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Abstract

The adipocyte-derived hormone leptin is required for normal pubertal maturation in mice and humans and, therefore, leptin
has been recognized as a crucial metabolic cue linking energy stores and the onset of puberty. Several lines of evidence
have suggested that leptin acts via kisspeptin expressing neurons of the arcuate nucleus to exert its effects. Using
conditional knockout mice, we have previously demonstrated that deletion of leptin receptors (LepR) from kisspeptin cells
cause no puberty or fertility deficits. However, developmental adaptations and system redundancies may have obscured the
physiologic relevance of direct leptin signaling in kisspeptin neurons. To overcome these putative effects, we re-expressed
endogenous LepR selectively in kisspeptin cells of mice otherwise null for LepR, using the Cre-loxP system. Kiss1-Cre LepR
null mice showed no pubertal development and no improvement of the metabolic phenotype, remaining obese, diabetic
and infertile. These mice displayed decreased numbers of neurons expressing Kiss1 gene, similar to prepubertal control
mice, and an unexpected lack of re-expression of functional LepR. To further assess the temporal coexpression of Kiss1 and
Lepr genes, we generated mice with the human renilla green fluorescent protein (hrGFP) driven by Kiss1 regulatory
elements and crossed them with mice that express Cre recombinase from the Lepr locus and the R26-tdTomato reporter
gene. No coexpression of Kiss1 and LepR was observed in prepubertal mice. Our findings unequivocally demonstrate that
kisspeptin neurons are not the direct target of leptin in the onset of puberty. Leptin signaling in kisspeptin neurons arises
only after completion of sexual maturation.
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Introduction

Many aspects of reproductive physiology are energetically

demanding (e.g., pregnancy and lactation); therefore, the nutri-

tional state is a critical factor for pubertal development and

attainment of reproductive capacity [1–3]. Previous studies in rats

have indicated that the time of pubertal onset is correlated with

body size, not chronological age [4], and epidemiological data in

humans suggested that a critical amount of body fat is required for

proper sexual maturation [5]. Subsequently, a series of studies in

different species has demonstrated that conditions of extreme

leanness delay the initiation and progression of pubertal matura-

tion [2,6].

Following the discovery of leptin primarily as an adipocyte-

derived hormone and its requirement for pubertal development in

mice and humans, leptin was recognized as a potential link

between energy stores and the onset of puberty [7–9]. However,

the mechanism by which leptin exerts its effect is still a matter of

debate. Leptin receptors (LepR) are highly expressed in arcuate

nucleus (Arc) neurons, where they partially colocalize with

kisspeptin, one of the most potent regulators of the reproductive

axis [10–13]. Loss-of-function mutations in kisspeptin (Kiss1/

KISS1) or kisspeptin receptor (Gpr54/GPR54) genes cause infertility

due to lack of pubertal maturation and hypogonadotropic

hypogonadism in mice and humans [14–18]. Kiss1 and Gpr54

gene expression increases across pubertal development, and the

administration of kisspeptin to juvenile rodents precipitates vaginal

opening (an external sign of puberty onset) and induces LH

secretion and ovulation [19,20]. Leptin administration to leptin-

deficient infertile ob/ob mice induces sexual maturation and

increases hypothalamic Kiss1 gene expression [10]. Together,

these findings pointed to a prime role for kisspeptin neurons in

mediating the permissive action of leptin in the onset of puberty

[2,10,21]. To test this model, we previously used a Cre conditional

LepR knockout mouse model to selectively delete LepR from

kisspeptin expressing neurons [22]. Male and female Kiss1-Cre

LepRlox/lox mice showed normal sexual maturation, fertility and

fecundity, suggesting that leptin action in Kiss1 neurons is not

necessary for puberty and reproduction. However, developmental

PLOS ONE | www.plosone.org 1 March 2013 | Volume 8 | Issue 3 | e58698



changes and/or neuronal circuitry redundancies may have

obscured the physiological role of leptin signaling on kisspeptin

neurons. To clarify this, we re-expressed endogenous LepR

selectively in Kiss1 neurons and determined whether leptin

activity only in Kiss1 cells is sufficient to allow pubertal

development and to rescue the fertility of the LepR null mice.

Materials and Methods

Animals
Male and female Kiss1-Cre, LepR null, LepR-IRES-Cre, R26

GFP or R26 tdTomato (B6.Cg-Tg(ACTB-Bgeo/GFP)21Lbe/J;

B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, JaxH mice),

Kiss1-hrGFP and C57BL/6 mice were housed in the University of

Texas Southwestern Medical Center Animal Resource Center, in

a light- (12 h on/12 h off) and temperature- (21–23uC) controlled

environment with free access to water and food. Groups of females

were assessed daily for vaginal opening or estrous cycles and were

bilaterally ovariectomized for 7–10 days before perfusion. All

experiments were carried out in accordance with the guidelines

established by the National Institute of Health Guide for the Care

and Use of Laboratory Animals. All experiments and procedure in

this study were approved by the University of Texas Institutional

Animal Care and Use Committee (IACUC, AP#2008-0150).

Metabolic Phenotyping: Mice were maintained on a standard chow

diet (Harlan Teklad Global Diet) and were followed from 13 to

35 weeks of age. Body weight was determined weekly. Body

composition (total lean and fat mass) was assessed at 20, 28 and

35 weeks of age by magnetic resonance imaging using an

EchoMRI-100 quantitative NMR machine. Body composition is

expressed as a percentage of body weight. Basal glucose levels were

determined in fed and overnight fasted mice.

DNA recombination – PCR strategy
Oligonucleotide primers were designed to confirm the DNA

recombination sites: LepReacRev: 59-TAGGGCCAAACCCA-

CATTTA-39; LepReacFor: 59-CAGTCTGGACC-

GAAGGTGTT-39; pDisR: 59-CCCAAGGCCATA-

CAAGTGTT-39. Selected tissues were submitted to 36 PCR

cycles using the following temperatures: 94uC (denaturation, 309);

58uC (annealing, 309) and 72 uC (extension, 609). The full length

and Cre-mediated deletion of the loxP-flanked transcription-

Figure 1. Re-expression of LepR selectively in Kiss1 neurons causes no amelioration of the reproductive or metabolic phenotype of
LepR null mice. A. Agarose gel showing Cre-induced DNA recombination (higher band) of LepRLoxTB in the hypothalamus and testis (but not in the
white adipose tissue and tail) of Kiss1-Cre LepR null mice. B. Survival graphs showing the progression of vaginal opening and pregnancy in wild type,
LepR null and Kiss1-Cre LepR null mice; C. Image comparing the size of the uterus of a wild type female on diestrus and adult Kiss1-Cre LepR null
mice; D. Image showing sections of the ovary of a female on diestrus and of an adult Kiss1-Cre LepR null female. Note the presence of corpora lutea
(CL) only in the ovary of the wild type female mice. E. Graph showing the progression of body weight of wild type, LepR null and Kiss1-Cre LepR null
female mice. F. Bar graphs showing body composition (percentage of fat and lean mass) of LepR null (black) and Kiss1-Cre LepR null (red) mice at 3
different ages: 20 weeks, 35 weeks (males) and 28 weeks (females).
doi:10.1371/journal.pone.0058698.g001
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blocking cassette were distinguished according to size/base pairs

(540bp = full length, 300bp = DNA recombination).

Whole-Cell recording
Whole-cell patch-clamp recordings were performed in Kiss1

neurons of the preoptic area (AVPV/PeN, n = 18) and the Arc

(n = 30) of adult (P60-70) males and females on diestrus. Neurons

were maintained in hypothalamic slice preparations, and data

analyses were performed as previously described [23,24]. Epi-

fluorescence and differential interference contrast imaging (DIC)

was used to target Kiss1 neurons (Nikon Eclipse FN1 and a

QuantEM:512SC electron-multiplying charge-coupled device

camera). Electrophysiological signals were recorded using an

Axopatch 700B amplifier (Molecular Devices), low-pass filtered at

2–5 kHz, digitized at 88 kHz (Neuro-corder; Cygnus Technology),

and analyzed offline on a PC with pCLAMP programs (Molecular

Devices). Recording electrodes had resistances of 2.5–5 MV when

filled with the K-gluconate internal solution. Membrane potential

values were compensated to account for junction potential

(-8 mV). Solutions containing leptin were perfused for 5 min.

Generation and Validation of Kiss1-hrGFP mice
The Kiss1-hrGFP mouse model (or KG) was generated as

previously described [25] using the BAC RP24-299B2, except that

a DNA fragment containing the coding sequence of hrGFP was

used instead of the Cre sequence. The hrGFP-modified Kiss1 BAC

was submitted to the UTSW Medical Center Transgenic Core

Facility for microinjection into the pronuclei of fertilized one-cell

stage embryos of C57BL/6 mice. Oligonucleotide primers used to

confirm the genotype of mice harboring the Kiss1-hrGFP

transgenes were as follows: M358: 59-GCTCTGGTGAAGTAC-

GAACTCTGA-39, M243: 59-AGGTGCGGTTGCCG-

TACTGGA-39, M176: 59-GGTCAGCCTAATTAGCTCTGT-

CAT-39 and M117: 59-GATCTCCAGCTCCTCCTCTGTCT-

39. Validation of our mouse model was performed in ovariecto-

mized and ovariectomized estrogen-primed females (n = 3/group)

by colocalization of Kiss1 mRNA (in situ hybridization) in neurons

immunoreactive to hrGFP (1:2000, Stratagene-Agilent).

Histology
Mice were deeply anesthetized with chloral hydrate (7%, ip) and

perfused with 10% buffered formalin. Brains were sectioned (25-

mm sections, 5 series) in the frontal plane. GFP immunoreactivity

(GFP-ir) was assessed in series of brain sections from both male

and female Kiss1-Cre reporter mice. Sections were incubated in

primary anti-GFP (1:5,000, Aves Labs) overnight and in Alexa-

Fluor 488-conjugated goat anti-chicken secondary antisera (1:250,

Invitrogen) for 1 h. Hypothalamic sections from mice treated with

leptin or saline were incubated in antisera against pSTAT3

(1:2,000, Cell Signaling), Fos (1:10,000, Millipore) or pSTAT5

(1:1,000, Cell Signaling) at 4uC for 48–72 h. Sections were

incubated in biotin-conjugated donkey anti-rabbit secondary

Figure 2. Lack of re-expression of functional LepR in Kiss1-Cre LepR null mice. A-C. Brightfield photomicrographs showing the distribution
of leptin-induced phosphorylation of STAT3 immunoreactivity (pSTAT3-ir) in the arcuate nucleus (Arc) of wild type female mice on diestrus (A) and
lack of pSTAT3-ir in the Arc of LepR null (B) and of Kiss1-Cre LepR null (C) adult female mice; D-G. Identification of Kiss1-Cre/GFP cells for whole-cell
patch-clamp recordings. (D) Brightfield illumination showing a targeted neuron; (E) the same neuron under fluorescent (FITC) illumination; (F)
complete dialysis of AlexaFluor 594 from the intracellular pipette at the end of the recording; (G) colocalization of AlexaFluor 594 and GFP. H. A
current-clamp recording demonstrates that leptin (100 nM) depolarizes Kiss1-Cre/GFP neurons. The dashed line indicates the resting membrane
potential. Scale bar: A–C = 400 mm.
doi:10.1371/journal.pone.0058698.g002
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antisera (1:1,000, Jackson Laboratories) and avidin-biotin complex

(1:500, Vector Labs) and subjected to immunoperoxidase reaction

using diaminobenzidine as chromogen. Dual label in situ

hybridization /immunohistochemistry was performed to deter-

mine coexpression of GFP-ir and LepR mRNA. The procedure

was a modification of that previously reported [25,26]. The LepR

riboprobe was generated by in vitro transcription with 33P-UTP.

Hybridization signals were detected following standard autoradio-

graphic protocols [26]. Brain sections were analyzed using a Zeiss

Axioplan microscope. Quantification of single- or dual-labeled

neurons and percentage of colocalization were determined in the

AVPV, PeN and in 1 or 2 rostro-to-caudal levels of the Arc. Cells

were counted in one side of a defined level of each nucleus. For the

in situ hybridization, we considered cells dual labeled if the density

of silver grains (hybridization signal) overlying a cell was at least 3

6 that observed in the background.

Statistical Analysis
Data are expressed as the mean 6 SEM. Comparisons between

two groups were carried out using the unpaired two-tailed Student’s

t test. One-way ANOVA followed by the pairwise Tukey test were

used to compare three or more groups simultaneously. Statistical

analysis was performed using GraphPad Prism software, and an a
value (P) of 0.05 was considered significant in all analyses.

Results and Discussion

Generation and validation of Kiss1-Cre LepR null mice
To generate mice with endogenous re-expression of LepR

selectively in Kiss1 neurons, we crossed Kiss1-Cre (J2-4) mice [25]

with the LepR null mice previously described and validated by our

group [27]. Briefly, LepR null mice have a loxP-flanked

transcription-blocking cassette (TB) inserted between exons 16

and 17 of the Lepr gene to generate mice lacking the long isoform

of LepR. LeprloxTB/loxTB mice (LepR null) are obese, diabetic and

infertile. Heterozygous (LeprloxTB/WT) mice were bred with Kiss1-

Cre mice to produce Kiss1Cre/- LeprloxTB/WT male and female mice,

which were used as breeders to generate our experimental

animals. Genotypes of the resulting progeny were produced at

expected Mendelian ratios. Two cohorts of Kiss1-Cre LepR null

mice (Kiss1Cre/? LeprloxTB/loxTB, n = 8–11/group/genotype/sex)

were evaluated and compared with LepR null (Kiss1-/- LeprloxTB/

loxTB) and wild type (WT, Kiss1-/- LeprWT/WT) littermates (n = 4-6/

group/genotype/sex). Groups were defined by tail genotyping,

and endogenous re-expression of LepR in Kiss1 neurons was

assessed at the end of the experiment. The Cre-recombined alleles

were initially verified using a PCR strategy in which the presence

of full length and Cre-mediated deletion of the loxP-flanked

transcription-blocking cassette were distinguished (n = 4 /sex/

genotype). Recombination sites were only observed in tissues that

express the Kiss1 gene, including the hypothalamus and gonads

(Figure 1A).

Kiss1-Cre LepR null mice show no improvement in
reproductive function

Mice were weaned at 25 days of age and females were

monitored for vaginal opening (VO), as a consensus external sign

of puberty onset. All WT littermates had VO at the expected age

(27–30 days), but no or undeveloped VOs were observed in Kiss1-

Figure 3. Prepubertal and leptin signaling-deficient mice display decreased numbers of Kiss1 neurons. A-F. Fluorescence
photomicrographs showing the distribution of Cre activity (Kiss1 reporter gene) in adult (WT on diestrus and Kiss1-Cre LepR null) and prepubertal
(WT) female mice. G-I. Bar graphs showing quantification of Kiss1-Cre tdTomato neurons in prepubertal and adult WT female mice and in adult Kiss1-
Cre LepR null female mice. Note higher numbers of Kiss1-Cre tdTomato neurons in the anteroventral periventricular nucleus (AVPV) and arcuate
nucleus (Arc) of adult WT mice on diestrus compared to adult Kiss1-Cre LepR null and prepubertal WT mice. Scale bar: A–F = 400 mm. 3V, third
ventricle.
doi:10.1371/journal.pone.0058698.g003
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Cre LepR null and LepR null mice, monitored until P80 (Fig. 1B).

Because male odorants may induce sexual maturation in female

rodents [28], we further characterized the reproductive phenotype

of the female mice in the presence of a C57BL/6 male of proven

fertility. Males were introduced in cages containing at least one

female of each genotype (Kiss1-Cre LepR null, LepR null and

WT). After 5 days, all WT females were impregnated, whereas no

Kiss1-Cre LepR null and no LepR null female mice were fertile

after 10–12 weeks of mating (Fig. 1B). Kiss1-Cre LepR null and

LepR null female mice showed no uterine development and no

ovarian corpora lutea, indicating a lack of increase in estrogen

levels, LH secretion and ovulation (Fig. 1C–D). Likewise, adult

male mice (P80) were housed with 2–3 WT females of proven

fertility for 10–12 weeks. All WT males impregnated at least 2

females in 1 week, whereas no Kiss1-Cre LepR null and no LepR

null male mice were fertile. No difference in testis weight was

observed between Kiss1-Cre LepR null and LepR null littermates

(P = 0.92).

Kiss1-Cre LepR null mice show no improvement in
metabolic phenotype

Previous studies have suggested a role for kisspeptin neurons in

energy homeostasis [29], we then assessed changes in the

metabolic profile of these mice. Male and female Kiss1-Cre LepR

null and LepR null mice were similarly obese from 13 to 28 weeks

of age (Fig. 1E). No change in fat mass and lean mass was observed

(20, 28 and 35 weeks of age, Fig. 1F), and no differences in fed and

fasting (overnight) glucose levels were detected between Kiss1-Cre

LepR null and LepR null mice (fed: 196.3 6 43.5 vs. 189.8 6

22.4 mg/dL, P = 0.80 ; fasting: 98.7 6 11.0 vs. 134.3 6 29.6 mg/

dL, P = 0.30).

Lack of expression of functional LepR in Kiss1 neurons of
Kiss1-Cre LepR-null mice

To determine the degree of re-expression of functional LepR in

Kiss1 neurons, adult mice were 24 h-fasted and received a bolus of

intraperitoneal (ip) leptin (2.5 or 5 mg/g) 1 or 2 h before perfusion

to assess leptin-induced phosphorylation of signal transducer and

activator of transcription-3 (pSTAT3) immunoreactivity [31,35].

As expected, we observed leptin-induced pSTAT3 in several

hypothalamic sites of WT mice and no response in LepR null mice

[27]. However, surprisingly, no pSTAT3 was observed in the

hypothalamus of Kiss1-Cre LepR-null mice (Fig. 2A–C; 2 different

cohorts, n = 4–5/genotype/sex). Because of this unexpected result,

additional experimental protocols were used, including ip leptin

injections in younger and leaner animals (P15–28 days of age,

5 mg/g, n = 4–5/genotype/sex) or intravenous (jugular vein)

administration of leptin (1 g/g, n = 4–5/genotype/sex). Although

leptin-injected mice had higher circulating levels of leptin (average

. 950 ng/mL vs. 200.2 6 48.9 ng/mL in saline injected mice),

none of these manipulations resulted in leptin-induced pSTAT3 in

hypothalamic neurons of Kiss1-Cre LepR null mice.

Leptin induces pSTAT3 in virtually all LepR-expressing

neurons of the Arc, including those expressing Kiss1 [25,26].

Figure 4. Kiss1 neurons are not responsive to leptin before
completion of sexual maturation. A-B. Brightfield and fluorescence
photomicrographs showing lack of colocalization of Kiss1-Cre GFP and
LepR mRNA (A) or leptin-induced phosphorylation of STAT3 (B) in
prepubertal mice. C-H. Validation of Kiss1 human renilla GFP (Kiss1-
hrGFP) mouse model. To optimize the detection of Kiss1 mRNA, we
performed colocalization studies (Kiss1 mRNA and hrGFP) in ovariec-
tomized (OVX) and OVX estrogen primed (OVX+E2) mice. Virtually all
Kiss1 neurons in the anteroventral periventricular nucleus, anterior
periventricular nucleus (AVPV/PeN) and arcuate nucleus (Arc) of
OVX+E2 and OVX mice respectively coexpressed hrGFP immunoreac-
tivity. C-D, F-G. Brightfield photomicrographs showing distribution of
hrGFP immunoreactivity in the AVPV and Arc of OVX (C, F) and OVX+E2
(D, G) mice. Note changes in hrGFP expression due to sex steroids
manipulation. E, H. Higher magnification of D and F, respectively
(arrows indicate same cells), showing coexpression of hrGFP-ir and Kiss1
mRNA in the AVPV of OVX+E2 mice (E) and in the Arc of OVX mice (H).
Scale bar: A-B = 200 mm; C-D, F-G = 400 mm; E, H = 80 mm. 3V, third
ventricle.
doi:10.1371/journal.pone.0058698.g004

Figure 5. Lack of coexpression of leptin receptor (LepR) and
Kiss1 before puberty. A-F. Fluorescence photomicrographs showing
the distribution of Kiss1 (hrGFP) and LepR (tdTomato) in prepubertal (21
days of age, P21) (A, C, E) and ovariectomized adult female mice (B, D,
F). Note the lack of colocalization of Kiss1 and LepR in prepubertal mice
and the higher colocalization rate in ovariectomized adult female mice
(arrows indicate dual labeled neurons). Scale bar: A–F = 200 mm. 3V,
third ventricle; ME, median eminence.
doi:10.1371/journal.pone.0058698.g005
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However, previous studies have suggested that leptin-induced

pSTAT3 is not required for reproduction [30]. Thus, we assessed

whether leptin engages any alternative previously identified

signaling pathway in Kiss1 neurons. For example, leptin recruits

the phosphoinositide 3-kinase (PI3K) signaling pathways [31–33],

and in hypothalamic slices, leptin-induced change in cell activity

requires intact PI3K [23,24]. Moreover, previous studies in guinea

pigs have reported that leptin depolarizes high percentage of Kiss1

neurons of the Arc [34]. To evaluate the ability of leptin to change

Kiss1 cell activity in WT and Kiss1-Cre LepR null mice, we

generated mouse models bearing Kiss1-Cre reporter genes (eGFP

or tdTomato, JaxH mice). In contrast to reports in guinea pigs,

leptin (100 nM) depolarized only 10% of Arc Kiss1 neurons in the

WT mouse (3 out of 30 recorded cells, 5.0 6 0.9 mV; Fig. 2D–H).

As predicted by the lack of LepR expression in Kiss1 neurons of

the preoptic area (23), no leptin-induced change in cell activity was

observed in Kiss1 neurons of the anteroventral periventricular

nucleus or anterior periventricular nucleus of the hypothalamus

(AVPV/PeN, n = 18 recorded cells). Because of the low rate of

leptin-responsive Kiss1 neurons in the mouse brain, Kiss1-Cre

LepR null mice bearing the reporter gene were not used for

recordings. Alternatively, we further evaluated the expression of

Fos immunoreactivity as an indirect measurement of leptin-

induced neuronal activation, and phosphorylation of STAT5 as an

additional marker of leptin signaling [33,35–37]. No leptin-

induced Fos or pSTAT5 immunoreactivities were observed in the

hypothalamus of Kiss1-Cre LepR null mice. These findings

suggested that functional LepR has not been re-expressed in Kiss1

neurons of Kiss1-Cre LepR null mice.

Leptin signaling in Kiss1 neurons arises after completion
of sexual maturation

Leptin-deficient ob/ob mice display decreased numbers of Kiss1

neurons [10,36]. Likewise, adult (P70) Kiss1-Cre LepR null female

mice showed decreased numbers of neurons expressing Kiss1-Cre

activity in the AVPV/PeN and Arc, compared to WT littermates

(n = 4–5/group, Fig. 3). Hypothalamic levels of Kiss1 mRNA and

numbers of kisspeptin immunoreactive neurons increase during

pubertal development [19,20,38,39]. As predicted by their lack of

sexual maturation, adult Kiss1-Cre LepR null female mice express

similar numbers of Kiss1 neurons as prepubertal mice. Both

groups showed decreased numbers of Kiss1 neurons in the

AVPV/PeN and Arc compared to adult WT mice (Fig. 3). These

observations, added to the lack of re-expression of functional LepR

in Kiss1-Cre LepR null mice, raised the hypothesis that

coexpression of LepR and Kiss1 mRNAs in hypothalamic neurons

arises only after completion of sexual maturation. To test this

model, we performed a series of colocalization studies in

prepubertal mice using Kiss1-Cre reporter gene and LepR mRNA

(in situ hybridization) or leptin-induced pSTAT3, Fos or pSTAT5

immunoreactivities. We found that less than 1% of Kiss1 neurons

of prepubertal female mice (1–2 neurons/brain, P21–25, n = 5)

coexpressed LepR mRNA and virtually no Kiss1 neurons

responded to leptin before puberty (1.6 6 0.4% pSTAT3-

ir+GFP-ir neurons, P = 0.21 compared to saline treated mice;

Fig. 4A–B; no dual labeled Fos-ir+GFP-ir or pSTAT5-ir+GFP-ir

neurons were identified).

In intact mice, Kiss1 and LepR mRNA and protein levels are

low and difficult to visualize using standard histological procedures

[26,36,40]. Thus, to better investigate the temporal coexpression

of Kiss1 and Lepr genes, we generated a mouse model in which

human renilla green fluorescent protein (hrGFP) is driven by Kiss1

regulatory elements. The Kiss1-hrGFP mouse model was gener-

ated as previously described [25]. Of several potential founders,

one line displayed selective hrGFP expression in Kiss1 neurons

(Fig. 4C–H). Importantly, hrGFP accompanied the expression of

Kiss1 mRNA, i.e., it was also modulated by changes in circulating

estrogen levels [10–13]. Expression of hrGFP was high in the Arc

and low in the AVPV/PeN of ovariectomized mice, and low in the

Arc and high in the AVPV/PeN of ovarietomized estrogen-

primed mice (Fig. 4C–D, F–G). Kiss1-hrGFP mice were crossed

with mice that expressed Cre recombinase from the Lepr locus [26]

and the R26-tdTomato reporter gene to allow the visualization of

Kiss1- and LepR-expressing neurons in a precise and time-

controlled fashion. No coexpression of Kiss1 and LepR (hrGFP

and tdTomato, respectively) was observed in prepubertal mice

(n = 5, Fig. 5A, C, E). As we have previously reported [25], 10–

15% (13 6 1.3) of Arc Kiss1 neurons in ovariectomized female

mice coexpressed LepR (Fig. 5 B, D, F) while around 8% (7.8 6

2.15) of Arc Kiss1 neurons from female mice on diestrus

coexpressed LepR. These data reflect the increase in numbers of

cells expressing Kiss1 as well as of those expressing LepR in the

caudal levels of the Arc in adults compared to prepubertal mice

(Kiss1-hrGFP: 18.2 6 2.4 in prepubertal vs. 44.5 6 4.5 neurons in

ovx, P = 0.004; LepR-Cre tdTomato: 54.7 6 3.8 in prepubertal

vs. 115.0 6 8.0 neurons in ovx, P = 0.01). Because cells labeled

with Cre-driven reporter genes at these developmental/physio-

logical states represent the accumulation of cells that at some point

of the development expressed LepR-Cre, our data indicate that

Kiss1 and LepR are coexpressed in a subset of Arc neurons only

after pubertal maturation.

Following the description of the relevant role of the kisspeptin-

GPR54 system in reproductive physiology and the coexpression of

the Kiss1 and Lepr genes in hypothalamic neurons, it has been

postulated that the permissive role of leptin in the onset of puberty

is relayed by Kiss1 neurons [2,13,21]. Here, we demonstrate that

leptin signaling in Kiss1 neurons only occurs after completion of

sexual maturation, i.e., in adult life. These findings unequivocally

demonstrate that kisspeptin neurons do not directly mediate the

action of leptin on pubertal development. The physiologic role of

leptin signaling in Kiss1 neurons is yet to be demonstrated.
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