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Abstract

Glial cells constitute one of the most common cell types in the brain. They play critical roles in
central nervous system (CNS) development. Recent evidence demonstrates that glial cells are pro-
foundly affected by prenatal alcohol exposure, suggesting that alterations in these cells may par-
ticipate in CNS abnormalities associated with ethanol-induced teratogenesis. In vivo studies show
that prenatal exposure to alcohol hampers myelinogenesis and is associated with neuroglial het-
erotopias and abnormal astrogliogenesis. Studies using primary cultures of rat cortical astrocytes
show that ethanol affects DNA, RNA, and protein synthesis, decreases the number of mitotic cells,
alters the content and distribution of several cytoskeletal proteins including the astroglial marker,
glial fibrillary acidic protein (GFAP), and the levels of plasma-membrane glycoproteins, reduces
the capacity of astrocytes to secrete growth factors, and induces oxidative stress. Furthermore,
cthanol exposure during early embryogenesis alters the normal development of radial glia cells
(the main astrocytic precursors), delays the onset of GFAP expression, and decreases mRNA GFAP
levels in fetal and postnatal brains and in radial glia and astrocytes in primary culture. Recent evi-
dence suggests that ethanol interferes with the transcription process of GFAP, thus leading to a re-
duction in GFAP-gene expression during astrogliogenesis. However, brief exposure of rats to high
levels of ethanol during the neonatal period (the period of astrocyte differentiation) causes a tran-
sient gliosis, with an increase in GFAP and its mRNA levels. These findings indicate that astroglial
cells are an important target of ethanol toxicity during central nervous system (CNS) development.

Index Entries: Ethanol; astrogliogenesis; radial glia; brain development; glial fibrillary acidic

protein.
Introduction glial cells was Ramon y Cajal (Ramon y Cajal,
1911). Since that time it has become clear that
One of the pioneers in demonstrating that the glial cells are common cell types in the brain in
central nervous system (CNS) is made up not many species, including humans (Reichenbach,

only of neurons but also of a large population of 1989). Although during development the glia
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are the first cells to be formed, the vast majority
do not arise until very late, after most of the
neurons have developed, around the time of
birth or in the early postnatal period. Indeed,
one of the first direct evidence demonstrating
that a specialized type of glial cell, the radial
glia, coexists from the onset of neurogenesis
was by the introduction of glial acidic protein
(GFAP) as the glial-specific cell marker (Bignami
and Dahl, 1974). Since then, numerous cell-
specific molecular markers have confirmed that
glial cells are present during the entire course of
neural development (Cameron and Rakic, 1991)
and it has gradually been established that glial
cells play critical roles in the adult and develop-
ing central and peripheral nervous system. For
example, it has been suggested that contact be-
tween neurons and glia in the embryo control
the number of various kinds of cells, and deter-
mines their correct proportion. Such contacts
are essential for neural migration and in the
guidance of growth cones. Glial cells are also
thought to be essential metabolic intermediaries
between the endothelial cells of the capillaries
and neurons alone or to participate in the
blood-brain barrier (reviewed in Rakic, 1991).
The processes of glial cells are also implicated
as intermediary elements in the rearrange-
ments and elimination of synaptic junctions
and synaptic plasticity. Finally, glial membranes
are recognized as being actively involved in
the exchange of nutritients, neurotransmitters,
second messengers, ions, and various growth
factors (e.g., Miller et al.,, 1994; Hansson and
Ronnback, 1995), all of which are critical
processes of normal brain development. In-
deed, several lines of evidence indicate that
genetically or environmentally induced distur-
bances of glial cells or neuronal-glial interac-
tions during critical periods lead to various
molecular, structural, and functional abnormal-
ities of the brain (Norenberg et al., 1988). As-
troglial pathology appears to be a common
response to ethanol toxicity in the adult central
nervous system (Fein et al., 1994) and recent
evidence demonstrates that ethanol exposure
during brain development disrupts the pro-
liferation and differentiation of astroglial cells
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(Miller, 1992; Guerri et al., 1993). Our main goal
is to review recent cellular and molecular stud-
ies from different laboratories that support the
hypothesis that astrocytes are among the main
targets of ethanol toxicity during CNS develop-
ment, and that alterations in these cells may
underlie the CNS dysfunctions associated with
ethanol-induced teratogenesis. Although in
this article we focus exclusively on astrocytes,
other glial cells are also affected by ethanol and
these have been reviewed elsewhere (Phillips,
1992, 1994).

Ethanol and the Developing Brain:
The Fetal Alcohol Syndrome

In the past 20 yr it has been clearly estab-
lished that ethanol is an important teratogen
and its consumption during pregnancy in-
duces harmful effects on the developing fetus
that lead to the fetal alcohol syndrome (FAS)
(Clarren and Smith, 1978). However, CNS dys-
functions are the most distressing and perma-
nent consequence of maternal consumption of
alcohol. These dysfunctions can occur in ab-
sence of gross morphological defects associ-
ated with FAS (Streissguth et al., 1994). The
mechanisms underlying the deleterious effects
of alcohol on the developing nervous system
are not completely understood. Clinical and
experimental evidence has shown that ethanol
exposure during brain development induces a
variety of disruptions in normal neuronal de-
velopment patterns, including depression of
neurogenesis, delayed and aberrant neuronal
migration (Miller, 1992), changes in the on-
togeny of neurotransmitter synthesis (Druse,
1992), and neuronal depletion in a number of
regions (Bonthius and West, 1991).

Abnormalities in glial development have
been also suspected to contribute to the ad-
verse effects of ethanol on the developing
brain, since neuroglial heterotopias, agenesis
of the corpus callosum and anterior commis-
sure (areas originally formed by neuroglial
cells), ectopic clusters of neurons and glial cells
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near the pial surface have been observed in
postmortem studies of FAS children (Claren
et al., 1978; Peiffer, 1979). In addition, smaller
white-matter arcas and abnormalities of the
corpus callosum have been noted in brains of
FAS patients examined with magnetic reso-
nance imaging (Riley et al., 1995; Swayze et al.,
1997), which indicates that ethanol affects glia
and myelin development, as well as axon
development.

Studies on experimental animals exposed to
alcohol during development have also pro-
vided evidence of glial involvement in alcohol-
induced CNS alterations. For example, one of
the developmental stages most vulnerable to
ethanol-induced reductions in brain size in ex-
perimental animals is the brain-growth spurt
(Bonthius and West, 1991), a period of major
development of glial and myelin structures,
and this suggests a potential effect of ethanol
on glial cells.

Studying the mechanisms by which alcohol
alters the development of the CNS and the cel-
lular and molecular basis of those alterations is
important to better understand the specific
roles of each cell type in the response of the de-
veloping CNS to the toxic effect of ethanol.

Alcohol and Astroglial Cells
in Culture

Because of the difficulties involved in analyz-
ing the direct toxic effect of ethanol on astrogli-
ogenesis, astroglial cells* in primary culture
have been widely used. From these studies it
was possible to demonstrate that astroglial cells
in culture have a greater sensitivity to alcohol
than neurons (Lokhorst and Druse, 1993; Ledig
and Tholey, 1994), and that even moderate lev-
els of alcohol delayed growth and maturation of
these cells (Renau-Piqueras, 1989; Davies and
Cox, 1991; Ledig and Tholey, 1994). Two main
types of approaches have been used to study

* In general, we will use the term astroglia for cells in
culture and the term astrocyte for cells in situ within the
CNS.

Molecular Neurobiology

67

the effects of alcohol on astroglial cells: first, the
addition of different concentrations of ethanol
to the cell culture medium; and second, the cul-
ture of cells from brains of newborn animals
exposed to alcohol during gestation (via mater-
nal exposure). These cultures were carried out
in the absence of alcohol in the medium. In
some of our studies the latter approach has
been used, but with the variant that astroglial
cells have been isolated from fetuses of chronic
alcohol-fed rats in which the alcohol was ad-
ministered with a liquid diet before and during
gestation (prenatal alcohol exposed, or PEA,
cells [Renau-Piqueras et al., 1989]). During this
alcohol treatment, the blood-alcohol levels
reached by the alcohol-fed pregnant rats and
their fetuses were 105 + 40 and 115+ 20 mg/dL
(Sanchis et al., 1986). Using the offspring of
chronic alcohol-fed animals we have repro-
duced in the rat (Guerri et al., 1984; Esquifino
etal., 1986; Portolés et al., 1988; Renau-Piqueras,
1991) many of the alterations observed in chil-
dren with FAS (Clarren and Smith, 1978). The
advantage of the PEA astroglial cells is that they
permit assesment of the effect of ethanol on as-
trocyte-precursor cells, which appear during
the embryonic stage of brain development
(Cameron and Rakic, 1991). Regarding the pos-
sible drawbacks associated with this model, we
have only observed some alterations in the abil-
ity of PEA cells to adhere to the culture sub-
strate, which may result in a decreased number
of cells.

Effect of Alcohol on Cell Growth

Ethanol at physiologically relevant and at
high concentrations has been shown to produce
various effects on the synthesis of DNA, RNA,
and protein in primary culture of astroglial cells.
Low in vitro ethanol concentrations (11 mM)
increase DNA, RNA, and protein synthesis
(Kennedy and Mukerji, 1986), whereas higher
concentrations (25-200 mM) or in utero expo-
sure to alcohol inhibit these parameters that
affect both cell proliferation and differentia-
tion (Kennedy and Mukerji, 1986; Guerri et al.,
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1990). The inhibition of DNA synthesis in-
duced by high ethanol levels could be the re-
sult of an accumulation of cells in the G,/G,
phase of the cell cycle, which would avert the
normal evolution of cells toward the S phase
and decrease the number of mitotic cells
(Guerri et al., 1990). Ethanol-induced alter-
ations in cell division machinery resulting from
the inhibition of cytoskeleton assembling (Sdez
et al., 1991) or an effect of ethanol on some of
the cyclins (e.g., D1 or D2) (Mikami et al., 1997)
may be involved in these effects.

Ethanol at high concentrations (> 50 mM) or
prenatal alcohol exposure also impairs astroglia
proliferation (Davies and Vernadakis, 1984;
Guerri et al.,, 1990; Davies and Cox, 1991), in-
hibiting RNA and protein synthesis (Guerri
etal., 1990) and delaying the morphological mat-
uration and the levels of astrocyte-specific mark-
ers such as glutamine synthetase (GS) (Davies
and Vernadakis, 1984) and GFAP (Renau-
Piqueras, 1989; Saez et al., 1991). However, in
some studies, no changes in the levels of GS or
GFAP were found in astroglial cells exposed
in vitro to alcohol (Chiappelli et al., 1991). Al-
though the mechanism of the ethanol-induced
inhibition of protein synthesis is unknown, it
has been suggested that ethanol inhibits the
amino acids transporters (Snyder et al., 1994).
[n addition, in PEA astroglial cells the decrease
in *H-leucine was accompanied by a diminu-
tion in the total RNA and mRNA content in
these cells, suggesting that ethanol interferes
with protein synthesis at the transcription
levels (Guerri et al., 1993). Indeed, in vitro pro-
tein synthesis experiments demonstrated no
differences in the amount and pattern of pro-
teins synthesized by control and PEA cells,
when the same amount of RNA from control or
PEA cells was used (Guerri et al., 1993). Recent
evidence also indicates that ethanol depresses
the proliferative activity of glial cells by inter-
fering with the stimulatory effect of trophic
factors (e.g., basic fibroblast growth factor, in-
sulin-like growth factor or IGF I) (Snyder et al.,
1994; Luo and Miller, 1996). In summary, re-
sults from several studies indicate that in vitro
exposure to high concentrations of ethanol or
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prenatal alcohol exposure impairs growth and
differentiation of astroglial cells, although fur-
ther studies are needed to clarify the molecular
mechanisms involved in these effects.

Morphological Changes Induced
by Ethanol in Atroglial Cells

Ethanol exposure also induces important
morphological modifications in astroglial cells
that in vivo and in primary culture can be re-
lated to biochemical, cytochemical, immunocy-
tochemical, and functional alterations. Studies
in siti show that in cerebellum, one of the most
striking aspects of the ncurophil adjacent to the
larger dendritic processes was the distended,
watery appearance of the glial wrappings
(Tavares and Paula-Brabosa, 1984; Popova and
Shchekalina, 1980; Smith and Davies, 1990). Al-
cohol-induced swelling of astroglia cells have
also been demonstrated using primary cultures
(Kimelberg and Aschner, 1994). Moreover,
in optic nerve sections from rats prenatally
exposed to alcohol, astrocyte displayed ultra-
structural alterations including altered mito-
chondria and dilated endoplasmic reticulum
(Pinazo-Duran et al., 1993).

A direct effect of alcohol on the morphology
of astroglial cells in culture has also been ob-
served. Thus, astroglial cultures showed an al-
cohol dose-dependent attenuation in both the
depth and complexity of the cell layer that indi-
cated that growth kinetics and morphological
development of astrocyte cultures are vulnera-
ble to alcohol exposure (Davies and Cox, 1991).
In addition, PEA astroglial cells show impor-
tant qualitative and quantitative ultrastructural
changes, including alterations in several cell
components such as lysosomes, mitochondria,
rough endoplasmic reticulum, and Golgi appa-
ratus (Mayordomo et al., 1992). The morpho-
logical alterations in the last of these cell
components were accompanied by variations
in the cytochemical activity of enzymes located
in these organelles (e.g., acid phosphatase,
thiamine pyrophosphatase, uridine diphos-
phatase, and so on), suggesting an alteration
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of the functional state of the Golgi apparatus
(Mayordomo et al., 1992). Stereological analy-
sis of the cell-surface components (microvilli,
coated pits, uncoated pits) indicated that prena-
tal exposure to cthanol also alters the surface
topography of proliferating and differentiating
astroglial cells (Renau-Piqueras ct al., 1992).
These alcohol-induced alterations in the plasma
membrane occurred together with a decrease in
the ability of these cells to bind concanavalin A,
and a decreased activity of several membrane-
bound enzymes, including 5"-nucleotidase and
(Na-K)ATPase (Renau-Piqueras et al., 1992),
suggesting that alcohol could alter not only
the plasma membrane functions, but also the
glycosylation and transport of proteins, as oc-
curs in adult and fetal hepatocytes (Renau-
Piqueras et al., 1997). In fact, it has been
demonstrated that prenatal exposure to alcohol
increases the intracellular pool of both nerve
growth factor (NGI) and its receptor (NGFr) in
the cytoplasm of astroglial cells, and that these
changes were accompanied by an important re-
duction in the secretion of this important
growth factor (Vallés et al., 1994). These results
suggest that alcohol affects the secretory
process, perhaps as a result of an alcohol-
induced alteration of the cytoskeletal elements
(see Astroglial Cytoskeleton) involved in intra-
cellular protein trafficking. Ethanol-induced al-
terations in the Golgi apparatus (Mayordomo
et al, 1992), glycosylation, and recycling
(Rerau-Piqueras et al., 1997) processes might
also participate in the above effects. In fact,
work in progress in our laboratory indicates
that alcohol also alters endocytosis and translo-
cation of macromolecules in astroglial cells.
Astroglia are known not only to release NGF
(Furukawa et al., 1986) but also to synthesize
and secrete a number of growth factors (Miiller
et al,, 1994) that are essential for normal neural
development. Recent evidence demonstrates
that ethanol inhibits the production of essential
neurotrophic factors (Heaton et al., 1992). Al-
tered production of these factors is particularly
important because of the evidence that astroglial
factors promote the development of the differ-
entiated state of catecholaminergic (Licth et al.,
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1989) and serotonergic neurons (Whittaker-
Azmitia and Azmitia, 1989), both of which are
adversely affected by in utero ethanol exposure
(Druse, 1992). In fact, it has been shown that
ethanol-exposed astrocytes produce and/or se-
crete less of the trophic factors that are essential
for normal development of serotonergic neu-
rons (Whittaker-Azmitia et al., 1996). Alteration
in astroglial growth factors may influence neu-
rogenesis, migration, and axonal guidance, and
therefore brain development.

Astroglial Cytoskeleton

One of the most characteristic features of as-
trocytes is their cytoskeleton (CSK), which ap-
pears not only to perform important structural
functions, including the formation of a frame-
work for migration of neurons during develop-
ment, but also to be involved in cell motility,
mitosis, trans- and intracellular transport, ad-
hesion, modulation of membrane activity, and
cellular morphogenesis (Fuchs and Weber,
1994). Ethanol exposure significantly alters the
CSK components of the astroglial cells. Thus,
both in vivo prenatal alcohol exposure (Saez
et al.,, 1991; Gressens et al., 1992) and in vitro
alcohol treatments reduce the content and dis-
tribution of GFADP, the main intermediate fila-
ment protein of astrocytes and a marker for
these cells (Renau-Piqueras, 1989; Davies and
Cox, 1991). Furthermore, a decrease in the con-
tent of other cytoskeletal proteins such as vi-
mentin and tubulin has also been observed
(Saez et al., 1991). Immunofluorescence and
immunogold electron-microscopy studies of
GFAP also indicate that ethanol-exposed astro-
cytes failed to develop processes or acquire a
filamentous intermediate filament (IF) distrib-
ution pattern. In addition, PEA cells showed
some cytoplasmic areas lacking CSK elements
and others with IF displaying an abnormal dis-
tribution in bundles or in balls (Fig. 1) (Sacz
et al., 1991). These results indicate that alcohol
exposure, either in wtero or in vitro, induces
alterations in astrocyte development. These
findings raise the question as to whether the
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Fig. 1. Immunotluorescence of GFAP of cortical astrocytes at 4 (A,B) and 10d (C,D) in primary culture. Control as-
trocytes (A,C) and cells from animals exposed to alcohol during gestation (via maternal exposure) and cultured in
absence of alcohol (B,D). As illustrated, alcohol alters both the cell morphology and the GFAP distribution pattern
that is manifested by cytoplasmic areas lacking cytoskeletal elements and others with an abnormal distribution of
filaments (B,D). Original magnification. A,B and D, x650; C, x700.

effects observed in astroglial cells in primary
culture are also reflected in vivo. To address
this question, we determined the levels of the
astrocyte marker, GFAP (Eng et al., 1971), in
the brains of pups from alcohol-fed mothers. In
the brains of control animals, the levels of this
protein increase during the postnatal period,
which correlates with astroglial development.
However, in brains of pups from alcohol-fed
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mothers, a significant lower increase in the lev-
els of GFAP and its mRNA (Vallés et al., 1997)
was observed (Fig. 2) (Sdez et al., 1991). These re-
sults support the idea that alcohol exposure dur-
ing brain development alters the expression of
astroglial markers, which suggests an effect of
alcohol on astroglial development. Consistent
with these findings, a reduction (approx 30%) in
the number of astrocytic cortical population
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Fig. 2. Etfect of prenatal exposure to alcohol on the
developmental pattern of GFAP expression (protein
and mRNA) during fetal and postnatal brain develop-
ment. The GFAP protein and mRNA levels were de-
termined in rat ottspring brains of dams fed during
gestation and lactation with control or alcohol-
containing diet (3%, w/v). Blood alcohol levels
reached by the alcohol-fed pregnant rats were 105 +
40 mg/dL. Data represent the densitometric analysis
obtained from the Western and Northern blotting of
brains at different fetal (Fy or postnatal (P days. Con-
stant protein and mRNA were used. Each value repre-
sents the average + SD of five brains from different
litters. *Significant ditferent (p < 0.001) from control
values.

in alcohol exposed pups was found in in situ
studies (Gressens et al., 1992; Miller, 1992).

In contrast with the findings after prenatal
alcohol exposure, chronic ethanol intake in-
duces an increase in GFAP immunoreactivity
(Franke, 1995), which is a hallmark of astroglio-
sis, a common reaction of astrocytes to injury in
the mature nervous system (Hatten et al., 1991).
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Interestingly, brief postnatal (d 4-9) exposure
to high levels of alcohol (175-300 mg/dL) can
also cause transient astrogliosis manifested by
an increase in immunoreactive GFAP, primar-
ily in layer V of the cerebral cortex (Goodlett
et al., 1993) that may result from gliosis around
blood capillaries damaged by the high ethanol
doses. However, an increase in GFAP mRNA
levels has also been observed in cerebral cortex,
but not in the hippocampus, cerebellum, or
brainstem of neonatal rats and in confluent
astroglia cells in culture (3 wk after plating)
when exposed to high levels of alcohol (175-
200 mg/dL) for a short period of time (Fletcher
and Shain, 1993; Goodlett et al., 1993). These re-
sults suggest that the effect of ethanol on astro-
cytes, and specifically on GFAP, depends on
the levels of alcohol, duration, and timing of
exposure relative to the stage of glial matura-
tion (glial progenitor cells, proliferation, or dif-
terentiation of astrocytes) (Fig. 3). In addition,
the brain-regional differences in glial response
to cthanol concerning the expression of GFADP
may either reflect, as suggested by Fletcher et al.
(1994) stage-dependent vulnerability of astro-
cytes (different brain regions perform specific
developmental functions asynchronously) or
heterogeneity of astrocytes within the different
brain regions.

Changes in GFAD expression can occur at
both transcriptional (Brenncer, 1994) and trans-
lational levels (Inagaki et al., 1994). However,
the molecular mechanisms involved in these
changes during brain development, aging,
or brain injury are largely unknown (Hatten
et al,, 1991; Brenner, 1994; Inagaki et al., 1994;
Eng and Ghirnikar, 1994).

Results from our laboratory suggest that
cthanol interferes with transcription, since the
decrease in GFAP immunoreactivity is accom-
panied by a reduction in its mMRNA level in both
PEA astrocytes and brain of pups from alcohol-
fed mothers. In fact, using run-off experiments
from nuclei of control and PEA astrocytes, we
could demonstrate that ethanol exposure signif-
icantly decrcases the GFAP transcription rate
and slightly reduces GFAP mRNA stability
(Vallés et al., 1997). We further demonstrate that
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Fig. 3. Schematic representation illustrating that the effect of ethanol on GFAP depends on the levels of alcohol,
duration, and timing of exposure relative to the stage of astroglial maturation in rat cerebral cortex. 1 Under nor-
mal conditions, radial glia, which appears at carly neuroembryogenesis, is transformed into GFAP* astroblasts
and then into differentiated astrocytes. 2) Brief postnatal exposure to high levels of alcohol during astrocyte dif-
ferentiation results in a transient astrogliosis. 3) Exposure to ethanol during gestation that includes early embryo-
genesis, alters the morphology of radial glia, delays the onset of GFAP and leads to damaged astrocytes.

the effect of alcohol on GFAD expression was
specific for this gene, since the gene for vi-
mentin, another astrocyte intermediate filament,
was not altered by ethanol (Vallés et al., 1997).
Regulation of the GFAP gene scems to be
quite complex, with multiple interacting DNA
elements (Brenner, 1994). The transcription fac-
tor AP-1 and factors that mediate responses to
c¢AMP and protein kinase C have been sug-
gested to be involved in the regulatory events
of GFAP expression during development (Riol,
et al., 1992). In addition, GFAP promotor con-
tains clusters of putative response elements for
diverse hormones (e.g., glucocorticoids, sex
hormones), cytokines, and growth factors that
modulate GFAP transcription and expression
(Laping et al., 1994). Ethanol has been shown to
alter cyclic AMP (Pennington, 1988) and protein
kinase C (Slater et al., 1993), and both kinases are
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involved in the transcription control of GFAP
(Shafit-Zagardo, 1988; Kaneko et al., 1994).
Ethanol exposure during fetal development
also induces marked alterations in growth fac-
tors and hormones, including glucortocoids
and sex steroids (Wemberg, 1994) that might
also affect the expression and transcription
of GFAP (Laping et al., 1994). In addition,
ethanol-induced changes in fetal GFATP gene
methylation could also be involved in the regu-
lation of transcription and gene expression of
GFAP (see Ethanol Induces Oxidative Stress in
Astroglial Cells). Therefore, ethanol-induced
alterations in some of the GFAP transcription
modulatory elements or in the methylation
process during critical periods of brain devel-
opment (e.g., the onset of GFAP expression)
may influence the transcription process lead-
ing to a reduction in the expression of GFAP.
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Effect of Ethanol on Radial Glia

As described above, astroglial cells in pri-
mary culture derived from rats prenatally ex-
posed to alcohol and cultured in the absence of
this toxin show important morphological, bio-
chemical, and functional alterations. Because
the development of astrocytes in the rat mainly
occurs during postnatal life, these results sug-
gest that ethanol affects the precursor of astro-
cytes, the radial glial cells that appear during
neuroembryogenesis. In fact, the presence of
radial glia during early stages of the embryoge-
nesis and their important role in neuronal mi-
gration are well documented (Cameron and
Rakic, 1991; Hatten, 1990). In mammals, radial
glia have a transient existence, because shortly
after migration is completed, they are trans-
formed into astrocytes (Cameron and Rakic,
1991). Radial glia cells express both vimentin
and nestin during early stages of CNS develop-
ment, and later they lose vimentin reactivity
when they are transformed into GFAP-positive
astrocytes (Cameron and Rakic, 1991; Sancho-
Tello et al., 1995).

Since studies of the effect of alcohol on radial
glia are scarce (e.g., Miller, 1992; Phillips, 1994),
we have investigated whether ethanol affects
these cells in cercbral cortex using two ap-
proaches. First, we analyzed the developmental
pattern of vimentin and GFAI” immunoreactiv-
ity and gene expression during fetal embryofe-
tal brain development, and second, we used
primary cultures of radial glia, which is a useful
tool for analyzing the glial-cell differentiation
and transformation into astrocytes (Culican
et al., 1990; Sancho-Tello et al., 1995). Primary
cultures of radial glia were prepared from 13-d
control or alcohol-exposed rat fetuses.

Using these approaches, we demonstrated
that, wherecas GFAP immunoreactivity ap-
peared late in gestation (fetal d 21) and ond 5
of culture in radial glia, its encoding mRNA
was first detected on fetal d 15 and increased
in content on fetal day 21 (Vallés et al., 1996)
(Fig. 2). In contrast, the levels of vimentin and
its mRNA were high at fetal d 15, but de-
creased on fetal d 21. Chronic in utero alcohol
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exposure delays the onset of GFAP expression,
and significantly decreases the GFAP (protein
and mRNA) levels in both fetal brain and in
primary culture of radial glia (Vallés et al.,
1996). Interestingly, vimentin, the other major
intermediate filament protein in these cells,
was not significantly affected by ethanol. An-
other important finding is that glial cells ob-
tained from ethanol-exposed fetuses showed
some morphological alterations throughout
the culture interval, including shorter glial
processes, delay in their transformation into
astrocytes, and changes in the organization of
GFAP-distribution pattern (Vallés et al., 1996).
These results strongly suggest that alcohol ex-
posure during early embryogenesis alters ra-
dial glia differentiation and its transformation
into astrocytes, which may explain the alter-
ations observed in prenatal alcohol exposure
astrocytes.

Changes in DNA methylation have been
proposed as a possible mechanism involved in
the teratogenic effects of ethanol (Garro et al.,,
1991). In fact, several lines of evidence indicate
that methylation of cytosine residues plays an
important role in the regulation of mammalian
gene expression, especially during embryogen-
esis and differentiation. During these stages
most of the tissue-specific genes are almost
fully methylated and undergo programmed ac-
tive demethylation at the moment of activation
and transcription (Eden and Cedar, 1994; Razin
and Shemer, 1995). Thus, methylation changes
in tissue-specific genes during embryogenesis
is likely to lead to a derrangement of normal
fetal gene expression and fetal development.

In an attempt to further explore the mecha-
nism(s) involved in the ethanol-induced delay
in GFAP expression, the influence of ethanol on
GFAP gene methylation has been analyzed. The
results demonstrate that, whereas in control
brains, between fetal d 15 and fetal d 21, the
GFADP DNA goes from a highly methylated
state to a partially methylated condition and
that these changes occur concomitantly with the
onset of GFAP expression, in alcohol-exposed
brains the GFADP DNA is highly methylated
at both fetal days analyzed. This suggests a
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reduction in the demethylation process mani-
fested by the hypermethylated state of the
GFAP DNA at fetal d 21 (Vallés et al., 1997).
These findings are consistent with the delay in
the onset of GFAP expression observed in alco-
hol-exposed fetuses and in culture of radial glia.
In addition, changes in GFAP DNA methyla-
tion induced by ethanol also agree with the de-
creased GFAP transcription rate observed in
PEA astroglial cells.

These results suggest that neural progenitor
cells such as radial glia are the main target of
ethanol toxicity. In fact, a delay in the postnatal
maturation of Bergmann glia (radial glia in the
cerebellum) (Shetty and Phillips, 1992) and a re-
duction in soma size and fiber number (Pérez-
Torrero et al., 1997) of these cells have been
observed in brain of rats exposed to alcohol
during gestation. This treatment also induces
alterations in cortical radial glia including de-
creased number of cells (Gressens et al., 1992)
and alterations in its morphology and in the
timing of the phenotypic transition of these cells
into more typical GFAP-positive astrocytes
(Miller and Robertson, 1993). The main conse-
quences of these effects are a premature degra-
dation of radial glia networks and a faulty
migration of late-generated cortical neurons
and granule cells, resulting in neuronal ectopias
(Gressens et al., 1992; Miller, 1992; Miller and
Robertson, 1993).

At present, our understanding of the se-
quence events and factors that regulate the
transformation of radial glia into astrocytes
and the modulation of GFAP expression dur-
ing development is limited (Cameron and
Rakic, 1991). However, the presence of certain
growth factors (Kentroti and Vernadakis, 1997)
and/or hormones may be involved in this
transformation and also can modulate GFAP
expression {Laping, et al., 1994). Therefore
changes in these modulatory factors during
critical periods of brain development (e.g., the
onset of GFAP expression) might explain the
different effects of alcohol. In our studies
we have used brains (or astroglial cells) from
offprings of chronic ethanol-fed mothers that
showed several hormonal alterations during
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development (Esquifino, ct al., 1986; Portolés
et al., 1988). In conclusion, because during early
embryonic development, radial cells seem to
play an integral role in the migration and in the
guidance of axons and growth cones during the
formation of neural circuits (Hatten, 1990;
Rakic, 1991), ethanol-induced changes in radial
glial development may be involved in hetero-
topias and altered neurogenesis observed after
prenatal ethanol exposure (Miller, 1992).

One observation that encourages the hy-
pothesis that the alcohol-induced damage to
radial glia is an important mechanism involved
in the teratogenic effect of alcohol on brain
is that the corpus callosum is defective or ab-
sent in children with fetal alcohol syndrome
(Clarren et al., 1978; Peiffer et al., 1979; Riley
et al., 1995; Swayze et al., 1997). During embry-
onic development, the corpus callosum is ini-
tially formed by fascicles of radial glia that
support the growth axons from one side of the
brain to the other (Norris and Kalil, 1991). How-
ever, corpus callosum does not form in congen-
ital mouse mutants lacking this structure or
when the radial glia “sling” at the cerebral mid-
brain is disrupted (Silver and Ogawa, 1983).
Therefore, an alteration in radial glia could be
involved in the agenesis and abnormaties of the
corpus callosum noted in children of alcoholic
mothers (Riley et al., 1995; Swayze et al., 1997).

Ethanol Induces Oxidative
Stress in Astroglial Cells

Recent evidence has also shown that ethanol-
induced oxidative stress in astrocytes may par-
ticipate in the cytoskeletal and membrane
alterations observed in cells exposed in vitro to
alcohol (Montoliu et al., 1995). Indeed, during
the last few years evidence has accumulated on
the role of free radical formation and oxidative
stress in the pathogenesis of alcohol-induced
cell injury (Guerri et al., 1994; Nordman et al.,
1992) as well as in the teratogenesis produced by
ethanol (Guerri et al., 1994; Kotch et al., 1995).
One of the mechanisms that has been suggested
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to be involved in the alcohol-induced free radi-
cal formation is the participation of the metabo-
lism of ethanol to acetaldehyde, mainly through
the intervention of the ethanol-inducible form of
cytocrome P-450, termed CYP2E1 (Albano et al.,
1991). This isoenzymatic form of the cytocrome
P-450 has an apparently high rate of oxidase ac-
tivity that causes the formation of reactive oxy-
gen species (ROS) during its catalytic cycle, and
these are able to initiate lipid peroxidation
(Ingelman-Sundberg, 1993). Although this
isoenzymatic form of P-450 is located predomi-
nantly in the liver, recent reports demonstrate
that CYP2E1 is also expressed in brain (Montoliu
et al., 1994; Tindberg and Ingelman-Sundberg,
1996). Interestingly, chronic ethanol con-
sumption increases both the content of CYP2E]
(Montoliu et al., 1994; Tindberg and Ingelman-
Sundberg, 1996) and the formation of oxygen
radical species (Montoliu et al., 1994) in the
brain, leading to a depletion of some endoge-
nous antioxidant compounds, such as glu-
tathione (GSH). A decrease in the levels or
activity of antioxidant molecules may increased
the levels of ROS, thus resulting in oxidative
damage in the brain (Montoliu et al., 1994).
These findings raise the questions whether there
is a sclective expression of CYP2ET1 in the differ-
ent nervous cell types, and whether ethanol-
induced ROS is related to the induction of this
isoform and/or to the damage in the nervous
cells. Using biochemical and immunocytochem-
ical assays, we demonstrate that CYP2E] is ex-
pressed in astroglial cells in culture (Montoliu
et al., 1995) (Fig. 4), which suggests the partici-
pation of CYP2EL1 in the ethanol-induced free-
radical generation in astrocytes.

The expression of CYP2E1 and its induction
by ethanol in astrocytes are of toxicological inter-
est, not only because of the capacity of this isoen-
zyme to metabolize ethanol to acetaldehyde,
which is a very toxic compound (Klassen et al.,
1995), but also because of its role in the metabolic
activation of a large number of toxicological
compounds including acetominophen, solvents,
nitrosamines, and so on (Ingelman-Sundberg,
1993). Another toxicological consequence of the
induction of the CYP2E1 in astrocytes is that
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Fig. 4. Protective effect of CYP2E1 in the ethanol-
induced formation of oxygen radical species (ROS)
measured as the formation of the activated form of
dichlorofluorescein diacetate. As shown, the incuba-
tion of cells with an anti-CYP2E1 antibody partially
prevents the ROS formation induced by ethanol. Data
are means £ SD (bars) values from five different deter-
minations. *Significantly different (p < 0.001) from
control values.

ethanol induces a dose-dependent increase in the
formation of reactive oxygen species that leads
to a GSH depletion and to oxidative stress in the
cell (Montoliu et al., 1995). GSH is known to
play a critical role in the cell detoxication
process, including hydroperoxide catabolism,
conjugation with electrophiles, and direct inter-
action of free radicals (Reed, 1990). Interest-
ingly, it has been shown that astrocytes have
much higher GSH levels than neurons (Makar
et al., 1994; Raps et al., 1989). Neuronal GSH
concentations have been reported to be depen-
dent on the presence of glial cells providing
neurons with the GSH precursor cysteine
(Sagara et al., 1993). In addition, glutathione-5S-
transferase is located exclusively in glial cells,
constituting a first line of defense against toxic
sustances (Cammer et al., 1989). Therefore, since
astroglial cells play an important role in the de-
fense of the brain against reactive oxygen
species (Makar et al., 1994), a depletion of GSH
or other antioxidant systems induced by alcohol
could influence the GSH availability to neurons,
thus making these cells more susceptible to the
toxic effect of ethanol. Finally, ethanol also de-
creases the content of other antioxidant systems
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n astrocytes, such as formaldehyde dehydroge-
nase, which metabolizes formaldchyde, an im-
portant genotoxic compound ;,cnerated during
lipid peroxidation (Iborra ct al., 1992).

The final question to be answered is whether
or not the oxidative stress induced by ethanol in
astrocytes is related to cell damage. Oxidative
stress is known to be associated with damage
to several cell components, including proteins
and nucleic acids, and with structural damage
in cytoskeleton and cell membranes (Orrenius,
1993) and these cell components are altered
by ethanol. To explore this issue, cells were
incubated with ethanol and cvsteine or cystine,
which increased the cellular synthesis of GSH
(Sagara et al., 1993). By restoring the GSH
levels in cells treated with ethanol, ethanol-
induced decrease in GFAP was prevented
(Fig. 5) (Montoliu et al.,, 1995). These results sug-
gest that ethanol-induced oxidative damage in
astrocytes may be involved in some alterations,
such as cytoskeleton damage, observed in astro-
cytes exposed in vitro to alcohol. However, it
remains to be demonstrated whether this mech-
anism also participates in alcohol-induced dam-
age to radial glia and, in fact, an increase in
oxygen radical species have been observed in
the brain of fetuses from alcohol-fed mothers
(Guerri et al., 1994).

Conclusions

Although glial damage is a dominant feature
ot the alcohol-induced brain injury observed in
both chronic alcoholics and in children exposed
to alcohol in utero, only recently have glial cells
received attention in the study of brain response
to alcohol (Lancaster, 1994). Evidence from in
vivo and in vitro studies clearly supports the
conclusion that cthanol alters astrogliogenesis
in humans and experimental animals, by affect-
ing key astroglial functions. Astroglial damage
would be likely to have profound effects on
many developmental processes in the CNS in-
cluding, boundary formation during ncural
morphogenesis, cerebral compartmentalization,
neuronal proliferation and migration, axon
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Fig. 5. Graphs illustrating the eftect ot alcohol on GSH
and GFAP levels and the protective effect of the GSH
on the alcohol-induced decrease in GFAP content in
astrocvtes. Control cells were incubated for 14 d with
several concentrations of alcohol. In some experi-
ments, cells were grown in a medium containing
ethanol (50 mAD and cysteine (0.02 mm). Data are
mean * SD (bars) values from six different experi-
ments. “Significantly different (< 0.002) from control
values.

outgrowth, and guidance and availability ot
trophic support molecules. Ethanol can also dis-
turb those astroglial functions involved in neu-
ronal physiology and survival such as control of
extracellular ion concentration, uptake, and in-
activation of excitatory amino acids and other
neunotransmitters. Therefore, alcohol-induced
astrocyte damage could be a potentially impor-
tant mechanism involved in the CNS dysfunc-
tions observed after i utero alcohol exposure.
However, it remains to be determined if the
toxic effects of ¢thanol reviewed here are the
result of several independent mechanisms or, if
there is a single primary target (c.g., alterations
of some specific genes) followed by a cascade of
secondary effects. Recent fmdmgs indicate that
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early exposure to alcohol profoundly affects ra-
dial glia, the precursor cell of astrocytes, altering
the timing and extent of expression of the gene
for GFAP and the content and organization of
this protein that is the main cytoskeletal protein
of astrocytes and a marker for these cells.
Changes in the cytoskeletal proteins may impair
cell proliferation, protein transport, and the
secretion by astrocytes of factors involved in
neuronal migration (e.g., cell adhesion mole-
cules) and survival (e.g., NGF and other necu-
rotrophins). GFAP is required for the formation
of stable astrocytic processes in response to neu-
rons (Weinstein et al., 1991), and GFAP gene ex-
pression’ was shown in mice carrying a null
mutation to be essential for normal white-mat-
ter architecture and blood-brain barrier in-
tegrity (Liedtke et al., 1996). Thus, the structural
support of astrocyte processes by GFAP can be
expected to be critical for the morphogenesis of
the CNS. Clearly, further research will be re-
quired to determine the relationship between
ethanol, alteration in gene expression, and as-
troglial damage and to define how injury to
these cells contributes to the toxic effects of
ethanol on the developing nervous system.
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