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Fibroblast Growth Factor Signaling Deficiencies Impact Female Reproduction and

Kisspeptin Neurons in Mice!
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ABSTRACT

Fibroblast growth factor (FGF) signaling is essential for the
development of the gonadotropin-releasing hormone (GnRH)
system. Mice harboring deficiencies in Fgf8 or Fgf receptor 1
(Fgfr1) suffer a significant loss of GnRH neurons, but their
reproductive phenotypes have not been examined. This study
examined if female mice hypomorphic for Fgf8, Fgfr1, or both
(compound hypomorphs) exhibited altered parameters of
pubertal onset, estrous cyclicity, and fertility. Further, we
examined the number of kisspeptin (KP)-immunoreactive (ir)
neurons in the anteroventral periventricular/periventricular
nuclei (AVPV/PeV) of these mice to assess if changes in the KP
system, which stimulates the GnRH system, could contribute to
the reproductive phenotypes. Single hypomorphs (Fgfr1*/~ or
Fgf8+~) had normal timing for vaginal opening (VO) but
delayed first estrus. However, after achieving the first estrus,
they underwent normal expression of estrous cycles. In contrast,
the compound hypomorphs underwent early VO and normal
first estrus, but had disorganized estrous cycles that subsequent-
ly reduced their fertility. KP immunohistochemistry on Postnatal
Day 15, 30, and 60 transgenic female mice revealed that female
compound hypomorphs had significantly more KP-ir neurons in
the AVPV/PeV compared to their wild-type littermates, suggest-
ing increased KP-ir neurons may drive early VO but could not
maintain the cyclic changes in GnRH neuronal activity required
for female fertility. Overall, these data suggest that Fgf signaling
deficiencies differentially alter the parameters of female
pubertal onset and cyclicity. Further, these deficiencies led to
changes in the AVPV/PeV KP-ir neurons that may have
contributed to the accelerated VO in the compound hypo-
morphs.

female infertility, gonadal function, gonadotropin-releasing
hormone (GnRH/CnRH receptor), kisspeptin

INTRODUCTION

Puberty is a critical developmental stage characterized by
the initiation and maturation of reproductive capacity. In
pubertal female rodents, increased levels of gonadotropin-
releasing hormone (GnRH), driven in part by the kisspeptin
(KP) system, activate the hypothalamic-pituitary-gonadal
(HPG) axis to initiate estrogen-dependent changes such as
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vaginal opening (VO) and the commencement of estrous cycle
[1]. Following pubertal transition, the normal progression of
estrous cyclicity continues to require functional GnRH neurons
and possibly the KP system. The requirement for the latter was
supported by the observations that 1) pubertal ablation of KP-
producing neurons lead to the cessation of estrous cycles [2], 2)
KP signaling is needed for the tonic release of GnRH during
estrous cycle [3], and 3) estrogen receptor o-positive KP
neurons are required to maintain estrous cyclicity [4].

It has been shown that fibroblast growth factor (FGF)
signaling is critical to the formation of a functional GnRH
system in humans [5, 6] and rodents [7]. An interesting
convergence between humans and rodents is the dependence of
both models on Fgf receptor 1 (Fgfrl) and Fgf8 to support
GnRH neuronal development [8—10]. In humans, partial loss-
of-function mutations on Fgfrl or Fgf8 genes lead to highly
variable reproductive phenotypes including hypogonadotropic
hypogonadism (HH) with or without anosmia, delayed puberty,
reversible HH, and hypothalamic amenorrhea [10-16]. The
underlying basis of this variability is not clearly understood,
but is thought to involve mutations on additional genes [17] or
environmental factors [18]. In mice, a hypomorphic Fgfil or
Fgf8§ allele leads to a 30-40% loss of GnRH neurons [8, 10,
19], but the reproductive phenotypes associated with these
alleles have not yet been characterized. Such studies would
permit a better understanding of specific reproductive defects
stemming from Fgf signaling deficiency in a genetically and
environmentally defined setting. Further, it is unclear if Fgfi]
and Fgf8 mutations alter the KP system via developmental
disruption or postnatal mechanisms. This is an important
question, as alterations in the KP system can either exacerbate
or compensate for the reproductive deficits.

In this study, we first examine several mouse models
deficient in FGF signaling for the disruption of female pubertal
onset and reproductive cycle. These models include mice
hypomorphic for Fgfirl [20], Fgf8 [21], and both [19]. The
latter is included because compound mutations in both Fgfi/
and Fgf8 have been reported in humans to cause more severe
reproductive deficits [10]. Second, we examine these mouse
models for the size of the KP neuronal population thought to be
responsible for the ovulatory luteinizing hormone (LH) surge,
the anteroventral periventricular/periventricular (AVPV/PeV)
population [22, 23]. Our results reveal a profound additive
effect of FGF signaling deficiencies on female reproductive
performance. Further, they suggest FGF signaling deficiencies
alter the KP system in a fashion specific to the nature of the
FGF deficiency and age.

MATERIALS AND METHODS

Transgenic Animals

Fgf8 (129P2/OlaHsd* CD1) [21] and Fgfir] (129sv/CD1) [20] hypomorphs
were obtained from the Canadian Mutant Mouse Repository (Toronto, ON) and
Mouse Regional Resource Centers (Davis, CA), respectively. They were
housed in the Department of Integrative Physiology Animal Facility at the
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University of Colorado, Boulder, under a 12L:12D photoperiod and fed ad
libitum. Because of cryptic splice sites in the neomycin resistance gene inserted
into the noncoding regions of the Fgf8 or Fgfrl gene, these hypomorphic mice
produce significantly less functional Fgf8 or Fgfrl transcript. Homozygous
Fgf8 hypomorphic mice (Fgf8'~) have been reported to exhibit about a 54%
decrease in the functional Fgf8 mRNA [21], whereas homozygous Fgfi']
hypomorphic mice (Fgfir/~~) showed a 66-80% decrease in Fgfr/ mRNA
[20]. Fgf8 and Fgfrl transcript levels in the corresponding heterozygous
hypomorphs were thought to be midway between wild-type (WT) and
homozygotes, as the loss of GnRH neurons observed in these heterozygotes
was approximately halfway between WT and homozygotes [8]. Homozygous
Fgf8~'— or Fgfrl~'— mice died within 24 h after birth [20, 21]. However,
heterozygous Fgf8 (Fgf8+'~) or Fgfrl (Fgfrl*'~) hypomorphs survived
normally with no obvious health problems. For this study, the compound
hypomorphs deficient in both Fgfirl and Fgf8 (Fgfrl™—/Fgf8*~) were
generated by crossbreeding Fgfir/*/~ with Fgf8*/~. In addition to compound
hypomorphs, the crossbreeding also generated WT mice and two single
hypomorphs (Fgf8*/~ or Fgfrl*~). Thus, compound hypomorphs were
analyzed with three other genotypes to test if the effects of Fgf gene deficiency
were additive. All comparisons were made among siblings with the same
hybrid genetic background to minimize effects due to strain differences.
Animals were weighed on Postnatal Day (PND) 30 and PND 60 to gauge their
somatic growth and genotyped by PCR of genomic DNA isolated from tail
biopsies. All animal procedures complied with protocols approved by the
Institutional Animal Care and Use Committee at the University of Colorado.

Examination of VO and Estrous Cycle

VO is an estrogen-dependent phenomenon commonly used to gauge the
onset of puberty. VO was checked in female mice of different genotypes from
PND 20 until VO was observed. Following VO, daily vaginal smears were
performed at 1600 h continuously for 20 days to assess reproductive cyclicity.

Assessment of Fertility in WT and Compound Hypomorphic
Mice

Each WT or Fgfirl+/~/Fgf8*~ female was paired with a WT male over 3
mo beginning at PND 45. The cages were checked daily for pup birth. Total
number of litters produced by each pair over the 3-mo period and the number of
pups within each litter were recorded.

Tissue Collection for KP Immunohistochemistry

Female mice at PND 15, 30, and 60 were lightly anesthetized with
isoflurane vapor and killed by decapitation. The brains were dissected and
immersion fixed in 5% acrolein for 6 h on ice. Brains were then cryoprotected
in 30% sucrose overnight at 4°C and cut at 40-pum thickness using a cryostat.
Floating brain sections were stored at 4°C until processed for KP
immunohistochemistry (IHC). All PND 60 females used in the study were
verified to be in estrus at the time of killing.

KP IHC

Sections were rinsed and incubated in 1% NaBH, for 15 min to neutralize
the residual acrolein, followed by vigorous washing and quenching of
endogenous peroxidase activity in 1% H,O,. Sections were then rinsed and
incubated with a rabbit anti-KP antibody (1:10 000) generously donated by Dr.
Alain Caraty (Université de Tours, Tours, France). This antibody [24] has been
used widely for the specific detection of KP in the mouse brain [25, 26]. After 3
days of primary antibody incubation at 4°C, sections were incubated
sequentially in a biotinylated donkey anti-rabbit antibody (1:500) and an
avidin/biotin-coupled horseradish peroxidase complex (Vector Labs, Burlin-
game, CA). Sections were reacted with nickel-enhanced diaminobenzidine,
mounted on gelatin-coated slides, dehydrated, and coverslipped with Permount
(Fisher, Pittsburgh, PA). KP-immunoreactive (ir) neurons were counted in
every other section on slides coded to conceal their identity. All sections
including the anteroventral periventricular nucleus and periventricular nucleus
were scored. Negative controls for the KP IHC included the omission of the
primary antibody and preadsorption of the primary antibody with 200 pg/ml of
KP (KP,,; Genscript, Piscataway, NJ).

Statistical Analysis

Normally distributed samples were analyzed by the one-way ANOVA
followed by the Student-Newman-Keuls post hoc test or by the Student r-test.
The Kruskal-Wallis test followed by the Dunn test was used when samples
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FIG. 1. Parameters of pubertal onset in WT, Fgfri*/~, Fgf8*/~, and

Fgfr1+/~/Fgf8+/~ female mice. A) Age of VO. B) Time between VO and
first estrus. Different letters represent significant differences (P < 0.05). n=
6, 8, 5, and 10 for WT, Fgfri*/-, Fgf8*/~, and Fgfr1+/~/Fgf8+/~ mice,
respectively.

failed the homoscedasticity test. Statistical analyses were carried out using
Prism or Instat software (GraphPad, La Jolla, CA). Differences were considered
significant when P < 0.05. Sample size ranged from 5 to 10 per group for
reproductive characterization, from 5 to 14 for mass measurement, and from 4
to 6 for the KP THC.

RESULTS

FGF Signaling Defects Differentially Impact the Pubertal
Onset

To gauge if reductions in GnRH neurons previously seen in
these transgenic mice [8, 10, 19] were translated into abnormal
pubertal onset, we assessed puberty using two criteria: age of
VO and the lag between VO and the first estrus (Fig. 1).
Neither of the single hypomorphs, Fgfirl ¥/~ (n=8) or Fgf8*~
(n=35), exhibited altered timing of VO compared to WT (n=06)
(Fig. 1A). In contrast, compound hypomorphs (Fgfrl*'~/
Fgf8*—; n=10) exhibited significantly earlier VO compared to
WT or Fgf8*/— (Fig. 1A). Interestingly, although Fgfir/ */~ and
Fgf8"~ had what appeared to be normal timing for VO, they
took longer to reach the first estrus compared to WT (Fig. 1B).
This prolonged lag was not observed in the compound
hypomorphs (Fig. 1B). The observed differences in pubertal
parameters were not the result of altered somatic growth,
because no significant differences in the body mass were
detected among the genotypes on PND 30 (P = 0.25) or PND
60 (P =0.81; Table 1).
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TABLE 1. Body mass (g) of PND 30 and PND 60 WT, Fgfr1+~, Fgf8+/~, and Fgfr1*/~/Fgf8+~ hypomorphic female mice.*

Body mass (g)
Age WT Fgfri+/— Fgf8+/— Fgfr1+/—/Fgf8+/~
PND 30 17.32 £ 0.65 (n = 14) 18.61 £ 0.76 (n =7) 1821 £ 0.81 (n=19) 18.67 £ 0.4 (n =12)
PND 60 2457 £ 058 (n=7) 25.48 = 2.18 (n = 5) 2533 074 (n=7) 24.12 £ 1.01 (n = 6)

* No significant differences were observed among genotypes of the same age group. Data are represented as mean * SEM.

FGF Signaling Defects Differentially Impact Stages of the
Estrous Cycle

After VO, female reproductive cyclicity was assessed by
continuous vaginal smears for the next 20 days. Compared to
WT (n = 6), compound hypomorphs (n = 10) spent a greater
fraction of their time during estrous cycle in diestrus, and less
in proestrus and metestrus (Fig. 2). In contrast, neither of the
single hypomorphs, Fgfri*~ (n = 8) or Fgf8*~ (n = 3),
exhibited altered estrous cycle compared to WT.

Compound Hypomorphs Exhibited Fewer Complete
Estrous Cycles and Reduced Fertility

Because compound hypomorphs showed abnormal progres-
sion of estrous cycles, we hypothesized that these mice also
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FIG. 2.

underwent fewer complete estrous cycles and produced fewer
litters. An estrous cycle was identified as complete only if the
four stages occurred in the right sequence within no more than
2 days of each other. The number of complete estrous cycles in
Fgfrl*'= (n = 8) and Fgf8™~ (n = 5) was not significantly
different from the number in WT (Fig. 3A). As expected, over
the 3-mo study period, compound hypomorphs (n = 10)
exhibited significantly fewer complete cycles compared to WT
(n =5) (Fig. 3A). Consistent with this observation, the total
number of litters produced by compound hypomorphs (n = 5)
was reduced by 50% compared to WT (n = 5) (Fig. 3B). The
number of pups per litter, however, was not significantly
different (P = 0.13) between WT (10.4 = 2.1 pups; n=15) and
compound hypomorphs (5.6 = 1.9 pups; n = 5).
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Fgf8+/~ female mice. Data were derived from continuous vaginal smears over a 20-day period. Different letters represent significant differences (P < 0.05).
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FIG. 3. A) Number of complete estrous cycles over a 20-day period in
WT (n=05), Fgfr1¥/~ (n=28), Fgf8*/~ (n=15), and Fgfr1+/~/Fgf8+/~ (n=10)
female mice. Different letters represent significant differences (P < 0.05).
B) Number of litters produced over a 3-mo period in WT (n = 5) and
Fgfr1+/~/Fgf8+/~ (n = 5) female mice. *Significant difference (P < 0.05).

FGF Signaling Defects Differentially Impact the KP System

All hypomorphic mice, including the single and compound
hypomorphs, had significantly reduced GnRH neuronal
populations [8, 10, 19]. In particular, the compound hypo-
morphs showed an exacerbated reduction of GnRH neurons
above that of the single hypomorphs [19]. The unexpected
early VO of compound hypomorphs prompted us to examine if
compensatory mechanisms exist at the level of the KP system
to allow them to overcome the loss of GnRH neurons and
undergo early VO. All mice (n =4-6 per genotype), including
WT and hypomorphs, underwent marked increases in AVPV/
PeV KP-ir neurons from PND 15 to PND 60 (Fig. 4, A-C). In
all age groups examined, the compound hypomorphs consis-
tently had more KP-ir neurons compared to WT (Fig. 4, A—C).
Fgfrl™~ mice had significantly more KP-ir neurons on PND
15 (Fig. 4A), but this difference disappeared at later ages (Fig.
4, B and C). In contrast, Fgf8*'~ mice had significantly fewer
KP-ir neurons on PND 30 (Fig. 4B) but not at other ages (Fig.

4, A and C). On PND 30, in the midst of pubertal transition, the
differences in the number of AVPV/PeV KP-ir neurons among
mice of different genotypes could be clearly visualized (Fig. 4,
D-G). Omission of the primary antibody (not shown) or
preadsorption of the KP antibody with KP,, (Fig. 4, H and I)
abolished the staining.

DISCUSSION

Several key observations emerge from the current study.
First, transgenic female mice with compound hypomorphic
alleles in both Fgf8*~ and Fgfrl*'~ undergo early VO but
have disorganized estrous cycles that subsequently reduce their
fertility. Second, females with a single hypomorphic allele in
either Fgf8 or Fgfrl suffer delayed first estrus but have normal
estrous cycles once estrous cycles are initiated. Lastly, the
AVPV/PeV KP system is differentially altered in the
hypomorphic mice, which may, in part, account for the varied
reproductive phenotypes.

Human studies show a proband with digenic mutations on
both Fgf8 and Fgfrl exhibits absent puberty compared to the
proband’s father, who harbors only an Fgfir/ mutation and
exhibits only delayed puberty [10]. Consistent with this, mice
hypomorphic for both Fgf8 and Fgfr] have the greatest
reduction in GnRH neuronal population (~65% reduction)
compared to either of the single hypomorphs [19]. As such, one
might predict a significant delay or absence of pubertal onset in
the compound hypomorphs. Unexpectedly, these animals
undergo early VO and have seemingly normal timing for their
first estrus. Also unexpectedly, these mice have more KP-ir
neurons in their AVPV/PeV throughout all ages examined,
including during the period approximating pubertal onset (PND
30). In female rodents, elevated numbers of AVPV/PeV KP-ir
neurons correlate with pubertal onset [25] and the ability to
generate the ovulatory LH surge [27]. Thus, the increased
number of KP-ir neurons in compound hypomorphs could
drive early VO. However, once reproductively mature,
compound hypomorphs experience difficulty in producing
normal estrous cycles, which is manifested in prolonged
diestrus and shortened proestrus and metestrus. This implies
that the mice have a short follicular phase with difficult entry
into, and termination of, the luteal phase, potentially indicating
a dysregulation of LH and FSH secretory patterns [28, 29].
This, in turn, may be the result of abnormal GnRH and/or KP
output, or local dysregulation directly at the level of the ovary.
The latter is important to keep in mind, as Fgfr/ and Fgf§ are
expressed in the adult oocytes and granulosa cells and may
mediate local ovarian functions [30, 31]. Overall, although
increased KP-ir neurons may drive early VO in the compound
hypomorphs, they are unable to rescue defects in estrous cycle
and fertility that may have stemmed, in part, from the reduced
GnRH neuronal number.

In contrast to the more deleterious reproductive defects seen
in compound hypomorphs, Fgf8*/~ or Fgfr]l*/~ mice exhibit
only a modest delay in the first estrus, and begin to cycle
normally after the first estrus. This suggests a 30-40%
reduction in GnRH neurons impacts predominantly the
initiation of the first estrus cycle but not the cyclicity once it
commences. This is consistent with numerous studies reporting
that only a few GnRH neurons are needed to support female
puberty and ongoing fertility [32—34]. These results also bear
similarities to studies reporting some humans with monogenic
mutations on Fgfrl or Fgf§8 experienced only delayed puberty
with no further reproductive consequence [10, 15, 16].

At present, mechanisms responsible for the altered KP-ir
neuron numbers in single and compound hypomorphs are
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FIG. 4. Total AVPV/PeV KP-ir neurons in WT, Fgfr1+/~, Fgf8+/~, and Fgfr1+/~/Fgf8+/— mice on PND 15 (A), PND 30 (B), and PND 60 (C). Different letters
represent significant differences (P < 0.05). n = 4-6 for all age groups. D-G) Representative photomicrographs of KP-ir neurons in PND 30 WT (D),
Fgfr1+/= (E), Fgf8+"~ (F), and Fgfr1+/~/Fgf8+/~ (G) female mice. H, I) Representative images of adjacent sections incubated with KP antibody that has not

(H) or has (I) been preadsorbed with 200 ug/ml KP,,. Bar in D applies to D-G; bar in H applies to H and I. Bars = 50 um.

unclear. Two possible explanations are 1) the AVPV/PeV KP
neuronal population is altered developmentally by these
mutations and 2) the production of KP is altered indirectly
by downstream changes within the HPG axis. We believe both
are possible. Supporting the former, the persistent presence of
75-100 additional KP-ir neurons in compound hypomorphs of
all ages (Fig. 4, A—C) suggests there may be a developmental
surplus of KP-ir neurons in the compound hypomorphs. Fgf-
signaling genes, including Fgfrl and Fgf$8, are expressed in the
presumptive rodent hypothalamus and thus positioned for the
developmental regulation of diverse hypothalamic neurons
[35-37]. Supporting this, mice hypomorphic for Fgf§ exhibited
significantly reduced neuroendocrine oxytocin neurons in the
paraventricular and supraoptic nuclei [38]. Of further interest,
mice null for Bax, a proapoptotic gene, exhibit a modest but
significant increase in KiSS-/ neurons in the AVPV/PeV,
although the sexually dimorphic prevalence of KiSS-/ neurons
in females remained unaltered [39]. Currently we have no
direct evidence to suggest FGF signaling deficiency attenuates
the apoptotic pathway, but it is certainly one mechanism by
which the size of KP neuronal population can be enhanced in
the compound hypomorphs. Further verification of this notion
will involve a detailed examination of FGF signaling in the
differentiating AVPV/PeV. On the other hand, the alterations

of KP-ir neurons in the single hypomorphs are transient and
disappeared on PND 60, suggesting the differences may have
arisen from temporary changes in the HPG axis, such as
gonadal steroid levels [40], as they matured. Of note, our IHC
studies quantified the number of neurons with detectable levels
of KP peptide, not the actual number of KP neurons. Because
dynamic postnatal changes in KP levels of KP-ir neurons may
be responsible for the observed differences in KP-ir neuronal
number, future lineage-tracing studies or the use of markers
alternative to KP are required to resolve this issue.

Together, the current study shows that reproductive
disruption in FGF signaling-deficient female mice is complex
and occurs differentially at the level of both pubertal onset and
subsequent reproductive cyclicity. Because humans with FGF
signaling deficiencies have never been reported to undergo
early puberty, one might question the appropriateness of
extrapolating data from the rodent model to humans. It has
been known for some time that different mechanisms drive
pubertal onset in rodents and primates [41]. However, there are
also features of the reproductive neuroendocrine systems
shared by both rodents and primates, such as the origin of
GnRH neurons [42-44], the dependence of GnRH neurons on
Fgf signaling for proper development [8, 9], and the reliance on
KP signaling for normal puberty [45, 46]. In our study, despite
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the unexpected finding that the compound hypomorphs
undergo early VO, there is still information to be gained with
regard to how humans with FGF signaling deficiency could
overcome some reproductive deficits through other compensa-
tory mechanisms. According to our observations, the activation
of the KP system may be one of the mechanisms. Further, our
results highlight the possible involvement of the KP system in
the manifestation of the reproductive phenotype in FGF
signaling-deficient animals. The variable reproductive deficits
in our hypomorphic mice speak to the difficulty in predicting
the reproductive outcome based solely on size of the GnRH
system.
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