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Abstract

Intermediate filament (IF) proteins constitute an extremely large mul-
tigene family of developmentally and tissue-regulated cytoskeleton
proteins abundant in most vertebrate cell types. Astrocyte precursors
of the CNS usually express vimentin as the major IF. Astrocyte
maturation is followed by a switch between vimentin and glial fibril-
lary acidic protein (GFAP) expression, with the latter being recog-
nized as an astrocyte maturation marker. Levels of GFAP are regulated
under developmental and pathological conditions. Upregulation of
GFAP expression is one of the main characteristics of the astrocytic
reaction commonly observed after CNS lesion. In this way, studies on
GFAP regulation have been shown to be useful to understand not only
brain physiology but also neurological disease. Modulators of GFAP
expression include several hormones such as thyroid hormone, gluco-
corticoids and several growth factors such as FGF, CNTF and TGFß,
among others. Studies of the GFAP gene have already identified
several putative growth factor binding domains in its promoter region.
Data obtained from transgenic and knockout mice have provided new
insights into IF protein functions. This review highlights the most
recent studies on the regulation of IF function by growth factors and
hormones.
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Introduction

The cytoplasm of animal cells is struc-
tured by a scaffolding composed of microfila-
ments (MF), microtubules (MT) and inter-
mediate filaments (IF). MF and MT are con-
stituted by actin and tubulin, respectively, in
all types of cells. Unlike MT and MF, IF
proteins are regulated developmentally and
tissue-specifically. The functional basis of
this diversity is not well understood; how-
ever, changes in IF expression occur sequen-

tially, coincidentally with changes in cellular
differentiation states. The differential expres-
sion of IF proteins in different cell types
implies that they have specialized roles in the
differentiation and function of these cells. At
present, proteins that make up the IF family
can be classified into five distinct types (Table
1) (for a review, see Ref. 1). Class I and class
II IFs consist of acidic and neutral-basic
cytokeratins, respectively. These proteins are
present in most epithelial cells and are, per-
haps, the most divergent and atypical of all
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IF proteins. Class III IFs are formed by pro-
teins expressed in different tissues: glial fibril-
lary acidic protein (GFAP), characteristic of
astroglial cells; desmin, present in muscle
cells; synemin, in certain muscles; peripherin,
specific for the peripheral nervous system as
well as for some central nervous system
(CNS) neurons, and vimentin, present in all
mesenchymal tissues. The pattern of vimentin
expression differs from that of other IFs,
since the protein appears transiently in a
wide variety of cells during development.

Classe IV IF proteins are formed by
neurofilaments (NF) and internexin present
in neurons and by nestin, present in precur-
sors of the nervous system (NS) and muscles.
The lamins, lining the inner surface of the
nuclear membrane, represent the class V IF
ubiquitously expressed throughout most cell
types.

Recently, new classes of IFs have been
described: filensin and phakinin, named the
beaded filaments, a novel class of IFs pres-

ent in the lens (2) and, more recently, transitin,
a novel IF protein that is transiently ex-
pressed by radial glia during CNS develop-
ment. This protein is expressed by midline
radial glia structures, by several axon com-
missures and by Bergmann glia of the devel-
oping cerebellum (3).

Despite their great diversification
throughout tissues, IF proteins present an
evolutionary conservation of their structures.
Three distinct domains can be identified in
the structure of the IF proteins: a central rod
of conserved length and sequence occurring
in a helical conformation, flanked by a non-
helical N-terminal headpiece of variable
length and a non-helical C-terminal tail show-
ing considerable length differences between
different IF proteins.

The organization of IF proteins into a
complex network, their interaction with MTs
and MFs to form the cytoskeleton and their
appearance according to a highly specific
developmental profile, all indicate an impor-
tant biological role of IF filaments. How-
ever, since their first description, a great deal
of discussion on the possible function of IFs
exists in the literature. The availability of
molecular genetic tools, such as dominant
negative or knockout mutants in IF genes
and transgenic mice, has provided a new
avenue to explore the significance of IF pro-
teins (for a review, see 4).

Except for keratins and desmin, for which
knockout studies have clearly demonstrated
a biological role (4,5), there are conflicting
data about the function of the remaining IF
proteins. Whereas targeted disruption of the
NF gene impaired the regeneration of myeli-
nated axons following crush injury of pe-
ripheral nerves (6), introduction of a null
mutation of the vimentin gene into the germ
line of mice has produced healthy animals
without an obvious phenotype (7). Similar
results were obtained by disruption of the
GFAP gene which did not cause defects in
CNS development (8). However, as we will
comment later, a recent null mutation of the

Table 1 - Types and cellular distribution of intermediate filamentsa.

aIntermediate filament proteins have been classified into 5 main
types according to structure and primary sequence similarities.
bSome of them, recently described, have not yet been classified
(nc), and are called the beaded filaments. cIF proteins are normally
cell-specific, except for vimentin which can be expressed in sev-
eral cell types usually before another IF protein is expressed.
GFAP, Glial fibrillary acidic protein.

Intermediate filament Class Cell type

Acid cytokeratins I Epithelial cells

Neutral-basic cytokeratins II Epithelial cells

Vimentinc III Mesenchymal cells
GFAP III Astroglial cells
Desmin III Muscle cells
Synemin III Skeletal muscle cells
Peripherin III Neurons

Nestin IV CNS and muscle precursor cells
Neurofilaments IV Neurons
Internexin IV Neurons

Filensin, phakininb nc Lens
Transitin nc Radial glial cells

Lamins V Ubiquitous



621

Braz J Med Biol Res 32(5) 1999

Effects of growth factors on GFAP expression

GFAP gene disrupted the integrity of CNS
white matter and caused abnormal myelina-
tion (9) as well as inefficient blood-brain
barrier formation (10).

All of these data contribute to the contro-
versy surrounding the functions of IF pro-
teins. In this regard, the CNS has been exten-
sively studied concerning IF functions. In
this review, we will focus on CNS IFs by
discussing the most recent advances in IF
gene regulation and its implication in astro-
cyte and CNS development.

Central nervous system and
astrocytes

The vertebrate nervous system is formed
mainly by two heterogeneous classes of cells
which are neurons and glia. Since the de-
scription and acceptance of the Neuron Doc-
trine nearly a century ago, neurons were
regarded as the unique functional element of
the nervous system. Glial cells, of which
astrocytes constitute an important part, were
described by Virchow in the middle of the
nineteenth century as a merely supportive
structural element of the nervous system.
The astrocytes comprise a heterogeneous
family of morphologically and functionally
distinct cells whose structural plasticity is
maintained mostly by a filamentous network
consisting mainly of vimentin and GFAP.

Since the description of astrocytes, the
idea of a passive structural element of
Virchow has been gradually replaced by a
more dynamic picture in which the glial
network may actively take part in neuronal
physiology.

Evidence accumulated in the past years
demonstrates that astrocytes have a variety
of active roles in maintaining normal brain
physiology such as secretion of several ac-
tive compounds, formation of the blood brain
barrier, metabolism of several neurotrans-
mitters and maintenance of the ionic balance
of the extracellular medium (11).

Radial glia, an astrocyte precursor, is

involved in neuronal migration during em-
bryonic brain development (12). Glial cells,
in general, are also involved in providing
neurotrophic signals to neurons required for
their survival, proliferation and differentia-
tion (13,14).

Besides their physiological role, astro-
cytes play an important role in pathological
conditions of the nervous system. Accumu-
lation of glial fibers is the histological land-
mark of the astrocyte response to NS injury,
appropriately named reactive gliosis. Such
response is characterized by intense astro-
cyte proliferation and overexpression of
GFAP, among others. The fact that glial
scars are frequently found in several NS
disorders, such as multiple sclerosis, heavily
implicates the astrocytic cells not only in the
physiology of the NS as well as in neural
disease development (15)

Intermediate filaments in astrocytes:
GFAP and vimentin

In the vertebrate nervous system, neuro-
epithelial multipotent stem cells which are
morphologically homogenous at the begin-
ning of neurulation subsequently give rise to
a variety of cell types, including neurons and
astrocytes (16). One of the main hallmarks
of developmental neurobiology is to under-
stand the molecular mechanisms by which
such cellular diversity is generated. Such
diversification occurs at an early stage of
development, especially by activation of sets
of cell type-specific genes, which gives cells
distinctive functions and morphological char-
acteristics. Some of these cell-specific genes
are the IF protein genes, which are regulated
during cell development.

The two major IF proteins of astrocytes
are vimentin and GFAP. In the course of
astrocyte development, a transition in the
expression of IF protein genes is observed.
Early during development, radial glia and
immature astrocytes express mainly vimentin
(15). Towards the end of gestation, a switch
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occurs whereby vimentin is progressively
replaced by GFAP in differentiated astroglial
cells (17,18).

At present, there is no consensus on the
functional role of these IF proteins. The
application of molecular genetic approaches
to IF function has been providing some sig-
nificant insights as well as raising new ques-
tions about the functional role of individual
IF proteins.

Vimentin

Vimentin IFs are the only IF type found
in a variety of cells including astrocytes,
fibroblasts, endothelial cells, macrophages,
neutrophils and lymphocytes (19). Functional
analysis of the vimentin gene promoter has
already been carried out and several nega-
tive and positive elements were identified
within this region (20).

Data obtained from vimentin knockout
mice (-/-) demonstrated that those animals
developed and reproduced without present-
ing an obvious new phenotype, thus heavily
calling into question the biological function
of vimentin (7). Several data, however, ar-
gue in favor of a relevant function for
vimentin. Using the same vimentin (-/-) lin-
eage as Colucci-Guyon et al. (7), Galou et al.
(21) found that GFAP filaments were also
absent in certain glial cells that normally
coexpress vimentin and GFAP such as the
Bergmann glia and an astrocyte subpopula-
tion of the corpus callosum. This was not
due to the inability to express GFAP. Trans-
fection of cultured vimentin -/- astrocytes
with a vimentin cDNA restores the vimentin-
GFAP filament network, suggesting that in
these cells vimentin might be required for
coassembly with GFAP filaments (21).

Glial fibrillary acidic protein

Initially isolated from multiple sclerosis
plaques, GFAP has been widely recognized
as an astrocyte differentiation marker, con-

stituting the major IF protein of mature as-
trocyte (22).

The developmental schedule of GFAP
expression is not known in detail. In the
mouse CNS, GFAP expression has been first
detected at the end of gestation (18). Tran-
scriptional studies demonstrated that GFAP
mRNA increases between birth and day 15
and then decreases until day 55 (23). After
reaching a plateau lasting into the second
year of adult life, GFAP mRNA and protein
levels tend to increase again in some regions
such as the hippocampus, striatum and cor-
tex (24). This usually corresponds to the
increase of reactive astrocytes. Such increase
during senescence is one of the most gener-
alized markers for brain aging.

Insights into the role of GFAP have only
recently emerged with reports on subtle ab-
normalities in GFAP-deficient-mice (8,9).
The first report on GFAP-/- mice empha-
sized that these mice lacked gross neuro-
logic or behavioral abnormalities, with as-
trocytes lacking GFAP presenting a normal
distribution (8). Although these studies call
into question the role of GFAP in brain
development, several subsequent papers
heavily contradicted these previous results.
Liedtke et al. (9) reported abnormal myeli-
nation in the optic nerve and reduced myelin
thickness in the spinal cord of mutant mice
carrying a null mutation in the GFAP gene.
White matter was poorly vascularized and
the blood brain barrier was structurally and
functionally impaired. This work led to a
new concept about GFAP function which is
a novel link between astrocyte function and
myelination. Recently, Pekny et al. (10) have
shown that primary cultures of GFAP-/- as-
trocytes exhibited an increased final cell satu-
ration density. Those results led the authors
to speculate that the loss of GFAP expres-
sion observed focally in a proportion of hu-
man malignant gliomas might reflect tumor
progression to a more rapidly growing and
malignant phenotype. Consistent with this
finding is the fact that some astrocyte-de-
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rived brain tumors lack GFAP immunoreac-
tivity. In fact, activation of the GFAP gene
promoter has recently been related to de-
creased astrocyte proliferation (25).

Some data indicate a novel concept that
GFAP might play an important role in the
control of neurological disease. Liedtke et
al. (26) analyzed the astroglial response in
GFAP-/- mice with experimental autoim-
mune encephalomyelitis, a model for mul-
tiple sclerosis. GFAP-/- astrocytes presented
a disorganized cytoarchitecture due to ir-
regular spacing and a decreased number of
hemidesmosomes. The disease was more
severe in mutant mice than in control ani-
mals, with conspicuously ill-defined and in-
filtrative lesions in GFAP-/- mice, thus add-
ing weight to the concept that structural sta-
bilization of white matter through filament-
competent astrocytes is a crucial factor in
limiting the lesion.

Although there is still some controversy
about GFAP function in brain physiology
and pathology, a large amount of evidence
has been accumulating in the past few years
in favor of an active and relevant role for this
structural intermediate filament protein in
brain development.

Growth factor and hormone
regulation of astrocyte differentiation

GFAP synthesis is considered an impor-
tant element of the developmental program
of astrocyte differentiation and is part of the
reactive response to almost any CNS injury.
Thus by determining how transcription of
the GFAP gene is controlled in these circum-
stances, insights should be obtained into the
more general mechanisms of CNS develop-
ment and disease. Indeed several putative
growth factor binding domains have already
been identified in the GFAP gene promoter
region (Figure 1). This section will summa-
rize the most relevant hormones and growth
factors identified until now involved in mod-
ulating GFAP expression and astrocyte matu-

ration in physiological and pathological con-
ditions.

Thyroid hormone

Thyroid hormones are known to be im-
portant for normal brain development. Ex-
periments in vivo have shown that neonatal
treatment of rats by subcutaneous injections
of T3 affects the development of astroglia in
forebrain and hippocampus, accelerating the
transition from vimentin-positive to GFAP-
positive cells in both brain regions (27). In
addition, the density of GFAP-positive cells,
as well as the intensity of immunoreactivity,
was substantially increased (27).

In fact, we have reported that T3 treat-
ment induces cortical astrocytes which pre-
sented a flat morphology in vitro to become
process-bearing cells (28,29). This morpho-
logical change was followed by an increase
in the GFAP content in midbrain and cere-
bral hemisphere astrocytes (28,30) and an
increased secretion of 8-kDa peptides like
insulin growth factor. In addition to an in-
creased GFAP content, there was also a reor-
ganization of the GFAP network. In control

Figure 1 - Putative response elements in GFAP gene promoter. The hormone putative
response elements in the rat glial fibrillary acidic protein (GFAP) gene promoter are
indicated by symbols: black circles, ThRE, thyroid hormone response factor element; white
triangles, ERE, estrogen response element; gray squares, GRE, glucocorticoid response
element. Other putative transcription factor binding sites are indicated by the vertical lines:
NF1, nuclear factor 1; AP2, activator protein 2; TIE, TGF-ß inhibitory element; CRE, cAMP
response element; NFkB, nuclear factor kB. The GFAP gene promoter and its consensus
binding sites were not depicted on scale. Some putative domains were omitted (for details,
see reference 24). bp, Base pair.
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cultures, GFAP gliofilaments displayed a
diffuse intermediate filament network start-
ing from the perinuclear region, present
throughout the cytoplasm and reaching the
cell membrane. Treated astrocytes clearly
showed a reorganization of the gliofilaments
which seemed to be more condensed in the
astrocytic process (Figure 2).

Unlike cortical astrocytes, cerebellar as-
trocytes did not alter their morphology in
response to T3. Rather, those astrocytes pro-
liferate due to hormonal treatment. T3 did
not increase GFAP synthesis in cerebellar
astrocytes in vitro although it promoted al-
teration in GFAP organization. Treated cul-
tures presented a preferential perinuclear
organization of GFAP filaments with a small
cytoplasmic array (31).

Putative thyroid hormone response ele-
ment has already been identified in the GFAP
gene promoter (Ref. 24 and Figure 1). How-
ever, the activity of this element remains to
be proved. Indeed, we have demonstrated an
alternative pathway of T3 hormone action

on astrocytic cells. T3 can induce GFAP
synthesis and astrocyte differentiation by
promoting synthesis and secretion of growth
factors which themselves can act autocrinally
on astrocytic cells (28).

Furthermore, T3 treatment induces cer-
ebellar astrocytes to secrete growth factors
which, besides acting autocrinally on astro-
cytic cells as commented above, can para-
crinally act on neuronal cells. In fact, we
have recently identified some of these se-
creted factors as epidermal growth factor
(EGF) and tumor necrosis factor ß (TNFß),
which induce neuronal proliferation (13).
This is a novel pathway for the action of
thyroid hormone on neurons via astrocytic
cells.

Steroid hormones

There is evidence that glucocorticoids
inhibit GFAP expression both at the mRNA
or protein level in vivo (32,33). However,
there are contradictory results regarding the
effects of glucocorticoids on GFAP expres-
sion in vitro. Astrocyte cultures from neona-
tal rats generally show an increase in GFAP
expression when treated with corticosteroid
(34). Glucocorticoid response element has
been identified in the GFAP gene promoter
with a putative functional significance (Fig-
ure 1 and Ref. 24).

Previous studies have demonstrated that
estradiol promotes differentiation of glial cells
from a flat morphology to a process-bearing
one. Such morphological change is followed
by a redistribution of GFAP in hypothalamic
astrocytes in vitro and is dependent on the
presence of neuronal cells (35).

Gonadal steroids have also been shown to
influence GFAP immunoreactivity in the rat
brain. As we have already discussed, GFAP
levels are highly increased in various regions
of senescent rat brains (24). Increased GFAP
was associated with lower testosterone con-
centration in older rats (24). According to
these results, Day et al. (36) recently reversed

Figure 2 - Morphological changes induced by thyroid hormone in astro-
cyte cultures. Cerebral hemisphere astrocytes were grown in the pres-
ence of fetal calf serum until confluence. Cultures were then maintained
for 3 days in the presence of 50 nM T3 in serum-free medium, which was
changed daily. Four days after T3 treatment, primary cultures were sub-
cultured for 24 h and astroglial morphology was evaluated by immunocy-
tochemistry for GFAP (29). T3-treated astrocytes presented a stellate
morphology with GFAP-enriched processes. Scale bar, 50 µm.
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the age-related increase in GFAP by supplying
rats with exogenous testosterone, thus sup-
porting a role for sex steroids in GFAP regula-
tion and astrocyte differentiation.

Fibroblast growth factors

Initially described by Trowell and col-
laborators in the 1930�s as a mitogenic activ-
ity of pituitary and brain extracts on fibro-
blasts, fibroblast growth factors (FGF) are
now widely recognized for their effects on a
large spectrum of cells. The FGF family
consists of 2 components called acidic FGF
(aFGF) and basic FGF (bFGF), which share
60% homology.

The FGFs have been shown to play an
important role in the survival and prolifera-
tion of neuroectodermal cells, as well as
CNS glia and neurons (37,38). Recently,
Qian et al. (37) demonstrated that bFGF
concentration regulates the generation of
neurons and glia from multipotent cortical
stem cells. In vivo neurogenesis is dramati-
cally inhibited by neutralizing antibodies to
bFGF (39).

The levels of bFGF are markedly in-
creased in vivo after brain injury and in
tissue specimens from several brain tumors,
suggesting that this growth factor may play a
role in nerve regeneration and tumor forma-
tion (40,41). However, the role of FGF in
tumorigenesis is still debated. Recently, Hol-
land and Varmus (42), using a glia-specific
gene transfer in mice, demonstrated that
bFGF induces proliferation and migration of
glial cells in vivo without the induction of
tumors.

Inflammatory cytokines

The variety in the glial response suggests
that multiple signals might be involved, elic-
iting different effects. Among the candidates
for such effects are the members of the cy-
tokine family of intercellular mediators
whose levels usually increase with damage

or disease to the nervous system. Such fam-
ily includes interleukin 1 (IL-1), interleukin
6 (IL-6), leukemia inhibitory factor (LIF),
tumor necrosis factor alpha (TNFa), inter-
feron gamma (IFNg), transforming growth
factor ß (TGFß), and most recently ciliary
neurotrophic factor (CNTF).

Ciliary neurotrophic factor

Originally isolated as a survival neu-
rotrophic factor for chick ciliary ganglion
neurons, CNTF is now known to have
pleiotropic actions on many neuronal and
glial cells. This factor has high sequence
homology with IL-6 family members, in-
cluding IL-6, leukemia inhibitor factor
(LIF) and oncostatin M (43).

A great deal of both in vivo and in vitro
evidence has accumulated supporting a role
of CNTF in the astrocyte response to injury.
Intracerebral injections of CNTF into glial
cells in vivo evoke a strong astrogliotic re-
sponse with increases in GFAP content (44).
GFAP-positive cells colocalize with imma-
ture astrocytes and not with oligodendrocyte
cell specific markers, suggesting that CNTF
upregulates GFAP mRNA in a preexisting
immature astrocyte cell population. Seven
putative and novel CNTF responsive ele-
ments have been identified within the proxi-
mal and distal elements of the GFAP gene
promoter (43,44). Furthermore, Clatterbuck
et al. (45) reported that in vivo CNTF in-
creases GFAP expression and induces con-
comitant morphological changes in CNS as-
trocytes by a direct action of CNTF on the
GFAP gene promoter.

The fact that CNTF mRNA is increased
after a lesion of the CNS supports a role for
this factor in the response to injury. Intra-
cerebral injection of recombinant human
CNTF into the neocortex of adult rat induced
a volume increase of the somas and the
nuclei of protoplasmic and fibrous astro-
cytes in vivo (46), a hypertrophy characteris-
tic of reactive gliosis indicating a putative
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role of CNTF in the astrocyte response to
CNS lesion.

IL-1, IL-2 and IL-6

The function of IL-1 in astrocyte differ-
entiation and GFAP expression is still un-
clear. IL-1 injection into adult or neonatal
mouse brain results in reactive astrocytes
with robust GFAP-bearing processes (47).
However, in cultured astrocytes, IL-1 de-
creases GFAP mRNA and has no effect on
GFAP protein (48). Injection of IL-2 and IL-
6 have been reported to induce GFAP pro-
tein in neonatal mice (47). Acute astrocytic
responses to IL-6 in mice and rats are con-
sistent with the extensive astrocytosis in trans-
genic mice that overexpress IL-6 in astro-
cytes (49). Those data are in agreement with
recent findings that absence of IL-6 in ge-
netically IL-6-deficient mice led to a mas-
sive reduction in the number of activated
GFAP-positive astrocytes (50).

Leukemia inhibitory factor

Several data strongly implicate the LIF
family of cytokines in the regulation of
astrocyte differentiation, especially follow-
ing NS injury (51,52). Recently, Koblar
et al. (51) reported that neural precursors
isolated from the developing forebrain of
low affinity leukemia inhibitory factor re-
ceptor (LIFR-/-)-deficient mice fail to
generate astrocytes expressing GFAP when
cultured in vitro. These data support
in vivo findings that show extremely low
levels of GFAP mRNA in brains of embry-
onic LIFR-/- mice. Taken together, these
findings indicate that LIF signaling might be
required for the expression of both func-
tional and phenotypic markers of astrocyte
differentiation.

Tumor necrosis factor a

TNFa is a pluripotent cytokine report-

edly mitogenic to astrocytes. TNFa treat-
ment resulted in a decrease in GFAP content
and its encoding mRNA in mature bovine
secondary astrocytes (53). A reduction of
GFAP mRNA by TNF was also reported by
Oh et al. (48) in TNF-treated secondary
mouse astrocyte cultures, although these au-
thors did not find alterations in the GFAP
protein content.

Murphy et al. (54) have also reported a
decrease in GFAP content and its encoding
mRNA in U373 human glioblastoma cells and
primary mouse astrocyte cultures treated with
TNFa. The extent to which changes in GFAP
expression are linked to cell division is not
clear. However, TNFa treatment resulted in a
larger decrease in GFAP content when the
cells were subconfluent, which might suggest
a negative correlation between GFAP expres-
sion and TNF-induced proliferation. Although
this hypothesis is still unclear, results obtained
with GFAP-transgenic mice recently demon-
strated that astrocyte induction of the GFAP
gene promoter and astrocyte differentiation by
neuronal cells were followed by a decrease in
astrocyte proliferation, suggesting that quies-
cence in response to neurons might be a rel-
evant feature for the astrocyte differentiation
pathway (25).

Transforming growth factor ß

The TGFß superfamily is composed of a
range of functional and structural factor sub-
classes with predominantly growth-inhibito-
ry cellular actions and developmental regu-
latory effects on organogenesis, pattern for-
mation, modulation of extracellular matrix
and terminal differentiation (55). The sub-
classes include the TGFß, activins, glial-
derived factors (GDFs), Mullerian inhibit-
ing substances, glial-derived neurotrophic
factor (GDNF), cartilage-derived morpho-
genetic proteins (CDMPs) and the rapidly
expanding factor subclass of bone morpho-
genic proteins (BMPs). A range of TGFß
family members is expressed in the NS and
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exhibit a spectrum of regulatory actions on
neural cells during development. TGFß iso-
forms exhibit a complex range of cellular
actions on the astroglial lineage which de-
pends on the state of astrocyte differentia-
tion (55). TGFß is reported to inhibit micro-
glial and astrocyte proliferation (56) and to
induce the expression of GFAP in vivo (57)
and in vitro (24). The fact that TGFß mRNA
and protein are highly enriched in glial scars
after cortical stab wounds suggests a role for
such factor in GFAP regulation and scar
formation during reactive gliosis (for a re-
view, see 24).

Bone morphogenetic proteins

BMPs participate in a broad spectrum of
cellular inducing events involving all three
germ layers during metazoan development.
This subclass of the TGFß superfamily has
only recently gained attention in the study of
mammalian CNS development. BMPs are
expressed in multiple CNS regions through-
out development and may regulate additional
early neural cellular processes and partici-
pate in many aspects of neuronal maturation
(58). Gross et al. (59) have reported that
various BMPs induce multipotent neuronal
progenitor cells derived from the embryonic
subventricular zone to differentiate into as-
trocytes. Such BMP-mediated astroglial in-
ductive action is associated with a nearly
complete suppression of neuronal and oligo-
dendroglial genes and was followed by an
enhanced morphological complexity and
expression of GFAP. Similarly, Mabbie et
al. (60) have recently reported that BMPs
promote the selective differentiation of 0-2A
progenitor cells to astrocytes with a concur-
rent increase in GFAP-immunoreactive cells
and suppression of oligodendroglial genes.
These results suggest that BMPs might have
a selective role in determining astrocytic
lineage commitment, possibly regulating as-
trocyte specific genes such as the GFAP
gene.

Neuron-glia interactions:
implications for GFAP expression

During CNS development, neurons are
born on the ventricular surface of the neural
tube and appear to migrate to their final
destination (12). Thus it is assumed that
structural support of astrocytic processes by
GFAP may be critical for neuron-glia inter-
action and CNS morphogenesis. This hy-
pothesis is supported by findings that re-
moval of GFAP in a human astrocytoma cell
line by transfection with an antisense con-
struct caused an impaired ability of the cells
to extend glial processes upon neuronal in-
duction. Such property is rescued by further
transfection of GFAP-negative cells with a
cDNA for GFAP (61).

Although other studies have postulated a
requirement of GFAP for the formation of
astrocytic processes, there is still some con-
troversy about such mechanism. Pekny et al.
(10) have recently reported that GFAP-defi-
cient astrocytes in the primary cerebellar
cultures could form normal processes in re-
sponse to neurons. Thus GFAP might not be
a sole prerequisite for the formation of astro-
cytic processes.

Another remarkable example of the rel-
evance of GFAP expression in neuron-glia
interaction regards regeneration of axonal
growth after CNS lesions. The GFAP-glial
scar formed after NS lesion is considered to
be a barrier to regeneration of axon growth.
Recently, by inhibiting GFAP translation with
an antisense mRNA, Lefrançois et al. (62)
demonstrated that GFAP expression is in-
volved in the functional shift from neurite-
promoting to neurite-inhibiting properties of
reactive glia. Transfection of antisense GFAP
mRNA not only blocked astroglial morpho-
logical changes but also made astrocytes
permissive to neurite outgrowth. These re-
sults suggested that GFAP synthesis inhibi-
tion relieves the blockage of neurite out-
growth that normally is observed after a
lesion. In contrast to this study, Wang et al.
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(63) did not find a correlation between the
absence of GFAP and axonal outgrowth.
They reported no increase in axon sprouting
or long distance regeneration in the cortical-
spinal tract fibers of GFAP-/- mice.

Given the relevant role of GFAP during
CNS development, as well as a factor in the
reactive response to injury, understanding
the mechanism of its modulation should be
useful to elucidate some steps of NS physi-
ology and pathology.

The close association between neurons
and glia suggests that gene expression in
these cell types is likely to be influenced by
mutual interactions. Several lines of evi-
dence indicate that glia influence the growth,
migration and differentiation of neurons but
the effect of neuronal cells on astrocytes is
far from being well understood. Increasing
evidence has been accumulated indicating
that neurons are modulators of astrocyte gene
expression and differentiation (25,64,65).

Recently, we have demonstrated that neu-
rons secrete brain region-specific soluble
factors which induce GFAP gene promoter
(25). We have used a transgenic mouse bear-
ing part of the GFAP gene promoter linked
to the ß-galactosidase (ß-gal) reporter gene.
Addition of cortical neurons or neuronal
conditioned medium to transgenic astrocyte
monolayers increased the number of ß-gal
astrocytes by 60%, followed by an arrest of
astrocytes from the cell cycle and induction
of glial differentiation. Such event was de-
pendent on the regional origin of the neurons
in the brain since cerebral hemisphere neu-
ronal factors were not able to induce the
GFAP gene promoter of midbrain and cer-
ebellum astrocytes. Indeed such results are
in agreement with previous studies which
have suggested that there are functional and
regional differences between the various
types of astrocytes possibly accounting for
the complexity of neuron-glia interactions
within the CNS (66,67). Furthermore, GFAP
is differently modulated by distinct brain
regions. It is conceivable that differences in

growth factor binding ability of the GFAP
gene promoter from different regions could
account for such diverse modulation.

Taken together, those results emphasize
the complexity of neuron-glia interaction
during CNS development and suggest that
neurons may modulate the GFAP gene pro-
moter and induce the astrocytic differentia-
tion program. These data argue in favor of
the possibility that modulation of intermedi-
ate filaments such as GFAP in astrocytes by
growth factors might be implicated in cell
differentiation as well as in cell-cell interac-
tions during CNS development.

Concluding remarks

The organization of IF proteins into a
complex network, their interaction with MTs
and MFs to form the cytoskeleton and their
appearance according to a highly specific
developmental profile, all point to an impor-
tant biological role of IF filaments. In this
regard, the CNS has been extensively stud-
ied concerning IF functions. In this review,
we highlighted the most recent works on IF
gene regulation and its implications for as-
trocyte and CNS development.

The vertebrate nervous system is mainly
formed by two distinct classes of cells which
are neurons and glia. In this context, astro-
cytes comprise a heterogeneous family of
morphologically and functionally distinct
cells whose structural plasticity is mostly
maintained by a filamentous network mainly
consisting of vimentin and GFAP. Several
lines of evidence indicate that the prolifera-
tion and differentiation of astrocytes are re-
lated in part to the modulation of GFAP
expression during CNS development. Such
expression is controlled by the regulation of
gene activity, which is intrinsically depend-
ent on several elements which compose its
gene promoter.

Recently, by using transgenic animal
models it has been possible to obtain more
information about promoter activity and thus
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better understand the action of hormones
and growth factors which modulate GFAP
expression and its implications in astrocyte
differentiation. The interactions between
neuron and glial cells is essential to the
harmonious development of the NS. Such
interactions are based on junctional commu-
nication or on growth factors secreted by
both cells which can mutually act on the
metabolic pathways or more directly on gene
activation, thus modulating cell fate.

Although we are still far from fully eluci-
dating all questions involved in the physiol-
ogy of normal and tumoral astrocytes, recent
data regarding modulation of intermediate
filaments such as GFAP by growth factors
have greatly contributed to the understand-
ing of astrocyte differentiation. Such works
undoubtedly will help us to understand the
more general mechanisms involved in CNS
development and can open new perspectives
for the control of neurologic diseases.
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