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ABSTRACT 

Kisspeptin-expressing neurons in the rostral periventricular region of the third ventricle (RP3V) play an 

essential role in female reproduction.  However, adult male mice were reported to have very few 

Kisspeptin-expressing neurons in the RP3V compared to females. This led to the hypothesis that 

Kiss1RP3V neurons are responsible for the ability of females, but not males, to generate a surge of LH, 

triggering ovulation and steroid synthesis in the female. Using mouse genetics and cell type-specific 

gene expression analysis, we show that male mice harbor almost as many Kiss1RP3V neurons as the 

female and that gene expression in these neurons is very similar.  Specific activation of male Kiss1RP3V 

neurons expressing viral-encoded hM3Dq caused a surge in serum testosterone levels. These results 

demonstrate that Kiss1RP3V neurons are present in the adult male and fully capable of regulating the 

hypothalamic/pituitary/gonadal axis. We suggest that these neurons may continue to play a role in 

reproductive behavior in adult male mice.   

 
INTRODUCTION 

The brain contains several sexually dimorphic nuclei which are thought to coordinate differences in 

physiology and behavior between males and females. Within the rodent hypothalamus, the 

anteroventral periventricular nucleus (AVPV), a constituent of the rostral periventricular region of the 

third ventricle (RP3V), is thought to display sexually dimorphic neuronal populations including tyrosine 

hydroxylase (Th)-, or kisspeptin (Kiss1)-expressing cells (Clarkson & Herbison, 2006; Simerly et al., 

1997). Kiss1 neurons are critical to the reproductive system. Humans and mice deficient in different 

components of the kisspeptin signaling system present with hypogonadotropic hypogonadism, 

infertility and absence of puberty (D'anglemont De Tassigny et al., 2007; De Roux et al., 2003; Funes 

et al., 2003; Seminara et al., 2003). Two major Kiss1 neuronal populations have been reported in the 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 4, 2020. ; https://doi.org/10.1101/2020.12.03.410878doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.03.410878
http://creativecommons.org/licenses/by-nc-nd/4.0/


mouse hypothalamus. One population is located in the RP3V and the other in the arcuate 

hypothalamus (ARC) (Gottsch et al., 2004), and they both project to GnRH neurons and regulate the 

hypothalamic-pituitary-gonadal (HPG) axis. Kiss1 mRNA expression in the RP3V, but not in the ARC 

Kiss1 (Kiss1ARC) neurons, differs between the sexes with the male RP3V appearing to harbor a greatly 

reduced number of Kiss1-expressing cells when compared to females as assayed by standard in situ 

hybridization techniques (Kauffman, 2010). In adult female mice the Kiss1RP3V neurons are thought to 

stimulate the preovulatory surge of GnRH and LH in response to estrogen (Clarkson & Herbison, 

2016).  Adult male mice do not respond to either estrogen or testosterone with an LH surge and this 

has been attributed to the loss of Kiss1 neurons.  The physiological role for male Kiss1RP3V neurons 

has been hypothesized to involve the triggering of the neonatal surge of testosterone after which this 

population of male Kiss1 neurons was hypothesized to undergo apoptosis (Clarkson & Herbison, 

2016).  In rodents, administration of either androgen or estrogen to newborn females causes a male-

like pattern of reduced Kiss1 neurons in the RP3V and an absence of cyclic LH surges in adult 

females. In males, neonatal castration leads to feminization of Kiss1RP3V neurons and the mice retain 

the ability to generate estrogen-induced surges as adults (Homma et al., 2009). Several mechanisms 

including postnatal programed cell death and epigenetic silencing of the Kiss1 gene have been 

proposed to underlie this steroid-mediated sex-specific difference (Semaan & Kauffman, 2013).  We 

have reexamined the male Kiss1RP3V neuronal population in adults using more sensitive techniques 

and established that these Kiss1 neurons are still present in the male RP3V and continue to express 

Kiss1 as well as other marker genes that identify them as similar to their female counterparts.  

Furthermore, we provide evidence that these neurons remain functionally connected within the HPG 

axis and are capable of initiating a rapid increase in testosterone production.  

 

RESULTS 
 
Adult male and female Kiss1RP3V neurons are similar in number 

Sex-dependent differences in Kiss1RP3V neurons arise at postnatal day 12 and lead to an 

evident sexual dimorphism in the adult when assessed by in situ hybridization for Kiss1 

mRNA (Semaan & Kauffman, 2013). To explore whether this difference is due to a 

downregulation of Kiss1 mRNA in Kiss1-expressing cells or to the cell death of this neuronal 

population in male mice, we crossed mice expressing Cre recombinase under the Kiss1 

promoter (Kiss1-Cre mice) (Gottsch et al., 2011) to mice expressing the fluorescent protein 

TdTomato in a Cre-dependent manner (Rosa26-flox-stop-TdT mice) (Madisen et al., 2010) 

(Figure 1A).  The expression of TdTomato in the RP3V of male and female Kiss1-

Cre:Rosa26-flox-stop-TdT mice is shown (Figure 1B). Imaging of sections containing the 
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RP3V in both male and female mice showed a prominent number of TdTomato-expressing 

cells, suggesting that the apparent reduction in the number of Kiss1-expressing cells in the 

RP3V of adult male mice is not due to cell death.  Cell counts for RP3V TdTomato positive 

neurons in the male were only slightly reduced compared to those in the female (Figure 1C). 

 

RiboTag analysis of marker transcripts in the Kiss1ARC and Kiss1RP3V neurons in male and 

female hypothalamus 

We compared the actively translated mRNAs in male and female Kiss1RP3V neurons using a ribosome-

tagging (RiboTag) strategy developed in our lab (Sanz et al., 2019; Sanz et al., 2009). To make this 

comparison, we crossed the Kiss1-Cre mice to RiboTag mice that will express an HA-tagged 60S 

ribosomal protein (Rpl22-HA) in response to Cre recombination. The wild type untagged exon 4 is 

removed from the gene by Cre-dependent recombination allowing the HA-tagged exon 4 to be 

translated as depicted in Figure 2A.  Both the RP3V and ARC regions of the hypothalamus were 

isolated by dissection and the HA-tagged polyribosomes were immunoprecipitated (IP) using anti-HA 

monoclonal antibody and protein A/G magnetic beads as described (Sanz et al., 2019).  Total RNA 

samples prepared from both the input homogenates and the IP-isolated polyribosomes were then 

analyzed by RNA-Seq (Figure 2B).    

 The Kiss1ARC neurons from both male and female mice are enriched (IP greater than input) for 

transcripts from the Kiss1, Tac2, Pdyn (dynorphin) and Tacr3 genes as expected. The levels of Kiss1, 

Tac2, and Tacr3 mRNAs were substantially lower in the male ARC but both sexes expressed similar 

levels of Pdyn as shown in Figure 2C.  The Kiss1RP3V neurons from both males and females were 

enriched in Kiss1 mRNA (Figure 2C) but the males expressed 4fold lower levels which may explain 

why in situ hybridization failed to detect many of the male Kiss1RP3V neurons.   As expected, marker 

genes for astrocytes, oligodendrocyctes, and microglia were depleted in IP samples whereas 

housekeeping genes such as Actb (b-actin) and Gapdh were expressed at similar levels in both input 

and IP as shown (Figure 2–figure supplement 1).  The female Kiss1ARC neurons have been shown to 

be predominantly glutamatergic (Nestor et al., 2016) whereas up to 70% of female Kiss1RP3V neurons 

are GABAergic (Cravo et al., 2011; Nestor et al., 2016).   Expression of the GABA synthetic enzyme, 

Gad2, and the glutamate transporter, Vglut2 (Slc17a6), are consistent with these published results for 

the female and show that the male Kiss1RP3V neurons share similar expression patterns (Figure 2—

figure supplement 1).   

 

Male and female Kiss1RP3V neurons preferentially express a similar signature of neuropeptide, 

receptor, and other marker genes 
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We next examined whether the same neuropeptide and receptor genes that are enriched in female 

Kiss1RP3V neurons are also expressed and enriched in male Kiss1RP3V neurons.   Previous studies 

have reported that galanin (Gal)(Porteous et al., 2011), proenkephalin (Penk)(Porteous et al., 2011), 

tyrosine hydroxylase (Th)(Clarkson & Herbison, 2011), estrogen receptor (Esr1)(Cravo et al., 2011), 

progesterone receptor (Pgr) (Stephens et al., 2015) and the ghrelin receptor (Ghsr)(Frazao et al., 

2014) mRNAs are all co-expressed with Kiss1 mRNA in at least a subset of neurons in the female 

RP3V.  Our results demonstrate that these mRNAs are all enriched (IP/Input ≥2) in both female and 

male Kiss1RP3V neurons (Figure 3).  RNA-Seq analysis also identified the enriched expression of other 

neuropeptide and receptor mRNAs in both male and female Kiss1RP3V neurons including neuromedin 

U (Nmu) and neurotensin (Nts) (Figure 3).  Expression of the androgen receptor (Ar) was slightly 

enriched (1.3 in females and 1.7 in males) compared with the input but above the background of the 

RiboTag assay.  These results indicate that the male Kiss1RP3V neurons are quite similar to their female 

counterparts. 

 By crossing Kiss1-Cre mice with RiboTag mice we enabled expression of RiboTag in adult 

neurons that might have expressed Kiss1-Cre during development but are no longer expressing Cre 

recombinase in the adult. To confirm that the marker genes we identified are still expressed in adult 

Kiss1RP3V neurons we repeated the RiboTag analysis by injecting the Cre-dependent RiboTag (AAV-

DIO-Rpl22HA) as described (Sanz et al., 2015). The results shown in Figure 3–figure supplement 1 

confirm that the neuropeptides, neuromodulators, and receptors that we identified in our comparison 

of male and female Kiss1RP3V neurons using the RiboTag mice continue to be expressed in the adult 

Kiss1 neurons. 

 Neuronal subtypes can be distinguished by the specific neuropeptides, receptors, and 

transcription factors that they express and this approach has been used to compare and group 

neurons after single cell RNA-Seq.  We used a curated list of neuropeptides and receptors (Moffitt et 

al., 2018) and an atlas of mouse transcription factors (Zhou et al., 2017) to extend our analysis and 

make an unbiased comparison between male and female Kiss1RP3V neurons.  For each group of 

genes, we filtered for those expressed at 5 FPKM or more in either the input or IP of male or female 

samples and then calculated the enrichment (IP/Input) for the neuropeptides and receptors that 

passed this filter.  We also examined the quantitative expression of each gene using the IP values for 

genes that were enriched (IP/Input) ≥ 1.  The graphs demonstrate that the signature of neuropeptide 

genes expressed in Kiss1RP3V neurons is similar in terms of both enrichment and quantitative 

expression (Figure 3–figure supplement 2, Panels A,B).  Analysis of receptor mRNAs (Figure 3-figure 

supplement 2, Panels C,D) and transcription factor mRNAs (Figure 3-figure supplement 2, Panel E) 

also illustrate the similarity of male and female Kiss1RP3V neurons.  For the transcription factors we 

used an enrichment ≥1.5 as the filter. 
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Response of male Kiss1 neurons to steroid hormone deprivation 

Female Kiss1 neurons in both the ARC and RP3V express estrogen receptors and respond to 

estrogen with changes in mRNA expression and electrophysiological responses (Qiu et al., 2018; 

Zhang et al., 2015; Zhang et al., 2013).  Estrogen inhibits the expression of Kiss1 mRNA in ARC 

neurons as part of a feedback-inhibitory pathway.  However, estrogen induces Kiss1 mRNA and 

increases electrical excitability in Kiss1RP3V neurons that synapse on GnRH neuronal cell bodies. The 

increase in Kiss1 mRNA and activation of Kiss1RP3V neurons is thought to stimulate the release of 

GnRH, triggering the surge of LH leading to ovulation (Clarkson & Herbison, 2016).  The expression of 

Kiss1 mRNA in the male has also been studied and castration induced Kiss1 mRNA in the Kiss1ARC 

neurons and also inhibited Kiss1 mRNA expression in Kiss1RP3V neurons (Smith et al., 2005).  We 

used Kiss1-Cre:RiboTag mice to examine the global transcriptional phenotype of Kiss1 neurons in 

both the ARC and RP3V of intact and castrated males.  Castration caused a dramatic stimulation of 

Kiss1, Tac2, Pdyn, and Tacr3 mRNAs in the Kiss1ARC neurons (Figure 4A).  In the same intact and 

castrated mice we examined the ribosome bound mRNA transcripts in Kiss1RP3V neurons.  

Testosterone deprivation by castration decreased the expression of Kiss1, Nmu, Nts, Gal, Pgr, and 

Ghsr by 2-5 fold in Kiss1RP3V neurons without affecting the expression of Penk, Th, Esr1 or Ar mRNAs 

or the expression of housekeeping mRNAs, Actb or Gapdh (Figure 4B).   

 

Male Kiss1RP3V neurons are capable of stimulating the HPG axis and producing a surge of 

circulating testosterone 

To explore the functional role of the male Kiss1RP3V neuronal population in the regulation of the HPG 

axis, we introduced a virus that expresses a Cre recombinase dependent activating DREADD, 

hM3Dq, fused to the fluorescent protein mCherry (AAV1-DIO-hM3Dq:mCherry) (Krashes et al., 2011).  

The AAV1-DIO-hM3Dq:mCherry virus was injected bilaterally into the RP3V of male Kiss1-Cre mice. 

(Figure 5A).  Brain sections containing the RP3V and the ARC showed that the mCherry signal was 

restricted to the RP3V and that no expression of the activating DREADD was detected in the ARC 

(Figure 5B). Administration of the synthetic DREADD ligand, clozapine-N-oxide (CNO) to these mice 

resulted in a dramatic increase in serum testosterone within 1 hour whereas administration of CNO to 

control mice showed no increase in serum testosterone levels (Figure 5C, D). To confirm specific 

neuronal activation after CNO administration, Kiss1-Cre mice were unilaterally injected with AAV1-

DIO-hM3Dq:mCherry into the RP3V and Fos staining was assessed 1 hour after CNO injection. RP3V 

sections showed a significant number of Fos-positive nuclei only on the side injected with the 

activating DREADD virus, confirming the specific activation of hM3Dq:mCherry-expressing neurons 

after CNO administration (Figure 5E).  

 

DISCUSSION 
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The cellular and molecular players that control the HPG axis and regulate reproduction and behavior 

are incompletely understood. Hypothalamic Kiss1 neurons are thought to initiate puberty in both male 

and female rodents and regulate the ovulatory cycles in the female. Kiss1 neurons in the ARC are 

inhibited by estrogen and testosterone and this provides a negative feedback mechanism to regulate 

the HPG axis in both sexes.  In contrast,  Kiss1RP3V neurons are stimulated by estrogen and have 

been hypothesized to provide a feed-forward signal to trigger GnRH neurons and initiate the ovulatory 

surge of LH (Oakley et al., 2009).  Our understanding of the physiological role, if any, of Kiss1RP3V 

neurons in the adult male rodent is limited and it has been suggested that these neurons undergo 

apoptosis after their early activation during the neonatal surge of testosterone that only occurs in the 

male (Clarkson & Herbison, 2016). Here, we used Kiss1-Cre mice to identify the adult population of 

Kiss1RP3V neurons by activation of a TdTomato reporter and showed Kiss1RP3V neurons were not lost 

during development in the male mouse as had been suggested based on in situ hybridization 

(Clarkson & Herbison, 2016). Combining this Kiss1-Cre with the RiboTag approach we identified 

actively translated mRNAs that are expressed and enriched in both RP3V as well as ARC Kiss1 

neurons.   

 Analysis of neuropeptide, receptor, transcription factor, and neuromodulator expression in adult 

Kiss1RP3V neurons demonstrates that both male and female Kiss1 neurons in this region are 

preferentially translating a similar collection of function-specifying mRNAs coding for neuropeptides, 

receptors, and transcription factors.  However, Kiss1 mRNA is expressed at a 4-fold lower level in 

male compared with female Kiss1RP3V neurons providing a likely explanation for the inability of 

classical in situ hybridization techniques to accurately identify this population in the male.  Kiss1RP3V 

neurons from both sexes express enriched levels of the neuropeptide mRNAs: galanin (Gal), 

neuromedin U (Nmu), neurotensin (Nts), and enkephalin (Penk).  They also selectively express the 

ghrelin receptor (Ghsr), estrogen receptor alpha (Esr1), and progesterone receptor (Pgr) mRNAs. The 

mRNA for the rate-limiting enzyme required for catecholamine synthesis, tyrosine hydroxylase (Th), is 

also significantly enriched in both male and female Kiss1RP3V neurons in agreement with previous 

studies showing co-expression of Th and Kiss1 in female RP3V neurons (Clarkson & Herbison, 2011). 

Our results are also in general agreement with a recent analysis of mRNA expression in the mouse 

preoptic area (POA) by single cell RNA-Seq, although this study did not compare male and female-

specific expression for Kiss1RP3V neurons (Moffitt et al., 2018).   

In female rodents, removal of estrogen by ovariectomy increases expression of Kiss1 mRNA in 

the ARC while inhibiting Kiss1 mRNA expression in the RP3V but the mechanisms that elicit this 

bidirectional regulation are not completely understood.  We compared the mRNA expression patterns 

of Kiss1 neurons from intact and castrated adult male mice and demonstrated that castration caused a 

marked stimulation of Kiss1, Tac2, Pdyn, and Tacr3  mRNAs in the ARC as previously described 

(Smith et al., 2005) (Navarro et al., 2011).  Kiss1 mRNA expression in the male RP3V is also regulated 
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by sex steroids and we find that castration caused a dramatic reduction in Kiss1 mRNA in the RP3V.  

Castration also decreased the expression of a sub-group of Kiss1RP3V neuron-enriched marker 

transcripts including Gal, Nmu, Nts, Ghsr, and Pgr without affecting expression of Esr1, Ar, or 

housekeeping genes (Actb, Gapdh).   

Kiss1 neurons in the RP3V have been studied extensively in female rodents. The majority 

express the estrogen receptor, ERa (Esr1), and at least 30% of them project to the cell bodies of 

GnRH neurons in the POA where they provide an excitatory input that is thought to be responsible for 

the preovulatory surge of LH (Cravo et al., 2011; Kumar et al., 2015; Wang & Moenter, 2020).  Despite 

their stimulatory function, 70% of the Kiss1RP3V neurons appear to be GABAergic and only 20% are 

identified as glutamatergic (Cravo et al., 2011).  Optogenetic activation of Kiss1RP3V neurons in female 

mice stimulates the firing of GnRH neurons in brain slices and leads to a sustained increase in LH 

secretion in vivo.   This Kiss1RP3V neuron-induced surge of LH is completely dependent on kisspeptin 

expression (Piet et al., 2018).  The LH surge in response to estrogen is also dependent on the 

expression of ERa in RP3VKiss1 neurons which supports the hypothesis that Kiss1RP3V neurons serve 

as the estrogen-dependent surge generator that triggers ovulation (Wang et al., 2019).    

Our results demonstrate the existence of a population of Kiss1RP3V neurons in the adult male 

that are very similar to the female Kiss1RP3V neurons in terms of population size and enriched 

expression of marker neuropeptides, receptors and other marker genes. To begin to explore the 

physiological function of this population of Kiss1 neurons we determined whether the adult male 

Kiss1RP3V neurons can stimulate the HPG axis.  Expression of hM3Dq DREADD specifically in 

Kiss1RP3V neurons and pharmacological activation with CNO evoked a dramatic elevation of circulating 

testosterone within 1 hour demonstrating that these Kiss1 neurons retain the ability to stimulate the 

HPG axis as do their female counterparts.  Our results also suggest that the inability of estradiol to 

stimulate a surge of LH and testosterone in male mice cannot be explained by a loss of ERa or PR 

since Kiss1RP3V neurons in the male express levels of these steroid receptor mRNAs similar to the 

female.  The lack of an LH surge in adult male mice in response to estradiol also seems unlikely to be 

solely due to the decreased expression of kisspeptin since direct stimulation of male Kiss1RP3V 

neurons is capable of stimulating the HPG axis.  In female rodents there is strong evidence that inputs 

from the suprachiasmatic nucleus (SCN) gate the ability of estradiol to elicit an LH surge (Williams et 

al., 2011).  Poling et al. (Poling et al., 2017) implanted mice with silastic capsules containing estradiol 

and showed that female Kiss1RP3V neurons become active 2 days later just before lights out based on 

a robust Fos induction.  However, under the same treatments, male Kiss1RP3V neurons remained 

inactive at all times.  As expected only the female mice responded with a surge of LH that 

corresponded to the activation of Kiss1 neurons. One explanation for the lack of a surge in the males 

might be that the inputs from the SCN are either absent or non-functional. 
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Nutrition, stress, sensory, and circadian signals are known regulators of reproduction and 

multiple pathways that directly regulate Kiss1RP3V neurons have been identified, primarily in females. 

We demonstrate that direct activation of male Kiss1RP3V neurons stimulates the HPG axis, increasing 

testosterone production, and we speculate that these neurons have a role as physiological regulators 

of testosterone levels, reproduction, and behavior in male mice.  To understand the role of male 

Kiss1RP3V neurons further studies need to address the afferent pathways that regulate their activation.  

Studies in female mice demonstrate that the Kiss1ARC neurons send dense projections to the RP3V 

and directly stimulate burst firing of the Kiss1RP3V neurons by releasing glutamate (Qiu et al., 2016).  

The stimulated Kiss1RP3V neurons project to the cell bodies of GnRH neurons in the POA and release 

kisspeptin to activate GnRH neurons; Kiss1ARC neurons project to the terminals of GnRH neurons in 

the median eminence where they stimulate GnRH release.  If these convergent circuits are intact in 

the male, the Kiss1RP3V neurons could play an essential role in the normal pulsatile regulation of 

testosterone levels.  Nutritional deprivation confers a negative input to Kiss1 neurons and inhibits the 

HPG axis.  Starvation leads to the activation of AgRP neurons in the ARC and these GABAergic AgRP 

neurons make direct inhibitory synaptic connections with Kiss1 neurons in both the ARC and RP3V 

(Padilla et al., 2017).  This may contribute to the reduced fertility linked to depleted energy stores that 

can result from either malnutrition or intense athletic training in women.  Although much less studied, a 

similar hypogonadism also occurs in men in response to energy deficit (Wong et al., 2019). The 

specific role of Kiss1RP3V neurons in this link between nutrition and reproduction is unknown.  Our 

results highlight a potentially novel and unexplored role for Kiss1RP3V neurons in male reproductive 

physiology and behavior. 

 

MATERIAL AND METHODS 

Mice  

Mice were housed in a temperature and humidity-controlled facility with a 12-h light/dark cycle. All 

animal care and experimental procedures were approved by the Institutional Animal Care and Use 

Committee at the University of Washington. Kiss1Cre:GFP , referred to here as Kiss1-Cre (Gottsch et al., 

2011), Ai14 TdTomato Reporter (Madisen et al., 2010) and RiboTag (Sanz et al., 2009) mice were 

used in this study.  All mice used were adults (3 to 4 months old) which had been backcrossed onto a 

C57BL/6 background. Mice were castrated as described (Gottsch et al., 2011). Briefly, adult male mice 

were maintained under isoflurane anesthesia while testes were removed through a midline ventral 

incision. Vasculature to the testes and body wall were sutured, and wound clips were used to close the 

incision. Mice were given ketoprofen analgesia before surgery and every 24 h after surgery.  

 

Adeno-associated viral vector delivery 
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Kiss1-Cre male mice were injected bilaterally with a total of 1 μl of AAV1-hSyn-DIO-hM3D(Gq)-

mCherry viral vector (7 × 1011 viral genomes/ml; 0.5 μl per side) as described previously (Quintana et 

al., 2012) using the following coordinates: ±0.27 mm mediolateral (ML), +0.145 mm anteroposterior 

(AP), and −5.5 mm dorsoventral (DV) from Bregma (Paxinos & Franklin, 2013). The vector pAAV-

hSyn-DIO-hM3D(Gq)-mCherry was from Bryan Roth (Addgene plasmid #44361; 

http://n2t.net/addgene:44361; RRID:Addgene_44361) Mice were euthanized 3 to 4 weeks after 

injections. Kiss1-Cre mice were injected bilaterally with a total of 1 μl of AAV1-Efa1-DIO-Rpl22-3HA-

IRES-YFP (AAV-DIO-RiboTag) viral vector (7 × 1011 viral genomes/ml; 0.5 μl per side) as previously 

described (Sanz et al., 2015) using the following coordinates: ±0.27 mm mediolateral (ML), +0.145 

mm anteroposterior (AP), and −5.5 mm dorsoventral (DV) from Bregma (Paxinos & Franklin, 2013) 

Mice were euthanized 3-4 weeks post injection and brain tissue was collected.  

 

Histology and Imaging 

For TdTomato or hM3Dq:mCherry imaging, Kiss1-Cre;Rosa26-flox-stop-TdT  or Kiss1-Cre injected 

with AAV1-DIO-hM3Dq:mCherry mice were euthanized by Beuthanasia-D administration (86 mg/kg 

pentobarbital sodium, 11 mg/kg phenytoin sodium) followed by cardiac perfusion with 4% 

paraformaldehyde in PBS, pH 7.4. Brains were dissected and post-fixed at 4°C overnight and 

cryoprotected in 30% sucrose. Tissue was frozen in dry ice and stored at −80°C until sectioning. 

Coronal sections (30 μm) containing the RP3V and ARC were used for analysis. Kiss1-Cre;Rosa26-

flox-stop-TdT brains were sectioned coronally from +0.5 mm to 0.0 mm Anteroposterior from bregma. 

Every 4th slice for a total of 4 slices were collected from each of 2 females and 2 males and imaged 

under a 20X objective on a Zeiss 710 confocal microscope. TdTomato positive cells were counted in 

an area roughly 736 µm by 736 µm and summed across sections within each animal.  

 

RiboTag assays  

Circular 2 mm-punches containing the RP3V area or the ARC from groups of four RiboTag expressing 

mice were pooled and homogenized in 1 ml of buffer as described previously (Sanz et al., 2019; Sanz 

et al., 2015). Briefly, 4 μl of anti-HA antibody (Clone 16B12, BioLegend) were added to 800 μl of the 

cleared lysate and incubated for 4 h at 4°C. A sample of total lysate (80 µl) was saved as an input. 

After incubation, 200 μl of protein A/G magnetic beads (Thermo Fisher Scientific) were added and 

incubated overnight at 4°C with rotation. Immunoprecipitates (IPs) were washed in high salt buffer and 

RNA from inputs and IPs extracted using the RNeasy micro kit (Qiagen). 

 

RNA-Seq  

Library Preparation: NuGEN Ovation RNA-Seq System V2 (Catalog # 7102)(NuGEN, San Carlos, 

CA) in combination with Ovation Ultralow Library Systems (Catalog #s 0330, 0331) (NuGEN) and 2-10 
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ng of total RNA were used to make cDNA libraries. Libraries were quantified with NEBNext Library 

Quant Kit for Illumina (Catalog # E7630, New England BioLabs, Ipswich, MA) before sequencing them 

on a NextSeq500 (Illumina, San Diego, CA) using NextSeq500 High-Output v2 75 cycles 

consumables (FC-404-2005; Illumina). Libraries were sequenced 75 cycles using single-ended reads 

with 6 additional reads for barcodes.  Sequencing reads were converted from BCL to FASTQ format 

and demultiplexed using Bcl2fastq2 (Illumina, 2017) . The first 5 base calls were then trimmed and low 

quality reads filtered out using FASTX-Toolkit (Hannon_Lab, 2014). Reads were aligned to 

GRCm38/mm10 UCSC mouse genome using TopHat2 (Kim et al., 2013; Trapnell et al., 2009) and 

quantified and normalized using Cuffnorm from Cufflinks (Trapnell et al., 2010).  Data was visualized 

using R version 3.4.4 “Someone to Lean On” (Gentleman et al., 2018) within RStudio (Rstudio, 2018) 

utilizing tidyr, dplyr, and ggplot2 (Wickham, 2016; Wickham et al., 2018a; Wickham et al., 2018b; 

Wickham & Henry, 2018). 

 

Testosterone assays 

Tail vein blood was obtained right before and 1h after clozapine-n-oxide (CNO; 1mg/kg) i.p. 

administration and allowed to clot in Microtainer serum separator tubes (Beckton-Dickinson) for 1h at 

RT. Serum was recovered by centrifugation and stored at -80º for later analysis. Testosterone levels 

were determined using the Testosterone EIA kit (Cayman Chemical, Ann Arbor, MI).  Statistical 

analysis of serum testosterone levels was performed using GraphPad Prism v5.02 software. 
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FIGURE LEGENDS 

Figure 1. Adult male and female mice have similar numbers of Kiss1RP3V neurons.  (A) Kiss1-

Cre:TdTomato mice were the progeny of a male Kiss1-Cre and the Ai14 TdTomato reporter strain 

available from Jackson Labs. The TdTomato allele is expressed after Cre recombinase removal of the 

Stop signals as depicted in the schematic.  (B) Cartoon of a coronal brain section with the location of 

the RP3V outlined by a red box.  TdTomato fluorescence of a representative coronal section 

containing the RP3V in female and male adult mice.  DAPI staining of the nuclei is also shown.  Scale 

bars: 100 µm. (C) Sections (30 µm) through the RP3V of 2 male and 2 female Kiss1-Cre:TdTomato 

mice were obtained and TdTomato positive cells were counted in every 4th section.  The total number 

of cells counted is shown for females and males.  

Figure 2. Expression of marker genes in Kiss1RP3V and Kiss1ARC neurons in male and female 

adult mice. (A)  Kiss1-Cre:RiboTag mice were the progeny of male Kiss1-Cre and female RiboTag 

mice. The Rpl22-HA allele contains a loxP-flanked wild type exon 4 which is replaced by an HA-

tagged exon 4 after Cre recombination.  (B) Mouse brains were sliced into 2mm coronal slices that 

anatomically separated the ARC and RP3V regions of the hypothalamus.  The 2 mm punches of ARC 

and RP3V tissue were homogenized, used to immunoprecipitate (IP) HA-tagged polysomes, and then 

RNA was extracted for RNA-Seq.  A sample of the total homogenate was also used to prepare an 

input RNA sample for RNA-Seq for comparison to the IP RNA.  Punches from four animals were 

pooled for each RiboTag isolation and two separate groups of mice were analyzed.  (C) Expression of 

Kiss1 and the Kiss1ARC neuronal markers, Tac2, Pdyn, and Tacr3 are shown comparing male and 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 4, 2020. ; https://doi.org/10.1101/2020.12.03.410878doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.03.410878
http://creativecommons.org/licenses/by-nc-nd/4.0/


female RP3V and ARC. Expression is given as FPKM (Fragments Per Kilobase per Million reads) and 

the range of the 2 groups of 4 animals each is shown by error bars.  

Figure 2–Supplement 1.  RNA-Seq analysis of ubiquitously expressed "housekeeping" genes, male 

and female specific genes, GABAergic and Glutamatergic marker genes as well as marker genes for 

glial cells.  The input and IP for RP3V and ARC samples is shown from both male and female mice 

expressed as normalized FPKM. Two groups of mice (4 animals in each group) were analyzed for 

each condition and the error bars show the range of the two groups.   

Figure 3.  Male and female Kiss1RP3V neurons express and translate a similar signature of transcripts. 

The RNA-Seq results show enriched expression from the neuropeptide genes, Gal, Nmu, Nts, and 

Penk.  The tyrosine hydroxylase gene (Th), the ghrelin receptor gene (Ghsr) and the steroid receptor 

genes (Esr1, Ar, and Pgr) are all expressed in the Kiss1RP3V neurons although Ar is only modestly 

enriched.  Genes that are not expressed in the HA-tagged neurons will still show up in the IP samples 

as background with an IP/Input ratio ranging from 0.1 to 0.4 as shown for glial marker genes in Figure 

2-Supplement 1.  Expression levels are normalized to FPKM and the range of the 2 samples (4 mice 

pooled in each sample) is shown by the error bars.  

Figure 3–Supplement 1.  RiboTag analysis after viral injection of AAV-DIO-RiboTag (AAV1-DIO-

Rpl22-HA) into Kiss1-Cre mice was used to verify the expression of specific transcripts in adult male 

Kiss1RP3V neurons.  A diagram of the AAV vector is shown that contains a copy of Rpl22-HA (RiboTag) 

that is activated by Cre recombinase in adult neurons that express Cre recombinase from the Kiss1 

locus.  Bilateral injection of the viral vector into the RP3V region of Kiss1-Cre mice was followed by a 3 

to 4 week recovery before the mice were used to assay gene expression.  Two groups of mice (4 

animals in each group) were injected with virus and analyzed.  Results are shown for the same genes 

that were analyzed using Kiss1-Cre mice crossed to the RiboTag mouse line shown in Figures 2 and 

3.  The average values for both Input and IP are shown and the error bar denotes the range of the two 

groups. 

Figure 3–Supplement 2.  Neuropeptide, receptor, and transcription factor profiles in male and female 

Kiss1RP3V neurons.  A manually curated list of neuropeptide and receptor genes from Moffitt et al 

(Moffitt et al., 2018) and an atlas of mouse transcription factor genes (Zhou et al., 2017) was used to 

analyze our RNA-Seq results and derive an unbiased comparison of male and female Kiss1RP3V 

neuron expression profiles.  The RNA-Seq results from the RiboTag mouse and AAV-DIO-RiboTag 

experiments were normalized together and filtered for mRNAs that showed an averaged expression in 

either the input (FPKM≥5) or IP (FPKM≥5) of either sex.  (A) Of the 73 neuropeptides in the Moffitt list, 

24 passed the expression filter in the RP3V samples and we then plotted the enrichment (IP/input) for 

these genes comparing male with female. The enrichment is shown on a log2 scale.  (B) The 12 

neuropeptide mRNAs showing an enrichment ≥1 in males were further analyzed for quantitative 

expression in the IP samples again comparing male and female Kiss1RP3V neurons.  FPKM values are 
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shown on a log2 scale and error bars are the standard deviation (SD) of the 4 samples.  (C)  139 

neuropeptide and hormone receptors were analyzed and 41 passed the filter for expression in either 

input or IP.  The enrichment of these receptors is compared between male and female.  (D) The 26 

receptor mRNAs with enrichment of at least 1 in males were further analyzed to compare the 

quantitative gene expression in the IP from male and female Kiss1RP3V neurons.  The error bars are the 

SD of the 4 samples.  (E) Transcription factors that were expressed in either sex at 10 FPKM or 

greater in the IP and showed an enrichment of 1.5 or greater were compared between male and 

female Kiss1RP3V neurons.  The quantitative results for the 28 transcription factors that passed this 

filter are shown with the mean and SD. 

Figure 4.  Androgen depletion by castration alters expression of Kiss1 and a subset of enriched 

marker genes in male Kiss1 neurons.  Male Kiss1-Cre:RiboTag mice were castrated as adults and 4 

weeks later were analyzed for mRNA expression by RiboTag and the results compared with male 

Kiss1-Cre:RiboTag controls (Intact).   (A) Expression levels of Kiss1, Tac2, Pdyn, and Tacr3 in the 

Kiss1ARC neurons of intact and castrated mice are shown.  For comparison the constitutively 

expressed gene transcripts for Actb and Gapdh are also shown.  (B) Expression of Kiss1 and other 

marker genes in Kiss1RP3V neurons is shown for intact and castrated male mice.  The constitutively 

expressed genes, Actb and Gapdh are shown for comparison.  In both panels, the error bars show the 

range of values for 2 separate pools of mice, each containing tissues harvested from 4 animals. 

Values for intact males are the same as those shown in Figure 2. 

Figure 5.  Activation of Kiss1RP3V neurons using hM3Dq and CNO leads to a rapid surge in plasma 

testosterone.  (A) A schematic of the AAV1-DIO-hM3Dq:mCherry virus is shown.  The virus was 

injected bilaterally into the RP3V region of Kiss1-Cre mice. (B) Four weeks after injection the 

expression of mCherry is prominent in RP3V but not in the ARC of the same animals. Scale bar: 100 

µm. (C) Diagram showing the time points for serum collection before and after i.p. administration of 

CNO.  (D) Serum testosterone levels in WT and Kiss1-Cre mice (n=4) injected with AAV1-DIO-

hM3Dq:mCherry pre and post injection with 1 mg/kg CNO.  Data are presented as the mean ± SEM. 

Statistical analysis was performed using two-way ANOVA followed by Bonferroni posttest (**p<0.01).   

(E) Male Kiss1-Cre mice were injected unilaterally with AAV1-DIO-hM3Dq:mCherry  and 4 weeks later 

CNO (1mg/kg) was administered.  After 1 h, Fos was visualized by immunohistochemistry and 

mCherry was visualized by fluorescence allowing direct visualization of hM3Dq expression in the 

RP3V region of the hypothalamus.  DAPI staining of DNA is shown to identify cell nuclei. 
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