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Abstract
The expression of glial ®brillary acidic protein (GFAP), the major intermediate ®lament protein of mature astrocytes, is regulated under
developmental and pathological conditions. Recently, we have investigated GFAP gene modulation by using a transgenic mouse
bearing part of the GFAP gene promoter linked to the b-galactosidase reporter gene. We demonstrated that cerebral cortex neurons
activate the GFAP gene promoter, inducing transforming growth factor-beta 1 (TGF-b1) secretion by astrocytes. Here, we report that
cortical neurons or conditioned medium derived from them do not activate the GFAP gene promoter of transgenic astrocytes derived
from midbrain and cerebellum suggesting a neuroanatomical regional speci®city of this phenomenon. Surprisingly, they do induce
synthesis of TGF-b1 by these cells. Western blot and immunocytochemistry assays revealed wild distribution of TGF receptor in all
subpopulations of astrocytes and expression of TGF-b1 in neurons derived from all regions, thus indicating that the unresponsiveness
of the cerebellar and midbrain GFAP gene to TGF-b1 is not due to a defect in TGF-b1 signalling. Together, our data highlight the great
complexity of neuron±glia interactions and might suggest a distinct mechanism underlying modulation of the GFAP gene in the
heterogeneous population of astrocytes throughout the central nervous system.

Introduction
Glial ®brillary acidic protein (GFAP) is the major intermediate ®lament of mature astrocytes. In astrocyte precursors of the embryonic
central nervous system (CNS), intermediate ®laments usually consist
of vimentin and nestin which are gradually replaced by GFAP during
astrocyte maturation (Pixley & De Vellis, 1984; Pekny, 2001).
Although GFAP has been widely recognized as an astrocyte differentiation marker (Eng et al., 1971; Bignami et al., 1972; Gomes et al.,
1999b), its function is not yet fully understood. Generation of GFAPde®cient mice has recently provided new insights into the role of this
protein apart from its structural function. It has been implicated in
several processes of brain development including maintenance of CNS
white matter architecture, blood±brain barrier formation, myelination,
CNS response to injury and neuron±glia interaction (Liedtke et al.,
1996; Wang et al., 1997; Pekny et al., 1998; Menet et al., 2001). The
fact that GFAP-enriched glial scars constitute a histological marker of
several diseases of the CNS strongly implicates this protein not only in
the physiology of the CNS but also in the development of neuronal
diseases (Titeux et al., 2002).
Although GFAP has been viewed historically as a marker for
differentiated astrocytes, the presence of GFAP in neuronal progenitor
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cells has put this concept under revision (Imura et al., 2003). Moreover, identi®cation of GFAP expression in various cell types inside and
outside the CNS, including liver, gut, kidney, lung and others (Bush
et al., 1998; Eng et al., 2000), clearly demonstrates that understanding
the factors that modulate GFAP gene expression might contribute to
elucidating the molecular mechanisms involved in cell speci®cation in
the nervous system.
The close association between neurons and astrocytes suggests
that gene expression in these cells is likely to be in¯uenced by
mutual interactions. Increasing evidence has pointed to the modulation of the GFAP gene as a key step in such interactions both in
physiological as well as pathological situations of the CNS (Steward
et al., 1990; Chen & Liem, 1994; LefrancËois et al., 1997; Menet
et al., 2001; Kommers et al., 2002). By inhibiting GFAP translation
with an antisense mRNA, LefrancËois et al. (1997) demonstrated that
GFAP expression is involved in the functional shift from neuritepromoting to neurite-inhibiting properties of reactive glia normally
observed after a lesion. More recently, inactivation of the GFAP
gene in GFAP knock-out mice greatly improved neuronal survival
and neurite outgrowth onto astrocyte carpets in vitro (Menet et al.,
2001).
Additional works have suggested that the GFAP gene might be a
potential target for neuronal modulation. This idea is supported by
the fact that neuronal impairments, such as those derived from
nervous system lesions, greatly increase GFAP expression (Laping
et al., 1994b). Further, neurotransmitters have been reported to
induce phosphorylation of GFAP (Kommers et al., 2002). Although
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there is some evidence that the GFAP gene is under neuronal
modulation, a mechanism underlying this event has only recently
been suggested. By using a transgenic mouse bearing part of the
GFAP gene promoter linked to the b-galactosidase (b-Gal) reporter
gene, we recently demonstrated that cortical neurons induce the
GFAP gene promoter of cerebral cortex (Cc) transgenic astrocytes
by inducing transforming growth factor-beta 1 (TGF-b1) secretion
(de Sampaio e Spohr et al., 2002). Here, we extend our investigation
of GFAP regulation by analysing the neuroanatomical regional
speci®city of this phenomenon. We report that cortical neurons
do not activate the GFAP gene promoter of transgenic astrocytes
derived from midbrain (M) and cerebellum (Cb). Surprisingly, they
induce synthesis of TGF-b1 by these cells. Our data highlight the
great complexity of neuron±glia interactions and suggest a distinct
modulation of the GFAP gene in the heterogeneous population of
astrocytes throughout the CNS.

Materials and methods
Astrocyte primary cultures and cocultures
Astrocyte primary cultures were prepared from transgenic mice bearing part of the 50 ¯anking region of the murine GFAP gene linked to the
Escherichia coli b-Gal reporter gene (lacZ) as previously described (de
Sampaio e Spohr et al., 2002). Brie¯y, cultures were prepared from Cc,
Cb and M derived from newborn transgenic mice. All animals were
kept under standard laboratory conditions according to NIH guidelines. After mice were anaesthetized by hypothermia, they were
decapitated, brain structures were removed and the meninges were
carefully stripped off. Dissociated cells were plated onto 15.5-mm
diameter wells (24-well plates; Corning Inc., NY, USA), previously
coated with polyornithine (1.5 mg/mL, molecular weight 41 000;
Sigma Chemical Co., St Louis, MO, USA), in Dulbecco's modi®ed
Eagle's medium/F12 medium supplemented with 10% fetal calf serum
(Invitrogen, Carlsbad, CA, USA). For immunocytochemistry assays
cells were plated on polyornithine-treated glass coverslips. The cultures were incubated at 37 8C in a humidi®ed 5% CO2, 95% air
chamber for 10 days until reaching con¯uence. Glial monolayers were
then incubated for an additional day in serum-free medium and used as
substrate in coculture assays. Neurons freshly dissociated from 14-day
(E14) embryonic Cc and M or newborn (P0) Cb from Swiss mice were
obtained following the same procedure as previously described and
plated onto the transgenic glial monolayer carpets. Homotypic cocultures consisted of neurons and astrocytes derived from the same
regions. Heterotypic cocultures consisted of neurons and astrocytes
from different regions. Cocultures were kept for 24 h under the same
conditions as previously described (Gomes et al., 1999a).
Detection of b-galactosidase activity and quantitative
analysis of b-galactosidase-positive astrocytes
Glial cultures and cocultures were ®xed in 4% paraformaldehyde in
phosphate-buffered saline (PBS) and stained for b-Gal with 0.4 mg/
mL of 5-bromo-4-chloro-3-indolyl-b-D-galactoside (U.S. Biochemical Corp., Cleveland, OH, USA) as substrate in 4 mM potassium
ferricyanide, 4 mM potassium ferrocyanide, 2 mM MgCl2 and
0.001% Tween 20. Staining was allowed to occur for 16±20 h at
37 8C. Development of the b-Gal reaction was stopped after several
washes with PBS. After b-Gal detection, transgenic cultures were
analysed for b-Gal-positive astrocytes under a Zeiss Axiovert 35
microscope. At least three ®elds were counted per well. The experiments were done in triplicate and each result represents the mean of
three independent experiments. Statistical analyses were done by
ANOVA.

Conditioned medium preparation
Neuronal conditioned medium (CM) was prepared as previously
described (Gomes et al., 1999a; de Sampaio e Spohr et al., 2002).
Brie¯y, neurons derived from E14 Cc, E14 M or P0 Cb from Swiss
mice were kept on polyornithine-coated wells (400 000 cells/well) in
Dulbecco's modi®ed Eagle's medium/F12 serum-free medium for 24 h
at 37 8C in a humidi®ed 5% CO2, 95% air chamber. The culture
medium was then recovered, centrifuged at 1500 g for 10 min to get rid
of eventual cellular debris and used immediately or stored in aliquots at
20 8C for further use. Adherent cells on the coverslips were ®xed
with 4% paraformaldehyde and immunoreacted with antibody to the
neuronal marker b-tubulin III. Approximately 95% of the cells stained
with the antibody, attesting their neuronal phenotype. No GFAPpositive cells were found under these conditions. The CM from
cocultures was prepared by cultivating embryonic neurons with newborn astrocytes for 24 h as previously described (Gomes et al., 1999a).
After recovery of coculture CM it followed the same procedure as
described for neuronal CM. Use of coculture or neuronal CM yielded
similar results. We used coculture CM in most experiments.
Treatment of transgenic astrocyte monolayers with
conditioned medium and growth factors
Astrocyte monolayers derived from newborn transgenic mice Cc were
prepared as previously described. After 10 days in vitro, in the presence
of Dulbecco's modi®ed Eagle's medium/F12 supplemented with 10%
fetal calf serum, the cultures were incubated for an additional day with
serum-free Dulbecco's modi®ed Eagle's medium/F12. The culture
medium was then removed and replaced by the same volume of
one of the CM described above. The following growth factors were
added to serum-free medium (10 ng/mL): human TGF-b1 (R & D
Systems, Buckinghamshire, UK); basic ®broblast growth factor
(bFGF; kindly provided by Dr P.L. Ho, Butantan Institute, SaÄo Paulo,
Brazil) and epidermal growth factor (EGF; Invitrogen). Cultures were
kept for an additional 24 h at 37 8C in a humidi®ed 5% CO2, 95% air
chamber and then stained with 5-bromo-4-chloro-3-indolyl-b-Dgalactoside as described. In order to rule out the possibility that GFAP
genes from different brain regions are simply insensitive to GFAP
inducers, we have employed other growth factors and molecules which
are known to modulate GFAP expression. At least one of them was able
to induce the GFAP gene from M, Cb or Cc (data not shown).
Immunocytochemistry
Immunocytochemistry was performed as previously described (Gomes
et al., 1999a). Brie¯y, cultured cells were ®xed with 4% paraformaldehyde for 30 min and permeabilized with 0.2% Triton X-100 for
5 min at room temperature. After permeabilization, cells were blocked
with 10% normal goat serum (Vector Laboratories, Inc., Burlingame,
CA, USA) in PBS (blocking solution) for 1 h and incubated overnight
at room temperature with the speci®ed primary antibodies diluted in
blocking solution. In case of peroxidase staining, previous to the
primary antibody incubation, endogenous peroxidase activity was
abolished with 3% H202 for 10 min, followed by extensive washing
with PBS. Primary antibodies were rabbit anticow GFAP antiserum
(Dako; 1 : 50); mouse antihuman b-tubulin III antibody (Promega
Corporation; 1 : 500); rabbit antiTGF-b1 receptor type II (TGFRII;
Santa Cruz Biotechnology, Inc.; 1 : 100 dilution) and rabbit antiTGFb1 (Sigma Chemical Co.; 1 : 50). After primary antibody incubation,
cells were extensively washed with PBS/10% normal goat serum and
incubated with secondary antibodies for 1 h at room temperature.
Secondary antibodies were conjugated with horseradish peroxidase
(goat antirabbit; Sigma Chemical Co.; 1 : 200) with Cy3 (sheep
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antirabbit; Sigma Chemical Co.; 1 : 5000) or with ¯uorescein isothyocyanate (sheep antimouse; Sigma Chemical Co.; 1 : 400). Peroxidase
activity was revealed with 3,30 -diaminobenzidine (DAB peroxidase
substrate kit; Vector Laboratories, Inc.). Negative controls were performed by omitting the primary antibody during staining. In all cases
no reactivity was observed when the primary antibody was absent.
Western blot analysis
Biochemical characterization of proteins was done according to Abreu
et al. (2002). Cultures were lysed in 2 loading buffer (100 mM TrisCl, pH 6.8, 4% of sodium dodecyl sulfate, 0.2% of bromophenol blue,
20% of glycerol, 200 mM of dithiotreitol) and then boiled for 5 min
before loading in the gel. Approximately 5±10 mg of protein per lane
were submitted to electrophoresis in a 12% sodium dodecyl sulfate±
polyacrylamide gel electrophoresis mini gel. After separation, proteins
were electrically transferred onto a Hybond-P polyvinylidene di¯uoride transfer membrane (Amersham Biosciences) for 1 h. Membranes
were blocked in PBS±milk 5% and primary antibodies added for 1 h at
room temperature. After several washes, peroxidase-conjugated secondary antibody was added to the membrane and incubated for 1 h at
room temperature. Proteins were visualized using the enhancing
chemiluminescence detection system (ECL-Plus; Amersham Pharmacia Biotech, Miami, FL, USA). The following primary antibodies were
used: mouse antib-actin (Santa Cruz Biotechnology; 1 : 500), mouse
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antihuman TGF-b1 (R & D Systems; 1 : 200), rabbit anticow GFAP
(Dako; 1 : 4000) and rabbit antiTGFRII (Santa Cruz Biotechnology,
Inc.; 1 : 500). The following secondary peroxidase-conjugated antibodies were used: goat antirabbit IgG and goat antimouse IgG
(Amersham Biosciences; 1 : 1000). In some cases, Coomassie blue
staining of the gel was used to monitor protein loading.

Results
Glial fibrillary acidic protein promoter-lacZ activity on
astrocyte cultures
In order to verify astrocytic-speci®c expression of the GFAP-lacZ
gene, con¯uent astrocyte monolayers derived from Cc, M and Cb of
newborn transgenic mice were incubated for 2 days in serum-free
medium and subsequently reacted for b-Gal activity and GFAP
immunostaining. In all astrocyte monolayers, approximately 95% of
the cells were recognized by antiGFAP antibody attesting, in the
majority, their astrocyte phenotype (Fig. 1). Most of the cortical
astrocytes showed a protoplasmic morphology with a large spread
cell body presenting a cytoplasmic ®lamentous pattern of GFAP
staining (Fig. 1A±C). In cerebellar and midbrain cultures, several
astrocytes presented a process-bearing appearance with strong staining
of GFAP along the process (Fig. 1D±I). b-Galactosidase activity
could be detected as a blue nuclear staining in several, but not all,

Fig. 1. Glial ®brillary acidic protein (GFAP) promoter-lacZ expression in vitro. (A±C) Cerebral cortex, (D±F) cerebellum and (G±I) midbrain astrocytes derived from
newborn transgenic mice were kept for 12 days in culture (10 days in the presence of serum and 2 additional days in serum-free medium). GFAP promoter-directed
expression of lacZ was revealed by 5-bromo-4-chloro-3-indolyl-b-D-galactoside (blue nuclei) prior to antiGFAP immunocytochemistry (brown staining). Most of the
cells stain for GFAP whereas only a subpopulation of astrocytes express b-galactosidase (b-Gal) activity. While cortical astrocytes present a protoplasmic
morphology, most of the cerebellar and midbrain astrocytes are process-bearing cells under these conditions. Insets in (A, D and G), bright®eld photographs of the
respective phase contrast images. Scale bars, 100 mm (A) and 50 mm (B and C).
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GFAP-positive cells. However, the few GFAP-negative cells never
exhibited such b-Gal activity (data not shown). Thus, these results
provide evidence that GFAP promoter elements present in the transgene are speci®cally used by endogeneous GFAP-expressing cells of
Cc, M and Cb in vitro.
Cortical neurons do not activate glial fibrillary acidic protein
gene promoter from heterotypic astrocytes
We previously demonstrated that homotypic neuron±glia interaction
[e.g. Cc neurons (or their CM) plated onto Cc glia] was able to induce
GFAP gene promoter measured by a 60% increase in the number of bGal-positive astrocytes (Fig. 2; Gomes et al., 1999a). Such CM presented a regional speci®city as it failed to promote heterotypic astrocyte differentiation (Fig. 2; Gomes et al., 1999a). As some interactions
require membrane±membrane contact, in addition to soluble factors,
we sought to investigate the involvement of cell contact on modulation
of the GFAP gene in heterotypic coculture. To assess this question,
neurons obtained from E14 Swiss mice Cc were directly plated onto
transgenic newborn Cc, M or Cb astrocyte monolayers. The addition of
cortical neurons onto the M astrocyte monolayer had no effect on the
b-Gal cell number (Fig. 2) while it greatly increased this number in Cc
monolayers (60%). Surprisingly, Cc neurons decreased Cb b-Galpositive astrocytes by 30% (Fig. 2).
We previously showed that the ability to induce the GFAP gene
promoter was not solely restricted to a speci®c neuronal population
(Cc) as neurons derived from the midbrain or cerebella also increased
the number of b-Gal-positive Cc astrocytes. However, heterotypic
cocultures presented a smaller ef®cacy, revealed by a 25±30% increase
in the number of b-Gal cells in comparison to 60% yielded by
homotypic cultures (Fig. 2; Gomes et al., 1999a). As modulation by
neurons could be a characteristic of the GFAP gene of cortical
astrocytes we next tested the ability of M and Cb glia to respond to

Fig. 2. Cortical neurons do not induce glial ®brillary acidic protein promoterdirected expression of lacZ in heterotypic cocultures. Cerebral cortex (Cc),
cerebellum (Cb) and midbrain (M) astrocytes derived from newborn transgenic
mice were cultured alone (open white bars) or in the presence of Cc conditioned
medium (CM) or neurons derived from Cc, Cb and midbrain (see key).
Cocultures were maintained for 24 h. After b-galactosidase (b-Gal) activity
detection, the number of b-Gal-positive cells was quanti®ed. Data represent the
mean of three independent experiments, each done in triplicate. Cc neurons
increase the number of b-Gal-positive cells in homotypic cultures but had a
different effect on heterotypic cultures. While the number of b-Gal-positive
midbrain astrocytes is not affected, that of Cb cultures is decreased by Cc
neuron addition. P < 0.05; P < 0.001 (mean  SD).

homotypic neurons. The addition of M or Cb neurons had no effect on
GFAP-lacZ astrocytes of midbrain or cerebellar monolayers, indicating that the GFAP gene of these astrocytes is probably not modulated
by neuron±glia interactions (Fig. 2). Measurement of GFAP levels by
western blot assays demonstrated a strict correlation between the
GFAP-lacZ transgene and endogeneous GFAP gene in different brain
regions, thus providing transgene as an useful tool to study GFAP
regulation under the conditions used in this work (data not shown).
Our results demonstrate that Cc neurons do not promote astrocyte
heterotypic differentiation, at least regarding GFAP expression, and
might indicate the great complexity of neuron±glia interaction and
regional preference of these interactions.
Cortical neurons induce transforming growth factor-beta 1
synthesis in heterotypic astrocytes
Induction of the GFAP gene of Cc astrocytes has been previously
correlated by us to an increase in astrocytic TGF-b1 synthesis in
response to neurons. We then investigated modulation of TGF-b1
synthesis by astrocytes in heterotypic cocultures. With this aim, total
extracts of proteins of astrocytes cultured alone or with cortical
neurons were analysed by western blot (Fig. 3). The TGF-b1 was
identi®ed in astrocytes derived from all brain structures studied (Cc,
Cb and M). The expression of TGF-b1 was barely detected in
astrocytes derived from M and Cc and its level was approximately
80% higher in Cb extracts (Fig. 3). The addition of neurons increased
the level of TGF-b1 synthesis in all astrocyte cultures, although this
increment was more drastically observed in Cc and M (approximately
200%). We con®rmed that TGF-b1 detected in these cocultures was
provided by astrocytic cells rather than neurons as incubation of Cb

Fig. 3. Identi®cation of transforming growth factor-beta 1 (TGF-b1) content in
astrocytes. (A) Representative graphic analysis and (B) western blot showing
TGF-b1 content: Equal amounts (10 mg/lane) of total protein of cellular extracts
of astrocytes derived from cerebral cortex (Cc), midbrain (M) and cerebellum
(Cb) of newborn transgenic mice cultured alone ( ) or with neurons () were
resolved in 10% polyacrylamide gel and analysed by immunoblotting for TGFb1. Immune reaction for b-actin was used to monitor protein loading. The levels
of TGF-b1 protein immunoreactivity are expressed relative to the levels
observed in cultures of Cc astrocytes alone. Neurons greatly increased astrocytic TGF-b1 expression despite the brain region. Note increased expression of
TGF-b1 in Cb.
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and M astrocytes with cortical CM also induced TGF-b1 synthesis by
those cells (data not shown). These results suggest that, in heterotypic
cocultures, TGF-b1 synthesis is not necessarily closely correlated to
GFAP gene promoter activation.
Unresponsiveness of glial fibrillary acidic protein gene of
midbrain and cerebellar astrocytes to transforming growth
factor-beta 1 does not correlate to transforming growth
factor-beta receptor level
Although neurons do not activate midbrain and cerebellar GFAP
gene promoter they induce TGF-b1 synthesis by these cells, which
we have previously implicated in GFAP modulation (de Sampaio e
Spohr et al., 2002). We sought to investigate if such an apparent
discrepancy might re¯ect differences in the expression of TGFRII.
In order to address this, TGFRII levels were analysed by western blot
and immunocytochemistry. Immunolabelling analysis did not reveal
signi®cant differences in the pattern of TGFRII expression in all
subpopulations of astrocytes, the immunostaining was punctate and
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spread throughout the cellular membrane (Fig. 4A±D). Measurement of TGFRII protein content by western blot demonstrated
similar levels of the receptor in cortex and midbrain astrocytes.
Interestingly, cerebellar astrocytes, which have higher basal levels of
TGF-b1 (Fig. 3), presented a twofold increase in TGFRII expression
(Fig. 4C and E). These data indicate that unresponsiveness of midbrain and cerebellar GFAP to TGF-b1 is not due to the absence of
functional TGFRII in these cells. Further, it might suggest a correlation between TGFRII and TGF-b1 levels in astrocytes.
Characterization of transforming growth factor-beta 1 synthesis
and secretion by neurons from different regions
We previously demonstrated that cortical neurons induce GFAP gene
promoter by secreting TGF-b1. This mechanism involves a paracrine
effect in which neuronal TGF-b1 enhances astrocyte synthesis and
secretion of this factor. An alternative explanation for the failure of
cerebellar and midbrain neurons to induce GFAP gene promoter
could be low levels or absence of TGF-b1 synthesis by these cells.

Fig. 4. Immunolocalization and western blot analyses of transforming growth factor-beta receptor (TGFR) II in primary cultured astrocytes. Astrocytes derived from
newborn (A) cerebral cortex (Cc), (C) cerebellum (Cb) and (D) midbrain (M) transgenic mice were cultured for 10 days and immunostained for TGFRII as described
in Materials and methods. Insets show DAPI (40 6-diamidino-2-phenylindole) nuclear labelling of the same ®eld of the culture. (B) Glial ®brillary acidic protein
(GFAP) immunostaining of Cc astrocytes (same ®eld as in A) Scale bars, 50 mm. (E) Representative western blot and graphic analysis showing TGFRII content. Equal
amounts (10 mg/lane) of total protein of cellular extracts of astrocytes derived from Cc, Cb and midbrain of newborn transgenic mice were resolved in 10%
polyacrylamide gel and analysed by immunoblotting for TGFRII. Coomassie blue staining of the gel was used to monitor cellular protein loading. The levels of
TGFRII protein immunoreactivity are expressed relative to the levels observed in cultures of Cc astrocytes. All astrocyte cultures present a punctate pattern of TGFRII
expression spread all over the cellular membrane. A higher expression is observed in cerebellar astrocytes.
ß 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 19, 1721±1730
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Fig. 5. Identi®cation of transforming growth factor-beta (TGF-b) in primary cultured neurons. (A±H) Neurons derived from 14-day embryonic (E14) cerebral cortex
(Cc) (A±D), newborn cerebellum (Cb) (E and F) and E14 midbrain (M) (G and H) Swiss mice were cultured for 24 h and immunostained for TGF-bs and b-tubulin III
(b-Tub III) as described in Materials and methods. Scale bars: 50 mm (A) and 20 mm (C). Arrowheads in (D) depict punctate arrangement of TGF-b staining in the
processes of cortical neurons. (I) Representative western blots showing TGF-b1 content. Equal amounts (10 mg/lane) of total protein of cellular extracts of neurons
derived from Cc, Cb and midbrain were resolved in 10% polyacrylamide gel and analysed by immunoblotting for TGF-b1. Coomassie blue staining of the gel was
used to monitor cellular protein loading.

In order to assess this, neuronal TGF-b1 expression was analysed by
immunocytochemistry using an antibody against the three isoforms of
TGF-b (TGF-b1, 2 and 3) (Fig. 5). Neurons derived from E14 cortex,
E14 midbrain and P0 Cb were maintained for 24 h in serum-free
medium and subsequently reacted with antibodies against the neuronal
marker, b-tubulin III and TGF-b. Immunoreaction for TGF-bs was
observed in all subpopulations of neurons although the pattern of
labelling differed slightly. Whereas midbrain neurons presented a
staining predominantly in neuronal soma, cerebellar and cortical
neurons showed punctate labelling extending through the neuronal
processes (arrowheads in Fig. 5D).
We next investigated TGF-b1 synthesis by neurons by western blot
assay (Fig. 5I). For this, we have used an antibody speci®cally against
isoform 1 of TGF-b. Analysis of total protein extracts from E14
cultured cortical and midbrain neurons and P0 cerebellar neurons
identi®ed TGF-b1 in all neuronal extracts (Fig. 5I).

Differential modulation of glial fibrillary acidic protein gene
from distinct subpopulations of astrocytes is intrinsic
to their promoter regions
Glial ®brillary acidic protein expression in vivo is modulated by
several growth factors (for review see Laping et al., 1994b; Gomes
et al., 1999a). We wondered whether, under our in vitro conditions,
cerebellar and midbrain astrocytes might be somehow insensitive to
GFAP inducers. In order to address this, we employed two well-known
inducers of GFAP in vivo, bFGF and EGF (Laping et al., 1994b).
Astrocyte cultures were kept for 24 h in the presence of 10 ng/mL of
bFGF, EGF and TGF-b1 (Fig. 6). Addition of TGF-b1 greatly
increased the number of b-Gal cortical astrocytes (60% increase),
whereas bFGF or EGF did not cause a signi®cant increase (de Sampaio
e Spohr et al., 2002 and Fig. 6). Addition of both bFGF and EGF
signi®cantly increased the number of b-Gal cells in midbrain cultures
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astrocytes might comprise a much larger morphological and functional
heterogeneity than neurobiologists previously thought, in situ as well
as in vitro.

*

*

Midbrain

Fig. 6. Effect of transforming growth factor-beta 1 (TGF-b1), basic ®broblast
growth factor (bFGF) and epidermal growth factor (EGF) on glial ®brillary
acidic protein gene promoter-directed expression of lacZ of different brain
regions. Cortical, cerebellar and midbrain astrocytes derived from newborn
transgenic mice were cultured alone or in the presence of TGF-b1, EGF or
bFGF. Factors were added at a ®nal concentration of 10 ng/mL and kept for 24 h.
After b-galactosidase (b-Gal) activity detection, b-Gal-positive astrocytes were
quanti®ed. Each point represents the average of three independent experiments
done in triplicate. P < 0.05; P < 0.00001 (mean  SD). Growth factors cause
different effects on distinct subpopulations of astrocytes. Whereas TGF-b1
greatly increases the number of b-Gal cortical astrocytes, bFGF and EGF have
no effect on this number. On the other hand, bFGF and EGF increase the number
of midbrain b-Gal astrocytes but TGF-b does not. None of these factors has an
effect on cerebellar b-Gal astrocyte number.

(EGF, 51% and bFGF, 43%), whereas neither of these factors had an
effect on cerebellar astrocytes.
As all neurons failed to induce GFAP gene promoter from Cb and
midbrain despite their synthesis of TGF-b1 we wondered whether the
TGF-b1 concentration in coculture might be below the minimum
necessary to achieve GFAP activation. To answer this, we directly
added TGF-b1 to midbrain and cerebellar astrocytes and evaluated the
number of b-Gal cells. As observed in Fig. 6, the addition of 10 ng/mL
of TGF-b1 did not increase the b-Gal cell number either in cerebellar
or midbrain cultures whereas it increased the number of cortical b-Gal
astrocytes by 60%. Addition of a higher concentration of TGF-b1
(20 ng/mL) yielded similar results (data not shown). These results
indicate that the GFAP gene promoter from different astrocyte subpopulations is distinctly modulated by growth factors.

Discussion
Recently, by using GFAP-lacZ transgenic mice we demonstrated that
cortical neurons activate the GFAP gene promoter by inducing TGFb1 secretion by astrocytes (de Sampaio e Spohr et al., 2002). We now
report that this event is regionally modulated. Cortical neurons
increase the differentiation of cortical astrocytes; however, in midbrain, they have no effect on b-Gal expression and, unexpectedly, they
decrease b-Gal astrocytes in cerebellar cultures. Surprisingly, although
heterotypic cultures do not induce the GFAP gene, they yield an
increase of TGF-b1 synthesis by astrocytes. Our data suggest that the
mechanisms underlying GFAP gene activation and astrocyte differentiation might differ considerably throughout the CNS and indicate
that GFAP gene modulation might not be strictly correlated to TGFb1. In addition, our ®ndings give strength to the current idea that

Transforming growth factor-beta pathway and glial fibrillary
acidic protein regional specific modulation
It is intriguing that cortical neurons induce TGF-b1 secretion by
cerebellar and midbrain astrocytes but they do not activate the GFAP
gene in these cells. One explanation would be the lack or low levels of
expression of TGF receptor (TGFRII) by cerebellar and midbrain
astrocytes. This idea is supported by previous observations that the
unresponsiveness of the GFAP gene promoter to TGF-b1 in late
postnatal astrocytes is related to the scarce and diffuse expression
pattern of TGFRII when compared with newborn astrocytes (de
Sampaio e Spohr et al., 2002). The TGFRII mRNA seems to be
widely distributed in astrocytes and in neurons, in vivo as well as in
vitro. However, available data on the localization of TGFRI and
TGFRII are still con¯icting (BoÈttner et al., 1996, 2000; Tomoda
et al., 1996; Vivien et al., 1998; MassagueÂ, 2000; Perrilan et al.,
2002). We did not ®nd signi®cant differences between midbrain and
cortical TGFR levels whereas cerebellar astrocytes presented a
enhancement of TGFRII expression. Thus, our data are in agreement
with those of BoÈttner et al. (1996) who detected, by reverse transcriptase±polymerase chain reaction, increased levels of TGFRII in the
Cb in comparison to other brain regions.
The failure of TGF-b1 to affect the GFAP gene observed in
cerebellar and midbrain astroglial cultures was not due to the absence
of functional recognition or transduction machinery for this factor.
This is supported by further observations that Cb and midbrain
astrocytes increase TGF-b1 synthesis in response to cortical neurons
which we previously demonstrated to secrete low amounts of TGF-b1
(de Sampaio e Spohr et al., 2002). Such positive feedback of TGF-b1
expression has already been described for nervous and other systems
where TGF-b1 modulates its own synthesis (Morgan et al., 2000;
Diez-Marques et al., 2002). We observed that cerebellar astrocytes
already presented a higher basal level of TGF-b1 when compared with
midbrain and cortical cells. It is possible that such increased basal
levels of cerebellar TGF-b1 could account for the increased TGFRII
observed in cerebellar astrocytes as, besides regulation of its own
synthesis, TGF-b1 might also modulate TGFRII levels (Norgaard
et al., 1996; Siegert et al., 1999; Morgan et al., 2000).
Our data on the effect of TGF-b1 on the GFAP-lacZ gene are in
agreement with those reported by Baghdassarian et al. (1993), i.e.
treatment of cerebellar astrocyte cultures with TGF-b1 did not
increase the GFAP protein level and a slight increase was observed
only after long-term culture in the presence of the factor.
Cortical neuronal CM had no effect on the cerebellar b-Gal astrocytic cell number although neurons themselves decreased this number.
One possibility is that a contact-mediated mechanism is speci®cally
involved in cerebellar decreased differentiation, as has been reported
for inhibition of astrocyte proliferation and cell fate speci®cation
(Hatten, 1987; Krushel et al., 1998; Tsai & McKay, 2000).
Another possibility for the unresponsiveness of Cb and midbrain
astrocytes to cortical neurons could be that levels of TGF-b1 elicited
by cortical neurons were not suf®cient to activate the GFAP gene from
these regions. This seems not to be the case as the addition of
high concentrations of TGF-b1 to these astrocytes does not increase
the b-Gal cell number but greatly increases the b-Gal cortex cell
number. Here, we demonstrate by immunocytochemistry and western
blot assays that neurons derived from the Cc, Cb and midbrain
synthesize TGF-b1. This is the ®rst time that TGF-b1 synthesis by
cerebellar and midbrain neurons has been demonstrated. Other
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members of the TGF-b family and their receptors have previously been
detected in cortical and mesencephalic neurons (Flanders et al., 1991;
Dobbertin et al., 1997; Unsicker & Strelau, 2000; Farkas et al., 2003).
In vivo and in vitro evidence of TGF-b1 synthesis by neurons has also
been provided by other groups (Lefebvre et al., 1992; Zhu et al., 2000;
Mittaud et al., 2002). Mittaud et al. (2002) reported that TGF-b1
secretion by hypothalamic neurons modulated the oxytocin receptor in
rat cultured astrocytes. In vivo data demonstrated that hippocampal
neurons can express TGF-b1 under physiological conditions and upregulate its expression after transient forebrain ischemia (Zhu et al.,
2000).
Although cerebellar and midbrain neurons synthesize TGF-b1, they
failed to activate cortical GFAP gene promoter with the same ef®cacy
as cortical neurons. As the concentration of TGF-b1 does not seem to
be the main factor, the activation of the GFAP gene could depend on a
cofactor acting in the TGF-b pathway. In fact, the biological effects of
various extracellular factors have been demonstrated to depend on
additional signals (Engele & Franke, 1996; Krieglstein et al., 1998a,b;
Abreu et al., 2002). Thus, we cannot rule out the possibility of a yet
unidenti®ed molecule acting in synergism with TGF-b1 to ensure full
GFAP gene promoter activation in cortical astrocytes.
Astrocytes are a regionally heterogeneous subgroup of glial cells in
the CNS that greatly vary in responsiveness to several growth factors
(Wilkin et al., 1990; SchluÈter et al., 2002; Matthias et al., 2003; Reuss
et al., 2003). Our data indicate that heterogeneity of GFAP regulation
is not restricted to TGF-b. Epidermal growth factor, which has a
widespread action in the CNS (Fricker-Gates et al., 2000; Martinez &
Gomes, 2002), has been demonstrated to regulate protein expression in
a CNS region-speci®c manner (SchluÈter et al., 2002). In our culture
conditions, EGF speci®cally induces the midbrain GFAP gene but had
no effect on cortical and cerebellar astrocytes. In addition, FGF, a wellestablished modulator of cell differentiation and GFAP expression
(Reuss et al., 2000, 2003), also exhibited regional-speci®c regulation
of the GFAP gene by speci®cally inducing the GFAP gene promoter
from midbrain.
In summary, our data demonstrate that astrocytes from Cb, midbrain
and Cc express functional active TGF-b1 and TGF-b receptors. We
argue that differences in GFAP gene responsiveness to TGF-b1 are not
related to levels of TGFRII or TGF-b1 expression by these cells but
clearly re¯ect a distinct requirement for GFAP gene promoter activation in heterogeneous populations of astrocytes.
Glial heterogeneity and implications for nervous system
development
Much evidence now supports the concept that astroglia isolated from a
number of different brain regions vary markedly in their responsiveness to several agents, such as hormones, growth factors, neurotransmitters, gene regulation, pattern of cell interaction and even distinct
progenitor potentials (Dennis-Donini et al., 1984; Cholewinski &
Wilkin, 1988; Garcia-Abreu et al., 1995; Lima et al., 1998; Perego
et al., 2000; Gomes et al., 2001a,b; SchluÈter et al., 2002; Hall et al.,
2003; Matthias et al., 2003; Reuss et al., 2003). Our data contribute to
this prevailing view by demonstrating that astrocytes derived from
distinct brain regions modulate the GFAP gene differently in response
to neurons and growth factors. The fact that the onset of the GFAP gene
is part of the radial glia and astrocyte differentiation strengthens the
hypothesis that the role of GFAP in nervous system development goes
beyond its previously well-known cytoskeletal structural function.
This idea ®ts well with recent ®ndings that radial glia from different
brain regions diverge considerably in their lineage progeny potential
(Malatesta et al., 2003). While cortical radial glia generate the vast
majority of neurons in the Cc, radial glia in the ventral telencephalon

generate very few neurons (Malatesta et al., 2003). These results imply
that in some regions of the brain, such as the Cc, the predominant radial
glia progeny is neuronal and in others, such as the ganglionic eminence, it is glial. Which features, therefore, determine neuronal vs.
glial progeny potential?
Regulation of cell type-speci®c genes, such as some of the
intermediate ®lament proteins, is a key step for cell speci®cation.
Astrocytic-speci®c expression is regulated by a variety of cis- and
trans-acting factors (Brenner et al., 1994). Several putative growth
factor-binding sites have already been identi®ed in the GFAP gene
promoter, including those involved in the TGF-b family pathway
(Brenner et al., 1994; Nakashima et al., 1999). They seem to be
differently used at least in the CNS and peripheral nervous system
(Feinstein et al., 1992). Such differences in GFAP gene modulation
might also be widespread within the CNS itself. This idea is
supported by the observation that expression of the transgene was
restricted to some subpopulations of astrocytes as described for brain
tissues by Galou et al. (1994) and by others who used distinct GFAP
transgenic mice (Mucke et al., 1991; Brenner et al., 1994). It is
conceivable that, in vitro as well as in vivo, heterogeneous subpopulations of astrocytes utilize different sets of GFAP regulatory
regions. Brenner et al. (1994) have described critical differences in
the GFAP promoter lacZ expression pattern depending on the length
of GFAP promoter used in transgene construction, in some cases
lacZ expression occurred throughout the brain whereas in others it
was largely con®ned to the Cc and hippocampus. It is tempting to
speculate that distinct cis and trans factors modulating the GFAP
gene in Cb, midbrain and Cc, as observed in this work, might
correlate with the radial glial fate potential observed in radial glia
derived from these regions.
Transforming growth factor-beta 1 modulation of glial fibrillary
acidic protein: considerations for brain injury
Glial ®brillary acidic protein expression shows brain region-speci®c
responses to several growth factors and astrocyte±neuron interactions
(HoÈke & Silver, 1994; Zhu et al., 2000). During senescence, GFAP
mRNA and protein levels tend to increase in the hippocampus, striatum
and cortex and only later in other regions (for review Laping et al.,
1994b). Although it has been described that TGF-b1 increases GFAP
in vivo and in vitro (Baghdassarian et al., 1993; Laping et al., 1994a;
Reilly et al., 1998), our work shows, for the ®rst time, a TGF-b1
regional modulation of GFAP in astrocytes.
Moreover, TGF-b1 is up-regulated in brain lesions, which suggests
that it plays an important role in organizing the response to degeneration of neurons and in mediating the anti-in¯ammatory reactions after
brain injury (Vivien et al., 1998; De Groot et al., 1999; McTigue et al.,
2000). Activated glial cells have previously been suggested to be the
major source of TGF-b1 in brain tissue. Astrocytes present distinct
responsiveness to brain injury (Zhu et al., 2000). Stewart (1994)
reported that electroconvulsive seizures strongly induce GFAP mRNA
levels in the dentate gyrus, whereas most other areas of the brain,
including the Cc, show minimal if any changes in GFAP expression.
Several ®ndings also provide evidence that, although reactive gliosis is
a hallmark of most CNS disease, the mechanism involved in GFAP
gene activation may differ in distinct lesions (Titeux et al., 2002). Our
data of cortical neuronal synthesis of TGF-b1 and the ®ndings that
hippocampal neurons synthesize TGF-b1 after forebrain ischemia
suggested an additional role for neurons in modulating astrocytic
reaction. Thus, our data together with the fact that TGF-b1 mRNA
and protein are highly enriched in glial scars might explain the
different response of the GFAP gene in distinct brain regions during
reactive gliosis.
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TGF-b1 effects on GFAP gene
Given the relevant role of GFAP during CNS development, as well
as a factor in the reactive response to injury, the understanding of the
mechanism of GFAP expression and its modulation should be useful in
elucidating some steps of CNS physiology and pathology. These
diverse alterations of astrocyte gene expression in response to neurons
not only emphasize the astroglial heterogeneity but also imply that
GFAP expression might be integrated within a more generalized
transcriptional regulatory system that organizes neural cell generation
and speci®cation and astrocytic responses to neuronal activity.

Acknowledgements
We thank Adiel Batista do Nascimento and Genaro Amaral de Barros for
technical assistance and also JoseÂ Garcia Abreu for carefully reading the
manuscript. This work was supported by grants from FAPERJ, CNPq, FUJB,
MCT-PRONEX and CAPES-COFECUB.

Abbreviations
bFGF, basic ®broblast growth factor; b-Gal, b-galactosidase; Cb, cerebellum;
Cc, cerebral cortex; CM, conditioned medium; CNS, central nervous system;
E14, 14-day embryonic; EGF, epidermal growth factor; GFAP, glial ®brillary
acidic protein; M, midbrain; P0, newborn; PBS, phosphate-buffered saline;
TGF-b1, transforming growth factor-beta 1; TGFR, TGF-b receptor.

References
Abreu, J.G., Ketpura, N.I., Reversade, B. & De Robertis, E.M. (2002) Connective tissue growth factor (CTGF) modulates cells signaling by BMP and
TGF-b. Nature Cell Biol., 4, 599±604.
Baghdassarian, D., Toru-Delbauffe, D., Gavaret, J.M. & Pierre, M. (1993)
Effects of transforming growth factor-beta 1 on the extracellular matrix and
cytoskeleton of cultured astrocytes. Glia, 7, 193±202.
Bignami, A., Eng, L.F., Dahl, D. & Uyeda, C.T. (1972) Localization of glial
®brillary acidic protein in astrocyte by immuno¯uorescence. Brain Res., 43,
429±435.
BoÈttner, M., Unsicker, K. & Suter-Crazzolara, C. (1996) Expression of TGF-b
type II receptor mRNA in the CNS. Neuroreport, 7, 2903±2907.
BoÈttner, M., Krieglstein, K. & Unsicker, K. (2000) The transforming growth
factor-bs: structure, signaling, and roles in nervous system development and
functions. J. Neurochem., 75, 2227±2240.
Brenner, M., Kisseberth, W.C., Su, Y., Besnard, F. & Messing, A. (1994) GFAP
promoter directs astrocyte-speci®c expression in transgenic mice. J. Neurosci., 14, 1030±1037.
Bush, T.G., Savidge, T.C., Freeman, T.C., Cox, H.J., Campbell, E.A., Mucke,
L., Johnson, M.H. & Sofroniew, M.V. (1998) Fulminant jejuno-ileitis following ablation of enteric glia in adult transgenic mice. Cell, 93, 189±201.
Chen, W.J. & Liem, R.K. (1994) Reexpression of glial ®brillary acidic protein
rescues the ability of astrocytoma cells to form processes in response to
neurons. J. Cell Biol., 127, 813±823.
Cholewinski, A.J. & Wilkin, G.P. (1988) Peptide receptors on astrocytes:
evidence for regional heterogeneity. Neurochem. Res., 13, 389±394.
De Groot, C.J., Montagne, L., Barten, A.D., Sminia, P. & Van Der Valk, P.
(1999) Expression of transforming growth factor (TGF)-beta1, -beta2, and beta3 isoforms and TGF-beta type I and type II receptors in multiple sclerosis
lesions and human adult astrocyte cultures. J. Neuropathol. Exp. Neurol., 58,
174±187.
Dennis-Donini, S., Glowinski, J. & Prochiantz, A. (1984) Glial heterogeneity
may de®ne the three-dimensional shape of mouse mesencephalic dopaminergic neurons. Nature, 307, 641±643.
Diez-Marques, L., Ortega-Velazquez, R., Langa, C., Rodriguez-Barbero, A.,
Lopez-Novoa, J.M., Lamas, S. & Bernabeu, C. (2002) Expression of endoglin
in human mesangial cells: modulation of extracellular matrix synthesis.
Biochim. et Biophys. Acta, 1587, 36±44.
Dobbertin, A., Schmid, P., Gelman, M., Glowinski, J. & Mallat, M. (1997)
Neurons promote macrophage proliferation by producing transforming
growth factor-b2. J. Neurosci., 17, 5305±5315.
Eng, L.F., Vanderhaeghen, J.J., Bignami, A. & Gerste, B. (1971) An acidic
protein isolated from ®brous astrocytes. Brain Res., 28, 351±354.
Eng, L.F., Ghirnikar, R.S. & Lee, Y.L. (2000) Glial ®brillary acidic protein:
GFAP-thirty-one years (1969±2000). Neurochem. Res., 25, 1439±1451.

1729

Engele, J. & Franke, B. (1996) Effects of glial cell line-derived neurotrophic
factor (GDNF) on dopaminergic neurons require concurrent activation of
cAMP-dependent signaling pathways. Cell Tissue Res., 286, 235±240.
Farkas, L.M., Dunker, N., Roussa, E., Unsicker, K. & Krieglstein, K. (2003)
Transforming growth factor-beta(s) are essential for the development
of midbrain dopaminergic neurons in vitro and in vivo. J. Neurosci., 23,
5178±5186.
Feinstein, D.L., Weinmaster, G.A. & Milner, R.J. (1992) Isolation of cDNA
clones encoding rat glial ®brillary acidic protein: expression in astrocytes and
in Schwann cells. J. Neurosci. Res., 32, 1±14.
Flanders, K.C., LuÈdecke, G., Engels, S., Cissel, D.S., Roberts, A.B., Kondaiah,
P., Lafyatis, R., Sporn, M.B. & Unsicker, K. (1991) Localization and actions
of transforming growth factor-bs in the embryonic nervous system. Development, 113, 183±191.
Fricker-Gates, R.A., Winkler, C., Kirik, D., Rosenblad, C., Carpenter, M.K. &
Bjorklund, A. (2000) EGF infusion stimulates the proliferation and migration
of embryonic progenitor cells transplanted in the adult rat striatum. Exp.
Neurol., 165, 237±247.
Galou, M., Pournin, S., Ensergueix, D., Ridet, J.L., Tchelingerian, J.L.,
Lossouarn, L., Privat, A., Babinet, C. & Dupouey, P. (1994) Normal and
pathological expression of GFAP promoter elements in transgenic mice.
Glia, 12, 281±293.
Garcia-Abreu, J., Moura-Neto, V., Carvalho, S.L. & Cavalcante, L.A. (1995)
Regionally speci®c properties of midbrain glia. I. Interactions with midbrain
neurons. J. Neurosci. Res., 40, 471±477.
Gomes, F.C.A., Garcia-Abreu, J., Galou, M., Paulin, D. & Moura Neto, V.
(1999a) Neurons induce GFAP gene promoter of cultured astrocytes from
transgenic mice. Glia, 26, 97±108.
Gomes, F.C.A., Paulin, D. & Moura Neto, V. (1999b) Glial ®brillary acidic
protein: modulation by growth factors and its implication in astrocyte
differentiation. Braz. J. Med. Biol. Res., 32, 619±631.
Gomes, F.C.A., Spohr, T.C.L., Martinez, R. & Moura Neto, V. (2001a) Neuron±
glia interactions: highlights on soluble factors. Braz. J. Med. Biol. Res., 34,
611±620.
Gomes, F.C.A., Trentin, A.G., Lima, F.R.S. & Moura Neto, V. (2001b) Thyroid
hormone effects on brain morphogenesis. Prog. Brain Res., 132, 41±50.
Hall, A.C., Mira, H., Wagner, J. & Arenas, E. (2003) Region-speci®c effects of
glia on neuronal induction and differentiation with a focus on dopaminergic
neurons. Glia, 43, 47±51.
Hatten, M.E. (1987) Neuronal inhibition of astroglial cell proliferation is
membrane mediated. J. Cell Biol., 104, 1353±1360.
HoÈke, A. & Silver, J. (1994) Heterogeneity among astrocytes in reactive gliosis.
Persp. Dev. Neurobiol., 3, 269±274.
Imura, T., Kornblum, H.I. & Sofroniew, M.V. (2003) The predominant neural
stem cell isolated from postnatal and adult forebrain but not early embryonic
forebrain expresses GFAP. J. Neurosci., 23, 2824±2832.
Kommers, T., Rodnight, R., Boeck, C., Vendite, D., Oliveira, D., Horn, J.,
Oppelt, D. & Wofchuk, S. (2002) Phosphorylation of glial ®brillary acidic
protein is stimulated by glutamate via NMDA receptors in cortical microslices and in mixed neuronal/glial cell cultures prepared from the cerebellum.
Brain Res. Dev. Brain Res., 137, 139±148.
Krieglstein, K., Farkas, L. & Unsicker, K. (1998a) TGF-beta regulates the
survival of ciliary ganglionic neurons synergistically with ciliary neurotrophic factor and neurotrophins. J. Neurobiol., 37, 563±572.
Krieglstein, K., Reiss, B., Maysinger, D. & Unsicker, K. (1998b) Transforming
growth factor b mediates the neurotrophic effect of ®broblast growth factor-2
on midbrain dopaminergic neurons. Eur. J. Neurosci., 10, 2746±2750.
Krushel, L.A., Tai, M.-H., Cunningham, B.A., Edelman, G.M. & Crossin, K.L.
(1998) Neural cell adhesion molecule (N-CAM) domains and intracellular
signaling pathways involved in the inhibition of astrocyte proliferation. Proc.
Natl Acad. Sci. U.S.A., 95, 2592±2596.
Laping, N.J., Morgan, T.E., Nichols, N.R., Rozovsky, I., Young-Chan, C.S.,
Zarow, C. & Finch, C.E. (1994a) Transforming growth factor-beta 1 induces
neuronal and astrocyte genes: tubulin alpha 1, glial ®brillary acidic protein
and clusterin. Neuroscience, 58, 563±572.
Laping, N.J., Teter, B., Nichols, N.R., Rozovsky, I. & Finch, C.E. (1994b) Glial
®brillary acidic protein: regulation by hormones, cytokines, and growth
factors. Brain Pathol., 1, 259±275.
Lefebvre, P.P., Martin, D., Staecker, H., Weber, T., Moonen, G. & Van de Water,
T.R. (1992) TGF beta 1 expression is initiated in adult auditory neurons by
sectioning of the auditory nerve. Neuroreport, 3, 295±298.
LefrancËois, T., Fages, C., Peschanski, M. & Tardy, M. (1997) Neurite outgrowth
associated with astroglial phenotypic changes induced by antisense glial
®brillary acidic protein (GFAP) mRNA in injured neuron-astrocyte cocultures. J. Neurosci., 17, 4121±4128.

ß 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 19, 1721±1730

1730 V. de Oliveira Sousa et al.
Liedtke, W., Edelman, W., Bieri, P.L., Chiu, F.C., Cowan, N.J., Kucherlapati, R.
& Raine, C.S. (1996) GFAP is necessary for the integrity of CNS white matter
architecture and long-term maintenance of myelination. Neuron, 17,
607±615.
Lima, F.R.S., GoncËalves, N., Gomes, F.C.A., de Freitas, M.S. & Moura Neto, V.
(1998) Thyroid hormone action on astroglial cells from distinct brain regions
during development. Int. J. Dev. Neurosci., 16, 19±27.
Malatesta, P., Hack, M.A., Hartfuss, E., Kettenmann, H., Klinkert, W., Kirchhoff, F. & Gotz, M. (2003) Neuronal or glial progeny: regional differences in
radial glia fate. Neuron, 37, 751±764.
Martinez, R. & Gomes, F.C.A. (2002) Neuritogenesis induced by thyroid
hormone-treated astrocytes is mediated by epidermal growth factor/mitogen-activated protein kinase-phosphatidylinositol 3-kinase pathways and
involves modulation of extracellular matrix proteins. J. Biol. Chem., 277,
49311±49318.
MassagueÂ, J. (2000) How cells read TGF-beta signals. Nat. Rev. Mol. Cell Biol.,
1, 169±178.
Matthias, K., Kirchhoff, F., Seifert, G., Huttmann, K., Matyash, M., Kettenmann, H. & Steinhauser, C. (2003) Segregated expression of AMPA-type
glutamate receptors and glutamate transporters de®nes distinct astrocyte
populations in the mouse hippocampus. J. Neurosci., 23, 1750±1758.
McTigue, D.M., Popovich, P.G., Morgan, T.E. & Stokes, B.T. (2000) Localization of transforming growth factor-beta1 and receptor mRNA after experimental spinal cord injury. Exp. Neurol., 163, 220±230.
Menet, V., Gimenez y Ribotta, M., Chauvet, N., Drian, M.J., Lannoy, J.,
Colucci-Guyon, E. & Privat, A. (2001) Inactivation of the glial ®brillary
acidic protein gene, but not that of vimentin, improves neuronal survival and
neurite growth by modifying adhesion molecule expression. J. Neurosci., 21,
6147±6158.
Mittaud, P., Labourdette, G., Zingg, H. & Scala, D.G.-D. (2002) Neurons
modulate oxytocin receptor expression in rat cultured astrocytes: involvement of TGF-b and membrane compounds. Glia, 37, 169±177.
Morgan, T.E., Rozovsky, I., Sarkar, D.K., Young-Chan, C.S., Nichols, N.R.,
Laping, N.J. & Finch, C.E. (2000) Transforming growth factor-beta1 induces
transforming growth factor-beta1 and transforming growth factor-beta receptor messenger RNAs and reduces complement C1qB messenger RNA in rat
brain microglia. Neuroscience, 101, 313±321.
Mucke, L., Oldstone, M.B., Morris, J.C. & Nerenberg, M.I. (1991) Rapid
activation of astrocyte-speci®c expression of GFAP-lacZ. transgene by focal
injury. New Biol., 3, 465±474.
Nakashima, K., Yanagisawa, M., Arakawa, H., Kimura, N., Hisatsune, T.,
Kawabata, M., Miyazono, K. & Taga, T. (1999) Synergistic signaling in fetal
brain by STAT3-Smad1 complex bridged by p300. Science, 284, 479±482.
Norgaard, P., Spang-Thomsen, M., Poulsen, H.S. (1996) Expression and
autoregulation of transforming growth factor beta receptor mRNA in
small-cell lung cancer cell lines. Br. J. Cancer, 73, 1037±1043.
Pekny, M. (2001) Astrocytic intermediate ®laments: lessons from GFAP and
vimentin knock-out mice. Prog. Brain Res., 132, 23±30.
Pekny, M., Stanness, K.A., Eliasson, C., Betsholtz, C. & Janigro, D. (1998)
Impaired induction of blood±brain barrier properties in aortic endothelial
cells by astrocytes from GFAP-de®cient mice. Glia, 22, 390±400.
Perego, C., Vanoni, C., Bossi, M., Massari, S., Basudev, H., Longhi, R. &
Pietrini, G. (2000) The GLT-1 and GLAST glutamate transporters are
expressed on morphologically distinct astrocytes and regulated by neuronal
activity in primary hippocampal cocultures. J. Neurochem., 75, 1076±1084.

Perrilan, P.R., Chen, M., Potts, E.A. & Simard, J.M. (2002) Transforming
growth factor-b1 regulates kir2.3 inward recti®er K channels via phospholipase C and protein kinase C-d in reactive astrocytes from adult rat brain.
J. Biol. Chem., 18, 1974±1980.
Pixley, S.K.R. & De Vellis, J. (1984) Transition between immature radial glia
and mature astrocytes studied with a monoclonal antibody to vimentin. Dev.
Brain Res., 15, 201±209.
Reilly, J.F., Maher, P.A. & Kumari, V.G. (1998) Regulation of astrocyte GFAP
expression by TGFb1 and FGF-2. Glia, 22, 202±210.
Reuss, B., Hertel, M., Werner, S. & Unsicker, K. (2000) Fibroblast growth
factors-5 and -9 distinctly regulate expression and function of the gap
junction protein connexin43 in cultured astroglial cells from different brain
regions. Glia, 30, 231±241.
Reuss, B., Dono, R. & Unsicker, K. (2003) Functions of ®broblast growth factor
(FGF)-2 and FGF-5 in astroglial differentiation and blood±brain barrier
permeability: evidence from mouse mutants. J. Neurosci., 23, 6404±6412.
de Sampaio e Spohr, T.C.L., Martinez, R., Federowicz, E.S., Moura-Neto, V. &
Gomes, F.C.A. (2002) Neuron±glia interaction effects on GFAP gene: a novel
role for transforming growth factor-b1. Eur. J. Neurosci., 16, 2059±2069.
SchluÈter, K., Figiel, M., Rozyczka, J. & Engele, J. (2002) CNS region-speci®c
regulation of glial glutamate transporter expression. Eur. J. Neurosci., 16,
836±842.
Siegert, A., Ritz, E., Orth, S. & Wagner, J. (1999) Differential regulation of
transforming growth factor receptors by angiotensin II and transforming
growth factor-beta1 in vascular smooth muscle. J. Mol. Med., 77, 437±445.
Steward, O., Torre, E.R., Phillips, L.L. & Trimmer, P.A. (1990) The process of
reinnervation in the dentate gyrus of adult rats: time course of increases in
mRNA for glial ®brillary acidic protein. J. Neurosci., 10, 2373±2384.
Stewart, O. (1994) Eletroconvulsive seizures upregulate astroglial gene expression in the dentate gyrus. Mol. Brain. Res., 25, 217±224.
Titeux, M., Galou, M., Gomes, F.C.A., Moura Neto, V. & Paulin, D. (2002)
Differential activation of GFAP gene promoter upon infection with prion
versus virus infection. Mol. Brain Res., 109, 119±127.
Tomoda, T., Shirasawa, T., Yahagi, Y.I., Ishii, K., Takagi, H., Furiya, Y., Arai,
K.I., Mori, H. & Muramatsu, M.A. (1996) Transforming growth factor-beta is
a survival factor for neonate cortical neurons: coincident expression of type I
receptors in developing cerebral cortices. Dev. Biol., 179, 79±90.
Tsai, R.L. & McKay, R.D.G. (2000) Cell contact regulates fate choice by
cortical stem cells. J. Neurosci., 20, 3725±3735.
Unsicker, K. & Strelau, J. (2000) Functions of transforming growth factor-b
isoforms in the nervous system. Cues based on localization and experimental
in vitro and in vivo evidence. Eur. J. Biochem., 267, 6972±6975.
Vivien, D., Bernaudin, M., Buisson, A., Divoux, D., MacKenzie, E.T. &
Nouvelot, A. (1998) Evidence of type I and type II transforming growth
factor-b receptors in central nervous tissues: changes induced by focal
cerebral ischemia. J. Neurochem., 70, 2296±2304.
Wang, X., Messing, A. & David, S. (1997) Axonal and nonneuronal cell
responses to spinal cord injury in mice lacking glial ®brillary acidic protein.
Exp. Neurol., 148, 568±576.
Wilkin, G.P., Marriott, D.R. & Cholewinski, A.J. (1990) Astrocyte heterogeneity. Trends Neurosci., 13, 43±46.
Zhu, Y., Roth-Eichhorn, S., Braun, N., Culmsee, C., Rami, A. & Krieglstein, J.
(2000) The expression of transforming growth factor-beta1 (TGF-beta1) in
hippocampal neurons: a temporary upregulated protein level after transient
forebrain ischemia in the rat. Brain Res., 866, 286±298.

ß 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 19, 1721±1730

