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Summary
Mammalian puberty is initiated by an increasedpulsatile release of the neuropeptide gonadotropin-
releasing hormone (GnRH) from hypothalamic neuroendocrine neurons. Although this increase is
primarily set in motion by neuronal networks synaptically connected to GnRH neurons, glial cells
contribute to the process via at least two mechanisms. One involves production of growth factors
acting via receptors endowed with either serine-threonine kinase or tyrosine kinase activity. The
other involves plastic rearrangements of glia-GnRH neuron adhesiveness. Growth factors of the
epidermal growth factor (EGF) family acting via erbB receptors play a major in glia-to GnRH
neuron communication. In turn, neurons facilitate astrocytic erbB signaling via glutamate-
dependent cleavage of erbB ligand precursors. Genetic disruption of erbB receptors delays female
sexual development due to impaired erbB ligand-induced glial prostaglandin E2 (PGE2) release.
The adhesiveness of glial cells to GnRH neurons involves at least two different cell-cell
communication systems endowed with both adhesive and intracellular signaling capabilities. One
is provided by Synaptic Cell Adhesion Molecule (SynCAM1), which establishes astrocyte-GnRH
neuron adhesiveness via homophile interactions; the other involves the heterophilic interaction of
neuronal contactin with glial Receptor-like Protein Tyrosine Phosphatase-β (RPTPβ). These
finding indicate that the interaction of glial cells with GnRH neurons involves not only secreted
bioactive molecules, but also cell-surface adhesive proteins able to set in motion intracellular
signaling cascades.

Keywords
glial cells; hypothalamus; neuroendocrine neurons; female sexual development; glial-neuronal
interactions; intercellular signaling

Neuroendocrine control of sexual development. General aspects
The mammalian basal forebrain contains only a handful (800–1,000) of GnRH producing
neurons. In primates, they are mostly located in the medial basal hypothalamus (Plant and
Witchel 06); in rodents, they are located in preoptic area (POA) (Ojeda and Skinner 06).
GnRH released into the portal vessels connecting the median eminence (ME) of the
hypothalamus to the pituitary gland, reaches the pituitary gland and stimulate release of the
gonadotropins luteinizing hormone (LH) and follicle-stimulating hormone (FSH), which
stimulate the gonads to produce steroids, peptides, and mature germ cells. In turn, gonadal
hormones control the release of GnRH and gonadotropins via negative and positive
feedback mechanisms. Pulsatile gonadotropin secretion, reflecting changes in GnRH release,
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increases in a diurnal fashion at the end of juvenile development, signaling the initiation of
the pubertal process [reviewed in (Ojeda and Terasawa 02;Plant 02)].

These changes are, in turn, determined by modifications in transsynaptic (Kordon et al
94;Ojeda and Terasawa 02) and glial (Ojeda and Terasawa 02;Ojeda et al 03) inputs to the
GnRH neuronal network. While the transsynaptic changes involve an increase in excitatory
inputs and a reduction in inhibitory influences (Terasawa and Fernandez 01;Ojeda and
Terasawa 02;Plant and Witchel 06), the glial component is predominantly facilitatory, and
exerted by growth factors that directly or indirectly stimulate GnRH secretion (Ojeda et al
03;Ojeda and Skinner 06;Lomniczi and Ojeda 09). The excitatory transsynaptic regulation
of GnRH secretion is provided by neurons that use glutamate (Brann 95;Ojeda and Skinner
06;Plant and Witchel 06), kisspeptin (Ojeda and Skinner 06;Dungan et al 06), and
apparently, neurokinin B (Topaloglu et al 08), as neurotransmitters/neuromodulators. The
inhibitory counterpart of this circuitry depends principally on GABAergic neurons, but also
on opiatergic neurons that employ different peptides and a variety of different receptors for
inhibitory neurotransmission [reviewed in (Terasawa and Fernandez 01)]. Although both the
neuronal and glial networks controlling GnRH secretion are responsive to gonadal steroids
(Mong and McCarthy 99;Garcia-Segura and McCarthy 04;Ojeda and Skinner 06;Mong and
Blutstein 06), the initial changes in activity that ultimately result in the initiation of puberty
are thought to be set in motion by gonad-independent mechanisms (Ojeda and Terasawa
02;Ojeda et al 03;Plant and Witchel 06).

The present review will discuss the role of glial-neuronal interactions in the control of
GnRH release, emphasizing the contribution of these interactions to the neuroendocrine
regulation of female puberty.

Glia-to-GnRH neuron signaling
Growth factors

Hypothalamic astrocytes produce several growth factors including transforming growth
factor beta (TGFβ), basic fibroblast growth factor (bFGF), insulin-like growth factor-1
(IGF-1) and EGF-like peptides [reviewed in (Ojeda and Skinner 06;Mahesh et al
06;Lomniczi and Ojeda 09)] (Fig. 1). TGFβ acts on GnRH neurons via receptors endowed
with serine-threonine kinase activity to stimulate the synthesis and release of GnRH
(Melcangi et al 95;Galbiati et al 96) [reviewed in (Mahesh et al 06)]. Basic bFGF acts via
FGF tyrosine kinase receptors type I to promote GnRH neuronal differentiation and survival
(Tsai et al 95;Voigt et al 96;Tsai et al 05), and enhance GnRH processing (Wetsel et al 96);
IGF-I stimulates GnRH release (Hiney et al 91) by binding to IGF-1 tyrosine kinase
receptors also located on GnRH neurons (Olson et al 95). The EGF-like peptides,
transforming growth factor alpha (TGFα and neuregulins (NRGs) elicit GnRH secretion
indirectly via the activation of erbB receptors located on both astroglial and ependymoglial
cells (Voigt et al 96;Ma et al 97;Ma et al 99) (Fig. 1). The TGFα-NRG/erbB receptor
signaling system is considered to play a major role in the mechanism by which glial cells
regulate GnRH secretion.

The EGF family—There are ten EGF or EGF-like ligands (Buonanno and Fischbach
01;Falls 03;Rimer 03), of which the NRG family is the most complex. It is composed of four
different subfamilies, each containing several isoforms. NRG1s consist of 15 different
alternatively derived isoforms, abundantly expressed in neurons and glia. There are
twoNRG2s, NRG2α and NRG2β (Chang et al 97;Carraway et al 97), which are mostly
expressed in neurons of the central nervous system. NRG3 and NRG4 are divergent
members of the NRG family, with only NRG3 being expressed in the nervous system (Falls
03;Rimer 03).
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TGFα and NRGs, like all EGF family members, are synthesized as membrane-anchored
peptides and bind to their cognate receptors on adjacent cells, upon proteolytic cleavage of
the mature peptides from their membrane-bound precursors (Peschon et al 98;Montero et al
00;Sahin et al 04). All EGF-like peptides signal through a family of four transmembrane
tyrosine kinase receptors known as erbB receptors. ErbB1 binds at least six different ligands
including, EGF, TGFα, amphiregulin, heparin-binding EGF-like growth factor (HB-EGF),
epiregulin and betacellulin (Carpenter and Cohen 90;Riese et al 96a;Shelly et al 98). ErbB3
and erbB4 bind NRGs (Chang et al 97;Burden and Yarden 97;Carraway et al 97;Zhang et al
97), as well as epiregulin (Shelly et al 98) and betacellulin (Riese et al 96a). ErbB2 does not
have a ligand; instead it is recruited as a coreceptor (Karunagaran et al 96) by each of the
other erbB receptors after ligand binding (Beerli et al 95;Riese et al 96b).

The Glial TGFα/erbB1 signaling complex: TGFα and EGF stimulate GnRH release by
activating erbB1 receptors (Ojeda et al 90). These receptors are expressed on astroglial cells
of the ME and tanycytes of the third ventricle, but not on GnRH neurons (Ma et al
94b;Voigt et al 96). It is now clear that ligand-dependent activation of erbB1 receptors
located on astrocytes and tanycytes results in release of bioactive substances able to
stimulate GnRH release. One of these substances is prostaglandin E2 (Ma et al 97;Prevot et
al 03a); another is TGFβ1 (Prevot et al 03a).

During normal female sexual development in the rat, there is a transient increase of
hypothalamic TGFα mRNA levels at two phases of postnatal development when
gonadotropin secretion is elevated: the second week of life and puberty (Ma et al 92).
Highest levels are detected at the time of the first preovulatory surge of gonadotropins, when
GnRH secretion is maximal(Ma et al 92). Glial erbB1 receptor-dependent regulation of
GnRH release is prominent in the ME(Ma et al 92), and activation of erbB1 receptors
located in this region is necessary for the correct timing of puberty. For instance, blockade
of erbB1 receptor tyrosine kinase activity in the ME delays puberty (Ma et al 92), whereas
TGFα overexpression induced via either a transgenic approach (Ma et al 94a) or by grafting
cells genetically engineered to secrete TGFα into the ME accelerates the onset of puberty in
female rats (Rage et al 97).

The pubertal process can be set in motion prematurely by the pathological activation of
discrete subsets of astrocytes functionally connected to the GnRH network. For instance,
puberty-inducing lesions of the anterior hypothalamic area in rats, result in activation of
TGFα and erbB1 receptor expression in astrocytes surrounding the lesion site (Junier et al
91;Junier et al 93). When erbB1 receptors are blocked, the advancing effect of the lesion on
sexual maturation is prevented (Junier et al 91). Some hypothalamic hamartomas associated
with sexual precocity in humans are endowed with a rich network of astrocytes containing
TGFα and erbB1 receptors (Jung et al 99), suggesting that foci of glial activation in the
proximity of GnRH neurons, such as these, may be a cause of idiopathic sexual precocity of
central origin in human females.

The Glial Neuregulin-erbB2/4 signaling complex: Cultured hypothalamic astrocytes
express NRG1, NRG3 as well as erbB2 and erbB4 receptors. When the cells are exposed
NRG1β or TGFα there is phosphorylation of erbB4 and erbB1 receptors, respectively, in
addition to erbB2 receptor cross-phosphorylation. As a result, production of PGE2 increases
(Ma et al 99). ErbB2 receptors play an important role in amplifying intracellular signals
initiated by TGFα and NRGs; in vitro blockade of astrocytic erbB2 synthesis prevents both
the stimulatory effect of NRG1 on PGE2 release and the increase in GnRH secretion elicited
by NRG1-conditioned astrocyte culture medium (Ma et al 99).
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Consistent with the presence of erbB2 and erbB4 receptors in cultured astrocytes,
immunohistochemistry and in situ hybridization studies demonstrated the presence of erbB2
mRNA and protein in hypothalamic astrocytes and tanycytes of the third ventricle/ME, and
erbB4 in astrocytes, but not in tanycytes (Ma et al 99). Hypothalamic erbB2 and erbB4
mRNA abundance increases during juvenile development in female rats, when circulating
sex steroid levels are low, and then again at the time of the preovulatory surge of
gonadotropins (Ma et al 99). This secondary increase can be reproduced by treating
immature female rats with estrogen and progesterone to induce a premature gonadotropin
surge. These findings suggest that during female sexual development hypothalamic
expression of erbB2 and erbB4 receptors is sequentially regulated by sex steroid-
independent and sex steroid-dependent mechanisms.

Both receptors are required for the normal timing of puberty. In vivo disruption of erbB2
synthesis and transgenic overexpression of a dominant negative form of the erbB4 receptor
delay female puberty (Ma et al 99;Prevot et al 03b). Because disruption of astrocytic
erbB2/4 signaling was accompanied by normal erbB1 function, these findings established
the importance of a functional astrocytic NRG/erbB4 signaling system for the normal
initiation of puberty in the mouse. Mice carrying this dominant negative form of the erbB4
receptor and an inactivating point mutation of the erbB1 receptor show impaired erbB1 and
erbB4 signaling in astrocytes, a further delay in the onset of puberty, and a striking decrease
in adult reproductive capacity, in comparison to wild type and single mutant littermates
(Prevot et al 05). These studies indicate that the integrity of both erbB1 and erbB4 signaling
system in hypothalamic astrocytes is critical for glial cells to facilitate GnRH secretion
during female sexual maturation.

Other Glia-Derived Factors
In addition to the growth factors mentioned above, astrocytes produce and release other
growth factors such as tumor necrosis factor-alpha and activity-dependent growth factor,
and a variety of small molecules including cholesterol, neuropeptides, cytokinins, ATP,
prostaglandins and glutamate [reviewed in (Lomniczi and Ojeda 09)]. Although glial PGE2
is a major mediator of the stimulatory actions that TGFα and NRGs exert on GnRH release,
astrocytes release additional substances capable of stimulating GnRH release (Ma et al 97).
Among these substances, calcium, glutamate and ATP are the most conspicuous (Araque et
al 99;Fields and Burnstock 06). Calcium reaches adjacent astrocytes via gap junctions
(Haydon 01;Nedergaard et al 03), and stimulates the release of ATP and glutamate, which
then affect neuronal function upon binding to specific receptors (Parpura et al 94;Cotrina et
al 00;Fields and Stevens 00;Fields and Burnstock 06). In the primate hypothalamus, GnRH
neurons respond to extracellular ATP, viaP2X2 and P2X4 receptors, with an immediate
increase in intracellular calcium and release of GnRH (Terasawa 02;Terasawa et al 05). ATP
and glutamate can also activate calcium mobilization in astrocytes (Fellin et al 06;Fields and
Burnstock 06); calcium releases more glutamate, which in turn stimulates PGE2 formation
(Zonta et al 03). PGE2 elicits further release of astrocytic glutamate (Bezzi et al 98), which
enhances astroglial release of arachidonic acid (Stella et al 94). In turn, arachidonic acid
inhibits glutamate uptake into astrocytes (Barbour et al 89), thereby increasing the half life
of the neurotransmitter in synapses.

Hypothalamic astrocytes regulate glutamate metabolism—In addition to
producing glutamate, astrocytes also regulate glutamate synthesis. This function changes
according to the reproductive stage of the animals. For instance, glutamate metabolism
changes in the adult mouse hypothalamus in response to preovulatory levels of estradiol
(Blutstein et al 06) and in female rats during the normal onset of puberty (Roth et al 06).
Shortly after estradiol administration to mice, there is an increased expression of glutamine
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synthase (GS) in the hypothalamus. GS is almost exclusively expressed in astroglial cells,
where it catalyzes the conversion of glutamate to glutamine (Erecinska and Silver 90).
Because astrocyte-derived glutamine is converted back to glutamate in neurons, and this
glutamate is the principal source of vesicular GABA release at inhibitory synapses (Liang et
al 06), an increased synthesis of GS at the time of estrogen negative feedback, may result in
increased GABA availability to the synaptic cleft (Liang et al 06), and inhibition of GnRH
secretion.

The hypothalamus of female rats at puberty shows opposite changes in the abundance of two
enzymes expressed in glial cells: GS, and glutamate dehydrogenase (GDH), which
reversibly catalyzes the synthesis of glutamate from oxoglutarate. While GS abundance
decreases, GDH content increases, In contrast, the content of the neuron-specific glutamate-
synthesizing enzyme phosphate-activated glutaminase (PaG) remains unchanged. These
changes in GDH and GS protein expression may result in increased glutamatergic excitatory
input to GnRH neurons (Roth et al 98;Roth et al 06), because they are accompanied by
increased glutamate release in response to blockade of glutamate re-uptake transporters
(Roth et al 06).

Rearrangements in glia-GnRH neuron connectivity
Following the pioneer work of Hatton and colleagues on vasopressin neurons (Hatton et al
84), a wealth of evidence has accumulated showing that astroglial cells are also physically
and functionally linked to GnRH neurons [reviewed in (Mong and McCarthy 99;Garcia-
Segura and McCarthy 04;Ojeda and Skinner 06)].

GnRH neurons are profusely apposed by astroglial cells; at the ME, tanycytes contribute
significantly to this apposition (Kozlowski and Coates 85). Studies in the rat showedthat
astrocytes apposition of GnRH neuronal cell bodies varies in a diurnal fashion, with lower
apposition seen in the morning of proestrus, when estrogen levels are elevated (Cashion et al
03). This reduction in contact area may reflect a switch inglial engagement from neuronal
cell bodies to the dendritic tree. Because astrocytes associate preferentially to postsynaptic
dendritic spines (Haber et al 06), which contain almost exclusively glutamatergic synapses,
an increased glial apposition of GnRH dendritic spines would result in facilitation of
excitatory inputs to GnRH neurons. This interpretation is consistent with the finding that the
glutamatergic input to GnRH neurons, determined by the abundance of dendritic spines,
increases during sexual development (Cottrell et al 06). A sin the rat, glial apposition to
GnRH neuronal perikarya in nonhuman primates is decreased by estrogen. Ovariectomy of
adult rhesus monkeys increases this apposition, whereas administration of estradiol reverses
the change (Witkin et al 91). Prepubertal female monkeys, which produce only small
amounts of estrogen, also exhibit extensive glial apposition of GnRH neuronal perikarya
(Witkin et al 95).

Noteworthy, the effects of estrogen on astrocyte morphology are not the same everywhere in
the hypothalamus. In the rodent arcuate nucleus, the astrocytic surface apposing nonGnRH
neurons increases when estradiol levels are high (Garcia-Segura and McCarthy 04), instead
of decreasing. Because this increase is accompanied by a reduced number of axo-somatic
synapses (which are mostly GABAergic) (Garcia-Segura and McCarthy 04), it is possible
that, at the time of proestrous, astrocytes in this region of the hypothalamus reduce the
inhibitory synaptic input to neuronal subsets synaptically connected to GnRH neurons.

During the rat estrous cyclemore GnRH neuronal terminals make physical contact with the
pericapillary space of the ME in proestrus (when estrogen levels are high) than in diestrous
II(when estrogen levels are low) (King and Rubin 96;Prevot et al 99). This rearrangement
results from changes in tanycyte plasticity. Tanycytes, which line the ventral part of the third
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ventricle (Kozlowski and Coates 85;Witkin et al 91;King and Letourneau 94;Silverman et al
94;Rodriguez et al 05), use “end-feet” specializations to prevent the direct contact of GnRH
terminals with the portal vasculature (Kozlowski and Coates 85;King and Letourneau 94).
This blockade is lifted at the time of the preovulatory surge of gonadotropins; the end-feet
retract allowing the GnRH terminals to reach the endothelial wall, presumably resulting in
greater GnRH release into the portal blood (King and Rubin 96) [reviewed in (Prevot 02)].
Several studies have shed light into the cellular mechanisms underlying this plasticity. In
one of these studies, TGFα-mediated activation of erbB1 receptors in tanycytes of the ME
was shown to promote tanycytic outgrowth, and a PGE2-dependent production of TGFβ1
(Fig. 1), which then elicitedretraction of the tanycytic processes (Prevot et al 03a). By first
promoting the outgrowth of tanycytic processes, and then the retraction of the processes via
TGFβ1 release, TGFα mimics the morphological plasticity displayed by tanycytes during the
preovulatory surge of GnRH.

Another study showed that purified endothelial cells of the ME induce acute actin
cytoskeleton remodeling in ependymoglial cells, and demonstrated that this plasticity is
mediated by nitric oxide (NO), a diffusible factor released from endothelial cells (De
Seranno et al 04). Both soluble guanylyl cyclase and cyclooxygenase products were shown
to mediate this endothelial-dependent control of ependymoglial cytoarchitecture. Very
recently, these concepts have been expanded by the demonstration that estradiol at
preovulatory levels acts on both endothelial cells and tanycytes to induce two key signaling
events that ultimately result in retraction of tanycytic processes from their points of contact
with endothelial cells. One of these events is the production of NO by endothelial cells; the
other is the production of PGE2 by tanycytes (de Seranno S. et al 10). Synthesis of PGE2 in
the ME was shown to be essential for tanycytic plasticity to be manifested and for estrous
cyclicity to occur. These results established the concept that endothelial cells play a critical
role in regulating glial plasticity in the ME, and strongly supported the notion that PGE2
produced in this region is required for the cyclic, periodic release of GnRH controlling
reproductive cyclicity (Ojeda et al 75;Ojeda and Campbell 82).

Molecules mediating glial-GnRH neuron adhesiveness
Although GnRH neurons and astrocytes maintain an intimate contact throughout
development and adult life, the cell-surface molecules that may contribute to this
adhesiveness remain largely unknown. Earlier immunohistochemical studies suggested that
the sialylated form of the neural cell adhesion molecule NCAM (PSA-NCAM) is involved
in this process (Perera et al 93;Parkash and Kaur 05). PSA-NCAM is abundant in brain
regions endowed with a high degree of postnatal plasticity (Gascon et al 07), such as the
medial basal hypothalamus-ME region (Perera et al 93). PSA-NCAM is also present in
GnRH nerve terminals and glial cells of the ME (Parkash and Kaur 05), suggesting an
involvement in the control of GnRH nerve terminal-glial adhesiveness (Fig. 2). This
interaction may be, to a significant extent, mediated by NCAM-140, an isoform expressed in
both neurons and glial cells (Povlsen et al 08).

Recent studies used mechanistic approaches to identify molecules mediating glia-GnRH
neuron adhesiveness. One set of such molecules utilizes the glycosylphosphatidyl inositol
(GPI)-anchored protein contactin (a cell-surface neuronal protein required for axonal-glial
adhesiveness), and Receptor-like Protein Tyrosine Phosphatase β (RPTP β, a transmembrane
phosphatase with structural similarities to cell adhesion molecules) as adhesive partners
(Parent et al 07). Single cell RT-PCR of EGFP-tagged GnRH neurons revealed that 80% of
GnRH neurons express the contactin gene. Hypothalamic astrocytes express the RPTPβ
gene instead. The most abundant RPTPβ mRNA species found in these cells encodes an
RPTPβ isoform (short RPTPβ) that uses its carbonic anhydrase (CAH) extracellular
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subdomain to interact with neuronal contactin. Immunoreactive contactin was found to be
abundant in GnRH nerve terminals projecting toboth the organum vasculosum of the lamina
terminalis (OVLT) and the ME, suggesting that GnRH axons are an important site of
contactin-dependent cell adhesiveness. This notion is supported by the finding that
immortalized GnRH-producing cells (GT1-7) adhere to the CAH domain of RPTPβ and
extend neurites on this substrate. Disruption of contactin GPI anchoring or
immunoneutralization of contactin inhibited GT1-7 cell adhesiveness and neurite growth on
the CAH substrate, indicating that the adhesive effect of RPTPβ on GnRH neurons is
mediated by contactin (Parent et al 07) (Fig. 2). Because the abundance of short RPTPβ
mRNA increases in the female mouse hypothalamus before puberty, an enhanced interaction
between GnRH axons and astrocytes mediated by heterophilic RPTPβ-contactin complexes
may represent a major mechanism of GnRH neuron-glia communication during female
sexual development.

Another cell membrane-spanning protein involved in GnRH-glia adhesive communication
was identified using quantitative proteomics in a mouse model of delayed puberty (Prevot et
al 03b). These mutant mice exhibit an astrocytic-specific defect in erbB4 signaling caused
by the transgenic expression of a dominant-negative erbB4 receptor targeted to astrocytes by
the GFAP promoter (Prevot et al 03b). The content of SynCAM, an adhesion molecule
previously shown to be important for synaptic assembly (Biederer et al 02), was prominently
reduced in the mutant hypothalamus in comparison with wild-type mice. SynCAM1 was
shown to be abundant in hypothalamic astrocytes and to be strikingly diminished in
astrocytes with impaired erbB4 signaling (Sandau, US, AE Mungenast, A Lomniczi, A-S
Parent, SP Sardi, AI Fogel, T Biederer, G Corfas and SR Ojeda, in preparation). Ligand-
dependent activation of astroglial erbB4 receptors results in rapid association of erbB4 with
SynCAM1 and activation of SynCAM1 gene transcription. SynCAM1 is also expressed in
GnRH neurons, and promotes astrocyte-GnRH neuron adhesiveness via hemophilic,
extracellular domain-mediated, interactions (Fig. 2). To determine if astrocytic SynCAM1-
dependent intracellular signaling is required for normal female reproductive function,
transgenic mice were generated to express in an astrocyte-specific manner a dominant-
negative form of SynCAM1 (DN-SynCAM1) lacking the intracellular domain. The mutant
protein was correctly targeted to the cell membrane and was functionally viable as shown by
its ability to block intracellular CASK redistribution, a major SynCAM1-mediated event.
DN-SynCAM1 female mice had a delayed onset of puberty, disrupted estrous cyclicity and
reduced fecundity(Sandau et al., in preparation). These results suggest that one of the
mechanisms underlying erbB4 receptors facilitation of glial-neuronal interactions in the
neuroendocrine brain involves SynCAM1-dependent signaling, and that this interaction is
required for normal female reproductive function.

Additional adhesive molecules may also be involved. For instance, the presence of three
multigene families of adhesion/signaling molecules with complementary functions has been
reported in both the prepubertal female monkey hypothalamus and the GnRH-secreting cell
line GT1-7 (Mungenast and Ojeda 05). One of these families is composed of a large number
of synaptic specifiers termed neurexins; another is formed by protocadherins, a group of
membrane-anchored proteins that function as synaptic adhesion molecules. The third family
consists of members of the contactin-associated protein (Caspr) gene family (Mungenast and
Ojeda 05). Despite the unmistakable presence of these molecules in the neuroendocrine
brain, the contribution they have to the adhesiveness/plasticity of GnRH neurons and glial
cells remain to be established. It should be noted, however, that contactin has been shown to
interact in cis with Caspr1, whose cytoplasmic domain contains a proline-rich sequence with
a canonical SH3 domain that associates with at least four SH domain-containing proteins,
including Src, Fyn, p85 and PLCγ (Peles et al 95;Zisch et al 95).
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Altogether, these results indicate that GnRH neurons adhere to astrocytes using both
heterophilic (contactin/RPTPβ) and homophilic (SynCAM/SynCAM) interactions (Fig. 2).
Because both systems have signaling capabilities (Peles et al 97;Biederer et al 02), it would
appear that in addition to providing an adhesive interaction, these molecules can activate
intracellular signaling cascades in both astrocyte and GnRH neurons [reviewed in (Lomniczi
and Ojeda 09)] (Fig. 2).

Neuron-to-Glia Communication in the Hypothalamus
Neurons regulate glial activity using a variety of bioactive molecules, including
neurotransmitters, ATP, and neuropeptides (Newman 03;Hertz and Zielke 04;Fields and
Burnstock 06). Hypothalamic astrocytes respond to glutamate via both metabotropic
receptors (mGluRs) of the mGluR5 subtype and ionotropic α-a-amino-3-hydroxy-5-methyl-
isoxazole-4-propionic acid(AMPA) receptors. These receptors form a complex with erbB1
and erbB4 receptors (Dziedzic et al 03); simultaneous stimulation of metabotropic and
AMPA receptors causes mobilization of erbB receptors to the cell surface, association of
thesereceptors withtheir respective ligands TGFαand NRGs, and erbB receptor
phosphorylation (Dziedzic et al 03) (Fig. 2).

For TGFα and NRG to interact with their respective receptors, their precursors need to be
first cleaved by a metalloproteinase activity (Dziedzic et al 03). The metalloproteinase
involved in processing the TGFα precursor has been shown to be tumor necrosis factor-α
converting enzyme (TACE) (Peschon et al 98). In hypothalamic astrocytes, coactivation of
astrocytic AMPA and metabotropic receptors causes extracellular Ca2+ influx, a Ca2+/
protein kinase C-dependent increase in TACE-like activity, and enhanced release of TGFα
(Lomniczi et al 06). TACE is abundant in astrocytes of the ME and becomes more active in
this region at the time of the first preovulatory surge of gonadotropins. Inhibition of TACE
activity in the ME decreases GnRH secretion and delays puberty indicating that an increased
TACE activity in this region is necessary for the pubertal activation of GnRH secretion to
take place (Lomniczi et al 06).

Conclusions
Both astrocytes and tanycytes participate in the control of GnRH secretion (Fig. 1). They
physically engage GnRH neurons by adhering to the GnRH neuronal cell membrane, a
process that is highly dynamic and subjected to sex steroid regulation. This cell-cell
interaction appears to require cell membrane molecules endowed with both adhesive and
signaling capabilities (Fig. 2). In addition, astrocytes and tanycytes release of a variety of
substances that, directly or indirectly, stimulate GnRH secretion. Among these substances,
growth factors of the EGF family play a central role. Glial cells integrate stimulatory inputs
to the GnRH neuronal network by regulating glutamate availability for synaptic transmission
and transducing glutamatergic signals into growth factor-mediated glia-to GnRH neuron
signaling pathways.
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Figure 1.
Control of GnRH secretion by growth factors and small molecules produced by glial cells.
Some growth factors (bFGF, IGF-1, TGFβ1) act directly on GnRH neurons to stimulate
production of GnRH. In contrast, growth factors of the epidermal growth factor family
(TGFα and NRGs) act indirectly by stimulating the glial release of bioactive substances
which, like PGE2, act on GnRH neurons to stimulate GnRH release. A neuron-to-astrocyte
communication pathway is provided by glutamatergic neurons, which facilitate TGFα/NRG-
dependent signaling in astrocytes. Tanycytes produce and respond to TGFα by synthesizing
PGE2, which elicits TGFβ1 release.
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Figure 2.
Molecules postulated to mediate glia-GnRH neuron adhesive communication in the
hypothalamus. GnRH neurons adhere to astrocytes via at least three mechanisms: 1)
Homophilic interactions involving NCAM140, 2) Homophilic interactions mediated by
SynCAM1, and 3) heterophilic interactions mediated by the binding of contactin present in
GnRH neurons to the receptor RPTPβ expressed in glial cells. Each of these systems has
signaling capabilities suggesting that, in addition to providing an adhesive interaction, they
can regulate astrocyte and GnRH neuron intracellular processes. This regulation is likely to
occur via a variety of intracellular signaling molecules, some of which are shown in the
figure.
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