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Leptin-Responsive GABAergic Neurons Regulate Fertility
through Pathways That Result in Reduced Kisspeptinergic
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The adipocyte-derived hormone leptin plays a critical role in the central transmission of energy balance to modulate reproductive
function. However, the neurocircuitry underlying this interaction remains elusive, in part due to incomplete knowledge of first-order
leptin-responsive neurons. To address this gap, we explored the contribution of predominantly inhibitory (GABAergic) neurons versus
excitatory (glutamatergic) neurons in the female mouse by selective ablation of the leptin receptor in each neuronal population: Vgat-
Cre;Leprlox/lox and Vglut2-Cre;Leprlox/lox mice, respectively. Female Vgat-Cre;Leprlox/lox but not Vglut2-Cre;Leprlox/lox mice were obese.
Vgat-Cre;Leprlox/lox mice had delayed or absent vaginal opening, persistent diestrus, and atrophic reproductive tracts with absent corpora
lutea. In contrast, Vglut2-Cre;Leprlox/lox females exhibited reproductive maturation and function comparable to Leprlox/lox control mice.
Intracerebroventricular administration of kisspeptin-10 to Vgat-Cre;Leprlox/lox female mice elicited robust gonadotropin responses,
suggesting normal gonadotropin-releasing hormone neuronal and gonadotrope function. However, adult ovariectomized Vgat-Cre;
Leprlox/lox mice displayed significantly reduced levels of Kiss1 (but not Tac2) mRNA in the arcuate nucleus, and a reduced compensatory
luteinizing hormone increase compared with control animals. Estradiol replacement after ovariectomy inhibited gonadotropin release to
a similar extent in both groups. These animals also exhibited a compromised positive feedback response to sex steroids, as shown by
significantly lower Kiss1 mRNA levels in the AVPV, compared with Leprlox/lox mice. We conclude that leptin-responsive GABAergic
neurons, but not glutamatergic neurons, act as metabolic sensors to regulate fertility, at least in part through modulatory effects on
kisspeptin neurons.
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Introduction
Reproduction is an essential function in mammalian physiology,
with an elevated energy demand that is exquisitely regulated by

metabolic cues. Food deprivation can delay, and even prevent,
sexual maturation and disrupt fertility across species (Frisch,
1985; Ahima et al., 1996). In humans, starvation is associated
with menstrual cycle disruption in females, mediated by a
decrease in luteinizing hormone (LH) secretion (Welt et al.,
2004) that reflects reduced activity of gonadotropin-releasing
hormone (GnRH) neurons in response to metabolic cues
(Mantzoros et al., 2011). Circulating LH levels return to nor-
mal once dietary needs are addressed (Schreihofer et al., 1993;
Mantzoros et al., 2011).

The hypothalamus is a hub where the metabolic and repro-
ductive systems converge. Among multiple metabolic cues, leptin
plays a critical role in the regulation of the reproductive axis and
energy homeostasis (Barash et al., 1996). Mice deficient in (ob/
ob) or resistant to (db/db) leptin are obese and infertile (Coleman,
1978; Chehab et al., 1996; de Luca et al., 2005). Paradoxically,
these animals exhibit a starvation phenotype despite having
abundant body fat storage (Chehab, 2000). Treatment with re-
combinant leptin restores fertility in ob/ob mice, even before sig-
nificant weight loss (Chehab et al., 1996; Mounzih et al., 1997).
Consequently, leptin has been recognized as a metabolic gate to

Received July 12, 2013; revised March 5, 2014; accepted March 25, 2014.
Author contributions: C.M., V.M.N., L.V., R.S.C., B.B.L., and U.B.K. designed research; C.M., V.M.N., and S.S.

performed research; L.V., B.B.L., and U.B.K. contributed unpublished reagents/analytic tools; C.M., V.M.N., and
U.B.K. analyzed data; C.M., V.M.N., R.S.C., and U.B.K. wrote the paper.

This work was supported by the Eunice Kennedy Shriver National Institute of Child Health and Human Develop-
ment through cooperative agreement U54HD028138 as part of the Specialized Cooperative Centers Program in
Reproduction and Infertility Research, and by Grants R21HD066495 and R01HD019938 to U.B.K., by R01DK089044,
P30DK046200, and P30DK057521 to B.B.L., by K99HD071970 to V.M.N., and by T32DK007529 and
R21HD066495-S1 and the Microgrant Program from The Biomedical Research Institute and the Center for Faculty
Development and Diversity’s Office for Research Careers at the Brigham and Women’s Hospital to C.M. We thank
Kaiser Laboratory members for helpful discussions, as well as Shuyun Xu and Zongfang Yang for technical support
and valuable comments on the development of this work, and Dr Andrew Wolfe for assistance with LH and FSH
hormone measurements, and the Harvard Medical School Rodent Pathology Core.

The authors declare no competing financial interests.
*C.M. and V.M.N. contributed equally to this work.
Correspondence should be addressed to Dr Ursula B. Kaiser, Division of Endocrinology, Diabetes and Hyperten-

sion, Brigham and Women’s Hospital, Harvard Medical School, 75 Francis Street, Boston, MA 02115. E-mail:
ukaiser@partners.org.

DOI:10.1523/JNEUROSCI.3003-13.2014
Copyright © 2014 the authors 0270-6474/14/346047-10$15.00/0

The Journal of Neuroscience, April 23, 2014 • 34(17):6047– 6056 • 6047



GnRH and gonadotropin secretion, facilitating sexual matura-
tion and fertility (Cheung et al., 1997; Holtkamp et al., 2003).

Despite the ubiquitous expression of leptin receptors, experi-
mental data suggest that leptin action in the brain is sufficient to
modulate fertility (Cohen et al., 2001). The neuron-specific res-
toration of the leptin receptor (Leprb) rescues obesity and infer-
tility in db/db mice (de Luca et al., 2005). This finding confirms
previous observations in leptin-deficient female mice, which can
achieve pregnancy by gonadotropin-induced ovulation, demon-
strating that infertility is linked to central hypothalamic-pituitary
dysfunction rather than ovarian deficiency (Israel and Chua,
2010). Interestingly, GnRH neurons do not express leptin recep-
tors, indicating an indirect action of leptin through interneurons
afferent to GnRH neurons (Quennell et al., 2009). Moreover,
only a small subset of neurons that secrete kisspeptin, a potent
and direct activator of GnRH secretion, express leptin receptors
(Smith et al., 2006; Louis et al., 2011). Furthermore, ablation of
leptin receptors in kisspeptin-secreting neurons did not affect
fertility or body weight (Donato et al., 2011; Louis et al., 2011),
suggesting the presence of unidentified circuits of leptin-
responsive neurons involved in the metabolic control of GnRH
neuronal activity that modulate the kisspeptinergic tone.

The goal of the present study is to identify the nature of first-
order, leptin-responsive neurons mediating the effects of energy
homeostasis on reproductive function in the female mouse. To
characterize these neurons as predominantly inhibitory (GABAe-
rgic) or excitatory (glutamatergic), we selectively ablated the lep-
tin receptor in each of these neuronal populations. We report that
the ablation of leptin receptors in GABAergic neurons, but not
glutamatergic neurons, recapitulates the ob/ob and db/db infertil-
ity phenotype in females (Swerdloff et al., 1978; Batt et al., 1982;
de Luca et al., 2005).

Materials and Methods
Animal care. The animal studies were approved by the Harvard Medical
Area Standing Committee on the Use of Animals in Research and Teach-
ing in the Harvard Medical School Center for Animal Resources and
Comparative Medicine. The mice were maintained under a 12 h light/
dark cycle and provided with standard rodent chow and water ad libitum.

Transgenic mice. Vgat-Cre;Lepr lox/lox, and Vglut2-Cre;Lepr lox/lox

mouse lines were generated by gene targeting as described previously
(Vong et al., 2011). In brief, Vgat Cre/Cre;Lepr lox/WT or Vglut2 Cre/Cre;
Lepr lox/lox male mice were mated with Lepr lox/lox female mice (Balthasar
et al., 2004; McMinn et al., 2004). The Vgat Cre/� mice and Vglut2 Cre/�

were generated by insertion of an internal ribosome entry site (IRES)-Cre
recombinase cassette downstream of the stop codon of endogenous
genes Vgat (vesicular GABA transporter) and Vglut2 (synaptic vesicular
glutamate transporter), respectively (Vong et al., 2011). The Lepr lox/�

mice were generated by the insertion of two loxP sites and an frt site
flanking the coding exon 17 of the leptin receptor gene (Balthasar et al.,
2004; McMinn et al., 2004). This modification (Meyers et al., 1998) per-
mits the conditional ablation of Lepr driven by the IRES-Cre recombi-
nase cassettes described above (Balthasar et al., 2004; McMinn et al.,
2004). The mice were genotyped by PCR using the following primers to
identify expression of the Cre amplicon (5�-GCC CTG GAA GGG ATT
TTT GAA GCA-3� and 5�-ATG GCT AAT CGC CAT CTT CCA GCA-
3�), endogenous ghrelin (Ghrl ) as internal amplification control (5�-
GGT CAG CCT AAT TAG CTC TGT-3� and 5�-GAT CTC CAG CTC
CTC CTC TGT C-3�), and primers recognizing the loxP site (5�-AAT
GAA AAA GTT GTT TTG GGA CGA-3� and 5�-CAG GCT TGA GAA
CAT GAA CAC AAC AAC-3�). Ghrl is used as an internal amplification
control when screening for the presence of Cre recombinase during the
genotyping of the animals. This control excludes any potential false-
negative results when Cre recombinase is not amplified.

Puberty assessment. The following parameters were monitored in the
Vgat-Cre;Lepr lox/lox, Vglut2-Cre;Lepr lox/lox, and Lepr lox/lox female mice:

(1) changes in body weight, (2) progression to vaginal opening, and (3)
timing of first estrus. Body weight was measured twice a week from
postnatal day (P)25 to P40 followed by once per week from P40 to P60,
using six mice from each genotype group. Prepubertal female mice were
monitored daily for vaginal opening (as indicated by complete canaliza-
tion of the vagina) until P45. For this purpose, we monitored six mice for
the Vglut2-Cre;Lepr lox/lox and Lepr lox/lox groups, followed by assessment
of vaginal cytology for another 25 d after vaginal opening to identify the
timing of first estrus and to evaluate estrous cyclicity. Of note, 12 Vgat-
Cre;Lepr lox/lox females were monitored to obtain a more accurate deter-
mination of the fraction with vaginal opening. Subsequently, we further
increased the number of Vgat-Cre;Lepr lox/lox females monitored to
gather a total of six Vgat-Cre;Lepr lox/lox females with complete vaginal
opening in which to assess first estrus and estrous cyclicity.

Histology. Ovaries and uteri were collected from six animals for each
genotype group, weighed and fixed in Bouin’s solution. The Vgat-Cre;
Lepr lox/lox mice were used independent of the vaginal opening status. The
tissues were embedded in paraffin and sectioned (10 �m) for hematox-
ylin and eosin (H&E) staining (Harvard Medical School Rodent Pathol-
ogy Core) and images acquired under 4� magnification. The ovaries
were analyzed for presence and type of follicles and for presence of cor-
pora lutea.

Kisspeptin functional assay. Mice were anesthetized with isoflurane
anesthesia and received an intracerebroventricular injection (Furuta et
al., 2001) of 5 �l kisspeptin-10 (Kp10, 1 nmol) or vehicle (0.9% NaCl;
Gottsch et al., 2004; Castellano et al., 2005). Blood samples (200 �l) were
collected by retro-orbital bleeding (van Herck et al., 1998) 20 min postin-
jection. The animals were injected with Kp10 or vehicle in a crossover
experimental design with an interval of 1 week.

Ovariectomy. Bilateral removal of ovaries from 6- to 8-week-old naive
females was performed with isoflurane anesthesia. Briefly, the ventral
skin was shaved and cleaned to perform two small incisions in the skin
and abdominal musculature on both sides of the abdomen. Once the
gonads were identified and excised, the muscle incisions were sutured
and the skin was closed with surgical clips. One week later, the mice were
killed by decapitation with anesthesia, trunk blood was collected for
measurement of hormone levels, and brains were rapidly removed and
frozen for in situ hybridization.

Sex steroid hormone replacement. Estradiol capsules were prepared as
previously described (Gill et al., 2012). In brief, Silastic capsules were
filled with 20 �g/ml estradiol dissolved in sesame oil and were equili-
brated in saline solution overnight at 37°C. A subgroup of ovariecto-
mized Vgat-Cre;Lepr lox/lox (n � 6) and Lepr lox/lox mice (n � 6) were
implanted with estradiol capsules under anesthesia immediately after the
bilateral ovariectomy procedure. The dorsal area of the neck was shaved
and cleaned to perform a small incision. A subcutaneous pocket was
bluntly dissected with ample space to introduce the estradiol capsule and
the wound was closed with surgical clips. The mice were killed after 1
week as described for the ovariectomy procedure.

Hormone assays. LH and follicle-stimulating hormone (FSH) levels
were measured using a Milliplex MAP immunoassay (rat pituitary panel,
Millipore) in the Luminex 200 (Singh et al., 2009).

In situ hybridization. The brains were collected, frozen on dry ice, and
stored at �80°C until sectioning. The brain sections (20 �m thick, 5
series) were mounted on SuperFrost plus slides (VWR Scientific). The
Kiss1 and Tac2 mRNA probes were radiolabeled with 33P-UTP and the
slides processed as described previously (Gottsch et al., 2004; Kauffman
et al., 2009). The number of cells expressing Kiss1 or Tac2 was deter-
mined using ImageJ software (NIH). Kiss1 and Tac2 mRNA expression
were assessed in the arcuate nucleus (ARC) of ovariectomized animals,
whereas Kiss1 mRNA was also analyzed in the anteroventral periven-
tricular nucleus/periventricular nucleus continuum (AVPV/PeN) of
ovariectomized females treated for 1 week with estradiol implants (20
�g/ml).

Quantitative real-time RT-PCR. Intact adult (6- to 8-week-old) Vgat-
Cre;Lepr lox/lox and Lepr lox/lox (in diestrus) females were killed and brains
were collected. The hypothalamic tissue was sectioned using a coronal
brain matrix (Braintree Scientific) and immediately frozen in liquid ni-
trogen and stored at �80°C. Briefly, the anteroventral periventricular
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nucleus/preoptic area (AVPV/POA) was dissected by coronal cuts lo-
cated caudal to the optic chiasm and rostral to the mammillary bodies
followed by two lateral cuts (1 mm thick each side) from the middle line
and 2 mm from the dura (Brown et al., 2012). Total RNA from the
AVPV/POA and ARC were isolated using TRIzol reagent (Invitrogen)
followed by chloroform/isopropanol extraction. RNA was quantified us-
ing NanoDrop 2000 spectrophotometer (Thermo Scientific) and one
microgram of RNA was reverse transcribed using Superscript III cDNA
synthesis kit (Invitrogen). Quantitative real-time PCR assays were per-
formed on an ABI Prism 7000 sequence detection system, and analyzed
using ABI Prism 7000 SDS software (Applied Biosystems). The cycling
conditions were the following: 2 min incubation at 95°C (hot start), 45
amplification cycles (95°C for 30 s, 60°C for 30 s, and 45 s at 75°C, with
fluorescence detection at the end of each cycle), followed by melting
curve of the amplified products obtained by ramped increase of the tem-
perature from 55 to 95°C to confirm the presence of single amplification
product per reaction. The Kiss1r mRNA (primers: 5�-GGT GCT GGG
AGA CTT CAT GT-3�, and 5�-ACA TAC CAG CGG TCC ACA CT-3�)
was detected using SYBR green mix (Bio-Rad) according to the manu-
facturer’s instructions. The data were normalized using cyclophilin
(primers: 5�-CGA GCT CTG AGC ACT GGA GA-3� and 5�-TGG CGT
GTA AAG TCA CCA CC-3�) as an internal control, and expressed as
fold-change relative to Lepr lox/lox control.

Statistical analysis. Statistical analysis was performed using GraphPad
Prism 4. Data are shown as mean � SEM and the significance level was set
as p � 0.05. Differences were determined using a two-tailed unpaired
Student’s t test or an ANOVA test followed by Bonferroni post hoc testing.

Results
Generation of Vgat-Cre;Lepr lox/lox and Vglut2-Cre;Lepr lox/lox

mice
To elucidate the identity of leptin responsive neurons that mod-
ulate the activity of the HPG axis, we generated mice with selec-
tive deletion of leptin receptor in either GABAergic neurons
(Vgat-Cre;Lepr lox/lox mice) or glutamatergic neurons (Vglut2-
Cre;Lepr lox/lox mice), as previously described (Vong et al., 2011).
Mice were genotyped and female Vgat-Cre;Lepr lox/lox and Vglut2-
Cre;Lepr lox/lox mice were selected for reproductive phenotyping
compared with Lepr lox/lox control littermates (see Materials and
Methods for details).

Metabolic and reproductive assessment of female Vgat-Cre;
Lepr lox/lox and Vglut2-Cre;Lepr lox/lox mice
To determine whether the mouse models being studied had the
expected metabolic phenotypes, all mice were weighed frequently
from age 25– 60 d. Female Vgat-Cre;Lepr lox/lox mice exhibited a
significantly greater body weight than Leprlox/lox control litter-
mates beginning at PND30 (Vgat-Cre;Lepr lox/lox 21.3 � 1.2 g vs
Lepr lox/lox 17.9 � 0.6 g; F(55) � 3.16, p � 0.0254; Fig. 1A). This
increased body weight persisted and became even greater with
increasing age (Fig. 1A). In contrast, female Vglut2-Cre;Lepr lox/lox

mice showed a trend toward an increased body weight beginning
at age 42 d, but did not reach significance when compared with
Lepr lox/lox control littermates during the time of the study (Fig.
1A). These findings are consistent with a previous report (Vong et
al., 2011).

To assess the reproductive phenotype of these mice, we first
monitored the age of vaginal opening (VO), reflecting increased
circulating estradiol levels and used as an indirect biomarker of
puberty onset. The Vgat-Cre;Lepr lox/lox females showed complete
absence of VO at PND34 versus 100% of VO in Vglut2-Cre;
Lepr lox/lox and control mice at the same age (Fig. 1B). After no-
ticing that VO rarely occurred in Vgat-Cre;Lepr lox/lox females, we
increased the number of mutant animals (n � 12) to monitor for
VO. Only a small subset (16.6%, 2 of 12) of these Vgat-Cre;

Lepr lox/lox mice displayed complete VO, with a marked delay of
	2 weeks compared with control Lepr lox/lox mice (47.4 � 2.5 d vs
31.6 � 1.0 d, respectively; Fig. 1B). Interestingly, the age of VO
for Vglut2-Cre;Lepr lox/lox females (32.1 � 1.0 d) was indistin-
guishable from their Lepr lox/lox littermates (Fig. 1B). In addition,
we measured the age of first estrus to determine the time of ini-
tiation of ovarian cycles. The mean age of first estrus was compa-
rable in Vglut2-Cre;Lepr lox/lox and control Leprlox/lox mice (45.7 �
2.5 d vs 43.0 � 2.0 d, respectively, p � not significant) but first
estrus was absent in Vgat-Cre;Lepr lox/lox mice (Fig. 1C). Of note,
we ultimately screened several cohorts of mice to identify a total
of six Vgat-Cre;Lepr lox/lox females with VO for assessment of es-
trous cyclicity.

To further explore the integrity of the hypothalamic-
pituitary-gonadal (HPG) axis, we monitored vaginal cytology to
determine the pattern of estrous cycles for 25 d, beginning at 42 d
of age. Vglut2-Cre;Lepr lox/lox and control Lepr lox/lox mice both
had normal estrous cycles, 
4 –5 d in duration (Fig. 2). We mon-
itored vaginal cytology in the six Vgat-Cre;Leprlox/lox females that
had achieved complete VO. These females were acyclic, remain-
ing in diestrus throughout the period of monitoring (Fig. 2).
Consistent with the presence of regular estrous cycles, the ovarian

Figure 1. Leptin receptor deletion in GABAergic neurons impairs the onset of puberty in
females. A, Body weight in female Vgat-Cre;Lepr lox/lox mice (closed squares, n � 6) compared
with Vglut2-Cre;Lepr lox/lox mice (gray triangles, n � 6) and respective Lepr lox/lox control litter-
mates (open circles, n � 6). Bracket indicates the age at which the body weight increase
became statistically significant ( p � 0.0254) for Vgat-Cre;Lepr lox/lox mice. B, Age of VO for
Vgat-Cre;Lepr lox/lox (n � 12), Vglut2-Cre;Lepr lox/lox (n � 6), and Lepr lox/lox controls (n � 6),
expressed as percentage of total mice for each genotype. C, Age of first estrus (n � 6 for each
group). Data are shown as mean � SEM; ***p � 0.0001, one-way ANOVA followed by Bon-
ferroni’s multiple-comparisons test. N.D., Not detected.
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histology of Vglut2-Cre;Lepr lox/lox and control Lepr lox/lox mice
(killed in diestrus) revealed numerous follicles at different stages
of maturation, from primary follicles to antral follicles. In addi-
tion, multiple corpora lutea were present, confirming that ovu-
lation had occurred (Fig. 2). In contrast, ovaries from Vgat-Cre;
Lepr lox/lox showed follicles at various stages of development (both
healthy and atretic) but absent corpora lutea (Fig. 2), consistent
with the absence of estrous cyclicity and consequently no
ovulation.

Consistent with the lack of VO in the majority of Vgat-Cre;
Lepr lox/lox mice, the reproductive tracts from Vgat-Cre;Lepr lox/lox

mice were atrophic, with markedly decreased uterine (33.2 � 5.8
mg) and ovarian (13.8 � 1.8 mg) weights compared with Vglut2-
Cre;Lepr lox/lox and control Lepr lox/lox mice uteri (80.8 � 1.8 mg
and 71.7 � 5.6 mg, respectively; F(2,17) � 28.81, p � 0.0001) and
ovaries (27.5 � 2.0 mg and 26.5 � 1.0 mg, respectively: F(2,14) �
19.29, p � 0.0001) in diestrus (Fig. 3).

Response to central administration of kisspeptin-10 in
Vgat-Cre;Lepr lox/lox females
Based on the impaired pubertal maturation of Vgat-Cre;Lepr lox/lox

female mice, combined with their lack of estrous cyclicity and
absence of ovarian corpora lutea (Figs. 1–3), we hypothesized
that these mice, but not the Vglut2-Cre;Lepr lox/lox female mice,

have impaired central activation of the HPG axis. Prior evidence
that leptin acts centrally through impaired hypothalamic-
pituitary function to cause reproductive defects provides further
support for this hypothesis (Swerdloff et al., 1978; Cohen et al.,
2001). The absence of leptin receptors in GnRH neurons (Quen-
nell et al., 2009; Louis et al., 2011) suggests that the effect on the
reproductive phenotype in the Vgat-Cre;Lepr lox/lox female mice
occurs indirectly, through neurons upstream of the GnRH neu-
rons. To test whether the GnRH system is intact in these animals,
we injected 2-month-old Vgat-Cre;Lepr lox/lox female mice and
control littermates (Lepr lox/lox) centrally (intracerebroventricu-
larly) with 1 nmol Kp10, the most potent activator of GnRH
neurons identified to date (Gottsch et al., 2004), or vehicle (sa-
line). Blood samples were collected 20 min postinjection for mea-
surement of serum LH and FSH. As shown in Figure 4, the
response of Vgat-Cre;Lepr lox/lox females to kisspeptin was not
only preserved, but was even augmented, with a robust 20-fold
increase in serum LH levels (vehicle: 0.4 � 0.1 ng/ml vs Kp10:
10.0 � 1.8 ng/ml; t(12) � 6.24, p � 0.0005), and an almost twofold
increase in FSH levels (vehicle: 0.7 � 0.1 ng/ml vs Kp10: 1.3 � 0.1
ng/ml; t(13) � 2.19, p � 0.0469), whereas the control Lepr lox/lox

group had only a sixfold increase in LH levels (vehicle: 0.5 � 0.1
ng/ml vs Kp10: 3.2 � 0.9 ng/ml; t(12) � 2.73, p � 0.0182), to-
gether with a twofold increase in FSH levels (vehicle: 0.5 � 0.1

Figure 2. Vgat-Cre;Lepr lox/lox females are acyclic. Representative estrous cycle profiles from control Lepr lox/lox (A–C), Vgat-Cre;Lepr lox/lox (E–G), and Vglut2-Cre;Lepr lox/lox (I–K ) mice. The
estrous cycles were evaluated only in the subset of Vgat-Cre;Lepr lox/lox females that had complete VO. The estrous cycles were divided into three stages as follows: estrus (E), proestrus (P), and
metestrus/diestrus (M/D). In addition, representative images of ovarian H&E-stained cross-sections are shown from control Lepr lox/lox (D), Vgat-Cre;Lepr lox/lox (H ), and Vglut2-Cre;Lepr lox/lox (L)
mice. CL, Corpus luteum.
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ng/ml vs Kp10: 1.0 � 0.1 ng/ml; t(12) � 3.12, p � 0.0089). More-
over, the magnitude of LH response to Kp10 stimulus was signif-
icantly increased in Vgat-Cre;Lepr lox/lox females compared with
Lepr lox/lox females (Vgat-Cre;Lepr lox/lox 10.0 � 1.8 ng/ml vs Lep-
r lox/lox: 3.2 � 0.9 ng/ml; F(1,23) � 16.63, p � 0.0005), whereas FSH
levels remain unaffected (Vgat-Cre;Lepr lox/lox: 1.3 � 0.1 ng/ml vs
Lepr lox/lox: 1.0 � 0.1 ng/ml; F(1,18) � 0.05, p � N.S.). These results
confirm that GnRH neuronal and gonadotrope function are in-
tact, and suggest that the defect is upstream of GnRH neurons.

It is plausible to attribute the augmented response to kisspep-
tin in the Vgat-Cre;Lepr lox/lox females to a compensatory increase
in kisspeptin receptor (Kiss1r) levels, as previously described in
states of negative energy balance (Castellano et al., 2005). To
investigate this premise, we collected hypothalamic tissue from
the preoptic area, where GnRH neurons expressing Kiss1r are
located, from intact adult females (Lepr lox/lox females were killed
in diestrus) and quantified the Kiss1r gene expression by quanti-
tative RT-PCR. We found no significant difference in Kiss1r
mRNA levels in the preoptic area (p � 0.3014, data not shown),

suggesting that other mechanisms were responsible for the aug-
mented kisspeptin response.

The effects of ovariectomy and of estrogen replacement on
serum gonadotropins in Vgat-Cre;Lepr lox/lox female mice
To further explore the reproductive role of GABAergic leptin
responsive neurons, we investigated the ability of Vgat-Cre;
Lepr lox/lox mice to respond to the negative feedback effects of sex
steroids. To this end, we ovariectomized (OVX) 6- to 8-week-old
Vgat-Cre;Lepr lox/lox females and their corresponding control lit-
termates and replaced them with either empty capsules or with
capsules filled with estradiol (20 �g/ml). One week after surgery,
blood samples were collected and serum LH and FSH levels were
measured. Vgat-Cre;Lepr lox/lox females were able to respond to
ovariectomy with a compensatory rise in serum LH levels (intact
0.4 � 0.1 ng/ml vs OVX 3.2 � 0.2 ng/ml; t(12) � 5.08, p � 0.0003),
as did control Lepr lox/lox females (intact 0.5 � 0.1 ng/ml vs OVX
4.3 � 0.4 ng/ml; t(10) � 8.63, p � 0.0001). Similarly, the Vgat-
Cre;Lepr lox/lox female mice responded to ovariectomy with an
increase in serum FSH levels (intact 0.8 � 0.1 ng/ml vs OVX
5.3 � 0.7 ng/ml; t(12) � 7.42, p � 0.0001), as did Lepr lox/lox

females (intact 0.5 � 0.1 ng/ml vs OVX 6.5 � 0.9 ng/ml; t(11) �
7.08, p � 0.0001; Fig. 5A,B). Interestingly, the extent of the LH
response to OVX in Vgat-Cre;Lepr lox/lox females was significantly
reduced compared with control Lepr lox/lox littermates (Vgat-Cre;
Lepr lox/lox 3.2 � 0.2 ng/ml vs Lepr lox/lox 4.3 � 0.4 ng/ml; F(1,20) �
5.14, p � 0.0346).

The previous experiment showed a significantly reduced abil-
ity of Vgat-Cre;Lepr lox/lox animals to respond to the lack of circu-
lating sex steroids. To expand the characterization of the negative
feedback in these mice, an additional set of OVX and estradiol-
replaced (OVX � E2) animals was compared. In this experiment,
plasma LH and FSH levels were significantly reduced in both
Vgat-Cre;Lepr lox/lox mice and littermate controls (p � 0.0001,
data not shown) after estradiol treatment, compared with OVX
mice. Importantly, E2-treated Vgat-Cre;Lepr lox/lox females had
significantly lower LH and FSH levels compared with their cor-
responding controls (LH: Vgat-Cre;Lepr lox/lox 0.23 � 0.03 ng/ml
vs Lepr lox/lox 0.9 � 0.2 ng/ml, t(8) � 3.84, p � 0.0049; FSH: Vgat-
Cre;Lepr lox/lox 2.4 � 0.5 ng/ml vs Lepr lox/lox 7.13 � 1.3 ng/ml,
t(10) � 3.25, p � 0.0086; Fig. 5C,D).

Hypothalamic Kiss1 and Tac2 expression in Vgat-Cre;Leprlox/lox

females
In the previous experiment, Vgat-Cre;Lepr lox/lox mice had lower
serum LH levels after gonadectomy compared with controls (Fig.
5A). Previous reports in food deprived rats and leptin deficient
(ob/ob) mice showed a significant reduction in hypothalamic
Kiss1 mRNA levels in the arcuate nucleus (ARC). These findings
correlated with reduced LH secretion under these conditions,
implying that leptin may act as an upstream regulator of Kiss1
gene expression (Castellano et al., 2005; Smith et al., 2006; Quen-
nell et al., 2011). To investigate whether the decreased LH re-
sponse to ovariectomy observed in Vgat-Cre;Lepr lox/lox mice is
mediated by an impaired response of kisspeptin neurons to the
negative feedback of sex steroids, we analyzed by in situ hybrid-
ization the mRNA levels of two key players in the ARC, the hy-
pothalamic area suggested as key to the negative feedback of sex
steroids in the control of the tonic GnRH secretion: kisspeptin
(Kiss1) and its cotransmitter, neurokinin B (Tac2). The numbers
of cells in the ARC expressing Kiss1 and Tac2 were quantified 1
week post-OVX in Vgat-Cre;Lepr lox/lox and control Lepr lox/lox

mice, based on previous reports indicating maximal expression

Figure 3. Vgat-Cre;Lepr lox/lox females have reduced ovarian and uterine weights. A, Ovarian
and (B) uterine weights of Lepr lox/lox control mice (white bar, N�10), Vgat-Cre;Lepr lox/lox mice
(black bar, N � 6), and Vglut2-Cre;Lepr lox/lox mice (gray bar, N � 6). Data are expressed as
mean � SEM; ***p � 0.0001, one-way ANOVA followed by Bonferroni’s multiple-
comparisons test. C, Representative pictures of uteri and ovaries from control Lepr lox/lox, Vgat-
Cre;Lepr lox/lox, and Vglut2-Cre;Lepr lox/lox mice killed during diestrus at age 2 months.
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of Kiss1 and Tac2 in the ARC in the absence of circulating estra-
diol (Smith et al., 2005a; Kauffman et al., 2009). We found a
significantly lower number of Kiss1-expressing neurons in the
ARC (160.1 � 6.2 cells; t(4) � 7.90, p � 0.0014) of Vgat-Cre;
Lepr lox/lox females compared with control Lepr lox/lox littermates
(237.3 � 7.5 cells). In contrast, the number of Tac2-expressing
cells in the ARC remained unaltered between Vgat-Cre;Lepr lox/lox

and control Lepr lox/lox mice (183.7 � 54.6 cells vs 208.3 � 23.8
cells, respectively; p � n.s.; Fig. 6, left, middle).

In addition, we measured the expression of Kiss1 mRNA in the
AVPV/PeN, a suggested mediator of the positive feedback of E2
in the female (Smith et al., 2005a). We performed these measure-
ments in OVX, E2-replaced mice, based on previous reports in-
dicating maximal expression of Kiss1 in the AVPV/PeN following
estradiol treatment (Smith et al., 2005a). Of note, Tac2 is not

expressed in this nucleus (Navarro et al., 2009), and therefore was
not assessed in this experiment. We found that the Kiss1 expres-
sion in the AVPV was significantly lower in OVX, E2-replaced
Vgat-Cre; Lepr lox/lox females than in control Lepr lox/lox litter-
mates (120.0 � 6.3 cells vs 146.0 � 9.7 cells, respectively; t(8) �
2.37, p � 0.0453; Fig. 6, right).

Discussion
Despite the undeniable influence of leptin signaling in reproduc-
tion, the identity of first-order leptin-responsive neurons that
regulate reproductive function remains elusive. GnRH neurons
do not express leptin receptor (Quennell et al., 2009; Louis et al.,
2011), suggesting that leptin acts upstream of GnRH neurons.
Moreover, mice with genetic ablation of the leptin receptor in
kisspeptin neurons remained fertile (Donato et al., 2011), indi-

Figure 4. Increased LH response to central administration of kisspeptin in Vgat-Cre;Lepr lox/lox females. A, Serum LH and (B) serum FSH levels 20 min after central intracerebroventricular injection
of Kp10 (black bars) or vehicle (white bars) using a crossover experimental design with a 1 week interval in Lepr lox/lox (n � 6) and Vgat-Cre;Lepr lox/lox (n � 6) female mice. Data are shown as
mean � SEM. Lowercase letters a–c above the bars indicates statistically significant differences among groups ( p � 0.05, one-way ANOVA followed by the Student-Newman–Keuls multiple range
test).

Figure 5. The compensatory increase in gonadotropins in response to bilateral ovariectomy is reduced in Vgat-Cre;Lepr lox/lox females. A, Serum LH and (B) Serum FSH levels prior (white bars) and
1 week after OVX (black bars) in Lepr lox/lox (n � 6) and Vgat-Cre;Lepr lox/lox (n � 6) mice. Lowercase letters a–c above the bars indicate statistically significant differences among groups (two-way
ANOVA followed by Bonferroni’s multiple-comparisons test). C, Serum LH and (D) Serum FSH levels 1 week after OVX and estradiol replacement in Lepr lox/lox (n � 6) and Vgat-Cre;Lepr lox/lox (n �
6) mice. Lowercase letters a and b above the bars indicate statistically significant differences between groups (one-way ANOVA followed by Bonferroni’s multiple-comparisons test). Data are shown
as mean � SEM.
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cating that the reproductive actions of leptin may also lie
upstream of kisspeptin neurons. In this work, we present com-
pelling evidence indicating an essential role of GABAergic, but
not glutamatergic, neurons in the reproductive role of leptin in
females. We found that female mice lacking functional leptin
receptors in GABAergic neurons (Vgat-Cre;Leprlox/lox mice) have
hypogonadotropic hypogonadism, similar to leptin-deficient
(ob/ob) and resistant (db/db) mice (Swerdloff et al., 1978; de Luca
et al., 2005; Israel and Chua, 2010; Harno et al., 2013). These mice
displayed small, immature ovaries and absent corpora lutea, re-
flecting ovarian failure and anovulation.

Increasing numbers of reports reveal pitfalls in the Cre-lox
technology leading to unintended experimental outcomes
(Harno et al., 2013). However, it is unlikely that the Vgat-Cre;
lepr lox/lox reproductive phenotype is driven by Cre recombinase
expression itself, because heterozygous Vgat-Cre;Lepr lox/WT fe-
males and males are fertile and have a similar body weight to
Lepr lox/lox mice. Together, these observations suggest that the
genetic modification itself is not likely to account for the observed
phenotype.

A direct (leptin-independent) effect of obesity on fertility
must also be considered (Lane and Dickie, 1958; Pasquali et al.,
2007). However, previous studies in leptin deficient rodents and
humans have shown that weight loss per se is not sufficient to

restore reproduction without exogenous leptin administration
(Ahima et al., 1996; Chehab et al., 1996; Mounzih et al., 1997;
Gonzalez et al., 1999; Farooqi, 2002). Additionally, in our studies,
at the age of puberty onset in control mice, all groups had similar
body weights, further excluding body weight as the primary con-
tributing factor for their reproductive incompetence. We cannot
exclude a potential contribution of the genetic background to the
severity of the infertility phenotype (Elias and Purohit, 2013).
The ob/ob mice crossed onto a BALB/cJ background have been
shown to have a milder reproductive phenotype despite being
obese to a similar extent as ob/ob mice in the C57BL/6 back-
ground (Ewart-Toland et al., 1999), further supporting the no-
tion that obesity is not a major contributor to the infertile
phenotype in leptin-deficient mice (Qiu et al., 2001).

The central deficiency of gonadotropin secretion resulting
from a leptin signaling defect (Swerdloff et al., 1978) would be
expected to result in insufficient ovarian stimulation during post-
natal development, thereby resulting in failure to undergo sexual
maturation, i.e., puberty. This is consistent with the phenotype
observed in Vgat-Cre;Lepr lox/lox female mice, which exhibit hy-
pogonadism accompanied by a delay or absence of VO and ab-
sent estrous cycles, in keeping with the reported permissive
action of leptin for puberty onset. This suggests that pubertal
maturation is mediated, at least in part, via GABAergic neurons

Figure 6. Reduced expression of ARC and AVPV/PeN Kiss1 mRNA, but not ARC Tac2 mRNA, in Vgat-Cre;Lepr lox/lox female mice. mRNA levels of Kiss1 (left), along with mRNA expression of Tac2
(middle) in the ARC after 1 week ovariectomy, and Kiss1 (right) in the AVPV/PeN of ovariectomized females treated with 20 �g/ml of estrogen determined by in situ hybridization. A representative
microphotograph of control Lepr lox/lox (top, n � 4) and Vgat-Cre;Lepr lox/lox (middle, n � 3) mice is shown along with the quantification of positive cell numbers (bottom) for each respective gene.
Data are shown as mean � SEM; *p � 0.0453, **p � 0.0014 by unpaired t test. Scale bar, 100 �m.
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in the female mouse. While this paper was under review, similar
findings were reported (Zuure et al., 2013). Together, these find-
ings demonstrate the critical role of leptin-responsive GABAergic
neurons in puberty and fertility.

The onset of puberty requires the reactivation of GnRH neu-
rons (whose embryonic and postnatal development is indepen-
dent of leptin; Elias, 2012) after a prolonged period of quiescence
(Terasawa and Fernandez, 2001). Kisspeptin secretion is essential
for pubertal progression (de Roux et al., 2003; Seminara et al.,
2003), and changes in kisspeptin tone induce changes in the tim-
ing of puberty onset in rodents and humans (Navarro et al., 2004;
Silveira et al., 2013). Interestingly, we found that the genetic ab-
lation of leptin receptors in GABAergic neurons compromises
the expression of ARC and AVPV Kiss1 mRNA in female mice,
consistent with previous reports in ob/ob mice (Smith et al., 2006;
Quennell et al., 2011), which may contribute to the absence of
puberty onset and lack of estrous cyclicity observed. Kisspeptin
has been suggested to play an important role as a conduit of
metabolic function to GnRH neurons (Pinilla et al., 2012). First,
Kiss1 expression is significantly reduced in food-deprived rats
(Castellano et al., 2005) and in ob/ob mice (Smith et al., 2006) as
well as in Zucker ( fa/fa) rats (Navarro et al., 2004). Second, ex-
ogenous leptin administration to leptin-deficient rodents in-
creased Kiss1 expression (Smith et al., 2006), suggesting a higher
hierarchical level of leptin action. Consistent with these previous
studies, kisspeptin administration to Vgat-Cre;Lepr lox/lox females
in our experiments resulted in robust stimulation of LH release.
The ability of these mice to respond to kisspeptin was not only
preserved, but also significantly augmented compared with their
controls, indicating that GnRH neurons and gonadotropes are
intact and able to respond to the kisspeptin stimulus. This
effect is reminiscent of the previously reported actions of kiss-
peptin in conditions of negative energy balance (Castellano et
al., 2005). One possible explanation for the hypersensitivity to
kisspeptin in Vgat-Cre;Lepr lox/lox mice is that there is lower
constitutive exposure of these animals to kisspeptin, leading to
reduced tachyphylaxis of the receptor. Kiss1r expression was
similar, but we cannot exclude the possibility that leptin sig-
naling may modify kisspeptin receptors at the protein level,
such as by changes in protein synthesis, post-translational
modifications, or receptor trafficking.

Kisspeptin neurons mediate sex steroid action upon GnRH
release. We observed that Vgat-Cre;Lepr lox/lox mice still respond
to gonadectomy by increasing LH levels and Kiss1 expression in
the ARC, although at a significantly lower level than controls.
Moreover, estradiol replacement reduced LH release in both
groups. Of note, the LH levels of estradiol-treated Vgat-Cre;
Lepr lox/lox mice were significantly lower than controls; however,
they started from significantly reduced LH levels (as seen in OVX
and sham-replaced animals), indicating an overall equivalent
magnitude of the inhibitory action of sex steroids. These findings
are consistent with the sensitivity to feedback inhibition observed
in ob/ob mice (Swerdloff et al., 1976; Batt et al., 1982). Altogether,
these data suggest the presence of circulating sex steroids in these
animals that are capable of inducing negative feedback, and that
other sex-steroid independent factors contribute to the impaired
increase in LH following ovariectomy.

Sex steroids also play a critical role in the female to induce
ovulation through positive feedback mechanisms that are be-
lieved to occur at the level of AVPV kisspeptin neurons (Smith et
al., 2005b). Vgat-Cre;Lepr lox/lox mice had decreased levels of
AVPV Kiss1 expression after estradiol replacement. We hypoth-
esize that these reduced levels reflect compromised positive feed-

back effects of estradiol, which may suggest impairment in the
ovulatory GnRH surges. This hypothesis is supported by the lack
of corpora lutea in Vgat-Cre;Lepr lox/lox mice, indicating anovula-
tion. These findings are also consistent with a previous report of
impaired AVPV kisspeptin neuronal activation in response to a
GnRH surge-inducing protocol in a neuron-specific leptin
receptor-deficient mouse model (Quennell et al., 2011).

Despite the colocalization of NKB and kisspeptin in the ARC
and the stimulatory effects of both neuropeptides on gonadotro-
pin release (Lehman et al., 2010), we found differences in the regu-
lation of Kiss1 and Tac2 expression in the Vgat-Cre;Lepr lox/lox mice, not
seen in their control littermates. Kiss1, but not Tac2, mRNA expression
in the ARC was reduced in Vgat-Cre;Lepr lox/lox OVX females. These
findings suggest independent regulatory pathways for these cotransmit-
ters, as previously suggested (Gill et al., 2012).

We have presented a series of physiological and pharmacolog-
ical studies that unveil a pivotal role of GABAergic neurons in the
reproductive actions of leptin. Interestingly, we found a parallel-
ism in the reproductive and metabolic phenotypes of Vgat-Cre;
Leprlox/lox mice, indicating that leptin action via GABAergic
networks reduces the inhibitory tone not only in POMC neurons
(obesogenic effect; Vong et al., 2011), but also on upstream cir-
cuits impinging on GnRH regulation (Zuure et al., 2013). These
unexpected findings may appear contradictory to recent studies
that identified the ventral premammillary nucleus (PMV), pre-
dominantly populated by glutamatergic (excitatory) neurons, as
direct reproductive targets of leptin action (Donato et al., 2011).
However, it is important to consider developmental adaptations
that may result from the removal of leptin-responsive GABAergic
neurons to disrupt the balance of excitatory and inhibitory inputs
to GnRH neurons (Elias and Purohit, 2013). Further investiga-
tion is needed to fully elucidate the contribution of PMV neurons
as major integrators of metabolic influence on reproductive func-
tion. The GABA-mediated contribution to the permissive role of
leptin for reproduction is consistent with previous reports in the
monkey suggesting that a prepubertal decrease in GABAergic
tone precedes the reawakening of GnRH pulses at the time of
puberty onset, mediated at least in part, by kisspeptin neurons
(Kurian et al., 2012). The future identification of the leptin-
responsive GABAergic neurons will further improve our under-
standing of the nature of this reproductive/metabolic circuit.

In summary, the present work expands our knowledge of the
mechanism of action of leptin to regulate reproductive function.
This action is predominantly mediated by GABAergic neurons,
possibly as result of decreased inhibitory GABAergic output in
response to leptin signaling. In contrast, the role of leptin-
responsive glutamatergic neurons (with predominantly stimula-
tory actions) appears secondary, perhaps involved in fine-tuning
control of kisspeptin and/or GnRH release. Our findings strongly
suggest that the reduction of the inhibitory tone necessary for the
progression to puberty is disrupted in Vgat-Cre;Lepr lox/lox mice,
and that this effect is mediated, at least in part, through modula-
tory effects on kisspeptin neurons.
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