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Effect of prenatal exposure to alcohol on membrane-bound enzymes
during astrocyte development in vivo and in primary culture
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ABSTRACT.In the present work we have analyzed the effect of prenatal ethanol exposure on the activity of
several glial marker and functional enzymes during the development of astrocytes Isolated from rat brain as
well as in primary culture. The activity of marker enzymes glutamine synthetase and butylchollnesterase
showed no differences between isolated astrocytes from 15 and 70 day old control rats. However, the activity
of the membrane-bound enzymes (Na+K)ATPase and 5'-nucleotldase was higher In astrocytes from 70 day
old control rats than in those from 15 day old animals. Although the pattern found In astrocytes from alcohol-
exposed rats was similar to that of controls, the levels of activity of the enzymes were lower in alcoholic than
in control anImals. When control astrocytes in primary culture were used, the actIvIty of !Na+K)ATPase and
5'-nucleotidase increased throughout the entire culture period. In contrast, the maximal activity of glutamine
synthetase was found at 7 days of culture. Ethanol also Induced a decrease in the activity of all enzymes, which
was more evident at the end of the culture period These results indicate that the activity of the enzyme
markers analyzed increased mainly during the first weeks of life and remained constant after this period. By
contrast, the membrane-bound enzymes studied showed a progressive Increase with age. In conclusion,
Since these astrocyte enzymes are Important In the regulation of several neuronal functions through the
control of the composition of extracellular fluid, the effect of ethanol on their activities could explain some of
the neuronal alterations reported in children and animals exposed to ethanol during development.
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Introduction

Central nervous sytem (CNS) dysfunction in children is
one of the most striking consequences of maternal alcohol
consumption during pregnancy and can occur indepen-
dently ofthe craneofacial malformations which are charac-
teristic of the fetal alcohol syndrom (FASI (Lemoine et a/.,
1968; Streissguth and Martin, 19831. A variety of CNS
anomalies have also been observed in experimental ani-
mals fOllowing in utero alcohol exposure (Streissguth and
Martin, 1983; Sanchis et al., 19841. Thus, it has been de-
monstrated both in children with FAS and in experimen-
tal animals that ethanol alters glial migration as well as
neuronal proliferation, migration, formation of processes
and production of neurotrophic factors (Clarren et al.,
1978; Dow and Riopelle, 1985; Miller, 19861. In spite of
these data, the pathogenesis of the CNS dysfunction re-
mains unknown. However, it is possible that, since as-
trocytes play an important role in maintaining neuronal
functions, the effects observed in neurons could be the
consequence of a primary effect of ethanol on these cells
during development. We have recently reported that etha-
nol alters not only the maturation of astrocytes in primary
culture. but also the organization of their cytoskeleton
(Renau-Piqueras et al., 19891.

Primary culture of astrocytes provides a useful model
system for studying the molecular aspects of the differen-
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tiation and function of these cells (Hertz et a/.. 1982; Hans-
son, 19861. At the same time, this system could provide a
good tool for analyzing the direct effect of ethanol avoiding
other secondary related factors (Mandel et al" 19801. It
must be emphasized, however, that a correlation between
in vitro and in vivo results in these types of studies should
be established.

On the other hand, it is known that ethanol interacts with
the plasma membrane, modifying the properties of several
proteins of this cell component (Guerri and Grisolia, 1983).
Since the astrocyte plasma membrane plays an important
role in the control of the composition of extracellular fluid
in brain (Hertz, 1982), the aim of the present work has been
to study the effect of ethanol exposure on the activity of
several membrane-bound enzymes of astrocytes during
their development both in vivo and in vitro. The first
approach was achieved by using Ficol! gradients to isolate
astrocytes from rats pre+postnatally exposed to ethanol;
the second was accomplished using primary cultures of
astrocytes derived from brain cortex of control rats and
those prenatally exposed to alcohol.

Results

Ficoll isolated astrocytes

Cell suspensions from brains of 15 and 70 day old rats

.
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Fig. 1. (A) Phase contrast micrograph of a glial cell of astrocyte-nch tracCion. ItJl /nQlrect immunofluorescence of 27 day old cultured
aslrocytes using an ant;-GFAP antibody. Binding of IgG was revealed using FITC-conjugated goat anti-mouse IgG.

were separated by gradient centrifugation on discontin-
uous Ficoll gradients, and three astrocyte-rich fractions
were obtained. These fractions were similar to the frac-
tions P,/22. P,I22 and P,/22 described by Farooq and Nor-
ton (19781. The appearance of astrocytes in these fractions
corresponded to a mixture of fibrous and protoplasmic
types. In Fig. 1a a typical fibrous astrocyte is illustrated.
Using phase-contrast microscopy and the criteria of Fa-
rooq and Norton (1978), we determined that the astrocyte
purity in these fractions was ca. 73%. The major contami-
nants were certain free processes, capillary fragments and
debris. Neuronal bodies were scarce.

In Table 1, the activities of the different enzymes meas-
ured in the isolated astrocytes are summarized. Both glial
enzyme markers, glutamine synthetase (Martfnez-
Hernandez et al., 1977) and butylcholinesterase (Giacobi-
ni, 1964) were essentially the same in astrocytes derived
from 15 and 70 day old control rats. The same pattern was
also found in astrocytes from alcoholic rats. But while
butylcholinesterase activity showed a significant decrease
after ethanol exposure in both periods, only 15 day old rats
showed significant differences for glutamine synthetase
activity.

In contrast to the glial enzyme markers, both membrane-
bound enzymes, (Na+K)ATPase and 5'-nucleotidase, sho-
wed an important increment in their activity from 15 to 70
days, indicating that these activities increased with the age
of the rat. When these enzymes were analyzed in astro-
cytes from 15 and 70 day old alcoholic rats, a significant
decrease in the activity of (Na+K)ATPase was found with
respect to control cells.

Primary culture of astrocytes

Astrocytes in primary cultu re grew rapidly for 7 -10 days,
after which the cell number increased slowly, correspond-
ing to a typical logarithmic growth pattern. The purity of
cultures was determined using a monoclonal anti-GFAP
antibody. The GFAP positive cells ranged from 85-90%,
indicating that almost all the cells in the cultures were
astrocytes (Fig. 1B).

The activity of the enzyme marker GS increased rapidly
during the first week of culture or proliferation period, and
then decreased until the end of the culture (Fig 2A). Alco-
hol decreased this activity as shown in Fig. 2A. Although
the curve pattern was similar to that of controls, when
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Fig. 2. Activity of the enzyme marker glutamine synthetase in as-
trocytes at different periods of primary culture. Cells were obtained
from fetuses derived from control (A) and alcoholic (B) rats. Control
ceffs (.) were cultured in presence of 25 , J or 100mM (8J ethanol.
Prenatally alcohol-exposed cells were cultured in absence (0) or
presence (.),,)of ethanol (25 mM). Each point represents the average
of 3-4 different cultures per duplicate. Significant differences are
expressed to respect control values (.p < 0.05. "p < 0.01).

astrocytes were from fetuses obtained from alcoholic rats,
there was an important decrease in enzymatic activity after
15 days of culture (Fig. 281.

To evaluate the enzymatic activity in plasma membrane
during astrocyte development, as well as the effect of
ethanol, we measured the activity of (Na+KIATPase and 5'-
nucleotidase. As shown in Figs. 3A and 4A, the activity of
both enzymes in control cultures showed a slow increase
during the proliferation period (1-7 days) and then a strik-
ing increase during the period of differentiation (7 -28 days).
When ethanol was added to the culture medium (25 and
100 mMI. there was a decrease in both enzyme activities.
This effect was also found to be dose-dependent. Figs. 2-
4 show that astrocytes derived from fetuses prenatally
exposed to alcohol and cultured in the absence of this
substance had decreased activities of the above-men-
tioned enzymes when compared with control cells. This
decrease was even more evident when these cells, ob-
tained from alcoholic fetuses, were incubated in medium
containing 25 mM ethanol.

Discussion

In this work we have used astrocytes in primary culture
as a model to study certain aspects of the development of
these cells. The results obtained with this model have been
compared with those obtained from glial cells in vivo. In
addition, the effect of ethanol has also been evaluated.

Alcolrol lInd astrocytl' dl'\'l'Iopml'1JI 141
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The analysis of the two enzymes used as glial enzyme

markers, GS and BuCh (Giacobini, 1964; Martinez-Hernan-
dez et aI., 1977), indicate that both enzymes reached
maximum activity in vivo after 15 days since no significant
differences were found compared with astrocytes isolated
from 70 day old rats. These results for GS agree with data
obtained with astrocytes in primary cultu re, indicating that
this cytoplasmic enzyme activity increased during the pro-
liferation period showing a maximum activity at 7-20 days.
Although there was then a small decrease, the activity re-
mained constant until the end of the culture period.

By contrast, the two membrane-bound enzymes meas-
ured (INa+K)ATPase and S'.nucleotidase) showed in both
isolated and cultured cells a progressive increase mainly
juring glial differentiation. The results concerning
(Na+K)ATPase agree with previous results in the tissue
(Guerri et al., 1984) and with the concept that the activity of
this enzyme in astrocytes increases as a response to en-
hanced potassium concentrations which occur during glial
cell development (Hertz, 1982). This potassium effect on
(Na+K)ATPase activity is consistent with the potassium-
induced stimulation of oxygen uptake which might also be
the result of a stimulation of other energy requiring pro-
cesses in astrocytes (Hertz, 1982).

We have also demonstrated that ethanol exposure alters
the activity of all the enzymes measured. However, since
the enzymes studied have different functions and cell
localizations, the specific alterations induced by ethanol
on each enzyme activity could reflect different aspects of
ethanol-induced toxicity on astrocytes.

GS is an enzyme implicated in ammonia detoxification

Fig. 3. At..ivity of the membrane-bound enzyme (Na+K1A TPase in
astrocytes at different periods of primary cultl/re. Conditions and
symbols as in Fig. 2.



15 day old rats 70 day old rats
- - -

Activity Control Ethanol Control Ethanol

Butylchol inesterase 0.16 IO.Ol 0.11 IO.Ol' 0.16 IO.05 0.10 ctO.02'

Glutamine synthetase 1.98 IO.54 1.71 I 0.64' 1.82 ct 0.25 1.67 I 0.22

(Na+KIA TPase 6.48 ct 1.9 2.68 :t 1.28** 11.43 ct 0.89 6.27 IO.13'

5'-nucleotidase 0.55 I 0.02 0.33 I 0.05' 0.86 IO.12 0.80 I 0.13
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Fig. 4. Graph showing the activity of the enzyme S'.nucleotidase in
cultured astrocytes. Conditions and symbols as in Fig. 2.

as wel! as in the metabolism of the neurotransmitters
a-amino-butyric acid (GABA) and glutamic acid. Thus. glial
cells appear to play an important role in the intercellular
exchanges of glutamate and glutamine IPatel. 19821. A
decrease in the activity of GS induced by ethanol, which
has also been reported by Davis and Vernadakis 119841.
could alter the glutamine cycle between glia and nerve
endings, thereby changing the regulation of glutamate
homeostasis.

It has been demonstrated that in isolated cells the activ-
ity of (Na+KJATPase is higher in astrocytes than in neurons
IHertz. 19651. due to the role of the glia in the uptake and
clearance of extracellular potassium after a volley at the
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nerve ending. The effect of ethanol on the decrease of
activity has already been reported in vivo after in utero
alcohol exposure (Guerri et al., 1984). However, it has been
observed that chronic ethanol consumption increases the
activity of this enzyme in adult animals (Guerri and Griso-
lia. 1983; Ledig et al.. 19851. Although this enzyme is
inhibited by alcohol in vitro, in previous work we have
suggested that the decrease in its activity in vivo is due to
an alteration in the lipid membrane composition (Guerri
and Grisolfa, 1983; Marques and Guerri, 1988), Further-
more, since this protein seems to be located mainly in the
processes, a delay in the formation of these structures in
astrocytes exposed to ethanol, as reported by Renau-
Piqueras etal. (1989), could also produce a decrease in the
level of this activity.

5'-Nucleotidase is an enzyme that is synthesized in the
rough endoplasmic reticulum, glycosylated in the Golgi
apparatus and then transported to the plasma membrane.
In the CNS this enzyme is of particular interest due to its
highly specific regional distribution (Schubert et al., 1979).
At cellular levels it has been associated with glial plasma
membranes, synaptic structures or intracellular neuronal
compartments IHeymann et al.. 19841. This enzyme cataly.
zes the final step in the production of adenosine, which has
a potent modulatory effect on synaptic transmission (Su-
lakhe and Phillis. 19751. The decrease in the 5'.nucleotida.
se activity induced by ethanol could be explained by seve-
ral mechanisms: 1) one possibility is that ethanol could
decrease the glycosylation and/or transport of this glyco-
protein to the plasma membrane, as occurs in the liver; or
2) ethanol could change the composition of plasma mem-
branes, altering the activity of this enzyme. In fact, it is
known that ethanol modifies the physico-chemical proper-
ties of plasma membranes (Guerri and Grisolia, 1983).

Finally, since astrocytes play an important role in main-
taining neuronal development and function, the results
described here could be related with the neuronal altera-
tions observed in children and animals prenatally exposed
to ethanol (Clarren et al.. 1978; Miller. 19861 and could be

TABLE 1

SPECIFIC ACTIVITIES OF SEVERAL ENZYMES IN ASTROCYTE-RICH FRACTIONS

Atl the activities are expressed as ~Imols/h/mg proto except that of butylcholinesterase, which is
expressed as ~4 12/min/mg prot. Each value represents the average of 3-4 different experiments.
Significant differences.P:::; 0.05, up ~ 0.01.



one of the mechanisms underlying mental retardation and
motor dysfunctions, which are characteristic of the fetal
alcohol syndrome,

Materials and Methods

4nimal treatment

Female Wistar rats weighing 150-200 g were used. All rats

were maintained under controlled conditions of light (12/12),
temperature (23~ C) and humidity ~60%). Rats were fed the Lieber-
DeCarli (1976) liquid diet containing either 5% (w/v) ethanol or an
isocalorically balanced diet with maltose-dextrin for pair-fed con-
trols. Female rats were maintained on the ethanol or control
liquid diet for a minimum of 30 days prior to exposure to male
rats. After mating (as determined by vaginal smears), the rats
were maintained during gestation in separate cages on the etha-
nol or control diet.

After birth. the pups remained with their mothers until day 25,
after which all rats were put on laboratory rat chow and tap water
ad libitum.

Isolation of astrocytes

The isolation of astrocyte-enriched fractions from rat brain
tissue was carried out using the method of Farooq and Norton
(1978) with some modifications. Briefly, brains without cerebel-
lum were sectioned in several slices and incubated in medium
containing trypsin. The tissue was then dissociated and the resul-
tant cell suspension was centrifuged. The pellet was resuspended
in medium with 7% Ficoll and centrifuged to obtain the neuron-
enriched pellet. The supernatant was centrifuged again to obtain
a pellet containing neurons and astrocytes. The last supernatant
was diluted in medium and centrifuged again to obtain the
astrocyte-enriched pellet. Each pellet was then suspended in 7%
Ficoll and layered on a discontinuous Ficoll gradient. The tubes
were centrifuged in a Spinco SW-27 rotor at 8500 g for 5 min. The
layers at each interface were removed and cell composition was
determined by microscopy. For biochemical analysis the dif-
ferent astrocyte. rich fractions were pooled, washed with 10 mM
phosphate buffer (pH 6.0), resuspended in 10 mM Tris-HCI (pH
7.41 and stored at _70a c.

Primary astrocyte cultures

Primary monolayer cultures of astrocytes were prepared from
the cerebral hemispheres of 21 day old rat fetuses jRenau-Pique-
ras et al., 1989). The fetuses were decapitated and their brains
removed and placed in plastic petri dishes containing Dulbecco's
modified Eagle's medium. The cerebral hemispheres were dis-
sected free of meninges and dissociated by gentle aspiration
through a 10 ml pipette. The resulting cell suspension was vor-
texed at maximum speed for 1 min and passed through a sterile
nylon sieve (90 ~ pore sizel. Cells (1.5x106) were plated on 35 mm
plastic dishes and maintained in the same medium supplemented
with 20% fetal calf serum, 30 mM glucose and 1% antibiotics. The
cultures were incubated at 37" C in a humidified 5% CO]-95% air
atmosphere. After one week. serum and glucose were reduced to
10% and 5.5 mM. respectively. Medium was changed every 3
days. Some cultures contained 25 or 100 mM ethanol in the
medium, which was added at the beginning of the culture. The
ethanol concentration in the medium was checked every day.

Indirect immunofluorescence staining

The presence of glial fibrillary acidic protein (GFAP) was deter-

mined to evaluate the purity of cultures, as previously described
(Renau-Piqueras et al., 19891.

Enzymatic analyses

Protein content and enzymatic activities were measured in
Ficoll isolated astrocytes as well as in astrocytes in primary
culture. For astrocytes in primary culture, monolayers at different
culture times were washed with PBS, resuspended in 10 mM Tris-
HCI buffer (pH 7.01 and stored at -70~ C overnight. Cells were later
thawed. homogenized in the same buffer and used for enzymatic
analysis. As glial enzyme markers. the activities of glutamine
synthetase (GS) and butylcholinesterase (BuCh) were assayed
according to Ellman et al. (1961) and Rowe et al. (1970). respec-
tively. (Na+K)ATPase and 5'-nucleotidase were measured as pre.
viously described (Guerri et al.. 19841. Protein concentration was
determined by the method of Lowry et al. (1951) using bovine
serum albumin as standard.
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