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Disrupted Kisspeptin Signaling in GhRH Neurons
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Landmark studies have shown that mutations in kisspeptin and the kisspeptin receptor (Kiss1r)
result in reproductive dysfunction in humans and genetically altered mouse models. However,
because kisspeptin and its receptor are present in target cells of the central and peripheral
reproductive axis, the precise location(s) for the pathogenic signal is unknown. The study de-
scribed herein shows that the kisspeptin-Kiss1r signaling pathway in the GnRH neuron is singularly
critical for both the onset of puberty as well as the attainment of normal reproductive function.
In this study, we directly test the hypothesis that kisspeptin neurons regulate GnRH secretion
through the activation of Kiss1r on the plasma membrane of GnRH neurons. A GnRH neuron-
specific Kiss7r knockout mouse model (GKirKO) was generated, and reproductive development
and phenotype were assessed. Both female and male GKirKO mice were infertile, having low
serum LH and FSH levels. External abnormalities such as microphallus and decreased anogenital
distance associated with failure of preputial gland separation were present in GKirKO males. A
delay in pubertal onset and abnormal estrous cyclicity were observed in female GKirKO mice.
Taken together, these data provide in vivo evidence that Kiss1r in GnRH neurons is critical for

reproductive development and fertility. (Molecular Endocrinology 28: 225-238, 2014)

uring the onset of puberty, a cascading rush of neu-
Droendocrine hormones acting on the hypothalamus
stimulates GnRH neurons to secrete GnRH, which leads
to pubertal onset and, consequently, gametogenesis and
production of sex steroids in the gonads in both males and
females. Numerous factors have been implicated in the
activation and regulation of this hypothalamo-pituitary-
gonadal (HPG) axis. One of the recently emerging players
is kisspeptin, which belongs to a family of neuropeptides
shown to be powerful stimulators of GnRH synthesis and
secretion in mammals (1-11). Kisspeptin neurons local-
ized in the arcuate (ARC) nucleus and preoptic area in
humans (12, 13) and in the ARC nucleus and anteroven-
tral periventricular (AVPV) nucleus in rodents (5, 14-
18), project a neuronal network interconnected by axons
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and/or dendrites to induce secretion of GnRH. Present on
most GnRH neurons is kisspeptin G protein—coupled re-
ceptor (Gpr54/Kisslr) (6, 15, 19, 20), which binds to
kisspeptin and initiates cell depolarization and GnRH se-
cretion (15,21-23). In humans, the vital role of kisspeptin
regulation of the GnRH pathway is underscored in indi-
viduals carrying inactivating mutations in KISS1R, who
demonstrate normosmic idiopathic hypogonadotrophic
hypogonadism (nIHH) (4, 24-29), a disorder that results
in failure of sexual maturity and infertility (30, 31). Sim-
ilarly, in rodents a number of studies have shown that
either deletion or loss-of-function mutations in the Kiss1
or Kiss1r gene result in various degrees of hypogonado-
trophism, hypogonadism, and infertility (3, 4, 10, 32). In
both humans and rodents, treatment using exogenous

Abbreviations: ARC, actuate; AVPV, anteroventral periventricular; HPG, hypothalamo-
pituitary-gonadal; Kiss1r, kisspeptin receptor; nIHH, normosmic idiopathic hypogonado-
trophic hypogonadism; OVX, ovariectomized; POMC, proopiomelanocortin; PPS, prepu-
tial separation; qPCR, quantitative PCR; VO, vaginal opening; WT, wild-type.
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kisspeptins has been used to induce GnRH secretion and
stimulate the reproductive endocrine cascade, demon-
strating the potential applications of this group of pep-
tides as a novel therapeutic target (7, 15, 33-35). These
findings demonstrate that proper functioning of kisspep-
tin and its receptor plays a crucial role in the regulation of
the reproductive system including gonadotropin secre-
tion, pubertal onset, ovulation, and fertility (4, 36—40).
Despite these advances, only one recent study has ex-
plored the effect of kisspeptin signaling directly at the
level of the GnRH neuron on mammalian reproductive
function (41). In the present study, a mouse model with a
deletion of the Kiss1r gene only in the GnRH neuron
(GKirKO) is also used to determine the role of kisspeptin
signaling directly at the level of the GnRH neuron. We
assess the reproductive phenotype of these knockout
mice, analyzing key indicators of reproductive compe-
tence such as pubertal onset, estrous cyclicity, basal go-
nadotropin levels, and fertility. The implications of iden-
tifying the precise signaling of kisspeptin on the GnRH
neuron greatly contribute to our continuously evolving
understanding of the mammalian HPG axis and identifies
potential targets for pharmacologic treatment of nIHH.

Materials and Methods

Animals

Generation of Kiss1r “floxed” mice to produce a con-
ditional Kiss1r null mutation in GnRH neurons

Floxed Kiss1r mice were designed with LoxP sites flanking
exon 2 of the kisspeptin receptor (Kisslr) in a targeting con-
struct that also included a Frt flanked neomycin® selection cas-
sette. A targeting vector was produced by recombineering and
was electroporated into embryonic stem cells. Six positive tar-
geted clones were obtained. The Kiss1r floxed animals were
crossed to the GnRH-Cre mice described previously by our lab-
oratory (42—435). Cre recombinase expression in GnRH neurons
produced a cell-specific Kiss1r knockout (GKirKO). A similar
strategy was used to target the gonadotroph using the common
a-subunit gene (46). All of the mice used in these experiments
were maintained on a mixed CD1/129Sv]J/C57BL6 genetic
background, and each genotypic or experimental group was
compared with littermate controls carrying either the floxed
Kiss1r gene without the Cre gene, the Cre gene without the
floxed Kiss1r gene, or neither the Cre gene nor the floxed Kiss1r
allele. These littermate controls are referred to as “wild-type
(WT)” mice throughout this article. All procedures were per-
formed under standard light and dark cycles with approval of
the Johns Hopkins Animal Care and Use Committee. Before all
experiments, mice were anesthetized with isoflurane (Penn Vet-
erinary Supply), and blood samples were obtained via mandib-
ular blood samples or ocular blood samples in the case of ter-
minal studies.
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Generation of GnRH-specific Kiss1r knockout

Fl-Kiss1r mice (Kiss1r™¥') were crossed with GnRH-Cre,
Kiss1r¥™" mice to create a GnRH-specific Kiss1r knockout
mouse (GKirKO). After dissection and harvesting of tissue,
genomic DNA was isolated using phenol-chloroform extraction
and isopropanol precipitation. To determine the presence of the
Kiss1r floxed allele, WT allele, and Cre transgene, DNA was
subjected to PCR analysis. The genotyping primers designed to
detect the presence of the floxed allele, WT allele, or knockout
recombination were as follows: P1 sense (located in exon 1),
5'-CTGGTCGGAAACTCATTGGT-3’; and P3 antisense (lo-
cated in exon 3), 5~ AGAGTGGCACATGTGGCTTG-3'. Prim-
ers P1 and P3 were designed to produce a 2096-bp band to
indicate the floxed Kiss1r allele and a 1882-bp band to indicate
the WT allele in DNA obtained from extrahypothalamic organs
(eg, liver, muscle, ovary, testes, pituitary, and tail). These prim-
ers were designed to produce a 1120-bp band after excision of
the sequence between the LoxP sites (the knockout allele) in
DNA extracted from the hypothalamus (a tissue that expresses
Cre recombinase). Genotyping primers used to determine the
presence of the Cre recombinase gene were Cre sense, 5'-CGAC-
CAAGTGACAGCAATGCT-3’, and Cre antisense, (5'GGT-
GCTAACCAGCGTTTTCGT-3', and have been described else-
where (42, 44).

RT-quantitative PCR (qPCR)

Real-time qPCR was performed to determine the presence
and expression levels of Kisslr mRNA in various tissues and
Kiss1 mRNA in the AVPV nucleus and ARC nucleus in ovari-
ectomized (OVX) and intact mice. RNA was isolated from
mouse tissues using TRIzol reagent (Invitrogen), according to
the protocol provided by the supplier. Then 2 ug of RNA was
reverse transcribed using an iScript cDNA kit (Bio-Rad Labora-
tories). Real-time qPCR was performed in duplicate using the
SYBR Green Master Mix (Bio-Rad Laboratories) and the ICy-
cler qPCR machine (Bio-Rad Laboratories). The primers used to
amplify Kisslr were sense primer, 5'-CTGCCACAGACGT-
CACTTTC-3', and antisense primer, 5'-ACATACCAGCG-
GTCCACACT-3' (47, 48). The primers used to amplify Kiss1
were sense primer, 5'-AGCTGCTGCTTCTCCTCTGT-3', and
antisense primer, 5'-GCATACCGCGATTCCTTTT-3". 18S
RNA was used as an internal control for cDNA input, sense
primer, 5’-TGGTTGATCCTGCCAGTAG-3', and antisense
primer, 5'-CGACCAAAGGAACCATAACT-3'. To determine
PCR efficiency, a 10-fold serial dilution of ¢cDNA was per-
formed as described previously (49). PCR conditions were op-
timized to generate >95% PCR efficiency, and only those reac-
tions with between 95% and 105% efficiency were included in
subsequent analyses. Relative differences in cDNA concentra-
tion between WT and GKirKO mice were then calculated using
the comparative threshold cycle (C,) method (50). In brief, to
obtain differences between WT and knockout Kiss1r expres-
sion, a AC, was calculated: C,(knockout) — C (wild-type). Rel-
ative mRNA levels were then calculated using the equation fold
difference = 24C,. To obtain the differences in Kiss1 expression
in the AVPV nucleus and ARC nucleus, a AC, was calculated to
normalize for the internal control using the equation: AC, =
C.(gene) — C,(18S). To obtain differences between WT and
knockout, AAC, was calculated: AC (knockout) — AC,(wild-
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type). Relative mRNA levels were then calculated using the
equation fold difference = 224C,.

Pubertal onset and estrous cycle assessment
Prepubertal female mice were examined every day for vaginal
opening (VO) through visual examination of the vulva after
postnatal day 21. Vaginal smears were collected daily at 10:00
AM over a period of 12 days in 2- to 3-month-old mice and
examined as stained preparations with a Diff-Quick stain kit
(IMEB Inc) to determine the estrous cycle. The stage of the
estrous cycle was determined and classified as proestrus, estrus,
or metestrus/diestrus based on observed ratios of cornified epi-
thelial, nucleated epithelial, and polymorphonuclear leukocytes
as described in Nelson et al (51). The frequencies of the estrous
cycles and the days spent in the different phases included in the
estrous cycle were compared between the 2 groups (WT and
GKirKO mice). After postnatal day 21, preputial separation
(PPS) in males was assessed daily. This consisted of attempts to
manually retract the prepuce with gentle pressure. PPS is testos-
terone dependent and thus is an indicator of activation of the
reproductive axis in males (52). Puberty in rodents is dependent
on weight (53); hence, the weights of GKirKO and control lit-
termates were assessed in prepubertal mice through adulthood.

Hormonal assays

To measure basal levels of serum LH and FSH and serum LH
levels after GnRH or kisspeptin stimulation, samples were col-
lected from mice via a mandibular blood sample between 9:00
and 10:00 AM to avoid cycle-dependent LH surges that occur in
the evening of proestrus. LH and FSH were measured using a
Milliplex MAP immunoassay (Mouse Pituitary panel; Milli-
pore) on a Luminex 200IS platform (Luminex Corporation).
The GnRH stimulation or kisspeptin stimulation tests were per-
formed on different days, and serum LH was evaluated. Blood
was collected 20 minutes after sc injection of 100 ng/kg GnRH
(Sigma L7134 LHRH human acetate salt) dissolved in normal
saline (54) or 10 minutes after sc injection of 1 nmol of kisspep-
tin-10 (EMD Biosciences, Inc) dissolved in normal saline (535,
56). Absolute values and fold change in serum LH was assessed.
All samples were assayed on 1 plate. A standard curve was
generated using 5-fold serial dilutions of the hormone reference
provided by Millipore. Low- and high-quality controls were
also run on each assay to assess coefficient of variation values.
The assay detection limit for LH was 0.012 ng/mL and for FSH
was 0.061 ng/mL. The intra-assay coefficient of variation for
each assay was between 5% and 9%. All procedures were re-
viewed and approved by the Johns Hopkins University Animal
Care and Use Committee.

Fertility assessment

To determine whether female and male GKirKO mice were
fertile, six WT and six GKirKO female mice were housed with
either a WT or GKirKO male mouse for 14 consecutive days (2
females and 1 male/cage) and then were separated. Three males
of each genotype (only 3 GKirKO males of 15 had preputial
separation and could be used for mating) were rotated between
the WT or GKirKO females, and each female participated in at
least 6 attempts at mating with at least 5 weeks between mating
attempts if pregnancy was achieved. At the end of these fertility
studies, female and male GKirKO mice were housed continu-
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ously with another WT animal of the opposite gender for 4
months.

Anatomy and histology

Ovaries (collected at metestrus or diestrus) and testes were
fixed in 10% buffered formalin phosphate (Fisher Scientific)
solution and stored at 4°C. Paraffin-embedded organs were sec-
tioned at 7-um thickness. Ovarian and testicular sections were
stained with hematoxylin and eosin, examined with a Zeiss
microscope, and photographed with an AxioCamICc1 camera
and exported to AxioVision Software. Wet testicular weights
were determined in freshly dissected animals.

Evaluation of negative feedback by sex steroids

To evaluate the negative feedback by sex steroids, 2- to
3-month-old female mice were anesthetized with ketamine-xy-
lazine, and an ovariectomy was performed via a dorsal incision.
After a 14-day recovery period, blood was collected by heart
puncture, and sera were separated by centrifugation at 4000 X
g for 15 minutes at 4°C and stored at —80°C until LH and FSH
were measured as described above. For Kiss1 mRNA analysis by
RT-gPCR in the AVPV nucleus and ARC nucleus, mice were
decapitated, and brains were dissected following the protocol
described by Quennell et al (57). Morning serum samples from
WT control mice were obtained from nonbreeding, postpuber-
tal mice in the metestrus phase, and serum LH and FSH hor-
mone levels were determined and compared with intact GKirKO
and OVX WT control and GKirKO mice.

Statistical analysis

Data were analyzed and graphed using the GraphPad Prism
4 program (GraphPad Software, Inc). Values are expressed as
means = SEM. If data satisfied Bartlett tests for equal variances,
parametric statistics such as the Student ¢ test were used to
determine significance of differences between control and
GKirKO mice. A one-way ANOVA with a Bonferroni posttest
was used when 3 or more groups were compared. A two-way
ANOVA (group vs treatment) with a Bonferroni posttest was
used to analyze LH levels in the experiments in Figure 3, F-I, and
LH and FSH levels in Figure 6. Significance was assigned for a
value of P = .05.

Results

Generation of GnRH neuron-specific Kiss1r
knockout mice

GKirKO mice were generated by breeding homozy-
gous floxed Kiss1r (Kiss1r®) mice with mice expressing
Cre recombinase (Cre™ ) under the control of the GnRH
promoter to target the hypothalamic GnRH neurons.
Kiss1r¥T"%/Cre*'~ mice were mated with Kiss1rf! mice
to obtain the GKirKO (Kiss1rf/Cre™~) mice. Upon ex-
pression of the Cre recombinase enzyme, exon 2 of the
Kiss1r is excised, resulting in loss of function of the
Kiss1r. Mice were genotyped using a PCR strategy sche-
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Figure 1. Development of GnRH-specific Kiss7r knockout mouse. A, Schematic diagrams of constructs used to generate GKirKO mice. Mice

bearing LoxP sites flanking exon 2 of the Kiss1r were crossed with transgenic mice expressing Cre recombinase specifically in GnRH neurons.
Primers used in PCR genotyping are labeled P1 (exon 1) and P3 (exon 3). X, Xbal; A, Asp718l; S, Spel restriction enzyme sites. B, Genotyping by
PCR analysis of the genomic DNA produced a band migrating at 2096 bp in the mice bearing a floxed allele and a band at 1882 bp in WT mice.
These primers were designed to produce a 1120-bp band after excision of the sequence between the LoxP sites in DNA extracted from the
hypothalamus (that is, tissue that express Cre recombinase). C, Southern blot analysis was performed by digesting the DNA with Asp718l and
detected a band of 9.2 kb in the floxed allele and 12.2 kb in the WT allele with probe 1. D, gPCR analysis of Kiss7r mRNA extracted from male and
female mouse tissues (P < .001, n = 3). WT, wild-type; Kiss1r'V™ heterozygous floxed; Kiss1r'", homozygous floxed; ND, not detected.

matized in Figure 1A. The PCR product (using primers P1
and P3) indicates the homozygous floxed-Kiss1r alleles
(2096 bp) and WT alleles (1882 bp); both bands are pres-
ent in the heterozygous floxed-Kiss17 mouse (Figure 1B).
The appropriate chromosomal recombination was iden-
tified in the GKirKO mice by Southern blot analysis.

DNA was digested with the Asp7181 enzyme and hy-
bridized with probe 1 to detect WT (12.2 kb), homozy-
gous (9.2 kb), and heterozygous (both bands) alleles
(Figure 1, A and C). GKirKO mice were born with the
expected Mendelian frequency and were of normal size
and weight.
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Hypothalamic and tissue Kiss1r mRNA expression
in GKirKO mice

As reported previously, mice bearing the GnRH Cre /'~
transgene express Cre recombinase specifically in GnRH
neurons (42-44). To document that Cre recombinase ex-
pression in GnRH neurons produced a cell-specific Kiss1r
knockout, an RT reaction followed by qPCR analysis of
RNA extracted from tissues of male and female mice was
performed. RT-qPCR demonstrated a reduction in Kiss1r
mRNA by 68% and 64% in the hypothalamus of male and
female GKirKO mice, respectively, compared with that in
WT mice. In contrast, no change in Kiss1r mRNA was ob-
served in other tissues including the pituitary gland, cortex,
cerebellum, liver, or gonads (P = .001, n = 3) (Figure 1D).

External morphologic abnormalities of GKirKO
mice

External anatomic abnormalities were not observed in
GKirKO females compared with that of littermates (Fig-
ure 2A). In contrast, external anatomic abnormalities
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were observed in GKirKO males compared with those of
littermates (Figure 2B). GKirKO males exhibited micro-
phallus and a decreased anogenital distance, which are
androgen-dependent processes (androgen exposure de-
pendent) (Figure 2B).

Pubertal onset is delayed in GKirKO mice

To assess the reproductive phenotype of the GKirKO
mice, we assessed multiple parameters. Pubertal onset in
GKirKO mice was assessed in females by VO and in males
by PPS. VO was significantly delayed by approximately 9
days in GKirKO mice (postnatal day 36 = 0.62, P =.001,
n = 12) (Figure 2C) compared with that in WT mice
(postnatal day 27 = 0.20, n = §) (Figure 2C). This could
not be attributable to differences in body weight, because
there was no difference in weight between WT and
GKirKO animals (n = 9) (Figure 2E). In 20% of GKirKO
males, a delay of 7 to 11 days in PPS was observed (post-
natal day 39 + 0.89, P = .001, n = 15) (Figure 2D)
compared with that in WT mice (postnatal day 30.14 =
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GKirkO
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00+
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60
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20 Almnmnmn
kkkil
0 T Sckckckkhs! T T 1
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External anatomical abnormalities in GKirKO mice and puberty assessment. A, External anatomic abnormalities were not observed in

GKirkO female mice. B, GKirKO males exhibited microphallus and decreased anogenital distance. Delayed puberty in GKirKO mice. C, Graphic
representation of the time course of the day of VO in females (n = 5-12). D, Time course of the day of PPS in males (n = 7-15). E, Body weight
change over time in female mice (n = 4-7). F, Body weight change over time in male mice (n = 9).
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0.55, n = 7) (Figure 2D). The remaining 80% failed to
exhibit preputial gland separation. This was again not
related to differences in the body weight (n = 4-7) (Figure
2F). Littermate controls carrying either the floxed Kiss1r
gene without the Cre gene, the Cre gene without the
floxed Kiss1r gene, or neither the Cre gene nor the floxed
Kiss1r allele had normal VO and PPS.

GKirKO female mice have abnormal estrous cycles

To characterize further the reproductive phenotype ex-
hibited by GKirKO females, estrous cyclicity was evalu-
ated. All animals were housed according to their geno-
type. Vaginal smears were collected daily over a period of
12 days in 2- to 3-month-old mice and examined under
the microscope to determine the stage of the estrous cycle.
Control mice had an average cycle length of 5.67 = 0.33
days (n = 6) (Figure 3A). In contrast, GKirKO mice
showed an absence of normal estrous cycling, making the
calculation of cycle length not possible (n = 6) (Figure
3A). GKirKO mice were found in metestrus/diestrus 83%
of the time, with occasional evidence of proestrus (4%),
which was a significantly different pattern than that ob-
served in control animals (Figure 3A). In addition, 1
GKirKO female mouse was found in proestrus 67 % of the
time. Hence, GKirKO mice demonstrated an extensively
abnormal pattern of estrous cyclicity.

GKirKO mice have low basal serum LH and FSH
levels

Morning serum samples were obtained from non-
breeding, postpubertal mice and serum LH and FSH hor-
mone levels were determined. Serum LH values in
GKirKO mice were significantly lower in both sexes com-
pared with those in WT mice (GKirKO female: 0.33 =
0.08 ng/mL, P = .01, n = 8; GKirKO male: 0.28 + 0.07
ng/mL, P = .01, n = 10 and WT female: 0.79 = 0.1
ng/mL, n = 6; WT male: 0.59 = 0.01 ng/mL, n = 6)
(Figure 3, B and D) as were the serum FSH levels in both
GKirKO females (0.28 = 0.07 ng/mL, P = .05, n = 11)
and GKirKO males (0.12 = 0.02 ng/mL, P = .001,n = 7)
compared with those in both WT females (0.81 * 0.23
ng/mL, n = 8) and males (3.77 = 0.36 ng/mL, n = 6)
(Figure 3, C and E).

Gonadotrope function is preserved in GKirKO mice
with increased GnRH responsiveness in female
GKirKO mice

To determine the status of gonadotroph function in
GKirKO mice, GnRH-induced LH release from the pitu-
itary was evaluated by performing GnRH stimulation
testing. Preserved gonadotroph function was observed in
both sexes of GKirKO mice. Serum LH values in GKirKO
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and WT mice were significantly increased after GnRH
compared with the baseline levels of the same gender and
genotype (GKirKO female: 3.29 + 0.45 ng/mL, P = .001,
n = 9; GKirKO male: 3.9 = 0.13 ng/mL, P = .001,n = 3
and WT female: 1.97 *+ 0.32 ng/mL, n = 7; WT male:
4.26 = 0.27 ng/mL, n = 6) (Figure 3, F and H). Interest-
ingly, an approximately 2-fold increased responsiveness
to exogenous GnRH was observed in female GKirKO
mice when changes in serum LH levels in response to
GnRH were compared between WT and GKirKO mice
(Figure 3F), possibly due to the lack of negative feedback
by estrogen in the GKirKO female mice. In contrast, this
increased responsiveness to exogenous GnRH observed
in female GKirKO mice was not detected in male GKirKO
mice because increased serum LH levels in response to
exogenous GnRH were not different between WT and
knockout mice (Figure 3H).

GKirKO mice do not respond to exogenous
kisspeptin stimulation

A kisspeptin stimulation test was also performed, and
serum gonadotropin levels were evaluated. Serum LH val-
ues in WT mice were significantly increased after kisspep-
tin compared with baseline serum LH levels of the same
gender and genotype (kisspeptin-treated WT female:
2.78 + 0.42 ng/mL, P = .001, n = 10; kisspeptin-treated
WT male: 4.15 + 0.34 ng/mL, P = .001, n = 6) (Figure 3,
Gand ) and control mice (WT female: 0.79 = 0.1 ng/mL,
n = 6; WT male: 0.78 = 0.09 ng/mL, n = 3) (Figure 3, G
and I). In contrast, and as expected, serum LH values in
GKirKO mice remained unchanged after kisspeptin com-
pared with baseline serum LH levels (kisspeptin-treated
GKirKO female: 0.42 = 0.05 ng/mL, n = 7; kisspeptin-
treated GKirKO male: 0.18 + 0.04 ng/mL, n = 3) (Figure
3, G and I) and control GKirKO mice (saline GKirKO
female: 0.40 = 0.11 ng/mL, n = 8; saline GKirKO male:
0.34 = 0.08 ng/mL, n = 10) (Figure 3, G and I).

Dramatically impaired fertility in GKirKO mice

A fertility assessment was performed using the para-
digm shown in a matrix format in Figure 4. WT and
GKirKO female mice were placed in a cage (3 cages for
each genotype, 2 females/cage) with either a WT or
GKirKO male mouse. Six cycles of pairings were evalu-
ated, and females were observed for evidence of preg-
nancy. When paired with WT females, WT males suc-
ceeded in impregnating their mates in 95% of the intents
(Figure 4A), which delivered normal-sized litters. The
same WT females were mated with GKirKO males (only
3 GKirKO males of 15 had PPS and could be used for
mating), and no pregnancies were observed, indicating
infertility in GKirKO males in many cases (Figure 4B).
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Figure 3. GKirkKO mice have an abnormal estrous cycle. A, Graphic representation of the estrous cycle in WT and GKirKO mice determined by
vaginal cytology followed for 12 days (n = 5). B-E, Baseline serum LH and FSH levels in female (left, n = 6-8) and male (right, n = 3-10) mice.
Assay detection limit = 0.048 ng/mL. F and H, GnRH stimulation test. Evaluation of serum LH levels 20 minutes after injection of GnRH agonist
(0.1 ng/g via ip). Increased serum LH levels in mice treated with GnRH agonist (indicated as GnRH +) was observed in both genders of WT and
GKirkKO (n = 7-9). G and |, Kisspeptin stimulation test. Evaluation of serum LH levels 10 minutes after injection of kisspeptin-10 (1 nmol ip). No LH
response to kisspeptin (indicated as Kiss +) was observed in female (n = 7-8) or male (n = 3-10) GKirKO mice. Significant differences compared
with saline-treated control groups (indicated as GnRH — or Kiss —): *, P = .05; **, P < .01; ***, P < .001. Two-way ANOVA showed an
interaction between genotype and treatment in F (P = .05), G (P = .01), and | (P = .001), an effect of treatmentin F (P = .01), G (P = .05), H (P =
.001), and | (P = .001) and an effect of genotype in G (P = .001) and | (P = .001).

Following the same paradigm, when paired with GKirKO
females, WT males failed to succeeded in impregnating
their mates in 100% of the intents (Figure 4C), indicating
infertility of adult GKirKO females. As expected, no suc-
cessful matings were observed when both female and
male GKirKO mice were mated (Figure 4C). These results

prove that deletion of Kiss1r in GnRH neurons severely
compromises the reproductive success in GKirKO mice.

Reproductive tract abnormalities of GKirKO mice
A decrease in uterine size and an approximately 70%
reduction in ovarian weight (WT control mice: 4.63 =
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Figure 4. Matrix of the representative breeding study. Six WT and GKirkO
female mice were paired with 3 WT and GKirKO males for 14 days and then
returned to their own cages for 3 weeks to allow for birth of pups, indicating
a successful pairing. Each row represents 1 individual female, and each box
represents one of her pairings. Black boxes represent a successful pregnancy
and white boxes a lack of pregnancy noted.

0.85 mg vs GKirKO mice: 1.32 + 0.65, P = .05, n = 4)
(Figure 5A) were observed in the GKirKO mice. Ovaries
of WT female mice displayed all stages of follicular devel-
opment with normal corpora lutea (Figure 5C). However,
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oogenesis was disrupted in GKirKO female mice with the
presence of primary follicles, preantral follicles, and an-
tral follicles but no evidence of corpora lutea formation
(Figure 5C). In addition, there was an approximately
70% reduction in testicular weight (42.8 = 3.5 mg, P =
.001, n = 5) in GKirKO males compared with that of WT
mice (122.6 = 3.9 mg, n = 3). Seminiferous tubules of
WT mice showed all stages of spermatogenesis with nu-
merous luminal sperm (Figure 5D). A large number of
sperm were also observed in the epididymis of WT mice
(Figure 5D). In contrast, the male GKirKO mice appeared
to have decreased numbers of sperm in the seminiferous
tubules and epididymis (Figure 5D).

Reduced estrogen negative feedback in the
GKirKO female mice

Serum LH levels in OVX WT control mice were signif-
icantly higher than those in intact WT control mice in
metestrus (OVX WT female: 4.68 = 0.82 ng/mL,n = 4 vs
intact WT female: 0.70 = 0.07 ng/mL, n = 5, P = .001)
(Figure 6A). No increase in serum LH was observed in
OVX GKirKO mice (OVX GKirKO female: 0.29 = 0.11
ng/mL, n = 4 vs intact GKirKO female: 0.33 = 0.08
ng/mL, n = 8) (Figure 6A). In addition, serum FSH values
in OVX WT control mice were also significantly higher
than those in intact WT control mice in metestrus (OVX
WT female: 17.5 * 4.04 ng/mL, n = 4 vs intact WT
female: 0.60 = 0.09 ng/mL, n = 5, P = .001) (Figure 6B).

Males
B Testis 15

20
UL

Seminiferous
tubules

100

3

Testis weight (mg)

Sperm

Epididymis

Sperm

Gross gonadal anatomy and gonadal histology of GKirKO mice. A, Small ovaries (size and weight) and uterus found in GKirKO mice

compared with WT. B, Smaller size and weight of the testes in GKirKO male mice compared with WT mice. C, Representative sections from a WT
ovary (left image) showing follicles at all stages of development, including primary, preantral, antral, preovulatory follicles as well as corpora lutea
(CL); GKirkO mice (right image), in contrast, do not contain follicles past the antral stage and have no corpora lutea formation. Scale bars
correspond to 100 wm. The most representative microphotographs were chosen. D, Representative sections of testes. Seminiferous tubules from a
WT mouse (left, top image) show all stages of spermatogenesis with numerous sperm. In contrast, seminiferous tubules from GKirKO mice (right,
top image) lack spermatogenesis. Representative sections of the epididymis: the lumen from a WT mouse is filled with sperm (left, bottom image),
whereas that of GKirKO mice have fewer sperm (right, bottom image). Scale bars represent 50 um.
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Figure 6. Reduced estradiol negative feedback in GKirKO mice. A and B, Serum LH and FSH levels in intact WT control mice in metestrus and
intact GKirkKO mice (noncycling) compared with OVX WT control mice and OVX GKirKO mice, respectively (n = 4-11). C and D, Kiss1 mRNA in
AVPV nucleus and ARC nucleus of intact WT control mice in metestrus and intact GKirKO mice compared with OVX WT control mice and OVX
GKirkKO mice, respectively (n = 4-5). Significant differences compared with intact WT and GKirKO control groups: *, P < .05; **, P < .01,

**% P < .001. Two-way ANOVA showed an interaction between genotype and treatment in A (P = .001) and B (P = .001), an effect of treatment
in A, B, C, and D (P = .001) and an effect of genotype in A and B (P = .001).

No significant increase in serum FSH levels was observed
in OVX GKirKO mice (OVX GKirKO female: 0.52 =
0.24 ng/mL, n = 4 vs intact GKirKO female: 0.28 = 0.07
ng/mL, n = 11) (Figure 6B).

Kiss1 mRNA was evaluated in the AVPV nucleus and
ARC nucleus of intact WT control mice in metestrus and in
intact (noncycling) or OVX GKirKO mice. No significant
differences in Kiss1 mRNA levels in the AVPV nucleus (doc-
umented to be increased by estradiol) of intact GKirKO mice
was observed compared with that in intact WT control mice
in metestrus (n = 4-5, P = .05) (Figure 6C). A reduction of
approximately 70 to 80% in Kiss1 mRNA in the AVPV
nucleus in the OVX WT control and OVX GKirKO mice
was observed compared with that in intact WT or GKirKO
mice (n = 4-5, P = .01) (Figure 6C). In contrast, Kiss1
mRNA in the ARC nucleus (documented to be down-regu-
lated by estradiol) was higher in OVX WT and OVX
GKirKO mice than in intact WT (n = 4-5, P =.001) (Figure
6D) and GKirKO (n = 4-5, P = .01) (Figure 6D) mice.
Thus, a reduced, although not complete, estradiol negative
feedback effect was observed in GKirKO mice.

Discussion

Our studies using a novel kisspeptin receptor knockout
mouse model carrying a Kisslr null mutation only in

GnRH neurons (GKirKO mouse) provide evidence that
kisspeptin signaling in hypothalamic GnRH neurons is
critically responsible for the proper functioning of the
reproductive HPG axis. Disruption of the kisspeptin sig-
nal solely in the GnRH neuron results in infertility due to
hypogonadotropic hypogonadism.

Previous studies performed in global Kiss17 knockout
mice demonstrated that the Kiss1r is vital for normal pu-
bertal onset as well as proper reproductive function (3, 4,
10) (Table 1). Because kisspeptin receptors are found in
many reproductive and nonreproductive tissues, until the
publication of Kirilov et al in 2013 (41) and our present
study, we could only speculate on the target tissue(s) in
the reproductive HPG axis that relayed the critical kiss-
peptin signal for normal reproductive function. Although
elegant and highly informative studies examining the
broad reproductive phenotype of the Kiss1 or Kisslr
knockout mice have been published, global knockout
studies were unable to document the independent role of
kisspeptin signaling in hypothalamic GnRH neurons. Al-
though several studies have documented the presence of
the Kiss1r on GnRH neurons and GnRH responsiveness
to kisspeptin using cell model systems (47, 48), the effects
on mammalian reproductive function remained in ques-
tion. To further address this issue, a new approach was
needed to provide direct evidence for the role of kisspep-
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Table 1. Summary of Transgenic Lines

Global Knockouts GnRH-Specific Knockouts
Phenotype/Name GPR54t™15PR GPR54™™1PTt GPR54'™'HPC  GnRH-Cre*’~-GPR54"f GKirkO
Strategy (deletion) Part of exon 2 Part of exon 1 and 2 Exon 2 Exon 2 Exon 2
Vaginal opening, d NR 100 37 No pubertal onset 36
Preputial separation, %  NR NR None None 20
Estrous cycling NR No NR No No
LH (F) ng/mL (vs WT) NR 0.38 £ 0.12 («») 0.4 = 0.2 (<) AVNR («>) 0.33 +0.08(})
LH (M) ng/mL (vs WT) NR 0.18 = 0.10 («» 0.1*+00(}) 0.13*x0.03(«) 0.28 +0.07 ()
FSH (F) ng/mL (vs WT) NR 6.8+1.8(]) 33+0.6()) AVNR(!) 0.32 £0.10 ()
FSH (M) ng/mL (vs WT) NR 20=*x0.7(}) 1.5+0.2(]) 025=*0.01(J) 0.12 £ 0.02(})
Ovary (vs WT), % Smaller 18 41 (hemiblock) 10 30
Uterus (vs WT) Smaller Smaller NR Threadlike Smaller
Penis development Microphallus Microphallus Microphallus ~ NR Microphallus
Testes (weight vs WT), % 10 28 17 10
Reference Funes et al, 2003 (3) Seminara et al, Lapatto et al, Kirilovetal, 2013 (41)  Novaira et al

2003 (4) 2007 (10) (this study)

Abbreviations: AVNR, absolute value not reported; F, female; GKirKO, GnRH kisspeptin receptor knockout; HPC, Harvard Partners Center; M, male;
NR, not reported; PTL, Paradigm Therapeutics; SPR, Schering Plough Research; tm, targeted mutation; (<), unchanged; (| ), decreased. The
inherent variability of LH and FSH assays makes direct comparisons challenging.

tin-Kiss1r signaling in GnRH neurons in vivo. Kirilov et al
(41) recently generated GnRH neuron-specific Kiss1r-de-
leted mice, which presented failure to go through puberty,
reduced gonadal size, and infertility. Using a similar strat-
egy, a LoxP/Cre-recombinase mouse model with a tar-
geted deletion of kisspeptin receptor only in GnRH neu-
rons, our laboratory was able to investigate kisspeptin
signaling directly at the level of these neurons and deter-
mine its crucial role for the successful functioning of the
reproductive HPG axis. In addition, Padilla et al (58),
using a specific application of the LoxP/Cre technology,
raised interesting concerns about the reliability of this
technology using Pomic as a Cre driver. Experiments that
focused on proopiomelanocortin (POMC) expression
during development demonstrated that POMC was tran-
siently expressed in a wide range of neurons before be-
coming localized in the more mature POMC neurons.
Thus, brief Pomc promoter activity during development
would probably be sufficient to drive Cre expression, re-
sulting in brain locations having an undesired recombi-
nation (58, 59). In another study, promoter transgenics
targeting GnRH neurons demonstrated multiple GnRH-
expressing cell populations of different embryologic ori-
gin that presented in a transient manner during develop-
ment in mouse brain (60). Low levels of Xgal-expressing
cells (marking GnRH neurons) were detected in the inter-
mediate division of the lateral septum, bed nucleus of the
stria terminalis, and tectum. Because no cells in the bed
nucleus of the stria terminalis and very few in the lateral
septum express endogenous Kisslr, it is possible that
Kiss1r will be deleted from a very small population of
lateral septum cells as well as from essentially all GnRH
neurons (41).

Previous global knockout studies have shown that
Kiss1r knockout mice display a drastically altered hor-
mone signature (3, 4, 8, 10). Concurrent with the results
of Lapatto et al (10), who similarly deleted exon 2 in the
Kiss1r (although globally), deletion or disruption of the
kisspeptin receptor leads to dramatically decreased serum
levels of gonadotropins in both males and females com-
pared with that in the WT control group. Our results
agree with the previous findings, but localize the impair-
ment solely to the Kiss1r signaling pathway in hypotha-
lamic GnRH neurons. Kirilov et al (41) surprisingly found
no changes in serum LH levels in either males or females
in contrast to our model. The difference in the genetic
background strains of the mice used in the studies could
explain the differences in basal serum LH levels. All of the
mice used in our experiments were maintained on a mixed
CD1/129Sv]/C57BL6 genetic background, and the stud-
ies performed by Kirilov et al were in mice on a back-
crossed C57BL/6 background.

A GnRH stimulation test was performed to determine
the status of gonadotroph function in GKirKO mice. Sim-
ilar to the findings of Lapatto et al (10), we observed that
exogenous GnRH administered to GKirKO mice was able
to increase serum LH levels. Thus, the remarkably dra-
matic phenotype displayed by the GKirKO mice was at-
tributable only to the deletion of the Kiss1r in the GnRH
neuron. In addition, a kisspeptin stimulation test per-
formed in male and female GKirKO mice demonstrated,
not surprisingly, that administration of kisspeptin did not
stimulate an increase in gonadotropin levels in GKirKO
mice. Hence, a direct effect of kisspeptin, on the gonado-
troph, even acting as a compensatory mechanism, is un-
likely. Similarly, to provide an in vivo functional assay of
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the ability of the GnRH neuronal network to respond to
kisspeptin, Kirilov et al (41) reported a significant 7-fold
increase in serum LH levels after a 100-nmol kisspeptin ip
injection in control male mice with no effect in the mutant
mice.

To determine the role of reduced estrogen negative
feedback on the neuroendocrine axis in GKirKO female
mice, oophorectomies were performed in GKirKO and
WT mice. Metestrus was chosen as the comparator, be-
cause it is the most characteristic of a noncycling hor-
monal profile. GKirKO mice did not respond with a char-
acteristic increase in serum LH or FSH levels as seen in the
oophorectomized WT mice. Both the GKirKO and WT
mice experienced a similar decrease in Kiss1 expression in
the AVPV nucleus and an increase in the ARC nucleus
after oophorectomy. These data suggest a defect in estra-
diol negative feedback on gonadotropin secretion, al-
though not completely manifest in the regulation of kiss-
peptin in this model.

From previous studies, we learned that kisspeptin
plays a direct role in the development and proper func-
tioning of the reproductive organs in both males and fe-
males (5, 10, 55). Several studies have shown that dele-
tions or inactivating mutations in the Kiss1r or deletion of
the ligand kisspeptin result in various degrees of hypogo-
nadotrophic hypogonadism as well as incomplete or dys-
functional development of secondary sex organs (3, 4, 6,
8,10, 29, 55, 61). In agreement with these previous find-
ings, the GKirKO mice displayed distinct evidence for
hypogonadism. A common feature of the global mutant
mice is hypotropic development of the female reproduc-
tive tract (3, 4, 10); Seminara et al (4) and Funes et al (3)
described the uteri of the Kiss1r-null mutant female mice
as being “threadlike.” The GKirKO female mice had only
a slight decrease in uterine size and an approximately
70% reduction in ovarian weight, suggesting a role for
extrahypothalamic kisspeptin signaling (62, 63). In con-
trast to the GKirKO mice and similar to the global Kiss1r-
null mutant mice (3, 4), Kirilov et al (41) reported a dra-
matic reduction (>90%) in ovarian weight and uterine
size that mimics the threadlike uterus observed in the
global Kiss1r null mutant. The dramatic nature of this
finding is not understood.

In addition, oogenesis was disrupted in GKirKO fe-
male mice with the presence of primary follicles, preantral
follicles, and antral follicles but no evidence of corpora
lutea formation, indicating infertility in these knockout
mouse models.

GKirKO males had a microphallus and a significant
decrease in anogenital distance, which was also reported
by Lapatto etal (10), Seminara et al (4), and Funes et al (3)
in global knockout mouse models. The size of the phallus
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was not reported in the GnRH neuron-specific Kiss1r
knockout (41). In addition, the knockout males had a
dramatic reduction in testicular size compared with that
of the control mice. Furthermore, similar to the GnRH
neuron—specific Kiss1r knockout and the global Kiss1r
knockout mouse models (3, 4, 10, 41), the male GKirKO
mice exhibited a defect in spermatogenesis, with the epi-
didymis of the GKirKO mice having fewer sperm present
in the lumen. These findings argue that disruption of
Kiss1r signaling in GnRH neurons is the etiology of the
profoundly abnormal reproductive phenotypes.

In addition, Popa et al (64) hypothesized that kisspep-
tin signaling is safeguarded by production of kisspeptin in
excess of what is required to support reproductive func-
tion. To test this hypothesis the authors examined the
reproductive phenotype of mice with a 95% reduction in
Kiss1 transcript levels. Reproductive function in males
was normal, whereas females were subfertile. In GKirKO
mice, an approximate reduction in hypothalamic Kiss1r
expression levels by 70% was observed. Male and female
GKirKO mice had phenotypic and biochemical evidence
of a disrupted reproductive axis, indicating that disrup-
tion of the kisspeptin signal in GnRH neurons is critical
for reproductive development and fertility.

Consistent with previous observations from hypogo-
nadotrophic hypogonadism in mice and nIHH in human
patients, deletion or loss-of-function mutations in the
Kiss1r results in various delays in pubertal onset (4, 10,
24, 26). Interestingly, in GKirKO males, PPS either never
occurred or was drastically delayed. Of the 15 mutant
male mice, 12 had complete failure of preputial gland
separation and the remaining 3 had a delay of around 9
days compared with that in the WT controls. In GKirKO
females, VO was also delayed by about 9 days compared
with that in the WT controls. However, all female mutant
mice did eventually have VO, despite having abnormal
estrous cyclicity, with most of them in constant diestrus.

In contrast with the global Kiss1r-null mutant (3, 4,
10) and the GKirKO model, the GnRH neuron-selective
deletion of Kiss1r reported by Kirilov et al (41) resulted in
a failure to go through puberty indicated by the absence
of VO. This finding is consistent with the more severe
anatomic phenotype seen in the GnRH neuron-selective
deletion of the Kisslr model and similarly remains
unexplained.

Seminara et al (4) suggested 3 possible mechanisms
that may allow abnormalities in Kiss17 knockout to cause
pubertal delay: (1) Kiss1r knockout perturbs GnRH neu-
ronal migration during development; (2) Kiss1r modu-
lates the activity of GnRH at the level of the pituitary; and
(3) Kiss1r regulates the activity of GnRH at the level of
the hypothalamus. Findings from Messager et al (6) in the
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global Kiss1r knockout and Kirilov et al (41) in the GnRH
neuron-specific Kiss1r knockout negate the first possibil-
ity, demonstrating that GnRH neurons are found in ap-
propriate anatomical locations in the hypothalamus of
Kiss1r knockout mice and also show morphology and
projections to the median eminence similar to those in
WT mice. The second possibility, that Kiss1r modulates
the activity of GnRH at the level of the pituitary, re-
mained tantalizing because gonadotrophs were shown to
express Kiss1r. However, KISS1R-deficient humans and
mice bearing Kiss1r loss-of-function mutations do not
have diminished gonadotroph sensitivity to GnRH (4).
Our study further demonstrates normal responsiveness of
the pituitary in the GKirKO mice. Our research and the
very important findings reported by Kirilov et al (41)
affirm the third possibility posed by Seminara et al (4),
that the abnormal reproductive phenotypes associated
with deletion of the Kiss1r in mice are directly caused by
disruption in kisspeptin signaling localized in GnRH neu-
rons. These results extend this hypothesis to document
that the sole critical signal for normal mammalian repro-
duction occurs through kisspeptin signaling at the level of
the GnRH neuron.

In conclusion, our mouse model bearing a Kisslr
knockout in GnRH neurons (GKirKO) demonstrates that
the hypogondotrophic hypogonadism is attributable
solely to disrupted kisspeptin signaling in the hypotha-
lamic GnRH neurons. This work provides increased clar-
ity to our understanding of the mammalian HPG axis and
points to the GnRH neuron as the singular target for
consideration in the treatment of hypothalamic reproduc-
tive abnormalities in humans.
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