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Pubertal onset, initiated by pulsatile gonadotropin-releasing hormone (GnRH), only occurs in a favorable,
anabolic hormonal milieu. Anabolic factors that may signal nutritional status to the hypothalamus include
the growth factors insulin and IGF-1. It is unclear which hypothalamic neuronal subpopulation these factors
affect to ultimately regulate GnRH neuron function in puberty and reproduction. We examined the direct
role of the GnRH neuron in growth factor regulation of reproduction using the Cre/lox system. Mice with the
IR or IGF-1R deleted specifically in GnRH neurons were generated. Male and female mice with the IR deleted
in GnRH neurons displayed normal pubertal timing and fertility, but male and female mice with the IGF-1R
deleted in GnRH neurons experienced delayed pubertal development with normal fertility. With IGF-1
administration, puberty was advanced in control females, but not in females with the IGF-1R deleted in GnRH
neurons, in control males, or in knockout males. These mice exhibited developmental differences in GnRH
neuronal morphology but normal number and distribution of neurons. These studies define the role of
IGF-1R signaling in the coordination of somatic development with reproductive maturation and provide

insight into the mechanisms regulating pubertal timing in anabolic states.

Introduction
At pubertal onset, the hypothalamic gonadotropin-releasing hormone
(GnRH) pulse generator becomes activated to trigger the hormonal
cascade necessary for sexual maturation. It has been estimated that
50%-80% of the variance in timing of pubertal onset in humans is due
to genetic factors, based upon calculations of heritability in large pop-
ulation studies (1). Thus, the remaining 20%-50% of variance is due
to environmental and metabolic factors that modulate the reemer-
gence of GnRH pulses. Pubertal onset in humans (2) and rodents (3)
is associated with attainment of a particular body mass, and disease
states associated with a disruption in the normal timing of puberty,
including malnutrition, chronic inflammatory states, thyroid disease,
and growth hormone deficiency, are also associated with metabolic
disturbances (4), suggesting that a catabolic hormonal milieu sup-
presses GnRH activation at puberty, or conversely, that an anabolic
hormonal milieu is necessary for GnRH activation at puberty.
Anabolic hormones that are candidates to influence GnRH acti-
vation at puberty include the growth factors insulin and IGF-1. A
role for insulin in the neuroendocrine regulation of puberty and
reproduction was suggested by the infertility of female neuron-
specific insulin receptor-knockout (NIRKO) mice. These mice had
low luteinizing hormone (LH) levels that increased in response to
GnRH, suggesting dysfunction at the hypothalamic level (5). IGF-1,
produced in response to growth hormone, is crucial to mamma-
lian growth and increases at the time of puberty. Individuals with
extremely low IGF-1, such as those with Laron syndrome, experience
delayed puberty (6), suggesting that there is orchestration between
the somatotropic and reproductive axes at the time of puberty. IGF-1
has been shown to modulate pubertal timing in rodents. Prepuber-
tal rats receiving intracerebroventricular IGF-1 experienced an ear-
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lier pubertal onset, as indicated by vaginal opening, than rats given
saline (7). In agreement with this finding, male rats given intracere-
broventricular IGF-1 antibody experienced puberty, as indicated by
serum testosterone level and testicular weight, significantly later
than rats given vehicle (8). Female mice with deletion of the growth
hormone receptor experience delayed puberty, as indicated by vagi-
nal opening, that is advanced by IGF-1 administration (9). Male
mice with deletion of the growth hormone receptor also experience
delayed puberty (10). These data suggest that IGF-1 modulates
GnRH neuron function to affect the timing of puberty.

The hypothalamus contains subpopulations of specialized neu-
rons that sense peripheral signals to control energy balance and
reproductive function. GnRH neurons contain both insulin recep-
tors (IRs) and IGF-1 receptors (IGF-1Rs) (11-13). In vitro stimu-
lation of GnRH neurons with insulin increases GnRH expression
and release (11, 14-16). IGF-1 stimulation also increases GnRH
expression (17, 18) and release (19) in vitro. We sought to determine
whether direct action of insulin and IGF-1 on the GnRH neuron
plays a role in regulation of puberty and reproduction in vivo. To
accomplish this, we used the Cre/lox system to generate GnRH-spe-
cific IR- (GnRH-IRKO) and IGF-1R-knockout (GnRH-IGFRKO)
mice. The GnRH-IRKO mice exhibited normal puberty and fertility;
however, GnRH-IGFRKO mice of both sexes experienced delayed
puberty, with a sexual dimorphism in pubertal timing in response
to IGF-1 administration. Morphological differences in GnRH
neurons during development may account for these findings, as
prepubertal GnRH-IGFRKO mice exhibited differences in GnRH
neuron dendritic morphology, while adult GnRH-IGFRKO mice
had GnRH neuron morphology similar to that of control mice.

Results
Generation of the GnRH-IRKO mouse. Mice with IR specifically excised in
neurons have hypothalamic hypogonadism, implicating signaling via
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the IR as a mechanism for the nutritional regulation of reproduction
(5). To generate mice with the IR specifically deleted in GnRH neu-
rons, IRV mice (20) were crossed with mice expressing Cre recombi-
nase under control of the GnRH promoter (GnRH-Cre). The GnRH-
Cre transgenic mice have the Cre recombinase gene downstream
from 3,446 bp of the mouse GnRH promoter and express Cre spe-
cifically in the GnRH neuron (21). The IRV mice were designed with
loxP sites flanking exon 4; excision of exon 4 in the presence of Cre
recombinase resulted in a frameshift mutation and produced a pre-
mature stop codon (Figure 1A). Matings were designed to generate
the GnRH-IRKO (Cre*IR¥/) mice and control littermates (Cre IR"f or
Cre*IRVWT). To demonstrate that the IR gene was specifically excised
in GnRH neurons, PCR of DNA was performed using primers flank-
ing exon 4 of the IR gene. As shown in Figure 1B, the smaller ampli-
con, indicating excision of exon 4, was only found in hypothalamic
tissue, not in other brain or peripheral tissue of a Cre*IR¥/ mouse.
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Figure 1

Generation of the GnRH-IRKO mouse. (A) The IR
gene with loxP sites (large arrows) flanking exon 4
before (top panel) and after (bottom panel) recombina-
tion by Cre. Primers used for genotyping and detection
of the loxP flanked or truncated /R gene are labeled
p1, p2, and p3. (B) PCR of DNA was performed using
primers indicated in A. The loxP flanked allele is indi-
cated by the 320-bp band, while the excised IR gene
is indicated by the 220-bp band. Hrt, heart; Liv, liver;
Ut, uterus; Ov, ovary; Cer, cerebellum; Pit, pituitary;
Hyp, hypothalamus; BIk, blank.

Puberty and fertility are normal in GnRH-IRKO mice. To assess the
reproductive phenotype of the GnRH-IRKO mice, we assessed mul-
tiple parameters. In females, vaginal opening is estradiol dependent
and is indicative of the activation of the hypothalamic-pituitary-
gonadal axis at puberty (22). The GnRH-IRKO mice experienced
vaginal opening on the same postnatal day as control littermates
(Figure 2A). The day of first estrus implies the establishment of
the hormonal cyclicity necessary for female reproduction (22).
Control and GnRH-IRKO mice experienced their first estrus on
similar postnatal days (Figure 2A). Balanopreputial separation is
testosterone dependent (23) and thus is an indicator of activation
of the reproductive axis in males. Control and GnRH-IRKO mice
experienced balanopreputial separation at similar ages (Figure
2A). The longitudinal change in anogenital distance (AGD) has
been correlated with androgen exposure (24) and was also assessed
in male mice. AGD was also not significantly different between
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Figure 2

GnRH-IRKO mice have normal onset of puberty and reproductive function. (A) Pubertal evaluation included the time of vaginal opening and
first estrus in control (n = 8) and GnRH-IRKO (n = 8) females and balanopreputial separation in control (n = 6) and GnRH-IRKO (n = 6) males.
(B) AGD, which is testosterone dependent, was also assessed in males of pubertal age (n = 4 each group). (C) Body weight of pubertal animals
(n = 5 each group). Vaginal cytology for at least 14 consecutive days was performed in 4 female mice of each genotype to evaluate estrous
cycling. (D) Estrous cycle length. (E) Time in each estrous cycle phase. P, proestrus; E, estrus; M/D, metestrus/diestrus. (F) To assess fertility,
we determined the time to birth after introduction with a male and the number of pups per litter. (G) Serum LH was determined in 5 adult mice of

each sex and genotype. Values are mean + SEM.
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control and GnRH-IRKO mice (Figure 2B). Furthermore, body
weight also did not differ between GnRH-IRKO and control lit-
termates (Figure 2C). In adults, estrous cycle length (Figure 2D)
and staging (Figure 2E) did not differ between control and GnRH-
IRKO mice. Male and female fertility, as measured by time to birth
from mating and litter size, also did not differ (Figure 2F). Finally,
serum LH did not differ between control and GnRH-IRKO female
or male mice (Figure 2G).

Generation of the GnRH-IGFRKO mouse. To generate mice with the
IGF-1R specifically deleted in GnRH neurons (GnRH-IGFRKO
mice), Cre/lox technology was similarly used. The GnRH-Cre mice
were crossed with the IGF-1R floxed mice that are described else-
where (25, 26). The Igf1#"/ mice were designed with loxP sites flank-
ing exon 3 such that in the presence of Cre recombinase, exon 3
would be excised (Figure 3A). Matings were designed to gener-
ate the GnRH-IGFRKO mice (Cre*Igf1#"f) or control littermates
(Cre-Igf1rVl or Cre*Igf1r/¥T). To demonstrate that the Igflr gene
was specifically deleted in GnRH neurons, a number of tech-
niques were used. After DNA was isolated from multiple tissues of
a Cre*Igf1¥/f mouse, PCR was performed using primers designed
to detect the intact or incomplete Igflr gene, in which exon 3 is
excised. Primers spanning exon 3 detected a 750-bp band repre-
senting the intact gene. Figure 3B depicts the 750-bp band in tis-
sues of the GnRH-IGFRKO animal including the heart, liver, fat,
2902
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Figure 3
Generation of the GnRH-IGFRKO mouse.
(A) The Igfir gene with exon 3 flanked by

allele loxP sites (large arrows) before (top panel)
and after (bottom panel) Cre recombination.
allele Primers used for detection of the truncated

Igfir gene are labeled p4, p5, and p6. (B)
PCR analysis of genomic DNA isolated from
tissues of a GnRH-IGFRKO mouse. The
floxed Igfir gene is indicated by the 750-bp
band, and the excised Igf1r gene is indi-
cated by the 490-bp band. (C) Sections (40
um) of hypothalami from control littermates
or GNRH-IGFRKO mice were incubated with
anti-GnRH and anti—-IGF-1R antibody with
secondary antibodies conjugated to a fluoro-
phore emitting red (GnRH) or green (IGFR)
wavelengths. Long arrows indicate neurons
that stain for GnRH and IGF-1R. Short arrows
indicate neurons that stain for IGF-1R only.
Scale bars: 20 um.

muscle, uterus, ovaries, cerebellum, pituitary, and hypothalamus.
To detect the presence of the excised gene, primers outside the
5" loxP site and the 3’ loxP site were used. The 490-bp knockout
band was present only in the hypothalamus of the GnRH-IGFRKO
mouse (Figure 3B). Other tissues of the same animal did not con-
tain the knockout band. Thus, the Igfir gene was intact in all tis-
sues from the GnRH-IGFRKO mouse, with the hypothalamus also
containing the knockout gene. To examine for the presence of IGF-
1R in GnRH neurons, we performed double label immunofluoro-
chemistry using antibodies specific for GnRH or IGF-1R (Figure
3C). Colocalization of GnRH and IGF-1R was noted in 52% of the
GnRH neurons (data not shown) in Cre Igf1#Vf or Cre*Igf1rV/¥T
mice. A similar percentage of colocalization was noted by Daftary
and Gore in wild-type animals (13). The area shown is the rostral
preoptic area, where the greatest percentage of colocalization was
noted. As expected, IGF-1R staining was also noted in surrounding
cells that did not contain GnRH (Figure 3C). In GnRH-IGFRKO
mice, less than 4% of neurons that stained for GnRH also stained
for IGF-1R, and IGF-1R staining was also detected in surrounding
cells of the rostral preoptic area (Figure 3C).

Female GnRH-IGFRKO mice experience delayed puberty. Both intra-
cerebroventricular and peripherally administered IGF-1 have been
demonstrated to advance puberty in rodents, implicating a role for
IGF-1 signaling within the hypothalamus in the normal timing of
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puberty. To determine whether IGF-1 signaling specifically with-
in the GnRH neuron plays a role in the timing of mouse puberty,
we determined day of vaginal opening and day of first estrus in
GnRH-IGFRKO mice and control female littermates, similar to
experiments performed in GnRH-IRKO mice. The GnRH-IGFRKO
females experienced vaginal opening approximately 3 days later
than control lictermates (P29 + 1.1 vs. P26 + 0.3, P < 0.01; Figure
4A). The age of first estrus was also significantly delayed in GnRH-
IGFRKO animals (P32.5 + 2.0 vs. P28.5 + 0.5, P < 0.05; Figure 4A).
Puberty in rodents is dependent upon weight (3), so the peripuber-
tal weight of GnRH-IGFRKO and control littermates was assessed.
The weight of GnRH-IGFRKO and control mice was not signifi-
cantly different (Figure 4B). LH and follicle-stimulating hormone
(FSH) levels were determined on P26, the day that control animals
had entered puberty but the GnRH-IGFRKO animals had not. The
control females had higher serum LH at P26 than GnRH-IGFRKO
mice (0.74 + 0.12 ng/ml vs. 0.08 + 0.04 ng/ml, P < 0.01; Figure 4C),
consistent with the significant delay in pubertal onset. In contrast
the LH was similar in adult control and GnRH-IGFRKO females.
The serum FSH was also significantly different between animals at
P26 (control, 28.8 + 4.0 ng/ml vs. GnRH-IGFRKO, 5.1 + 1.8 ng/ml,
P <0.01) but not significantly different in adulthood. Insulin levels in
fasted adult control littermates were not significantly different from
those in fasted GnRH-IGFRKO mice (40.5 + 25 vs. 28.5 + 6.5 ng/ml).
The GnRH-IGFRKO mice had estrous cycle length (Figure 4D) and
percent time spent in each phase of the cycle (Figure 4E) similar to
those of control mice. Finally, fertility did not differ significantly
between control and GnRH-IGFRKO females (Figure 4F).

Male GnRH-IGFRKO mice experience delayed puberty. In males, the
day of preputial separation of the glans penis was determined, as
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was the longitudinal change in AGD and testicular weight. Preputial
separation occurred approximately 3 days later in GnRH-IGFRKO
males than in control littermates (P29 + 0.4 vs. P26 + 0.3, P < 0.001;
Figure SA). AGD was not significantly shorter in GnRH-IGFRKO
mice at weaning (P21) but was significantly shorter in GnRH-
IGFRKO mice at P25 (0.79 + 0.09 cm in GnRH-IGFRKO mice vs.
1.05 £ 0.05 cm in control mice; P < 0.001), shortly before the control
littermates entered puberty at P26 (Figure 5B). AGD continued to be
significantly shorter in GnRH-IGFRKO males than in control litter-
mates until P33. Testicular weights were also determined at different
ages, as testicular weight increases at the time of puberty in response
to LH stimulation. At P24 the testicular weights were not different
between control littermates and GnRH-IGFRKO mice (Figure 5C).
On P26, the testicular weights of control mice were significantly
greater than those of GnRH-IGFRKO mice (104 +2.9 mgvs. 75+ 3.6
mg; P < 0.05). This difference persisted until P30, when the testicular
weights of GnRH-IGFRKO mice were no longer significantly differ-
ent from those of control mice. The testicular weights of adult (P60)
GnRH-IGFRKO males were not significantly different from those of
control males. The peripubertal body weights of the GnRH-IGFRKO
and control mice were not significantly different (Figure 5D). The
control males had higher serum LH on P26 than GnRH-IGFRKO
males (0.95 + 0.18 ng/ml vs. 0.30 = 0.09 ng/ml, P < 0.05; Figure SE).
FSH at that age was significantly higher in control males (227 + 27
ng/ml vs. 38 + 29 ng/ml, P < 0.01). LH and FSH in adult control
males were not significantly different from those in GnRH-IGFRKO
mice. Insulin levels were not significantly different in fasted con-
trol adult littermates compared with fasted GnRH-IGFRKO adults
(201 + 121 ng/ml vs. 152 + 35 ng/ml). Fertility was not different
between control and GnRH-IGFRKO males (Figure SF).
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Figure 5

Male GnRH-IGFRKO mice have delayed puberty but normal adult reproductive function. (A) The age of preputial separation was assessed in
litermate controls (n = 12) and GnRH-IGFRKO (n = 12) males. (B) AGD development (n = 9 each genotype). (C) Testicular weight development
(n = 5 each postnatal day and genotype). (D) Body weight development in male mice (n = 10 each genotype). (E) Serum LH and FSH levels
in P26 (n = 8 control, n = 6 GnRH-IGFRKO) and adult male mice (n = 9 control, n = 7 GnRH-IGFRKO). (F) Fertility assessment of control and
GnRH-IGFRKO mice. Values are mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

Peripheral IGF-1 treatment differentially advances puberty. To deter-
mine whether IGF-1R signaling plays an active or permissive role
in the timing of puberty, we administered IGF-1 to prepubertal
mice. On P16, ten days before pubertal onset in control mice, 20
ug/g IGF-1 was administered subcutaneously twice daily, and vagi-
nal opening or preputial separation was assessed. Control female
mice administered vehicle experienced vaginal opening on approx-
imately P26 (+0.3), while control female mice administered IGF-1
experienced vaginal opening significantly earlier, on approximately
P23 (+0.3) (P < 0.05; Figure 6A). Female GnRH-IGFRKO mice
administered vehicle had vaginal opening on P29 (+0.6). IGF-1
treatment did not result in a statistically significant age advance-
ment of vaginal opening (P27 + 1.5) in the GnRH-IGFRKO mice.

The same treatment paradigm was performed in males. Control
male mice that received IGF-1 experienced preputial separation on
approximately P25, not significantly different from mice treated
with vehicle (P25 + 0.4; Figure 6B). A similar absence of response

to IGF-1 was observed in GnRH-IGFRKO male mice (vehicle on
P29 +0.6; IGF-1 on P29 + 0.5). Thus, IGF-1 administration did not
advance puberty in male mice.

GnRH neuron development is abnormal in GnRH-IGFRKO mice. IGF-
1R signaling in neurons has been demonstrated to be important for
neuronal progenitor proliferation, neurite outgrowth, and synap-
togenesis (27). GnRH neurons migrate from the olfactory placode
to the hypothalamus early in gestation, and the factors necessary
for migration have yet to be elucidated. It is unknown whether
IGF-1 signaling in GnRH neurons plays a role in GnRH neuronal
migration or development. To investigate the role of IGF-1 signal-
ing in GnRH neuronal migration, we determined the number and
distribution of GnRH neurons in GnRH-IGFRKO and control lit-
termates. Immunohistochemistry using an antibody specific to
GnRH was performed on adult mice. Figure 7A indicates the num-
ber of neurons counted in successive regions of the hypothalamus
in control and GnRH-IGFRKO mice. There was no difference noted
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Figure 7

Developmental differences in GnRH neuronal morphology are present in GnRH-IGFRKO mice. Forty-micrometer sections of hypothalami from
control mice or GnRH-IGFRKO were stained for GnRH immunoreactivity. (A) Graph of the number of GnRH neurons counted in control (n = 6)
versus GnRH-IGFRKO (n = 6) adult mice. OVLT is labeled as 0. Each interval graphed encompasses 160 um, thus 4 successive slices. Images
(original magnification, x100) show an area 640 mm rostral to OVLT (B), the OVLT (C), and an area 640 mm caudal to OVLT (D) in control and
GnRH-IGFRKO (E—G) mice. Scale bars: 100 um. Dendritic structure of individual GnRH neurons was determined in P10 (H), P26 (), and adult
(J) mice. n = 3 mice for each postnatal day and genotype. The irregularity of individual GnRH neurons was determined in P10 (K), P26 (L), and
adult (M) mice. n = 3 mice of each postnatal day and genotype. Values are mean + SEM. *P < 0.05, **P < 0.01.

in the number or distribution of GnRH neurons in control versus
GnRH-IGFRKO mice. Figure 7, B-D, shows representative coronal
sections in a P26 control littermate mouse that include a region
640 um rostral to the organum vasculosum of the lamina termina-
lis (OVLT; -4 in Figure 7A), the OVLT (Figure 7C), and a region 640
um caudal to the OVLT (Figure 7D; +4 in Figure 7A). Correspond-
ing regions in a P26 GnRH-IGFRKO mouse are shown in Figure 7,
E-G. No significant difference in neuron number or GnRH fibers
was noted between control and GnRH-IGFRKO mice.

GnRH neurons undergo changes in neurite outgrowth dur-
ing normal development. Most GnRH neurons have unipolar or
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dipolar dendritic processes, but some neurons have a complex
dendritic structure, with 3 or more processes emanating from the
cell body. The percentage of GnRH neurons that exhibit a com-
plex dendritic structure decreases during postnatal development,
reaching the low adult levels by puberty (28). Thus, we examined
the dendritic morphology of GnRH neurons in prepubertal con-
trol and GnRH-IGFRKO mice on P10, in pubertal mice on P26,
and in adult mice. On P10, the percentage of dipolar and unipolar
neurons in GnRH-IGFRKO mice was similar to that in control
mice (Figure 7H), while GnRH-IGFRKO mice had a significantly
smaller percentage of cells with a complex configuration (con-
Volume 120 Number 8

August 2010 2905



research article

trol, 8.8% + 1.7% vs. GnRH-IGFRKO, 3.3% + 0.9%, P < 0.05; Figure
7H). On P26, GnRH-IGFRKO mice again exhibited a significantly
smaller percentage of complex cells (control, 4.3% + 0.7% vs.
GnRH-IGFRKO, 1.4% + 0.7%, P < 0.0S5; Figure 7I). However, the
percentage of complex cells in adult GnRH-IGFRKO mice was
similar to that in control mice (Figure 7]).

During development, GnRH neurons also undergo changes in
the percentage of cells with spiny processes; the percentage of total
neurons with spines is lowest at birth and increases gradually post-
natally until puberty (29). Therefore we assessed whether neurons
had a smooth contour with virtually no irregularities disrupting the
outline of the cell or had spiny processes that rendered the neuron
irregular. On P10, GnRH-IGFRKO mice had significantly higher
percentage of smooth neurons (control, 51.3% + 3.3% vs. GnRH-
IGFRKO, 69.3% + 0.6%, P < 0.05; Figure 7K) and a lower percentage
of spiny neurons compared with control mice. P26 (Figure 7L) and
adult (Figure 7M) GnRH-IGFRKO mice had similar numbers of
smooth and spiny neurons compared with control mice.

Discussion
The hormonal, nutritional, and environmental status of the mam-
mal must be optimal to allow the reawakening of the GnRH neuron
at puberty. In this study, we have further defined the roles of the
growth factors insulin and IGF-1 in the central control of reproduc-
tion, finding that IGF receptor, but not IR, signaling in the GnRH
neuron is crucial for the normal timing of pubertal onset.

We show that IR signaling in the GnRH neuron is not crucial to
the function of the GnRH neuron at puberty, as indicated by the
normal timing of vaginal opening, first estrus, preputial separa-
tion, and AGD in GnRH-IRKO mice (Figure 2, A and B). In addi-
tion, female and male reproductive function in the healthy adult
was also intact, as indicated by the normal fertility and LH levels
in females and males (Figure 2, F and G) and estrous cycling in
females (Figure 2, D and E). Thus, the female subfertility noted in
NIRKO females may not be due to dysfunction directly at the level
of the GnRH neuron. The loss of IRs in proopiomelanocortin- or
agouti-related peptide-expressing (POMC- or AgRP-expressing)
neurons — neurons involved in the regulation of appetite and
peripheral metabolism of glucose and fat — also did not affect fer-
tility (30). Thus, the neuronal location of IR regulation of repro-
duction, if present, is still not clear. The NIRKO mice exhibited
obesity with associated metabolic derangements including insulin
and leptin resistance and hypertriglyceridemia, raising the possibil-
ity that the infertility was secondary to the dysregulated hormonal
milieu rather than the loss of IRs in neurons. In vitro, low con-
centrations of insulin that do not activate the IGF-1R have been
shown to increase GnRH gene expression (14) in GnRH-secreting
immortalized cell lines. Insulin also increases GnRH pulsatile
secretion (16), suggesting that insulin pathways can be activated
in the GnRH neuron. Although the dose of insulin used to achieve
this effect may cause activation of the IGF-1R, IGF-1 infusion did
not cause GnRH secretion in the protocol used. Alternatively, IR
signaling in GnRH neurons, quiescent in normal conditions, may
become activated in pathological states with a disrupted hormonal
milieu such as obesity and lead to GnRH neuron dysfunction.

Serum IGF-1 levels increase at the time of puberty in rodents
(31, 32), primates (33), and humans (34), suggesting that IGF-1 is
alink between the somatotropic and gonadotropic axes at puberty.
Studies investigating a causal role for IGF-1 in puberty have yielded
mixed results. Systemic (9) and intracerebroventricular (7) IGF-1
2906
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administration has been shown to advance pubertal onset in
rodents and accelerate puberty in primates (35). However, continu-
ous IGF-1 administration via an osmotic pump to prepubertal rats
did not significantly advance pubertal onset (36). Moreover, these
studies did not address the locus of action of IGF-1. Daftary and
Gore characterized the hypothalamic expression pattern of Igfl and
Igflrin developing rodents. Hypothalamic Igfl and Igflr expression
increases dramatically at the time of puberty and colocalize with
GnRH neurons (13, 37). This temporal and spatial relationship
implicates a role for GnRH neuronal IGF-1 signaling during puber-
ty. To elucidate the role of IGF-1R in GnRH neurons, we generated
mice with the absence of IGF-1R specifically in GnRH neurons
(Figure 3). Both female and male mice experienced delayed puberty
(Figures 4 and 5), providing direct evidence that IGF-1R signaling
is necessary for the timely activation of GnRH neurons at puberty.
The delayed pubertal onset was secondary to hypothalamic-pitu-
itary dysfunction, as both female and male GnRH-IGFRKO mice
had lower gonadotropin levels than control mice at an age when
the control mice had entered puberty but the GnRH-IGFRKO mice
had not (Figure 4C and Figure SE). GnRH-IGFRKO mice eventually
experienced pubertal onset, suggesting that IGF-1 pathway activa-
tion is not absolutely required for GnRH activation. Clearly, GnRH
activation at puberty is dependent upon a spectrum of genetic,
developmental, and environmental signals that must converge in a
certain pattern. Loss of one signal, such as IGF-1R activation, may
eventually be overcome by other environmental and/or develop-
mental signals to induce GnRH pulse generator activity.

IGF-1R activation results in stimulation of pathways common
to the IR. Indeed, at high concentrations, insulin can bind the
IGF-1R and IGF-1 to the IR (38). The GnRH-specific IR-knock-
out mice of both sexes had normal pubertal timing and fertility
(Figure 2). Although it is possible that IGF-1R activation com-
pensates for the loss of IR activation in these mice, insulin levels
in these mice were not significantly higher than in controls, so it
is unlikely that the IGF-1R was activated by insulin. These data
also indicate that the phenotype of delayed puberty observed in
GnRH-IGFRKO mice is not due to neuron dysfunction from the
presence of the Cre recombinase. It is possible that IR incom-
pletely compensates for the lack of IGF-1R, accounting for the
delayed but eventual activation of the GnRH pulse generator in
the GnRH-IGFRKO mice. The development of a GnRH neuron
IGF-1R/IR double-knockout mouse would be required to detet-
mine the extent of compensatory receptor upregulation.

Intracerebroventricular infusion of an IGF-1R antagonist to
adult rats results in loss of estrous cyclicity not observed in rats
administered vehicle (39). Estrous cyclicity is restored with coin-
fusion of IGF-1 and the receptor antagonist. Thus, hypothalamic
IGF-1R signaling is implicated in rodent ovulation. In our studies,
loss of IGF-1R in GnRH neurons did not affect adult reproduc-
tive function, as indicated by normal estrous cycling, fertility, and
gonadotropin levels (Figures 4 and 5). This suggests that IGF-1R
signaling neurons afferent to the GnRH neuron play a role in the
regulation of estrous cycling.

Herbison et al. noted that mice with 12% of the normal GnRH
neuronal population in the hypothalamus did not experience sig-
nificantly delayed pubertal onset compared with wild-type mice,
indicating that adequate GnRH pulsatility can be achieved by a
small number of neurons (40). We observed that with a normal
number of hypothalamic GnRH neurons (Figure 7, A-G), the
GnRH-IGFRKO mice exhibited delayed puberty (Figures 4 and 5).
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Together, these data indicate that the disordered pubertal timing
in the GnRH-IGFRKO mouse is a result of GnRH neuron dysfunc-
tion, rather than inadequate GnRH neuron number.

Cre recombinase expression in the GnRH-Cre mouse used in this
study begins at the time of GnRH expression, approximately day
11 after conception in the mouse (41). Thus, deletion of the IgfIr
gene in the GnRH neuron likely occurs on day 11 after conception.
At that time, GnRH neurons are present in the olfactory placode
and migrate to the hypothalamus, reaching their final destination
at day 17 after conception. The GnRH-IGFRKO mice had GnRH
neuron distribution and number comparable to those in controls
(Figure 7, A-G), implying that IGF-1R signaling pathways are not
necessary for GnRH neuron migration.

IGF-1 signaling has been found to stimulate neurite outgrowth
(27), and IGF-1-null mice exhibit a decrease in dendrite complex-
ity in the cortex (42). The GnRH neuron population is composed
of subpopulations of neurons with unipolar, dipolar, or complex
dendritic trees (28). The greatest percentage of complex neurons is
in prepubertal mice, with the percentage decreasing upon pubertal
development, implying that dendritic remodeling occurs during
normal development (28). We found that pre- and peripubertal
GnRH-IGFRKO mice had a significantly smaller percentage of
complex cells (Figure 7, H and I), while the percentages of unipo-
lar and dipolar cells did not differ in the two groups at different
developmental stages. These data suggest that IGF-1R signaling
plays a role in the normal generation of the complex subtype of
GnRH neurons and implicate complex dendritic structure, and the
intricate communication with afferent neurons that the structure
implies, in pubertal onset.

Several groups have shown that the percentage of GnRH neu-
rons with an irregular surface (i.e., with spines) increases with
postnatal development in rats, reaching a plateau after completion
of puberty (28, 29). The spiny processes of neurons are the location
of excitatory synapses important in neuronal plasticity (43), and
IGF-1 signaling has been shown modulate neuronal spine density
and size (44). When we examined the percentage of neurons with
spines in prepubertal (P10), pubertal (P26), and adult control and
GnRH-IGFRKO mice, we also noted a developmental increase
in the proportion of spiny neurons (Figure 7, K-M). The GnRH-
IGFRKO mice had a significantly lower proportion of neurons
with spines at P10 but a similar proportion of spiny neurons at
P26 and in adulthood. Thus, we postulate that IGF-1R signaling in
the GnRH neuron facilitates the timely establishment of the syn-
aptic structure necessary to receive afferent input. Together, these
data indicate that IGF-1R plays a role in the prepubertal develop-
ment of GnRH neuronal dendritic trees and synaptic structures
that are important for receiving excitatory inputs for the induc-
tion of GnRH pulsation at pubertal onset.

IGF-1 peripherally administered to prepubertal mice significantly
advanced puberty in control females but not in GnRH-IGFRKO
females (Figure 6A). That the female GnRH-IGFRKO mice did not
experience a significant advancement of pubertal onset unlike con-
trol littermates suggests that activation of IGF-1 signaling within the
GnRH neuron is a primary trigger for increasing GnRH release at
puberty. IGF-1 has recently been found to increase KissI gene expres-
sion in prepubertal female rats (45), and IGF-1 in the ovary synergizes
with gonadotropins to stimulate steroid production and folliculo-
genesis of pre-ovulatory follicles (46). These pathways, intact in the
GnRH-IGFRKO mouse, may account for the slight advancement of
puberty with IGF-1 treatment observed in these animals. These path-
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ways may also contribute to the advancement of puberty in control
females receiving IGF-1. Supraphysiologic IGF-1 of peripheral origin
advanced puberty; whether peripherally derived or centrally derived
IGF-1is responsible for the timely activation of the GnRH pulse gen-
erator in normal mice cannot be elucidated by these studies.

IGF-1 treatment of male mice did not affect puberty in control
or GnRH-IGFRKO animals (Figure 6B). These data suggest that,
unlike in females, activation of IGF signaling alone in GnRH neu-
rons cannot activate the GnRH pulse generator; activation of IGF
signaling pathways must be combined with activation or inhibition
of other pathways to activate the GnRH pulse generator in males.
Alternatively, males may need higher IGF-1 doses to effect pubertal
onset. The sexual dimorphism of the effects of IGF-1 treatment on
puberty is striking, although not surprising. IGF-1 has been shown
to interact with estradiol to affect puberty. Primate studies have
shown that IGF-1 treatment decreases the negative feedback effects
of estrogen on LH release to advance the onset of puberty (47). Fur-
thermore, the effect of intracerebroventricular IGF-1 treatment on
rodent LH release is enhanced if detectable levels of serum estra-
diol are present (48). These effects are IGF-1R dependent (49). In
addition, the timing of puberty in mammals is earlier in females
than males, implying that activation of the GnRH pulse generator
is under the control of additional and/or different signals, path-
ways, and mechanisms. Indeed, the differential effects of IGF-1 on
male and female pubertal timing may partly account for the sexual
dimorphism of pubertal timing seen in mammals.

Normal somatic and reproductive development can occur only in
an anabolic state. The data presented here suggest that IGF-1 is an
important anabolic factor that signals growth and metabolic status
to the reproductive axis. Obesity is associated with earlier pubertal
onset in female rodents (50) and girls (51) but not boys. In obesity,
perturbations in the GH/IGF-1 system are observed, suggesting
that IGF-1 is more bioavailable in obese children (52). We speculate
that IGF-1 action directly on the GnRH neuron contributes to the
trend of earlier pubertal onset uniquely seen in obese females.

In summary, IGF-1R signaling is necessary for timely activa-
tion of GnRH pulsation at puberty, and normal GnRH neuron
dendritic tree and spiny process formation. Additionally, primary
activation of receptor pathways by exogenous IGF-1 can hasten
GnRH neuron activation and pubertal onset in females. These
studies extend our understanding of the complex circuitry link-
ing somatic development to reproductive function and provide
insight into the sexual dimorphism of pubertal onset.

Methods

Animals. The GnRH-Cre mice developed in our laboratory (21) were main-
tained on a CD1 background. The IR floxed mice were maintained on a
mixed CD1 and C57BL/6] background, while the IGF-1R floxed mice were
maintained on a C57BL/6] background; thus, the GnRH-IRKO and GnRH-
IGFRKO mice were a mixed CD1-C57BL/6] background. All experimental
animals were from 4 founder matings each for GnRH-IRKO and GnRH-
IGFRKO. At P21, the animals were housed in individual cages. Vaginal
opening in females or balanopreputial separation in males was assessed
daily. For determination of age of first estrus, vaginal cells were collected
by saline lavage beginning the day of vaginal opening and continuing each
day thereafter. If blood was obtained peripubertally via mandibular bleed
after light sedation with isoflurane, the animal was subsequently sacrificed.
Wet testicular weights were determined in freshly dissected animals. At
6 weeks, fertility studies were performed. To test female fertility, female
mice were housed with a wild-type male mouse for 7 days, then separated.
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Four females of each genotype were rotated between 2 wild-type males, and
each female participated in at least 6 attempts at mating with at least 5 weeks
between mating attempts. To test male fertility, males were housed continu-
ously with 2 wild-type females and mating continued for 4 months.

For injectisons, P16 pups, housed with the dam, were assigned to receive
vehicle or IGF-1 injections. There were 4 treatment groups: control mice
receiving vehicle, control mice receiving IGF-1, GnRH-IGFRKO mice receiv-
ing vehicle, and GnRH-IGFRKO mice receiving IGF-1. IGF-1 (gift of Tercica
Inc.) was dissolved in normal saline with 100 mM acetic acid and 1% bovine
serum albumin. Mice were injected subcutaneously twice daily with vehicle
or IGF-1 ata dose of 20 ug/g. This dose was empirically determined to cause
earlier puberty in wild-type female mice. At P21, mice were individually
housed, and IGF-1 or vehicle was continued until puberty was achieved.

All procedures were reviewed and approved by the Johns Hopkins Uni-
versity Animal Care and Use Committee.

Vaginal cytology. Vaginal cells were collected via saline rinse, dried, fixed
with methanol, and then stained with Diff-Quick staining kit (IMEB Inc.).
Estrous cycle staging was performed using the method of Nelson et al. (53).
Briefly, proestrus was assigned when nucleated cells predominated; estrus was
assigned when cornified cells predominated; metestrus when cornified cells
and leukocytes were present; and diestrus when leukocytes predominated.

Perfusion and immunohistochemistry. Mice were deeply sedated with
ketamine and xylazine, then the left ventricle was cannulated. After a normal
saline rinse, mice were perfused transcardially with 4% paraformaldehyde.
The brain was then removed, postfixed in 4% paraformaldehyde overnight,
dehydrated in 30% sucrose for 24 hours, then frozen. Forty-micrometer
sections were cut using a cryostat (Leica) beginning caudally in the septal-
preoptic area and ending rostrally midway through the olfactory bulbs. For
GnRH and IGF-1R double labeling, sections were rinsed with PBS, then
blocked with 10% goat serum. Sections were then incubated for 96 hours
with 1:500 mouse monoclonal GnRH antibody (gift of H. Urbanski, Ore-
gon National Primate Research Center, Beaverton, Oregon, USA) and 1:500
rabbit IGF receptor antibody (Santa Cruz Biotechnology Inc.) in 2% goat
serum. After rinsing in PBS, sections were incubated in anti-rabbit Alexa
Fluor 488 (Invitrogen; 1:400) and anti-mouse Alexa Fluor 594 (1:400) for
1 hour. After rinsing with PBS, sections were mounted, then coated with
VECTASHIELD (Vector Laboratories) and coverslipped. For the purpose
of counting GnRH neurons, the sections were incubated in 0.5% hydro-
gen peroxide, rinsed with PBS, blocked in 2% goat serum, and then incu-
bated overnight with rabbit anti-GnRH antibody (Affinity Bioreagents) at
1:10,000. Sections were rinsed and incubated in strepavidin-conjugated
goat anti-rabbit secondary antibody (Vector Laboratories) for 1 hour.
After another rinse, sections were then incubated in the ABC kit (Vector
Laboratories) for 1 hour. After rinsing, sections were developed using DAB-
nickel staining (Vector Laboratories), then mounted and dried overnight.
Slides were dehydrated with ethanol, then coated with Permount and cov-
erslipped. Sections were visualized using a Zeiss Axiovert microscope and
the Axiovision version 4.6.3 imaging program. For analysis, results from
male and female mice were combined, as the total number and morphol-
ogy of neurons are similar between the sexes (29). Categorization of cells
into the different dendritic morphologies was according to Cottrell et al.
(28). Briefly, unipolar cells were defined as possessing a single process pro-
jecting from the cell body. Dipolar cells were defined as having 2 processes
projecting from the cell body, and complex cells were defined as possessing
3 or more processes originating from the cell body or any branch point
evident on proximal dendrites. Categorization of cells into a smooth or
spiny configuration was according to Wray and Hoffman (29). Briefly, a
cell was categorized as smooth if the cell soma and processes were smooth
in contour, with virtually no irregularities disrupting the outline of the cell.
Cells not meeting these criteria were classified as spiny.
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Tissue extraction and PCR. After dissection and harvesting of tissue, genom-
ic DNA was isolated using phenol-chloroform extraction and isopropanol
precipitation. To determine presence of the Cre transgene, DNA was sub-
jected to PCR using primers sense 5'-CGACCAAGTGACAGCAATGCT-3'
and antisense 5'-GGTGCTAACCAGCGTTTTCGT-3'. To identify for the
presence of the IR floxed allele, the primers sense 5" TGCACCCCATGTCT-
GGGACCC-3' and antisense 5'-GCCTCCTGAATAGCTGAGACC-3' were
used. To identify tissues that had the IR truncated by Cre recombination,
we used primers p1, p2, and p3 according to the strategy of Kulkarni
et al. (54). To detect the presence of the IGF receptor floxed allele, the
primers sense 5'-TCCCTCAGGCTTCATCCGCAA-3' and antisense 5'-
CTTCAGCTTTGCAGGTGCACG-3' were used. To identify tissues that
had the IGF-1R truncated by CRE recombination, the primers sense 5'-
TTATGCCTCCTCTCTTCATC-3" and antisense 5'-CTTCAGCTTTGCAG-
GTGCACG-3' were used. To verify the presence of the intact IgfIr gene in
various tissues, the sense primer 5-ATGACCCAGGGGAGGCTGTGTA-3'
was used with the IGFR antisense primer.

Hormone assays. LH and FSH were analyzed by xMap technology (Mil-
lipore), using the rat pituitary panel. A standard curve was generated using
5-fold serial dilutions of the LH/FSH standard cocktail provided by the
vendor. Standards and samples were incubated with the antibody-coated
beads on a microplate shaker overnight at 4°C and washed 3 times using
a vacuum manifold apparatus. Detection antibody was then added to the
wells and incubated at room temperature for 30 minutes. Streptavidin-
phycoerythrin solution was then added, followed by an additional 30-min-
ute incubation at room temperature. Plates were then washed 3 times, and
sheath fluid was added to each well. Beads were resuspended on the micro-
plate shaker for 5 minutes. Plates were then read on the Luminex 200IS
system with xPonent software (Luminex Corp.). Data were analyzed with
S-parameter logistic curve fitting. The limit of detection for the assay for
LH was 48 pg/ml, and the intraassay coefficient of variance was between
6.3% and 9.0%. The limit of detection for the FSH assay was 96 pg/ml, and
the intraassay coefficient of variance was between 2.8% and 6.7%. The inter-
assay coefficient of variance was between 12.0% and 14.6% for standard LH
and FSH low and high pools. Radioimmunoassays for LH were also per-
formed at the Ligand Assay Core of Northwestern University. The intraas-
say and interassay coefficients of variance were less than 10%. Insulin was
analyzed by xMAP technology, similar to LH and FSH analysis. The limit of
detection of the insulin assay was 0.1 ng/ml, and the intraassay coefficient
of variance was between 0.4% and 3.4%. The interassay coefficient of vari-
ance was between 18.1% and 6.5% for low and high pools, respectively.

Statistics. Data were graphed using the GraphPad Prism 4 program
(GraphPad Software). Values are expressed as mean + SEM. If data satisfied
Bartlett tests for equal variances, parametric statistics such as Student’s
¢ test were used to determine significance of differences between control
and GnRH-specific knockout mice. For analysis of neuron morphology,
Mann-Whitney U test was used. Two-way ANOVA with Bonferroni post-
test was used to evaluate weight, AGD, testicular weight, and response to

IGF-1 administration. Significance was assigned if P was less than 0.05.
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