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Abstract

Ž .The effects of ethanol on cerebellar granule cell death were examined in cultures maintained for either 5 days in vitro immature or 8
Ž . Ž .and 12 days in vitro mature . Ethanol did not alter cell survival under the usual growth conditions i.e., 10% serum and 25 mM KCl .

However, in mature cultures ethanol enhanced apoptosis induced by either serum withdrawal or incubation in non-depolarizing media. In
immature cultures, serum deprivation, but not non-depolarizing media, resulted in granule cell death that was enhanced by ethanol. Serum

Ž .removal increased both cleavage of the caspase-specific substrate N-acetyl-Asp-Glu-Val-Asp-7 amino-4-methylcoumarin Ac-DEVD-amc
and the amount of active caspase-3. Inclusion of ethanol during the serum deprivation augmented Ac-DEVD-amc cleavage without
further increasing the amount of active caspase-3. This study demonstrates that when neurotrophic factors are limiting, ethanol is toxic to
cerebellar granule cells regardless of maturation status. The ability of ethanol to promote apoptosis involves an increase in caspase
activity, but this does not entail an increase in the proteolytic activation of caspase-3. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

During normal development numerous neurons in the
Ž .central nervous system CNS are lost through apoptosis

that is regulated, at least in part, by the level of afferent
Žinput and the amount of neurotrophic factor support Op-

.penheim, 1991; Linden, 1994 . In vivo cerebellar granule
cell survival appears to depend upon innervation by glu-
taminergic mossy fibers and the presence of the target

ŽPurkinje neurons Rakic and Sidman, 1973; Chen and
.Hillman, 1989 . Similarly, during the first week in culture

cerebellar granule cells acquire the characteristics of ma-
ture neurons and become dependent upon the presence of
depolarizing concentrations of KCl or N-methyl-D-aspar-

Ž .tate NMDA which presumably mimic the afferent input
Ž .of the glutaminergic mossy fibers Burgoyne et al., 1993 .

In the absence of elevated KCl or NMDA, mature granule
Žcells undergo apoptotic cell death D’Mello et al., 1993;

.Yan et al., 1994 . Likewise, removal of serum also results
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Žin cerebellar granule cells undergoing apoptosis Atabay et
.al., 1996; Miller and Johnson, 1996 . However, the kinet-

ics and extent of the cell death differ after removal of
Ž .serum or reducing KCl Miller and Johnson, 1996 sug-

gesting the possible involvement of different mechanisms.
Exposure to ethanol during development also causes a

well-characterized decrease in the number of both cerebel-
Žlar granule cells and Purkinje neurons Bauer-Moffett and

Altman, 1977; Hamre and West, 1993; Napper and West,
.1995 . This neurotoxicity, however, is only manifested

when the ethanol exposure occurs at specific developmen-
Ž . Žtal times i.e., there are windows of vulnerability Hamre

.and West, 1993 . Addition of ethanol to freshly isolated
cerebellar cell cultures was reported to increase cell loss
Ž .Pantazis et al., 1993; Luo et al., 1997 . However, with
continued time in culture, the vulnerability of the granule
cells to the neurotoxic action of ethanol was reported to
diminish. Thus, in 7–8-day-old cultures a 24-h treatment
with ethanol was reported not to alter granule cell survival
ŽPantazis et al., 1993; Castoldi et al., 1998; Zhang et al.,

.1998 . In the neuronal-like PC 12 cell line, ethanol alone
did not alter cell viability, but rather ethanol induced

Žapoptosis in the presence of permissive conditions Ob-
.erdoerster et al., 1998 . Similarly, when granule cell cul-
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tures were incubated under non-depolarizing conditions,
ethanol was reported to enhance granule cell death by

Žincreasing apoptosis Wegelius and Korpi, 1995; Bhave
.and Hoffman, 1997 . In contrast, others failed to observe

an ethanol-mediated increase in granule cell death under
Žnon-depolarizing conditions Castoldi et al., 1998; Zhang

.et al., 1998 . Numerous methodological differences, how-
ever, exist amongst the few studies investigating the neuro-
toxic effects of ethanol on granule cells.

The present study was undertaken to investigate the
neurotoxic action of ethanol on cerebellar granule cells.
The effects of ethanol were systematically studied under

Žthe usual growth conditions i.e., 10% serumq25 mM
. ŽKCl , under non-depolarizing conditions i.e., 10% serum

.q5 mM KCl which mimics the absence of the afferent
input from the mossy fibers, and under depolarizing

Ž .serum-free conditions i.e., 0% serumq25 mM KCl
which mimics the lack of neurotrophic factor support.
Because mature and immature granule cells display differ-

Žences including opposite responses to lithium D’Mello et
. Žal., 1994 and inhibitors of protein synthesis Kharlamov et
.al., 1995 , the effects of ethanol were examined in both

mature and immature granule cells. Finally the molecular
mechanisms responsible for the neurotoxic actions of
ethanol were investigated.

2. Materials and methods

2.1. Materials

Cell culture media and agarose was purchased from
Ž .Gibco BRL Grand Island, NY . Fetal calf serum was

Ž .purchased from HyClone Laboratories Logan, UT . The
Ž .ethidium homodimer and 3- 4,5-dimethylthiazol-2-yl -
Ž .2,5-diphenyltetrazolium bromide MTT were purchased

Ž .from Molecular Probes Eugene, OR . Proteinase K was
Ž .purchased from Fisher Biotech Fair Lawn, NJ and RNase
Ž .A from Boehringer-Mannheim Indianapolis, IN . For cas-

pase activity assays, the N-acetyl-Asp-Glu-Val-Asp-7-
Ž .amino-4-methylcoumarin Ac-DEVD-amc was purchased
Ž .from Bachem Bioscience King of Prussia, PA and the

Ž .N-acetyl-Asp-Glu-Val-Asp-aldehyde Ac-DEVD-CHO
Ž .from Calbiochem La Jolla, CA . For immunoblots, anti-

Ž .caspase-3 immunoglobin G IgG was purchased from
Ž .Upstate Biotechnology Lake Placid, NY . Secondary anti-

Ž125 .body I-labeled goat anti-rabbit IgG was purchased
Ž .from NEN Life Science Products Boston, MA . All other

chemicals were purchased from common commercial sup-
pliers.

2.2. Tissue culture

Primary rat cerebellar granule cell cultures were estab-
Ž .lished as described by Edelman et al. 1992 . Briefly, the

cerebella from 7-day-old rats were incubated in Dulbecco’s

Ž .modified Eagle medium DMEM containing 0.1% trypsin
and 0.2% deoxyribonuclease and then filtered through a
150-mm nylon mesh. Cells were pre-plated in a T-flask
coated with 50 mgrml poly-L-lysine for 15 min at 378C to
remove astrocytes and the medium was filtered sequen-
tially through 85- and 25-mm nylon mesh. The cells in
DMEM supplemented with 10% fetal calf serum, 50 mM
glucose, 24.5 mM KCl, 1 mgrml para-aminobenzoic acid
Ž .complete DMEM were plated at a density of 0.08 cere-
bellumrcm2 onto culture dishes coated with 500 mgrml
poly-L-lysine and were maintained at 378C in a humidified
atmosphere containing 95% air–5% CO . On days 1 and 52

after isolation, the cells were treated with 10 mM cytosine
arabinoside for 24 h to remove any proliferating cells.
Subsequently, medium was changed every 3 days. For
experiments, granule cells were rinsed once with DMEM

Žand the appropriate experimental conditions added i.e.,
complete DMEM; low KCl: 10% serum, 5 mM KCl;

.serum deprivation: no serum, 25 mM KCl . Ethanol expo-
sure was carried out by including ethanol in the media and
incubating the plates at 378C in plastic desiccators contain-
ing an atmosphere of 95% air, 5% CO that was saturated2

with the appropriate concentration of ethanol. This system
has been shown to result in an approximate 20% loss of

Ž .ethanol from the medium after 2 days Rabin, 1988 .

2.3. Determination of total cell number

The number of granule cellsrwell was quantified by
incubating the cells for 5 min in 0.1 M acetic acid contain-
ing 0.1 mgrml Cresyl violet and counting the number of
stained nuclei using a hemocytometer. As an additional
measure of total cell number, sister cultures were incu-

Ž .bated for 25 min in phosphate-buffered saline PBS con-
taining 0.1% Triton X-100 to disrupt the cell membranes
and 3 mgrml of the DNA-binding fluorophore ethidium
homodimer. Ethidium fluorescence was measured using a

Žfluorescent plate reader 485 nm excitation, 645 nm emis-
.sion . Examination of cultures by fluorescence microscopy

revealed that 100% of the cells were labeled with ethidium
after the treatment with Triton X-100.

2.4. EÕaluation of cell Õiability using MTT

The tetrazolium salt MTT is cleaved to a formazan only
Žby cells containing functional mitochondria Mosmann,

.1983 , and thus MTT reduction especially in non-pro-
liferating cells, such as cerebellar granule cell cultures, is

Žan indicator of cell viability Ankarcrona et al., 1995;
.Harada and Sugimoto, 1997 . Granule cells were incubated

in PBS containing 4 mgrml of the cell-permeable DNA-
binding fluorophore Hoechst-33342 and 100 mgrml MTT.
The total DNA content was measured immediately using a

Žfluorescent plate reader 356 nm excitation, 458 nm emis-
.sion and salmon sperm DNA as a standard as previously

Ž .described Labarca and Paigen, 1980 . After a 40-min
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incubation at 378C, the PBS was removed from the wells,
and the reduced MTT was extracted in dimethyl sulfoxide
Ž .DMSO . The optical density of the MTT was then deter-

Ž .mined 490 nm minus 630 nm as previously described
Ž .Balazs et al., 1988; Harada and Sugimoto, 1997 .´

2.5. EÕaluation of cell death using ethidium homodimer

Granule cells were incubated at 378C for 1 h in PBS
containing 3 mgrml of the cell-impermeable DNA-binding
fluorophore ethidium homodimer. Ethidium fluorescence

Žwas measured using a fluorescent plate reader 485 nm
.excitation, 645 nm emission .

2.6. EÕaluation of internucleosomal DNA cleaÕage

DNA laddering was evaluated using the method of
Ž .Oberdoerster et al. 1998 . Briefly, granule cells were

removed in 1 vol. Hanks’ buffered salt solution and stored
at y208C for 24 h in 5 vol. 70% ethanol. After removal of
the ethanol, cell pellets were incubated for 40 min at room

Žtemperature in phosphate–citrate buffer 192 mM
.Na HPO , 4 mM citric acid, pH 7.8 . The 1000=g2 4

supernatant was incubated for 30 min at 378C with 0.03%
Nonidet NP-40 and 0.4 mgrml RNase A, and then incu-
bated for an additional 30 min at 378C in the presence of
0.4 mgrml Proteinase K. Samples then were elec-
trophoresed on a 2% agarose gel using a running buffer
Ž .89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3
containing 0.5 mgrml ethidium bromide. The cumulative

Žfluorescence intensity of each of the lower bands i.e.,
.intensity of the rungs of DNA ladder was measured using

a Bio-Rad Molecular Imaging system.

2.7. Caspase actiÕity assay

Ž .Granule cells 1.5 cerebellum were removed from the
Žculture plate in lysis buffer 25 mM Hepes, 1 mM EGTA,

5 mM EDTA, 5 mM MgCl , 5 mM dithiothreitol, 0.01%2
wŽ . x3- 3-cholamidopropyl dimethyl-ammonio -1-propane-

Ž .sulfonate CHAPS , 10 mgrml pepstatin, 10 mgrml leu-
.peptin, 1 mM phenylmethylsulfonylfluoride, pH 7.4 . After

a 20-min incubation on ice, an aliquot of lysate was
removed for determination of cellular protein and the
remaining lysate was centrifuged at 16,000=g for 30
min. The resulting supernatant was combined with 2 vol.

Žassay buffer 25 mM HEPES, 10 mM dithiothreitol, 15%
.sucrose, 0.15% CHAPS, pH 7.5 containing the caspase

Ž .substrate Ac-DEVD-amc 100 mM , and caspase activity
was determined by measuring the rate of coumarin libera-
tion. Readings were taken every 4 min for 60 min using a

Žfluorescent plate reader 360 nm excitation and 460 nm
.emission to confirm that the liberation of coumarin was

Ž 2 .linear r ranged from 0.989 to 1.0 . Non-specific Ac-

DEVD-amc cleavage, which was measured in the presence
2.5 mM Ac-DEVD-CHO, was 9.4"1.7% of total Ac-
DEVD-amc cleavage. The rate of caspase activity was

wŽ . Žexpressed as fluorescencermin y fluorescencermin in
.xthe presence of Ac-DEVD-CHO rmg protein.

2.8. Immunoblot analysis

Immunoblot analysis was carried out using a modifica-
Ž .tion of our previously described method Rabin, 1993 .

Cells were removed from the tissue culture plates in 25
mM HEPES, 1 mM EGTA, 5 mM EDTA, 5 mM MgCl ,2

5 mM dithiothreitol, 1% Triton X-100, 10 mgrml pep-
statin, 10 mgrml leupeptin, 1 mM phenylmethylsulfonyl-

Ž .fluoride pH 7.5 and incubated on ice for 20 min. Cell
lysate was resolved on a 12.5% polyacrylamide–sodium
dodecyl sulfate gel following the method of Laemmli
Ž . Ž1970 and the proteins electrically transferred 100 V, 90

. Ž .min, 48C to Immobilon-P Millipore, Bedford, MA . The
membranes were incubated overnight at 48C with 4%
non-fat dry milk in PBS to block non-specific binding and
then incubated for 2 h at room temperature in PBS contain-
ing 3% non-fat dry milk and anti-caspase-3 antibody
Ž .1:1000 . After extensive washing in PBS, the membranes
were incubated for 1 h at room temperature in PBS
containing 3% non-fat dry milk and the secondary 125I goat

Ž .anti-rabbit IgG 1 mCi . Blots were then extensively washed
in PBS containing 0.1% Tween-20 and analyzed using a

Ž .Bio-Rad Phosphor Imager Bio-Rad Lab., Hercules, CA .

2.9. Total cell protein

For the determination of total cellular protein, cells
were incubated in 0.1 N NaOH, and protein content mea-
sured using the colorimetric Bio-Rad protein dye binding

Ž .procedure with bovine serum albumin fraction V as a
standard.

2.10. Statistical analysis

Initial statistical analysis revealed that data for some
studies did not pass the test for normality or homogeneity
of variance with a equal to 0.05 and also showed signifi-
cant skewness and kurtosis. Because all the data did not
appear to be drawn from a normally distributed population,
non-parametric methods, which do not assume any specific
distribution, were used for the statistical analysis. The data
were analyzed using the Friedman repeated measures anal-
ysis of variance on ranks and the post-hoc Student–New-
man–Keuls pairwise comparison procedure using Sigma-

Ž .Stat software Jandel Scientific, San Rafael, CA . Only the
a priori comparisons of KCl reduction vs. complete
DMEM, serum deprivation vs. complete DMEM, and the
effect of ethanol on these conditions are shown. Results



( )J. Oberdoerster, R.A. RabinrEuropean Journal of Pharmacology 385 1999 273–282276

Fig. 1. Decrease in granule cell number during the first week in vitro. Cells were maintained in the presence of complete media containing 25 mM KCl and
10% fetal calf serum for up to 12 days. Left: At 1, 5, 7, 9 and 12 days in vitro the number of cells in duplicate wells of a 24-well plate was counted using a
hemocytometer. Right: Sister cultures were treated with 0.1% Triton X-100, and total amount of cells determined using the DNA-binding probe ethidium

Ž .homodimer. Data are expressed as number of cellsrwell or as fluorescencermg protein and are plotted as mean"S.E.M. Ns3–9 separate litters .
2 Ž . 2 Ž .Statistical analysis indicated a significant effect of time in culture: x s27.5 P-0.001 for the number of cellsrwell and x s11.5 P-0.05 for thew4x w4x

total amount of cells.

are presented as mean"S.E.M. as this is the usual con-
vention for reporting the variance in the data.

3. Results

The number of granule cellsrwell progressively de-
creased for the first week in culture after which a stable

Ž .population was obtained Fig. 1 . Similar results were
obtained when the total amount of granule cells was
determined by labeling all cells with ethidium homodimer
in the presence of 0.1% Triton X-100. Between 7 and 19
days in culture the viability of the granule cells was

Žconstant as indicated by the level of MTT reduction Fig.
.2 . The initial loss of cells is consistent with previous

Ž .reports Fields et al., 1982; Pantazis et al., 1993 and in the

Fig. 2. Granule cell viability remains constant during days 7–19 in vitro.
Cells were maintained in the presence of complete media containing 25
mM KCl and 10% fetal calf serum for up to 19 days. Viability was
determined by measuring cellular MTT reduction. Data are expressed as

Žreduced MTTrwell and are plotted as mean"S.E.M. Ns8 separate
.litters . Similar results were obtained when the data were normalized to

Ž .cellular DNA content data not shown .

present study probably reflects the trauma of isolation as
well as the treatment of the cultures with cytosine arabi-
noside.

Initially, granule cells can be maintained in the absence
of elevated Kq, but with continued time in culture the
granule cells develop a requirement for depolarizing con-

Ž .centrations of KCl i.e., 25 mM or NMDA to survive
Ž .Balazs et al., 1988; Copani et al., 1995 . This change has´
been suggested to represent a maturation of the granule

Žcells Burgoyne et al., 1993; D’Mello et al., 1994; Copani
.et al., 1995 . After 5 days in culture a 24-h exposure to

reduced extracellular KCl did not increase the amount of
Ž .ethidium-labeled cells Fig. 3 which is consistent with

classification of these granule cells as being immature. In

Fig. 3. Ethanol treatment increases the death of immature granule cells
after serum deprivation. Granule cells were maintained for 5 days in the
presence of complete media and then treated with 100 mM ethanol for 24
h in the absence of serum or in the presence of 5 mM KCl. Cell death
was determined using the DNA-binding fluorophore ethidium homod-
imer. Data are expressed as fluorescencermg protein and are plotted as
mean"S.E.M. A statistically significant difference was found amongst

Ž 2 . Ž .the groups x s30.5, P -0.0001 . a P -0.05 compared to cellsw5x
maintained in 10% serum and 25 mM KCl, U P -0.05 for the specific
effects of ethanol, Ns8 separate litters.
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Fig. 4. Ethanol treatment increases death of mature granule cell after serum deprivation and after reduction of extracellular KCl. Granule cells were
Ž .maintained for 8 days in the presence of complete media i.e., 25 mM KCl and 10% fetal calf serum and then treated for 24 h with 100 mM ethanol in

Ž .either the absence of serum or the presence of 5 mM KCl. Cell viability was assessed by measuring MTT reduction left panel and by labeling dead or
Ž .dying cells with the DNA-binding fluorophore ethidium homodimer right panel . Data are expressed as reduced MTTrmg DNA or fluorescencermg

2 Ž .protein and are plotted as mean"S.E.M. A statistically significant difference was observed amongst the groups: x s40.2 P-0.0001 for MTTw5x
2 Ž . Ž . Ureduction and x s72.3 P-0.0001 for ethidium labeling. a P-0.05 compared to cells maintained in complete media, P-0.05 for the specificw5x

effects of ethanol, Ns8–19 separate litters. Open bars: cultures incubated in the absence of ethanol. Cross-hatched bars: cultures incubated with 100 mM
ethanol.

these cultures removal of serum for 24 h significantly
increased cell death even though 25 mM KCl was present.
Inclusion of ethanol did not alter cellular viability of the
5-day-old cultures maintained in either complete media or
non-depolarizing media. However, the presence of 100
mM ethanol during the serum deprivation significantly
enhanced cell death as indicated by the further 2-fold
increase in the amount of ethidium-labeled granule cells
Ž .Fig. 3 .

After 8 days in culture, a 24-h incubation in media
containing serum and 5 mM KCl increased the amount of
ethidium-labeled cells while the amount of MTT reduction

Ž .was decreased Fig. 4 . This reduced cell viability in
response to non-depolarizing media indicates that the gran-
ule cells have undergone maturation. Even in the presence
of depolarizing conditions, removal of serum for 24 h also

Ž .caused a decrease in granule cell survival Fig. 4 . When
granule cells were maintained in complete media contain-
ing 25 mM KCl and 10% fetal calf serum, a 24 h incuba-
tion with 100 mM ethanol did not alter MTT reduction or

Ž .ethidium homodimer uptake Fig. 4 . However, inclusion
of ethanol during serum deprivation significantly reduced
survival of the granule cells as the amount of ethidium-
labeled cells was enhanced while the amount of MTT
reduction was decreased. Similarly, addition of ethanol
further reduced the viability of cultures maintained in 5

Ž . Ž .mM KCl. Ethanol 100 mM also significantly P-0.05
enhanced the death of granule cells exposed both to non-
depolarizing conditions and to serum withdrawal in cul-

Ž .tures maintained for 12 days in vitro data not shown .
Although changing the culture medium was reported to

cause granule cells to undergo excitotoxic cell death
Ž .Schramm et al., 1990 , the observed increased cell death
does not appear to be due simply to changing the culture
medium. When granule cell death was measured in 8-day-

old cultures using ethidium homodimer uptake, changing
the medium had no effect on cell viability; 24 h after
exposure to fresh media, ethidium labeling was 361"39
fluorescent unitsrmg protein, while in sister cells main-
tained without media change labeling was 346"47 fluo-

Ž .rescent unitsrmg protein Ns3 . Further, between 6 and
19 days in vitro the granule cells in the present study
underwent five media changes without an apparent loss of

Ž .viability Fig. 2 .
The potentiation of granule cell death by ethanol does

not appear to be a generalized response to the combining
of multiple insults. Although granule cells exposed to 0.1
mM H O in the presence of complete media containing2 2

Fig. 5. Ethanol treatment does not enhance H O -induced granule cell2 2

death. Granule cells were maintained in culture for 8 days and then
treated for 30 min in the presence of complete media with 0.1 mM H O2 2

in the absence and presence of 100 mM ethanol. Cell death was deter-
mined using the DNA-binding fluorophore ethidium homodimer. Data are
expressed as fluorescencermg protein and are plotted as mean"S.E.M.
A statistically significant difference was observed amongst the groups
Ž 2 . U

x s6.5, P -0.05 . P -0.05 compared to untreated cells, Ns4w2x
separate litters.
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Fig. 6. Ethanol treatment increases internucleosomal DNA cleavage. After 8 days in culture, granule cells were treated with 100 mM ethanol for 24 h in the
Ž .absence of serum or in the presence of 5 mM KCl. A DNA was subjected to electrophoresis and visualized with ethidium bromide and UV

Ž .trans-illumination. Data are representative of gels from 10–14 separate litters. B The extent of DNA laddering was determined by summing the intensity
of the lower DNA bands in each lane of the gel. Data are expressed as arbitrary fluorescent unitsrdish and are plotted as mean"S.E.M. A statistically

2 Ž .significant effect between the groups was observed: x s19.1 P-0.001 for the specific comparison of ethanol treatment and the reduction ofw3x
2 Ž . Ž .extracellular KCl; x s15.0 P-0.002 for the specific comparison of ethanol treatment and serum deprivation. a P-0.05 compared to cellsw3x

maintained in 10% serum and 25 mM KCl, U P-0.05 for the effects of ethanol, Ns6–8 separate litters.

25 mM KCl and 10% fetal calf serum displayed a signifi-
cant increase in cell death, inclusion of 100 mM ethanol

Ž .did not further enhance granule cell death. Fig. 5 . This
concentration of H O was not maximal as treatment with2 2

0.5 mM H O enhanced the cell death an additional 60%2 2
Ž .data not shown .

In agreement with previous reports that reducing the
extracellular KCl concentration induces granule cells to

Fig. 7. The ethanol-mediated increase in cell death after serum deprivation does not involve NMDA. Granule cells were maintained in complete media for
5 or 8 days and then treated for 24 h with 100 mM ethanol and 100 mM NMDA in the absence of serum but in the presence of 25 mM KCl. Cell death was
determined using the DNA-binding fluorophore ethidium homodimer. Data are expressed as fluorescencermg protein and are plotted as mean"S.E.M. A

Ž 2 . Ž 2 . Ž .statistically significant effect was found in both DIV 5 cultures x s48.7, P-0.0001 and DIV 8 cultures x s46.3, P-0.0001 . a P-0.05w7x w7x
Ž . Žcompared to untreated cells in complete media, b P-0.05 compared to cells deprived of serum in the absence of ethanol i.e., effect of ethanol on serum

. Udeprivation , P-0.05 for the specific effects of NMDA, Ns8 separate litters. Open bars: cultures not treated with NMDA. Striped bars: cultures treated
with 100 mM NMDA.
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Ž .undergo apoptosis D’Mello et al., 1993; Yan et al., 1994 ,
agarose gel electrophoresis of the granule cell DNA re-
vealed that treatment with low KCl resulted in the pres-
ence of DNA fragments with molecular weights in multi-

Ž . Ž .ples of 180–200 bp i.e., DNA ladder Fig. 6 . Similarly,
serum deprivation also caused the granule cells to undergo
apoptosis. Consistent with the observed ethanol-induced
increase in granule cell death, ethanol also significantly
enhanced the amount of internucleosomal DNA cleavage
both after serum deprivation and after incubation in 5 mM

Ž .KCl Fig. 6 .
Additional studies were undertaken to determine the

mechanism by which ethanol enhanced the apoptotic death
of the granule cells after serum withdrawal. Because in the
presence of non-depolarizing media ethanol-induced toxic-
ity involves antagonism of the trophic activity of NMDA
ŽWegelius and Korpi, 1995; Bhave and Hoffman, 1997;

.Castoldi et al., 1998 , the role of NMDA in the ethanol-
mediated increase in granule cell death in serum deprived
cultures was investigated. In both 5- and 8-day-old cultures
that were deprived of serum but depolarized with 25 mM
KCl, inclusion of 100 mM NMDA significantly increased

Ž .the amount of ethidium-labeled cells Fig. 7 . The increase
in cell death caused by inclusion of ethanol under these
conditions was not antagonized by the presence of NMDA.
Ethanol, however, appeared to block the ability of NMDA
to further increase cell death which is in agreement with

Ž .other studies Lustig et al., 1992; Chandler et al., 1993 .
The proteolytic activation of caspases, a family of

cysteine-containing proteases that cleave after an aspartic
acid residue, is an integral step in the apoptotic pathway
Ž .Cohen, 1997; Thornberry and Lazebnik, 1998 . Possible
activation of caspases during ethanol-induced apoptosis
was determined by measuring cleavage of the caspase-

Fig. 8. Ethanol treatment of cerebellar granule cells increases Ac-DEVD-
amc cleavage. After 8 days in culture, cells were treated for 24 h with
100 mM ethanol in the presence of complete media containing 10% fetal
calf serum and 25 mM KCl or with media containing 25 mM KCl, but no
serum. The amount of Ac-DEVD-amc cleavage in granule cell lysates

Žwas determined using the tetrapeptide substrate Ac-DEVD-amc 100
.mM . The data are expressed as coumarin releaserminrmg protein and

Ž .are plotted as mean"S.E.M. a P -0.05 for the effect of serum
withdrawal, U P -0.05 for the specific effect of ethanol, Ns7.

Fig. 9. Ethanol treatment does not increase the amount of active caspase-3
in cerebellar granule cells. After 8 days in culture granule cells were
treated for 24 h with 100 mM ethanol in the presence of complete media
containing 10% fetal calf serum and 25 mM KCl or with media contain-

Ž .ing 25 mM KCl, but no serum. The amounts of pro-caspase-3 32 kDa
Ž .and active caspase-3 17 kDa were determined by immunoblot analysis.

Immunoblot is representative of the results from four separate experi-
ments. Data are expressed as arbitrary units and are plotted as mean"

S.E.M, U P -0.05 for the specific effect of serum withdrawal, Ns4.

specific substrate Ac-DEVD-amc. Lysates from granule
cells deprived of serum exhibited a 90% increase in Ac-

Ž .DEVD-amc cleavage Fig. 8 . This Ac-DEVD-amc cleav-
age activity was further enhanced 2.2-fold by inclusion of
100 mM ethanol during the serum deprivation. The in-
creased Ac-DEVD-amc cleavage activity was not due to a
direct effect of ethanol on the caspases, as the in vitro
inclusion of 100 mM ethanol during the caspase assay did

Ž .not alter Ac-DEVD-amc cleavage data not shown . Im-
munoblot analysis of granule cell lysates revealed that
serum removal resulted in a significant increase in the

Ž . Žamount of the active i.e., 17 kDa form of caspase-3 Fig.
.9 . Ethanol treatment of serum deprived granule cells,

however, did not further increase the amount of active
caspase-3.

4. Discussion

In rodents, a blood alcohol concentration of 100 mM or
less during postnatal development results in a loss of

Žcerebellar granule cells Bauer-Moffett and Altman, 1977;
.Hamre and West, 1993; Napper and West, 1995 . The

mechanisms responsible for this neuronal loss are unclear.
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Ethanol alone does not appear to have a direct neurotoxic
action on cerebellar granule cells as a 24 h exposure to
ethanol did not alter viability of granule cells cultured
under the usual maintenance conditions. The lack of neuro-
toxicity was not due to the maturation status of the cells as

Ž . Žneither immature 5 days in vitro nor mature 8 and 12
.days in vitro cerebellar granule cells were affected by the

ethanol. These findings are in agreement with the report of
Žothers Pantazis et al., 1993; Castoldi et al., 1998; Zhang et
.al., 1998 . Although ethanol alone was reported to signifi-

cantly decrease the number of cerebellar granule cells in
culture, these results were obtained with cells after 1 day
in culture and this vulnerability diminished with time in

Ž .culture Pantazis et al., 1993; Luo et al., 1997 . Because
significant granule cell loss occurs for the first several

Ždays in culture Fields et al., 1982; Pantazis et al., 1993;
.present study , the observed effects of ethanol in freshly

isolated cultures may have involved an inhibition of the
repair of cells damaged during the isolation.

Although under the usual maintenance conditions
ethanol by itself did not alter granule cell viability, ethanol
significantly increased the amount of cell death caused by
serum withdrawal or by non-depolarizing conditions. The
former condition could be considered to mimic the loss of
neurotrophic support, whereas the latter mimics the ab-
sence of the afferent input from the glutaminergic mossy

Ž .fibers D’Mello et al., 1993; Yan et al., 1994 ; both
Žconditions are required for neuronal survival Oppenheim,

.1991; Linden, 1994 . The ethanol-induced increase in
granule cell death involves an enhancement in the amount
of apoptosis as ethanol increased the amount of DNA
laddering. Similarly, ethanol caused a concentration-de-
pendent increase in apoptosis in the neuron-like PC12 cell
Ž .Oberdoerster et al., 1998 . Although the enhancement in
cell death by ethanol after reducing the KCl concentration
was observed only with mature cultures, the ethanol-in-
duced increase in apoptotic granule cell death after serum
withdrawal was independent of maturation status. Further,
the observed increase in granule cell death after serum
deprivation or reducing KCl concentration does not repre-
sent a generalized response to imposing multiple insults on
the granule cells. Rather, the effects of ethanol on granule
cell viability appear to display some specificity as ethanol
did not alter free radical-induced death. Because under the

Žconditions used H O does not induce apoptosis Ob-2 2
.erdoerster et al., 1998 , it would appear that ethanol can

enhance apoptotic, but not necrotic, granule cell death.
The ethanol-induced enhancement in granule cell death

in the presence of non-depolarizing media is in agreement
Ž .with the findings of Wegelius and Korpi 1995 and Bhave

Ž .and Hoffman 1997 . Conversely, addition of ethanol was
reported not to alter granule cell survival in non-depolarz-

Ž .ing, serum-free media Zhang et al., 1998 or in granule
cells incubated with 5 mM KCl in the presence of condi-

Ž .tioned media Castoldi et al., 1998 . The reason for this
discrepancy is unclear, but maybe related to the small

sample size used in the latter two studies. Furthermore, in
Ž .the study by Zhang et al. 1998 the effects of ethanol were

determined using serum-free media containing 5 mM KCl
which alone resulted in a low percentage of viable granule
cells that may have precluded observing any further de-
crease with ethanol.

In vivo the severity of the neuronal loss after ethanol
exposure appears to be a function of the pattern and
amount of alcohol consumed as well as the developmental
timing of the drinking episodes. Results with primary
neuronal cultures indicate that ethanol alone does not exert
a direct neurotoxic action on the cerebellar granule cells,

Žbut rather permissive conditions e.g., limiting amounts of
.neurotrophic factors, absence of depolarizating input are

required for the neurotoxicity to be manifested. This neces-
sity for permissive conditions would explain why ethanol
is neurotoxic only at specific times. Thus, the present in
vitro results would suggest that an in vivo window of
vulnerability to ethanol would occur when the alcohol was
present during periods of normal programmed cell death.
For rat cerebellar granule cells a window of vulnerability

Žto ethanol occurs around postnatal days 4–5 Hamre and
.West, 1993 . This is also approximately the time when

apoptosis was shown to occur in the external germinal
layer and the internal granule layer of the normally devel-

Ž .oping mouse cerebellum Wood et al., 1993 .
The ethanol-induced increase in death of granule cells

incubated with non-depolarizing KCl was suggested to
involve an inhibition of the trophic action of endogenous

Žglutamate at the NMDA receptor Wegelius and Korpi,
.1995; Bhave and Hoffman, 1997 . A similar mechanism,

however, cannot account for the ethanol-induced increase
in granule cell apoptosis after serum withdrawal. In agree-

Žment with other reports Cox et al., 1990; Resink et al.,
.1994 NMDA did not exert a trophic action in the presence

of serum-free depolarizing media, but rather NMDA in-
creased granule cell death under these condition. This
increase in cell death is probable due to an excessive
increase in intracellular Ca2q caused by the stimulation of
both the NMDA receptor and voltage-dependent Ca2q

channels. Furthermore, addition of NMDA did not prevent
the ethanol-induced increase in granule cell death. Because
the amounts of ethidium-labeled cells in the presence of
ethanol and ethanolqNMDA were comparable, ethanol
appears to be antagonizing the effects of NMDA which is

Ž .consistent with the literature see Lovinger 1993 .
Caspases, a family of cysteine-containing proteases, are

Žintegral parts of the apoptotic pathway Cohen, 1997;
.Thornberry and Lazebnik, 1998 . The caspases exist as

inactive zymogens and are activated by proteolytic cleav-
age. Granule cell death induced by the withdrawal of both
KCl and serum was reported to involve the caspases
ŽArmstrong et al., 1997; Eldadah et al., 1997; D’Mello et

.al., 1998 . In the present study the 24 h incubation in
serum-free depolarizing media increased cleavage of the
caspase-specific substrate, Ac-DEVD-amc, indicating cas-



( )J. Oberdoerster, R.A. RabinrEuropean Journal of Pharmacology 385 1999 273–282 281

Ž .pase activation. Although Eldadah et al. 1997 did not
observe an increase in Ac-DEVD-amc cleavage activity in
granule cells exposed to depolarizing serum-free medium,

Ž .a shorter treatment period 12 vs. 24 h in the present study
was used. Caspase-3 is highly expressed in the CNS,
displays high affinity for the substrate Ac-DEVD-amc, and
has been implicated in both developmental programmed
cell death as well as apoptosis induced by removal of

Žneurotrophic support Kuida et al., 1996; Stefanis et al.,
.1996; Keane et al., 1997; Thornberry et al., 1997 . In the

present study an increase in the amount of the active form
of caspase-3 accompanied the enhanced Ac-DEVD-amc
cleavage observed after serum deprivation. Conversely,

Ž .D’Mello et al. 1998 did not observe an increase in the
amount of active caspase-3 in granule cells incubated for 8
h in serum-free, non-depolarizing medium. The reason for
this discrepancy is unclear, but may be related to the
differences in the experimental protocols.

The ethanol-induced increase in granule cell death after
serum withdrawal was associated with a further enhance-
ment in Ac-DEVD-amc cleavage activity. This increased
enzymatic activity was not due to a direct effect of ethanol
on the caspases as inclusion of ethanol in the in vitro assay
was without effect. In contrast to the increase in Ac-
DEVD-amc cleavage activity, inclusion of ethanol during
the serum deprivation did not cause a further increase in
the amount of active caspase-3. A similar result was found

Žin PC 12 cells J. Oberdoerster and R.A. Rabin, unpub-
.lished . Because the substrate Ac-DEVD-amc can be

Žcleaved by caspase-2, 3, 6, 7, 8, and 9 Thornberry et al.
.1997 , one possible explanation is that ethanol was activat-

ing another caspase with affinity for Ac-DEVD-amc. Cas-
pase-2 is also highly expressed in the nervous system
Ž .Kumar et al., 1994 , but this caspase is not processed to
its active form by treatment of cerebellar granule cells with

Ž .non-depolarizing serum-free media D’Mello et al., 1998 .
In addition, ethanol did not alter the amount of active

Žcaspase-2 in PC 12 cells J. Oberdoerster and R.A. Rabin,
.unpublished . Because the caspase inhibitor Ac-DEVD-

CHO blocks the activity of the ethanol-induced caspase
Ž .see Materials and methods and caspase-6 is insensitive to

Ž .Ac-DEVD-CHO Srinivasula et al., 1996 , this caspase
does not appear to have been activated by ethanol. Cas-
pase-7, which has lowest expression in the nervous system,
is typically associated with the mitochondrial fraction
Ž .Cohen, 1997; Chandler et al., 1998 . In the present study,
the mitochondrial fraction would have been eliminated
during the preparation of cell lysates for the caspase assay,
and thus it appears unlikely that caspase-7 is the ethanol-
activated caspase. Further as caspase-3 is cleaved to its

Žactive form by caspase-8 and -9 Li et al., 1997; Stennicke
.et al., 1998 , and no ethanol-mediated change in caspase-3

processing was observed, it is unlikely that these two
Ac-DEVD-amc cleaving caspases were activated by
ethanol. Thus, it appears unlikely that caspase-2, 6, 7, 8, or
9 were activated by ethanol. Although speculative it would

appear that rather than increasing the proteolytic process-
ing of the caspases, ethanol may be increasing caspase
activity secondary to an action on a modulator such as the

Ž .inhibitor of apoptosis proteins IAPs . Additional studies
are underway to elucidate the mechanism by which ethanol
increases Ac-DEVD-amc cleavage activity.
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