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Hypothalamic Tumor Necrosis Factor-a Converting Enzyme
Mediates Excitatory Amino Acid-Dependent Neuron-to-Glia
Signaling in the Neuroendocrine Brain

Alejandro Lomniczi, Anda Cornea, Maria E. Costa, and Sergio R. Ojeda
Division of Neuroscience, Oregon National Primate Research Center/Oregon Health and Science University, Beaverton, Oregon 97006

Glial erbB1 receptors play a significant role in the hypothalamic control of female puberty. Activation of these receptors by transforming
growth factor o (TGFa) results in production of prostaglandin E,, which then stimulates luteinizing hormone releasing hormone
(LHRH) neurons to secrete LHRH, the neuropeptide controlling sexual development. Glutamatergic neurons set in motion this glia-to-
neuron signaling pathway by transactivating erbB1 receptors via coactivation of AMPA receptors (AMPARs) and metabotropic gluta-
mate receptors (mGluRs). Because the metalloproteinase tumor necrosis factor o converting enzyme (TACE) releases TGFa from its
transmembrane precursor before TGFa can bind to erbB1 receptors, we sought to determine whether TACE is required for excitatory
amino acids to activate the TGF- erbB1 signaling module in hypothalamic astrocytes, and thus facilitate the advent of puberty. Coacti-
vation of astrocytic AMPARs and mGluRs caused extracellular Ca>* influx, a Ca>* /protein kinase C-dependent increase in TACE-like
activity, and enhanced release of TGFa. Within the hypothalamus, TACE is most abundantly expressed in astrocytes of the median
eminence (ME), and its enzymatic activity increases selectively in this region at the time of the first preovulatory surge of gonadotropins.
ME explants respond to stimulation of AMPARs and mGluRs with LHRH release, and this response is prevented by blocking TACE
activity. In vivo inhibition of TACE activity targeted to the ME delayed the age at first ovulation, indicating that ME-specific changes in
TACE activity are required for the normal timing of puberty. These results suggest that TACE is a component of the neuron-to-glia

signaling process used by glutamatergic neurons to control female sexual development.
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Introduction
The initiation of mammalian puberty requires an increase in hy-
pothalamic luteinizing hormone release hormone (LHRH) se-
cretion (Ojeda and Terasawa, 2002). LHRH secretion is subjected
to both neuron-to-neuron (Kordon et al., 1994) and glia-to-
neuron (Ojedaetal., 2000) regulatory inputs. A significant part of
the latter control is exerted at the level of the median eminence
(ME), a circumventricular organ (McKinley et al., 1990) devoid
of neuronal cell bodies but rich in astrocytes (Kobayashi et al.,
1972; Riitzel and Schiebler, 1980) and modified ependymoglial
cells known as tanycytes (Knowles, 1972; Kozlowski and Coates,
1985). Within the ME, glial-neuronal contacts (Kordon et al.,
1994; Silverman et al., 1994) provide the anatomical substrate for
the operation of several glia-to-neuron signaling pathways con-
trolling LHRH release (Garcia-Segura et al., 1996; Galbiati et al.,
2003; Ojeda et al., 2003).

A key trans-synaptic input required for the activation of
LHRH neurons at puberty is provided by glutamatergic neurons
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(Plant et al., 1989; Urbanski and Ojeda, 1990). They act via
NMDA and AMPA/kainate receptors expressed in both LHRH
neurons and interneurons connected to the LHRH neuronal net-
work (Gore et al., 1996; Eyigor and Jennes, 1997; Eyigor and
Jennes, 2000; Ottem et al., 2002). Notwithstanding the impor-
tance of this trans-synaptic control, it recently became evident
that glutamatergic neurons can also control astrocytic function,
and therefore LHRH release, via facilitation of erbB-dependent
glia-to-neuron signaling pathways (Dziedzic et al., 2003). One of
these pathways is initiated by transforming growth factor «
(TGFa), which in both hypothalamic astrocytes (Ma et al.,
1994c¢) and tanycytes (Prevot et al., 2003b) signals via erbB1 re-
ceptors. The integrity of erbB1 signaling is important for the
timing of puberty, because female sexual development is delayed
in mice carrying mutated erbB1 receptors or a combined erbB1/
erbB4 receptor defect (Apostolakis et al., 2000; Prevot et al.,
2003a, 2005).

Glutamate activates both erbB1- and erbB4-mediated path-
ways by concomitantly stimulating AMPA receptors (AMPARs)
and metabotropic glutamate receptors (mGluRs) located on as-
troglial cells (Dziedzic et al., 2003). Stimulation of these gluta-
mate receptors results in recruitment of erbB1 and erbB4 recep-
tors and their ligands to the glial cell membrane and causes
phosphorylation of both receptors. This transactivation is pre-
vented by inhibition of metalloproteinase (MMP) activity (Dz-
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iedzic et al., 2003). Because MMP-mediated processing of
membrane-bound erbB ligands is required for the ligand-
dependent activation of erbB receptors between cells in contact
(Dong et al., 1999; Prenzel et al., 1999; Gschwind et al., 2001),
AMPAR/mGIuR-dependent transactivation of astrocytic erbB
receptors may involve ectodomain shedding of erbB ligands.

We now report that tumor necrosis factor a converting en-
zyme (TACE), a member of the disintegrin and metalloproteases
(ADAMs) family of metalloproteases (Schlondorff and Blobel,
1999), and the major metalloproteinase mediating TGF« ectodo-
main processing (Peschon et al., 1998; Sahin et al., 2004), is re-
quired for AMPAR/mGIluR-dependent activation of TGFa re-
lease from hypothalamic astrocytes and for LHRH release. We
also show that astrocytes of the ME are rich in TACE and that
blockade of TACE activity targeted to the ME delays the onset of
female puberty. These findings suggest that TACE-mediated
ectodomain shedding of erbB ligands, epitomized by TGFa, is a
key component of the neuron-to-glia signaling mechanism used
by excitatory amino acids to facilitate the advent of female
puberty.

Materials and Methods

Animals. Immature Sprague Dawley rats were obtained from Harlan
Sprague Dawley (Indianapolis, IN). They were housed in a room with
controlled photoperiod (14/10 h light/dark cycle) and temperature (23—
25°C) and were allowed access to tap water and pelleted rat chow ad
libitum. Animals younger than 21 d of age were housed with their
mothers.

Tissue dissection. For measurement of TACE mRNA or enzyme activ-
ity, the hypothalamus was extracted as a whole including the region
above the optic chiasm, which contains the preoptic area and suprachi-
asmatic nucleus, and the medial basal hypothalamus (MBH), which con-
tains the ME, arcuate nucleus, and ventromedial nucleus. The lateral
basal hypothalamus (between the ME and the hypothalamic sulci) was
dissected away from the ME and was termed MBH (—). After collection,
the tissues were frozen on dry ice and stored at —85°C until RNA or
protein extraction.

For experiments involving incubation of ME fragments with excita-
tory amino acid receptor agonists (see below), the ME was microdis-
sected under a stereomicroscope as described previously (Negro-Vilar et
al,, 1979).

Cell culture. Astrocytes were isolated from the hypothalami of 1- to
2-d-old rats and cultured as described previously (Ma et al., 1994a, 1999).
After a growth period of 8-10 d in 75 ¢cm culture flasks containing
DMEM/F-12 medium supplemented with 10% calf serum (HyClone,
Logan, UT), astrocytes were isolated from other cell types by overnight
shaking at 250 rpm and replated on either 10 cm dishes (2 X 10° cells per
dish) for TACE activity or 12-well plates at 300,000 cells per well for
TGFa release experiments. After reaching 80-90% confluence, the me-
dium was replaced with a serum-free, astrocyte-defined medium (ADM)
consisting of DMEM devoid of phenol red, supplemented with 2 mm
L-glutamine, 15 mM HEPES, 5 ug/ml insulin, and 100 M putrescine (Ma
et al,, 1999). The cells were exposed 4 d later for the experiments to
determine the effect of the excitatory amino acid agonists AMPA (100
uM) and tACPD [(1S,3R) trans-1-aminocyclopentane-1,3-dicarboxylic
acid] (100 um) (Sigma, St. Louis, MO) or the selective TACE inhibitor
(Arribas et al., 1996; Karkkainen et al., 2000) TAPI-2 [N-(R)-(2-
(hydroxyaminocarbolyl) methyl)-4-methylpentanoyl-L-¢-butyl-glycine-
L-alanine 2-aminoethyl amide] [a gift from Immmunex (Seattle, WA) or
purchased from Biomol (Plymouth Meeting, PA)]. The astrocytes were
incubated in the presence of these agents for different periods of time at
37°C, washed with ice-cold PBS, and frozen in dry ice before protein
extraction. To study the release of TGFq, the astrocytes (300,000 astro-
cytes per well) were preincubated in the presence or absence of TAPI-2
(50 um in 500 wl of ADM). After 30 min of incubation at 37°C, the cells
were exposed for 4 h to AMPA plus tACPD (100 um each) or vehicle
(DMEM medium) alone, with or without TAPI-2. At the end of this
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incubation period, both the medium and the cells were collected for
TGFa measurement. The medium was transferred to tubes kept on ice
and containing (final concentration) 1 mm phenylmethylsulfonyl fluo-
ride, leupeptin at 10 ug/ml, and 3 mwm aprotinin. Thereafter, the tubes
were centrifuged to remove cell debris, and the supernatants were saved
at —85°C until assayed for TGFa. The cells were rapidly frozen on dry ice,
extracted with 25 mwm Tris buffer, pH 7.4, containing 1% Triton X-100,
and the same protease inhibitors mentioned above. The cell extracts were
then frozen at —85°C until assayed.

Determination of intracellular calcium levels. Astrocytes were seeded at
50,000 cells per well in black 96-well plates (Corning, Acton, MA) and
grown for 48 h in serum-free ADM (Ma et al., 1999). At the end of this
period, they were washed once in HBSS containing 130 mm NaCl, 5 mm
KCl, 1.5 mm CaCl,, 1 mm MgCL,, 5.5 mm glucose, 25 mm HEPES, pH 7.4,
and 0.1% BSA and loaded with 2 um fura-2 AM in HBSS (Invitrogen,
Carlsbad, CA) for 60 min at room temperature. After three washes of 10
min each with HBSS, cellular fluorescence was determined using a fluo-
rescence plate reader Flexstation II (Molecular Devices, Sunnyvale, CA)
at an excitation of 335 nm and emission of 505 nm. Measurements were
made every 1.5 s for a total of 80 s. After 20 s of basal fluorescence
determination, 20 ul of AMPA (500 um in HBSS), tACPD (500 um), or
both were automatically delivered to the wells. The results are expressed
as F/F,, i.e., the ratio of the fluorescence detected at any given time point
divided by the initial fluorescence in that well; values are expressed as
mean = SEM of eight wells per group.

Western blots. Cell cultures or tissues were lysed in Tris-buffered saline
(TBS) lysis buffer containing 1% (v/v) Nonidet P-40 and the protease
inhibitors 1,10-phenantroline (10 mwm; Sigma) and Iomastat (1 uMm;
Chemicon, Temecula, CA) to block TACE autodigestion (Schléndorff et
al., 2000). The lysates were centrifuged at 12,000 X g for 10 min, and 500
g of the supernatant proteins were incubated with 20 ul of concanavalin
A-Sepharose beads (Sigma) for 2 h at 4°C. The beads were washed three
times with lysis buffer and boiled for 5 min in nonreducing sample
buffer, sized fractionated by SDS-PAGE using a 8—16% gel, and trans-
ferred to polyvinylidene difluoride membranes (Millipore, Bedford,
MA). Western blots were performed as described previously (Schlén-
dorff et al., 2000). Rabbit polyclonal antibodies against the cytoplasmic
tail of TACE (kindly provided by Dr. Carl P. Blobel, Hospital for Special
Surgery at Weill Medical College of Cornell University, New York, NY)
were used at a 1:1000 dilution (overnight at 4°C), followed by an anti-
rabbit HRP antibody (1 h; 1:50,000 dilution). The signal was developed
by enhanced chemiluminescence using the Western lightning chemilu-
minescence substrate (PerkinElmer Life Sciences, Boston, MA).

Reverse transcription-PCR. A DNA fragment derived from the coding
region of rat TACE mRNA (GenBank accession number NM_020306)
was generated by reverse transcription (RT)-PCR of total RNA extracted
from prepubertal rat hypothalami, cultured astrocytes, and cultured ta-
nycytes. Then, 500 ng of total RNA were transcribed into ¢cDNA in a
volume of 20 ul using 4 U Omniscript reverse transcriptase (Qiagen,
Valencia, CA), 20 U of RNase inhibitor (Promega, Madison, WI), and 25
pmol of an oligo-dT primer. After 1 h of incubation at 37°C, the reaction
was terminated by heating at 95°C for 5 min. PCRs were performed by
using 2 ul of each reverse transcription reaction and TagDNA polymer-
ase (Promega) in a volume of 25 ul. The thermocycling conditions were
95°C for 4 min, followed by 35 cycles of 94°C for 15 s, 65°C for 30 s, and
72°C for 30 s, followed by a final extension period of 7 min at 72°C. A 415
bp DNA fragment was amplified with the oligodeoxynucleotide primers
(sense, 5'-CGTTGGGTCTGTTCTGGTTTTCTC-3'; and antisense, 5'-
GGCGGCCTTCTCACTCCTG-3") complementary to nucleotides
2016-2040 and 2412-2431, respectively, in the coding region of rat
TACE mRNA. All cDNAs generated by RT-PCR were cloned into the
riboprobe vector pPGEM-T (Promega), and their identities were verified
by sequencing.

Real-Time PCR. Primers were selected to amplify a 90 bp segment
from rat TACE mRNA. The 5’ forward primer corresponds to nucleo-
tides 1945-1965 (5'-ATTGAGCGGTTTTGGGATTTC-3'), and the 3’
reverse primer is complementary to nucleotides 2015-2035 (5'-
AAACCAGAACAGACCCAACGA-3") in the TACE mRNA sequence.
The internal fluorescent 29-nt-long oligodeoxynucleotide probe (5'-
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CCAGCTGAGCATCAACACTTTTGGGAAGT-3'; PerkinElmer Ap-
plied Biosystems, Foster City, CA), complementary to nucleotides 1971—
1999, was covalently linked to the fluorescent dye FAM at the 5" end and
the quencher dye TAMRA at the 3’ end. To normalize the mRNA values
obtained, 18S ribosomal RNA was simultaneously measured in each
sample using a set of primers purchased as a kit (TagMan Ribosomal
RNA Control Reagents kit; PerkinElmer Applied Biosystems). Other de-
tails of the real-time PCR procedure in our hands have been described
previously (Romero et al., 2002; Shahab et al., 2005).

Determination of TACE-like activity. Tissues or cells were homoge-
nized in 25 mm Tris buffer, pH 7.4, containing 1% Triton X-100, 1 mm
phenylmethylsulfonyl fluoride, leupeptin at 10 wg/ml, and 3 mm aproti-
nin. The homogenates were centrifuged at 12,000 rpm for 20 min, and
the supernatants were stored at —85°C after determining their protein
concentration using the Bradford reagent (Bio-Rad, Hercules, CA).
TACE activity was determined in a final volume of 100 ul, using 20 ug of
protein extract per well. The reaction was initiated with the addition of 10
M Mca-P-L-A-Q-A-V-Dpa-R-S-S-S-R-NH2 Fluorogenic Peptide Sub-
strate IIT (R & D Systems, Minneapolis, MN) and performed at 37°C.
TACE cleaves this peptide sequence between Ala and Val, separating the
fluorochrome from the quencher, thus allowing the detection of the
fluorescence (Jin et al., 2002). Fluorescence intensity was determined
with the fluorescence plate reader Flex Station (Molecular Devices) using
an excitation wavelength at 320 nm and emission at 405 nm every 10 min
for 4 h.

TGFa ELISA. A TGFa sandwich ELISA was developed using a “cap-
ture” and a biotinylated goat hTGFa antibody that recognize the mature
form of human TGFa (R & D Systems). Briefly, a 96-well plate (Corning,
Corning, NY) was coated overnight at 4°C with the capture antibody ata
concentration of 0.4 ug/ml, diluted in carbonate coating buffer, pH 9.7.
The next day, and after a single wash with PBS, the nonspecific sites were
blocked with 300 ul of PBS containing 1% BSA and 5% sucrose per well
for 1 h at room temperature, followed by three washes with wash buffer
(PBS and 0.05% Tween 20). Serial dilutions of a TGFa standard (Pepro-
tech, Rocky Hill, NJ) were made using a range of concentrations varying
from 10 ng/ml to 10 pg/ml in ADM. Duplicates of each standard or
unknown were then pipetted into the wells at 100 ul/well, and the reac-
tion was allowed to proceed for 24 h at 4°C. After three washes with wash
bulffer, biotinylated anti-hTGFa (300 ng/ml) diluted in PBS and 1% BSA
was added to each well (100 ul/well) and allowed to react for 2 h at room
temperature. After three washes, each well received 100 ul of strepta-
vidin—horseradish peroxidase (Amersham Biosciences, Buckingham-
shire, UK) diluted 1:500 in Tris-buffered saline and 0.2% Triton X-100,
and the mixture was incubated for 30 min at room temperature. At the
end of this period, the wells were washed again three times before devel-
oping the reaction with 100 ul of Ultra-TMB-ELISA (Pierce, Rockford,
IL) for 30 min at room temperature. The reaction was then terminated by
adding 50 ul of 2M HCI. The absorbance was determined on a microplate
reader (Bio-Tek Instruments, Winooski, VT) at 450 nm.

Hybridization histochemistry. To localize TACE mRNA in the rat hy-
pothalamus, we used a 415 nt cRNA probe transcribed from the PCR-
generated cDNA template described above. The procedure used for tis-
sue preparation and hybridization has been reported previously (Ma et
al., 1992; Berg-von der Emde et al., 1995). In brief, the brains were fixed
by transcardiac perfusion of 4% paraformaldehyde—borate buffer, pH
9.5. Both solutions were made with DEPC-treated water (0.1% dieth-
ylpyrocarbonate) to minimize RNase contamination. After dissection of
the brain, tissue blocks were postfixed overnight in the same fixative
containing 20% sucrose, blocked and frozen on dry ice, and stored at
—85°C until sectioning, as reported previously (Ma et al., 1992; Berg-von
der Emde et al., 1995). The sections (30 um) were cut on a sliding mic-
rotome, mounted on Superfrost Plus slides (Fisher Scientific, Santa
Clara, CA), dehydrated under vacuum overnight, and then frozen at
—85°C until processing for hybridization. The hybridization procedure
was that reccommended by Simmons et al. (1989), as described previously
by us (Ma et al., 1994b; Berg-von der Emde et al., 1995), using a
[*>S]UTP-labeled cRNA probe. After an overnight hybridization at
55°C, the slides were washed and processed for cRNA detection. After
dehydration, the slides were dipped in NTB-2 emulsion and were ex-
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posed to the emulsion for 3 weeks at 4°C. At this time, the slides were
developed, stained with 0.1% thionin, quickly dehydrated in ascending
alcohol concentrations, dried, and coverslipped for microscopic exami-
nation. Control sections were hybridized to a sense RNA probe tran-
scribed from the same TACE cDNA template but linearized at the 3" end
to transcribe the sense strand of the template.

Immunohistochemistry  confocal microscopy. To detect TACE-
immunoreactive protein in cultured astrocytes and brain sections, we
used a procedure described previously (Jung et al., 1997; Dziedzic et al.,
2003) and rabbit polyclonal antibodies to the intracellular domain of rat
TACE (Schlondorff et al., 2000) generously provided by Dr. Carl P. Blo-
bel or obtained from a commercial source (C-15, sc-6416; Santa Cruz
Biotechnology, Santa Cruz, CA). In the case of astrocytes, the cultures
were washed twice with PBS, pH 7.4, and fixed in 4% paraformaldehyde
for 30 min at room temperature. After extensive washes in 0.02 M potas-
sium phosphate buffer containing 0.9% NaCl (KPBS), the cells were
incubated for 15 min in KPBS-A (0.02 m KPBS containing 0.5% Triton
X-100), followed by 15 min in avidin blocking solution (avidin/biotin
blocking kit; Vector Laboratories, Burlingame, CA) and 15 min in biotin
blocking solution. After three washes in LKPBS (KPBS containing 2%
normal donkey serum and 0.5% Triton X-100), the cultures were incu-
bated for 24 h at 4°C with the TACE antibodies (diluted 1:3000) in
LKPBS. The immunoreaction was developed using the biotinylated tyra-
mine enhancement method as described previously (Jung et al., 1997),
with a biotinylated donkey anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA) at 1:5000 dilution and an Alexa 488-
streptavidin fluorophore (Invitrogen) at 1:1000. Other cultures were in-
cubated overnight at 4°C with a monoclonal antibody to GFAP (1:5000;
Sigma), followed by 1 h incubation with fluorescein-conjugated horse
anti-mouse Ig (1:250; Jackson ImmunoResearch) to develop the immu-
noreaction. We performed separate reactions for TACE and GFAP be-
cause, in initial cultures that were double stained for GFAP and TACE, we
noticed that TACE was present in GFAP-negative astrocytic processes.
Because GFAP has been reported to be absent in fine astrocytic processes
(Derouiche and Frotscher, 2001; Chao et al., 2002), we visualized these
processes by exposing the cultures to phallotoxin conjugated to Texas
Red (1:150; Invitrogen) to label F-actin filaments. The cells were incu-
bated with phallotoxin for 45 min at room temperature after completion
of the TACE or GFAP immunoreactions.

For detection of TACE in brain sections, the brains were fixed by
transcardiac perfusion of 4% paraformaldehyde—PBS, immersed in 20%
sucrose-PBS for 24—-48 h, blocked, frozen on dry ice, and stored at
—85°C until sectioned at 30 wm using a frozen sliding microtome. Float-
ing sections were incubated overnight with the TACE antibodies at a
1:2000 dilution, and the reactions were developed as outlined above. To
identify astrocytes, we stained the sections (overnight at 4°C) with mono-
clonal antibodies to GFAP (1:5000; Sigma) and developed the reaction
the next day with Texas Red goat anti-mouse IgG (1:250; Jackson Immu-
noResearch). Tanycytes were identified using monoclonal antibodies
against vimentin (1:600; Neomarkers, Union City, CA), a cytoskeletal
protein used as a marker for these cells (Chauvet et al., 1998; De Seranno
et al., 2004). When immunostaining for TGFa and TACE, the growth
factor was identified using rabbit polyclonal antibodies (1:200; Pepro-
tech), and the reaction was developed to a green color using biotinylated
donkey anti-rabbit Ig (1:250; Jackson ImmunoResearch), followed by
fluorescein-conjugated streptavidin (1:250; Jackson ImmunoResearch).
TACE was identified with goat polyclonal antibodies directed against the
C-terminus of the protein (sc-6316, 1:200; Santa Cruz Biotechnology),
and the immunoreaction was developed to a red color using Alexa 568
donkey anti-goat Ig (1:250; Invitrogen). Cell nuclei were stained with
Hoescht 33258 (Invitrogen) at 0.1 ug/ml KPBS for 1 min after comple-
tion of the immunoreactions. Controls consisted of sections incubated
without TACE antibodies but in the presence of either vimentin or GFAP
antibodies or sections incubated without TGFa or TACE antibodies.
Fluorescent images were acquired with either a Leica (Nussloch, Ger-
many) TCS SP confocal microscope as described previously (Ma et al.,
1999; DeFazio et al., 2002) or a Mariannas imaging workstation (Intelli-
gent Imaging Innovations, Denver, CO). Slidebook 4.1 was used to con-
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struct a montage of large fields of view and for nearest neighbors or
constraint iterative deconvolution and three-dimensional rendering.

Incubation of ME explants and measurement of LHRH release. During
microdissection, the MEs were placed in small plastic vials precoated
with 0.1% gelatin (one ME per vial). Thereafter, they were preincubated
for 30 min in Krebs’—Ringer’s bicarbonate buffer, pH 7.4, containing 4.5
mg/ml p-dextrose at 37°C under an atmosphere of 95% O,, 5% CO, with
shaking (60 cycles per minute), as described previously (Ojeda et al.,
1986b, 1990). At the end of this period, the medium was discarded and
replaced with fresh medium containing either TAPI-2 (50 um) or its
diluent (PBS). After 1 h of incubation, the medium was replaced again,
this time with medium containing AMPA and tACPD (500 uM each) in
the presence or absence of TAPI-2, and the incubation was continued for
another hour before collecting the medium for LHRH measurement.
LHRH released to the incubation medium was detected by radioimmu-
noassay, as described previously (Ojeda et al., 1986a,b), using '*I-
labeled LHRH and the rabbit polyclonal antibody HU60, which recog-
nizes the fully processed, mature decapeptide (Urbanski and Ojeda,
1990), at a 1:25,000 dilution.

Intrahypothalamic implants. To specifically block endogenous TACE
activity in the ME, TAPI-2 was delivered to this region of the hypothal-
amus via a stereotaxically implanted cannula. TAPI-2 (5 mm in DMSO)
was mixed with cocoabutterin a 1:2 (w/w) ratio and tapped into the open
end of a stainless steel 23-gauge cannula, as described previously (Ojeda
and Ramirez, 1969; Ma et al., 1992). Control cannulas contained only
DMSO/cocoa butter. The cannulas were stereotaxically implanted into
the ME or mammillary bodies of late juvenile (LJ) 28- to 29-d-old rats
according to the following coordinates: ME, —0.0 mm caudal to bregma,
0.0 mm lateral from midline, and 8.5 mm vertical from the surface of the
brain; mammillary bodies, —0.7 mm caudal to bregma, 0.0 mm lateral
from the midline, and 8.5 mm vertical. After implantation, the cannulas
were fixed with dental cement to the skull, and the skin wound was
sutured with surgical clips.

Phases of sexual development. Changes in hypothalamic TACE gene
expression and enzyme activity were determined at the different stages of
puberty described previously (Ojeda and Urbanski, 1994; Ojeda and
Skinner, 2005). If the vagina was not patent and the uterus weight was 60
mg or less, the animal was considered to be in the L] phase of puberty [a
stage previously termed anestrus (Ojeda and Urbanski, 1994)]. When the
uterus was enlarged and had detectable fluid (an index of estradiol secre-
tion), the animals were classified as being in the early proestrus phase.
Animals showing a uterine weight of 200 mg or more and a uterus “bal-
looned” with fluid were considered as late proestrus, i.e., the day of the
first preovulatory surge of LHRH and gonadotropins. The next day is the
day of first estrus. Ovulation takes place in the early morning hours of
this day. The vagina is open, vaginal cytology shows a predominance of
cornified cells, and the ovaries contain fresh corpora lutea. The first
diestrus follows; at this time, leukocytes are the predominant cell type
found in vaginal lavages.

Statistical analysis. The differences between several groups were ana-
lyzed by one-way ANOVA, followed by the Student-Newman—Keuls
multiple comparison test for unequal replications.

Results

TACE is expressed in hypothalamic astrocytes and tanycytes
TACE mRNA, detected by RT-PCR, was distinctly expressed in
the hypothalamus of prepubertal female rats as a whole and in
both astrocytes and tanycytes isolated from this region and cul-
tured in serum-containing medium (Fig. 1A). In situ hybridiza-
tion of brain sections from 30- to 32-d-old late juvenile female
rats demonstrated that, although TACE mRNA is expressed
throughout the hypothalamus, it is also present in ependymal
cells lining the wall of the third ventricle (Fig. 1 B, arrowheads). A
prominent site of expression is the ME, in which TACE mRNA
appears to be most abundant in subependymal cells of the inter-
mediate portion of the ME (Fig. 1B, arrows, C). This region
contains astrocytes (Ma et al., 1999) and the intermediate cell
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Figure1. The TACE gene s expressed in both isolated hypothalamic glial cells and the intact
rat hypothalamus. A, Detection by RT-PCR of TACE mRNA in cultures of purified astrocytes and
ependymoglial cells (tanycytes) and in the MBH of immature female rats. MM, Molecular
marker. B, Cellular localization of TACE mRNA in the hypothalamus of prepubertal (30-d-old)
female rats as detected by in situ hybridization using a [ **S]UTP-labeled cRNA probe. Although
TACE mRNA-containing cells are present throughout the hypothalamus, including ependymal
cells lining the wall of the third ventricle (3V; arrowheads), the most intense hybridization
signal is observed in the ME (arrows). Scale bar, 200 wm. €, Higher-magnification image illus-
trating the abundance of TACE mRNA in glial cells of the ME. Scale bar, 50 m.

type known as astrocytic tanycytes (Zaborszky and Schiebler,
1978; Riitzel and Schiebler, 1980).

Western blot analysis of proteins extracted from either hypo-
thalamic astrocytes or the ME of 30-d-old rats demonstrated the
presence of a triplet of ~110 kDa under nonreducing conditions
identical in size to a protein species detected in COS cells (Fig.
2 A) and that was previously demonstrated to correspond to the
full-length TACE form containing the protein prodomain
(Schlondorff et al., 2000). A band of ~75—80 kDa detected in the
ME, astrocytes, and COS-7 cells likely represents mature TACE
lacking the prodomain (Schlondorff et al., 2000). When the pro-
teins are size fractionated under reducing conditions, the 100
kDa protein migrates as a 120 kDa species and the 75-80 kDa as
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Figure 2.  The TACE protein is present in hypothalamic glial cells and in the intact rat hypo-
thalamus. 4, Immunoblotting of Sepharose— concanavalin A-enriched cell lysates derived from
hypothalamic astrocytes (A), the ME of the hypothalamus, and C0S-7 cells (positive control)
demonstrates the presence of a major immunoreactive species migrating at ~110 kDa under
the nonreducing conditions used and that represent the full-length, unprocessed TACE. A
smaller species of ~75—80 kDa corresponding to TACE lacking the prodomain (Schlondorff et
al., 2000) was also detected in the ME and COS cells and to a lesser extent in astrocytes. Protein
samples were boiled in sample buffer in the absence of dithiothreitol and size fractionated on a
8—-16% polyacrylamide gel beforeimmunoblotting (see Material and Methods). B, Detection of
astrocytic processes not stained by GFAP antibodies, using phallotoxin conjugated to Texas Red.
GFAP staining is shown as a green color; arrowheads point to some of the processes devoid of
GFAP. €, D, Localization of TACE in cultured hypothalamic astrocytes. TACE was identified with
rabbit polyclonal antibodies to its cytoplasmic tail domain, and the reaction was developed toa
green color with Alexa 488 streptavidin. Thereafter, the cells were stained with phallotoxin
conjugated to Texas Red to visualize actin in astrocytic processes that are devoid of GFAP stain-
ing. Notice that TACE immunoreactivity is present at the tip of astrocytic processes (C, arrow-
heads), in addition to having a perinuclear localization (D, long arrows). TACE is also detected
along fine processes in which it appears to be most abundant at the tip of the processes (D,
arrowhead) and at bifurcation points (D, short arrows). E-H, Detection of TACE immunoreac-
tivity in the hypothalamus of immature 30- to 32-d-old rats. Astrocytes were identified as such
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a 100 kDa form (data not shown), as described previously
(Schlondorff et al., 2000).

Initial examination of cultured hypothalamic astrocytes using
immunofluorescence confocal microscopy showed the presence
of TACE in GFAP-positive astrocytic cell bodies (data not
shown). However, there was also TACE immunoreactivity not
associated with GFAP, suggesting that TACE might be abundant
in astrocytic processes devoid of GFAP (Derouiche and
Frotscher, 2001; Chao et al., 2002). To test this possibility, we
stained the astrocytes with phallotoxin, a mushroom protein that
binds to actin filaments that can recognize most astrocytic pro-
cesses lacking detectable GFAP (Chao et al., 2002). As shown in
Figure 2 B, astrocytic processes positive for actin are indeed GFAP
negative (arrowheads). Conversely, immunoreactive TACE is
present not only in astrocytic cell bodies in which it exhibits a
perinuclear localization (Fig. 2D, long arrows) but also in fine
astrocytic processes (C, D). Interestingly, TACE appears to be
more abundant on the leading edge of the processes (C, D, arrow-
heads) and at the branching points in which new processes orig-
inate (D, short arrows). Hypothalamic sections stained with the
same TACE antibodies (which recognize the intracellular domain
of the protein) demonstrated that, as was the case of TACE
mRNA, TACE immunoreactivity is present throughout the hy-
pothalamus (Fig. 2E). Its abundance, however, appeared to be
greater in ependymal cells lining the third ventricle (arrowheads)
and particularly in the ME (arrows). Three-dimensional recon-
structions of higher-magnification images demonstrate that
TACE is indeed present in vimentin-positive tanycytes (Fig. 2 F,
arrowheads). In addition to tanycytes (Fig. 2 F, arrowheads, G,
green staining), TACE is also detected in subependymal GFAP-
positive astrocytes (Fig. 2G, arrowheads) and other cells devoid of
GFAP immunoreactivity, probably neurons. In the ME, the as-
troglial expression of TACE is remarkably strong, because most
of the immunoreactivity is localized to the intermediate region of
the ME in which astrocytes are more densely packed (Fig. 2H,
arrows). Consistent with the presence of TACE in GFAP-negative
astrocytic processes, a distinct fraction of TACE-immunoreactive
material in the ME did not appear to overlap with GFAP (Fig.
2H).

Double immunofluorescence for TGFa and TACE, using a
different TACE antiserum (Santa Cruz Biotechnology) also di-
rected against the TACE intracellular domain verified the afore-
mentioned localizations and demonstrated that both TGFa-
positive ependymoglial cells lining the wall of the third ventricle
and subependymal cells expressing TGFa also contain TACE
(Fig. 3A,B). Although the presence of TACE in ependymal cells
was unambiguous (arrowheads), its abundance in TGFa-positive
subependymal cells (presumably astrocytes) was remarkable
(Fig. 3A, B, arrows). In the ME (Fig. 3C), TACE immunoreactiv-

<«

with monoclonal antibodies to GFAP. Notice that, in this case, the immunoreaction was devel-
oped to a red color using Texas Red goat anti-mouse IgG. E, TACE immunoreactivity (green) is
presentin cells scattered throughout the hypothalamus, butitis particularly evidentin ependy-
moglial cells (tanycytes) lining the third ventricle (3V; arrowheads) and the ME (arrows). F,
Three-dimensional rendering of a stack of images of the periventricular region showing the
presence of TACE in ependymoglial cells (arrowheads) identified as tanycytes by vimentin im-
munostaining (red). Notice that TACE is also present in ependymoglial processes. G, In addition
to ependymoglial cells (green), TACE is also present in subependymal astrocytes (arrowheads).
H, TACE (green) is abundant in astrocytes (red) of the ME (arrows), but a substantial fraction of
the TACE-immunoreactive material appear not to overlap with the GFAP staining, indicating the
presence of TACE in GFAP-negative astrocytic processes. Blue, Hoechst nuclear stain. Scale bars:
B, D, F, 20 pm; C, 10 wm; E, 100 um; G, 15 um; H, 40 wm.
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ity was detected in TGFa-positive ta-
nycytes (arrowheads) but much more
abundantly in subependymal cells (ar-
rows), shown in Figure 2 to be astrocytes.
In the absence of TACE and TGFa anti-
bodies, no immunostaining was detected
(Fig. 3D).

Hypothalamic astrocytes display
TACE-like activity

Various concentrations of protein extracts
from cultured hypothalamic astrocytes
were incubated with a TACE-selective flu-
orescent substrate for 4 h, and the accu-
mulation of fluorescent product was de-
termined every 10 min (Fig. 4A). As
shown in Figure 4 B, the astrocyte extracts
cleaved the fluorometric substrate in a
dose- and time-dependent manner. To de-
termine the specificity of this TACE-like
enzymatic activity, the cell lysates were in-
cubated with the fluorometric substrate in
the presence of different doses of TAPI-2, a
selective TACE inhibitor (Ohta et al., 2001;
Neumann et al., 2004; Juanes et al., 2005)
(Fig. 4C). The inhibitor reduced basal
TACE activity to 33% of control levels at
the highest dose tested (50 um) (Fig. 4 D).
The residual activity seen in the presence
of TAPI-2 likely reflects the involvement
of TAPI-2-insensitive proteases because,
at this concentration, TAPI-2 completely blocks TGFa ectodo-
main shedding (Arribas et al., 1996, 1997; Juanes et al., 2005).
Accordingly, all subsequent experimental values are reported af-
ter subtraction of this basal, TACE-independent activity. Because
TACE-like activity was linear during the first 60 min of the incu-
bation period and the enzymatic activity was maximally blocked
by TAPI-2 at 50 uMm, we chose this time and blocker concentra-
tion for all additional experiments.

Figure 3.

Activation of astrocytic AMPARs and mGluRs stimulates
TACE-like activity in a Ca’>* and protein kinase

C-dependent manner

In a previous study, we showed that coactivation of mGluRs and
AMPARs in hypothalamic astrocytes leads to a metalloproteinase-
dependent increase in erbB1 phosphorylation (Dziedzic et al.,
2003). TACE is required for the release of mature TGFa from its
membrane-anchored precursor (Borrell-Pages et al., 2003;
Hinkle et al., 2003), and this process is Ca’"and protein kinase C
(PKC) dependent (Pandiella and Massague, 1991a,b; Harano and
Mizuno, 1994; Baselga et al., 1996). We therefore hypothesized
that the increase in TACE elicited by coactivation of astrocytic
mGluRs and AMPARSs might require an elevation in intracellular
Ca?" levels (Innocenti et al., 2000).

To test this hypothesis, we first determined the effect of AMPA
and tACPD on intracellular Ca*" levels using astrocytes loaded
with fura-2. Although each receptor agonist applied individually
induced an increase in intracellular Ca>", tACPD caused a faster
increase (Fig. 5A). When used together, the agonists induced an
even larger and more sustained change in intracellular Ca** lev-
els than after their individual application. Astrocytic TACE activ-
ity, determined under similar conditions, was affected by neither
AMPA nor tACPD applied individually (Fig. 5B). However, after
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Colocalization of TGF« and TACE in ependymoglial and subependymal cells of the third ventricle (3V) and ME of
immature female rats. TACEimmunoreactivity was detected with goat polyclonal antibodies, and the reaction was developed to
a red color with Alexa 568 donkey anti-goat |g; TGFo was detected with rabbit polyclonal antibodies, and the reaction was
developed to a green color with FITC—streptavidin. A, TACE is present in both TGF-positive tanycytes (arrowheads) and in
subependymal TGFae-positive cells (arrows). B, Higher-magpnification view of A showing the abundance of TACE in TGF ae-positive
subependymal cells (arrows). These cells are presumed to be astrocytes (see Fig. 2). €, In the ME, TACE is predominantly localized
to subependymal cells (arrows) and to a lesser extent to TGF a-positive tanycytes (arrowheads). D, Noimmunostaining is detected
in the ME of a section processed in the absence of both TACE and TGFcx antibodies. Scale bars: 4, 40 wm; B=D, 20 pm.

concomitant application of the agonists, TACE activity increased
rapidly (in <5 min), remaining elevated for the duration of the
experiment (30 min) (Fig. 5B). The increase was abolished in the
presence of TAPI-2. These results are in harmony with a previous
study showing that coactivation of AMPARs and mGluRs, but
not the individual stimulation of each receptor, results in astro-
cytic prostaglandin E, (PGE, ) release (Bezzi et al., 1998). They are
also consistent with our previous observations showing that only
costimulation of both receptor subtypes causes cellular redistri-
bution of erbB receptors and their ligands and transactivation of
erbB receptors in astrocytes (Dziedzic et al., 2003).

To determine whether the changes in intracellular calcium
levels and the increase in TACE activity induced by AMPA/
tACPD stimulation are functionally related, we studied the de-
pendence of AMPA and tACPD-induced TACE activity on the
availability of extracellular and intracellular Ca®". Because it has
been shown in other cellular systems that increases in TACE ac-
tivity require activation of PKC (Montero et al., 2002), we also
determined the consequences of blocking protein kinase C activ-
ity on the AMPARs and mGluRs-dependent increase in TACE
activity. Hypothalamic astrocytes were stimulated with AMPA
and tACPD for 15 min in the presence of the extracellular Ca**
chelating agent EGTA, the membrane-permeable Ca*" chelating
agent BAPTA-AM, or the protein kinase C blocker H7. When the
extracellular Ca** was sequestered with 1 um EGTA, AMPA/
tACPD- induced TACE activity was reduced by 50% (Fig. 5C). A
more pronounced reduction was observed in the presence of 1
uM BAPTA-AM, indicating that induction of TACE activity re-
quires an increase in cytosolic free Ca** concentrations and that
this increase is dependent on both an influx of extracellular Ca**
and a redistribution of intracellular Ca*" from microsomal
stores. Blockade of protein kinase C activity with 10 um H7 abol-
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in the culture medium was accompanied
by a significant decrease in TGF« cell con-
tent, and again this decrease was prevented
by blockage of TACE activity with TAPI-2
(Fig. 6 B).

TACE activity increases in the median
eminence at the time of first proestrus
To determine whether TACE activity
changes in the hypothalamus at the time of
female puberty, we measured this activity
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at different stages of pubertal develop-
ment. As seen in Figure 7, TACE activity
selectively increased in the ME (Fig. 7A), at
the developmental stage (late proestrus)
when the first preovulatory surge of go-
nadotropins takes place. The increase was
stage and region specific because the en-
zyme activity remained unchanged both
before and after late proestrus (Fig. 7A),
and was not seen in the rest of the hypo-
thalamus (Fig. 7B). Because TACE activity
is elevated at the time when circulating es-
tradiol levels are maximally increased
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(Ojeda and Terasawa, 2002), we sought to

0 20 4 60 80 100 120 Basal 1
Time (min) TAPI (M)
Figure4. Assay of TACE-like activity using the TACE fluorescent substrate Fluorogenic Peptide Substrate IIl. A, Serial dilutions

of protein extracts from hypothalamic astrocytes incubated with a single concentration (10 ) of fluorescent substrate. The
reactions were performed at 37°C, and the fluorescence was determined at 10 min intervals. B, Linear correlation between
the intensity of the fluorescent reaction, determined after 2 h of incubation, and the amount of protein added to the reaction. ¢,
The specificity of the reaction was determined by incubating the protein extracts with increasing doses of TAPI-2 (a selective TACE
inhibitor). The TACE activity measured after 2 h of incubation was dose dependently inhibited by TAPI-2, with a maximum of 65%
inhibition at a 50 um dose (D). **p << 0.01 and ***p << 0.001 versus control group (n = 7—8 independent observations per

group). RFU, Relative fluorescence units.

ished the AMPA/tACPD-induced changes in TACE activity, in-
dicating that protein kinase C is an essential component of the
signaling cascade set in motion by the coactivation of AMPARs
and mGluRs to stimulate TACE activity (Fig. 5C). Basal TACE
activity remained unchanged in the presence of each of these
blockers alone (data not shown).

TACE is required for glutamate receptor-dependent

astrocytic TGFa release

It has been shown previously by several authors that TACE is
required for the ectodomain shedding of TGFa in different cell
types (Arribas et al., 1997; Peschon et al., 1998; Borrell-Pages et
al., 2003; Hinkle et al., 2003; Sahin et al., 2004). However,
whether neurotransmitters can induce release of mature TGFo
from either neurons or glial cells and whether they use TACE in
the process is unknown. To determine whether the glutamate
receptor-dependent transactivation of astrocytic erbB-mediated
signaling we reported previously (Dziedzic et al., 2003) involves
TACE-dependent activation of TGFa release, we treated hypo-
thalamic astrocytes with AMPA/tACPD for several lengths of
time. Because the sensitivity of the TGFa assay allows one to
reliably measure the endogenous peptide only after its has accu-
mulated in the culture medium, we first measured basal TGFa
levels at several intervals after a mock stimulation in ADM and
selected 4 h as the best poststimulation interval. As shown in
Figure 6 A, AMPA plus tACPD (at 100 uM each) significantly
increased TGFa release, and this increase was prevented by
blocking TACE activity with TAPI-2. The increase in TGFa levels

determine whether estradiol at preovula-
tory levels could increase TACE activity in
hypothalamic astrocytes in vitro. As seen in
Figure 7C, estradiol induced TACE activ-
ity already at the concentration of 1 nm,
which is similar to the concentration of
estradiol in plasma at the time of first
proestrus (Andrews et al., 1981).

To determine whether changes in hy-
pothalamic TACE gene expression may
also occur in association with female sexual maturation, the con-
tent of TACE mRNA in the ME was determined by real-time PCR
at different phases of puberty. No changes in TACE mRNA abun-
dance were seen at any stage of the pubertal process (Fig. 7D).
Thus, puberty-related changes in hypothalamic TACE activity
appear to occur selectively in the ME, in the absence of changes in
gene expression.

Activation of AMPARs and mGluRs in isolated MEs causes a
TACE-dependent increase in LHRH release

Because TGFa-dependent activation of erbB-1 receptors in the
ME causes LHRH release (Ojeda et al., 1990; Prevot et al., 2003a),
we sought to determine whether stimulation of the ME with
AMPA and tACPD elicits LHRH release and whether this effect is
affected by blocking TACE enzymatic activity. Microdissected
ME explants exposed for 1 h to AMPA plus tACPD (500 um each)
responded with a significant increase in LHRH release, which was
prevented by TAPI-2 (Fig. 8). Thus, concomitant stimulation of
AMPARs and mGluRs in the ME leads to a TACE-dependent
increase in LHRH release, suggesting that this increase requires
activation of a glia-dependent pathway.

In vivo blockade of TACE activity targeted to the ME delays
female puberty

In view of the aforementioned results, we next determined
whether blockade of TACE activity targeted to the ME would
delay the onset of female puberty. TAPI-2 administrated via a
stereotaxically implanted cannula into the ME (Fig. 9A, B) mark-
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Figure5. Concomitant activation of astrocytic AMPARs and mGluRs results in a Ca* and protein kinase C-dependent increase in TACE-like activity. 4, Coactivation of AMPARs and mGluRs with
AMPA plus tACPD (at 100 wm each) results in a sustained increase in intracellular Ca2™ levels, determined in monolayers of hypothalamic astrocytes loaded with fura-2 AM. B, TACE-like activity is
alsoincreased when AMPA and ACPD are administrated together, and this increase is prevented by TAPI-2, a selective TACE inhibitor. C, The increase in astrocytic TACE-like activity induced by AMPA
plus tACPD is inhibited by sequestering either extracellular or intracellular Ca2* with the chelating agents EGTA and BAPTA-AM, respectively (each agent at 1 wum); glutamate receptor agonist-
induced TACE-like activity is prevented by inhibiting protein kinase Cwith H7.In B, p << 0.001 untreated and AMPA or tACPD only versus AMPA plus ACPD and AMPA plus ACPD plus TAPL. In €, **p <
0.01 versus control group; *p << 0.05 and *p << 0.01 versus AMPA plus ACPD group (n = 6 — 8 independent observations per group). RFU, Relative fluorescence units.
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Figure 6.  Simultaneous stimulation of AMPARs and mGluRs elicits a TACE-dependent in-
crease in TGF« release from hypothalamic astrocytes. A, Accumulation of TGF« in the culture
medium increases after exposing hypothalamic astrocytes to the glutamate receptor agonists
AMPA plus tACPD (100 wm each), and this increase is prevented by blockade of TACE activity
with TAPI-2. B, The cellular content of TGFcx decreases in AMPA plus tACPD-treated astrocytes,
concomitantly with the enhanced release of the mature peptide into the culture medium, and
the decrease is prevented by blocking TACE activity with TAPI-2. All measurements were made
aftera4hincubation period with the receptor agonists. TGF c was measured with an ELISA that
uses antibodies directed against the TGFc mature peptide and that is able to detect both the
cleaved peptide and the peptide still attached to its precursor. *p << 0.05 versus all other groups
(n = 8-12independent observations per group).

edly delayed the onset of puberty, as assessed by the age at first
ovulation (Fig. 9C,D). By the time all control animals receiving
the vehicle alone and all animals in which the TAPI-2 implants
were placed in the mammillary bodies had ovulated, only one of
six rats receiving TAPI-2 in the ME had reached puberty (Fig.
9C). The mean age at first ovulation was similar in the two con-
trols groups but significantly delayed in rats implanted with
TAPI-2 into the ME (Fig. 9D). Thus, activation of TACE activity
in the ME is required for the timely initiation of the pubertal
process.

Discussion

The present results identify a proteolytic process in the cell-cell
signaling mechanism used by glutamatergic neurons to commu-
nicate with hypothalamic astrocytes. By rapidly activating TACE,
the protease responsible for the proteolytic shedding of proTGF«
(Arribas et al., 1997; Peschon et al., 1998), stimulation of astro-
cytic glutamate receptors causes TGFa release, thereby setting in
motion a TGFa/erbB1 receptor-dependent pathway that is cru-
cial for astrocytic back-signaling to those neuroendocrine neu-
rons that control sexual development (Ojeda and Terasawa,
2002). We further show that TACE activation requires the con-
comitant stimulation of AMPARs and mGluRs, an increase in

intracellular Ca** levels, and protein kinase C activity. The phys-
iological importance of this excitatory amino acid receptor-
dependent increase in extracellular protease activity is evidenced
by both its conspicuousness in the ME of the hypothalamus, a
region enriched in glial cells, and by the delay in puberty resulting
from the blockage of TACE activity targeted to this region of the
brain.

Glutamatergic neurons communicate with associated astro-
cytic networks via ionotropic (AMPA/kainate) and mGlu recep-
tors (Stella et al., 1994; Steinhduser and Gallo, 1996; Bezzi et al.,
1998; Dziedzic et al., 2003; Matthias et al., 2003). Coactivation of
these two receptors subtypes on astrocytes, but not activation of
each receptor alone, results in glutamate release, a process that
requires both Ca®" mobilization and formation of prostaglan-
dins (Bezzi et al., 1998). Astrocytes of the neuroendocrine brain
display AMPAR containing the subunits 2 and 3 and mGluR
subtype 5 (Dziedzic et al., 2003). Coactivation of these receptors
results in a cascade of events that include recruitment of erbB1
and erbB4 receptors and their ligands, TGFa and neuregulin-1
(NRG-B1), to the cell membrane and transphosphorylation of
both receptors (Dziedzic et al., 2003). A general inhibitor of met-
alloprotease activity prevented erbB receptor transphosphoryla-
tion, suggesting that regulation of ligand availability to erbB re-
ceptors might be a step required for these receptors to be
activated in response to glutamatergic stimulation. The present
results offer experimental evidence in support of this view and
identify for the first time a role for metalloproteases in neuron—
glia communication.

It is rather recently that roles for metalloproteases and
ADAMs in neuron-to-neuron communication have been identi-
fied (McFarlane, 2003). For instance, MMPs contribute to regu-
lating axonal guidance (Galko and Tessier-Lavigne, 2000),
ADAM 23 might play a role in regulating neuronal connectivity
(Leighton et al., 2001), and MMP9 is involved in transmitter-
dependent dendritic remodeling of the mammalian hippocam-
pus (Kaczmarek et al., 2002). To the best of our knowledge, no
reports have appeared demonstrating an involvement of either
MMPs or ADAMs in neuron—glia communication, although
such arole was suggested by the presence of the Dm1-MMP in the
Drosophila midline glia (Llano et al., 2000). Our results indicate
that TACE is expressed in astroglial cells of the hypothalamus and
ependymoglial cells of the third ventricle and ME. A more de-
tailed examination of astrocytes in culture demonstrated that, in
these cells, TACE is located both perinuclearly (presumably asso-
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Figure8. Concomitant stimulation of AMPARs and mGluRs with AMPA plus tACPD (500
each) elicits a TACE-dependent LHRH release from ME explants incubated in vitro with the
agonists. The increase in LHRH release was prevented by blocking TACE activity with TAPI-2.
**p < 0.01 versus all other groups (n = 6 independent observations per group).

ciated with the endoplasmic reticulum) and, surprisingly, at both
the tip of astrocytic processes and in branching points in which
new processes originate. Such TACE “hotspots” may have con-
siderable physiological significance, because TACE might act
within these microdomains to process the ectodomain of growth
factor receptors and ligands involved in glia-to-neuron commu-
nication, such as the TGFa—erbBl signaling complex. The
emerging role of MMPs in axonal guidance (McFarlane, 2003),
and remodeling of both neuronal connections (Kaczmarek et al.,
2002) and the extracellular matrix (Llano et al., 2000), raises ad-
ditional possibilities.

In addition to TGFea, TACE is required for the ectodomain
release of other components of the ligand—erbB receptor com-
plex involved in the glial control of LHRH secretion, including
NRGs (Montero et al., 2000) and erbB-4 receptors (Rio et al.,
2002). Thus, the effects of inhibiting TACE activity on LHRH
secretion and the onset of puberty cannot be attributed exclu-
sively to a defect in TGFa-dependent activation of erbBl. In-
stead, it is most likely that these effects reflect the combined loss
of TGFa and NRG signaling capabilities because, in the absence
of ectodomain shedding, neither TGFa (Peschon et al., 1998;
Borrell-Pages et al., 2003) nor NRGs (Liu et al., 1998) are capable
of activating their respective receptors. It is also unlikely that the
inhibition of TACE-like enzymatic activity detected with the flu-
orescence substrate we used reflects an exclusive loss of TACE
activity, because ADAM-10 activity (which is inhibited by
TAPI-2) is also detected using this substrate (Neumann et al.,
2004). The importance that ADAM-10 might have in neuroen-
docrine function is, however, unclear. Based on these consider-
ations, it would appear reasonable to conclude that, among the
erbB-dependent signaling complexes requiring ligand ectodo-
main shedding for activation, those mediated by TGFa and
NRGs are the most relevant to the control of LHRH release and,

<«

surge. *p << 0.05 versus all other groups (n = 7-8 rats per group). B, This increase is not
detected in the rest of the hypothalamus. €, Hypothalamic astrocytes respond to preovulatory
levels of estradiol (similar to those seen on the day of first proestrus, LP) with increased TACE
activity. **p << 0.01, ***p << 0.001 versus basal group; n = 6 wells per group. D, The increase
in TACE-like activity in the ME is not accompanied by corresponding changes in mRNA expres-
sion. LJ, Late juvenile, prepubertal rats; EP, early proestrus, the phase of puberty when estradiol
secretion begins to increase driven by an enhanced pulsatile LH release; LP, late proestrus, this
stage corresponds to the first proestrus when the first preovulatory surge of gonadotropins
takes place; E, the first estrus, both vaginal opening and the first ovulation takes place on this
day; D, the day of the first diestrus, corresponding to the phase of puberty when the first
functional corpora lutea are formed. RFU, Relative fluorescence units.
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hence, sexual development. Of these two A
systems, we selected TGFa as the proto-
type for this study not only because glial
cells of the ME (including astrocytes and
tanycytes) contain TGFa and its erbB1 re-
ceptor (Ma et al., 1992, 1994c¢) but also
because the targeted manipulation of
erbB1 receptor function in the ME affects
the onset of female puberty (Ma et al.,
1992). Whereas blocking the receptors de- 120,
lays puberty (Ma et al., 1992), their activa-
tion advances sexual development (Rage et
al.,, 1997).

The present results indicate that the
ME may be a major site of glutamate/erbB-
dependent neuron—glia bidirectional
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are the findings that astrocytic processes
are rich in glutamate receptors (Matute et
al., 1994; Eyigor and Jennes, 1998;
Kawakami, 2000), that stimulation of neu-
ronal fibers results in astrocytic calcium
waves confined to specific glial microdo-
mains (Grosche et al., 1999), and that glu-
tamate released by astrocytes can enhance
neuronal activity by acting on axonal re-
ceptors (Semyanov and Kullmann, 2001).
In fact, the ME is not only rich in glial cells
but also in axons from both neuroendo-
crine neurons that release their secretory
products into the portal vasculature and
non-neuroendocrine neurons controlling
neurosecretion (Kobayashi et al., 1972; Page, 1994).

The need for simultaneous activation of AMPARs and
mGluRs to enhance TACE activity and induce TGFa release is
consistent with previous observations showing that such a coac-
tivation is required to both induce astrocytic glutamate and PGE,
release (Bezzi et al., 1998) and transactivate glial erbB receptors
(Dziedzic et al., 2003). Because hypothalamic astrocytes contain
Ca**-impermeable (GluR2), in addition to Ca**-permeable
(GluR3), AMPARs (Dziedzic et al., 2003), it is plausible that the
underlying mechanism of this codependency involves the func-
tional association of Ca**-impermeable AMPARs with mGluRs
to cause a longer-lasting Ca®" mobilization, as shown recently in
hippocampal interneurons (Topolnik et al., 2005). In fact, our
results show that both the magnitude and duration of Ca** mo-
bilization are greater when astrocytes are subjected to concomi-
tant AMPA-mGIluR stimulation than when each receptor is stim-
ulated separately. Such an enhanced response might be necessary
to ensure adequate activation of PKC, the most important regu-
latory mechanism controlling protein ectodomain shedding in
general (Kiessling and Gordon, 1998) and TACE activity in par-
ticular (Montero et al., 2002). In keeping with this concept, our
results show that PKC is required for glutamate receptor-
dependent TACE activation. Because Ca*" enhances the activity
of TGFa convertases other than TACE (C. Blobel, personal com-
munication), it is possible that glial AMPARs/mGluRs might use
another metalloprotease, in addition to TACE, to elicit TGFa«
release. Of note, our results show that glutamate-induced TGFa
release from hypothalamic astrocytes, but not basal TGFa re-
lease, was blocked by TAPI-2, suggesting that, as previously
shown in immortalized mouse monocytes (Doedens et al., 2003),
basal TGFa shedding is a TACE-independent process.

32 34 36

Figure 9.
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Invivo blockade of TACE activity targeted to the ME of the hypothalamus delays the onset of puberty in female rats,
as assessed by the time at first ovulation. A, Ventral view of the hypothalamus illustrating the ME localization of a stainless steel
cannula carrying in its tip the TACE inhibitor TAPI-2. B, A schematic representation mapping the anatomical localization of the
implants. The blocker (TAPI-2; black circles) or vehicle (DMSO/cocoa butter; white circles) were delivered to the ME within the tip
of a stereotaxically implanted stainless steel cannula; some implants were located too caudally (within the mammillary bodies;
gray squares) and thus serve as an additional control group. C, The number of rats reaching puberty at a given postnatal age
(expressed as percentage of the total number of animals per group) is significantly reduced by ME blockade of TACE activity. D, The
mean age at first ovulation is also significantly delayed in TAPI-2-implanted rats. Error bars represent the mean == SEM age at first
ovulation. ***p < 0.001 versus control group; n = 6 rats per group). AHA, Anterior hypothalamic area; DMH, dorsomedial
hypothalamus; OC, optic chiasm; POA, preoptic area; PVH, paraventricular hypothalamic nucleus; SC, suprachiasmatic nucleus;
VMH, ventromedial nucleus.

Our in vivo studies show that TACE-like activity, but not
TACE mRNA abundance, increases selectively in the ME on the
day of first proestrus. This suggests that, as observed in human
cells in vitro (Black et al., 1997), the availability of TACE within
the ME depends on inputs regulating its protease activity rather
than on changes in gene expression. The pubertal increase in ME
TACE activity may be caused, at least in part, by the elevated
estrogen levels that characterize this phase of sexual development
(Ojeda and Terasawa, 2002). As shown here, this effect is directly
exerted on astrocytes, but it may also result from an action of
estrogen on glutamatergic neurons signaling to astrocytes. By
showing that glial cells of the ME are rich in TACE and that the in
vivo pharmacological blockade of TACE activity targeted to the
ME delays the first ovulation, our results suggest that activation
of metalloprotease activity in this region of the neuroendocrine
brain is a required step in the process by which glial cells facilitate
the initiation of female puberty. The results also provide evidence
for an involvement of TACE in the process by which glutamater-
gic neurons communicate with glial cells to activate erbB
receptor-mediated signaling and raise the possibility that such a
mechanism might be broadly used throughout the brain for
neuron-to-glia communication.
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