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Normal Female Sexual Development Requires Neuregulin-
erbB Receptor Signaling in Hypothalamic Astrocytes
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The initiation of mammalian puberty requires the activation of hypothalamic neurons secreting the neuropeptide luteinizing hormone-
releasing hormone (LHRH). It is thought that this activation is caused by changes in trans-synaptic input to LHRH neurons. More
recently, it has been postulated that the pubertal increase in LHRH secretion in female animals also requires neuron- glia signaling
mediated by growth factors of the epidermal growth factor (EGF) family and their astrocytic erbB receptors. Although it appears clear that
functional astrocytic erbB1 receptors are necessary for the timely advent of puberty, the physiological contribution that erbB4 receptors
may make to this process has not been established. To address this issue, we generated transgenic mice expressing a dominant-negative
erbB4 receptor (DN-erbB4) under the control of the GFAP promoter, which targets transgene expression to astrocytes. DN-erbB4
expression is most abundant in hypothalamic astrocytes, where it blocks the ligand-dependent activation of glial erbB4 and erbB2
receptors, without affecting erbB1 (EGF) receptor signaling. Mice carrying the transgene exhibit delayed sexual maturation and a
diminished reproductive capacity in early adulthood. These abnormalities are related to a deficiency in pituitary gonadotropin hormone
secretion, caused by impaired release of LHRH, the hypothalamic neuropeptide that controls sexual development. In turn, the reduction
in LHRH release is caused by the inability of hypothalamic astrocytes to respond to neuregulin (NRG) with production of prostaglandin
E,, which in wild-type animals mediates the stimulatory effect of astroglial erbB receptor activation on neuronal LHRH release. Thus,
neuron-astroglia communication via NRG-erbB4/2 receptor signaling appears to be essential for the timely unfolding of the develop-

mental program by which the brain controls mammalian sexual maturation.
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Introduction

The onset of puberty, one of the most critical developmental
events in postnatal mammalian life, is determined by changes
that occur within the CNS and, in particular, the hypothalamus.
The pubertal activation of the hypothalamic—pituitary—gonadal
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axis requires an increased secretion of luteinizing hormone-
releasing hormone (LHRH) by neuroendocrine neurons, which
in rodents are located in the preoptic region of the hypothalamus.
These neurons extend their neurosecretory axons to the median
eminence, where LHRH is released into the portal vasculature for
delivery to the adenohypophysis. There, LHRH induces the se-
cretion of pituitary gonadotropin hormones that promote go-
nadal development and support reproductive physiology. In this
way, LHRH is essential for both sexual development and mature
reproductive function.

The mechanisms responsible for the timely release of LHRH
during puberty are incompletely understood. Early studies
showed that the increase in LHRH release is not caused by events
intrinsic to the LHRH neurons themselves but occurs in response
to changing inputs from synaptically connected neuronal net-
works (Terasawa, 1999; Ojeda et al., 2001). However, other ex-
periments suggested that, in addition to trans-synaptic commu-
nication, neuron—glia signaling in the hypothalamus might be of
critical importance for the activation of LHRH secretion during
female sexual development (for review, see Ojeda et al., 2000).

These studies indicated that receptors of the epidermal growth
factor receptor (EGFR) family, also known as erbB receptors,
may play important roles in the hypothalamic control of puberty.
There are four known members of the erbB receptor family.
Three of them, erbB1, erbB3, and erbB4, bind and are activated
by cognate ligands. In contrast, erbB2 acts as a coreceptor or
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auxiliary subunit recruited by ligand binding to the other recep-
tors (for review, see Yarden and Sliwkowski, 2001). Hypotha-
lamic astrocytes express the erbB1, erbB2, and erbB4 receptors
but not erbB3. In addition, cells in the hypothalamus express the
erbB1 ligand transforming growth factor o (TGF«) and several
forms of the erbB4 ligand neuregulin (NRG) (Ma et al., 1992,
1994, 1999; Chen et al., 1994; Corfas et al., 1995).

Pharmacological inhibition of EGFRs (erbB1) targeted to the
median eminence of the hypothalamus (Ma et al., 1992) or inhi-
bition of erbB2 synthesis via the intracerebral administration of
antisense oligodeoxynucleotides (Ma et al., 1999) delayed the
onset of female puberty in rats. Moreover, in vitro studies using
astrocytes and an LHRH-producing neuronal cell line showed
that erbB receptor ligands can stimulate LHRH release from the
neuronal cells, but do so indirectly, by inducing astrocytes to
secrete prostaglandin E, (PGE,) (Ma et al., 1997, 1999), which
can then elicit release of the neuropeptide from the neuronal cell
line (Voigt et al., 1996). These observations led to the hypothesis
that erbB receptors are components of the cell-to-cell communi-
cation system used by astrocytes to regulate LHRH secretion dur-
ing development and hence the initiation of puberty. However,
despite of the insights offered by these studies, the physiological
contribution of astrocytic erbB4 receptor signaling to normal
sexual development has not been demonstrated, primarily be-
cause of the unavailability of an animal model in which the func-
tion of these receptors is disrupted in a cell-specific manner. Mice
lacking the genes encoding NRG or any of its erbB receptors
(erbB2, erbB3, or erbB4) die during embryonic life or at birth
(Gassmann et al., 1995; Lee et al., 1995; Erickson et al., 1997;
Riethmacher et al., 1997; Wolpowitz et al., 2000), precluding
their use to study the involvement of erbB receptors in postnatal
events. Furthermore, although the importance of erbB2 receptors
in the control of puberty has been defined by the ability of intra-
cerebral administration of erbB2 antisense oligodeoxynucleoti-
des to delay puberty (Ma et al., 1999), these results identified
neither the receptor subtype involved (erbB1 or erbB4) nor the
cell type in which an intact receptor complement must be present
to ensure normal function. To define the role of the NRG recep-
tors erbB2, erbB3, and erbB4 in astrocytes, we generated trans-
genic mice in which the function of these receptors is specifically
disrupted in these cells by overexpression of a dominant-negative
erbB4 receptor (DN—erbB4) using the promoter for the GFAP.

Here we report that DN—erbB4 expression abolishes astro-
cytic erbB4—erbB2 receptor signaling without affecting that me-
diated by erbB1. In keeping with the pattern of GFAP expression
in the normal brain, the mutant receptor is expressed most abun-
dantly in hypothalamic astrocytes. Mutant female mice have de-
layed sexual development and delayed initiation of reproductive
capacity. Transgenic female mice also show a selective reduction
in NRG-induced LHRH release from the median eminence and
in NRG-induced astrocytic PGE, production, whereas responses
to TGFa are normal. Thus, the results define the physiological
relevance of the NRG-astrocytic erbB4—erbB2 receptor system
in the hypothalamic control of female sexual development. They
also establish the concept that this neuron—glia communication
system is a core component of the cell-to-cell signaling mecha-
nism used by the hypothalamus to control the initiation of mam-
malian puberty.

Materials and Methods

Generation of transgenic mice. The LacZ gene was removed from the
pGfa2-Lac-1 plasmid (Brenner et al., 1994) by BamHI restriction. The
5.4 kb plasmid backbone containing the Gfa2 promoter was blunt-ended
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and dephosphorylated. The blunt-ended 2.2 kb DN-erbB4-FLAG DNA
was ligated to the Gfa2-containing plasmid with T4 DNA ligase. Several
clones were obtained and characterized by restriction mapping and se-
quencing of the junction region. The resulting pGfa2—-DN-erbB4 plas-
mid was excised with Bg/II, and the 5 kb Gfa2-DN-erbB4 DNA was gel
purified (JETsorb; Genomed, Bad Oeymhausen, Germany) and used for
the generation of transgenic mice.

Transgenic mice were generated in an FVB background using standard
procedures (Hogan et al., 1994). Animals carrying the transgene were
identified by PCR. Tail clips were incubated in 500 ul of lysis buffer (100
mm Tris HCL, pH 8.5, 5 mm EDTA, 0.2% SDS, 200 mm NaCl) with 5
ug/ml Proteinase K at 58°C overnight. The supernatant was subjected to
isopropanol precipitation, and the genomic DNA was resuspended in
100 ul of TE buffer. One microliter aliquots of DNA were amplified in a
25 ul PCR with the 5" primer TGCTGAAGGAATGGTGTGC and the 3’
primer CTTGTCGTCATCGTCTTTG, and the PCR products were ana-
lyzed by agarose gel electrophoresis. Hemizygous mice of each line were
intercrossed, and putative homozygous mice were identified by Southern
blot using a DN—erbB4 probe. The genotypes of homozygous mice were
confirmed by analyzing the progeny of presumptive homozygote mice
backcrossed to wild-type mice.

Growth factors and prostaglandins. Human recombinant NRGf1 was
initially obtained from Genentech (San Francisco, CA) and then pur-
chased from Neomarkers (Union City, CA). TGFa was supplied by Bec-
ton Dickinson Biosciences (Bedford, MA), and PGE, was obtained from
Sigma (St. Louis, MO).

Cell culture. Astrocytes were isolated from the hypothalamus or the
whole brain of 1- to 2-d-old wild-type and transgenic mice and cultured
as described previously (Ma et al., 1994, 1999). After a growth period of
8-10din 75 cm culture flasks containing DMEM-F12 medium supple-
mented with 10% calf serum, the astrocytes were isolated from contam-
inant cells by overnight shaking at 250 rpm and were replated in either 15
cm dishes for immunoblot analysis or six well plates for prostaglandin
release experiments. After reaching 80-90% confluence, the medium
was replaced with a serum-free, astrocyte-defined medium consisting of
DMEM devoid of phenol red, supplemented with 2 mm r-glutamine, 15
mMm HEPES, 5 ug/ml insulin, and 100 um putrescine (Ma et al., 1999).
The cells were used 2 d later for the experiments. To examine the effect of
NRGpI1 and TGFa on PGE, release, the astrocytes were incubated in the
presence of either peptide (at 100 ng/ml each) for 16 hr at 37°C.

Immunoprecipitation and Western blots. Cell cultures were lysed in
radioimmunoprecipitation assay buffer, and the resulting protein ex-
tracts were size-fractionated by SDS-PAGE, as described previously (Rio
etal., 1997; Maetal., 1999). The separated proteins were then transferred
to polyvinylidene difluoride (PVDF) membranes and immunoblotted
with different antibodies (see below) to identify the DN—erbB4 trans-
gene, GFAP, and the different erbB receptors. Immunoprecipitations
were performed using polyclonal anti-erbB1 and anti-erbB2 antibodies
directed against epitopes contained within the intracellular domain of
the receptors (sc-03-G and sc-284, respectively; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), and a monoclonal anti-erbB4 antibody (Ab-1,
Neomarkers) that recognizes an epitope present in the extracellular do-
main of erbB4. Cell lysates (750-1000 ug of protein) were incubated for
90 min at 4°C with 1.5 ug of each antibody. Thereafter, the receptor—
antibody complexes were incubated with slurry of protein A-Sepharose
(30 pl of Sepharose beads per 750 wl immunoreaction for 45 min at 4°C).
The Sepharose beads were collected by centrifugation, washed two times
with lysis buffer, resuspended in 2X sample buffer, and boiled for 5 min
before loading onto 8% polyacrylamide—SDS gels. After electrophoresis,
the size-fractionated proteins were transferred to PVDF membranes and
subjected to immunoblotting using the monoclonal phosphotyrosine
antibody 4G10 (1.5 pg/ml; Upstate Biotechnology, Lake Placid, NY). To
develop the immunoreaction, the blots were incubated with horseradish
peroxidase-conjugated secondary antibodies (Jackson ImmunoRe-
search, West Grove, PA), developed using enhanced chemiluminescence
(Renaissance; NEN, Boston, MA), and exposed to film. After stripping
(62.5 mm Tris HCL, pH 6.7, 2% SDS, 100 mum 3-mercaptoethanol, 30 min
at 60°C), the membranes were reprobed with the same erbB1 or erbB2
antibodies used for immunoprecipitation or with a polyclonal anti-
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Figure 1. Analysis of transgene expression by Western blot and RNase protection assays. 4,
DN-—erhB4 protein is expressed in both hypothalamic and cortical tissues but not in peripheral
organs involved in reproductive function. Notice that the relative abundance of both DN— erbB4
and GFAP proteinsis much greater in the hypothalamus than in the cerebral cortex. 3-Actin was
used as a loading control. Hyp, Hypothalamus; Ctx, cerebral cortex. B, The content of DN— erbB4
mRNA detected by RNase protection assay is greater in the hypothalamus than in other brain
regions. RL, RNA ladder; UP, undigested probe; DP, digested probe; Cyclo, cyclophilin; He, hip-
pocampus; Cereb, cerebellum; Wt, wild type.

erbB4 antibody (sc283; Santa Cruz Biotechnology) that recognizes an
amino acid sequence contained within the C terminus of erbB4. The
DN-erbB4 protein was detected in tissues or cultured cell lysates using
an antibody against the FLAG epitope (10 mg/ml, sc-807; Santa Cruz
Biotechnology); GFAP was detected with a mouse monoclonal antibody
(MAB360; Chemicon, Temecula, CA), and B-actin was detected with a
mouse monoclonal antibody (Sigma).

RNase protection assays. Detection of mutant mRNA transcripts was
performed using RNase protection assays as reported previously (Ma et
al., 1996). Total RNA (15 ug) from brain tissues of 12-d-old mice was
hybridized to a [ **P]UTP-labeled erbB4—FLAG cRNA complementary
to nucleotides 16842217 in the extracellular domain of human erbB4
mRNA (HER4 JM-b) (Plowman et al., 1993; Elenius et al., 1997) and to
the FLAG encoding sequence (CAAAGACGATGACGACAAG). For
normalization purposes, the hybridization mixture also included a
[**P]UTP-labeled mouse cyclophilin probe. After completion of the hy-
bridization, the samples were treated with RNase A and T1 to digest
unhybridized RNA species and were size-fractionated by PAGE. The
hybridization signals were visualized by exposing the dried gels to Reflec-
tion x-ray film (NEN).
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Immunostaining. The brains of 12-d-old female mice were fixed by
transcardiac perfusion with Zamboni’s fixative and subjected to double
immunohistofluorescence confocal microscopy as described previously
(Ma et al., 1999), but using 16 wm cryostat sections. DN—erbB4 was
detected with a monoclonal antibody raised against the extracellular do-
main of human erbB4 (1:200, Ab-1; Neomarkers). Astrocytes were iden-
tified with a rabbit polyclonal antibody to GFAP (1:500, Dako, Carpin-
teria, CA), and LHRH neurons were identified with the antiserum HU60
(1:3000) (Urbanski et al., 1990). Confocal images were acquired using a
Leica (Nussloch, Germany) TCS NT confocal system, as described pre-
viously (Jung et al., 1999), using the 488 and 568 nm lines of argon and
krypton gas lasers to detect the FITC and Texas Red fluorochromes used
to visualize each immunoreaction. Single-plane images were processed
and merged using Photoshop 5.0 (Adobe Systems, San Jose, CA).

Incubation of median eminence tissue. The median eminence of 12-d-
old mice was dissected as described previously (Negro-Vilar et al., 1979)
and incubated at 37°C in 250 ul of Krebs—Ringer bicarbonate buffer, pH
7.4, containing 4.5 mg/ml D-dextrose, under an atmosphere of 95% O,
and 5% CO, with shaking (60 cycles per minute). In all experiments, the
tissues were preincubated for 30 min, followed by a 2 hr incubation
period to determine the basal release of LHRH. At this time, the medium
was replaced by fresh medium containing either NRGf1 or TGF« (at 100
ng/ml each), or PGE, (at 1 um), and the incubation was extended for an
additional 2 hr in the presence of each secretagogue.

Evaluation of sexual maturation and adult reproductive function. To
determine whether the astrocytic expression of DN—erbB4 mutant re-
ceptors affects the release of pituitary gonadotropins, groups of wild-type
and transgenic animals were killed every 4 d starting on postnatal day 4,
and trunk blood was collected for luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) measurement. The uterine weights were also
recorded to determine whether uterine growth (a physiological index of
estrogen secretion) is affected in mutant animals. Starting on postnatal
day 26, the mice were inspected daily for inperforation of the vaginal
membrane (“vaginal opening”). Thereafter, vaginal lavages were per-
formed daily to detect the appearance of cornified cells, which identify
the estrous phase of the rodent estrous cycle. Both vaginal opening and
cornification of the vaginal epithelium (estrus) result from the rise in
estrogen secretion that accompanies the onset of puberty in rodents
(Ojeda and Urbanski, 1994). Ovulation normally occurs on the day of
estrus, but in mice it cannot be assumed to occur unless vaginal cornifi-
cation is followed by the appearance of a predominance of leukocytes in
the vaginal lavage (Nelson et al., 1990). This abundance of leukocytes
defines the diestrous phase of the estrous cycle and indicates that a func-
tional corpus luteum was formed after ovulation. Therefore, both the age
at vaginal opening and the age at first estrus were recorded, the latter
being considered as a true first estrus (and thus the age at first ovulation)
only when the cornified cells in the vaginal lavages were replaced by at
least 2 d of lavages containing primarily leukocytes.

To determine whether the astrocytic blockade of NGR signaling affects
early postpubertal reproductive capacity, young adult (50-d-old) wild-
type and mutant mice were exposed to a fertile male (one male per
female), and the interval between the initial exposure and the birth of the
first litter was recorded.

Ovariectomy. Ovariectomy was performed on postnatal day 12. The
ovaries were aseptically removed from animals anesthetized with isoflu-
orane via a single dorsal skin incision followed by blunt separation of the
underlying muscle—aponeurosis interfase, and different groups of mice
were killed 2 and 4 d later.

Measurements of LHRH, PGE,, and serum gonadotropin hormones.
LHRH released from the median eminence or present in hypothalamic
tissue and PGE, released from astrocytes were detected by radioimmu-
noassay, as described previously (Ojeda et al., 1986). In the case of
LHRH, we used '**I-labeled LHRH and the rabbit polyclonal antibody
HUG60, which recognizes the fully processed, mature decapeptide (Ur-
banski et al., 1990), at a 1:25,000 dilution. The sensitivity of this assay is
0.4 pg per tube. PGE, was measured using antibody SC10-11/23 (Camp-
bell and Ojeda, 1987) at a 1:8000 dilution and using tritiated PGE,
([5,6,8,11,14,15-N->H] PGE,; NEN) as the trace. The sensitivity of this
assay was 3.6 pg per tube.
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Figure2.  Analysis of DN—erbB4 expression in the hypothalamus of 12-d-old mice by confocal microscopy. A-F, erbB4 immu-
noreactivity in astrocytes of the median eminence—medial basal hypothalamus of wild-type mice (A-() and DN— erbB4 transgenic
mice (D—F). A, D, erbB4 staining ( green). B, E, GFAP staining (red). C, F, Merged images of erbB4 —GFAP immunoreactive cells. G,
H, Astrocytes of the preoptic area, which contains the cell bodies of LHRH neurons (red), show a much greater abundance of
immunoreactive erbB4 ( green) in DN—erbB4 mutant mice (H) than in wild-type animals (G). /=N, In DN—erhB4 mice, erbB4
immunoreactivity ( green) is more abundant in hypothalamic astrocytes (L—N) than in astrocytes of the cerebral cortex (/—K).
Astrocytes are identified by their GFAP immunoreactivity (red; J, M). Merged images for each brain area are shown in K (cerebral
cortex) and N (hypothalamus). Scale bars: A—F, 100 m; G, H, 10 um; I-N, 5 um.

Serum levels of LH and FSH were measured by radioimmunoassay
using reagents for rat hormones provided by the National Hormone and
Pituitary program of the National Institute of Diabetes and Digestive and

J. Neurosci., January 1,2003 - 23(1):230-239 + 233

Statistics. The differences between several
groups were analyzed by ANOVA followed by
the Student-Newman-Keuls’ multiple com-
parison test for unequal replications. The Stu-
dent’s ¢ test was used to compare two groups.
When comparing percentages, groups were
subjected to arc—sine transformation before
statistical analysis to convert them from a bi-
nomial to a normal distribution (Zar, 1984).

Results

The GFAP promoter drives

expression of DN-erbB4 to
hypothalamic astrocytes

To specifically disrupt the function of all
NRG receptors (erbB2, erbB3, and erbB4)
in astrocytes, we engineered transgenic
mice carrying DN—erbB4 under the con-
trol of the human GFAP promoter ( gfa2)
(Besnard et al., 1991). This mutant recep-
tor contains the extracellular and trans-
membrane domains of human erbB4 but
lacks most of the intracellular domain, in-
cluding the entire tyrosine kinase domain
and all tyrosine phosphorylation sites
(Rio et al., 1997). We have shown previ-
ously that high expression of DN—erbB4
blocks NRG-induced activation of erbB
receptors in muscle and astroglial cells in
culture (Rio et al., 1997). The gfa2 pro-
moter, consisting of 2.2 kb of the 5’'-
flanking region from the human GFAP
gene, directs astrocyte-specific transcrip-
tion in both cell cultures (Besnard et al.,
1991) and transgenic mice (Brenner et al.,
1994; Delaney et al., 1996). Although in
vivo transgene expression driven by this
promoter starts at late embryonic stages,
high levels of expression are achieved only
after birth (Brenner et al., 1994; Delaney
et al., 1996). Several founder mice were
obtained, and two independent lines
(lines 18 and 34), shown by Western blot
analysis to express DN—erbB4 with the
proper cell specificity (see below), were
bred to homozygosity to achieve the high-
est possible level of DN—erbB4 expres-
sion. The mice appeared normal, and no
overt disruptions in CNS histology were
observed.

Western blot and RNase protection as-
says showed that the transgenic animals
express DN—erbB4 in the brain, with the
highest level of expression in the hypo-
thalamus (Fig. 1 A,B). This was consistent
with the detection of higher levels of
GFAP protein in the hypothalamus than
in the cerebral cortex (Fig. 1A), and indi-

cated that the pattern and level of transgene expression was ap-
propriate. Importantly, the DN—erbB4 protein was undetectable

Kidney Diseases. FSH was measured in duplicate (15 ul) samples from in non—r}eural tissues ian)lved inr epr oductive control, such as
individual mice; LH was measured in single samples (25 ul). All samples the ovaries and uterus (Fig. 1A), or in other organs such as the
from a given experiment were measured in the same assay. liver (data not shown). Trace amounts of DN-erbB4 immuno-
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reactivity were detected in a pituitary
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gland sample, which included both the Brain astrocytes
endocrine and neural components of the
gland.

To determine the pattern of expression FLAGE | v @200 R erbBs
of DN—erbB4 at the cellular level, tissue B 5 4G10
sections were stained with anti-GFAP an- 185 _l - -|| ]
tibodies and with antibodies that recog- GFAPIB e |_ 46710 B erbB4
nize the extracellular domain of erbB4. ; % =
These anti-erbB4 antibodies are directed Transgenic -+ g 185‘| H-- E:‘
against the human erbB4 but can also rec- ~ 6 .
ognize the murine receptor. Confocal mi- Hypothalamic astrocytes 1 Iﬁ
croscopy demonstrated that the DN- Neuregulinal . 4 . . .
erbB4 transgene is specifically expressed erbB-418 E—msm NowogilinBl « = # o %
in astrocytes and verified that the highest ' il '
level of expression occurs in hypotha- RAGH Ij_1 30kD w Transgenic
lamic astrocytes (Fig. 2). erbB4 immuno- Transgenic - . + +
reactivity in astrocytes of the median em-
inence, the main terminal field of C
neuroendocrine  LHRH neurons, was IPP erbB-1 IPP erbB-2
conspicuously higher in mice carrying the B 4G10 B 4G10

) ) kD kD :

transgene (Fig. 2 D-F) than wild-type an- a0 185 _‘ - ‘
imals (Fig. 2A—C). erbB4 immunostain-
ing was also much more abundant in B erbB-1 B erbB-2
astroglial-like cells surrounding LHRH
cell bodies in the preoptic region of trans- 1?0*‘_-_.-—-1 185“’"
genic animals than in wild-type mice, but Betacellulin . 4 R Betacellulin - + - +
no expression was detected in LHRH neu- Lt el 'W' . —
rons (Fig. 2G,H). As predicted by the re- s s RPN
sults of the Western blot analysis (Fig. 1), Figure3. DN-erbB4expressionin astrocytes blocks ligand-induced erbB4 and erbB2 receptor phosphorylation without affect-

hypothalamic astrocytes had a much
higher content of immunoreactive DN—
erbB4 than astrocytes of the cerebral cor-
tex (Fig. 2I-N). No overt differences in
the density of astrocytes or neurons of ei-
ther region were noted between wild-type
and transgenic mice.

ing erbB1-mediated signaling. A, DN—erhB4 is expressed in cultured astrocytes isolated from either the whole brain (top panel ) or
the hypothalamus (bottom panel). Cell homogenates prepared from primary astrocyte cultures or C0S-7 cells transfected with
DN- erbB4 FLAG were subjected to SDS-PAGE and then immunoblotted (/B) with FLAG, erbB4, or GFAP antibodies. B, Inhibition of erbB4
receptor phosphorylation by the transgenic expression of DN— erbB4 in whole brain astrocyte cultures. Cells were treated with NRG/3, (50
ng/ml for 5 min), lysed, immunoprecipitated (/PP) with erbB4 antibodies, subjected to SDS-PAGE separation, and blotted with 4G10
anti-phosphotyrosine antibodies (top panel ). The membrane was stripped and incubated with an antibody that recognizes the intracellular
domain of erbB4, showing the relative amount of receptor immunoprecipitated in each sample (middle panel ). After stripping again, the

membrane was incubated with an anti-FLAG antibody, showing that DN—erbB4 was only expressed in mutant cells, and that the level of

DN-erbB4 expression disrupts
astrocytic erbB4 and erbB2 but not EGF
receptor signaling

Previous observations have shown that in
situ  differences in GFAP expression
among astrocytes from different brain re-
gions are no longer apparent in vitro. In keeping with these find-
ings, the mutant receptor was abundantly expressed in cultured
astrocytes from either the whole brain or the hypothalamus (Fig.
3A). Therefore, astrocytes from the whole brain were used to
assess the ability of the mutant receptor to disrupt erbB-mediated
signaling. Western blot analysis combined with immunoprecipi-
tation showed that NRG-induced phosphorylation of astrocytic
wild-type erbB4 receptors is abolished in astrocytes obtained
from mutant mice (Fig. 3B).

In addition to erbB4, hypothalamic astrocytes express erbB2
and EGF receptors (erbB1) but do not contain erbB3 receptors
(Maetal., 1999). Because it is clear that erbB4 can heterodimerize
with erbB2, and because experiments suggest that it may also
dimerize with erbB1 (Tzahar et al., 1997; Pinkas-Kramarski et al.,
1998), we tested the possibility that expression of DN-erbB4
would affect astrocytic erbB2 and/or erbB1 signaling. Mutant and
wild-type astrocytes were exposed to betacellulin, an EGF family
member that binds and activates both erbB1 and erbB4 ho-
modimers and all possible heterodimeric erbB receptor com-

expression was similar in all conditions. ¢, DN—erbB4 expression does not affect ligand-induced erbB1 receptor phosphorylation but
abolishes erbB2 phosphorylation. Brain astrocyte cultures were treated with betacellulin (50 ng/ml for 5 min), lysed, and immunoprecipi-
tated with either erbBT1 (feft panel ) or erbB2 (right panel ) antibodies, before SDS-PAGE and immunoblotting with 4G10 antiphosphoty-
rosine antibodies, followed by stripping and immunoblotting with either erbB1 or erbB2 antibodies to ensure that each receptor had been
immunoprecipitated. Wt, Wild type.

plexes (Dunbar and Goddard, 2000). Then the extent of erbB1
and erbB2 tyrosine phosphorylation was determined by immu-
noprecipitation with antireceptor antibodies followed by immu-
noblotting with anti-phosphotyrosine antibodies. Although
betacellulin-induced erbB1 phosphorylation was not affected in
DN-erbB4 expressing astrocytes (Fig. 3C, left panels), tyrosine
phosphorylation of erbB2 receptors was abolished (Fig. 3C, right
panels). These results show that erbB2 receptors, presumably
forming unproductive heterodimers with DN—erbB4, cannot be
activated by erbB4 ligands. They also demonstrate that DN—
erbB4 specifically blocks astrocytic erbB4—erbB2 signaling but
not that of erbB1.

Expression of DN-erbB4 in astrocytes blocks the NRG-
induced release of PGE, and LHRH from hypothalamic cells
We have shown previously that NRG-induced erbB4 —erbB2 ac-
tivation in cultured astrocytes results in the production of PGE,,
and that PGE, induces LHRH secretion from an immortalized
LHRH-producing cell line (Ma et al., 1999) and from the median
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eminence of the hypothalamus (Ojeda et al., 1990). These results
suggested that NRG regulates LHRH production and/or secre-
tion through its effects on astrocytic PGE, production. Therefore,
we tested whether astrocytic expression of DN—erbB4 alters the
production and/or secretion of PGE, and LHRH production by
hypothalamic cells. Although both NRGS and TGFq, a member
of the EGF family that signals via erbB1 receptors, induced PGE,
release from wild-type hypothalamic astrocytes, NRGf3, was
completely ineffective in cells from DN—erbB4 mutant animals
(Fig. 4A). In contrast, TGFa induced PGE, release from DN—
erbB4-expressing astrocytes as efficiently as in wild-type cells,
also demonstrating that erbB1 signaling is not affected by DN—
erbB4 expression. The presence of DN—erbB4 in astrocytes also
disrupted NRGp,;-induced release of LHRH from median emi-
nence fragments containing the neurosecretory terminals of
LHRH neurons, without affecting the stimulatory effect of TGFa
(Fig. 4B). These results suggested that the inability of NRG to
induce LHRH release could be attributable to a lack of PGE,
production in DN-erbB4-expressing astrocytes. To test this pos-
sibility we determined whether LHRH release from median em-
inence nerve terminals could be induced by PGE,. Treatment
with the prostaglandin (1 um) stimulated LHRH release equally
well in both normal and mutant tissues (Fig. 4C). Thus, the re-
duced secretory response of LHRH neurons to NRGf3, observed
in DN-erbB4 mutant mice is the direct result of impaired astro-
cytic erbB4—erbB2 signaling and not the consequence of a neu-
ronal defect resulting from the astrocytic expression of mutant
erbB4 receptors.

Expression of DN-erbB4 in hypothalamic astrocytes results
in hormonal defects in vivo

The in vitro experiments described above indicated that the
GFAP-DN-erbB4 transgenic mice could have defects in LHRH
production or secretion. Measurements of total hypothalamic
LHRH content during prepubertal development showed no dif-
ferences between transgenic and wild-type mice (Fig. 54), sug-
gesting that LHRH production is normal. During early mamma-
lian sexual development, a transient activation of LHRH
secretion (Hompes et al., 1982) induces an elevation in serum
levels of pituitary gonadotropin hormones, in particular those of
FSH (Ojeda and Urbanski, 1994; Grumbach and Styne, 1998). In
rodents, this increase occurs during the second week of postnatal
life (Ojeda and Urbanski, 1994). In wild-type mice, plasma FSH
levels rose markedly during the first 2 weeks of life, reaching
maximum values by day 12, and decreased abruptly thereafter
(Fig. 5B). In contrast, in mutant mice, the FSH peak was blunted
by 50% (Fig. 5B, top panel). Interestingly, the low mean LH levels
observed normally at this stage of development were not different
between wild-type and mutant mice (Fig. 5B, bottom panel). It
thus appears that the physiological requirement for erbB4—
erbB2 signaling in NRG-induced LHRH release from median
eminence explants in vitro has the appropriate in vivo correlate
(i.e., an attenuated infantile surge of FSH that likely reflects a
reduced LHRH release in the face of a normal hypothalamic
LHRH content).

To further test the function of the hypothalamic—pituitary—
gonadal axis, we examined the effects of ovariectomy, which in
normal animals relieves the hypothalamic—pituitary unit of
steroid-dependent inhibitory feedback control, resulting in in-
creased circulating levels of pituitary gonadotropins (Ojeda and
Urbanski, 1994; Grumbach and Styne, 1998). As expected, the
ovariectomy of 12-d-old wild-type mice led to a significant in-
crease in serum FSH levels 2 and 4 d later (Fig. 5C). In contrast,
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mutant mice failed to respond (Fig. 5C) within the time frame
examined, indicating that the ability of the LHRH neuronal net-
work to increase its secretory output in response to the loss of
ovary-dependent inhibitory control is disrupted in these animals.
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GFAP-DN-erbB4 female mice show delayed sexual
maturation and a diminished reproductive capacity in early
adulthood

The deficits in LHRH-FSH secretion seen in ovary-intact mutant
mice were accompanied by a reduction in uterine growth in both
transgenic lines (Fig. 6A), indicating that ovarian estrogen out-
put was compromised in DN—erbB4 mice. This deficiency is
likely to result from the reduction in FSH levels, because this
hormone is required for both antral follicular growth and ovarian
estrogen secretion (Schwartz, 1974; Kumar et al., 1997). Consis-
tent with the hindering of uterine growth, the time of puberty
(defined by the age at first ovulation) was significantly delayed in
DN-erbB4 animals compared with wild-type mice (Fig. 6B).
Once the mutant mice achieved puberty, their reproductive per-
formance was also affected; when a wild-type male was intro-
duced in the cage of a sexually mature female, the birth of the first
litter was delayed by >10 d in DN—erbB4 mice compared with
wild-type females (Fig. 6C). Young-adult gestational capacity did
not appear to be affected, because the mutant animals, once they
were able to reproduce, delivered a normal number of pups per
litter for at least five consecutive pregnancies.

Discussion

The present results indicate that erbB4 receptor signaling in hy-
pothalamic astroglial cells is an essential component of the mech-
anisms by which the brain controls female sexual development
and the acquisition of reproductive competence in mammals. By
showing that the astrocyte-specific blockade of erbB4 —erbB2 re-
ceptor function disrupts these landmark events, these results pro-
vide for the first time evidence that NRG—erbB signaling is nec-
essary for specific neuron—astrocyte interactions in the normal
postnatal brain. Although in addition to hypothalamic astro-
cytes, DN—erbB4 is expressed in cerebrocortical and cerebellar
astrocytes, the high levels of expression required for effective
blockade of wild-type receptors appear to be achieved only in the
hypothalamus, suggesting that this is the site where fully func-
tional erbB4 receptors are required for normal sexual develop-
ment. Because DN—erbB4 was abundant in astrocytes of both the
preoptic area (where the LHRH cell bodies are located) and the
median eminence (which contains the LHRH secretory nerve
terminals), it is likely that the astrocytic defect in erbB4 signaling
affects LHRH neuronal function at these two neuroanatomical
levels. Previous studies have, in fact, shown that both sites are
subjected to erbB receptor-mediated regulation (Rage et al.,
1997). Although we cannot rule out defects in astrocytes outside
the hypothalamus, extensive testing of these mice indicates that
other brain functions are not affected by astrocytic DN—erbB4
expression, thus supporting this conclusion. For example, the
mutant mice show no overt defects in motor function, coordina-
tion, or locomotor activity (data not shown), implying the ab-
sence of defects in extrapyramidal circuitries and/or cerebellar
function. Moreover, recordings from hippocampal slices showed
no differences in basic physiological parameters and in physio-
logical plasticity (long-term potentiation and kindling) (data not
shown). Finally, histological analysis of hippocampal and cortical
tissues (hematoxylin—eosin staining, silver staining, immuno-

<«

significantincrease in serum FSH levels 2 and 4 d later in wild-type mice but not in mutant mice.
Numbers inside the bars are the number of mice per group. Vertical lines are the SEM. In B, **p <
0.01 versus the wild-type group. In ¢, *p << 0.05 and **p << 0.01 between ovariectomized and
nonovariectomized wild-type groups. Wt, Wild type.



Prevot et al. @ erbB Receptors and Neuroendocrine Function

A

1.0
—8— Wt
E —0— Line 18
m —— Line 34
oD 08
B
E
£ *kk
-g 06 4
]
£
}™
S 04
4 8 12 16 20
Days after birth
40 -
7 "
%k
*kk
g * N
T
]
E 32
3
o 28
- 254
o
= 25
-t
: 24 |
o
94 = 12 10 18
20 ' -
Wt L18 L34
o
£
*kk
o 101 *kk I
ed 1
Om
£T
BT 20
88
g:
=9
E‘: 20 1
‘gd}
=
e
8%
TSN
8 10 12
£ o0 ; .
Wt L18 L34

Figure 6.  Transgenic mice have retarded uterine growth, delayed sexual development, and
reduced reproductive capacity in early adulthood. 4, Uterine growth is reduced in mutant mice
(8—12animals per point, except day 12, in which each point has 30 — 44 mice). B, The age at first
ovulation is delayed in transgenic mice. (, The age at first pregnancy is delayed in transgenic
mice. In all panels, *p << 0.05, **p << 0.01, and ***p << 0.001 versus wild-type values. Circles,
triangles, or bars are means; vertical lines represent the SEM. L18 and L34 are transgenic lines.
Wt, Wild-type mice. Numbers inside the bars are the number of animals per group.

J. Neurosci., January 1,2003 - 23(1):230-239 + 237

staining with neuronal and glia markers, electron microscopy)
failed to reveal overt abnormalities (data not shown).

Because the mutant erbB4 receptor is highly expressed
throughout the hypothalamus, it is possible that the reproductive
defects observed in DN—erbB4 animals are the consequences of a
generalized alteration in hypothalamic function instead of a spe-
cific defect affecting the neuronal-glial system controlling repro-
ductive maturation. However, this is unlikely, because key indi-
cators of various other hypothalamic functions show no altera-
tions in DN—erbB4 mice. The mutant mice have normal body
weights, implicating a normal rate of growth hormone secretion;
they nurse their litters normally, implying no defects in maternal
behavior, milk production (prolactin secretion), or milk ejection
(oxytocin secretion); and, finally, routine daily inspection of wa-
ter bottles showed that water intake was not different from that of
wild-type controls, implying no defects in the control of water
balance (vasopressin secretion). Although it could also be argued
that the reproductive defects may be secondary to defects in sex-
ual behavior, the clear-cut defects in LHRH and gonadotropin
secretion observed in prepubertal mutant mice speak against
such a possibility. Thus, the present results support the conclu-
sion that the reproductive phenotype observed in DN—erbB4 an-
imals is related to a functional lesion affecting a specific astro-
cyte—neuronal communication pathway required for normal
LHRH release.

A previous study showed that intraventricular infusion of an
antisense oligodeoxynucleotide that disrupts erbB2 synthesis de-
lays the initiation of female puberty in rats (Ma et al., 1999).
Although those experiments demonstrated that erbB2 signaling
is important for this process, they did not define the cell type
(neuron or glia) where erbB2 receptors are acting, the region of
the brain where erbB2 signaling contributes to the control of
sexual development, and the erbB receptor subtype (erbBl,
erbB3, or erbB4) with which erbB2 heterodimerizes for signaling.
The present results provide an answer to these questions. Al-
though the preferential expression of the mutant erbB4 receptors
in the hypothalamus establishes this region as the relevant site of
erbB receptor action in the control of female puberty, the use of
the GFAP promoter to drive expression of DN—erbB4 only to
astrocytes demonstrates that this cell type is the site where erbB4
signaling must occur for sexual development to proceed nor-
mally. Finally, the finding that DN—erbB4 disrupts both erbB4
and erbB2 function, without compromising erbB1-mediated sig-
naling, identifies erbB4 as the necessary partner used by erbB2 in
hypothalamic astrocytes to fulfill its function in the central con-
trol of sexual development.

The observation that serum FSH levels were lower in trans-
genic mice than in wild-type mice at day 12 indicates that regu-
lation of LHRH release by erbB4/2 signaling is important for the
regulation of FSH production. Nevertheless, FSH levels still in-
creased during development (day 8 vs day 12) in DN—erbB4
transgenic mice, suggesting that other mechanisms contribute to
facilitating the release of LHRH. Based on our previous studies
and on the present results, we propose that astrocytes control
LHRH release via a dual mechanism involving erbB1 receptor
activation by TGFa (which is not affected by overexpression of
truncated erbB4 receptors) and erbB4 receptor activation by
NRGs (which are inhibited by DN—erbB4). Thus, as suggested by
the in vivo results depicted in Figure 4, the changes in serum FSH
observed in the mutant animals are likely to reflect, at least in
part, the presence of an intact erbB1-mediated signaling system.
This could be tested by studying FSH release in animals in which
both erbB1 and erbB4/2 signaling are abolished in hypothalamic
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astrocytes. However, it must also be recognized that LHRH neu-
rons are strongly regulated by trans-synaptic inputs, which are
likely to be functional even if both erbB1 and erbB4 astrocytic
signaling systems are inhibited, thus contributing to the develop-
mental changes in FSH release observed in the transgenic mice.

In contrast to the receptors, the source and type of the NRG
that may be physiologically involved in activating erbB receptors
in hypothalamic astrocytes remains undetermined. Ma et al.
(1999) originally reported that NRGB2, but not NRGf1, was
effective in inducing PGE2 release from astrocytes, but the
present experiments show that NRGpLI is active in this system.
We believe that the disparity between these results is most likely
attributable to a less-than-optimal biological activity of the re-
agent used in the previous study, and that both of these forms can
elicit PGE, release from hypothalamic astrocytes. Although in
situ hybridization studies suggest that NRGs are primarily ex-
pressed by neurons (Chen et al., 1994; Corfas et al., 1995), cul-
tured hypothalamic astrocytes also contain the mRNAs encoding
NRGs (Ma et al., 1999). Thus, it is possible that the astrocytic
erbB receptors that contribute to the control of sexual develop-
ment are activated in a paracrine or an autocrine manner. We do
not know whether adult estrus cyclicity, cycle-related changes in
hormone levels, and/or reproductive life span are affected in the
transgenic mice. Future experiments are needed to address these
issues.

Together, the present results demonstrate that functional in-
tegrity of a single astrocytic component involved in neuron—glia
signaling is required for normalcy of the centrally driven devel-
opmental program that controls sexual maturation in mammals.
As such, the results provide important insights into the cell-to-
cell communication mechanisms used by the neuroendocrine
brain to control the advent of puberty. They also furnish an ex-
perimental framework for the concept that a derangement of
specific neuron—glia signaling pathways may underlie some of
the poorly understood, centrally originated alteration in the on-
set of human puberty. The delayed sexual development, followed
by a transient deficiency in adult reproductive capacity, observed
in animals with impaired astrocytic NRG—erbB4/2 receptor sig-
naling is highly reminiscent of the syndrome of idiopathic de-
layed puberty of central origin related to gonadotropin deficiency
in humans (Grumbach and Styne, 1998). A hallmark of this syn-
drome is that affected individuals have delayed puberty but can
reproduce normally after reaching sexual maturity.
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