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Abstract

Reproduction requires adequate energy stores for parents and offspring to survive. Kiss1
neurons, which are essential for fertility, have the potential to serve as the central sensors of
metabolic factors that signal to the reproductive axis the presence of stored calories. Para-
doxically, obesity is often accompanied by infertility. Despite excess circulating levels of in-
sulin and leptin, obese individuals exhibit resistance to both metabolic factors in many
neuron types. Thus, resistance to insulin or leptin in Kiss7 neurons could lead to infertility.
Single deletion of the receptors for either insulin or the adipokine leptin from Kiss1 neurons
does not impair adult reproductive dysfunction. However, insulin and leptin signaling path-
ways may interact in such a way as to obscure their individual functions. We hypothesized
that in the presence of genetic or obesity-induced concurrent insulin and leptin resistance,
Kiss1 neurons would be unable to maintain reproductive function. We therefore induced a
chronic hyperinsulinemic and hyperleptinemic state in mice lacking insulin receptors in
Kiss1 neurons through high fat feeding and examined the impact on fertility. In an additional,
genetic model, we ablated both leptin and insulin signaling in Kiss 7 neurons (IR/LepR'S
mice). Counter to our hypothesis, we found that the addition of leptin insensitivity did not
alter the reproductive phenotype of IR“'S mice. We also found that weight gain, body com-
position, glucose and insulin tolerance were normal in mice of both genders. Nonetheless,
leptin and insulin receptor deletion altered pubertal timing as well as LH and FSH levels in
mid-puberty in a reciprocal manner. Our results confirm that Kiss7 neurons do not directly
mediate the critical role that insulin and leptin play in reproduction. However, during puberty
kisspeptin neurons may experience a critical window of susceptibility to the influence of
metabolic factors that can modify the onset of fertility.
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Introduction

Obesity and hyperinsulinemia are associated with infertility [1]. Hypogonadotrophic hypogo-
nadism, a state in which the release of hormones from all levels of the reproductive axis is re-
duced, is the most common reproductive consequence of type 2 diabetes and obesity [2, 3]. In
obese women, LH [4, 5], LH pulse amplitude [6], follicle-stimulating hormone (FSH) [2, 4, 5],
and progesterone [4-6] are significantly lower than in normal weight women. LH pulse ampli-
tude is also lower in obese men [7]. Similarly, more than 25% of men with type 2 diabetes have
hypothalamic hypogonadism [8]. While obesity and insulin resistance are each independently
associated with lower plasma testosterone levels [9, 10], obese men with T2DM appear to be at
particularly high risk [11, 12].

These metabolic factors have an impact on GnRH release. Obesity is associated with high
levels of leptin production by adipocytes. Circulating leptin is required for maintaining GnRH
release [13-15]. Interestingly, GnRH neurons themselves do not sense leptin, implicating up-
stream neurons in that role [16-18]. Insulin signaling also plays a role in central reproductive
control. Female mice with disruption of the insulin receptor in the brain have lower LH levels
and subfertility [19]. Moreover, the hypogonadism of sheep or rats lacking pancreatic insulin
secretion can frequently [20-24] but not always [25] be ameliorated by central administration
of insulin. Therefore, the preponderance of evidence suggests that central insulin signaling pro-
motes GnRH release. While hyperinsulinemia and hyperleptinemia would therefore be ex-
pected to increase GnRH production, it does not. While the cause of low GnRH release in
obese patients is unclear, insulin and leptin resistance develops in some neuronal circuits dur-
ing obesity in a manner similar to insulin resistance in peripheral tissues [26-30]. Evidence
supporting leptin resistance in neurons controlling GnRH in obese animals comes from hyper-
leptinemic mutant mice, which develop hypogonadotropic hypogonadism during middle age
[31]. However, whether insulin resistance develops in neurons controlling GnRH release is not
yet known.

It has been hypothesized that obesity acts via KissI neurons to cause secondary hypogonad-
ism [32]. Kisspeptin (a product of the KissI gene) is a key hypothalamic neuropeptide that
stimulates GnRH release in mice and humans [33-37]. Body weight, nutrition, metabolism,
and hormone levels may influence the activity of KissI neurons [38, 39]. Tissue specific knock-
out studies indicate that absence of the insulin or leptin receptor in kisspeptin neurons does
not alter LH levels in adult lean mice [40-43]. The function of these neurons in a chronic state
of hyperinsulinemia and hyperleptinemia, however, has not been tested. Previous studies have
demonstrated that intracellular signaling pathways activated by insulin and leptin overlap and
may thereby exert similar effects [44-47], but it is unclear whether insulin and leptin play a co-
operative role in maintaining KissI neuron function. To determine the role of insulin receptors
in the reproductive neuroendocrine dysfunction associated with obesity, we used a mouse
model of insulin receptor (IR) deletion in kisspeptin neurons [42] and induced hyperinsuline-
mia with high fat feeding. Then, using transgenic KO mice with KissI-specific deletion of both
the insulin and leptin receptor, we investigated the effects of simultaneously impaired leptin
and insulin signaling in KissI neurons on fertility and energy metabolism.

Materials and Methods
Animals and genotyping

To generate mice with the IR specifically deleted in KissI neurons (IR“'** mice), KissI-Cre mice
[48] were crossed with insulin receptor floxed mice [19] and bred to homozygosity for the
floxed allele only. The IR"™1°* mice were designed with loxP sites flanking exon 4. Excision of
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Table 1. Genotyping primer sequences.

Forward primer Reverse primer
IR-loxP gatgtgcaccccatgtctg ctgaatagctgagaccacag
LepR- loxP caggcttgagaacatgaacacaacaac aatgaaaaagttgttitgggacga
Kiss-Cre tgcgaacctcatcactcgttgcat gctctggtgaagtacgaactctga
IR-delta gggtaggaaacaggatgg ctgaatagctgagaccacag
LepR-delta gtctggaccgaaggtgttagtgag cagtaagcagaaagagagatagatgtgttg

doi:10.1371/journal.pone.0121974.t001

exon 4 in the presence of Cre recombinase results in a frameshift mutation and produces a pre-
mature stop codon. Littermates lacking Cre expression served as controls (IR"1°%). All mice
were on a mixed C57BL/6]-129S6/SvEv background.

To generate mice with the IR and leptin receptor (LepR) specifically deleted in KissI neu-
rons (IR/LepR*™® mice), KissI-Cre mice [48] were first crossed with insulin receptor floxed
mice [19] and bred to homozygosity for the floxed allele only. These mice were then crossed
with mice carrying a loxp flanked LepR to produce IR/LepR**** mice. Exon 17 of LepR was
flanked by loxP sites, containing the Box 1 motifs crucial for leptin signal transduction through
JAK2 and STAT3 pathways [49]. Cre-mediated recombination produces a LepR that lacks
exon 17 and has a truncated missense exon 18, which has previously been reported to recapitu-
late phenotypes found in the LepR® %Y mutation [49-51]. All mice were on a mixed C57BL/
6]J-129S6/SvEv background.

Mice were housed in the University of Toledo College of Medicine animal facility at 22—
24°C on a 12h light/12h dark cycle and were fed standard rodent chow 2016 Teklad Global
16% Protein Rodent Diet (12% fat by calories, Harlan Laboratories, Indianapolis, Indiana). On
postnatal day (PND) 22, mice were weaned. Mice were used only if litter size was within 5 to 10
pups to prevent birth size effects on body weight. At the end of the study, all animals were sac-
rificed by CO, asphyxiation or by cardiac puncture under 2% isoflurane anesthesia to draw
blood. All procedures were reviewed and approved by University of Toledo College of Medi-
cine Animal Care and Use Committee. Mice were genotyped as previously described [46, 48]
(Table 1). Additional genotyping was carried out by Transnetyx, Inc. (Cordova, Tennessee)
using a real-time PCR-based approach.

Electrophysiology

Kiss1-cre mice were crossed with an enhanced green fluorescent protein (EGFP) reporter strain
(B6;129-Gt(ROSA)26Sortm2Sho/J; Jackson Laboratory) to create mice that produce EGFP
in cre-expressing neurons. Male offspring 6-8 weeks in age were anesthetized with ketamine
(80 mg/kg) and xylazine (20 mg/kg) and decapitated. The forebrain was rapidly removed into
ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM) 127.3 NaCl, 1.3 KCI, 1.3
KH2PO4, 21.4 NaHCO3, 5 glucose, 2.5 CaCl2 and 1.3 MgSO4. Coronal slices 250-300 pm
thick containing hypothalamus were obtained using a vibrating microtome (Vibratome,
St. Louis MO) and placed in an incubation beaker with room-temperature ACSF continuously
perfused with 95% 02-5% CO2. Following dissection, the incubation temperature was slowly
raised to the recording temperature of 32°C. Slices remained in incubation at least 1 hour be-
fore being transferred to the recording chamber and were superfused with the 0.5-2 ml/min
ACSF maintained at 32°C and continuously perfused with 95% O2-5% CO?2 throughout
all recordings.

Viable arcuate or periventricular neurons were visualized with infrared video microscopy
on an Olympus BX51W1 fixed-stage upright microscope with a 40X, 0.8 N.A. water immersion
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objective. Cre-expressing KissI neurons that produce EGFP using epifluorescence provided by
a shuttered mercury arc lamp (HBO 100 W, Olympus) and a fluorescein filter set having a
465-495 nm excitation filter, a 505 nm dichroic, and a 515-555 nm emission filter (Chroma
Technology, Rockingham VT). Whole-cell recordings were obtained using a Multiclamp 700A
amplifier (Axon Instruments, Union City CA) in current clamp mode, filtered at 10 kHz and
digitized at 50 kHz with a 12-bit A/D converter (National Instruments, Austin TX) using cus-
tomized software developed under MATLAB (Mathworks, Natick MA). The pipette solution
contained 120 K gluconate, 10 KCI, 0.3 CaCl2, 1 MgCl2, 5 MgATP, 10 HEPES, 0.3 NaGTP, 1.0
EGTA, pH 7.3 with 3-5 mM KOH.

Recording pipettes were pulled from borosilicate glass capillary tubing (KG33, Garner
Glass, Claremont CA) and have a final resistance of 8-12 MQ. Recordings were deemed ac-
ceptable if Vm < -50 mV (corrected for-10 mV junction potential) and access resistance < 25
MQ immediately after the whole-cell configuration was obtained. If needed, small amounts of
hyperpolarizing holding current (typically less than 200 pA) were applied to prevent spontane-
ous action potentials (APs). Insulin was applied using 1-5 MQ pressure pipettes filled with
200 nM insulin in ACSF. A sequence of 1, 2, 3 or 4 x 20 ms pressure pulses was applied
during traces obtained every 10 sec and interspersed with control traces in which no pressure
pulses were applied. Responses were averaged across 6-12 traces obtained from an individual
cell and statistically significant changes in membrane potential produced by 1-4 insulin pulses
relative to control traces without insulin application were identified by one-way analysis
of variance.

Diet-induced obesity (DIO) Studies

One group of IR“"** mice and littermate controls was placed on high fat diet with 60% kcal
from fat (5.24kcal/g; Research Diets, Inc.; New Brunswick, NJ) at 8 weeks old for 5 months.
During the feeding, the mice were measured for body weight every week. After 3 months of
high fat diet treatment, NMR was performed to assess body composition. Fasting serum was
obtained for insulin and leptin measurements, and non-fasting serum was obtained for LH,
and FSH measurements. At the age of 4-5 months, mice were paired with established breeders
for at least 1 month. If a mouse did not produce a new litter after 2 months of breeding, it was
considered to be sterile. Date of birth of new litters and litter size were recorded if a litter was
produced. A second group of IR mice and littermate controls received high fat diet from the
day of weaning (PND 21). Body weight was measured every 3 days until 8 weeks old. Vaginal
opening and cytology were checked every day until 8 weeks old.

Puberty and reproductive phenotype assessment

Balanopreputial separation was checked daily from weaning by manually retracting the pre-
puce with gentle pressure [52]. Singly housed female mice were checked daily for vaginal open-
ing after weaning at 3 weeks of age. Vaginal lavages from female mice were collected from the
day of vaginal opening for at least 3 weeks. Stages were assessed based on vaginal cytology [53,
54]; predominant cornified epithelium indicated the estrous stage, predominant nucleated cells
indicated the proestrus stage, and predominant leukocytes indicated the diestrus stage. At the
age of 33 days, each male mouse was paired with 1 wild-type female mouse of proven fertility
for 4 weeks or until the female mouse was obviously pregnant. Then the paired mice were sepa-
rated, and the delivery date was recorded. The age of sexual maturation was estimated from the
birth of the first litter minus average pregnancy duration for mice (20 days). At 4 to 6 months
of age, animals were again paired with wild-type adult breeders to collect additional data on lit-
ter size and intervals between litters.
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Metabolic phenotype assessment

Body weight was measured weekly in a single-occupant cage with ALPHA-dri bedding. Body
composition in 4 month old mice was assessed by nuclear magnetic resonance (minispec
mgq7.5, Bruker Optics, Billerica, Massachusetts) to determine the percentage of fat mass, as pre-
viously described [55]. Glucose tolerance tests (GTT) and insulin tolerance tests (ITT) were
done as previously described[46]. Briefly, following overnight fast, tail blood glucose was mea-
sured using a mouse-specific glucometer (AlphaTRAK, Abbott, Abbott Park, Illinois) before
and 15, 30, 60, 90 and 120 min after dextrose (2g/kg, i.p.) injection. For ITT, following a 4 hour
fast, mice were injected with recombinant insulin (0.75U/kg, i.p.). Tail blood glucose was mea-
sured again at specified time points. Food intake was measured every week until mice were 4
months old.

Quantitative real-time PCR

Mice were decapitated after isoflurane anesthesia and brains and other tissues were removed.
Total RNA were extracted from dissected tissues by RNeasy Lipid Tissue Mini Kit (Qiagen)
and single-strand cDNA was synthesized by High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems) using random hexamers as primers. 10uM cDNA template was used in a
25ul system in 96-well plates by SYBR green qPCR SuperMix/ROX (Smart Bioscience). Each
sample was analyzed in triplicate to measure gene expression level. The reactions were run in
ABI PRISM 7000 sequence detection system (PE Applied Biosystems) and analyzed using the
comparative Ct method (2"22€Y) with GAPDH as the normalizer.

Hormone assays

Submandibular blood was collected at 10:00-11:00AM to detect basal LH and FSH levels using
the rat pituitary panel (Millipore), performed by the University of Virginia Center for Research
in Reproduction. We chose this time point to avoid the LH surge in randomly cycling mice.
The assay for LH had sensitivity of detection of 3.28 pg/ml. The intra-assay and inter-assay co-
efficients of variance (CV) were 6.9% and 17.2%, respectively. For FSH the lower limit of detec-
tion was 7.62pg/ml, with intraassay and interassay CV 6.7% and 16.9%, respectively. Serum
estradiol was measured by ELISA (Calbiotech, Spring Valley, California) with sensitivity <3pg/
ml, and intra-assay CV 3.1% and interassay CV 9.9%. Serum testosterone was also measured
by ELISA (Calbiotech). Serum collected after an overnight fast was used for measurement of in-
sulin and leptin (Crystal Chem Inc. Downers Grove, Illinois). The leptin ELISA has a sensitivity
range of 0.2 to 12.8ng/ml, with both intraassay and interassay CV<10%. The insulin ELISA kit
had a sensitivity range of 50-3200pg/ml, with both intraassay and interassay CV<10%.

Perfusion and immunohistochemistry

Adult male mice and female mice at diestrus at the age of 3-6 months were deeply anesthetized
by ketamine and xylazine (100 mg/kg and10 mg/kg, respectively). After briefly perfusing with a
saline rinse, mice were perfused transcardially with 10% formalin for 10 minutes and the brain
was removed. The brain was post-fixed in 10% formalin at 4°C overnight, and then immersed
in 20% sucrose at 4°C for 48 hours. 25pum sections were cut with a sliding microtome into 5
equal serials. Sections were treated with 3% hydrogen peroxide for 30 minutes to quench en-
dogenous peroxidase activity. After rinsing in phosphate-buffered solution (PBS), sections
were blocked 2h in PBS-azide-T (PBS-azide; Triton X; 3% normal donkey serum). Then, sam-
ples were incubated for at least 48 h at 4°C in PBS-azide-T containing rabbit anti-kisspeptin
IgG (1:1000, Millipore), which has been tested for specificity [46, 56]. After several washes in
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PBS, sections were incubated in PBS-T (Triton X, 3% donkey serum) containing biotinylated
anti-rabbit IgG (1:1000, Vector Laboratories, Burlingame, California), followed by incubation
in ABC reagent (Vector Laboratories) for 60 minutes at room temperature. Sections were
washed and immunoreactivity was visualized by 0.6mg/ml diaminobenzidine hydrochloride
(Sigma) in PBS with hydrogen peroxide. Finally, sections were washed, mounted on slides,
dried overnight, dehydrated, cleared and coverslipped. KissI-immunoreactive neurons in the
AVPV/PeN and ARC were quantified as previously described [56, 57].

Histology

Ovaries and testes were collected from mice and fixed in 10% formalin overnight. Tissues were
embedded in paraffin and cut into 5-8pm sections by the University of Toledo Pathology De-
partment. Sections were stained by hematoxylin and eosin.

Western blotting

Adult mice were sacrificed, and the hypothalamus, liver, muscle, visceral adipose tissues, and
gonads were harvested. Tissues were snap frozen in liquid nitrogen and stored in -80°C until
homogenized in radioimmunoprecipitation assay lysis buffer (Millipore, Billerica, Massachu-
setts) supplemented with protease inhibitor and phosphatase inhibitor (Thermo Scientific,
Waltham, Massachusetts). After centrifugation, supernatant protein concentrations were de-
termined by BCA protein assay (Thermo Scientific). 30ug or 50 pug of denatured samples were
subjected to SDS-PAGE electrophoresis and western blotting using IR B subunit (1:1000, Santa
Cruz Biotechnology Inc. Santa Cruz, California). B-actin (1:1000, Sigma, St Louis, Missouri) or
o-tubulin (1:1000, Cell Signaling, Danvers, Massachusetts) was used as a loading control.

Statistical analysis

Data are presented as the mean + SEM. Two-tailed unpaired t testing served as the main statis-
tical method. Mann-Whitney U test was used if the data did not assume a normal distribution.
One-way analysis of variance (ANOVA) was performed to compare three independent groups,
followed by Sidak's multiple comparison test. Paired t testing was employed in the case of single
repeated measures. For body weight, GTT and ITT, repeated measures ANOV As were used to
compare changes over time between two genotypes. P<0.05 was considered to be

statistically significant.

Results

Electrophysiological response to insulin

We previously reported 22% of Kiss1 neurons in the ARC and 5% of KissI neurons in the
AVPV expressed IR [42]. To determine if these neurons are in fact insulin-responsive, we first
examined the responsiveness of KissI neurons to insulin in mice that produce EGFP in cre-ex-
pressing neurons. Electrophysiological responses during current clamp recordings showed hy-
perpolarizing responses to pressure application of insulin in 26.6% (4 out of 15) of Kiss!
neurons from 9 animals (Table 2).The majority of responsive neurons were located in the ARC
(Fig. 1E). In responsive neurons, sequential pressure pulses of 200 nM insulin in ACSF elicited
inhibitory postsynaptic potentials (IPSPs) observed in a dose-dependent manner (Fig. 1A).
Other KissI neurons were not responsive to insulin (Fig. 1B), nor were any KissI neurons re-
sponsive to pressure application of ACSF without insulin (not shown).

Average membrane potential (Vm) changes from 15 Kiss1 neurons in hypothalamic slices
obtained from 9 animals in response to pressure application of 1, 2, 3 or 4 x 20 ms pulses of
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Table 2. Membrane potential changes in Kiss1 neurons in response to insulin.

cell

14jun13b
18juni13c
18juni3e
24mayi4e
24sep13e
25sep13j
23may14a
29may14c
29may14d
29may14g
23jul14a
23jul14d
23jull4e
24jull4a
24jul14b

no insulin pulses

0.00 + 0.81
0.00 +2.00
0.00 + 1.31
0.00 +£1.43
0.00 £ 3.16
0.00 +2.68
0.00 + 1.23
0.00 + 1.04
0.00 +2.41
0.00 + 1.87
0.00 +2.44
0.00+2.17
0.00 +2.50
0.00 +£2.08
0.00 +1.37

doi:10.1371/journal.pone.0121974.t002

IPSP mean * S.D. relative to no insulin pulses (mV) N P

1 insulin pulse 2 insulin pulses 3 insulin pulses 4 insulin pulses

-1.84 £ 0.90 -3.00 £ 1.04 -3.26+1.44 -4.35 £ 0.83 11 0.000
-0.81 £1.49 -1.21 £2.96 -1.95 + 2.51 -2.98 + 3.47 7 0.001
-0.17 £ 1.76 -1.08 + 1.68 -0.46 £ 1.67 -1.06 £ 1.45 12 0.015
0.10 £ 1.50 -1.02 £ 1.80 -0.49 £ 1.02 -1.05+1.28 11 0.031
2.29 + 3.04 -0.59 + 3.64 1.19 £ 2.56 -0.72 £ 3.80 6 0.305
0.11 £2.54 -2.33+2.75 0.14 £ 1.55 -0.45 + 3.96 9 0.295
0.20 + 1.65 -0.72+1.12 -0.30 £ 1.85 -0.91 £1.35 9 0.152
0.58 £ 0.76 -0.32 £ 0.60 -0.42 £0.92 0.06 + 1.04 11 0.196
0.15+1.74 0.82 + 3.31 0.40 £2.75 -1.24 £2.92 7 0.610
0.53 + 1.66 0.69 + 1.88 -0.71 £2.09 0.24 £2.09 10 0.454
-0.79 £ 1.98 -0.21 £ 1.88 -0.47 £2.17 0.20 £ 2.60 8 0.893
0.17 £2.78 -0.08 + 1.63 1.08 + 1.47 1.37+£1.20 11 0.159
0.89 + 3.37 0.10+3.79 -0.99 £2.40 -0.66 = 2.44 8 0.725
-0.51+2.78 -0.24 £ 2.05 1.10+1.79 -0.17 £ 2.52 8 0.603
-0.41 £2.14 0.29+1.19 -0.14 £ 1.44 0.09 + 1.45 11 0.826

200 nM insulin. Insulin-induced Vm changes are relative to the average Vm observed during
control traces without insulin application. Averages were obtained from 6-12 repetitions ob-
tained every 10 sec. Statistically significant Vm changes produced by 1-4 insulin pulses relative
to control traces without insulin application were identified by one-way ANOVA. Significant
responses to insulin application were observed in the first 4 Kiss1 neurons obtained from 3 ani-
mals (P < 0.05); remaining 11 Kiss1 neurons from 6 animals did not show any significant re-
sponses (P > 0.05).

In addition to traces showing changes in resting Vm in response to pressure application of
insulin (e.g. Fig. 1A and B), APs were elicited by brief (0.2 ms) depolarizing current pulses dur-
ing pressure application of insulin to examine the effects of insulin on voltage-dependent re-
sponses. Outside of the superposition of APs upon insulin-evoked IPSPs (Fig. 1C), no
substantial changes to the magnitude of APs were observed in any insulin-responsive neurons
(Fig. 1D). APs elicited during the insulin-dependent IPSP appeared to repolarize more slowly
(Fig. 1D, solid lines), which could be attributed to the reduction in voltage gated K* channel ac-
tivity at the more hyperpolarized Vm produced by the IPSP.

Impact of high-fat feeding on body weight and fertility of IR%'SS mice
While insulin sensing by KissI expressing cells has been reported to have minor effects on pu-
berty and serum insulin levels [42, 43], its overall physiological relevance remains unclear. To
test whether KissI insulin sensitivity has heightened importance in an obese, hyperinsulinemic
milieu, we treated IR mice with high fat diet in both peripubertal period and adulthood. In
male and female mice treated with high-fat diet (HFD) from 8 weeks old, obesity, hyperinsuli-
nemia and hyperleptinemia developed in control and IRX*** mice (Fig. 2A-H). However, no dif-
ference was detected in these parameters between control and IR®*® mice. This finding
suggests that insulin secretion is normal in this model and that insulin signaling in KissI neu-
rons does not contribute to the development of obesity.

We also examined the impact of obesity on the fertility of these mice. After 3 months HFD

treatment, more than half of female mice had ceased to exhibit estrous cycles (defined as
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Fig 1. Electrophysiological response of Kiss1 neurons to insulin. A: Averaged membrane potential (Vm) recordings from an insulin-responsive Kiss1
neuron elicited with (solid line) and without (dashed line) a 4 x 20 ms pressure application of 200 nM insulin in ACSF. Gray shading represents the

mean + SEM from traces averaged across 11 repetitions obtained every 10 sec. B: same as A with recordings averaged across 11 repetitions from a Kiss1
neuron that did not respond to pressure pulses of 200 nM insulin. Time course of pressure pulses is shown below Vm traces in A—B. C: recordings from
same neuron in A in which APs were elicited by 0.2 ms depolarizing current pulses during (solid line) and without (dashed line) 4 x 20 ms pressure application
of 200 nMinsulin in ACSF. D: APs from C displayed on magnified time scale and aligned at peak to identify whether any changes occurred in AP time course.
E: Locations of recordings from EGFP positive Kiss1 neurons. Red Xs represent insulin-responsive neurons, and the blue Xs represent insulin
nonresponsive neurons. Modified from Mouse Brain in Stereotaxic Coordinates, 3" Edition by Franklin and Paxinos (used with permission).

doi:10.1371/journal.pone.0121974.g001

constant estrus or diestrus vaginal cytology of 10 days or more) in both groups (Table 3). After
4 months HFD treatment, 60-70% female mice had stopped cycling regardless of their geno-
types (not shown) and failed to become pregnant when paired with a fertile male (Table 4).
However, most male mice in both groups retained their fertility (Table 4). Since in some re-
ports, obesity can increase testosterone levels in female mice [58], we examined its levels in
both sexes. Control and IR*** mice displayed similar estradiol and testosterone levels (Fig. 3A
and 3B). Likewise, GnRH expression did not differ significantly in males and females of either
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doi:10.1371/journal.pone.0121974.g002

genotype, although a trend toward lower GnRH expression was seen in IR*** mice (Fig. 3C).
Control and IR“*** mice displayed similar LH and FSH levels (Fig. 3D and 3E). Finally, given
our previous finding that insulin signaling in kisspeptin neurons contributes to the timing of
puberty in lean mice, we examined whether exposure to HFD from the age of weaning would
exacerbate this effect. HFD advanced the age of vaginal opening in all mice, although the tim-
ing of first estrus was unaffected. As previously reported, IR“'* mice exhibited a significant
delay in the timing of vaginal opening and first estrus. However, the timing of vaginal opening
and first estrus was similar in both groups following high-fat feeding (Fig. 3, F-H). Therefore,
(emerging) obesity can advance puberty in females without insulin sensing by kisspeptin neu-
rons. It remains to be determined whether a stronger challenge, for example with maternal
high-fat feeding, would show similar results.

Kisspeptin immunoreactivity in IR/LepR¥'S® mice

These foregoing results suggest that in an obese state, insulin signaling does not alter the ac-
tions of kisspeptin neurons. However, it is possible that leptin signaling could obscure the ef-
fects of insulin signaling in some KissI neurons, given their partially overlapping downstream
signaling cascades [44-47]. We therefore generated mice with the IR and LepR specifically

Table 3. Estrous cycle after 3 months HFD treatment.

Control IRKiss
Normal cycle 4 2
No cycle 4 5

doi:10.1371/journal.pone.0121974.t003
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Table 4. Fertility after 4 months HFD treatment.

Control IRKiss
Female Fertile 3 4
Sterile 5 6
Male Fertile 6 5
Sterile 1 0
doi:10.1371/journal.pone.0121974.t004
deleted in KissI neurons. To do so, we crossed LepR™1°* mice with IR"*** mice carrying the

Cre recombinase gene driven by the KissI promoter as previously described [42, 59](Fig. 4A).
To verify that floxed IR and LepR gene was excised in KissI neurons, PCR was performed on
DNA from different tissues. As expected, a 500bp band indicating IR and LepR gene deletion
was produced from the hypothalamus and other tissues expressing Kiss1, including cerebrum,
ovary and testis (Fig. 4B) [48, 59, 60]. IR protein levels were similar between wildtype and tar-
geted-knockout liver, muscle, visceral fat tissue, testis and ovary (Fig. 4C). Consistent with re-
striction of IR inactivation to a defined subpopulation of hypothalamic neurons, western blot
analysis revealed no alteration of IR expression in hypothalamus (Fig. 4C) [61]. Thus, insulin
sensing appears to be intact in the majority of cells in the ovary and other tissues. Since leptin
and insulin may alter neuronal development [62-66], we examined the number of KissI neu-
rons and fibers in IR/LepR"™** mice. Normal patterns of kisspeptin immunoreactivity were seen
in both AVPV and ARC in adult mice in both sexes (Fig. 5A, 5B). We counted the KissI neuron
number in the AVPV/PeN and measured the KissI immunoreactive areas in the ARC from
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doi:10.1371/journal.pone.0121974.9003
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doi:10.1371/journal.pone.0121974.g004

adult mice. There was no difference in either parameter after quantification (Fig. 5C, 5D).
Thus, leptin and insulin signaling are not required for adult KissI gene expression or
neuron survival.

Puberty in IR/LepR¥'*® mice

Since we have demonstrated a delay in puberty compared to wild-type controls after deleting
IRs from Kiss1 neurons, we tested whether the additional LepR deletion would modify the pu-
bertal phenotype of the mice. In males, we saw no alteration in the age of balanopreputial sepa-
ration among the three groups, although we may have failed to detect a significant difference
due to low statistical power. The age at which males were able to impregnate a female was
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doi:10.1371/journal.pone.0121974.9005

delayed by approximately 6 days in the IR“'* mice, while the deletion of LepRs from Kiss1
neurons resulted in an intermediate phenotype (Fig. 6A). Interestingly, the LH levels of males
on postnatal day 31 was significantly decreased in IR“*** males and restored in IR/LepR*"*®
males (Fig. 6C). In contrast, FSH levels were unaffected by insulin receptor deletion, but signifi-
cantly decreased in IR/LepR™™** males (Fig. 6D). Overall, the additional deletion of leptin recep-
tors restored LH levels, suppressed FSH levels and tended to decrease the age of puberty
in males.

In females, vaginal opening was delayed by nearly 3 days in IR**® mice, while IR/Lep
females exhibited an intermediate phenotype (Fig. 6B). The first day of estrus was significantly
delayed in the double knockout mice, while IR females exhibited an intermediate phenotype
between the controls and IR/LepR*** mice (Fig. 6B). Similar to the males, IR"™* females
showed a significant reduction in LH levels that was restored in the double knockout animals
Fig. 6C). While FSH levels were unaffected by deletion of insulin receptors from KissI neurons,
deletion of both IRs and LepRs suppressed FSH levels (Fig. 6D). Overall, the additional deletion

RKis s
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doi:10.1371/journal.pone.0121974.9006

of leptin receptors restored LH levels, suppressed FSH levels and tended to decrease the age of
puberty in females.

Adult fertility of IR/LepR"**® mice

Adult female TR/LepR™™** mice showed normal estrous cyclicity, characterized by normal cycle
length and progression (Fig. 7A and 7B). Female knockout mice also showed no difference in
circulating levels of estradiol, LH, and FSH on diestrus (Fig. 7C-E). Female IR/ LepRKiSS mice
had similar ovarian weights (Fig. 7F). Despite a trend toward increased preantral follicles in the
ovaries of IR/LepR"™** mice, a comparable number of corpora lutea and follicles at all stages of
maturation were found in control and IR/LepR™"*® females (Fig. 7G). For analysis of fertility,
mice were paired with established wild-type male breeders. The latency to birth was compara-
ble between the two groups (Fig. 7H). Thus, fertility appears to be normal in these animals.

PLOS ONE | DOI:10.1371/journal.pone.0121974 May 6, 2015
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doi:10.1371/journal.pone.0121974.9007

Male IR/LepR*™ mice showed no significant difference in levels of testosterone, LH or FSH
in adulthood (Fig. 8A-C). Furthermore, testis weight was similar to controls in adult IR/LepR***®
mice (Fig. 8D). Testis histology showed all stages of spermatogenesis in seminiferous tubules
and interstitial Leydig cells with normal morphology in IR/LepR*"*® mice (Fig. 8E). Fertility,
characterized by litter size and days required to impregnate a female, was not different between

control and TR/LepR™™* males (Fig. 8F-G).

Metabolic status of IR/LepR""*® mice

Due to the potential interaction between KissI neurons and metabolic circuits in the hypothal-
amus [67], we examined the metabolic phenotype of IR/LepR*** mice. The body weight of
both females and males showed no significant difference between control and knockout mice
(Fig. 9A and 9B). Likewise, average daily food intake was comparable between mice 2-3
months old of both sexes (Fig. 9C and 9D). Fat mass, lean mass and fat percentages were com-
parable in both females and males (Fig. 9E and 9F). Leptin levels were also similar between the
two groups (Table 5).

Since KissI expressing cells in the hypothalamus, liver, or pancreas have the potential to in-
fluence glucose homeostasis, we examined relevant markers of glucose disregulation in IR/
LepR™ ™ mice. We found no change in fasting glucose levels because of LepR deletion from
KissI neurons (Fig. 10A and 10B). Overnight fasting serum insulin was unchanged in female
IR/LepR*™® mice, but slightly higher in males (Table 5). Finally, glucose tolerance and insulin
tolerance were normal in both sexes of IR/LepR***® mice (Fig. 10A-10D).
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Table 5. Overnight fast serum insulin and leptin.

Sex Control IR/LepRKiss
Serum insulin Female 300.6 +425n=13 287.8+60.7n=8
(pg/ml) Male 258 +38.3n =16 399.8.0+49.7n=7 * p =0.0458
Serum leptin Female 26+1.1n=9 1.4+0.7n=8
(ng/ml) Male 1.4+£03n=11 1.3+02n=9

doi:10.1371/journal.pone.0121974.1005
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Discussion

Insulin appears to play a role in the early phases of puberty. The number of kisspeptin neurons
in the AVPV in females increases sevenfold across puberty [68]. Insulin appears to contribute
to this increase [42]. This action may involve the PI3K pathway since female mice lacking p110
isoforms in kisspeptin neurons also show lower numbers of Kiss1 neurons in the AVPV. These
changes are likely to promote the establishment of normal preovulatory surges in females.

Recently, Evans and colleagues reported that only 5% of kisspeptin-immunoreactive cells in
the hypothalamus showed co-labeling with IR-B [43]. This percentage is substantially lower
than the 22% co-localization of IR mRNA and kisspeptin immunoreactivity we previously re-
ported in the ARC [42]. Further, they found that a 200mU subcutaneous injection of porcine
insulin to C57BL/6] mice did not cause Akt phosphorylation in KissI neurons. We therefore
sought further evidence of KissI responsiveness to insulin. Using whole-cell recordings in the
AVPV and ARC, we found that while the majority of KissI neurons were unresponsive to insu-
lin, roughly a quarter (26.6%) of cells hyperpolarized in response to a 200nM concentration of
insulin. Evans and coworkers also found that high concentrations of insulin (10U, i.p.) activat-
ed all AVPV KissI neurons and 17% of ARC neurons in an IR independent manner, possibly
through IGF receptors. We believe that the electrophysiological responses we have observed
are specific, because the concentrations used were physiological and in line with previously
used concentrations inducing IR activation [69, 70].

Insulin has been shown to hyperpolarize several hypothalamic cell types, including leptin-
inhibited and leptin-excited neurons, through activation of Ktp channels [69-72]. Our results
demonstrate that a subpopulation of KissI neurons in the AVPV and ARC are similarly hyper-
polarized in response to insulin. Recently, Qiu and coworkers reported that guinea pig Kiss1
neurons and pro-opiomelanocortin (POMC) neurons are depolarized by guinea pig insulin ap-
plication [73]. It should be noted that guinea pig insulin is unique; of 51 residues, the A and B
chains of guinea pig insulin differ from human insulin at 18 positions while most other mam-
malian insulins differ from each other at only 1-3 sites [74, 75]. In addition, KissI neuronal
populations of guinea pigs and other rodents exhibit significant functional differences [76, 77],
so insulin may act differently on KissI neurons in this species. Qiu and colleagues also sug-
gested that zinc contamination of insulin preparations leads to hyperpolarization of POMC
neurons in mice. This assertion was supported by experiments demonstrating hyperpolariza-
tion of mouse POMC neurons in response to zinc-containing Humulin and Novolin but not
“pure” bovine or human recombinant insulin from Sigma-Aldrich. However, the zinc content
of the Sigma- Aldrich formulations they used is 0.4-0.7% dry basis (Sigma-Aldrich, personal
communication), comparable to the zinc content of Humulin. Using pharmacological and ge-
netic techniques, we and others have demonstrated that insulin hyperpolarization of POMC
neurons is dependent on the IR and its signaling pathways [70-72, 78]. In these studies, we
therefore attribute the hyperpolarization of KissI neurons in response to insulin to a direct ef-
fect of the peptide.

Obesity involves multiple metabolic changes, including hyperleptinemia and hyperinsuline-
mia, which may contribute to the impaired fertility seen in the obese state. High-fat diet feed-
ing, commonly used to induce obesity and hyperinsulinemia in animal models, is known to
impair fertility. For instance, high fat feeding reduces testosterone, LH, and Kiss1I levels and in-
hibits LH responses to kisspeptin in male rats [79]. Others have shown that insulin signaling in
the pituitary gonadotroph or ovarian theca cell contributes to infertility in female DIO mice
[80, 81]. We therefore tested the possibility that insulin signaling in KissI neurons impacts LH
secretion and fertility in the obese state. Our findings argue against insulin playing a role in the
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hypogonadism associated with obesity. The reproductive phenotype of IR“** mice on a high
fat diet matched that of wild-type littermates, who were equally obese and hyperinsulinemic.

Chronic subnutrition has been shown to arrest puberty and reduce KissI mRNA levels in
the arcuate nucleus (ARC) in female rats [82]. Repeated central injections of kisspeptin to these
rats can restore pubertal progression despite the persistent caloric restriction [83]. In support
of the idea that low insulin levels may serve as one of the signals of such chronic subnutrition,
IR ablation from KissI neurons caused a moderate delay of puberty onset during the pubertal
transition ([42], current study). Our current findings suggest that the effects of insulin on pu-
bertal timing are modified by the actions of leptin. While IR ablation reduced LH levels mid-
puberty and left FSH levels unaffected, the additional deletion of LepRs restored LH levels and
suppressed FSH.

Numerous reports have provided evidence that leptin is a significant upregulator of hypo-
thalamic Kiss1 expression [25, 83-88]. Although one study demonstrated that up to 40% of
KissI neurons in the ARC of male mice appear to have functional LepRs [85], subsequent stud-
ies challenged this finding by contending that LepRs were rarely colocalized with KissI cell [59,
89]. We found no leptin receptor expression in Kiss1 neurons in female mice on days P21-25
(several days prior to any sign of puberty) [41]. On P60-70, however, 8-15% of ARC KissI neu-
rons coexpressed the LepR, depending on estrogen levels [41, 48]. However, there was no ex-
amination of when leptin receptor expression arose between these two time points. It is
reasonable to think this occurred at some point during puberty. We suggest that leptin receptor
expression is released from repression in the kisspeptin neuron at the initiation of puberty, as
are other genes [90], allowing it to alter Kiss1 function as puberty progresses.

Single deletion and reexpression studies clearly showed that puberty can proceed without
leptin signaling in Kiss1 neurons and demonstrated conclusively that mice lacking leptin fail to
develop sexually due to leptin actions elsewhere in the brain [41, 59]. In other words, any ef-
fects of leptin in Kiss1 neurons are not sufficient to induce puberty. The current results aug-
ment these findings by showing that leptin plays a nonessential role in modifying the timing of
puberty and interacts with the actions of insulin.

It is unclear whether these effects are due to the activation of intracellular signaling path-
ways that alter gene expression or due to direct actions on the excitability of Kiss1 neurons. If
the former, it is plausible that leptin inhibits transcription of genes that promote GnRH release
(or vice versa) specifically in Kiss1 neurons, although no evidence for a candidate gene has yet
been identified (e.g. [59, 91]). Such an action could occur via STAT3 mediated gene transcrip-
tion and be opposed by insulin signaling. Alternatively, the opposing effects of insulin and lep-
tin on Kiss1 neuronal excitability may underlie their contrasting actions on pubertal timing.
We have previously shown that leptin raises the membrane potential and increases the activity
of a subset of kisspeptin neurons[41]. In contrast, the current study shows that insulin hyper-
polarizes Kiss1 neurons. In both the case of leptin and insulin, their actions on Kiss1 neuron
excitability have little functional relevance in adulthood, as they do not affect adult reproduc-
tive function; nevertheless, Kiss1 neurons may be particularly sensitive to these effects during
the pubertal transition.

Our original assumption was that depolarization should increase kisspeptin release and
hyperpolarization decrease it. However, recently an interesting alternative interpretation has
been proposed [92]. While single-action potential-generated calcium influx is ideal for the re-
lease of classical neurotransmitters, burst firing promotes the release of neuropeptides [93-95].
The “pacemaker” current is required for rhythmic firing, and virtually all Kiss1 neurons in
both the ARC and RP3V express this current [96-98]. The pacemaker current can only depo-
larizes neurons from hyperpolarized states [99, 100]. Thus, inhibitory synaptic inputs may be
necessary for burst firing to occur. We have demonstrated that prepubertal Arc Kissl neurons
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exhibit higher inhibitory presynaptic activity, but an action potential frequency significantly
higher compared to that of Arc Kiss1 neurons recorded from adult females. Therefore, it is pos-
sible that insulin-induced hyperpolarlization promotes burst-firing while leptin inhibits it.
However, it is unclear why, in this scenario, leptin receptor deletion alone did not advance pu-
berty by increasing Kiss1 firing rates.

These finding raise the interesting possibility that these classic metabolic factors influence
the frequency of GnRH pulsatile release during puberty by altering KissI neuronal activity. The
frequency and amplitude of GnRH pulses varies developmentally and determines the relative
proportions of LH and FSH synthesis and secretion [101, 102]. Increased frequency of pulsatile
hypothalamic GnRH release favors LHB gene transcription over FSHp and increases the ratio
of secreted LH to FSH, while a decreased GnRH pulse frequency favors FSHf [101, 103-106].
The idea that leptin and insulin alter GnRH pulse frequency via actions on KissI neurons dur-
ing puberty remains to be tested. Despite this influence on LH and FSH secretion, neither met-
abolic factor is essential for puberty. Indeed, genetic factors may mask the role of insulin
sensing by KissI neurons during the pubertal transition [43]. In its absence, compensatory
mechanisms complete the maturation of the reproductive axis. The Kissl neuron may sense
other circulating metabolic factors with important roles in this regard [107-109]. Indeed, ghre-
lin appears to modulate arcuate KissI activity in an estradiol dependent manner [108]. In addi-
tion, the KissI neuron may play a key role in transmitting metabolic information from
upstream neurons, such as those that release NPY, a-MSH, and melanin-concentrating hor-
mone. These functions remain to be elucidated.

Kiss1 neurons synapse onto neurons such as POMC neurons that powerfully regulate glu-
cose homeostasis and energy expenditure [88, 110, 111]. Indeed, kisspeptin receptor knockout
females exhibit obesity, reduced energy expenditure and impaired glucose tolerance [112].
However, IR/LepR"*** mice exhibited normal weight gain, body composition, and glucose and
insulin tolerance. Thus, deletion of KissI LepR and IRs did not alter any influence that Kiss1
neurons have on melanocortin and other neuronal circuits controlling glucose and energy reg-
ulation. Kiss1 is also reportedly expressed in several peripheral tissues, including the liver and o
and B cells of the pancreas [60, 113-116]. Pancreatic o.-cell targeted disruption of insulin recep-
tor expression in mice results in glucose intolerance and hyperglycemia [117], not seen in these
animals. Specific deletion of the B cell insulin receptor causes a loss of insulin secretion in re-
sponse to glucose and fasting hyperinsulinemia and impaired glucose tolerance by 6 months of
age. Given that we saw an isolated increase in fasting serum insulin levels in males, we conclude
that if B cells expressing KissI and cre recombinase exist in this line, their number is too small
to greatly impact glucose homeostasis.

In summary, in the presence of genetic or obesity-induced concurrent insulin and leptin re-
sistance, KissI neurons are able to maintain reproductive function. In contrast, LepR and IR
deletion in KissI neurons altered pubertal timing as well as LH and FSH levels in mid-puberty
in a reciprocal manner. Our results confirm that KissI neurons do not directly mediate the crit-
ical role that insulin and leptin play in reproduction. However, kisspeptin neurons may experi-
ence a critical window of susceptibility to the influence of metabolic factors during puberty
that can modify the onset of fertility.

Acknowledgments

We thank Dr. Raymond Bourey, Dr. Nikolai Modyanov, Laura Nedorezov, Dr. Sara DiVall,
Benjamin Bryant, and Lance Stechschulte for their technical assistance with these studies. We

also thank Dr. Jens C. Briining for provision of the IR™1°* mice,

PLOS ONE | DOI:10.1371/journal.pone.0121974 May 6, 2015 19/25



@' PLOS ‘ ONE

Insulin and Leptin Signaling in the Kiss1 Neuron

Author Contributions

Conceived and designed the experiments: JH. Performed the experiments: XQ HD AH KG AS
MW AD LF SM CE. Analyzed the data: XQ LF JH. Contributed reagents/materials/analysis
tools: JH. Wrote the paper: JH.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Michalakis K, Mintziori G, Kaprara A, Tarlatzis BC, Goulis DG. The complex interaction between obe-
sity, metabolic syndrome and reproductive axis: a narrative review. Metabolism: clinical and experi-
mental. 2013; 62(4):457-78. doi: 10.1016/j.metabol.2012.08.012 PMID: 22999785

Randolph JF Jr, Sowers M, Gold EB, Mohr BA, Luborsky J, Santoro N, et al. Reproductive hormones
in the early menopausal transition: relationship to ethnicity, body size, and menopausal status. The
Journal of clinical endocrinology and metabolism. 2003; 88(4):1516-22. PMID: 12679432

Pellitero S, Olaizola |, Alastrue A, Martinez E, Granada ML, Balibrea JM, et al. Hypogonadotropic
Hypogonadism in Morbidly Obese Males Is Reversed After Bariatric Surgery. Obes Surg. 2012;
22(12):1835-42. doi: 10.1007/s11695-012-0734-9 PMID: 22923309

Yeung EH, Zhang C, Albert PS, Mumford SL, Ye A, Perkins NJ, et al. Adiposity and sex hormones
across the menstrual cycle: the BioCycle Study. International journal of obesity. 2013; 37(2):237—43.
doi: 10.1038/ij0.2012.9 PMID: 22310471

Santoro N, Lasley B, McConnell D, Allsworth J, Crawford S, Gold EB, et al. Body size and ethnicity
are associated with menstrual cycle alterations in women in the early menopausal transition: The
Study of Women's Health across the Nation (SWAN) Daily Hormone Study. The Journal of clinical en-
docrinology and metabolism. 2004; 89(6):2622—-31. PMID: 15181033

Jain A, Polotsky AJ, Rochester D, Berga SL, Loucks T, Zeitlian G, et al. Pulsatile luteinizing hormone
amplitude and progesterone metabolite excretion are reduced in obese women. The Journal of clinical
endocrinology and metabolism. 2007; 92(7):2468—73. PMID: 17440019

Vermeulen A, Kaufman JM, Deslypere JP, Thomas G. Attenuated luteinizing hormone (LH) pulse am-
plitude but normal LH pulse frequency, and its relation to plasma androgens in hypogonadism of
obese men. The Journal of clinical endocrinology and metabolism. 1993; 76(5):1140-6. PMID:
8496304

Dandona P, Dhindsa S. Update: Hypogonadotropic hypogonadism in type 2 diabetes and obesity. J
Clin Endocrinol Metab. 2011; 96(9):2643-51. doi: 10.1210/jc.2010-2724 PMID: 21896895

Hofstra J, Loves S, van Wageningen B, Ruinemans-Koerts J, Jansen |, de Boer H. High prevalence of
hypogonadotropic hypogonadism in men referred for obesity treatment. The Netherlands journal of
medicine. 2008; 66(3):103—-9. PMID: 18349465

Kapoor D, Malkin CJ, Channer KS, Jones TH. Androgens, insulin resistance and vascular disease in
men. Clinical endocrinology. 2005; 63(3):239-50. PMID: 16117808

Dhindsa S, Prabhakar S, Sethi M, Bandyopadhyay A, Chaudhuri A, Dandona P. Frequent occurrence
of hypogonadotropic hypogonadism in type 2 diabetes. The Journal of clinical endocrinology and me-
tabolism. 2004; 89(11):5462—-8. PMID: 15531498

Tomar R, Dhindsa S, Chaudhuri A, Mohanty P, Garg R, Dandona P. Contrasting testosterone concen-
trations in type 1 and type 2 diabetes. Diabetes care. 2006; 29(5):1120-2. PMID: 16644650

Backholer K, Bowden M, Gamber K, Bjorbaek C, Igbal J, Clarke IJ. Melanocortins Mimic the Effects of
Leptin to Restore Reproductive Function in Lean Hypogonadotropic Ewes. Neuroendocrinology.
2010; 91(1):27—-40. doi: 10.1159/000260060 PMID: 19923792

Barash IA, Cheung CC, Weigle DS, Ren HP, Kabigting EB, Kuijper JL, et al. Leptin is a metabolic sig-
nal to the reproductive system. Endocrinology. 1996; 137(7):3144—7. PMID: 8770941

Luque RM, Huang ZH, Shah B, Mazzone T, Kineman RD. Effects of leptin replacement on hypotha-
lamic-pituitary growth hormone axis function and circulating ghrelin levels in ob/ob mice. Am J Physiol
Endocrinol Metab. 2007; 292(3):E891-9. PMID: 17122091

Hakansson ML, Brown H, Ghilardi N, Skoda RC, Meister B. Leptin receptor immunoreactivity in chem-
ically defined target neurons of the hypothalamus. The Journal of neuroscience: the official journal of
the Society for Neuroscience. 1998; 18(1):559-72. PMID: 9412531

Quennell JH, Mulligan AC, Tups A, Liu X, Phipps SJ, Kemp CJ, et al. Leptin indirectly regulates go-
nadotropin-releasing hormone neuronal function. Endocrinology. 2009; 150(6):2805—12. doi: 10.
1210/en.2008-1693 PMID: 19179437

PLOS ONE | DOI:10.1371/journal.pone.0121974 May 6, 2015 20/25


http://dx.doi.org/10.1016/j.metabol.2012.08.012
http://www.ncbi.nlm.nih.gov/pubmed/22999785
http://www.ncbi.nlm.nih.gov/pubmed/12679432
http://dx.doi.org/10.1007/s11695-012-0734-9
http://www.ncbi.nlm.nih.gov/pubmed/22923309
http://dx.doi.org/10.1038/ijo.2012.9
http://www.ncbi.nlm.nih.gov/pubmed/22310471
http://www.ncbi.nlm.nih.gov/pubmed/15181033
http://www.ncbi.nlm.nih.gov/pubmed/17440019
http://www.ncbi.nlm.nih.gov/pubmed/8496304
http://dx.doi.org/10.1210/jc.2010-2724
http://www.ncbi.nlm.nih.gov/pubmed/21896895
http://www.ncbi.nlm.nih.gov/pubmed/18349465
http://www.ncbi.nlm.nih.gov/pubmed/16117808
http://www.ncbi.nlm.nih.gov/pubmed/15531498
http://www.ncbi.nlm.nih.gov/pubmed/16644650
http://dx.doi.org/10.1159/000260060
http://www.ncbi.nlm.nih.gov/pubmed/19923792
http://www.ncbi.nlm.nih.gov/pubmed/8770941
http://www.ncbi.nlm.nih.gov/pubmed/17122091
http://www.ncbi.nlm.nih.gov/pubmed/9412531
http://dx.doi.org/10.1210/en.2008-1693
http://dx.doi.org/10.1210/en.2008-1693
http://www.ncbi.nlm.nih.gov/pubmed/19179437

@' PLOS ‘ ONE

Insulin and Leptin Signaling in the Kiss1 Neuron

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Finn PD, Cunningham MJ, Pau KY, Spies HG, Clifton DK, Steiner RA. The stimulatory effect of leptin
on the neuroendocrine reproductive axis of the monkey. Endocrinology. 1998; 139(11):4652—-62.
PMID: 9794477

Bruning JC, Gautam D, Burks DJ, Gillette J, Schubert M, Orban PC, et al. Role of brain insulin recep-
tor in control of body weight and reproduction. Science. 2000; 289(5487):2122-5. PMID: 11000114

Tanaka T, Nagatani S, Bucholtz DC, Ohkura S, Tsukamura H, Maeda K, et al. Central action of insulin
regulates pulsatile luteinizing hormone secretion in the diabetic sheep model. Biology of reproduction.
2000; 62(5):1256—61. PMID: 10775174

Kovacs P, Parlow AF, Karkanias GB. Effect of centrally administered insulin on gonadotropin-
releasing hormone neuron activity and luteinizing hormone surge in the diabetic female rat. Neuroen-
docrinology. 2002; 76(6):357—-65. PMID: 12566943

Kovacs P, Morales JC, Karkanias GB. Central insulin administration maintains reproductive behavior
in diabetic female rats. Neuroendocrinology. 2003; 78(2):90-5. PMID: 12915761

Steger RW, Kienast SG, Pillai S, Rabe M. Effects of streptozotocin-induced diabetes on neuroendo-
crine responses to ovariectomy and estrogen replacement in female rats. Neuroendocrinology. 1993;
57(3):525-31. PMID: 8321421

Steger RW, Kienast SG. Effect of continuous versus delayed insulin replacement on sex behavior
and neuroendocrine function in diabetic male rats. Diabetes. 1990; 39(8):942—-8. PMID: 1973672

Castellano JM, Navarro VM, Fernandez-Fernandez R, Roa J, Vigo E, Pineda R, et al. Expression of
hypothalamic KiSS-1 system and rescue of defective gonadotropic responses by kisspeptin in strep-
tozotocin-induced diabetic male rats. Diabetes. 2006; 55(9):2602—-10. PMID: 16936210

Nazarians-Armavil A, Menchella JA, Belsham DD. Cellular Insulin Resistance Disrupts Leptin-Mediated
Control of Neuronal Signaling and Transcription. Mol Endocrinol. 2013; 27(6):990—-1003. doi: 10.1210/
me.2012-1338 PMID: 23579487

Lustig RH. Hypothalamic obesity: causes, consequences, treatment. Pediatric endocrinology re-
views: PER. 2008; 6(2):220-7. PMID: 19202508

Enriori PJ, Evans AE, Sinnayah P, Jobst EE, Tonelli-Lemos L, Billes SK, et al. Diet-induced obesity
causes severe but reversible leptin resistance in arcuate melanocortin neurons. Cell metabolism.
2007; 5(3):181-94. PMID: 17339026

Munzberg H, Flier JS, Bjorbaek C. Region-specific leptin resistance within the hypothalamus of diet-
induced obese mice. Endocrinology. 2004; 145(11):4880-9. PMID: 15271881

Zhang X, Zhang G, Zhang H, Karin M, Bai H, Cai D. Hypothalamic IKKbeta/NF-kappaB and ER stress
link overnutrition to energy imbalance and obesity. Cell. 2008; 135(1):61-73. doi: 10.1016/j.cell.2008.
07.043 PMID: 18854155

Yura S, Ogawa Y, Sagawa N, Masuzaki H, ltoh H, Ebihara K, et al. Accelerated puberty and late-
onset hypothalamic hypogonadism in female transgenic skinny mice overexpressing leptin. The Jour-
nal of clinical investigation. 2000; 105(6):749-55. PMID: 10727443

George JT, Millar RP, Anderson RA. Hypothesis: kisspeptin mediates male hypogonadism in obesity
and type 2 diabetes. Neuroendocrinology. 2010; 91(4):302-7. doi: 10.1159/000299767 PMID:
20628262

de Roux N, Genin E, Carel JC, Matsuda F, Chaussain JL, Milgrom E. Hypogonadotropic hypogonad-
ism due to loss of function of the KiSS1-derived peptide receptor GPR54. Proc Natl Acad Sci U S A.
2003; 100(19):10972—6. PMID: 12944565

Seminara SB, Messager S, Chatzidaki EE, Thresher RR, Acierno JS Jr, Shagoury JK, etal. The
GPR54 gene as a regulator of puberty. N Engl J Med. 2003; 349(17):1614—-27. PMID: 14573733

Topaloglu AK, Tello JA, Kotan LD, Ozbek MN, Yiimaz MB, Erdogan S, et al. Inactivating KISS1 muta-
tion and hypogonadotropic hypogonadism. N Engl J Med. 2012; 366(7):629-35. doi: 10.1056/
NEJMoa1111184 PMID: 22335740

d'Anglemont de Tassigny X, Fagg LA, Dixon JP, Day K, Leitch HG, Hendrick AG, et al. Hypogonado-
tropic hypogonadism in mice lacking a functional Kiss1 gene. Proc Natl Acad Sci U S A. 2007; 104
(25):10714-9. PMID: 17563351

Lapatto R, Pallais JC, Zhang D, Chan YM, Mahan A, Cerrato F, et al. Kiss1-/- mice exhibit more vari-
able hypogonadism than Gpr54-/- mice. Endocrinology. 2007; 148(10):4927-36. PMID: 17595229

Fernandez-Fermandez R, Martini AC, Navarro VM, Castellano JM, Dieguez C, Aguilar E, et al. Novel sig-
nals for the integration of energy balance and reproduction. Mol Cell Endocrinol. 2006; 254—255:127—
32.

Forbes S, Li XF, Kinsey-Jones J, O'Byrne K. Effects of ghrelin on Kisspeptin mRNA expression in the
hypothalamic medial preoptic area and pulsatile luteinising hormone secretion in the female rat. Neu-
rosci Lett. 2009; 460(2):143—-7. doi: 10.1016/j.neulet.2009.05.060 PMID: 19477231

PLOS ONE | DOI:10.1371/journal.pone.0121974 May 6, 2015 21/25


http://www.ncbi.nlm.nih.gov/pubmed/9794477
http://www.ncbi.nlm.nih.gov/pubmed/11000114
http://www.ncbi.nlm.nih.gov/pubmed/10775174
http://www.ncbi.nlm.nih.gov/pubmed/12566943
http://www.ncbi.nlm.nih.gov/pubmed/12915761
http://www.ncbi.nlm.nih.gov/pubmed/8321421
http://www.ncbi.nlm.nih.gov/pubmed/1973672
http://www.ncbi.nlm.nih.gov/pubmed/16936210
http://dx.doi.org/10.1210/me.2012-1338
http://dx.doi.org/10.1210/me.2012-1338
http://www.ncbi.nlm.nih.gov/pubmed/23579487
http://www.ncbi.nlm.nih.gov/pubmed/19202508
http://www.ncbi.nlm.nih.gov/pubmed/17339026
http://www.ncbi.nlm.nih.gov/pubmed/15271881
http://dx.doi.org/10.1016/j.cell.2008.07.043
http://dx.doi.org/10.1016/j.cell.2008.07.043
http://www.ncbi.nlm.nih.gov/pubmed/18854155
http://www.ncbi.nlm.nih.gov/pubmed/10727443
http://dx.doi.org/10.1159/000299767
http://www.ncbi.nlm.nih.gov/pubmed/20628262
http://www.ncbi.nlm.nih.gov/pubmed/12944565
http://www.ncbi.nlm.nih.gov/pubmed/14573733
http://dx.doi.org/10.1056/NEJMoa1111184
http://dx.doi.org/10.1056/NEJMoa1111184
http://www.ncbi.nlm.nih.gov/pubmed/22335740
http://www.ncbi.nlm.nih.gov/pubmed/17563351
http://www.ncbi.nlm.nih.gov/pubmed/17595229
http://dx.doi.org/10.1016/j.neulet.2009.05.060
http://www.ncbi.nlm.nih.gov/pubmed/19477231

@ PLOS | one

Insulin and Leptin Signaling in the Kiss1 Neuron

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Donato J Jr, Cravo RM, Frazao R, Elias CF. Hypothalamic sites of leptin action linking metabolism
and reproduction. Neuroendocrinology. 2011; 93(1):9—18. doi: 10.1159/000322472 PMID: 21099209

Cravo RM, Frazao R, Perello M, Osborne-Lawrence S, Williams KW, Zigman JM, et al. Leptin signal-
ing in Kiss1 neurons arises after pubertal development. PLoS One. 2013; 8(3):€58698. doi: 10.1371/
journal.pone.0058698 PMID: 23505551

Qiu X, Dowling AR, Marino JS, Faulkner LD, Bryant B, Bruning JC, et al. Delayed puberty but normal
fertility in mice with selective deletion of insulin receptors from Kiss1 cells. Endocrinology. 2013; 154
(3):1337-48. doi: 10.1210/en.2012-2056 PMID: 23392256

Evans MC, Rizwan M, Mayer C, Boehm U, Anderson GM. Evidence that insulin signalling in
gonadotrophin-releasing hormone and kisspeptin neurones does not play an essential role in meta-
bolic regulation of fertility in mice. J Neuroendocrinol. 2014; 26(7):468-79. doi: 10.1111/jne.12166
PMID: 24824308

Fujikawa T, Berglund ED, Patel VR, Ramadori G, Vianna CR, Vong L, et al. Leptin engages a hypotha-
lamic neurocircuitry to permit survival in the absence of insulin. Cell metabolism. 2013; 18(3):431-44.
doi: 10.1016/j.cmet.2013.08.004 PMID: 24011077

Koch C, Augustine RA, Steger J, Ganjam GK, Benzler J, Pracht C, et al. Leptin Rapidly Improves Glu-
cose Homeostasis in Obese Mice by Increasing Hypothalamic Insulin Sensitivity. Journal of Neurosci-
ence. 2010; 30(48):16180~7. doi: 10.1523/JNEUROSCI.3202-10.2010 PMID: 21123564

Hill JW, Elias CF, Fukuda M, Williams KW, Berglund ED, Holland WL, et al. Direct insulin and leptin
action on pro-opiomelanocortin neurons is required for normal glucose homeostasis and fertility. Cell
Metab. 2010; 11(4):286-97. doi: 10.1016/j.cmet.2010.03.002 PMID: 20374961

Morton GJ, Gelling RW, Niswender KD, Morrison CD, Rhodes CJ, Schwartz MW. Leptin regulates in-
sulin sensitivity via phosphatidylinositol-3-OH kinase signaling in mediobasal hypothalamic neurons.
Cell metabolism. 2005; 2(6):411-20. PMID: 16330326

Cravo RM, Margatho LO, Osborne-Lawrence S, Donato J Jr, Atkin S, Bookout AL, et al. Characteriza-
tion of Kiss1 neurons using transgenic mouse models. Neuroscience. 2011; 173:37-56. doi: 10.1016/
j-neuroscience.2010.11.022 PMID: 21093546

McMinn JE, Liu SM, Dragatsis |, Dietrich P, Ludwig T, Eiden S, et al. An allelic series for the leptin re-
ceptor gene generated by CRE and FLP recombinase. Mamm Genome. 2004; 15(9):677—-85. PMID:
15389315

Balthasar N, Coppari R, McMinn J, Liu SM, Lee CE, Tang V, et al. Leptin receptor signaling in POMC
neurons is required for normal body weight homeostasis. Neuron. 2004; 42(6):983-91. PMID:
15207242

Ring LE, Zeltser LM. Disruption of hypothalamic leptin signaling in mice leads to early-onset obesity,
but physiological adaptations in mature animals stabilize adiposity levels. The Journal of clinical in-
vestigation. 2010; 120(8):2931—41. doi: 10.1172/JCI41985 PMID: 20592471

Korenbrot CC, Huhtaniemi IT, Weiner RI. Preputial separation as an external sign of pubertal develop-
ment in the male rat. Biol Reprod. 1977; 17(2):298-303. PMID: 889997

Nelson JF, Felicio LS, Randall PK, Sims C, Finch CE. A longitudinal study of estrous cyclicity in aging
C57BL/6J mice: |. Cycle frequency, length and vaginal cytology. Biol Reprod. 1982; 27(2):327-39.
PMID: 6889895

Bingel A, Schwartz NB. Pituitary LH content and reproductive tract changes during the mouse oes-
trous cycle. J Reprod Fertil. 1969; 19(2):215-22 PMID: 5815724

Hill JW, Xu Y, Preitner F, Fukuda M, Cho YR, Luo J, et al. Phosphatidyl inositol 3-kinase signaling in
hypothalamic proopiomelanocortin neurons contributes to the regulation of glucose homeostasis. En-
docrinology. 2009; 150(11):4874—82. doi: 10.1210/en.2009-0454 PMID: 19819947

Quennell JH, Howell CS, Roa J, Augustine RA, Grattan DR, Anderson GM. Leptin deficiency and diet-
induced obesity reduce hypothalamic kisspeptin expression in mice. Endocrinology. 2011; 152
(4):1541-50. doi: 10.1210/en.2010-1100 PMID: 21325051

Matsuwaki T, Nishihara M, Sato T, Yoda T, Iwakura Y, Chida D. Functional hypothalamic amenorrhea
due to increased CRH tone in melanocortin receptor 2-deficient mice. Endocrinology. 2010; 151
(11):5489-96. doi: 10.1210/en.2010-0687 PMID: 20881239

Wu S, Divall S, Nwaopara A, Radovick S, Wondisford F, Ko C, et al. Obesity-Induced Infertility and
Hyperandrogenism Are Corrected by Deletion of the Insulin Receptor in the Ovarian Theca Cell. Dia-
betes. 2014; 63(4):1270-82. doi: 10.2337/db13-1514 PMID: 24379345

Donato J Jr., Cravo RM, Frazao R, Gautron L, Scott MM, Lachey J, et al. Leptin's effect on puberty in
mice is relayed by the ventral premammillary nucleus and does not require signaling in Kiss1 neurons.
The Journal of clinical investigation. 2011; 121(1):355-68. doi: 10.1172/JCI45106 PMID: 21183787

PLOS ONE | DOI:10.1371/journal.pone.0121974 May 6, 2015 22/25


http://dx.doi.org/10.1159/000322472
http://www.ncbi.nlm.nih.gov/pubmed/21099209
http://dx.doi.org/10.1371/journal.pone.0058698
http://dx.doi.org/10.1371/journal.pone.0058698
http://www.ncbi.nlm.nih.gov/pubmed/23505551
http://dx.doi.org/10.1210/en.2012-2056
http://www.ncbi.nlm.nih.gov/pubmed/23392256
http://dx.doi.org/10.1111/jne.12166
http://www.ncbi.nlm.nih.gov/pubmed/24824308
http://dx.doi.org/10.1016/j.cmet.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/24011077
http://dx.doi.org/10.1523/JNEUROSCI.3202-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21123564
http://dx.doi.org/10.1016/j.cmet.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20374961
http://www.ncbi.nlm.nih.gov/pubmed/16330326
http://dx.doi.org/10.1016/j.neuroscience.2010.11.022
http://dx.doi.org/10.1016/j.neuroscience.2010.11.022
http://www.ncbi.nlm.nih.gov/pubmed/21093546
http://www.ncbi.nlm.nih.gov/pubmed/15389315
http://www.ncbi.nlm.nih.gov/pubmed/15207242
http://dx.doi.org/10.1172/JCI41985
http://www.ncbi.nlm.nih.gov/pubmed/20592471
http://www.ncbi.nlm.nih.gov/pubmed/889997
http://www.ncbi.nlm.nih.gov/pubmed/6889895
http://www.ncbi.nlm.nih.gov/pubmed/5815724
http://dx.doi.org/10.1210/en.2009-0454
http://www.ncbi.nlm.nih.gov/pubmed/19819947
http://dx.doi.org/10.1210/en.2010-1100
http://www.ncbi.nlm.nih.gov/pubmed/21325051
http://dx.doi.org/10.1210/en.2010-0687
http://www.ncbi.nlm.nih.gov/pubmed/20881239
http://dx.doi.org/10.2337/db13-1514
http://www.ncbi.nlm.nih.gov/pubmed/24379345
http://dx.doi.org/10.1172/JCI45106
http://www.ncbi.nlm.nih.gov/pubmed/21183787

@ PLOS | one

Insulin and Leptin Signaling in the Kiss1 Neuron

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Ohtaki T, Shintani Y, Honda S, Matsumoto H, Hori A, Kanehashi K, et al. Metastasis suppressor gene
KiSS-1 encodes peptide ligand of a G-protein-coupled receptor. Nature. 2001; 411(6837):613-7.
PMID: 11385580

Konner AC, Janoschek R, Plum L, Jordan SD, Rother E, Ma X, et al. Insulin action in AgRP-expressing
neurons is required for suppression of hepatic glucose production. Cell Metab. 2007; 5(6):438—49.
PMID: 17550779

Bouret SG, Bates SH, Chen S, Myers MG Jr, Simerly RB. Distinct roles for specific leptin receptor sig-
nals in the development of hypothalamic feeding circuits. J Neurosci. 2012; 32(4):1244-52. doi: 10.
1523/JNEUROSCI.2277-11.2012 PMID: 22279209

Caron E, Sachot C, Prevot V, Bouret SG. Distribution of leptin-sensitive cells in the postnatal and
adult mouse brain. J Comp Neurol. 2010; 518(4):459-76. doi: 10.1002/cne.22219 PMID: 20017211

Steculorum SM, Bouret SG. Maternal diabetes compromises the organization of hypothalamic feed-
ing circuits and impairs leptin sensitivity in offspring. Endocrinology. 2011; 152(11):4171-9. doi: 10.
1210/en.2011-1279 PMID: 21862611

Plagemann A, Harder T, Janert U, Rake A, Rittel F, Rohde W, et al. Malformations of hypothalamic nu-
clei in hyperinsulinemic offspring of rats with gestational diabetes. Developmental Neuroscience.
1999; 21(1):58-67. PMID: 10077703

Plagemann A, Heidrich |, Gotz F, Rohde W, Dorner G. Lifelong Enhanced Diabetes Susceptibility and
Obesity after Temporary Intrahypothalamic Hyperinsulinism during Brain Organization. Experimental
and Clinical Endocrinology. 1992; 99(2):91-5. PMID: 1639125

Fu LY, van den Pol AN. Kisspeptin directly excites anorexigenic proopiomelanocortin neurons but in-
hibits orexigenic neuropeptide Y cells by an indirect synaptic mechanism. The Journal of neurosci-
ence: the official journal of the Society for Neuroscience. 2010; 30(30):10205-19. doi: 10.1523/
JNEUROSCI.2098-10.2010 PMID: 20668204

Han S-K, Gottsch ML, Lee KJ, Popa SM, Smith JT, Jakawich SK, et al. Activation of gonadotropin-
releasing hormone neurons by kisspeptin as a neuroendocrine switch for the onset of puberty. J Neu-
rosci. 2005; 25(49):11349-56. PMID: 16339030

Spanswick D, Smith MA, Mirshamsi S, Routh VH, Ashford ML. Insulin activates ATP-sensitive K+
channels in hypothalamic neurons of lean, but not obese rats. Nat Neurosci. 2000; 3(8):757-8. PMID:
10903566

Plum L, Ma X, Hampel B, Balthasar N, Coppari R, Munzberg H, et al. Enhanced PIP3 signaling in
POMC neurons causes KATP channel activation and leads to diet-sensitive obesity. J Clin Invest.
2006; 116(7):1886-901. PMID: 16794735

Hill JW, Williams KW, Ye C, Luo J, Balthasar N, Coppari R, et al. Acute effects of leptin require PISK
signaling in hypothalamic proopiomelanocortin neurons in mice. J Clin Invest. 2008; 118(5):
1796-805. doi: 10.1172/JCI32964 PMID: 18382766

Williams KW, Margatho LO, Lee CE, Choi M, Lee S, Scott MM, et al. Segregation of acute leptin
and insulin effects in distinct populations of arcuate proopiomelanocortin neurons. J Neurosci. 2010;
30(7):2472-9. doi: 10.1523/JNEUROSCI.3118-09.2010 PMID: 20164331

Qiu J, Zhang C, Borgquist A, Nestor CC, Smith AW, Bosch MA, et al. Insulin excites anorexigenic
proopiomelanocortin neurons via activation of canonical transient receptor potential channels. Cell
Metab. 2014; 19(4):682-93. doi: 10.1016/j.cmet.2014.03.004 PMID: 24703699

Smith LF. Species variation in the amino acid sequence of insulin. Am J Med. 1966; 40(5):662—6.
PMID: 5949593

Chan SJ, Episkopou V, Zeitlin S, Karathanasis SK, MacKrell A, Steiner DF, et al. Guinea pig preproin-
sulin gene: an evolutionary compromise? Proc Natl Acad Sci U S A. 1984; 81(16):5046-50. PMID:
6591179

King JC, Ronsheim P, Liu E, Powers L, Slonimski M, Rubin BS. Fos expression in luteinizing hor-
mone-releasing hormone neurons of guinea pigs, with knife cuts separating the preoptic area and the
hypothalamus, demonstrating luteinizing hormone surges. Biol Reprod. 1998; 58(2):323—-9. PMID:
9475385

Bosch MA, Xue C, Ronnekleiv OK. Kisspeptin expression in guinea pig hypothalamus: effects of
17beta-estradiol. J Comp Neurol. 2012; 520(10):2143-62. doi: 10.1002/cne.23032 PMID: 22173890

Al-Qassab H, Smith MA, Irvine EE, Guillermet-Guibert J, Claret M, Choudhury Al, et al. Dominant role
of the p110beta isoform of PI3K over p110alpha in energy homeostasis regulation by POMC and
AgRP neurons. Cell Metab. 2009; 10(5):343-54. doi: 10.1016/j.cmet.2009.09.008 PMID: 19883613

Sanchez-Garrido MA, Ruiz-Pino F, Manfredi-Lozano M, Leon S, Garcia-Galiano D, Castano JP, et al.
Obesity-induced hypogonadism in the male: premature reproductive neuroendocrine senescence

PLOS ONE | DOI:10.1371/journal.pone.0121974 May 6, 2015 23/25


http://www.ncbi.nlm.nih.gov/pubmed/11385580
http://www.ncbi.nlm.nih.gov/pubmed/17550779
http://dx.doi.org/10.1523/JNEUROSCI.2277-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.2277-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22279209
http://dx.doi.org/10.1002/cne.22219
http://www.ncbi.nlm.nih.gov/pubmed/20017211
http://dx.doi.org/10.1210/en.2011-1279
http://dx.doi.org/10.1210/en.2011-1279
http://www.ncbi.nlm.nih.gov/pubmed/21862611
http://www.ncbi.nlm.nih.gov/pubmed/10077703
http://www.ncbi.nlm.nih.gov/pubmed/1639125
http://dx.doi.org/10.1523/JNEUROSCI.2098-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.2098-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20668204
http://www.ncbi.nlm.nih.gov/pubmed/16339030
http://www.ncbi.nlm.nih.gov/pubmed/10903566
http://www.ncbi.nlm.nih.gov/pubmed/16794735
http://dx.doi.org/10.1172/JCI32964
http://www.ncbi.nlm.nih.gov/pubmed/18382766
http://dx.doi.org/10.1523/JNEUROSCI.3118-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20164331
http://dx.doi.org/10.1016/j.cmet.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24703699
http://www.ncbi.nlm.nih.gov/pubmed/5949593
http://www.ncbi.nlm.nih.gov/pubmed/6591179
http://www.ncbi.nlm.nih.gov/pubmed/9475385
http://dx.doi.org/10.1002/cne.23032
http://www.ncbi.nlm.nih.gov/pubmed/22173890
http://dx.doi.org/10.1016/j.cmet.2009.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19883613

@ PLOS | one

Insulin and Leptin Signaling in the Kiss1 Neuron

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

and contribution of Kiss1-mediated mechanisms. Endocrinology. 2014; 155(3):1067-79. doi: 10.
1210/en.2013-1584 PMID: 24424048

Wu S, Divall S, Nwaopara A, Radovick S, Wondisford F, Ko C, et al. Obesity-induced infertility and
hyperandrogenism are corrected by deletion of the insulin receptor in the ovarian theca cell. Diabetes.
2014; 63(4):1270-82. doi: 10.2337/db13-1514 PMID: 24379345

Brothers KJ, Wu S, DiVall SA, Messmer MR, Kahn CR, Miller RS, et al. Rescue of obesity-induced
infertility in female mice due to a pituitary-specific knockout of the insulin receptor. Cell Metab. 2010;
12(3):295-305. doi: 10.1016/j.cmet.2010.06.010 PMID: 20816095

Roa J, Garcia-Galiano D, Varela L, Sanchez-Garrido MA, Pineda R, Castellano JM, et al. The Mam-
malian Target of Rapamycin as Novel Central Regulator of Puberty Onset via Modulation of Hypotha-
lamic Kiss1 System. Endocrinology. 2009; 150(11):5016—-26. doi: 10.1210/en.2009-0096 PMID:
19734277

Castellano JM, Navarro VM, Fernandez-Fernandez R, Nogueiras R, Tovar S, Roa J, et al. Changes in
hypothalamic KiSS-1 system and restoration of pubertal activation of the reproductive axis by kis-
speptin in undernutrition. Endocrinology. 2005; 146(9):3917-25. PMID: 15932928

Altarejos JY, Goebel N, Conkright MD, Inotiel H, Xie JX, Arias CM, et al. The Creb1 coactivator Crtc1
is required for energy balance and fertility. Nature Medicine. 2008; 14(10):1112-7. doi: 10.1038/nm.
1866 PMID: 18758446

Smith JT, Acohido BV, Clifton DK, Steiner RA. KiSS-1 neurones are direct targets for leptin in the ob/
ob mouse. J Neuroendocrinol. 2006; 18(4):298-303. PMID: 16503925

Brown RE, Imran SA, Ur E, Wilkinson M. KiSS-1 mRNA in adipose tissue is regulated by sex hor-
mones and food intake. Mol Cell Endocrinol. 2008; 281(1-2):64—72. PMID: 18069123

Luque RM, Kineman RD, Tena-Sempere M. Regulation of hypothalamic expression of KiSS-1 and
GPR54 genes by metabolic factors: Analyses using mouse models and a cell line. Endocrinology.
2007; 148(10):4601-11. PMID: 17595226

Backholer K, Smith JT, Rao A, Pereira A, Igbal J, Ogawa S, et al. Kisspeptin Cells in the Ewe Brain
Respond to Leptin and Communicate with Neuropeptide Y and Proopiomelanocortin Cells. Endocri-
nology. 2010; 151(5):2233—43. doi: 10.1210/en.2009-1190 PMID: 20207832

Louis GW, Greenwald-Yarnell M, Phillips R, Coolen LM, Lehman MN, Myers MG Jr. Molecular map-
ping of the neural pathways linking leptin to the neuroendocrine reproductive axis. Endocrinology.
2011; 152(6):2302—-10. doi: 10.1210/en.2011-0096 PMID: 21427219

Lomniczi A, Loche A, Castellano JM, Ronnekleiv OK, Bosch M, Kaidar G, et al. Epigenetic control of
female puberty. Nature neuroscience. 2013; 16(3):281-9. doi: 10.1038/nn.3319 PMID: 23354331

Xu J, Kirigiti MA, Grove KL, Smith MS. Regulation of food intake and gonadotropin-releasing hormone/
luteinizing hormone during lactation: role of insulin and leptin. Endocrinology. 2009; 150(9):4231—40.
doi: 10.1210/en.2009-0190 PMID: 19470705

Zhang C, Tonsfeldt KJ, Qiu J, Bosch MA, Kobayashi K, Steiner RA, et al. Molecular mechanisms that
drive estradiol-dependent burst firing of Kiss1 neurons in the rostral periventricular preoptic area. Am
J Physiol Endocrinol Metab. 2013; 305(11):E1384—97. doi: 10.1152/ajpendo.00406.2013 PMID:
24105416

Bicknell RJ. Optimizing release from peptide hormone secretory nerve terminals. J Exp Biol. 1988;
139:51-65. PMID: 2850339

Masterson SP, Li J, Bickford ME. Frequency-dependent release of substance P mediates heterosy-
naptic potentiation of glutamatergic synaptic responses in the rat visual thalamus. J Neurophysiol.
2010; 104(3):1758-67. doi: 10.1152/jn.00010.2010 PMID: 20660425

Sawamoto K, Nakao N, Kobayashi K, Matsushita N, Takahashi H, Kakishita K, et al. Visualization, di-
rect isolation, and transplantation of midbrain dopaminergic neurons. Proc Natl Acad Sci U S A. 2001;
98(11):6423-8. PMID: 11353855

Zhang C, Ronnekleiv OK, Kelly MJ. Kisspeptin inhibits a slow afterhyperpolarization current via pro-
tein kinase C and reduces spike frequency adaptation in GnRH neurons. Am J Physiol Endocrinol
Metab. 2013; 304(11):E1237—44. doi: 10.1152/ajpendo.00058.2013 PMID: 23548613

Gottsch ML, Popa SM, Lawhorn JK, Qiu J, Tonsfeldt KJ, Bosch MA, et al. Molecular properties of
Kiss1 neurons in the arcuate nucleus of the mouse. Endocrinology. 2011; 152(11):4298-309. doi: 10.
1210/en.2011-1521 PMID: 21933870

Piet R, Boehm U, Herbison AE. Estrous cycle plasticity in the hyperpolarization-activated current ih is
mediated by circulating 17beta-estradiol in preoptic area kisspeptin neurons. J Neurosci. 2013; 33
(26):10828-39. doi: 10.1523/JNEUROSCI.1021-13.2013 PMID: 23804103

Luthi A, McCormick DA. H-current: properties of a neuronal and network pacemaker. Neuron. 1998;
21(1):9-12. PMID: 9697847

PLOS ONE | DOI:10.1371/journal.pone.0121974 May 6, 2015 24/25


http://dx.doi.org/10.1210/en.2013-1584
http://dx.doi.org/10.1210/en.2013-1584
http://www.ncbi.nlm.nih.gov/pubmed/24424048
http://dx.doi.org/10.2337/db13-1514
http://www.ncbi.nlm.nih.gov/pubmed/24379345
http://dx.doi.org/10.1016/j.cmet.2010.06.010
http://www.ncbi.nlm.nih.gov/pubmed/20816095
http://dx.doi.org/10.1210/en.2009-0096
http://www.ncbi.nlm.nih.gov/pubmed/19734277
http://www.ncbi.nlm.nih.gov/pubmed/15932928
http://dx.doi.org/10.1038/nm.1866
http://dx.doi.org/10.1038/nm.1866
http://www.ncbi.nlm.nih.gov/pubmed/18758446
http://www.ncbi.nlm.nih.gov/pubmed/16503925
http://www.ncbi.nlm.nih.gov/pubmed/18069123
http://www.ncbi.nlm.nih.gov/pubmed/17595226
http://dx.doi.org/10.1210/en.2009-1190
http://www.ncbi.nlm.nih.gov/pubmed/20207832
http://dx.doi.org/10.1210/en.2011-0096
http://www.ncbi.nlm.nih.gov/pubmed/21427219
http://dx.doi.org/10.1038/nn.3319
http://www.ncbi.nlm.nih.gov/pubmed/23354331
http://dx.doi.org/10.1210/en.2009-0190
http://www.ncbi.nlm.nih.gov/pubmed/19470705
http://dx.doi.org/10.1152/ajpendo.00406.2013
http://www.ncbi.nlm.nih.gov/pubmed/24105416
http://www.ncbi.nlm.nih.gov/pubmed/2850339
http://dx.doi.org/10.1152/jn.00010.2010
http://www.ncbi.nlm.nih.gov/pubmed/20660425
http://www.ncbi.nlm.nih.gov/pubmed/11353855
http://dx.doi.org/10.1152/ajpendo.00058.2013
http://www.ncbi.nlm.nih.gov/pubmed/23548613
http://dx.doi.org/10.1210/en.2011-1521
http://dx.doi.org/10.1210/en.2011-1521
http://www.ncbi.nlm.nih.gov/pubmed/21933870
http://dx.doi.org/10.1523/JNEUROSCI.1021-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23804103
http://www.ncbi.nlm.nih.gov/pubmed/9697847

@ PLOS | one

Insulin and Leptin Signaling in the Kiss1 Neuron

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Zhang C, Bosch MA, Rick EA, Kelly MJ, Ronnekleiv OK. 17Beta-estradiol regulation of T-type calcium
channels in gonadotropin-releasing hormone neurons. J Neurosci. 2009; 29(34):10552—62. doi: 10.
1523/JNEUROSCI.2962-09.2009 PMID: 19710308

Marshall JC, Dalkin AC, Haisenleder DJ, Paul SJ, Ortolano GA, Kelch RP. Gonadotropin-releasing
hormone pulses: regulators of gonadotropin synthesis and ovulatory cycles. Recent progress in hor-
mone research. 1991; 47:155-87; discussion 88—9. PMID: 1745819

Frazao R, Cravo RM, Donato J Jr, Ratra DV, Clegg DJ, EImquist JK, et al. Shift in Kiss1 cell activity re-
quires estrogen receptor alpha. The Journal of neuroscience: the official journal of the Society for
Neuroscience. 2013; 33(7):2807—-20. doi: 10.1523/JNEUROSCI.1610-12.2013 PMID: 23407940

Bedecarrats GY, Kaiser UB. Differential regulation of gonadotropin subunit gene promoter activity by
pulsatile gonadotropin-releasing hormone (GnRH) in perifused L beta T2 cells: role of GnRH receptor
concentration. Endocrinology. 2003; 144(5):1802—11. PMID: 12697686

Ferris HA, Shupnik MA. Mechanisms for pulsatile regulation of the gonadotropin subunit genes by
GNRH1. Biol Reprod. 2006; 74(6):993-8. PMID: 16481592

Haisenleder DJ, Dalkin AC, Ortolano GA, Marshall JC, Shupnik MA. A Pulsatile Gonadotropin-
Releasing-Hormone Stimulus Is Required to Increase Transcription of the Gonadotropin Subunit
Genes—Evidence for Differential Regulation of Transcription by Pulse Frequency Invivo. Endocrinolo-
gy. 1991; 128(1):509-17. PMID: 1702704

Weiss J, Jameson JL, Burrin JM, Crowley WF Jr. Divergent responses of gonadotropin subunit mes-
senger RNAs to continuous versus pulsatile gonadotropin-releasing hormone in vitro. Mol Endocrinol.
1990; 4(4):557-64. PMID: 2126344

Roa J, Garcia-Galiano D, Castellano JM, Gaytan F, Pinilla L, Tena-Sempere M. Metabolic control of
puberty onset: new players, new mechanisms. Mol Cell Endocrinol. 2010; 324(1-2):87—94. doi: 10.
1016/j.mce.2010.05.006 PMID: 20493922

Frazao R, Dungan Lemko HM, da Silva RP, Ratra DV, Lee CE, Williams KW, et al. Estradiol modu-
lates Kiss1 neuronal response to ghrelin. Am J Physiol Endocrinol Metab. 2014; 306(6):E606—14. doi:
10.1152/ajpendo.00211.2013 PMID: 24473434

Tena-Sempere M. Ghrelin as a pleotrophic modulator of gonadal function and reproduction. Nat Clin
Pract Endocrinol Metab. 2008; 4(12):666—74. doi: 10.1038/ncpendmet1003 PMID: 18981992

Berglund ED, Vianna CR, Donato J Jr, Kim MH, Chuang JC, Lee CE, et al. Direct leptin action on
POMC neurons regulates glucose homeostasis and hepatic insulin sensitivity in mice. J Clin Invest.
2012; 122(3):1000-9. doi: 10.1172/JCI59816 PMID: 22326958

Mittelman-Smith MA, Williams H, Krajewski-Hall SJ, Lai J, Ciofi P, McMullen NT, et al. Arcuate kis-
speptin/neurokinin B/dynorphin (KNDy) neurons mediate the estrogen suppression of gonadotropin
secretion and body weight. Endocrinology. 2012; 153(6):2800—12. doi: 10.1210/en.2012-1045 PMID:
22508514

Tolson KP, Garcia C, Yen S, Simonds S, Stefanidis A, Lawrence A, et al. Impaired kisspeptin signaling
decreases metabolism and promotes glucose intolerance and obesity. J Clin Invest. 2014; 124(7):
3075-9. doi: 10.1172/JCI71075 PMID: 24937427

Song WJ, Mondal P, Wolfe A, Alonso LC, Stamateris R, Ong BW, et al. Glucagon regulates hepatic
kisspeptin to impair insulin secretion. Cell metabolism. 2014; 19(4):667-81. doi: 10.1016/j.cmet.2014.
03.005 PMID: 24703698

Kotani M, Detheux M, Vandenbogaerde A, Communi D, Vanderwinden JM, Le Poul E, et al. The me-
tastasis suppressor gene KiSS-1 encodes kisspeptins, the natural ligands of the orphan G protein-
coupled receptor GPR54. The Journal of biological chemistry. 2001; 276(37):34631-6. PMID:
11457843

Hauge-Evans AC, Richardson CC, Milne HM, Christie MR, Persaud SJ, Jones PM. A role for kisspep-
tin in islet function. Diabetologia. 2006; 49(9):2131-5. PMID: 16826407

ChenJ, FuR, CuiY, Pan J, LiY, Zhang X, et al. LIM-homeodomain transcription factor Isl-1 mediates
kisspeptin's effect on insulin secretion in mice. Mol Endocrinol. 2014; 28(8):1276-90. doi: 10.1210/
me.2013-1410 PMID: 24956377

Kawamori D, Kurpad AJ, Hu J, Liew CW, Shih JL, Ford EL, et al. Insulin signaling in alpha cells modu-
lates glucagon secretion in vivo. Cell metabolism. 2009; 9(4):350—61. doi: 10.1016/j.cmet.2009.02.
007 PMID: 19356716

PLOS ONE | DOI:10.1371/journal.pone.0121974 May 6, 2015 25/25


http://dx.doi.org/10.1523/JNEUROSCI.2962-09.2009
http://dx.doi.org/10.1523/JNEUROSCI.2962-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19710308
http://www.ncbi.nlm.nih.gov/pubmed/1745819
http://dx.doi.org/10.1523/JNEUROSCI.1610-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23407940
http://www.ncbi.nlm.nih.gov/pubmed/12697686
http://www.ncbi.nlm.nih.gov/pubmed/16481592
http://www.ncbi.nlm.nih.gov/pubmed/1702704
http://www.ncbi.nlm.nih.gov/pubmed/2126344
http://dx.doi.org/10.1016/j.mce.2010.05.006
http://dx.doi.org/10.1016/j.mce.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/20493922
http://dx.doi.org/10.1152/ajpendo.00211.2013
http://www.ncbi.nlm.nih.gov/pubmed/24473434
http://dx.doi.org/10.1038/ncpendmet1003
http://www.ncbi.nlm.nih.gov/pubmed/18981992
http://dx.doi.org/10.1172/JCI59816
http://www.ncbi.nlm.nih.gov/pubmed/22326958
http://dx.doi.org/10.1210/en.2012-1045
http://www.ncbi.nlm.nih.gov/pubmed/22508514
http://dx.doi.org/10.1172/JCI71075
http://www.ncbi.nlm.nih.gov/pubmed/24937427
http://dx.doi.org/10.1016/j.cmet.2014.03.005
http://dx.doi.org/10.1016/j.cmet.2014.03.005
http://www.ncbi.nlm.nih.gov/pubmed/24703698
http://www.ncbi.nlm.nih.gov/pubmed/11457843
http://www.ncbi.nlm.nih.gov/pubmed/16826407
http://dx.doi.org/10.1210/me.2013-1410
http://dx.doi.org/10.1210/me.2013-1410
http://www.ncbi.nlm.nih.gov/pubmed/24956377
http://dx.doi.org/10.1016/j.cmet.2009.02.007
http://dx.doi.org/10.1016/j.cmet.2009.02.007
http://www.ncbi.nlm.nih.gov/pubmed/19356716

