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Ethanol Induces Expression of the Glutamate
Transporters EAAT1 and EAAT2 in Organotypic

Cortical Slice Cultures

Mathias Zink, Andrea Schmitt, Valentina Vengeliene, Fritz A. Henn, and Rainer Spanagel

Background: Exposure of the developing brain to ethanol disposes the fetus to fetal alcohol syndrome
and causes a number of changes in several neurochemical systems. In particular, the glutamatergic system
is affected by ethanol. Thus, increased sensitivity of glutamate receptors and enhanced transmembrane
transport of glutamate were found in primary astrocyte cultures. However, in these in vitro studies, changes
in the expression of glutamate transporters were not detected. To further characterize the influence of
chronic ethanol exposure on the developing brain, we assessed the transcriptional and translational regu-
lation of glutamate transporters in a less artificial in vitro system.

Methods: We exposed postnatal rat cortical organotypic slice cultures to ethanol (100 mM) for 4 and 8
days. Expression of the excitatory amino acid transporters EAAT1 and EAAT2 was analyzed in comparison
to untreated controls with semiquantitative reverse transcriptase-polymerase chain reaction. In addition,
changes in protein expression were detected by Western blotting.

Results: In ethanol-exposed cortical slices, we observed more prominent fiber outgrowth and signifi-
cantly increased gene expression (EAATI: +35%, p = 0.029; EAAT2: +251%, p = 0.015). These findings
could be verified on the protein level, because Western blot analysis revealed significantly higher levels of
EAAT1 (+76%; p = 0.008) and EAAT2 (+104%; p = 0.018) in ethanol-treated slices compared with
controls.

Conclusions: Our results are in concert with earlier studies describing the induction of glutamate
transport by ethanol. Enhanced expression of EAAT1 and EAAT? after ethanol exposure can be viewed as

a maladaptive process that disposes the developing brain to fetal alcohol syndrome.
Key Words: Glutamate, EAAT, Development, Ethanol, Fetal Alcohol Syndrome.

HE DEVELOPING BRAIN is highly sensitive to eth-

anol. A severe consequence for the developing brain
after ethanol intoxication is fetal alcohol syndrome (FAS),
which is characterized by craniofacial malformations, neu-
ropathologic symptoms, and increased mortality (Burd et
al., 2004; Olney et al., 2002). In addition, reduced brain
volume and various neurobehavioral disturbances, such as
learning deficits, have been reported. Alterations in several
neurochemical systems may underlie these neurobehavioral
disturbances. Thus, functional changes have been found in
the serotonergic (Zafar et al., 2000), dopaminergic (Szot et
al., 1999), y-aminobutyric acid (GABAergic), and glutama-
tergic systems (Butters et al., 2003; Olney et al., 2001;
Othman et al., 2002).
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One of the major hypotheses, which involves alterations
in the glutamatergic system, suggests that ethanol, by block-
ing NMDA receptors, disrupts synaptogenesis in the devel-
oping brain (Olney, 2004). Thus, the administration of both
competitive and noncompetitive NMDA receptor antago-
nists triggers a massive wave of apoptotic neurodegenera-
tion that affects many neurons in the developing brain
(Ikonomidou et al., 1999). Ethanol, which also possesses
NMDA receptor antagonistic properties (Hundt et al.,
1998; Lovinger et al., 1989), triggers a neurodegenerative
response that is even more robust than the response to the
noncompetitive NMDA receptor antagonist MK-801
(Ikonomidou et al., 2000).

Another change within the glutamatergic system of the
developing brain involves the clearance of glutamate after
ethanol exposure. Thus, in cortical astroglial cell cultures,
uptake of radioactively labeled glutamate was repeatedly
found to be increased (Othman et al., 2002; Smith, 1997,
Smith and Navratilova, 1999; Smith and Zsigo, 1996).
Membrane-bound transporter molecules that form the
gene family of excitatory amino acid transporters (EAAT;
Danbolt, 2001) accomplish the clearance of glutamate from
the synaptic cleft. EAAT1 (formerly named GLAST) and
the quantitatively dominating transporter EAAT2 (GLT1)
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are expressed on astroglial cells (Perego et al., 2000; Torp
et al., 1994), but gene expression on neuronal cells during
development has also been reported (Furuta et al., 1997;
Sutherland et al., 1996). So far, no evidence for increased
protein expression of EAAT1 or EAAT2 has been found
after ethanol exposure in vitro.

Compared with dissociated glial or neuronal cell cul-
tures, organotypic tissue cultures more closely model the in
vivo processes, as monitored by functional and molecular
genetic markers (Haydar et al., 1999; Molnar and Blake-
more, 1999). Furthermore, organotypic slice cultures of
newborn rat cerebral cortex exhibit a period of cortical
development that corresponds to the last trimester of hu-
man pregnancy (Dobbing and Sands, 1979) and, therefore,
likely approximates the situation of ethanol intoxication
during pregnancy and the subsequent development of FAS.
Effects of ethanol on other than glutamatergic marker
molecules have previously been investigated with hip-
pocampal organotypic slice cultures (Belmadani et al.,
2003; Diao and Dunwiddie, 1996). Electrophysiological
studies on hippocampal slices have shown an inhibition of
NMDA receptor-mediated excitatory postsynaptic currents
by acute exposure to ethanol and an increase of synaptic
transmission after withdrawal as a model of ethanol with-
drawal hyperexcitability (Thomas et al., 1998; Thomas and
Morrisett, 2000), a process that also involves the metabo-
tropic glutamate type 5 receptor (Harris et al., 2003) and
polyamines (Gibson et al., 2003).

We chose cortical organotypic slice cultures to further
characterize the influence of chronic ethanol exposure on
the developing brain and assessed the transcriptional and
translational regulation of glutamate transporters EAAT1
and EAAT2 to test whether enhanced expression of
EAAT1 and EAAT?2 underlies the observed augmentation
of the glutamate uptake system after ethanol exposure.

MATERIALS AND METHODS
Organotypic Cortical Slice Cultures

Wistar rats from our own breeding colony (Central Institute of Mental
Health, Mannheim, Germany) were housed and bred in standard hanging
rodent cages (Ehret, Emmendingen, Germany) on a 12-hr light/dark cycle
with lights on at 7:00 AM. Animals were provided with food (Sniff, Soest,
Germany) and water ad libitum. All experimental procedures were ap-
proved by the respective Committee on Animal Care and Use and per-
formed by following the local Animal Welfare Acts and in accordance with
the European Communities Council Directive of November 24, 1986
(86/609/EEC). On postnatal day 1, newborn rats were killed by decapita-
tion. The brain was quickly placed into ice-cold Hanks’ buffered salt
solution supplemented with glucose (6.5 mg/ml), and a triangular portion
of the cerebral cortex containing frontal and parietal subregions was
prepared. A tissue chopper (Mcllwain, GaLa Instrumente, Bad Schwal-
bach, Germany) dissected this part into coronary slices as thick as 350 um.
After an incubation of 1 hr at room temperature in glucose-supplemented
Hanks’ buffered salt solution, the slices were transferred with the inverted
part of a Pasteur’s pipette on membrane inserts (Costar transwell polyes-
ter, 24 mm, 0.4 wm pore size, Corning, Palo Alto, CA) in a six-well culture
dish and cultured on the interface between air and medium [Dulbecco’s
essential Eagle’s medium/F12 50:50 supplemented with 5% fetal bovine
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serum, N2-supplement (Gibco Life Sciences, Karlsruhe, Germany), strep-
tomycin (50 ug/ml), penicillin (50 IU/ml), and r-glutamine (2 mM)].
Tissue cultures were observed during the period of culture with a Leica
microscope (DM-IRB; Wetzlar, Germany), and phase contrast images
were acquired by a digital camera (Photometrix Quantix, London, UK)
and image-analysis software (IP Lab, Guernsey, UK).

Ethanol Treatment of Organotypic Slice Cultures

Different ethanol concentrations (10, 100, and 250 mM) in the culture
medium were tested, including even potentially neurotoxic levels (250
mM). To estimate the evaporation of ethanol, we analyzed representative
sets of medium with a commercial kit (Sigma Aldrich, Taufkirchen, Ger-
many). This photometrical assay (340 nm) is based on the oxidation of
ethanol to acetaldehyde catalyzed by the enzyme alcohol dehydrogenase.
Evaporation of ethanol resulted in a reduced concentration to approxi-
mately 57% over 2 days; therefore, complete medium was changed every
second day. Treatment periods were either 4 or 8 days. In addition, the
multiwell dishes were protected by wrapping with Parafilm (American Can
Company, Greenwich, CT).

RNA Isolation and Semiquantitative Reverse Transcriptase-Polymerase
Chain Reaction

Total RNA was extracted with a commercial procedure (Quiagen
RNeasy Kit, Hilden, Germany) and transcribed into complementary DNA
(cDNA) with oligo-deoxythymidine primers (Promega, Mannheim, Ger-
many) and Superscript (Gibco). Semiquantitative reverse transcriptase-
polymerase chain reaction (RT-PCR; Tag polymerase, Promega) ampli-
fied specific cDNA fragments: EAATI] (GenBank accession number
S59158, bases 2834 to 3248) with 30 cycles and a 58°C annealing temper-
ature; EAAT2 (GenBank accession number X67857, bases 1190 to 1626)
with 31 cycles and a 61°C annealing temperature; and glyceraldehyde
phosphate dehydrogenase (GAPDH; GenBank accession number
M17701, bases 550 to 1001) with 22 cycles and a 62°C annealing temper-
ature. PCR products were analyzed on ethidium bromide—stained agarose
gels; band intensity was determined with the image-analysis software
GelDoc 1000 (Bio-Rad, Miinchen, Germany) and normalized to the
housekeeping enzyme GAPDH.

Real-Time RT-PCR

The expression of pituitary adenylate cyclase—activating polypeptide
(PACAP) was evaluated by help of a real-time RT-PCR approach (iCy-
cler, Bio-Rad). The transcripts of the housekeeping gene GAPDH (de-
scribed previously) and of PACAP (GenBank accession number M63006,
bases 531 to 981) were amplified in 1 to 100 diluted cDNAs and negative
controls without reverse transcription. We used a commercial master mix
(Absolute SYBR Green Fluorescein, ABgene, Epson, UK) and primer
concentrations of 400 nM (PACAP) or 800 nM (GAPDH). The cycle of
amplification threshold (CT) and a melting curve to identify the amplifi-
cation product were analyzed. We assessed the difference of CT numbers
between the housekeeping gene and the gene of interest for every sample
(ACT) and compared the means of the treatment group and controls by
using Student’s ¢ test (n = 7) to determine the significance of the AACT
value.

Western Blotting

Homogenization of cultured tissue was performed in a 2% sodium
dodecyl sulfate buffer at 85°C, followed by denaturation at 95°C. After
several passages through a 26-gauge needle and centrifugation (10 min;
14,000 rpm), the supernatant was stored at —20°C. Protein content was
determined by the photometrical method of Markwell, and equal amounts
(100 pg for EAAT1 and 10 ug for EAAT2) were run on 9% polyacryl-
amide gels (Roth, Karlsruhe, Germany). After transfer to nitrocellulose
membranes (Amersham, Little Chalfont, UK) and blocking of nonspecific
binding with nonfat milk powder, goat antisera against EAAT1 (Santa



1754

Cruz Biotechnology 7758, 1:2000, Santa Cruz, CA) and EAAT2 (Santa
Cruz Biotechnology 7760, 1:4000) were applied. We used a horseradish-
coupled secondary antibody (Santa Cruz Biotechnology 2020, 1:6000) and
visualized the bands with a chemiluminescence reagent (Perkin Elmer,
Wellesley, MA). EAAT1 and EAAT?2 were detected in the expected size
of monomers between the protein marker bands of alcohol dehydrogenase
at 50 kDa and glutamic acid dehydrogenase at 67 kDa. Total protein
staining with MemCode (Pierce, Koln, Germany) allowed normalization
to the amount of proteins run in the specific lanes of interest. For image
analysis, the chemiluminescence films and MemCode-stained membranes
were evaluated with a digital camera (Nikon, Tokyo, Japan) and an
image-analysis system (Applied Information Systems, Chapel Hill, CA) to
determine the protein expression semiquantitatively.

Statistics

Messenger RNA (mRNA) and protein expression were evaluated in
independent experiments. The difference between ethanol-treated slices
and controls was compared by using Student’s ¢ test. Statistical levels of
p < 0.05 were considered significant.

RESULTS

We adopted an organotypic tissue culture system (Hay-
dar et al., 1999; Molnar and Blakemore, 1999) and treated
newborn rat cortical slice cultures for different periods of
time and with different concentrations of ethanol. Evapo-
ration of ethanol caused a reduction of the initial ethanol
concentration over 2 days. Thus, in eight representative
samples, a reduction from 100 to 57 mM after 2 days was
measured. Therefore, the complete medium was changed
every second day.

We consistently observed pronounced fiber outgrowth in
the ethanol-treated slices over the entire period of cultur-
ing in comparison to untreated cultures of the same age.
Typical examples as seen at day 4 and day 8 are docu-
mented in Fig. 1.

RT-PCR with cDNA of independent RNA preparations
allowed the assessment of EAAT1 and EAAT?2 expression

100 mM ethanol

A Untreated

4 days

8 days

Fig. 1. The exposure of neonatal rat cortex organotypic slice cultures to 100
mM ethanol (B and D) results in pronounced fiber outgrowth in comparison to
untreated controls (A and C), as documented after 4 and 8 days of treatment.
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in relation to the constitutively expressed housekeeping
gene GAPDH. Pilot experiments with various concentra-
tions of ethanol resulted in an approximated dose-response
curve of the induction of EAAT1 on mRNA level (10 mM,
+71%; 100 mM, +78%; 250 mM, —1%) and of EAAT2
(10 mM, +38%; 100 mM, +61%; 250 mM, +29%). Be-
cause these results were in concert with previous findings
on the effects of ethanol on transmembrane glutamate
transport in astrocyte cultures (Smith, 1997; Smith and
Zsigo, 1996), the following experiments were performed at
a concentration of 100 mM applied over 4 days (mRNA
induction) or 8 days (protein induction).

We observed induced gene expression of EAATI1
(+35%; p = 0.029) and of EAAT2 (+251%; p = 0.015).
Figure 2 shows the difference of means of four independent
RNA preparations and a typical example. After 8 days of
culture, we performed Western blot analysis. Comparing
lanes of treated and untreated cultures, we found induced
protein expression of EAAT1 (+76%; p = 0.008) and
EAAT2 (+104%; p = 0.018). These results are depicted in
Fig. 3 as differences of means in addition to a typical pair
of bands.

Because the neuropeptide PACAP is known to induce
the expression of EAAT1 and EAAT?2 (Figiel and Engele,
2000), it represents a candidate molecule for the described
effect of ethanol. Therefore, we evaluated its expression in
sets of cDNAs derived from cultures treated with 100 mM
ethanol and untreated controls. The expression did not
differ significantly, as revealed by a ACT value (*=SD) in
the treated samples of 15.72 (*=2.79) and of 14.72 (=0.99)
in the controls.

DISCUSSION

Our results show that exposing the developing cerebral
cortex in organotypic slice cultures to ethanol leads to an
induced neurite sprouting and an induction of glutamate
transporters EAAT1 and EAAT2 on the mRNA and pro-
tein level. We used organotypic slice cultures of newborn
rat cerebral cortex to investigate the effects of ethanol on
the developing brain as closely as possible and selected a
period of cortical development that corresponds to the last
trimester in human pregnancy (Dobbing and Sands, 1979).
This approach mimics maternal ethanol intoxication during
pregnancy and likely approximates the subsequent devel-
opment of FAS.

The finding of induced glutamate transporter expression
is functionally in concert with previous results obtained
with newborn rat astroglial cell cultures (Smith, 1997;
Smith and Zsigo, 1996). In these studies, induced trans-
membrane transport of glutamate has been described, but
with Western blotting analysis, no evidence for increased
transporter protein expression could be obtained. How-
ever, our investigations showed transcriptional and trans-
lational induction of EAAT1 and EAAT?.

This finding raises an important question: how does
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Fig. 2. Semiquantitative RT-PCR of the glutamate transporters EAAT1 (A and B) and EAAT2 (C and D) as evaluated by RT-PCR comparing organotypic cortical slices
after ethanol treatment (100 mM for 4 days; n = 4) with untreated control slices (n = 4). Specific expression was determined in relation to the expression of the
housekeeping gene glycerol aldehyde phosphate dehydrogenase (GAPDH). Typical paired results are documented (B and D). Significant induction was observed for
both glutamate transporters (EAAT1: +31%, p = 0.029; EAAT2: +251%, p = 0.015).
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Fig. 3. Western blot analysis of the glutamate transporters EAAT1 (A and B) and EAAT2 (C and D); crude lysates of organotypic cortical slices were treated with
100 mM ethanol for 8 days (n = 6) or served as untreated controls (n = 6). Typical examples of bands are depicted (B and D). Significant induction of both EAAT1

(+76%; p = 0.008) and EAAT2 (+104%; p = 0.002) was found.

exposure to ethanol induce the expression of EAAT1 and
EAAT?2 in organotypic slice cultures, but not in astrocytic
cultures? One possible explanation for pronounced expres-
sion of glial glutamate transporters could be that ethanol
modifies the cellular composition of the cultured slice by

means of induced neuronal cell death, leading to a domi-
nance of glial cells and glial cell markers such as the
glutamate transporters EAAT1 and EAAT2. However, this
seems to be unlikely because neurite outgrowth as a marker
of vital neurons seemed to be stimulated in the ethanol-
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treated dishes. With respect to the regulatory mechanism, it
is important to note that in organotypic tissue culture sys-
tems different cell types and cell/cell contacts between
neuronal and glial cells are preserved and allow mutual
stimulation with diffusible factors. Potentially neurotoxic
levels of ethanol (250 mM) do not exert the described
effects. A candidate effector gene of this stimulation could
be the neuropeptide PACAP, because it is known to
strongly induce EAAT expression (Figiel and Engele,
2000). We therefore assessed the expression of PACAP
with a real-time RT-PCR approach and did not find signif-
icant differences in ACT values. Alternatively, changed
expression or sensitivity of the PACAP receptors or other
neuronal stimuli may be further candidates for the mech-
anism of action. Further suggestions about the regulatory
mechanisms have to consider the complex effects of etha-
nol on glutamate receptors with important consequences
for the development of hyperexcitability during ethanol
withdrawal (Faingold et al., 2000; Harris et al., 2003;
Thomas and Morrisett, 2000). In this context, induced glu-
tamate transporter expression leading to an augmented
uptake of glutamate from the synaptic cleft and reduced
availability of glutamate could conceivably provide a form
of neuroprotective adaptation.

In contrast, during critical stages of brain development,
enhanced expression of EAAT1 and EAAT?2 can be inter-
preted as a maladaptive process that is involved in the
etiology of FAS. Reduced levels of glutamate might not
only reduce the synaptic activity of this main excitatory
neurotransmitter, but also lead to an imbalanced guidance
of neurons, because glutamate serves as a diffusible regu-
lator of cell migration (Behar et al., 1999).

Admittedly, complex human pathology such as FAS can-
not be completely mimicked in vitro. Nevertheless, current
models of FAS pathogenesis state a blockade of NMDA-
mediated neurotransmission and an excessive activation of
GABA, receptors (Olney, 2004). Our results fit the con-
cept of reduced glutamatergic neurotransmission, because
induced glutamate transporter expression can result in in-
duced glutamate cleavage. However, these findings cannot
easily be generalized to other species, developmental
states, or brain regions; they are limited to the period of
terminal differentiation of the rat cerebral cortex as mon-
itored by a tissue culture approach. Data of reduced or
unchanged glutamate transport, after alcohol exposure in
adult animals or in ethanol-preferring animals (Devaud,
2001; Schreiber and Freund, 2000; Spanagel et al., unpub-
lished data, 2004), should not be a surprise, because neu-
ronal plasticity is often reduced in a completely developed
animal. We concentrated on glutamate transporter expres-
sion and did not assess the glutamate transport function-
ally, because reports about cell culture approaches consis-
tently describe induced transport as measured by
radioactively labeled uptake assays. Other limitations of
our study are that changes of mRNA stability and post-
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translational modifications may exert additional effects on
transcription and function of glutamate transporters.

In conclusion, ethanol induces EAAT1 and EAAT2 ex-
pression on the transcriptional and translational level in
organotypic cortical slice cultures. This effect is significant
for the terminal differentiation of the cerebral cortex with
respect to the availability of glutamate and for the molec-
ular correlates of FAS.
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