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Premature ovarian failure (POF) affects 1% of women in reproductive age, but its etiology remains
uncertain. Whereas kisspeptins, the products of Kiss7 that act via Kiss1r (aka, Gpr54), are known
to operate at the hypothalamus to control GnRH/gonadotropin secretion, additional actions at
other reproductive organs, including the ovary, have been proposed. Yet, their physiological rel-
evance is still unclear. We present here a series of studies in Kiss7r haplo-insufficient and null mice
suggesting a direct role of kisspeptin signaling in the ovary, the defect of which precipitates a state
of primary POF. Kiss1r hypomorph mice displayed a premature decline in ovulatory rate, followed
by progressive loss of antral follicles, oocyte loss, and a reduction in all categories of preantral
follicles. These alterations were accompanied by reduced fertility. Because of this precocious ovar-
ian ageing, mice more than 48 weeks of age showed atrophic ovaries, lacking growing follicles and
corpora lutea. Thisphenomenon was associated with adrop in ovarian Kiss7TrmRNA expression, but
took place in the absence of a decrease in circulating gonadotropins. In fact, FSH levels increased
in aged hypomorph animals, reflecting loss of follicular function. In turn, Kiss7r-null mice, which
do not spontaneously ovulate and have arrested follicular development, failed to show normal
ovulatory responses to standard gonadotropin priming and required GnRH prestimulation during
1 week in order to display gonadotropin-induced ovulation. Yet, the magnitude of such ovulatory
responses was approximately half of that seen in control immature wild-type animals. Altogether,
our data are the first to demonstrate that Kiss7r haplo-insufficiency induces a state of POF, which
is not attributable to defective gonadotropin secretion. We also show that the failure of follicular
development and ovulation linked to the absence of Kiss1r cannot be fully rescued by (even
extended) gonadotropin replacement. These findings suggest a direct ovarian role of kisspeptin
signaling, the perturbation of which may contribute to the pathogenesis of POF. (Endocrinology
155: 3088-3097, 2014)

cquisition and maintenance of female reproductive
Acapacity require the complex interplay of numerous
regulatory signals that impinge at different levels of the
so-called hypothalamic-pituitary-ovarian (HPO) axis (1-
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3). This is a complex neurohormonal system that is re-
sponsible for the regulated secretion of ovarian hormones
and the episodic release of oocytes at ovulation (2, 4).
Notably, successful ovulation critically depends on an ad-
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equate gonadotropin drive, which is responsible for the
stimulation of late stages of follicular growth, mainly via
FSH secretion, and for oocyte extrusion, caused by the
preovulatory surge of LH (2, 4). In turn, patterned go-
nadotropin secretion is regulated by the hypothalamic de-
capeptide, GnRH, which is under the control of a myriad
of central transmitters and peripheral signals (2, 4, 5).
Among the neuropeptide factorsinvolved in the regulation
of pulsatile GnRH secretion, kisspeptins, the product of
the Kiss1 gene that act via the surface receptor, Kiss1r
(aka, Gpr54), have been recognized in recent years as in-
dispensable upstream activators of GnRH neurons that
are essential for the control of the pulsatile and surge re-
lease of gonadotropins (6—38).

In addition to the above neuroendocrine pathways, fol-
licular assembly, maintenance, and local regulation are
equally important to guarantee oocyte survival and release
at ovulation (9, 10). In fact, major attention has been paid
in recent years to the elucidation of the intraovarian reg-
ulatory signals responsible for the control of follicular in-
tegrity and dynamics during the reproductive lifespan (9).
Better understanding of these mechanisms may help to
define the basis of premature ovarian failure (POF), a con-
dition that affects 1% of reproductive-age women (11,
12), and is linked to the premature loss of viable oocytes
(13). Interest and concern on POF has risen considerably
in recent years, given the major changes in human repro-
ductive habits, with later age at first pregnancy, and the
suspected decline in reproductive efficiency in human pop-
ulations worldwide (14-16).

Recent progress in the area of ovarian physiology and
pathophysiology has allowed not only the identification of
ovarian-specific pathways responsible for the dynamic
regulation of follicular development and oocyte survival
(9) but has suggested also the involvement of signaling
systems known to operate at other levels of the HPO axis,
including the nervous system, which might play a role in
the direct control of oocyte and follicular physiology.
Among such central factors, fragmentary, as yet compel-
ling evidence has pointed out the possibility that kisspep-
tins may be produced and/or operate locally in the ovary
to modulate specific aspects of ovarian function (6, 17).
Thus, initial studies demonstrated the expression of Kiss1
and Kiss1r genes in the rat ovary (18), and detailed anal-
yses have more recently documented the presence of kiss-
peptin and/or Kiss1r immunoreactivity (IR) in ovarian tis-
sue from the rat, hamster, and primates, including humans
(19-22). Moreover, ovarian expression of Kiss1 and kiss-
peptin-IR is cycle dependent in the rat and hamster (19,
22), with peak Kiss1 mRNA levels in the rat ovary at the
preovulatory stage (19), a phenomenon induced by the
preovulatory surge of gonadotropins (19). Likewise, ovar-
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ian Kiss1 expression was up-regulated by B-adrenergic
stimulation in vitro (23). Conversely, models of perturbed
ovulation, eg, by the blockade of cyclooxygenase and
prostaglandin synthesis, have been linked to defective
ovarian expression of Kiss1 (20), whereas suppressed kiss-
peptin and Kiss1r IR has been detected in the ovaries of
photo-inhibited Siberian hamsters (22).

Although the above observations do not question the
predominant actions of kisspeptins at central (hypotha-
lamic) levels to regulate ovarian function (6), they raise the
intriguing possibility that local kisspeptin signaling may
participate in the fine tuning of specific ovarian functions.
Yet, such a role has been mainly inferred on the basis of
expression data (19-22), and direct supporting evidence
has not been provided. We report here the ovarian phe-
notypes of mice with Kiss1r haplo-insufficiency and char-
acterize the ovulatory responses of mice with congenital
absence of kisspeptin receptors following different proto-
cols of gonadotropin priming. Taken together with the
results of the accompanying paper (24), our data support
a direct, local role of kisspeptins signaling in the control of
follicular dynamics and ovulation and strongly suggest
that defective ovarian actions of kisspeptins accelerates
ovarian ageing, leading to a state of POF.

Materials and Methods

Mutant mice

All mice were maintained on a 12-hour light, 12-hour dark
cycle (lights off at 7:00 pm) with food and water available ad
libitum. The experimental protocols were approved by the Cor-
doba University Ethical Committee of animal experimentation
and conducted in accordance with the European Union guide-
lines for use of experimental animals. Mice carrying one deleted
Kiss1r allele on a C57BL/6] background were obtained by cross-
ing Kiss1r/°*"°*I" mice with transgenic animals expressing Cre
under the control of the Protaminel promoter (Prm1Cre™) (25),
which is expressed in male germ cells (26). To generate mice
lacking both Kiss1r alleles (Kiss1r~'~), we crossed F, Kiss1r*/~
males and female mice, as described elsewhere (25). Kiss1r
heterozygous and knockout mice were genotyped as previously
described (25), using the primer pair 5'-AGC GCA AGG CTC
TGA AGC GGC-3' and 5'-CAA TGT CGC CTC GGT GGC
CAT-3' to detect the wild-type (WT) allele, and the primer pair,
5'-AGC GCA AGG CTC TGA AGC GGC-3" and 5'-AAC AAC
CCG TCG GAT TCT CCG-3' for the mutant allele.

Quantification of ovarian follicles, histologic
analysis, and fertility assessment in Kiss7r*/~ mice
Analyses of ovarian morphology were performed on
heterozygous Kiss1r mice at 3, 16, 32, and more than 48 weeks
of age. Upon euthanasia of the animals, the right ovaries (in-
cluding the oviduct) were removed, fixed in Bouin’s fluid for 24
to 48 hours, and processed for paraffin embedding. Serial sec-
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tions (7 wm thick) were cut, stained with hematoxylin and eosin,
and viewed under an Eclipse 400 microscope. The number of
preantral and antral follicles was determined in WT and
Kiss1r™'~ mice. Preantral follicles were counted to include the
following follicle classes: 1) primordial follicles (P,), composed
of a single layer of flattened pregranulosa cells surrounding the
oocyte; 2) primary follicles (P,), with one layer of cuboidal gran-
ulosa cells, including transitional follicles composed of a mixture
of flattened and cuboidal granulosa cells; and 3) secondary fol-
licles (Sc), with 2-5 granulosa cell layers and measuring up to 150
wm in diameter (for representative examples of the different
classes of preantral follicles in mice, see Supplemental Figure 1).
Every eighth section was examined under the microscope at
X400 magnification. The number of resting (P, and P,) and Sc
follicles were recorded when the oocyte nucleus or nucleolus
were present in the section, for P-P, and Scfollicles, respectively.
One of every eighth ovarian section was scored, and the total
number of follicles per ovary was obtained by multiplying the
sum of counted follicles by 8. Based on their morphologic fea-
tures (ie, presence of antral coalescence and follicular size > 150
wm), the number of antral follicles was also counted, using the
same protocol as described above.

In addition, changes in the ovarian follicle population were
evaluated in all ovarian sections by assessing oocyte loss, as de-
fined by signs of oocyte (or follicular) atresia at any stage of
follicle development. Degenerating oocytes were recognized by
the presence of morphologic alterations, such as shrinkage
and/or fragmentation (27, 28), at early follicle stages, or by mor-
phologic changes in the oocyte and/or somatic follicle cells at
more advanced phases of follicular development, including also
shrinkage/absence of the granulosa layer or presence of apopto-
tic granulosa cells. Note that in both WT and Kiss17"/~ mice, the
number of oocytes showing morphologic alterations suggestive
of cell death in primordial or primary follicles was rather low
and, therefore, follicle loss could not be directly quantified. In-
stead, it was estimated from the changes in the number of pri-
mordial follicles, as a decrease in the number of resting follicles,
without a concomitant increase in the number of growing folli-
cles, constitutes an indirect evidence of increased resting follicle
loss. On the other hand, in antral follicles, oocyte loss was esti-
mated by the number of oocytes displaying morphologic signs of
cell death and/or follicles showing signs of atresia, as described
above.

Finally, the end point of follicle development was scored in
Kiss1r"'~ mice by assessing the number of ovulated oocytes, as
estimated by counting the number of ova in the oviduct and/or
the number of corpora lutea of the current cycle, using standard
procedures running in our laboratory (29, 30). As complemen-
tary analysis, we implemented a retrospective assessment of fer-
tility of Kiss1r*/~ mice, estimated, using as proxy marker, the
number of live offspring per litter (ie, litter size) from hypomorph
breeding pairs. In detail, 2 sets of analyses were implemented: 1)
a cross-sectional comparison of fertility between WT and
Kiss1r*'~ dams at a young age, namely between females of
16-24 weeks of age; and 2) a longitudinal comparison of the
decline in fertility observed in Kiss1r™'~ dams with increasing
age (at the following age intervals: 16-24 weeks, 24-32 weeks,
32-40 weeks, and 40—46 weeks). For both analyses, only the age
of the dam was taken into consideration; the Kiss1#™~ males
were usually below 32 weeks of age. Note that, because of the
retrospective nature of our analyses, applied to our breeding
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colony, we could only gather data from WT (Kiss17"/" male X

Kiss1r*'* female) and heterozygous (Kiss1r™'~ male X
Kiss1r*'~ female) breeding pairs. For the same reason, WT
breeding data are restricted to young females (16-32 weeks),
because mating of older WT dams was not systematically con-
ducted for breeding purposes.

Quantification of ovulatory responses in Kiss1r~/~

mice following gonadotropin priming

Ovulatory responses were assayed in adult KissIr-null
(Kiss1r~'~) mice subjected to 2 different ovulation-induction
protocols. First, standard gonadotropin priming (protocol 1),
consisting of 2 doses of pregnant mare serum gonadotropin
(PMSG) (5 IU) 24-hours apart, followed by a single bolus of
human chorionic gonadotropin (hCG) (10 TU), was applied;
ovarian tissues were sampled 24 hours after the hCG injection.
Second, an extended protocol (protocol 2) consisting of one daily
bolus of 1 pug of GnRH for 5-days, followed by 2 doses PMSG
+ 1 ovulatory dose of hCG (as described for protocol 1), was
implemented. For comparative purposes, similar PMSG + hCG
priming protocols were applied to WT (Kiss17*/") mice, used as
controls. Importantly, due to their state of hypogonadotropic
hypogonadism, Kiss17-null mice display severe ovarian imma-
turity, with secondary follicles and some occasional early antral
follicles (with signs of atresia) as the most advanced stage (31).
For this reason, WT controls were not paired by age but rather
by the stage of ovarian development. In fact, preliminary studies
involving gonadotropin priming (protocol 1) were applied to
infantile (15-day) and young immature (21-day-old) female
mice, as well as to adult animals; these analyses revealed lack of
ovulatory responses in infantile mice and nonphysiological su-
perovulatory responses in adult animals (data not shown).
Hence, to allow for proper comparison, in further studies stan-
dard gonadotropin priming, consisting of PMSG + hCG admin-
istration (protocol 1), was applied to immature WT female mice
on postnatal day 21. At this age, the ovaries of WT mice display
a degree of folliculogenesis similar to that induced by protocol 2
in Kiss17~'~ mice (prior to the final ovulatory dose of hCG), thus
assuring proper comparison of differences in ovulatory re-
sponses between the 2 genotypes as function of the presence/
absence of kisspeptin signaling and not of differences in the pre-
vailing degree of ovarian maturity.

After application of the above protocols of gonadotropin
priming, WT and Kiss17 '~ mice were euthanized, and the right
ovaries (including the oviduct) were removed, fixed in Bouin’s
fluid for 24-48 hours, and processed for paraffin embedding.
Serial ovarian sections (7 um-thick) were cut and stained with
hematoxylin and eosin; assessment of ovulation was conducted
by scoring the number of ova in the oviduct and/or the number
of newly formed corpora lutea.

Quantification of Kiss1r mRNA expression in
Kiss1r*’~ mice

Relative expression levels of Kiss1r mRNA were evaluated in
ovarian and hypothalamic samples from WT and Kiss1r™/~
mice, at 48 weeks of age. Procedures for hypothalamic and ovar-
ian dissection, as well as real-time quantitative PCR analysis of

Kiss1r expression, were implemented as described in detail else-
where (29).
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Gonadotropin measurements in Kiss7r*/~ mice

Hormonal measurements were conducted in WT and
Kiss1r™'~ mice in 3 age ranges: less than 24, 24-32, and more
than 48 weeks of age. Serum LH and FSH levels were measured
using RIA kits supplied by the National Institutes of Health (Dr.
A.F. Parlow, National Hormone and Peptide Program, Tor-
rance, CA). Rat LH-I-10 and FSH-I-9 were labeled with '*51
using Todo-gen tubes, following the instructions of the manu-
facturer (Pierce Chemical Co). Hormone concentrations were
expressed using reference preparations LH-RP-3 and FSH-RP-2
as standards. Intra- and interassay coefficients of variation
were < 8 and < 10%, respectively.

Presentation of data and statistics

Data are presented as the means = SEM. Differences among
several groups were analyzed (GraphPad Prism) by ANOVA
followed by the Student-Neuman-Keuls multiple-comparison
tests. Differences between 2 groups were analyzed using Stu-

dent’s ¢ tests. Values were considered significantly different if
P <.0S.

Results

Kiss1r haplo-insufficiency induces a phenotype of
POF

Kiss1 expression is negligible in prepubertal ovaries
and increases abruptly at the time of the preovulatory
surge of gonadotropins (19); yet, the functional role of
local kisspeptin signaling remains unclear. To gain in-
sights into the biological relevance of such local actions,
we examined the ovarian phenotype of mice haplo-insuf-
ficient for Kiss1r (25). No significant differences in pre-
antral follicle development, estimated by the total number
and morphologic features, were observed between WT
and Kiss17*'~ mice before puberty, ie, by 3 weeks of age
(Figure 1A). Yet, progressive deterioration of ovarian ar-
chitecture and follicular dynamics was detected in Kiss1r
haplo-insufficient mice at later postnatal ages. Thus, by 16
weeks of age, histologic analyses of the ovaries of
Kiss1r*'~ mice revealed structures resembling persistent
corpora lutea or luteinized foci of interstitial tissue (Figure
2, A and B). At this age, and despite a modest decrease in
the number of primary follicles (Figure 1B), the total num-
ber of preantral and antral follicles was still statistically
similar between WT and Kiss1r hypomorph mice (Figure
2C). Likewise, in 16-week-old Kiss17*'~ mice, the per-
centage of atretic follicles over the total number of antral
follicles (40.7 *= 5.7 vs 34.4 = 9 in WT), as well as the
number (31.4 = 4.2 vs 32.2 = 6.5 in WT) and percentage
(Figure 2D) of dying oocytes (scored as oocyte loss; see
Materials and Methods), were not different from WT con-
trols. Yet, the number of oocytes ovulated per ovary was
reduced by 50% in mutant animals at this age (Figure 2K).
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Figure 1. Kiss1r haplo-insufficiency induces a progressive loss of
ovarian follicles. Quantitative data from morphometric analyses of
ovarian follicles, at early stages of folliculogenesis, in WT (Kiss7r*/*)
and heterozygous (Kiss7r*/~) mice are shown, at 3 (A), 16 (B), and 32
weeks of age (C). Primordial, primary, and secondary preantral follicles
were counted in serial 7-um sections of ovaries from Kiss7r™* and
Kiss1r*'~ mice. No differences in the number of follicles at any stage
of development were detected between genotypes at week 3, ie,
before puberty. By 16 weeks of age, only the number of primary
follicles was reduced significantly in Kiss7r*’~ mice, but by 32 weeks
of life there was a substantial loss of both primordial and secondary
follicles, and a consistent trend for lower number of primary follicles in
Kiss1r*’~ mice (n = 4 mice/group). Bars represent means, and vertical
bars are = SEM. *, P < .05.

By 32 weeks of age, follicle loss became firmly estab-
lished, with the ovaries of Kiss17*'~ mice showing a re-
duced number of both antral and preantral follicles (Fig-
ure 2, E-G). In fact, the incipient reduction in primordial,
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At more than 48 weeks of age, the
loss of ovarian structures was defin-
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itive (see Figure 4). Thus, whereas
WT ovaries continued to ovulate
(Figure 4, A and C), the ovaries from
Kiss1r™'~ mice no longer did so (Fig-
ure 3, C and D). Moreover, whereas
circulating LH remained unchanged,
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ovulatory defects. A and B, Representative photomicrographs of ovaries from 16-week-old WT
(Kiss1r*'*) and heterozygous (Kiss7r*/~) mice. C, Number of preantral and antral follicles in each
genotype. D, Percentage of dead oocytes within the ovary at 16 weeks compared with the total
number of oocytes counted. E-J, Thirty-two week old ovaries from WT (E, higher magnification
in 1) and Kiss7r*/~ mice (F, higher magnification in J). G, Number of preantral and antral follicles
per ovary. H, Percentage of dead oocytes within the ovary at 32 weeks compared with the total
number of oocytes counted. K, Mean number of ovulations at 16 and 32 weeks of age. For each
genotype and age point, 6—8 independent ovaries per animals were used. *, P < .05; and

** P < .01 vs WT control. CL, corpus luteum; RCL, regressing corpus luteum; GF, growing

follicle; AtF, atretic follicle; OC, ovarian cortex.

primary, and secondary preantral follicles first detected at
16 weeks of age, which was only significant for primary
follicles at that age, became clearly evident at 32 weeks
(Figure 1C). Note thatnotable reductions in the total num-
bers of all categories of preantral follicles were detected in
32-week-old Kiss1r*'~ mice; yet, due to some variability,
the drop in primary follicles, which was close to 45 %, fell
slightly below the limit of statistical significance (P = .07).
In addition, at this age, the ovaries of some Kiss17*'~ mice
displayed occasional cysts (Figure 2F), and an interstitial
tissue of luteal-like appearance became the predominant
feature of the ovarian parenchyma (Figure 2, F and J). This
was accompanied by a substantial increase in the percent-
age of atretic follicles over the total number of antral fol-
licles (68.5 = 7.4 vs 39.5 = 4.6 in WT), as well as in the
number (53.6 = 9 vs 35.6 = 3.9 in WT) and percentage
(Figure 2H) of dying oocytes (scored as oocyte loss),
whereas there was a significant reduction in the number of
ovulated oocytes per ovary at this age (Figure 2K). These
deficiencies cannot be attributed to loss of gonadotropin
support in haplo-insufficient mice, because neither serum
FSH nor LH levels were different from WT at less than 24
or 32 weeks of age (Figure 3).
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suggesting a reduced gonadal nega-
tive feedback (Figure 4, E and F). In
addition, we observed that Kisslr
mRNA abundance was reduced in
the ovary, but not in the hypothala-
mus, of Kiss1r™'~ mice at this age
(Figure 4G).

In good agreement with the ovar-
ian phenotypic features described
above, fertility analyses of Kiss1r*/~
mice further supported that POF
takes place in our hypomorph ani-
mals. Thus, as illustrated in Table 1,
fertility of Kiss1r™/~ breeding pairs,
as estimated by the mean number of
live offspring per litter, was signifi-
cantly reduced vs that of WT animals
already at a relatively young age (ie,
between 16 and 24 weeks of age), in keeping with the
ovulatory data (see Figure 2K). Moreover, a progressive
decline in fertility was detected in Kiss1r*'~ dams with
early ageing, so that a significant (P = .01) 35% decrease
of mean litter size was detected in 40- to 46-week-old
Kiss1r*'~ females vs heterozygous mice less than 32 weeks
of age. Note that initial breeding attempts revealed that
more than 48-week-old Kiss1r*/~ dams are infertile and
systematically failed to get pregnant after mating with
Kiss1r*'~ males of proven fertility (data not shown); be-
cause of these initial observations, crossings with more
than 48-week-old Kiss1r"'~ females were not routinely
attempted and, for this reason, no data from this age-range
are included in Table 1.

% Oocytes loss / Ovary I % Oocytes loss / Ovary O
o

* K

Local Kiss1r signaling is required for complete
ovulatory competence

The importance of local Kiss1r signaling for ovulatory
competence was further evidenced by experiments in
which Kiss17-null mice were treated with ovulatory doses
of PMSG and hCG, without or with previous priming of
the pituitary gland with GnRH (Figure 5A). Because of the
lack of central kisspeptin effects, Kiss1r-deficient mice are
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Figure 3. Circulating gonadotropins levels in WT (Kiss7r™/*) and
heterozygous (Kiss7r*/~) mice, at 2 different group ages: less than 24
weeks and 24-32 weeks of postnatal life. Hormonal values of at least
12 animals per group are presented. No significant differences
between genotypes were detected, in striking contrast to the dramatic
suppression of serum LH and FSH levels (>80% drop) detected in
KissTr-null mice (data not shown) and the elevation of FSH levels
observed at 48 weeks of age (see Figure 4).

hypogonadotropic and do not spontaneously ovulate (235,
31); yet, the predominance of such central actions of kiss-
peptins is likely to mask potential effects at other sites of
the HPO axis, including the ovary (6). In fact, our histo-
logic analyses confirmed that Kiss17~/~ female mice have
small ovaries, with secondary follicles as the most ad-
vanced stage of follicular development, as described in
detail elsewhere (32-34). Although some occasional early
antral follicles were found in some animals, virtually all
early-antral follicles showed signs of atresia, and no large
antral follicles or corpora lutea were observed. However,
Kiss1r-null mice can be forced to ovulate by gonadotropin
priming (32), but the detailed characteristics of such ovu-
latory responses have not been reported to date.
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Implementation of a standard protocol of gonadotro-
pin priming, consisting of administration of PMSG + hCG
to adult Kiss1r-deficient mice (without prior GnRH treat-
ment) failed to induce complete follicular development
and ovulation; thus, although early antral follicles were
observed, these showed clear signs of atresia, and large
antral follicles or corpora lutea were completely absent,
which demonstrates the lack of ovulation (Figure 5B). In
contrast, priming the pituitary with a daily bolus of GnRH
for § days before PMSG administration enabled the ovary
to respond to gonadotropins with ovulation (Figure 3,
C-E). Newly formed corpora lutea were observed in the
ovaries, and cumulus-oocyte complexes were found in the
oviduct. Cumulus-oocyte complexes exhibited normal
features, including progression to meiosis II (Figure 5D)
and release of the first polar body (Figure SE). In turn,
immature 21-day-old WT mice ovulated efficiently in re-
sponse to the standard protocol of gonadotropin priming
(Figure 5, F-H), ie, in the absence of preceding GnRH
priming; a procedure that was ineffective in Kiss1r-null
animals. Although Kiss1r~/~ mice did ovulate in response
to the extended protocol of GnRH plus gonadotropin
stimulation, null animals released significantly fewer
oocytes than WT females exposed to standard gonado-
tropin priming, as assessed also by the number of corpora
lutea detected in the ovaries (Figure 5I).

Discussion

The present study shows that Kiss1r haplo-insufficiency is
associated with a discernible ovarian phenotype, charac-
terized by a premature decline in the ovarian follicular
reserve and early-onset anovulation, as revealed by de-
tailed histologic analyses. This ovarian phenotype was
closely mirrored by data from direct fertility assessments
in our Kiss1r"'~ mice, which display reduced litter size vs
WT animals even at a relatively young age (1624 weeks
old), an index that further deteriorates with incipient age-
ing. In addition, even the combined replacement with
GnRH and gonadotropins, as a means to bypass the cen-
tral defect caused by the lack of kisspeptin signaling, was
unable to fully rescue the ovulatory capacity of Kiss1r-null
female mice. The latter model was selected as complemen-
tary to our ovarian analyses in Kiss1r haplo-insufficient
mice, for proof-of-principle purpose: once POF was doc-
umented in Kiss17*'~ mice, despite preserved gonadotro-
pin levels, studies in Kiss1# knockout mice were imple-
mented to ascertain whether, in the absence of kisspeptin
signaling, normal ovulatory responses could be achieved
following the rescue of gonadotropin drive in Kiss17-null
animals.

20z Iudy 60 U0 1s9nB AQ £ LEEEHZ/BB0E/8/SS L/BIOIME/OPUS/LI0D"ANO"OILLISPEDE)/:SARY WO.) PAPEOUMOQ



3094 Gaytan et al

Kisspeptin Receptor Haplo-Insufficiency and POF

Endocrinology, August 2014, 155(8):3088-3097

O Kiss1r ¥+ B Kiss1r *-
E

-
[ee]

*

o

FSH (ng/ml)
o o B
LH (ng/ml)
o o o
o N S

)

)

Week 48

Kiss1r mRNA (2724t
S [ee] N
o o o o
*

Ov Hyp

Figure 4. Kiss1rhaplo-insufficiency causes premature ovarian failure. A, A representative ovary from a more than 48-week-old WT mouse,
showing large antral follicles (long arrows) and growing preantral follicles (short arrows), is shown. Inset, resting follicles. B, Ovary from a pair-aged
(>48-week-old) Kiss7r™~ mouse showing atrophy, absence of follicles, and deep surface epithelium invaginations. C, An ovary from a WT mouse
of the same age showing numerous corpora lutea and ovulated oocytes in the fallopian tube (boxed area is magnified in inset). D, Magnification
of boxed area in B. E and F, Serum FSH and LH levels in WT and Kiss7r*/~ mice at more than 48 weeks of age. G, Kiss7r mRNA levels in the ovary
and hypothalamus at the same age. For each genotype and age point, 6-8 independent ovaries/animals were used. *, P < .05 vs WT control. CL,
corpus luteum; GF, growing follicle; OC, ovarian cortex; LAF, large antral follicle; El, Epithelial invaginations. Released oocytes seen in the oviduct

are denoted by arrows. Ov, ovary; Hyp, hypothalamus.

Previous data had extensively documented the state of
hypogonadotropic hypogonadism linked to the congeni-
tal absence of kisspeptin receptors (6, 32), a finding cor-
roborated in our Kiss1r~'~ mice. In line with a previous
report (32), our Kiss1r-null mice could be forced to ovu-
late following gonadotropin stimulation. Yet, in this
mouse line, the standard priming protocol, consisting of 2

boluses of PMSG followed by an ovulatory dose of hCG,
was incapable of inducing ovulation. This seems to be in
contrast to previous priming experiments, although the
detailed features of the ovulatory responses in that previ-
ous study were not provided (32). In any event, applica-
tion of a protocol of intensive ovarian stimulation by pre-
priming with daily doses of GnRH followed by adminis-

Table 1. Assessment of Fertility, as Estimated by the Number of Live Offspring per Litter (Litter Size), Produced by
Haplo-Insufficient Kiss7r*’~ mice
WT Kiss1r*/~ Kiss1rt’~ Kiss1rt’~ Kiss1rt'~
Fertility 16-24 16-24 24-32 32-40 40-46
(Litter Size) Weeks Weeks Weeks Weeks Weeks
Mean 7.3 4.87° 4.91 3.78° 3.17¢
SEM 0.31 0.29 0.36 0.63 0.66
N 29 25 16 9 6

Both cross-sectional (ie, comparison of WT vs KissTr*/~

and systematically failed to get pregnant after mating with Kiss7r+/

normal Mendelian ratio (Kiss7r~/=, 21.5%; Kiss1r*’
2P < .0001 vs WT mice (16-24 weeks old) (Student’s ttest).

dams of 16-24 weeks of age) and longitudinal (ie, comparison of K/ss1r+" dams with
increasing age) analyses are shown. N, Number of independent ||tters Initial analyses revealed that >48-week-old Kiss7r*’
males of [ proven fertility; thus, crossings with >48-week-old KissTr ™/~
females were not routinely attempted. Analysis of the offspring from Kiss1r*’

dams were infertile

pairs revealed that the litters born to these animals had a roughly

,51.5%; and KissTr*’*, 27%). n = 40 litters.

b p = .08 vs 16-to 24-week-old Kiss7r*/~ dams (ANOVA followed by Student-Neuman-Keuls test).
€P=0.01vs 16- to 24 week-old Kiss7r™'~ dams (ANOVA followed by Student-Neuman-Keuls test).
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of kisspeptins in the direct control of
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line with such a local role, irregular-

I ities of estrous (ovarian) cyclicity, of
ays .

as yet unknown basis, have been re-

cently described in female rats after

9 days intraovarian treatment with a kiss-

peptin antagonist (23).

The mechanism underlying the di-
rect ovarian role of kisspeptins and
Kiss1r, as suggested by our pheno-
typic and hormonal analyses, is sub-
stantiated by the data of the accom-
panying study (24). This work
suggests that local kisspeptins, pro-

G

duced by granulosa cells in response
to gonadotropins, are required to ac-
tivate NTRK2.FL receptor expres-
sion in the oocyte, thereby conveying
the stimulatory effects of gonadotro-
pins and driving a survival signal to
the oocyte, which seems essential for
maintenance of follicular integrity

®

o
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Figure 5. Follicular and ovulatory responses of adult Kiss7r

21 day-old

Kiss1r ¥+

—/—

Kiss1r=’

corpora lutea were always absent. C, Kiss7r~/~

COCs retrieved from the oviduct of Kiss7r=/~

mice to gonadotropin
stimulation. A, Schematic presentation of the two protocols used for hormone-induced
ovulation: GnRH (1 ng/d) or saline for 5 days; PMSG (5 IU/mouse, ip), two boluses 24 hours
apart; hCG (10 IU/mouse, ip), single injection. The ovaries were collected 24 hours after hCG. B,
~ mice do not ovulate in the absence of GnRH priming (protocol 1); in most cases,
secondary follicles (inset) were the most advanced stage observed; large antral follicles and
mice ovulate in response to gonadotropins (as
assessed by the presence of corpora lutea) when pretreated with GnRH (protocol 2). Inset,
Cumulus-oocyte complexes (COCs) in the oviduct. D and E, Normal appearance of oocytes in
mice. F-H, Immature (2 1-day-old) Kiss7r*/* mice

from puberty onward. Indeed, our
previous studies had documented the
ability of gonadotropins to increase
ovarian Kiss1 expression, both dur-
ing the pubertal transition and at the
preovulatory stage (19). The fact
that gonadotropin administration
was unable to induce the ovarian ex-
pression of NTRK2.FL receptors
specifically in Kiss17~/~ mice further
demonstrates the obligatory role of
ovarian kisspeptin signaling in me-
diating the stimulatory effect of go-
nadotropins on NTRK2.FL (24).
The similarities in the POF phe-
notype displayed by mice with selec-

ovulate efficiently in response to Protocol 1, as evidenced by the presence of preovulatory
follicles (F), corpora lutea (G, including the inset) and COCs in the oviduct (H); inset in H shows
normal appearance of oocytes contained in these COCs. |, Quantification of the ovulatory
response to hormonal treatment. *, P < .05 vs both Kiss7r~/~ and WT mice not primed with
GnRH (protocol 1). CL, corpus luteum; SF, secondary follicle; FPB, first polar body; MIl, oocyte at

tive elimination of NTRK in oocytes
(the OoNtrk2™'~ mouse) and our
Kiss1r haplo-insufficient mice, which
presumable display defective local

metaphase-ll.

tration of PMSG and an ovulatory dose of hCG did evoke
ovulation. However, the magnitude of such responses was
approximately half of thatinduced by gonadotropin prim-
ing alone (without prior GnRH stimulation) in immature
WT mice. The fact that the ovulatory capacity of
Kiss1r~'~ mice is compromised even after restoration of
the gonadotropin drive is fully compatible with a local role

kisspeptin signaling, reinforces the

idea that both pathways converge at
some point in the direct control of follicular dynamics. Yet,
the time course for the instauration of the POF phenotype
diverges between these 2 mouse lines, because ovarian func-
tion declines much more rapidly in OoNtrk2™~ than in
Kiss1r*'~ mice. This is likely due to the expected difference
in the severity of the underlying deficiency, asin OoNzrk2 ™'~
mice, NTRK2.FL-mediated signaling is totally disrupted and
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fails to become operational in oocytes from puberty onward,
whereas in Kiss1r*'~ mice, local kisspeptin signaling, which
is seemingly required for gonadotropins to activate NTRK2
expression in oocytes at puberty, is only partially reduced. In
any event, the fact that POF takes place in Kiss1r haplo-
insufficient mice in the face of preserved Kiss1r mRNA ex-
pression at the hypothalamus and circulating levels of go-
nadotropins further suggests the pathophysiological
relevance of decreased local kisspeptin signaling in this phe-
nomenon. Indeed, more than 48-week-old Kiss17™'~ mice
displayed not only exhaustion of the follicular reserve, infer-
tility, and anovulation, but also a rise of serum levels of FSH;
afeature that argues in favor of a primary ovarian failure and
is a hallmark of human POF (12).

Recent studies have demonstrated that selective elimi-
nation of Kiss1r from GnRH cells is sufficient to recapit-
ulate the major phenotypic features of hypogonadotropic
hypogonadism seen in individuals with global nullifica-
tion of the kisspeptin receptor (35, 36), thus supporting a
major central site of action for the reproductive effects of
kisspeptins. Our present findings, including those of the
accompanying study (24), do not refute the major primary
role of central kisspeptin signaling in the control of the
HPO axis (6) but instead help to more precisely under-
stand the spectrum of key effects of kisspeptins in the reg-
ulation of female reproduction. In fact, the ovarian actions
of kisspeptins would be subordinate to the effects of go-
nadotropins, in part due to their ability to induce Kiss1
expression in the ovary (19, 24). It is notable that
Kiss1r*'~ mice displayed reduced expression levels of
Kiss1r mRNA in the ovary, thus suggesting that the ova-
ries of Kiss1r™'~ mice are less sensitive to the local actions
of kisspeptins. Although this phenomenon needs further
characterization (eg, at the cellular level), it is notable that
such putatively defective ovarian Kiss1r expression takes
placein the presence of preserved gonadotropin levels, and
even against presumable compensatory mechanisms that
might have occurred to cope with the congenital absence
of one allele of Kisslr. To our knowledge, isolated
heterozygous mutations of KISS1R/Kiss1r had not been
associated to an overt reproductive phenotype in humans
ormice (37); yet, double Kiss1/Kiss1r heterozygous mouse
mutants did show some (moderate) reproductive altera-
tions, which were attributed to a presumable state of
GnRH deficiency (37). The insidious ovarian phenotype
of Kiss1r™'~ mice revealed by our present analyses may
help to explain why ovarian alterations were not noticed
in heterozygous mice in previous studies, as deterioration
of the ovarian reserve and defective ovulation become ap-
parent only with incipient ageing, and the state of POF
could remain unnoticed in the absence of detailed histo-
logic analyses of the ovaries during earlier stages of post-
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natal life. Comparison of present results with the eventual
ovarian phenotype of haplo-insufficient Kiss1 mice might
supply valuable information, provided that mouse lines
with strictly similar genetic background were available.

POF is a heterogeneous condition of unexplained eti-
ology in most cases, but for which a strong genetic com-
ponent is suspected (38). Candidate genes underlying POF
include several members of the TGF-8 family with key
roles in ovarian physiology, such as growth differentiation
factor-9 and bone morphogenetic protein-15 (39). In-
triguingly, gene dosage appears to be a major determinant
factor for the putative etiological role of growth differen-
tiation factor-9 and bone morphogenetic protein-15 in
POF, because data from sheep models have documented
that only homozygous carriers of mutations in those genes
have impaired fertility, whereas heterozygous display in-
creased fertility (40). Our present results document, for
the first time, a (presumably primary) ovarian phenotype
compatible with POF in mice with Kiss1r haplo-insuffi-
ciency. In addition to their physiological interest, these
data call for a more careful evaluation of the potential
contribution of isolated heterozygous mutations of
KISS1R to POF in humans, and/or the eventual usefulness
of screening for such genetic variants in order to identify
women at higher risk of developing POF later in life, es-
pecially when interacting with other genetic traits and/or
environmental factors.
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