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Given the close relationship among neuroendocrine systems, it
Is likely that there may be common signals that coordinate the
acquisition of adult reproductive function with other homeo-
static processes. In this review, we focus on central nervous
system Insulin-like growth factor-1 (IGF-1) as a signal control-
ling reproductive function, with possible links to somatic
growth, particularly during puberty. In vertebrates, the appro-
priate neurosecretion of the decapeptide gonadotropin-releas-
Ing hormone (GnRH) plays a critical role In the progression of
pUberty.Gonadotropin-releasing hormone Is released In pulses

, from neurotermlnals In the median eminence (ME), and each
GnRH pulse triggers the production of the gonadotropins,
luteinizing hormone (LH) and follicle-stimulating hormone
(FSH). These pituitary hormones in turn stimulate the synthesis
and release of sex steroids by the gonads. Any factor that
affects GnRH or gonadotropin pulsatlllty is important for
puberty and reproductive function and, among these factors,
the neurotrophic factor IGF-1 Is a strong candidate. Although
IGF-1 is most commonly studied as the tertiary peripheral
hormone in the somatotropic axis via its synthesis in the liver,
IGF-1 Is also synthesized In the brain, within neurons and gila. In
neuroendocrine brain regions, central IGF-1 plays roles In the
regulation of neuroendocrine functions, Including direct actions
on GnRH neurons. Moreover, GnRH neurons themselves co-
express IGF-1 and the IGF-1 receptor, and this expression is
developmentally regulated. Here, we examine the role of IGF-1
acting in the hypothalamus as a critical link between reproduc-
tive and other neuroendocrine functions. Exp Bioi Med230:292- .
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Introduction
Insulin-like growth factor-l (IGF-I) is a 70 amino acid

polypeptide that exerts effects on peripheral growth, differ-
entiation, and survival in a variety of cells and tissues. In
peripheral tissues, IGF-I is the tertiary hormone in the
somatotropic axis that plays key roles in somatic growth.
The growth axis, like all neuroendocrine systems, functions
through hypothalamic, pituitary, and target organ interac-
tions. At the hypothalamic level, the growth axis comprises
two sets of neurons that synthesize and release growth
hormone-releasing hormone (GHRH) or somatostatin, the
excitatory and inhibitory regulators, respectively, of pitui-
tary somatotropin (growth hormone, GH) release (I, 2). The
secretion of GH from the anterior pituitary into the
peripheral circulation stimulates the production of peripheral
IGF-I from its primary target, the liver, as well as from
secondary targets such as lung, kidney, thymus, spleen,
heart, muscle, and gonads (3-5). The IGF-I receptor is
localized in numerous tissues including muscle (6), ovary
(7), pituitary (8), and brain (9). This wide distribution of the
receptor underscores the multifaceted roles of IGF-I.

Along with its actions on somatic tissues, IGF-I also
exerts effects within the central nervous system, in which
the IGF-I receptor is widely distributed (9-14). In neuro-
endocrine systems in particular, IGF-I acts as a feedback
regulator of GHRH and somatotropin-secreting cells of the
hypothalamus (I, 2). Insulin-like growth factor--I exerts
negative effects on GHRH, thereby diminishing its
stimulatory input to the pituitary gland, while stimulating
inhibitory somatotropin neurons to further inhibit pituitary
GH release (2, 15). The clear and important role oflGF-1 in
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Table 1. Summary of Studies on the Role of Insulin-Like Growth Faetor-1 (IGF-1) in Hypothalamic-Pituitary-
Gonadal (HPG) Function"

Experimental observations

IGF-1 localization in peripheral organs

IGF-1 localization in central nervous system
IGF-1 R localization

IGF-1 and IGF-1R co-expression in GnRH neurons or cell
lines

IGF-1 binding protein localization in brain
IGF-1 ontogeny
Effects of IGF-1 in GnRH (GT1 and NLT) cell lines
Effects of IGF-1 on GnRH in hypothalamic explants (in vitro)
Effects of IGF-1 on GnRH or gonadotropins (in vivo)
Effects of IGF-1 on gonadotropes (in vitro)
Levels of IGF-1 increase during or just before puberty

Influence of IGF-1 on puberty
IGF-1 and estrogen interactions .,
Evidence for a role of IGF-1 in reproductive funcnon provided

by transgenic or knockout animal models

References

Heart (3, 4); kidney (3, 4); liver (3,4, 129); lung (3, 4, 129);
mammary gland (3, 129); muscle (3, 4); ovary (5, 129);
spleen (3); stomach (4); testes (3, 4, 129); thymus (3)

(3,4,20,33-38,40,41,52-56,129)
Brain (8-14, 24, 60); muscle (6); ovary (7); pituitary (8, 14,

84)
(10,20,55, 75, n-79)

(59,63)
(20,35,37,38,40,52,55-57,59)
(75-79)
(20,80)
(24,55,61)
(22,24,84)
Humans (90); primates (85, 89); rodents (61, 86, 87);

ruminants (88)
(61,91,96)
(24,25,56,98-111, 115-118)
(119-122, 124-128)

a References are In parentheses. IGF.1R, IGF-1 receptor; GnRH, gonadotropin-releasing hormone.

the somatotropic axis does not eliminate it as a candidate for
the regulation of other neuroendocrine systems, particularly
the reproductive axis. This neuroendocrine system, com-
prising the hypothalamic gonadotropin-releasing hormone
(GnRH) neurons, pituitary gonadotropes (producing lutei-
nizing hormone, LH; and follicle-stimulating hormone,
FSH), and the gonads (ovary and testis), is responsible for
the regulation of reproduction in all vertebrates (16).
Although changes in GnRH neurons themselves play key

. roles in the attainment of reproductive competence (17), it is
also clear that changes in inputs to GnRH cells from
neurotransmitters and neurotrophic factors in the central
nervous system also play critical regulatory roles (18-21).
Recent evidence from our laboratory and others, described
below, implicates IGF-I as a direct regulator of GnRH
neurons. Insulin-like growth factor-I can also regulate the
hypothalamic-pituitary-gonadal (HPG) axis via actions at
the pituitary (22-24) and gonadal levels (25, 26) of this axis.
These findings, taken together with the role of IGF-I in the
somatotropic axis, support IGF-I as a potential link between
the reproductive and somatotropic neuroendocrine systems.

Insulin-like growth factor-I can influence cell function
via autocrine, paracrine, and/or endocrine signaling. More-
over, the role of IGF-I in prenatal and postnatal growth is
well recognized and several studies support a role for IGF-1
in the establishment and maintenance of reproductive
function. Given the tight temporal coupling between growth
and reproductive development, the idea that a common
signal, such as IGF-l, may regulate both growth and the
initiation of puberty has been the focus of recent research. In
this article we will review the concept that IGF-l regulates
the release of GnRH, thereby initiating puberty, and our

focus will be on IGF-I of central origin. We will also
discuss how the somatotropic axis impacts GnRH and
gonadotropin secretion in post-pubertal individuals and,
thus, affects the maintenance of fertility in adults. For
convenience, we have provided a summary of our major
points in Table I. .

Central Versus Peripheral IGF-l
The actions of IGF-1 on the brain are caused by a

combination of peripheral IGF-I that enters the central
nervous system, together with local JGF-I that is synthesized
within neurons and glia. It is difficult to differentiate between
actions of IGF-I of central versus peripheral origin because
its effects are all mediated at the same target receptors. The
IGF-l receptor (IGF-IR) is a member of the tyrosine kinase
receptor family that signals through the phosphoinositol-3
kinase and mitogen-activated protein kinase signaling
cascade (27-29). Insulin-like growth factor-I receptors are
located in numerous brain regions, discussed in detail below.
The effects of IGF-I in the brain also involve IGF-I binding
proteins (lGFBPs), which are synthesized both centrally and
peripherally (30-32). In fact, these three components of the
IGF-I system (IGF-l, its receptors, and its binding proteins)
are all localized to and synthesized in the central nervous
system, including neuroendocrine regions (8, 9, 13, 14,33-
42). Thus, the IGF-I system, through a combination of
central and peripheral sources, and interacting with binding
proteins and receptors, is poised to act as a central regulator
of neuroendocrine function.

Peripheral IGF-1. The major source of peripheral
IGF-I is the liver, where its production is induced by GH
(43). In addition, other organs of the body, including the
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Figure 1. Insulin-like growth faetor-1 (IGF-1) mRNA levels in
developing mice were quantified by RNase protection assay.
Insulin-like growth factor-1 mRNA levels in the preoptic area-anterior
hypothalamus (POA·AH) and mediobasal hypothalamus-median
eminence (MBH·ME), the site of gonadotropin-releasing hormone
(GnRH) perikarya and neuroterminals, respectively, are shown for
female mice at postnatal day (P) 0, 5, 10, 15, 20, 30, and 60. Similar
data were obtained for males (data not shown). Mean IGF-1 mRNA
levels, normalized to eyclophilin (eye!.) mRNA levels, ± SEM are
indicated. Insulin-like growth faetor-1 mRNA levels in the POA-AH
(upper panel) show two significant developmental peaks: one at P5
and a second at P60.lnsulin-like growth faetor-1 mRNA levels in the
MBH-ME (lower panel) also have two significant peaks: one at PO,
followed by a decrease to a nadir at P20, then a second significant
increase (albeit with a lower peak) at P60. (Modified from Ref. 20).

to specific cell types; and modulating both IGF binding to
receptors and its growth-promoting actions (reviewed in
Refs. 48, 49). Therefore, IGF-I that is synthesized in the
periphery exerts actions in the nervous system through
multiple and complex mechanisms.

Central IGF-1. Insulin-like growth factor-I is syn-
thesized throughout the brain and spinal cord. In these
regions, IGF-I is a potent neurotrophic factor for neurons
and glial cells during development (50). In the adult central
nervous system, IGF-I is a mediator of synaptic plasticity
(51), regulating neuronal survival in response to injury.
Many studies have demonstrated the presence of IOF-I
mRNA and immunoreactivity in neurons and glia of spinal
cord, olfactory bulb, midbrain, cerebellum, cortex, striatum,
amygdala, hippocampus, medulla, and pons (36, 38, 52); as
well as within the key neuroendocrine centers, the
hypothalamus and preoptic regions (20, 36, 38, 52-56).

The ontogeny of IGF-I in the brain has been studied by
several laboratories. Its expression exhibits a marked
developmental age-dependent and region-specific variation
that will be discussed here first for non-neuroendocrine
brain regions. Garcia-Segura et al. (38) reported that IGF-I
immunoreactivity is detectable in the rat brain from as early
as embryonic day (E) 15 up to adulthood, with decreased
intensity of labeling and number of immunoreactive cells in
cerebral cortex. hippocampus. striatum, and amygdala in
adult compared with young postnatal animals (38). Further
decreases are seen during aging in the hippocampus, as
demonstrated by another group (57). A study using a
transgenic mouse with the IGF-I promoter linked to the
luciferase reporter gene demonstrates a peak in IGF-I gene
expression at postnatal day (P) 5 in olfactory bulb, cerebral
cortex, brainstem, diencephalon, cerebellum, and hippo-
campus (52). An analysis of IGF-I mRNA expression in the
developing rat brain from EI6 to P82, using RNase
protection assays, reveals region-specific developmental
patterns (35). Specifically, the olfactory bulb shows a high
perinatal level of IOF-I mRNA, which declines dramatically
by P8. Cerebral cortex displays maximal levels of IGF-I
mRNA at P8 and Pl3, which subsequently decline to adult
levels (P82). Insulin-like growth factor-l mRNA levels in
brainstem and cerebellum remain unchanged throughout the
time period studied (35). Notably, all of these reports
indicate detectable levels of IOF-I protein and mRNA in
adult brain, and, in most regions, levels decrease following a
peak early in postnatal life.

Within the hypothalamus, IGF-I protein and mRNA
expression are also developmentally regulated, although
they have a unique expression pattern that differs from other
brain regions. Measurements of IOF-I mRNA in hypothal-
amus by RNase protection assay show an increase from E16
to P3, with levels remaining elevated through adulthood
(35). Using male and female mice, our laboratory has
quantified developmental changes in IOF-I mRNA levels in
the preoptic area-anterior hypothalamus (POA-AH) and the
mediobasal hypothalamus-median eminence (MBH-ME),
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lung. kidney. thymus. spleen. heart. muscle. stomach. and
gonads can produce IOF-I (3-5). In fact. a transgenic mouse
with the IOF-I gene knocked out specifically in liver still
has appreciable concentrations of circulating IOF-I result-
ing from extrahepatic synthesis (44). It is notable that
peripheral IOF-I can cross the blood-brain barrier, by a
mechanism that is not entirely understood (45-47). These
multiple biosynthetic sources of IOF-I synthesis complicate
an understanding of how IOF-I levels in the body are
maintained and which sources may play roles in feedback
on the somatotropic axis. particularly within the central
nervous system. Furthermore, IOF-I in the circulation can
bind to a series of high-affinity IGFBPs, which modulate the
amount of bioavailable IGF-I. Insulin-like growth factor-l
binding proteins regulate the levels of IOFs by performing
several functions, such as transporting the IOFs out of the
vascular compartment in the circulation; localizing the IOFs
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tally, with the highest immunostaining in adult (P60) mice
(Fig. 2; Ref. 20). Moreover, the pattern of labeling of cells
with IOF-I changes developmentally, as younger mice have
more diffuse immunolabeling of cells and neuropil, whereas
older mice exhibit more specific and robust labeling within
cells within the POA-AH and medial and lateral septum.
The increase is consistent with the observation of matura-
tional increases in IOF-1 mRNA levels described earlier.
and with the suggestion that IOF-1 gene transcription and
protein translation occur roughly in parallel within these
brain regions (20). A similar pattern of IOF-I immuno-
reactivity to that described here in mice was also observed
in adult female rats, although we did not perform a
developmental analysis in that latter species (55). These
IOF-1 expression patterns appear to be specific to the
neuroendocrine brain centers, because the non-neuroendo-
crine brain regions, as described above, either undergo
developmental decreases or show no change in IGF-I gene
and protein expression.

Central IGF·1 Receptors. Further support for the
theory of IOF-1 regulation of neuroendocrine cells is
provided by the presence of the IOF-1R in the pituitary
gl.an~ and ~odent brain, including the hypothalamus.
Binding studies (8, 14. 60), blot or in situ hybridization

~~ghure 2. Ins~lin-Iike growth factor-1 (IGF-1) in preoptic brain re~ions. The photomi?rographs show imm~noreactivity for IGF-1 (shown in green
I t fluorescein-labeling) in septal (A-e) and preoptic (D-F) regions of representative neonatal (P5). penpubertal (P30). and adult (P60) mice.
mmunoreactivity for IGF-1 in P5 mice is rather diffuse and mainly restricted to the neuropil (A and 0). The intensity of immunolabeling and

~umber Of.IGF-1-immunoreactive cells increase dramatically during the peripubertal period (B and E). Immunostaining for IGF-1 is abundant in
re pr~oPIIC area-anterior hypothalamus (POA-AH) and MS of adult P60 mice (C and F). CC. corpus callosum; MS. medial septum; POA,

P eopt,c area. (Modified from Ref. 20).

the major sites of neuroendocrine cells and nerve tenninals,
respectively. Two peaks in gene expression are detected by
RNase protection assay: the first occurs at P5 and PO, in
~OA-AH and MBH-ME, respectively (Fig. I; Ref. 20).

hese early postnatal peaks are similar to those reported in
th~ diencephalon as a whole by Ye et al. using transgenic
mice with the IOF-I promoter linked to a luciferase reporter
(52). Our laboratory has extended this developmental
analysis further along the postnatal spectrum. We found
that after reaching a nadir at P20 levels of IOF-I mRNA
then increase through adulthood (P60), the oldest age
measured in our mice (Fig. I; Ref. 20). Thus, unlike non-
neuroendocrine regions, IOF-I mRNA levels increase
POstnatally.

IOF-I protein is localized in developing (20) as well as
~dUI~ hypothalamic neurons and glia (12, 13, 54, 58).

reVlOusly, it was reported that IOF-I immunoreactivity,
assayed from hypothalamic dissections of rats from E15
through adulthood, is unchanged with age (59). However,
We felt it important to perform more region-specific
analYses, focusing on preoptic, hypothalamic, and septal
~Uelei.. Using immunohistochemistry, we observed that
:F-I Immunoreactivity is robust in these brain regions in

Ice at ages P5, P30, and P60, and increases developmen-
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Figure 3. Quantification of insulin-like growth factor-1 receptor (IGF-1 R) mRNA levels by RNase protection assayin the preoptic area-anterior
hypothalamus (POA-AH; upperpanel) andmediobasal hypothalamus-median eminence (MBH-ME; lowerpanel) of neonatal (P5), peripubertal
(P30). andadult(POO); male(left) andfemale (right) mice. Insulin-like growth factor-1 receptor mRNA values arereported in femtograms of IGF·
1R.normalized to plcograms of cyclophilin (eye!.) mRNA. Levels of IGF-1 R in the POA-AH of bothmaleandfemale peripubertal micedecrease
fromP5to P30.andincrease from P30to POO. Levels of IGF·1 R in theMBH-ME of maleandfemale miceincrease from P5to P60Inmales, and
from P5 to P30 in females. Eachbar represents the mean :!: SEM. (Modified from Ref. 10).

(9, 13), and immunohistochemical studies (11, 12, 20)
demonstrate a similar developmental expression of IGF-IR
mRNA and protein. Our laboratory quantified IGF-IR gene
expression in the POA-AH and MBH-ME, the site of GnRH
processes and terminals, respectively, in developing mice at
P5, P30, and P60 (10). Insulin-like growth factor-l receptor
mRNA levels in the POA-AH are highest at P60 in male and.
female mice. In the MBH-ME, IGF-IR mRNA levels
increase from P5 to P30 and remain at these higher levels in
P60 mice (Fig. 3). Similar to our present findings in mice,
Hiney et al. (61) also reported increases in IGF-IR mRNA
levels in the median eminence (ME) of female rats
undergoing pubertal maturation. We have also evaluated
IGF-IR protein expression qualitatively, and immunohis-
tochemical data support an age-related increase in the
protein expression in neuroendocrine brain regions, similar
to our mRNA data (10). Taken together, these studies
demonstrate developmental increases in IGF-I and the IGF-
IR in neuroendocrine tissues.

Central IGF·1 BPs. Insulin-like growth factors bind

noncovalently to a family of six structurally and evolu-
tionary related binding proteins, the IGFBPs (48). These
IGFBPs are expressed in a tissue-specific manner, have
different affinities for IGF, and modulate IGF action by
regulating the bioavailability of IGFs (62). Like the IGFs,
IGFBPs are synthesized mainly in the liver, exerting an
endocrine action from the bloodstream. Nevertheless,
IGFBPs of apparent mol wts, 24, 29, and 32 kDa are found
in the hypothalamus (59). Because IGFBP-2 (mol wt, 32
kDa) and IGFBP-5 (mol wt, 21-31 kDa) are most
abundantly expressed in the brain (63), these are likely
candidates for those reported by Pons et al. (59). Each of
these IGFBPs has an individual expression profile in the
course of development, with the highest levels of the 29-
kDa and 32-kDa IGFBPs found in fetal and early postnatal
life, and levels of the 24-kDa form being highest in young
adults. Hence, these IGFBPs are locally produced within the
neuroendocrine hypothalamus, where their action may be
autocrine and/or paracrine. Additionally, a recent study
demonstrated that IGFBP-6 overexpression in the brain
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causes severe reproductive defects, although these may be
attributable to the IGF-2 system rather than IGF-I, because
IGF-2 has a higher affinity for the IGFBP-6 (42). Transgenic
mice expressing human IGFBP-I also exhibit reproductive
deficiencies, such as abnormal copulatory behavior, com-
promised pregnancies, and spermatogenesis abnormalities,
as well as significantly elevated pituitary LH concentrations
(64, 65). In summary, these studies demonstrate potential
roles for IGFBPs on reproductive function. Moreover,
~ports of developmental changes in IGFBP levels, includ-
109 the brain, suggest potential roles of these molecules in
mediating regulatory effects of IGF-I on neuroendocrine
functions, including growth and reproduction.

IGF-I Regulation of Reproductive
Neuroendocrine Functions

IGF-1 RegUlation of GnRH Neurons. In mam-
mals, sexual maturation and reproductive function is
critically dependent on the GnRH neurons (16). In most
vertebrate species, the perikarya of the hypophysiotropic
GnRH neurons are located in the POA-AH, septum,
diagonal band of Broca, organum vasculosum of the lamina
terminalis and other related regions (66). Like other
hypophysiotropic neurons, GnRH axons project to the
ME, where they secrete the decapeptide into the hypophy-
sial portal blood to trigger the production of the gonado-
tropins, LH and FSH, which in tum stimulate the growth
and release of sex steroids by the gonads. Sex steroid
hormones, produced and secreted into the circulation by the
gonads, act at their respective receptors that are located
remotely in many major cells and tissues. They also feed
back at the level of the brain, largely, although not
eXclusively, at the level of the hypothalamus, as well as at
the anterior pituitary, to exert profound influences on neural
development and neuroendocrine function.

The biosynthesis and release of GnRH are under the
complex control of a number of excitatory and inhibitory
neurotransmitters and neurotrophic factors that can act at

several levels of the GnRH cell, directly on the perikarya of
GnRH neurons (19, 67) and at any place along the dendrite
or axon, including its terminals in the ME (68-70). In
addition, neuroactive factors can act indirectly on GnRU
neurons via other intermediary neurons and glia (21, 71).
Among the many factors implicated in GnRH regulation,
IGF-I is implicated in GnRH and gonadotropin release, the
onset of reproductive ability at puberty, and the control of
reproductive function through adult life. Although the
specific effects of IGF-I (to stimulate, inhibit, or have no
effect) vary among species and sexes, and depend on
hormonal status, our general interpretation of the literature is
that IGF-I is usually excitatory to GnRH neurons and
gonadotropes or has a biphasic effect. A summary of the
literature on the biological actions of IGF-I on GnRH
follows.

In Vitro Studies in GnRH Cell Lines. The hypo-
thalamic GTI and NLT cells are immortalized hypothalamic
GnRH-expressing cell lines that were created by driving
expression of the SV40-T antigen by the rat (GT I) or human
(NLT) GnRH promoter (72-74). These constructs were used
to produce transgenic mice that developed GnRH-express-
ing tumors that were plated into the GTI and NLT sublines,
These cells, which express the GnRH gene and synthesize
and release GnRH, have provided considerable insight into
~nders.tanding the mechanisms of GnRH gene regulation,
including regulation by IGF-I. Olson et al. reported that
IGF-I treatment of GTI-7 cells is strongly mitogenic.
having a strong stimulatory effect on GTI-7 cell numbers
but no effect on GnRH release (75). In contrast, another
group reported that IGF-I inhibits cell proliferanon but
slightly elevates GnRH mRNA levels in GTI-I cells (76). It
is possible that differences between these two reports are
because of the use of different GTI sublines or other
technical differences, but both reports show that GnRH cell
lines are responsive to IGF-I. Our laboratory found that
IGF-l (24-hr treatment) causes significant increases in
GnRH mRNA levels in GTI-7 cells (Fig. 4), accompanied
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Figure 5. Confocal micrographs showing dual-label immunohistochemistry for (A) gonadotropin-releasing hormone (GnRH; shown in red.
labeled with Alexa Fluor 594); (8) insulin-like growth factor-1 receptor (IGF-1R; shown in green. labeled with Alexa Fluor 488); and (C) a double
exposure demonstrating that this GnRH neuron co-expresses IGF-1R. This cell was imaged from tissues of a representative P30 mouse.
(Modified from Ref. 10).

by an increase in GnRH primary transcript RNA levels, an
index of gene transcription (Fig. 4; Ref. 77). These results
suggest that the elevation of GnRH mRNA by IGF-I
involves the stimulation of GnRH gene transcription. In our
study, GnRH peptide levels in the medium were also
measured, and the results showed that IGF-I initially
stimulates and then suppresses GnRH concentrations (77).
This biphasic effect of IGF-I on GnRH release was
confirmed by another group (78). Together, these RNA
and protein measurements indicate general stimulatory
effects of IGF-I, with an uncoupling of GnRH biosynthesis
(stimulatory) and secretion (biphasic).

In another GnRH cell line, NLT cells, IGF-I signals via
the IGF-I Rand ras/raf/mitogen-activated protein kinase
pathway to increase c-fos expression and mouse GnRH
mRNA. Moreover, in NLT cells transfected with human
GnRH promoters, IGF-I significantly increases promoter
activity (79). This overall stimulatory effect of IGF-I on
GnRH gene expression in NLT cells is similar to that
reported for GT 1-7 cells in our laboratory (77).

We have detected the presence of IGF-I immuno-
reactivity in GTI-7 cells (77), and the presence of IGF-I
mRNA was reported by another group using RT-PCR in
GTI-7 cells (78). In addition, binding studies show the
presence of functional IGF-I receptors in GTI-7 cells (75).
Thus, the presence of both IGF-I and the IGF-I R on GnRH
cell lines suggests the potential for direct autocrine effects of
IGF-I within GnRH cell lines, and possibly on hypothala-
mic GnRH cells.

In Vitro Hypothalamus. Initial ill vitro experiments
showed that IGF-I stimulates GnRH release from the rat ME
(80), one of the brain regions with the highest concentration
of IGF-I receptors (8, 13, 41). In our laboratory, we tested
effects of IGF-I on GnRH gene expression in perifused
POA-AH, a region containing GnRH cell bodies. Treatment
of explants of P5, P30, and P60 mice for 1,2, or 4 hrs with
IGF-I caused an overall stimulatory effect on GnRH mRNA
levels in young immature hypothalamic explants (P5) and in
explants from peripubertal mice (P30; Ref. 20). It is also

notable that the rapid effects of IGF-I on GnRH mRNA
levels, occurring in I to 4 hrs, are coupled with significantly
elevated GnRH primary transcript levels (20), suggesting
that the IGF-I stimulation of GnRH results from an increase
in GnRH gene transcription (67), a result similar to that we
found in the GT 1-7 cell line (77). However, IGF-I has no
effect on GnRH gene expression in adult, reproductively
mature mice (P60; Ref. 20). In summary, there is an age
dependency of the effects of IGF-I on GnRH neurons, with
stimulatory effects on immature cells and on GnRH cell
lines, but little effect on adult GnRH neurons. These results
may relate to the important role of IGF-I on puberty that is
discussed below.

Effects of IGF-1 on GnRH and Gonadotropin
Secretion In Vivo. Several in vivo studies in rats (24, 61,
80) have demonstrated the enhancement of GnRH and LH
release following IGF-I treatment in animals. For example,
Hiney et al. (61) demonstrated that intraventricular admin-
istration of small doses of IGF-I to immature juvenile or
peripubertal rats increases plasma LH levels. This group
also demonstrated that immunoneutralization of hypothala-
mic GnRH can inhibit the increase in LH released after the
third ventricular injection of IGF-I, thus demonstrating in
I'il'o that IGF-I acts, via a centrally mediated mechanism, to
stimulate LH release. Our laboratory tested effects of
intracerebroventricular (icv) IGF-I on GnRH gene expres-
sion in rats, and did not find any effect (55), suggesting that
the effects of IGF-I on GnRH release described above
probably occur independently of de novo gene expression.

Expression of IGF-1 and IGF-1R Within GnRH
Neurons. We recently demonstrated the presence of IGF-I
immunoreactivity specifically in GnRH neurons of rats and
mice (20, 55). We performed dual-label immunofluores-
cence of IGF-I and GnRH immunoreactivity in the
hypothalamus of male and female mice (20). In P5 mice,
approximately 18% of GnRH perikarya co-express IGF-I
immunoreactivity. This increases to 40% at P30 (peripu-
bertal) and further increases to 78% co-expression in early
adulthood at P60 (20). We saw similar co-expression of
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IGF-l in GnRH perikarya of adult female rats (55). To our
knowledge, these reports in rodent species are the first to
show colocalization of IGF-l in GnRH cells in vivo, and
they are consistent with reports showing IGF-I immunor-
eactivity and mRNA expression in immortalized GnRH cell
lines (77, 78).

Our laboratory also detected the presence of the IGF-I R
on GnRH somata (Fig. 5; Ref. 10). Unlike our finding for
IGF-l within GnRH cells discussed above, the co-
expression of IGF-I R specifically within GnRH neurons
undergoes a significant decrease between the neonatal (P5)
and peripubertal (P30) period. Overall, approximately 74%,
57%, and 59% of GnRH perikarya co-express the IGF-I R in
P5 (neonatal), P30 (peripubertal), and P60 (young adult)
male and female mice, respectively (10). The co-expression
of the IGF-l R on GnRH neurons provides further evidence
that IGF-l may directly regulate GnRH neuronal function
and is in agreement with observations in GnRH cell lines
that express both IGF-I and the IGF-IR (75, 77-79).

IGF-1In Hypothalamic Neurons and Glia. Along
with its expression within GnRH neurons, IGF-l is expressed
in hypothalamic neurons and glia that could regulate the
GnRH system. For example, IGF-l protein is expressed in the
arcuate nucleus and ME, areas where GnRH neuroterminals
traverse to regulate pituitary gonadotropin secretion (10, 55,
56). In the ME and circumventricular organs, we observed
that IGF-I R immunoreactive processes and cells come in
close proximity to, and appear to make contacts with, GnRH
fibers and nerve terminals, although, from those analyses, we
could not confirm whether the IGF-I R was localized within
GnRH fibers or nerve terminals (10, 55). In these regions,
IGF-l immunoreactivity is observed in astrocytes and in
specialized hypothalamic glial cells known as tanycytes.
Tanycytes, whose cell bodies are located in the walls of the
third ventricle and whose processes cross the arcuate nucleus
and the ME, ensheath the axon terminals of GnRH neurons
and modulate the secretion ofGnRH into the portal capillaries
(81). Interestingly, the accumulation of immunoreactive IGF-
1 in the tanycytes appears to be caused by IGF-l uptake fT?m
the blood or cerebrospinal fluid (82), and it increases dunng
puberty in male and female rats, in contrast to an overall
decrease with age in IGF-I immunoreactivity in glial cells in
other brain areas. Moreover, studies have revealed a sex
difference in IGF-I immunoreactivity, with adult females
shOWing significantly lower numbers of labeled cells than
males of the same age (56). The sex difference is abolished by
early postnatal androgenization of females, suggesting that
IGF-I accumulation may be dependent on the perinatal burst
of androgen production by the testis in developing male rats
(56). Moreover, in females, the IGF-I immunoreactivity
fluctuates in concert with the various stages of the estrous
cycle, with the highest levels observed on the afternoon of
proestrus and morning of estrus compared with the morning
of proestrus, diestrus, and metestrus (56). Additionally, IGF-I
peptide levels in this area decrease after ovariectomy and
increase in a dose-dependent manner when the ovariectom-

ized rats are treated with estrogen (56). Taken together, these
results suggest that the glial tanycytes participate in the
regulation of neuroendocrine events in adult rats by regulating
the availability ofIGF-1 to hypothalamic nerve terminals, and
are influenced by the steroid hormonal environment.

IGF-1 Regulation of Gonadotropes. IGF-I can
also exert actions on the HPG axis via its effects on the
pituitary gonadotropes (22-24). The anterior pituitary gland
expresses IGF-I, the IGF-I R, and IGF-I BPs (32).
Although, presumably, many actions of IGF-I in the
pituitary take place on the somatotrope (for review see
Ref. 83), there is also evidence for effects on gonadotropcs
(for review see Ref. 15). For example, in a primary culture
of anterior pituitary cells, IGF-I significantly increases LH,
FSH, and GnRH-stimulated gonadotropin secretion (22.
84). The gonadotropin-stimulating effects of IGF-I arc
suppressed by administration of anti-IGF-I and anti-IG F-
IR antibodies (22), indicating that IGF-I also acts at the
level of the anterior pituitary to stimulate gonadotropin
secretion. Thus, pituitary gonadotropes are also a site at
which IGF-I influences HPG function, probably via
endocrine actions, either transported from the brain via the
portal capillary vasculature. or from the general circulation
after being released from the liver.

Influence of IGF-l on Sexual Maturation
and Puberty

In mammals, the initiation of puberty involves the
complex interaction of hypothalamic, pituitary, and gonadal
hormones. During this process there is an increase in the
amplitude and frequency of GnRH pulses, which triggers a
cascade of events including increases in the generation of
FSH and LH pulses, followed by marked increases in
gonadal sex steroidal output. Moreover, during puberty,
serum GH release, including GH pulse amplitude, increases
2- to 3-fold from the onset of puberty, and this increase
correlates with increases in IGF-I production (85) and
serum estradiol concentrations. Thus, puberty is a devel-
opmental period when IGF-I may playa dual purpose: the
regulation of somatic growth, coordinated with the attain-
ment of reproductive maturity.

In mammals, circulating levels of IGF-I change during
key points of the reproductive life cycle. In serum, IGF-I
levels increase during puberty in rodents (86, 87); ruminants
(88); and primates (85, 89), including humans (90).
consistent with the possibility that the elevated levels of
IGF-I may initiate or accelerate the onset of puberty. In
support of a causal role played by IGF-I on puberty,
exogenous, chronic administration of IGF-I to prepubertal
rats advances the onset of puberty (61). In primates.
administration of IGF-I prepubertally significantly advances
the age at first ovulation and decreases the interval between
menarche and first ovulation (9\). However, it is not
possible to ascertain from these studies whether the actions
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of IGF-l on puberty are caused by central or peripheral
mechanisms and sites of action, or both.

With respect to peripheral IGF-l, Hiney and Dees
reported that levels of two spliced forms of IGF-l (IGF-la
and IGF-lb) increase in the liver at puberty, during the first
proestrus (61). This change is accompanied by an elevation
in serum levels of IGF-l during the late proestrus phase of
puberty. Our laboratory has focused on central IGF-l. As
discussed earlier and therefore summarized only briefly here,
we found a peak in IGF-l mRNA levels in the POA-AH and
MBH-ME of mice at P5 and PO, respectively, and thereafter
IGF-l mRNA levels undergo a second postnatal devel-
opmental increase and peak at adulthood (Fig. 1; Ref. 20).
Ye et al. also reported a peak of gene expression in the
diencephalons of reporter-transgenic mice at P5 (52). This
first neonatal week of life is particularly important to
reproductive neuroendocrine development. Not only is it
associated with substantial amounts of neurogenesis, syn-
aptogenesis, and gliogenesis, but it is also a critical period for
sexual differentiation of the brain in rodents (92, 93). The
later peak of IGF-l mRNA in neuroendocrine regions
corresponds to the pubertal period of development (17).
Overall, the developmental pattern of IGF-l gene expression
in POA-AH is remarkably similar to that of GnRH release,
which undergoes a transient increase neonatally, decreases
during the prepubertal "hiatus", and then increases again
during pubertal maturation (17, 94, 95). Although we do not
know whether there is a causal relationship between the
peaks of IGF-l and GnRH, the parallel timing of these
processes is certainly consistent with this possibility.

In contrast, a study by Gruaz et af. indicated that it is
unclear whether this acceleration of IGF-l secretion during
the juvenile period affects the course of sexual maturation
(96). Constant infusion of IGF-I by Alzet minipumps was
given to female rats beginning on no (prepubertal), to
prematurely raise serum levels to normal adult levels or to
supraphysiologic levels. Although IGF-l affected somato-
tropic parameters, such as body weight, it did not alter the
onset of sexual function. Moreover, inhibition of GH
secretion by passive immunization of rat GHRH markedly
reduced IGF-l secretion, which produced a delay in growth,
but no significant effects on the timing of sexual maturation.
and fertility (97). This lack of effect on sexual maturation is
suggestive that the actions of IGF-l are critically dependent
on steroid hormone environment and developmental age, as
suggested by studies in our laboratory discussed earlier in
this review (20). Moreover, the pattern of IGF-I may playa
role, and constant infusion may not mimic physiologic
release. Clearly, future research is necessary to better
understand the inhibitory and stimulatory actions of central
IGF-I on pubertal maturation.

Interactions of IGF-l and Estrogen
Effects of IGF-I are modulated by levels of gonadal

steroid hormones (25, 98, 99). In various reproductive

tissues and cell types such as the breast, uterus, endome-
trium, hypothalamus, and ovarian cancer cells, estrogen can
regulate the expression of IGF-l, IGFBPs, and IGF-l R
proteins and genes (100-106). Conversely, IGF-l regulates
the expression and function of estrogen receptors (107,
108). Such interactions or cross-talk, either additive or
synergistic, between IGF-l and estrogen are seen at the
hypothalamic level (56, 104, 109, 110). Using primary
cultures from rat fetal hypothalamus, Toran-Allerand et al.
(111) first demonstrated that IGF-l has a synergistic action
with estrogen on the induction of neuritic growth.
Subsequent studies have shown that estrogen stimulates
and controls IGF-IR activity and IGF-IBPs in developing
hypothalamic cultures (104), and that both estrogen and
IGF-l Rs are required to stimulate the differentiation of
neurons (109, 112). Duenas et al. (112) studied the effects
of IGF-I on neuron survival and neurite outgrowth in
cultures in the presence or absence of IGF-I and found that,
although both estrogen and IGF-I increase neuron survival
and neurite outgrowth, the effect of the two factors is not
additive, suggesting that they both act through the same
signaling mechanism/pathway in those tissues. This group
also incubated the cultures with an IGF-l antisense
oligonucleotide, and found a significant decrease in survival
rate and neurite outgrowth, suggesting that IGF-I is required
for the effects of the sex hormones and that the mechanism
by which estrogen may induce neuronal survival and
differentiation is by activating an IGF-l signaling pathway.
Although there are several explanations for this interaction,
we believe this is beyond the scope of this review and
recommend readers to some excellent reviews (113, 114).

Studies in vivo also support interactions between IGF-I
and estrogen. This is pertinent to puberty, during which
circulating concentrations of these hormones increase
dramatically. One study reported differences among animals
in the level of IGF-l-induced LH release in pubertal rats; the
authors were able to attribute these differences to the varying
levels of estrogen between animals (24). In adolescent
primates, chronic IGF-I administration lowers the negative
feedback effects of estrogen on LH release, thereby
advancing the onset of puberty (115). All of these studies
demonstrate a facilitation of the effects of IGF-I on
neuroendocrine systems by hormones, particularly estrogen.
In adult rats, the IGF-I R and the estrogen receptor co-
localize in neurons and astroglia in several areas of the brain,
including the POA-AH, indicating that IGF-I and estrogen
may interact within the same target cells (11). Fernandez-
Galez et af. (110) reported that IGF-l-mediated synaptic
remodeling fluctuated in rats across the estrous cycle. These
changes in synaptic connections and glial-neuronal contacts
across the estrous cycle are regulated by estrogen (110, 116).
Furthermore, in vivo studies using icv infusion of specific
receptor antagonists indicated that both the IGF-I R and
estrogen receptor are required for these synaptic and glial
plastic modifications that occur during the estrous cycle
(110, 116). Subsequent studies by Quesada and Etgen (117,



CENTRAL IGF-1 AND REPRODUCTION 301

118) have demonstrated functional interactions between
estrogen and IGF-I R in the hypothalamus of adult rodents.
Estrogen treatment induces cxlB-adrenergic receptor expres-
sion in the hypothalamus and preoptic area. and this effect is
blocked by icv infusion of the IGF-l R antagonist. 18 1.
Furthermore. estrogen potentiates the effects of IGF-l on CXI-

adrenergic receptor activation in the preoptic area and
hypothalamus. whereas blockade of IGF-l R during estrogen
priming blocks the estrogen-induced LH release and partially
inhibits hormone-dependent reproductive behavior (118).
The authors propose that the interaction of estrogen with
IGF-l R may help coordinate the timing of ovulation with the
expression of sexual receptivity.

Taken together. these studies indicate positive inter-
actions of estrogen and IGF-l on the regulation of
reproductive function. with implications for puberty and
the maintenance of adult reproductive function. All levels of
~he reproductive system are potential targets of this
Interaction. making it difficult to determine which level of
~nteraction is primary. Nevertheless. it is becoming increas-
mgly clear that the central nervous system. including those
factors regulating GnRH neurons. is impacted by inter-
actions between IGF-I and estrogens.

Reproductive Neuroendocrine Functions Are
Compromised in Somatotropic System Transgenic
or Knockout Mice

Genetic studies have generated mice that express
various foreign GH or IGF-I genes or that are deficient in
the GH. IGF-1. or IGF-I R gene. These transgenic animals
have provided insight into the importance of IGF-1 on
reproductive functions. Because so many IGF-1-related or
GH-related knockout and transgenic mice have been
produced to date. we will only provide a select and brief
overview of reproductive phenotypes in this article. We
recommend Our readers to other recent reviews of the
literature for further details (119. 120).

Ames dwarf mice. which are deficient in GH/lGF-1
secretion. are sterile (121). Growth hormone treatment
dUring the postnatal development results in normalization
of altered reproductive parameters through induction of IGF-
I secretion. which is accompanied by enhanced serum LH
levels. which increase to normal levels. In female Ames
dWarf mice. the plasma LH response to GnRH treatment.
which is lower in the mutants. is also normalized by GH
treatment. However. Ames dwarf mice are also deficient in
prolactin and thyroid-stimulating hormone. Therefore. it is
important to consider that some of these effects that are
observed in Ames dwarf mice might be caused by the
absence of prolactin and/or thyroid-stimulating hormone
secretion. Nevertheless. this mouse model suggests a
deficiency of HPG function in the absence of GH/lGF-I.
and the ability to rescue reproductive function with
somatotropin replacement. This is strong support for IGF-I
and/or GH acting as a link between growth and reproduction.

Further evidence for a role of IGF-I in puberty and
reproductive function is provided by GH receptor/binding
protein knockout mice (GHR-KO; Ref. 122). Although the
secretion of GH is elevated in these mice because of the
lack of GH receptors. GH-dependent IGF-I production is
prevented. Danilovich et 0/. demonstrated that although
fertility is reduced in GHR-KO mice. it is not totally
suppressed. The female GHR-KO mouse undergoes delayed
vaginal opening. a marker of puberty (123). compared with
her normal siblings (122). IGF-I treatment is able to
mitigate this delay. The reduction in peripheral IGF-I levels
also causes alterations in fetal and placental growth. delay
of parturition. reduced litter size. and increased time
between pregnancies (122. 124). In adult male GHR-KO
mice. although the basal plasma LH levels are similar
relative to the normal siblings. the LH response to GnRH
treatment is significantly reduced. indicating that the
absence of IGF-1 alters the effect of GnRH on LH secretion
(125). In addition, the percentage of GHR-KO male mice
impregnating females is significantly lower than that of
wild-type mice (125). Although the mechanism responsible
for the maintenance of fertility in GHR-KO mice is
unknown. the results indicate that reproductive neuro-
endocrine function in GHR-KO female mice is significantly
impacted, and that this probably involves all three levels of
the HPG axis.

IGF-1 knockout mice have also provided insight into a
link with the reproductive axis. Whereas the heterozygous
mice are healthy and fertile, the homozygous IGF-I
knockouts almost always die at birth. and the few that
survive are infertile and have profound developmental and
reproductive defects (126, 127). Insulin-like growth factor-
I receptor knockout mice never survive beyond birth (120).
Conditional knockouts and mice that overexpress IGF-I
genes have also been produced. several of which have
repro?u~tive phenotypes. Using the Cre/loxP system,
Lekoith s laboratory (44) produced conditional knockout
mice that lack IGF-I specifically in the liver. In these
~imals. serum levels of IGF-I are decreased by approx-
imately 70%. These animals exhibit no developmental
defects and are fertile. suggesting that the residual IGF-I is
sufficient to maintain normal function, or that liver-derived
IGF~ I may ~ relatively unimportant in regulating repro-
ductive function (128). This strengthens the importance of
the. role of central IGF-I in the development and
mamtenance of normal reproductive physiology.

Proposed Model of Central Regulation of the HPG
Axis by IGF·l

In this re~iew we have highlighted the significance of
centr~l IGF-1 m the control of reproductive neuroendocrine
functions, Both in vitro and in vivo observations indicate
that IGF~ I has a modulatory role in the reproductive axis
and that It may represent one of the signals that link somatic
development to the reproductive system in a development-
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Figure 6. Model for actions of central insulin-like growth factor-1 (IGF-1) and its relationship to gonadotropin-releasing hormone (GnRH)
neurons. (A)At GnRH perikarya: IGF-1 fromneighboring hypothalamic neurons andglialcellscanactdirectly via IGF-1 receptors (IGF-1 Rs). (8)
At GnRH neuroterminals: IGF-1 from neighboring hypothalamic neurons or glial cells can act on tanycytes, which undergo structural
modifications, affecting GnRH release. (C)From GnRH neuroterminals to themedian eminence (ME): IGF-1 released from GnRH terminals can
exertan aUlocrine effecton the GnRH terminals from which it was released. (0) From GnRH neuroterminals to the ME: IGF-1 released from
GnRH terminals canexerta paraerlne effecton neighboring cells. (E) From GnRH neuroterminals to the pituitary gonadotrope: IGF-1 released
fromGnRH terminals cantravelthrough theportal capillary vessels to exertan endocrine effect onpituitary gonadotropes or otherpituitary cells.
(F) IGF-1 fromthe periphery can act on IGF·1Rs on pituitary gonadotropes or hypothalamic loci.

and hormone-dependent manner. These effects of IGF-I can
be exerted at all three levels of the HPG axis. At the ovary,
IGF-I can exert local paracrine effects, because it is
synthesized in ovarian tissues (5, 129). Circulating IGF-I
can also act on IGF-I receptors in the ovary (7), thereby
exerting endocrine actions. In the pituitary, which expresses
IGF-I receptors (8, 14,84), IGF-I serves the dual process of
downregulating pituitary somatotrope activity and influenc-
ing gonadotrope function, probably via endocrine actions. In
the hypothalamus, IGF-I is again a regulator both of the
somatotropic axis (via effects on GHRH and somatostatin
neurons) and the reproductive axis (via direct and indirect
effects on GnRH neurons). Because IGF-I in the brain can
arise from central or peripheral sources, these IGF-I actions
are autocrine, paracrine, or endocrine. Thus, there are
multiple levels of the HPG axis at which IGF-I can act to
coordinate reproduction with growth.

That the neuroendocrine hypothalamus in general, and
GnRH neurons in particular, express both IGF-I (20, 55)
and the IGF-IR (10) suggests several mechanisms by which
IGF-I could affect reproductive function at this level. In
addition, the pituitary gonadotropes are responsive to IGF-I,
which can originate from the brain or the periphery. We
propose that, depending on the developmental and hormonal
state of the animal, IGF-I may exert the following actions
that are not mutually exclusive (summarized in Fig. 6): I).
Neurons or glia in the brain that synthesize and release IGF-
I can act on GnRH perikarya and alter GnRH biosynthesis
and/or release (Fig. 6A). In the brain, IGF-I can act on
tanycytes, specialized glia in circumventricular regions,
including the ME, and alter the regulation of GnRH
neurotenninals by tanycytes, hence affecting access of
GnRH to the portal capillary vasculature (Fig. 6B). Central
IGF-I may be released by GnRH neurons, and act on these
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originating cells by an autocrine mechanism, either to
regulate GnRH gene expression (i.e., biosynthesis) or to
cause a modification of the GnRH neuroterminal from
which it was released (Fig. 6C). This model of autocrine
regulation would be supported by the presence of the IGF-
IR on the GnRH nerve terminal, which has not yet been
confirmed but which we are actively investigating. Insulin-
like growth factor-I in the ME, released from GnRH
terminals or locally synthesized in glia, may act in a
paracrine manner, by exerting effects on other ~euro 
terminals in the ME (Fig. 6D). For example, IGF-I In the
ME could act directly on GHRH and somatostatin nerve
terminals by this type of paracrine mechanism. Insulin-like
growth factor-l , released into the ME from neurons and/or
glia, could be taken up into the portal capillaries ~nd
transported to the anterior pituitary gland, affecting
gonadotropes and/or other cells such as somatotropes,
thereby exerting an endocrine effect (Fig. 6E). Finally,
peripheral IGF-I can act on pituitary gonadotropes, or on
cells in the hypothalamus or the ME that are particularly
permeable to the blood-brain barrier, to exert effects on
HPG function (Fig. 6F). By this cross-talk, IGF-I can se~e
the important function of coordinating reproductive function
and somatic growth.

I. Tannenbaum G, Guyda HJ, Posner BI. Insulin-like g~wth facto~: a
role in growth hormone negative feedback and body weight regulalJon
via brain. Science 220:77-79, 1983.

2. Berelowitz M, Szabo M, Frohman LA, Firestone S, Chu L, Hintz RL.
Somatomedin-C mediates growth hormone negative feedbac~ by
effects on both the hypothalamus and the pituitary. SCIence
212:1279-1281,1981.

3. Murphy U, Bell 01, Duckworth ML, Friesen HG. Identificat~::~
characterization, and regulation of a rat complementary deoxy~
nucleic acid which encodes insulin-like growth factor-I. Endocnnol-
ogy 121:684-691, 1987.

4. Lowe WL Ir, Lasky SR, LeRoith D, Roberts CT Ir. Distri~ution a~d
regulation of rat insulin-like growth factor I messenger n~nucl~lc
acids encoding carboxyterminal E-peptides: evidence for dlfferenlJal
processing and regulatin in liver. Mol Endocrinol 2:528-535, 1988.

5. Perks CM, Denning-Kendall PA, Gilmour RS, Wathes DC. Local-
ization of messenger ribonucleic acids for insulin-like grow~h factor I
(lGF-I), IGF-II, and the type I IGF receptor in the ovme ovary
throUghout the estrous cycle. Endocrinology 136:5266-5273, 1995.

6. Delafontaine P. Growth factors and vascular smooth muscle cell
growth responses. Eur Heart J 19(5uppl G):018-022. 1998.

7. Vendola K, Zhou 1, Wang J, Bondy CA. Androgens promote insulin-
like growth factor-I and insulin-like growth factor-I receptor gene
expression in the primate ovary. Hum Reprod 14:2328-23~2, 1999.

8. Werther A, Hogg A, Oldfield BJ, McKinle~ ~J, Flgdor R,
Mendelsohn FAD. Localization and charactenzatlon of IGF-l
receptors in rat brain and pituitary gland using in vitro auto-
radiography and computerized densitometry. A distinct distribution
from insulin receptors. J Neuroendocrinol 1:369-377, 1989.

9. Bondy C, Werner H, Roberts CT Ir. LeRoith D. Cellular pattern of
type-I insulin-like growth factor receptor gene expression during
maturation of the rat brain: comparison with insulin-like growth
factors I and II. Neuroscience 46:909-923, 1992.

10. Daftary SS, Gore AC. The hypothalamic insulin-like growth factor-I
receptor and its relationship to gonadotropin-releasing hormones

neurones during postnatal development. J Neuroendocrinol 16:160-
169,2004.

II. Cardona-Gomez GP, DonCarlos L, Garcia-Segura LM. Insulin-like
growth factor I receptors and estrogen receptors colocalize in female
rat brain. Neuroscience 99:751-760, 2000.

12. Garcia-Segura LM. Rodriguez JR. Torres-Aleman I. Localization of
the insulin-like growth factor I receptor in the cerebellum and
hypothalamus of adult rats: an electron microscopic study. J
NeurocytoI26:479-490, 1997.

13. Marks IL, Porte D Jr, Baskin DO. Localization of type I insulin-like
growth factor receptor messenger RNA in the adult rat brain by in situ
hybridization. Mol Endocrinol 5:1158-1168, 1991.

14. Goodyer CG, De Stephano L, Lai WH, Guyda HJ. Posner BI.
Characterization of insulin-like growth factor receptors in rat anterior
pituitary, hypothalamus, and brain. Endocrinology 114:1187-1195,
1984.

15. Lackey BR, Gray SL. Henricks DM. The insulin-like growth factor
(lGF) system and gonadotropin regulation: actions and interactions,
Cytokine Growth Factor Rev 10:201-217, 1999.

16. Gore AC. GnRH: The Master Molecule of Reproduction. Norwell.
MA: Kluwer Academic Press Publishers. 2002.

17. Gore AC, Roberts JL, Gibson MJ. Mechanisms for the regulation of
gonadotropin-releasing hormone gene expression in the developing
mouse. Endocrinology 140:2280-2287,1999.

18. Gore AC, Mitsushima D, Terasawa E. A possible role of neuropeptide
Y in the control of the onset of puberty in female rhesus monkeys.
Neuroendocrinology 58:23-34, 1993.

19. Gore AC, Wu TJ, Rosenberg IJ, Roberts JL. Gonadotropin-releasing
hormone and NMDA receptor gene expression and colocalization
change during puberty in female rats. J Neurosci 16:5281-5289,
1996.

20. Daftary SS, Gore AC. Developmental changes in hypothalamic
insulin-like growth factor-l., relationship to gonadotropin-releasing
hormone neurons. Endocrinology 144:2034-2045.2003.

21. Ojeda SR, Ma YI. Glial-neuronal interactions in the neuroendocrine
control of mammalian puberty: facilitatory effects of gonadal steroids.
1 Neurobiol 40:528-540, 1999.

22. Kanematsu T, Irahara M, Miyake T, Shitsukawa K, Aono T. Effect of
insulin-like growth factor I on gonadotropin release from the
hypothalamus-pituitary axis in vitro. Acta Endocrinol (Copenh)
125:227-233, 1991.

23. Adam CL, Findlay PA, Moore AH. Effects of insulin-like growth
factor-Ion luteinizing hormone secretion in sheep. Animal
Reproduction Sci 50:45-56, 1998.

24. Hiney JK, Srivastava V. Dearth RK, Dees WL. Influence of estradiol
on insulin-like growth factor-I-mduced luteinizing hormone secre-
tion. Brain Res 1013:91-97,2004.

25. Erickson GF, Garzo VG, Magoffin DA. Insulin-like growth factor-j
(lGF-I) regulates aromatase activity in human granulosa luteal cells. 1
Clin Endocrinol Metab 69:716-724, 1989.

26. Hernandez ER, Resnick CEo Svoboda ME, Van Wyk JJ. Payne DW,
Adashi EY. Somatomedin C/insulin-like growth factor-I as an
enhancer of androgen biosynthesis by cultured rat ovarian cells.
Endocrinology 122:1603-1612, 1998.

27. Kato H, Faria TN, Stannard B, Roberts CT Jr. LeRoith D. Role of
tyrosine kinase activity in signal transduction by the insulin-like
growth factor-I (lGF-1) receptor. Characterization of kinase-deficient
IGF-I receptors and the action of an IGF-I-mimetic antibody (alpha
IR-3).I BioI Chern 268:2655-61. 1993.

28. LeRoith D, Roberts CT Jr. Insulin-like growth factors. Ann N Y Acad
Sci 692:1-9, 1993.

29. De Meyts P, Urso B, Christoffersen CT. Shymko RM. Mechanism of
insulin and IGF-I receptor activation and signal transduction
specificity. Receptor dimer cross-linking, bell-shaped curves, and



304 DAFTARY AND GORE

sustained versus transient signaling. Ann NY Acad Sci 766:388-401,
1995.

30. LeeWH, Javedan S, Bondy CA. Coordinate expression of insulin-like
growth factor system components by neurons and neuroglia during
retinal and cerebellar development. J Neurosci 12:4737-4744, 1992.

31. Juul A, Ayvbjerg A, Frystyk J, Muller J, Skakkebaek NE. Serum
concentrations of free and total insulin-like growth factor-I, IGF
binding proteins-I and -3 and IGFBP-3 protease activity in boys with
normal or precocious puberty. Clin Endocrinol (Oxf) 44:515-523,
1996.

32. Gonzalez-Parra S, Argente J, Chowen JA, van Kleffens M, van Neck
JW, Lindenbeigh-Kortleve DJ, Drop SL. Gene expression of the
insulin-like growth factor system during postnatal development of the
rat pituitary gland. J Neuroendocrinol 13:86-93,2001.

33. Michels KM, Saavedra JM. Differential development of insulin-like
growth factor-I binding in the hypothalamus of hamster and rat. Brain
Res Dev Brain Res 62:215-221, 1991.

34. Liu F, Powell DR, Styne OM, Hintz RL. Insulin-like growth factors
(IGFs) and IGF-binding proteins in the developing rhesus monkey. J
Clin Endocrinol Metab 72:905-911, 1991.

35. Bach MA, Shen-Orr Z, Lowe WL Jr, Roberts CT Jr, LeRoith D.
Insulin-like growth factor I mRNA levels are developmentally
regulated in specific regions of the rat brain. Brain Res Mol Brain
Res 10:43-48, 1991.

36. Rotwein P, Burgess SK, Milbrandt JD, Krause JE. Differential
expression of insulin-like growth factor genes in rat central nervous
system. Proc Natl Acad Sci USA 85:265-269, 1988.

37. Werner H, Woloschak M, Adamo M, Shen-Orr Z, Roberts CT Jr,
LeRoith D. Developmental regulation of the rat insulin-like growth
factor I receptor gene. Proc Natl Acad Sci USA 86:7451-7455,
1989.

38. Garcia-Segura LM, Perez J, Pons S, Rejas MT, Torres-Aleman I.
Localization of insulin-like growth factor I (IGF-I)-Iike immunor-
eactivity in the developing and adult rat brain. Brain Res 560:167-

174, 1991.

39. Ocrant I, Fay CT, Parmelee IT. Characterization of insulin-like
growth factor binding proteins produced in the rat central nervous
system. Endocrinology 127:1260-1267, 1990.

40. Bartlett WP, Li XS, Williams M, Benkovic S. Localization of insulin-
like growth factor-I mRNA in murine central nervous system during

postnatal development. Dev BioI 147:239-250, 1991.

41. Lesniak MA, Hill JM, Kiess W, Rojeski M, Pert CB, Roth J.
Receptors for insulin-like growth factors I and II: autoradiographic
localization in rat brain and comparison to receptors for insulin.
Endocrinology 123:2089-2099, 1988.

42. Bienvenu G, Seurin 0, Grellier P, Froment P, Baudrimont M, Monget
P, Le Bouc Y, Babajko S. Insulin-like growth factor binding protein-6
transgenic mice: postnatal growth, brain development, and reproduc-
tion abnormalities. Endocrinology 145:2412-2420,2003.

43. Murphy U, Bell 01, Friesen HG. Growth hormone stimulates
sequential induction of c-myc and insulin-like growth factor I
expression in vivo. Endocrinology 120:1806-1812, 1987.

44. Liu JL, Yakar S, LeRoith D. Mice deficient in liver production of
insulin-like growth factor I display sexual dimorphism in growth
hormone-stimulated postnatal growth. Endocrinology 141:4436-
4441,2000.

45. Pan W, Kastin AJ. Interactions ofIGF-1 with the blood-brain barrier
in vivo and in situ. Neuroendocrinology 72:171-178, 2000.

46. Carro E, Nunez A, Busiguina S, Torres-Aleman I. Circulating insulin-
like growth factor I mediates effects of exercise on the brain. J
Neurosci 20:2926-2933, 2000.

47. Reinhardt R, Bondy C. Insulin-like growth factors cross the blood-
brain barrier. Endocrinology 135:1753-1761, 1994.

48. Jones Jl, Clemmons DR. Insulin-like growth factors and their binding
proteins: biological actions. Endocr Rev 16:3-34, 1995.

49. Clemmons DR. IGF binding proteins and their functions. Mol Reprod
Dev 35:368-374(discussion 374-375), 1993.

50. dePablo F, De La Rosa EJ. The developing CNS: a scenario for the
actions of proinsulin, insulin, and insulin-like growth factors. Trends
Neurosci 18:143-150, 1995.

51. Torres-Aleman I. Insulin-like growth factors as mediators of
functional plasticity in the adult brain. Horm Metab Res 31:114-
119,1999.

52. Ye P, Umayahara Y, Ritter D, Bunting T, Auman H, Rotwein P,
D'Ercole AJ. Regulation of insulin-like growth factor I (IGF-I) gene
expression in brain of transgenic mice expressing an IGF-I-Iuciferase
fusion gene. Endocrinology 138:5466-5475, 1997.

53. Noguchi T, Kurata LM, Sugisaki T. Presence of a somatomedin-C>
immunoreactive substance in the central nervous system: immuno-
histochemical mapping studies. Neuroendocrinology 46:277-282,
1987.

54. Aguado F, Fernandez T, Martinez-Murillo R, Rodrigo J, Cacicedo L,
Sanchez-Franco F. Immunocytochemical localization of insulin-like
growth factor I in the hypothalamo-hypophyseal system of the adult
rat. Neuroendocrinology 56:856-863, 1992.

55. Miller BH, Gore AC. Alterations in hypothalamic insulin-like growth
factor-I and its associations with gonadotropin-releasing hormone
neurones during reproductive development and aging. J Neuro-
endocrinol 13:728-736,2001.

56. Duenas M, Luquin S, Chowen JA, Torres-Aleman I, Naftolin F,
Garcia-Segura LM. Gonadal hormone regulation of insulin-like
growth factor-I-Iike immunoreactivity in hypothalamic astroglia of
developing and adult rats. Neuroendocrinology 59:528-538. 1994.

57. Lai M, Hibberd CJ, Gluckman PD, Seckl JR. Reduced expression of
insulin-like growth factor I messenger RNA in the hippocampus of
aged rats. Neurosci Lett 288:66-70, 2000.

58. Aguado F, Rodrigo J, Cacicedo L, Mellstrom B. Distribution of
insulin-like growth factor-I receptor mRNA in rat brain. Regulation
in the hypothalamo-neurohypophysial system. J Mol Endocrinol
11:231-239, 1993.

59. Pons S, Rejas MT, Torres-Aleman I. Ontogeny of insulin-like growth
factor I, its receptor, and its binding proteins in the rat hypothalamus.
Brain Res Dev Brain Res 62:169-175, 1991.

60. Lesniak MA, Bassas L, Roth J, Hill JM. Autoradiographic local-
ization of insulin-like growth factor I receptors in rat brain and chick
embryo. Methods Enzymol 198:26-35, 1991.

61. Hiney JK, Srivastava V, Nyberg CL, Ojeda SR, Dees WL. Insulin-
like growth factor I of peripheral origin acts centrally to accelerate the
initiation of female puberty. Endocrinology 137:3717-3728, 1996.

62. Moore MG, Wetterau LA, Francis MJ, Peehl DM, Cohen P. Novel
stimulatory role for insulin-like growth factor binding protein-2 in
prostate cancer cells. Int J Cancer 20:14-19,2003.

63. Bondy C, Lee WHo Correlation between insulin-like growth factor
(IGF)-binding protein-S and IGF-I expression during brain develop-
ment. J Neurosci 13:5092-5104, 1993.

64. Froment P, Staub C, Hembert S, Pisselet C, Magistrini M, Delaleu B.
Seurin 0, Levine JE, Johnson L, Binoux M, Monget P. Reproductive
abnormalities in human insulin-like growth factor-binding protein-I
transgenic male mice. Endocrinology 145:2080-2091, 2004.

65. Froment P, Seurin D, Hembert S, Levine JE, Pisselet C, Monniaux D.
Binoux M, Monget P. Reproductive abnormalities in human IGf
binding protein-I transgenic female mice. Endocrinology 143:1801-
1808,2002.

66. Silverman A-J, Livne I, Witkin JW. The gonadotropin-releasing
hormone (GnRH) neuronal systems: Immunocytochemistry and in
situ hybridization. In: Knobil E, Neill JD, Eds. The Physiology of
Reproduction. New York: Raven Press, pp1683-1709, 1994.

67. Gore AC, Roberts JL. Regulation of gonadotropin-releasing hormone
gene expression in vivo and in vitro. Front Neuroendocrinol 18:209-
245, 1997.



CENTRAL IGF-1 AND REPRODUCTION 305

68. Gambacciani M. Yen SS. Rasmussen DO. GnRH release from the
mediobasal hypothalamus: in vitro regulation by oxytocin. Neuro-
endocrinology 42:181-183. 1986.

69. Giri M. Kaufman JM. Opioidergic modulation of in vitro pulsatile
GnRH release from the isolated medial basal hypothalamus of the
male guinea pig. Endocrinology 135:2137-2143. 1994.

70. Bourguignon JP. Gerard A. Alvarez Gonzalez ML. ~umelle ?
Franchimont P. Endogenous glutamate involvement m pulsatile
secretion of gonadotropin- releasing hormone: evidence from effect
of glutamine and developmental changes. Endocrinology 136:911-
916.1995.

71. Prevot V. Glial-neuronal-endothelial interactions are involved in the
control of GnRH secretion. J Neuroendocrinol 14:247-255.2002.

72. Mellon PL. Windle JJ.Goldsmith PC. Padula CA. Roberts JL. W.einer
RI. Immortalization of hypothalamic GnRH neurons by genetically
targeted tumorigenesis. Neuron 5:1-10. 1990. .

73. Zhen S Dunn IC Wray S Liu Y. Chappell PE. Levine JE. Radovlck• • '.. H RNAS. An alternative gonadotropm-releasmg hormone (GnR )
splicing product found in cultured GnRH neurons and mouse
hypothalamus. J Bioi Chern 272:12620-12625. 1997.

74. Radovick S. Wray S. Lee E. Nicols OK. Nakayama Y. Weintraub BD.
Westphal H. Cutler GB Jr. Wondisford FE. Migra~ory .arrest of
gonadotropin-releasing hormone neurons in transgenic mice. Proc
Natl Acad Sci USA 88:3402-3406. 1991.

75. Olson BR. Scott DC. Wetsel WC. Elliot SJ. Tomic M. Stojilkovic S.
Nieman LK. Wray S. Effects of insulin-like growth factors I an~ II
and insulin on the immortalized hypothalamic GTI-7 cell hne.
Neuroendocrinology 62:155-165. 1995.

76. Ochoa A Do . C Clapp C Martinez de la Escalera G.• menzam.. hDifferential effects of basic fibroblast growth factor. epidermal growt. r lik growthfactor. transforming growth factor-alpha. and msu 10- I e
factor-Ion a hypothalamic gonadotropin-releasing hormone neuronal
cell line. J Neurosci Res 49:739-749. 1997.

77. Longo KM. Sun Y. Gore AC. Insulin-like growth factor-I effects on
gonadotropin-releasing hormone biosynthesis in GT1-7 cells. Endo-
crinology 139:1125-1132. 1998. . .

78. Anderson RA. Zwain IH. Arroyo A. Mellon PL. Yen SS. The msu~m-
lik . GTI 7 G RH neuronal cell line.I e growth factor system 10 the - n
Neuroendocrinology 70:353-359. 1999. .

79. Zhen S. Zakaria M. Wolfe A. Radovick S. Re~ulalJo~ of
gonadotropin-releasing hormone (GnRH) gene expression by msu-
I· . . red G RH pressing neuronal cellm-hke growth factor I m a cultu n-ex
line. Mol Endocrinol 11:1145-1155. 1997.

80. Hiney JK. Ojeda SR. Dees WL. Insulin-like gro~th factor I: a
POssible metabolic signal involved in the regulation of female
puberty. Neuroendocrinology 54:420-423. 1991.

81. Kozlowski GP. Coates PW. Ependyrnoneuronal specializations
between LHRH fibers and cells of the cerebroventricular system.
Cell Tissue Res 242:301-311. 1985.

82. Femandez-Galaz MC. Torres-Aleman I. Garcia-Segu~ L~. Endo-
crine-dependent accumulation of IGF-I by hypothalamiC glia. Neuro-
report 8:373-377. 1996.

83. Trainer PJ. Effect of insulin-like growth factor I on anterior pituitary
function. Acta Paediar Scan 399:173-175. 1994.

84. Adam CL. Gadd TS. Findlay PA. Wathes DC. IGF-I stimulation of
luteiniZing hormone secretion. laP-binding proteins (lGFBP~) and
expression of mRNAs for IGFs. IGF receptors and IGFBPs 10 the
ovine pituitary gland. J Endocrinol 166:247-254.2000. .

85. Suter KJ. Pohl CR. Wilson ME. Circulating concentrations of
nocturnal leptin, growth hormone. and insulin-like growth factor-I
increase before the onset of puberty in agonadal male monkeys:
potential signals for the initiation of puberty. J Clin Endocrinol Metab
85:808-814.2000.

86. Handelsman OJ. Spaliviero JA. Scott CD. Baxter RC. Hormonal

regulation of the peripubertal surge of insulin-like growth fuctor-l in
the mi. Endocrinology 120:491--496, 1987.

87. Crawford BA, Singh J. Simpson JM. Handelsman OJ. Androgen
regulation of circulating insulin-like growth factor-I during puberty in
male hypogonadal mice. J Endocrinol 139:57-65.1993.

88. Roberts CA. McCulcheon SN. Blair HT. Gluckman PD. Breier BH.
Developmental pauems of plasma insulin-like growth tactor-I
concentrations in sheep. Domest Anim Endocrinol 7:457--463. 1990.

89. Copeland KC. Kuehl Tf, Castracane YD. Pubertal endocrinology of
the baboon: elevated somatomedin-C/insulin-like growth factor I at
puberty. J Clin Endocrinol Metab 55:1198-1201.1982.

90. Luna AM. Wilson OM. Wibbelsman CJ. Brown RC. Nagashima RJ.
Hintz RL. Rosenfeld RG. Somatomedins in adolescence: a cross-
sectional study of the effect of puberty on plasma insulin-like growth
factor I and II levels. J Clin Endocrinol Metab 57:268-271.1983.

91. Wilson ME. Premature elevation in serum insulin-like growth factor-I
advances first ovulation in rhesus monkeys. J Endocrinol 158:247-
257. 1998.

92. Pang SF. Tang F. Sex differences in the serum concentrations of
testosterone in mice and hamsters during their critical periods of
neural sexual differentiation. J Endocrinol 100:7-11. 1984.

93. Becu-Villalobos D. Gonzalez Iglesias A. Diaz-Torga G. Hockl P,
Libertun C. Brain sexual differentiation and gonadotropins secretion
in the rat. Cell Mol Neurobiol 17:699-715. 1997.

94. Plant TM. Puberty in primates, In: Knobil E. Neill J. Eds. The
Physiology of Reproduction. New York: Raven Press. pp1763-1788.
1988.

95. Gore AC. Modulation of the GnRH gene and onset of puberty. In:
Bourguignon J-P. Plant TM. Eds. The Onset of Puberty in
Perspective. Amsterdam: Elsevier Science BV. pp25-35, 2000.

96. Gruaz NM. d'Alleves V. Chamay Y. Skonner A, Ekvam S. Fryklund
L. Aubert ML. Effects of constant infusion with insulin-like growth
factor-I (IGF-I) to immature female rats on body weight gain. tissue
growth and sexual function. Evidence that such treatment does nor
affect sexual maturation of fertility. Endocrine 6:11-19. 1997.

97. Gruaz NM. Arsenijevic Y. Wehrenberg WB, Sizonenko pc. Aubert
ML. Growth hormone (GH) deprivation induced by passive
immunization against rat GH-releasing factor does not disturb the
course of sexual maturation and fertility in the female rat.
Endocrinology 135:509-519. 1994.

98. Rappaport MS. Smith EP. Insulin-like growth factor 1 inhihits
aromatization induced by follicle-stimulating hormone in rat sertoli
cell culture. Bioi Reprod 446-452: 1996.

99. Yoshimura Y. Insulin-like growth factors and ovarian physiology. J
Obstet Gynaecol Res 24:305-323. 1998.

100. Dickson RB. McManaway ME. Lippman ME. Estrogen-induced
factors of breast cancer cells partially replace estrogen to promote
tumor growth. Science 232:154(~1543. 1986.

101. Kapur S. Tamada H. Dey SK. Andrews G. Expression of insulin-like
growth factor (IGF-I) and its receptor in the peri-implantation mouse
uterus, and cell-specific regulation of IGF-I gene expression hy
estradiol and progesterone. Bioi Reprod 46:208-219. 1992.

102. Murphy U. Murphy LC. Friesen HG. Estrogen induces insulin-like
growth factor-I expression in the rat uterus. Mol Endocrinol 1:445-
450.1987.

103. Molnar P, Murphy L. Effects of oestrogen on rat uterine expression of
insulin-like growth factor-binding proteins. J Mol Endocrinol 13:59-
67. 1994.

104. Pons S. Torres-Aleman I. Estradiol modulates insulin-like growth
factor I receptors and binding proteins in neurons from the
hypothalamus. J Neuroendocrinol 5:267-271. 1993.

105. Sahlin L. Norstedt G, Eriksson H. Estrogen regulation of the estrogen
receptor and insulinlike growth factor-l in the rat uterus: a potential
coupling between effects of estrogen and IGF-1.Steroids 59:421--430.
1994.



306 DAFTARY AND GORE

106. Wimalasenal, Meehan 0, Dostal R, Foster IS, Cameron M, Smith M.
Growth factors interact with estradiol and gonadotropins in the
regulation of ovarian cancer cell growth and growth factor receptors.
Oncol Res 5:325-337, 1993.

107. Aronica SM. Katzenellenbogen BS. Stimulation of estrogen receptor-
mediated transcription and alteration in the phosphorylation state of
the rat uterine estrogen receptor by estrogen. cyclic adenosine
monophosphate. and insulin-like growth factor-I. Mol Endocrinol
7:743-752, 1993.

108. Stoica A. Saceda M, Fakhro A. Joyner M, Martin MB. Role of
insulin-like growth factor-I in regulating estrogen receptor-alpha gene
expression. 1 Cell Biochem 76:605-614, 2000.

109. Fernandez-Galaz MC, Morschl E, Chowen lA, Torres-Aleman I,
Naftolin F, Garcia-Segura LM. Role of astroglia and insulin-like
growth factor-I in gonadal hormone-dependent synaptic plasticity.
Brain Res Bull 44:525-531, 1997.

110. Fernandez-Galaz MC. Naftolin F, Garcia-Segura LM. Phasic synaptic
remodeling of the rat arcuate nucleus during the estrous cycle depends
on insulin-like growth factor-I receptor activation. 1 Neurosci Res
55:286-292, 1999.

Ill. Toran-Allerand CD, Ellis L, Pfenniger KH. Estrogen and insulin
synergism in neurite growth enhancement in vitro: mediation of
steroid effects by interactions with growth factors? Devel Brain Res
41:87-100, 1988.

112. Duenas M, Torres-Aleman I, Naftolin F, Garcia-Segura LM.
Interaction of insulin-like growth factor-I and estradiol signaling
pathways on hypothalamic neuronal differentiation. Neuroscience
74:531-539, 1996.

113. Garcia-Segura LM. Duenas M, Fernandez-Galaz MC, Chowen JA,
Argente J, Naftolin F, Torres-Aleman I. Interaction of the signaling
pathways of insulin-like growth factor-I and sex steroids in the
neuroendocrine hypothalamus. Horm Res 46:160-164, 1996.

114. Cardona-Gornez GP, Mendez P, DonCarlos LL, Azcoitia I, Garcia-
" Segura LM. Interactions of estrogen and insulin-like growth factor-I

in the brain: molecular mechanisms and functional implications. 1
Steroid Biochem Mol Bioi 83:211-217, 2003.

115. Wilson ME. IGF-I administration advances the decrease in hyper-
sensitivity to oestradiol negative feedback inhibition of serum LH in
adolescent female rhesus monkeys. 1 Endocrinol 145:121-130, 1995.

116. Cardona-Gomez GP, Trejo n, Fernandez AM, Garcia-Segura LM.
Estrogen receptors and insulin-like growth factor-I receptors mediate
estrogen-dependent synaptic plasticity. Neuroreport 11:1735-1738,
2000.

117. Quesada A, Etgen AM. Insulin-like growth factor-I regulation of
alpha(l)-adrenergic receptor signaling is estradiol dependent in the

preoptic area and hypothalamus of female rats. Endocrinology

142:599-<l07,2001.

118. Quesada A, Etgen AM. Functional interactions between estrogen and

insulin-like growth factor-I in the regulation of alpha IB-adrenocep-
tors and female reproductive function. J Neurosci 22:2401-2408,
2002.

119. Chandrashekar V, Bartke A. The role of insulin-like growth factor-I in
neuroendocrine function and the consequent effects on sexual

maturation: inferences from animal models. Reprod Bioi 3:7-28,
2003.

120. D'Ercole AJ, Ye P, O'Kusky JR. Mutant mouse models of insulin-

like growth factor actions in the central nervous system. Neuro-
peptides 36:209-220, 2002.

121. Chandrashekar V, Bartke A. Influence of hypothalamus and ovary on
pituitary function in transgenic mice expressing the bovine growth

hormone gene and in growth hormone-deficient Ames dwarf mice.
Bioi Reprod 54:1002-1008, 1996.

122. Danilovich N, Wernsing 0, Coschigano KT, Kopchick JJ, Banke A.

Deficits in female reproductive function in GH-R-KO mice; role of

IGF-I. Endocrinology 140:2637-2640, 1999.

123. Safranski Tl, Lamberson WR, Keisler DH. Correlations among three

measures of puberty in mice and relationships with estradiol
concentration and ovulation. Bioi Reprod 48:669-<l73, 1993.

124. Zaczek 0, Hammond 1, Suen L, Wandji S, Service 0, Bartke A,

Chandrashekar V, Coschigano KT, Kopchick 11. Impact of growth

hormone resistance on female reproductive function: new insights
from growth hormone receptor knockout mice. Bioi Reprod 67:1115-

1124,2002.

125. Chandrashekar V, Bartke A, Coschigano KT, Kopchick JJ. Pituitary
and testicular function in growth hormone receptor gene knockout
mice. Endocrinology 140:1082-1088, 1999.

126. Powell-Braxton L, Hollingshead P, Giltinan 0, Pitts-Meek S, Stewart

T. Inactivation of the IGF-I gene in mice results in perinatal lethality.

Ann N Y Acad Sci 692:300-301, 1993.

127. Powell-Braxton L, Hollingshead P, Warburton C, Dowd M, Pitts-

Meek S, Dalton 0, Gillett N, Stewart TA. IGF-I is required for normal
embryonic growth in mice. Genes Dev 7:2609-2617, 1993.

128. Liu JL, Yakar S, LeRoith D. Conditional knockout of mouse insulin-

like growth factor-I gene using the Cre/loxP system. Proc Soc Exp

Bioi Med 223:344--351, 2000.

129. Murphy U, Bell 01, Friesen HG. Tissue distribution of insulin-like

growth factor I and II messenger ribonucleic acid in the adult rat.

Endocrinology 120:1279-1282, 1987.


