
The high incidence of smoking among alcoholics
may be partially due to nicotine's ability to counter-
act some of the adverse effects of ethanol on motor
coordination and/or cognitive functions. Neuropro-
tective effects of nicotine on ethanol-induced toxici-
ty in cerebellar granular cells have been observed.
In this study, we sought to determine whether simi-
lar protection is observed in neocortical cells and if
so, what  specific nicotinic receptor subtypes may be
mediating the actions of nicotine. Primary cultures
of neocortical cells were prepared from 20-day
embryos obtained from time-pregnant Sprague-
Dawley rats. Cells were cultured for 10 days and
were then exposed for 3 days to various concentra-
tions of ethanol with and without pretreatment with
nicotine and nicotinic antagonists. Cellular toxicity
was evaluated by measuring the lactate dehydroge-
nase level. Administration of ethanol (10-100 mM)
resulted in a dose-dependent toxicity. Pretreatment
with nicotine (5-20 µM) resulted in a dose-depend-
ent protection against ethanol-induced toxicity. The
effects of nicotine were blocked by pretreatment
with nicotinic antagonists such as mecamylamine (1-
20 µM), dihydro-beta-erythroidine (DHBE) (50 nM-
1.0 µM) and methyllycaconitine (MLA) (5 nM-1
µM) in a dose-dependent manner. Compared to pre-
vious studies, higher ethanol concentrations were
required to induce toxicity in neocortical vs cerebel-
lar granule cells. Moreover, the effects of nicotine in
the neocortical cells were blocked by lower concen-
trartions of MLA, but higher concentrations of
DHBE compared to cerebellar cells. Collectively, the
results suggest differential sensitivity of various neu-
ronal populations to the toxic effect of ethanol.
Furthermore, protective effects of nicotine against
alcohol in various regions appear to be mediated by
different nicotinic receptor subtypes. The neuropro-
tective effect of nicotine against ethanol-induced

toxicity may be a contributing factor to the high
incidence of smoking among alcoholics.

Keywords: Ethanol; Nicotine; Nicotinic Receptors; Cortex;
Primary Cell Culture; Neurotoxicity; Neuroprotection 

INTRODUCTION

It is well documented that the incidence of smoking is
very high among heavy drinkers (Kozlowski et al.,
1993; Shiffman and Balabanis, 1995; Daeppen et al.,
2000; Dawson, 2000; Romberger and Grant, 2004).
Simultaneous consumption of alcohol and tobacco
smoke can lead to synergistic morbidity in cancers of
the head, neck and esophagus (Olson et al., 1985;
Johnson and Jennison, 1992; Castellsague et al., 1999),
or gastric ulcers (Ko and Cho, 2000). Several factors
may contribute to concomitant use of alcohol and nico-
tine intake (smoking). These include genetic predispo-
sition, and/or additive rewarding or reinforcing effects
of alcohol and nicotine (True et al., 1999; Madden and
Heath, 2002; Tizabi et al., 2002; Butt et al., 2004; Rose
et al., 2004). In addition, nicotine's ability to counter-
act some of the adverse effects of ethanol may be a
powerful incentive for alcohol consumers to increase
their tobacco (nicotine) intake. For example, attenua-
tion  of alcohol-induced motor incoordination by nico-
tine (Dar et al., 1994) may be a desirable outcome of
smoking in alcoholics. Similarly, nicotine's reduction
of cognitive deficits manifested as a result of heavy
drinking may significantly contribute to the high inci-
dence of smoking in alcoholics (Gould and Lommock
2003; Rezvani and Levin, 2003).  

It was reported recently that ethanol-induced toxicity
in the cerebellar granular cells may be blocked by pre-
treatment with nicotine (Tizabi et al., 2003). Since
cerebellum is intimately involved in motor coordina-
tion, it was suggested that neuroprotective effects of
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nicotine on cerebellar cells may contribute to concomi-
tant use of alcohol and nicotine (Tizabi et al., 2003).
Cerebral cortex, on the other hand, is intimately
involved in cognitive processing. Thus, in this study,
we sought to determine whether nicotine may protect
against ethanol-induced toxicity in neocortical cells,
and if so, which nicotinic receptor subtypes may be
mediating the actions of nicotine. 

METHODS

Materials
Culture media, fetal bovine serum (FBS), fetal horse
serum (HS), newborn calf serum, 5-fluro-5-deoxyuri-
dine (Fudr), antibiotics, Dubecco's medium, mecamy-
lamine (M), nicotine (N), dihydro-beta-erythroidine
(DHBE) and methyllycaconitine (MLA) were pur-
chased from Sigma (St Louis, MO). Ethanol (E) 100%
(200 proof) was purchased from Warner Graham Co.
(Cockeysville, MD). CytoTox 96 cytotoxicity kit for
measurements of lactate dehydrogenase (LDH) was
purchased from Promega (Madison, WI).

Cell Cultures
Cerebral cortical cells were prepared from 18-20-day
embryos obtained from time-pregnant Sprague-
Dawley rats as described by Kawahara et al. (2001).
For each experiment, the fetus from one or two preg-
nant rats were utilized. Briefly, the embryos were
removed from the dams, their brain isolated, and the
entire cerebral cortex was dissected out under sterile
condition. Following removal of the meninges, the tis-
sue was placed in 0.15 unit/ml papain solution (PBS
containing 0.02% L-cystein, 0.02% bovine serum albu-
min, 0.5% glucose, 50 units/l Pent-Strep). The cells
were then mechanically dissociated and placed in cul-
ture medium (Dubecco's modified eagle medium sup-
plemented with 5% horse serum, 5% newborn calf
serum, and 1 mM sodium pyruvate). Cells were seeded
at 5 x 105 cells/well in 96-well microplates (100
µl/well) precoated with 10 µg/ml poly-L-lysine. The
plates were placed in a 37°C sealed incubator (5%
CO2). Three to five days later the cultures were treated
with 50 µM Fudr for 3 days to prevent glial mitosis.
During the remainder of the culture period, the medium
was changed twice weekly using the incubation buffer. 

Treatments
Similar treatments that were previously performed on
cerebellar granular cells (Tizabi et al., 2003), were con-
ducted here on  cortical cells in order to facilitate com-
parison between the two cell types.

Effects of Ethanol
On culture day 10 the medium was changed once
again, however, at this time no serum was present in
the medium. Cells were then exposed to various con-
centrations of ethanol (10-100 mM). Three days later,
the media was removed and the concentrations of
LDH, determinant of cell toxicity, were measured as
described below.

Effects of Nicotine and Ethanol
To evaluate the effects of nicotine pretreatment on
ethanol-induced toxicity, the same experiment as above
was repeated, except in this case, 5-15 min before
administration of ethanol (100 mM), the cells were
treated with various concentrations of nicotine (5-20
µM). Additional controls were obtained by treating var-
ious wells with nicotine only. Again, after three days
the concentration of LDH in the wells was determined.

Effects of Nicotinic Antagonists, Nicotine and
Ethanol
To determine whether the effects of nicotine were
mediated by nicotinic receptors, a series of experi-
ments as above were conducted, except in these cases,
5-15 min before administration of nicotine (20 µM) or
ethanol (100 mM), cells were treated with various con-
centrations of nicotinic antagonists: mecamylamine (1-
20 µM), DHBE (1.0 nM-1.0 µM) and MLA (5.0 nM-
5.0 µM). Mecamylamine is a non-competitive nicotinic
receptor antagonist that may block all nicotinic recep-
tors, whereas DHBE and MLA are competitive antago-
nists with selectivity for high (α4 or β2 containing) and
low affinity (e.g. α7 containing) nicotinic receptor sub-
types, respectively.  
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FIGURE 1   Effect of various concentrations of ethanol (E) on cel-
lular toxicity in primary culture of cortical cells. Values are mean
± SEM. n = 8/group. *P <0.05 vs control. **P <0.01 vs control.
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LDH Measurement
LDH activity released from the neuronal cells was
measured by a commercially available cytotoxicity
detection kit. Two controls were performed in each
experimental setup. The first was a background control
which provided information on LDH activity contained
in the fresh culture medium. The absorbance value
obtained in this control was subtracted from all other
values. The second control was measured as the LDH
released from the non-treated cells. This provided
information on spontaneous LDH release which was
used as control values in the figures. Total culture
medium were collected and centrifuged to remove con-
taminating cells and cellular debris. For the actual
assay, 50 µl aliquots of the media were transferred to a
fresh 96 well flat-bottom plate. To each well, 50 µl of
LDH assay reagent was added and the mixture was
incubated for 30 min at room temperature and the
absorbance of samples was measured at 490 nm
(Hajimohammadreza et al., 1995). 

Statistical Analysis
Each experiment was performed eight times and each
treatment condition was carried out in duplicate or trip-
licates. Data were analyzed by one-way analysis of
variance using the Sigma Plot software. When a main
significance was detected, Newman-Keuls post hoc
test was used to determine which groups differed. The
significance level was set, a priori, at p<0.05. 

RESULTS

Effects of Ethanol 
Figure 1 depicts the effects of various concentrations of

ethanol (10-100 mM) on primary culture of neocortical
cells. Exposure of the cells to ethanol for 3 days result-
ed in a dose-dependent toxicity as determined by LDH
levels. Maximum toxicity (approximately 33%) was
observed with the highest (100 mM) ethanol concen-
tration.

Effects of Nicotine on Ethanol-Induced Toxicity 
Figure 2 depicts the effects of pretreatment with vari-
ous concentrations of nicotine (5-20 µM) on ethanol-
induced cytotoxicity in primary culture of neocortical
cells. In this and subsequent studies, the highest
ethanol concentration (100 mM) that caused the high-
est toxicity was used. Exposure of the cells to nicotine
prior to ethanol, dose-dependently attenuated ethanol-
induced toxicity. The effects of ethanol were maximal-
ly blocked by 20 µM nicotine. Nicotine by itself, at
concentrations used, did not have any effect on cell via-
bility. Higher concentrations of nicotine (50 µM and
above), however, resulted in significant toxicity (data
not shown). 

Effects of Mecamylamine and Nicotine
Combination on Ethanol-Induced Toxicity
Figure 3 depicts the effects of pretreatment with vari-
ous concentrations of mecamylamine (1-20 µM) on
nicotine's inhibition of ethanol-induced cytotoxicity in
primary culture of neocortical cells. In this and subse-
quent studies, the highest effective dose of nicotine (20
µM) that blocked ethanol-induced toxicity was used.
Pretreatment of the cells with mecamylamine, dose-
dependently blocked the effects of nicotine. Total inhi-
bition of nicotine effect was achieved with 20 µM
mecamylamine. Mecamylamine, at concentrations
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FIGURE 2   Effect of pretreatment with various concentrations of
nicotine (NIC) on ethanol (E)-induced  toxicity in primary culture
of cortical cells. Ethanol concentration was maintained at 100 mM.
Values are mean ± SEM. n = 8/group. **P < 0.01 vs E.
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FIGURE 3   Effect of pretreatment with various concentrations of
mecamylamine (MEC) on nicotine (N) protection against ethanol
(E)-induced toxicity in primary culture of cortical cells. Ethanol
concentration was maintained at 100 mM and nicotine concentra-
tion was maintained at 20 µM. Values are mean ± SEM. n =
8/group. *P <0.05 vs N + E. **P <0.01 vs N + E.
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used, did not have any effect on cell viability by itself,
nor did it affect ethanol-induced toxicity (data not
shown). 

Effects of DHBE and Nicotine Combination on
Ethanol-Induced Toxicity
Figure 4 depicts the effects of pretreatment with vari-
ous concentrations of DHBE (1.0 nM-1.0 µM) on nico-
tine's inhibition of ethanol-induced cytotoxicity in pri-
mary culture of neocortical cells. Pretreatment of the
cells with DHBE dose-dependently blocked the effects
of nicotine. DHBE at 50 nM, reduced nicotine's effect
by 33%, and at 1.0 µM totally blocked nicotine's effect.
DHBE, at concentrations used, did not have any effect
on cell viability by itself, nor did it affect ethanol-
induced toxicity (data not shown).  

Effects of MLA and Nicotine Combination on
Ethanol-Induced Toxicity
Figure 5 depicts the effects of pretreatment with various
concentrations of MLA (5 nM-1.0 µM) on  nicotine's
inhibition of ethanol-induced cytotoxicity in primary
culture of neocortical cells. Pretreatment of the cells
with MLA dose-dependently blocked the effects of
nicotine. MLA at the lowest concentration (5 nM),
reduced nicotine's effect by approximately 34% ,and at
0.1 µM completely blocked nicotine's effect. MLA at
concentrations used, did not have any effect on cell via-
bility by itself, nor did it affect ethanol-induced toxicity
(data not shown).

DISCUSSION

The results of this study indicate that ethanol-induced

toxicity in cultured cerebral cortical cells can be atten-
uated by nicotine pretreatment. The effects of nicotine,
in turn, can be blocked by nicotinic antagonists. These
findings are similar to our previous findings in primary
cultures of cerebellar granule cells (Tizabi et al., 2003).
However, two major differences are noted between
neocortical and cerebellar cells. First, neocortical cells
are less susceptible to the toxic effects of ethanol. This
is because at 20 mM concentration, ethanol  did not
result in any significant toxicity in neocortical cells but
did cause significant toxicity (approximately 23%) in
cerebellar granule cells. Moreover, at the highest
ethanol concentration (100 mM), the maximum toxici-
ty in the neocortical cells was approximately 33%,
whereas in the cerebellar cells it was approximately
42%. Second, the protective effects of nicotine in neo-
cortical cells appear to be mediated primarily via low
affinity nicotinic receptors, whereas in cerebellar cells
the high affinity nicotinic receptors may play a major
role. Thus, MLA which is a selective antagonist of low
affinity nicotinic receptors, at 0.1 µM, almost com-
pletely blocked the nicotine effect in the neocortical
cells, whereas the same concentration resulted in
approximately 50% inhibition of the nicotine effect in
the cerebellar cells. Conversely, DHBE which is a
selective antagonist for the high affinity nicotinic
receptors, at 50 nM blocked approximately 33% of the
nicotine effect in neocortical cells, whereas the same
concentration of DHBE resulted in almost total block
of nicotine effect in cerebellar granule cells. 

Considerable data suggest that some of the central
actions of alcohol may be mediated through nicotinic
receptors. For example, the stimulatory effects of alco-
hol on the mesolimbic dopaminergic pathway may be
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FIGURE 4   Effect of pretreatment with various concentrations of
dihydro-beta-erythroidine (DHBE) on nicotine (N) protection
against ethanol (E)-induced toxicity in primary culture of cortical
cells. Ethanol concentration was maintained at 100 mM and nico-
tine concentration was maintained at 20 µM. Values are mean ±
SEM. n =  8/group. *P < 0.05 vs N + E. **P < 0.01 vs N + E.

FIGURE 5   Effect of pretreatment with various concentrations of
methyllycaconitine (MLA) on nicotine (N) protection against
ethanol (E)-induced toxicity in primary culture of cerebellar gran-
ule cells. Ethanol concentration was maintained at 100 mM and
nicotine concentration was maintained at 20 µM. Values are mean
± SEM. n= 8/group. *P <0.05 vs N + E. **P <0.01 vs N + E.
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at least partially mediated through central nicotinic
receptors (Blomqvist et al., 1996; Ericson et al., 1998;
Soderpalm et al., 2000; Tizabi et al., 2002; Larsson and
Engel, 2004). In addition to their involvement in a vari-
ety of physiological functions (Decker and Meyer,
1999; Leonard and Bertrand, 2001; Picciotto, 2003),
nicotinic receptors are believed to play an important
role in neurogenesis as well as neuronal maturation and
neuroprotection (Winzer-Serhan and Leslie, 1997;
Kihara et al., 1998; Opanashuk et al., 2001; Zanardi et
al., 2002; Shaw et al., 2003; Stevens et al., 2003;
Takada et al., 2003; Tizabi et al., 2003).

Although our results implicate nicotinic receptors in
protective effects of nicotine, they do not support a role
for these receptors in ethanol-induced toxicity. This is
because nicotinic antagonists, at concentrations that
blocked nicotine effects, were ineffective in modifying
the effects of ethanol. Our findings, however, add to the
well documented neurochemical, behavioral and meta-
bolic interactions between ethanol and nicotine and are
in agreement with general findings of a neuroprotective
effect of nicotine or nicotinic agonists in ethanol-
induced toxicity (Prendergast et al., 2000; Penland et
al., 2001; Li et al., 2002; Tizabi et al., 2003). The exact
mechanism(s) of the neuroprotective effects of nicotine
against alcohol-induced toxicity is not known.
However, various intermediaries in neuroprotective
effects of nicotine against other neurotoxins have been
identified. These include activation of fibroblast
growth factors or growth-promoting enzymes such as
Jnaus kinase 2 (Belluardo et al., 2000; Shaw et al.,
2003), inactivation of L-type calcium channels
(Stevens et al., 2003) or inhibition of oxidative stress
(Newman et al., 2002; Guan et al., 2003). On the other
hand, alcohol-induced toxicity may be mediated by the
release of cytochrome c from mitochondria or a
decrease in mitochondrial membrane potential,  excess
Ca++ influx, free radical formation, or apoptosis
(Bhave et al., 1997; Gruol et al., 1998; Huentelman et
al., 1999, Li et al., 2002). Hence, it would be of con-
siderable interest to determine which of the above or
other novel mechanisms (Kostrzewa and Segura-
Aguilar, 2003) are specifically involved in ethanol-
induced toxicity and nicotinic protection against such
damage. 

In summary,  alcohol-induced cytotoxicity in primary
cultures of neocortical cells is blocked by pretreatment
with nicotine. The effects of nicotine, in turn may be
blocked by nicotinic antagonists, implicating both high
and low affinity nicotinic receptors. The neuroprotec-
tive effect of nicotine against ethanol-induced toxicity
in neocortical cells provides support for the hypothesis

that the high incidence of smoking among alcoholics
may be at least partially due to  pharmacodynamic
interactions between nicotine and alcohol. Further in-
vivo studies are required to confirm this hypothesis in
regard to cerebral cortical functions.
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