs in pairwise comparisons among 

groups were determined using Cufflinks/Cuffdiff analysis, with thresholds for differential 

expression set to fold change (fc)>1.5 or <0.66 and a false discovery rate (q value) of ≤ 0.05. 

The Gene List analysis and Visualization (VLAD) v1.8.0 was used to define the enriched 

biological processes (BP), cellular component (CC) and molecular function (MF) of DEGs. For 

pathway analysis, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database 

using DAVID v6.8 was used to reveal physical and/or functional interactions among the genes. 

Gene ontology (GO) and pathway terms showing unadjusted p-values < 0.05 were selected. 

STRING online database (http://string-db.org) was used to assess protein-protein interaction 

(PPI) and Cytoscape software (http://www.cytoscape.org/) was employed to visualize PPI 

network interaction of common DEGs.  

Mapping of phosphoSTAT binding sites 

The potential pSTAT3/STAT5 binding sites across the promoter region (1500bp upstream and 

500bp downstream of the transcription start site) of the core genes were scanned by CiiiDER 

software. JASPAR2020_CORE_vertebrates clustering was used as the transcription factor 

position frequency matrix. Deficit threshold was defined as 0.15. One thousand genes with close 

to zero-fold change between WT and Lepob from PMv TRAP-seq and Arc TRAP-seq, 

respectively, were used as the background gene list to identify significantly over-represented 



STAT3/STAT5-targeting core genes in PMv and Arc, respectively. Fisher’s exact test was used 

and gene coverage p-value < 0.05 was considered significant. 

Analysis of Overlapping DEGs in all three RNAseq Assays 

All analyses were generated in R (v3.6.1) language for statistical computing (https://www.R-

project.org/). Independent RNA-seq data (MBHp, TRAPseq, and PP vs Di CuffDiff results) and 

DAVID enrichments were used as input files (Huang da et al., 2009a, b; Trapnell et al., 2012). 

To determine shared DAVID functional enrichments between comparisons from different 

projects, shared DEGs and identity of all measured genes across the comparisons were first 

determined. Group comparisons:  

Group 1: WT_v_Ob_Saline_DE.xlsx (MBHp), PMV.diestrus_v_PMV.ob_saline.xlsx (TRAPseq), 

PMV.Adult_v_PMV.Pre.xlsx (PP vs Di);  

Group 2: WT_v_Ob_Saline_DE.xlsx (MBHp), ARC.diestrus_v_ARC.ob_saline.xlsx (TRAPseq), 

ARC.Adult_v_ARC.Pre.xlsx (PP vs Di);  

Group 3: Supp Table 1 DEGs (MBHp), Supp Table 4 PMV DEGs (TRAPseq), 

PMV.Adult_v_PMV.Pre.xlsx (PP vs Di);  

Group 4: Supp Table 1 DEGs (MBHp), Supp Table 6 Arc DEGs (TRAPseq), 

ARC.Adult_v_ARC.Pre.xlsx (PP vs Di) 

Shared DEGs and all measured genes between comparison sets were converted from gene 

symbols to ENSEMBL ids and used as query sets and background sets, respectively, for DAVID 

enrichments using R package RDAVIDWebService (v3.10) (Fresno and Fernandez, 2013). 

Enrichments were repeated with rDEGs as query sets for Group 3 and Group 4. The 

background sets generated for Group 1 (PMv) and Group 2 (Arc) were used for DEGs and 

rDEG DAVID enrichments for Group 3 (PMv) and Group 4 (Arc), matched by cell-type.   

Quantitative PCR (qPCR) validation of RNA-sequencing data 

To validate the RNAseq data, PMv and Arc samples obtained by micro punches were 

evaluated. Tissue was homogenized in Qiazol reagent (Qiagen), and total RNA was isolated 

using an RNA extraction kit (miRNeasy, Qiagen). Total RNA (200 ng) was used to synthesize 

cDNA using SuperScript II reverse transcriptase and random primers (Invitrogen) according to 

the manufacturer’s protocol. Gene expression analyses were performed by qPCR using a CFX-

384 Bio-Rad Real-Time PCR detection system (SYBR Green reaction).The mRNA levels were 

normalized to the 18s ribosomal RNA reference gene, and changes related to the control levels 

(WT, diestrous females) were determined using 2-Ct method. We initially evaluated the 

variation of 18s Ct values across samples and experiment groups and no difference was 

observed (all groups showed Ct values ranging from 12.8 to 13.4) indicating the 18s was an 

adequate reference gene. Primers for targeted and reference genes are listed in Table S5. 

Immunofluorescence 

A group of PP and Di mice were intracardially perfused with 10% formalin, and brains were 

prepared for histological examination. Hypothalamic sections of PP and Di females were labeled 

with sheep anti-VWF (1:1,000 Abcam, cat#ab11713) and/or rabbit anti-Laminin (1:1000 Novus, 

cat#NB300-144). According to the manufacturers, the laminin antibody is pan-specific and 

https://www.r-project.org/
https://www.r-project.org/


reacts with all laminin isoforms tested: Laminin-1 (alpha-1, beta-1, and gamma-1) and Laminin-2 

(alpha-2, beta-1, and gamma-1). Following overnight incubation at room temperature, tissue 

was incubated in secondary conjugated to AF488 or AF594 (Invitrogen) for 1h. Another series of 

hypothalamic sections from PP and Di mice were also incubated in rabbit anti-CART peptide 

(1:10,000 Phoenix, cat#H-003-62) and processed for immunoperoxidase using DAB and silver 

enhancement. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Data other than RNAseq are reported as mean ± standard error of the mean (SEM) and were 

analyzed using the GraphPad Prism 7 software. Statistical analyses of RT-qPCR data and 

changes in body weight and food intake of Lepob mice before and after saline or leptin treatment 

were done by one-way ANOVA followed by Tukey’s test. Quantification of CART-ir fiber density 

was performed in one section and one side of the Arc (n=3/group) at the tuberal level (image 

67, Allen Mouse Brain Atlas). Fiber density was quantified by integrated optical density using 

fixed illumination, background normalization and gray scale in Image J (NIH). Quantification of 

colocalization between GFP- and Laminin-ir was performed in one section and one side of the 

PMv (n=4-5, Image 76, Allen Mouse Brain Atlas). F test to compare variances and one-way 

ANOVA followed by Tukey’s test were used. Significance was set at p< 0.05. 
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