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A Polymorphism in the a4 Nicotinic Receptor Gene
(Chrna4) Modulates Enhancement of Nicotinic
Receptor Function by Ethanol

Christopher M. Butt, Scott R. Hutton, Jerry A. Stitzel, Seth A. Balogh, Jeremy C. Owens, and Allan C. Collins

Background: Several studies indicate that ethanol enhances the activity of a432 nicotinic acetylcholine
receptors (NAChR). Our laboratory has identified a polymorphism in the a4 gene that results in the
substitution of an alanine (A) for threonine (T) at amino acid position 529 in the second intracellular loop
of the a4 protein. Mouse strains expressing the A variant have, in general, greater nAChR-mediated °Rb*
efflux in response to nicotine than strains with the T variant. However, the possibility of the polymorphism
modulating the effects of ethanol on the *Rb* efflux response has not been investigated.

Methods: We have used the *Rb* efflux method to study the acute effects of ethanol on the function
of the @482 nAChR in the thalamus in six different mouse strains. Experiments were also performed on
tissue samples taken from F2 intercross animals. The F2 animals were derived from A/J mice crossed with
a substrain of C57BL/6J mice that carried a null mutation for the gene encoding the 82 nAChR subunit.

Results: In strains carrying the A polymorphism (A/J, AKR/J, C3H/Ibg), coapplication of ethanol
(10-100 mM) with nicotine (0.03-300 uM) increased maximal ion flux when compared with nicotine alone
with no effect on agonist potency. In contrast, ethanol had little effect on the nicotine concentration-
response curve in tissue prepared from strains carrying the T polymorphism (Balb/Ibg, C57BL/6J, C58/J).
Experiments with the F2 hybrids demonstrated that one copy of the A polymorphism was sufficient to
produce a significant enhancement of nAChR function by ethanol (50 mM) in animals that were also 82
+/+. Ethanol had no effect on nicotine concentration-response curves in T/T 2 +/+ animals.

Conclusions: The results suggest that the A/T polymorphism influences the initial sensitivity of the a4 32

nAChR to ethanol.

Key Words: *°Rb™ Efflux, Nicotine, Genetic Predisposition.

EARLY ALL (70-90%) alcoholics are heavy smokers.

In contrast, 10% of individuals who do not abuse
other drugs and are not mentally ill are smokers (Batel et
al., 1995; Hughes, 1993). One possible reason for the high
correlation between tobacco addiction and alcoholism may
be a common substrate (Hettema et al., 1999; True et al.,
1999). True et al. (1999) reported that a significant genetic
correlation (r = 0.68) exists between these two forms of
drug dependencies. Another study has reported an associ-
ation between alcohol sensitivity and a marker on chromo-
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some 20 (D20S94) (Schuckit et al., 2001). The gene encod-
ing the a4 subunit of neuronal nicotinic acetylcholine
receptors (nAChR), CHRNA4, maps to the same region,
as does D20S94, in humans (Bessis et al., 1990).

There is little doubt that the effects of nicotine are
mediated by the nAChR. Molecular methods have identi-
fied nine « subunits («2-10) and three B subunits (32-4)
that are expressed in the central nervous system (Deneris et
al., 1988, 1989; Goldman et al., 1986; Le Novere et al.,
1996; Marks et al., 1992; Wada et al., 1989). Null-mutant
(gene knock-out) (Marubio et al., 1999; Picciotto et al.,
1995; Ross et al., 2000) and immunologic studies (Flores et
al., 1992) suggest that receptors that consist of a4 and B2
subunits make up the majority of high-affinity [*H]nicotine
binding sites in the brain, whereas the («7)s homo-oligomer
binds ['*I]a-bungarotoxin (Orr-Urtreger et al., 1997). To-
gether, these two binding sites constitute 70 to 80% of all
neuronal nAChRs (Marks et al.,, 1992; Picciotto et al.,
1995). Nearly all of the nAChRs in the thalamus, the brain
region that we use for **Rb* efflux studies of nAChR
function, are composed primarily of a4 and (B2 subunits
(Marks et al., 1998, 1999; Zoli et al., 1998).

Many studies have demonstrated that ethanol alters the
function of nAChRs expressed in the peripheral nervous
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system (Collins, 1996), but only a few have attempted to
determine effects of ethanol on native nAChRs expressed
in the brain. Coapplication of ethanol with nicotinic ago-
nists directly enhances the function of what are likely to be
a4B2 nAChRs, as measured electrophysiologically in cul-
tures of prenatal rat cerebral cortex (Aistrup et al., 1999;
Marszalec et al., 1999). Similar experiments conducted on
a4B2 nAChRs expressed in Xenopus oocytes also indicate
that receptor function is enhanced by ethanol (10-100
mM) (Cardoso et al., 1999).

Studies done using mice also suggest that ethanol’s ef-
fects may be mediated to some extent by genes that influ-
ence nicotine’s effects. For instance, studies using mice
selectively bred (LS and SS lines) for differences in dura-
tion of ethanol-induced loss of the righting reflex (“sleep
time”) have demonstrated that the alcohol-sensitive LS
mice are more sensitive to acute injections of nicotine in
several behavioral and physiologic measures than the
alcohol-insensitive SS mice (de Fiebre and Collins, 1988,
1989, 1992; de Fiebre et al.,, 1987, 1991). More recent
findings have associated several effects of ethanol with a
region in mouse chromosome 2 that contains Chrna4, the
gene that encodes the a4 nAChR subunit in this species.
This chromosomal region has been linked not only to the
effects of ethanol on acoustic startle and on Y-maze activity
in recombinant inbred strains derived from the LS and SS
mice (Owens et al., 2002; Tritto et al., 2001) but also to
ethanol preference in recombinant inbred strains derived
from a cross between C57BL/6J and A/J mice (Gill et al.,
1998).

The finding that sensitivity to alcohol and nicotine co-
segregate in animals derived from LS and SS mice led our
laboratory to search for polymorphisms in the a4 subunit
gene between these two mouse lines (Stitzel et al., 2000). A
single nucleotide polymorphism that results in a4 subunit
variants that possess either an alanine (A) or a threonine
(T) at amino acid position 529 was found. This polymor-
phism is associated with differences in nAChR function
(Dobelis et al., 2002) and is correlated across mouse strains
with variability in several nicotine- (Stitzel et al., 2000;
Tritto et al.,, 2002) and alcohol-related behaviors (Tritto
and Dudek, 1994; Tritto et al., 2001). Here we report that
the A/T polymorphism not only is associated with differ-
ences in nAChR function but also seems to determine
whether the function of native nAChRs is enhanced by
ethanol.

METHODS
Mice
Male and female mice from six inbred strains were used in these
studies. The C57BL/6J, C3H/Ibg, Balb/Ibg, and A/J strains were produced
from breeder mice maintained at the Institute for Behavioral Genetics
(IBG), University of Colorado (Boulder, CO). The Ibg strains have been
maintained at IBG for >20 generations. The C58/J and AKR/J strains

were purchased directly from Jackson Laboratories (Bar Harbor, ME). An
F2 hybrid was also generated at IBG for this study (see details below).
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All mice were weaned and separated by sex when they were 25 days old.
They were then housed in groups of five to a cage and maintained on a
12-hr light/12-hr dark cycle (lights on 7 AM to 7 PM). All animals were
given unlimited access to food (Teklad Rodent Diet) and water. Animals
were 60 to 90 days old when used. All animal care and experimental
procedures were approved by and performed in accordance with the
guidelines of the Animal Care and Utilization Committee of the Univer-
sity of Colorado, Boulder.

Development and Genotyping of F2 Animals

The initial purpose of developing the F2 hybrid mouse strain used in
this study was to observe the role of the A/T polymorphism in behavioral
responses to ethanol and nicotine. The results of the behavioral studies
will be published elsewhere. Nevertheless, it was logical to test the corre-
lation of the polymorphism with nAChR function (Dobelis et al., 2002)
with the F2 hybrids because they were available to us. The F2 intercross
was generated by crossing the A/J strain with C57BL/6J mice containing a
null mutation (“knock-out”) for the B2 nAChR subunit gene, Chrnb2. The
B2 subunit gene deletion had been bred for eight generations onto the
C57BL/6J background. Six different parental matings were used to pro-
duce the F1 animals. F1 animals from different families were then mated
to produce the F2 progeny. Tail clippings (~1 cm) were taken from each
F2 animal for genotyping. DNA was extracted from the clippings with a
Qiagen (Valencia, CA) DNEasy Tissue Kit. 2 genotypes were deter-
mined by polymerase chain reaction with oligonucleotide probes specific
for the Chrnb2 sequence. Chrna4 A/T genotype was determined by poly-
merase chain reaction amplification with oligonucleotide probes specific
for a region of Chrna4 that flanks the A/T polymorphism followed by
digestion with Stul (New England Biolabs, Beverly, MA) as described in
Dobelis et al. (2002). The gene products were electrophoresed on 2.5%
(Chrna4 products) or 1.5% (Chrnb2 products) agarose gels and stained
with ethidium bromide. Two independent observers then scored the
genotypes.

SRb™ Release

The brain was removed from each mouse (60-90 days old; killed by
cervical dislocation), and the thalamus was dissected. Crude synaptosomes
were prepared from the thalamus by homogenization in 10 volumes of
ice-cold (4°C) Percoll medium I (sucrose, 320 mM; HEPES, 5 mM; pH
7.5) followed by centrifugation at 12,000 X g for 20 min. The resulting
pellet was then resuspended in uptake buffer (140 mM NaCl, 1.5 KCl mM,
2 mM CaCl,, 1 mM MgSO,, 25 mM HEPES, 20 mM glucose [pH 7.5]).
The ¥Rb™ was loaded into the synaptosomes through a 20-min incubation
(25°C) in uptake buffer containing approximately 4 uCi of carrier-free
86RbCl (Perkin-Elmer, Boston, MA). The loaded synaptosomes were then
placed onto glass fiber filters by gentle vacuum (—0.2 atmospheres) fol-
lowed by one 500-ul wash with uptake buffer. The samples were then
placed on a perfusion apparatus and treated with perfusion buffer (135
mM NaCl, 5 mM CsCl, 1.5 mM KCl, 2 mM CaCl,, 1 mM MgSO,, 25 mM
HEPES, 20 mM glucose, 50 nM tetrodotoxin [pH 7.5]) at a rate of 2.5
ml/min. Pooling of the buffer at the perfusion platform was prevented by
actively removing the buffer with a second pump. The second pump was
set at a rate of 3.2 ml/min. The effluent was pumped through a 200-ul
flow-through Cherenkov cell in a B-RAM Radioactivity HPLC Detector
(IN/US Systems, Inc.; Tampa, FL). The amount of radioactivity in the
effluent was determined in 3-sec fractions. Stimulation (5 sec) of the
synaptosomes was achieved by diverting the incoming perfusion buffer
with a four-way rotary Teflon injection valve through a 200-ul loop
containing the test solution. Samples were stimulated with perfusion
buffer solutions containing nicotine (0.001-300 uM) or nicotine and eth-
anol (10, 30, 50, or 100 mM). Each sample was stimulated only once.
Bovine serum albumin (BSA; Fraction V; 0.1% final concentration) was
added to the perfusion buffer in some experiments. All materials were
purchased from Sigma-Aldrich (St. Louis, MO) unless specified otherwise.
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Data Analysis

The amount of nicotine-stimulated %°Rb™ efflux was determined in
3-sec intervals as the counts exceeding basal release during the time of
exposure to the test solution. The data were normalized using an
established method (Marks et al., 1996). In short, the stimulated
release was divided by the baseline release. First, the baseline release
over time was fit to a two-phase exponential decay curve. The stimu-
lated release was then divided by the calculated baseline release during
the time of stimulation. Thus, one response unit is twice basal release.
The responses at each time interval of stimulation were then summed
to yield the total response for a given test run. Dose-response curves
were plotted and fit with the Michaelis-Menten equation, or two
Michaelis-Menten equations using Graph Pad Prism 3.0 (GraphPad
Software, San Diego, CA) or Sigma Plot 2001 (Jandel Scientific, San
Raphael, CA). An F-test was used to determine which type of equation
fit the data best. Significant differences (p < 0.05) between data sets
were determined with two-tailed, unpaired ¢ tests. When ECs, values
were compared, their log values were used. This was done because
log(ECs,) values are normally distributed but actual ECy, values are
not (Hancock et al., 1988).

RESULTS

Ethanol Enhances nAChR Function

Figure 1 shows the overlay of typical *Rb*-efflux re-
sponses to nicotine (30 uM) and nicotine (30 uM) plus
ethanol (50 mM) using synaptosomes prepared from C3H/
Ibg mice. The two traces were obtained from synaptosomal
samples taken from the same animal. The coapplication of
ethanol with nicotine increased the amount of *Rb™ flux
through the nAChR when compared with the response to
nicotine alone. Stimulating the synaptosomes with ethanol
alone did not cause a detectable response and had no effect
on baseline release (data not shown).

BSA and Ethanol Interactions

When BSA was not present in the perfusion buffer,
ethanol (50 mM) produced a significant enhancement of
ion flux in synaptosomes prepared from either C3H/Ibg or
C57BL/6J strains (Fig. 2). The degree of ethanol enhance-
ment was greater in the C3H/Ibg synaptosomes. When BSA
(0.1%) was present in the perfusion buffer, no effect of
ethanol was seen. The addition of BSA resulted in an
increase in control values of ion flux in both strains. The
enhancement of nAChR function by BSA has been re-
ported previously (Butt et al., 2002; Gurantz et al. 1993).
Subsequent experiments were all performed in the absence
of BSA.

Strain Differences in Ethanol Enhancement

Figure 3 illustrates the enhancement of nAChR function
by coapplied ethanol across the entire nicotine
concentration-response curve in C3H/Ibg mice. The degree
of enhancement increased as higher ethanol concentrations
were used. As demonstrated previously, the nAChR acti-
vation curve was biphasic (Butt et al., 2002; Marks et al.,
1999). This was evidenced not only by the inflection of the
concentration-response curve but also by the consistent
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Fig. 1. Effect of coapplication of ethanol and nicotine on Rb™" efflux. These
representative traces obtained from synaptosomes made from the same animal
(C3H/Ibg strain) show that a 5-sec application of nicotine (30 uM; O) produces a
noticeably smaller response than when a 5-sec application of nicotine (30 uM)
plus ethanol (50 mM; M) is used.
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Fig. 2. BSA modulates ethanol’s effects on 8Rb™" efflux. In the absence of
BSA, coapplication of nicotine (10 uM) with ethanol (50 mM) significantly en-
hanced the response compared with nicotine-only controls. The presence of BSA
abolished the enhancement of the response by ethanol. *p < 0.05 or ***p < 0.001
when compared with control values in a two-tailed, unpaired t test. Error bars
represent the standard error of the mean (+SEM); N = 4-9.

finding that >2 log units of agonist concentration are re-
quired to produce maximal ion flux. In the absence of
ethanol, the high-affinity phase of nAChR activation had
an ECs, value (ECsgyy) near 1 uM and a maximal efflux
(V) of approximately 9 response units. The low-affinity
phase had an ECs, (ECs ) at ~125 uM and a maximal
efflux of ~4 response units (Fig. 3A, Table 1). The lowest
ethanol concentration (10 mM; Fig. 3A, Table 1) elicited
some enhancement of receptor function. However, the only
statistically significant effect that this concentration had
was to decrease Vyy. The higher ethanol concentrations
used all significantly increased maximal ion flux (30 mM
[Fig. 3B], 50 mM [Fig. 3C], 100 mM [Fig. 3D]). Fitting
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these ethanol-present data to a single Michaelis-Menten
equation yielded a statistically significant enhancement of
receptor function at all three of the higher ethanol concen-
trations (Table 1). However, only 100 mM of ethanol sig-
nificantly altered the curve fit parameters when two
Michaelis-Menten equations were used. These data showed
a significant decrease in ECsy (3 uM with 100 mM of
ethanol vs. 100 uM without ethanol) and a significant
increase in V(13 units with 100 mM of ethanol vs. 4 units
without ethanol; also in Table 1).

Figure 4 shows the effects of coapplied ethanol on the
nAChR activation curve using synaptosomes prepared

Table 1. Effects of Ethanol on Curve Fit Parameters of nAChR Activation in
Synaptosomes Prepared From C3H/Ibg (A529) Mice

[Ethanol] Single-site parameters Two-site parameters
0mM Vimax 11.0 = 0.39 Vy 9.32 + 1.19
(Control) ECson 1.20 = 0.33 uM
ECso 1.82 = 0.37 uM Vi 3.71 £ 1.91
ECsoL 126 = 110 uM
10 mM Vimax 12.1 = 0.49 Vy 211 + 3.15*
ECsoy  72.0 + 68.9 M
ECso 1.23 = 0.32 uM Vi 10.3 = 3.01
ECso.  2.09 + 1.02 uM
30 mM Vimax 13.6 = 0.45* Vy 8.67 + 1.77
ECsoq 661 * 244 nM
ECso 2.00 + 0.40 uM Vi 6.87 + 1.54
ECso.  30.2 + 17.0 uM
50 mM Vimax 18.0 = 0.69*** Vy 6.50 + 11.1
ECsoy 525 + 462 nM
ECso 219 £ 0.51 uM Vi 12.1 £10.7
ECsoL 5.25 + 3.80 uM
100 nM Vimax 17.3 = 0.79** Vy 4.70 + 2.87
ECsoy  49.0 + 39.7 nM
ECso 1.10 = 0.32 uM Vi 13.4 £ 2.73*
ECso.  3.24 + 1.50 uM

*p < 0.05; ™ p < 0.01; ™ p < 0.001 when compared with control value. V,
values are in units above basal ®®*Rb™ release (1 unit equals two times basal
release).

log[Nic] (M)

from C57BL/6J mice. In these experiments, ethanol de-
creased the EC, value of the nicotine activation curve in a
concentration-dependent manner but had no consistent
effect on the maximum response. When ethanol was used
at 30, 50, and 100 mM, the ECs, value was significantly
smaller than the control value (~3 uM). Although 30 mM
of ethanol significantly reduced the maximum response,
this effect was not seen at higher ethanol concentrations
(see Table 2).

These same experiments were also performed in the A/J,
AKR/J, Balb/Ibg, and C58/J strains. Strain differences in
the responses continued to be detected. Figure 5 shows the
effects of ethanol (50 mM) on the nicotine concentration-
response curves of these four strains. Data obtained from
synaptosomes isolated from the A/J (Fig. 5A) and AKR/J
(Fig. 5B) strains indicated a significant enhancement of
maximal ion flux by ethanol (Table 3). No significant effect
of ethanol could be detected in the Balb/Ibg (Fig. 5C) and
C58/Ibg (Fig. 5D) strains (Table 3). In all four of these
strains, some agonist-induced blockade of the responses
may have occurred at the highest nicotine concentration
(300 uM). However, in no case were these responses sig-
nificantly different from responses obtained when nicotine
was applied at the two other maximally stimulating concen-
trations (30 and 100 uM).

Inbred Strains Show Potential Role of A/T Polymorphism in
Ethanol Enhancement

Previous work has established the Chrna4 A/T genotype
of the inbred strains used in this study. The A/J, AKR/J,
and C3H/Ibg strains carry the AS529 polymorphism,
whereas the Balb/Ibg, C57BL/6J, and C58/J strains have the
T529 polymorphism (Dobelis et al., 2002). Figure 6 shows
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Table 2. Effects of Ethanol on Curve Fit Parameters of nAChR Activation in
Synaptosomes Prepared From C57BL/6J (T529) Mice

[Ethanol] Single-site parameters Two-site parameters
0mM Vimax 12.4 = 0.43 Vy 4.74 + 3.08
(Control) ECson 537 += 367 nM
ECso 3.39 = 0.78 uM Ve 8.31 = 2.85
ECsoL 12.0 * 6.65 uM
10 mM Vimax 10.9 = 0.50 Vy 6.24 + 4.09
ECson 501 = 327 nM
ECso 1.48 = 0.43 uM Ve 5.49 + 3.85
ECsoL 11.0 = 8.73 uM
30 mM Vimax 10.9 = 0.41* Vy 4.20 + 4.93
ECson 417 = 352 nM
ECso 1.78 = 0.36 uM* Ve 7.10 = 4.77
ECsoL 4.79 + 3.05 uM
50 mM Vimax 11.8 £ 0.28 Vy 2.94 +2.48
ECson 209 + 153 nM
ECso 1.55 = 0.19 uM** Ve 9.12 + 2.39
ECsoL 3.16 + 1.21 uM
100 mM Vimax 10.5 + 0.56 Vy 8.28 = 10.9
ECson 575 + 455 nM
ECso 851 + 271 nM** Ve 2.54 +10.6
ECsoL 5.62 + 5.61 uM

*p < 0.05; ™ p < 0.01 when compared with control value. V, values are in
units above basal 8Rb™ release (1 unit equals two times basal release).

the results of averaging the nAChR activation curves, in the
presence and absence of coapplied ethanol, across strains
with the A polymorphism (Fig. 6A) and across strains with
the T polymorphism (Fig. 6B). The A strains exhibited a
significant increase in V| when ethanol (50 mM) was co-
applied with nicotine. Ethanol did not alter nicotine-
stimulated ion flux in strains that carried the T variant of
the a4 subunit gene.

F2 Analysis of A/T Effects

F2 hybrids were originally developed to test the reported
correlation of the A/T polymorphism with behavioral re-
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sponses to nicotine and ethanol (Tritto et al., 2001, 2002).
The F2 intercross animals were derived from a cross be-
tween the A/J strain and mice containing a null-mutation of
the gene encoding the B2 nAChR subunit. The B2 gene
deletion had been bred for eight generations onto the
C57BL/6J background. The final cross resulted in all nine
possible Chrna4/Chrnb2 genotypes as predicted for un-
linked genes (Chrna4 is on mouse chromosome 2 and
Chrnb2 is on mouse chromosome 3), each with two alleles
(data not shown).

Dobelis et al. (2002) reported that strains carrying the A
variant of the a4 subunit had significantly higher nicotinic-
agonist stimulated *Rb* efflux than strains carrying the T
variant. Results with the F2 animals confirmed this obser-
vation. As demonstrated in Fig. 7A, the incorporation of a
single copy of the A polymorphism was enough to signifi-
cantly increase the maximal nicotine-stimulated ion flux
(A/A +/+ and A/T +/+ ~10.1 units) when compared with
the maximal responses of T/T +/+ animals (7.69 units;
Table 4). This result was also obtained with synaptosomes
prepared from animals that were heterozygous for the 82
null mutation (Fig. 7B). A/A +/— animals had an average
maximal efflux of ~5.5 units, and A/T +/— animals had an
average of 5.4 units (Table 4). Both of these values were
significantly greater than that seen in T/T +/— animals (4.2
units; Table 4). Animals that were B2 —/— showed little, if
any, response to nicotine or nicotine plus ethanol (data not
shown). The loss of function seen with the loss of the B2
expression is consistent with previous findings (Marks et al.,
1999).

The results shown in Fig. 8 suggest that the Chrna4 A/T
polymorphism confers ethanol sensitivity to the nAChR.
Coapplication of ethanol (50 mM) with nicotine signifi-
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Table 3. Effects of Ethanol (50 mM) on Curve Fit Parameters of nAChR Activation in Synaptosome Prepared From A/J, AKR/J, Balb/Ibg. and C58/J Inbred Mouse
Strains

Single-site parameters

Two-site parameters

Strain Genotype Control EtOH Control EtOH

Al A529 Vinax 12.7 £ 0.42 16.3 + 0.76* Vy 2.79 = 14.8 2.05 = 1.98
ECson 355 + 351 nM 19.5 £ 19.2nM

ECso 1.48 = 0.30 uM 2.19 = 0.63 uM Ve 10.0 = 14.6 14.6 +1.92
ECsoL 2.29 = 1.80 uM 3.39 = 1.25 uM

AKR/J A529 Vinax 7.81 £0.32 9.17 = 0.39* Vy 3.64 = 1.38 4.09 = 2.52
ECson 331 £ 176 nM 457 + 295 nM

ECso 1.91 + 0.44 uM 2.19 = 0.50 uM Ve 493 = 1.25 5.73 + 2.34
ECsoL 11.5 £6.11 uM 9.55 + 5.84 uM

Balb/Ibg T529 Vinax 12.6 = 0.48 12.1 £ 0.52 Vy 1.08 £ 2.44 8.86 + 3.57
ECson 39.8 = 39.7 nM 525 + 279 nM

ECso 1.32 £ 0.30 uM 1.05 + 0.27 uM Ve 11.7 £2.34 4.18 + 3.26
ECsoL 1.74 = 0.69 uM 141 £12.2 uM

C58/J T529 Vinax 9.63 = 0.37 9.41 = 0.34 Vy 3.86 = 2.30 3.18 + 1.98
ECson 269 + 180 nM 191 =133 nM

ECso 1.70 = 0.39 uM 1.62 = 0.37 uM Ve 6.32 = 2.16 6.68 = 1.87
ECsoL 6.46 = 3.57 uM 5.13 = 2.50 uM

*p < 0.05 when compared with control values. V, values are in units above basal 8Rb™ release (1 unit equals two times basal release).

cantly increased the maximal efflux in A/A +/+ animals
(12.2 units with ethanol; 10.1 units without ethanol; Fig.
8A, Table 4). Similar results were seen in the A/T +/+
animals (Fig. 8B, Table 4). However, ethanol had no effect
on the nicotine concentration-response curves of T/T +/+
animals (Fig. 8C; Table 4). Use of two Michaelis-Menten
equations resulted in better fits to the data in all cases.
However, no significant effect of ethanol on ECsyy, Vi,
ECs;, or V; could be detected in these animals (Table 4).

As was observed with the B2 +/+ F2 animals, ethanol
also seemed to change the characteristics of the nAChR
activation curve when at least one copy of the A polymor-
phism gene was present. However, the effect was qualita-
tive only in the B2 heterozygotes. Statistically significant
effects of A/T genotype were not detected in the parame-
ters of the curve fits (Table 4).

DISCUSSION

The experiments reported here demonstrate that the
function of nAChRs native to the adult mouse brain is
enhanced by ethanol. The nAChRs expressed in the mouse
thalamus contain primarily a4 and B2 subunits (Marks et
al., 1998, 1999; Zoli et al., 1998). Our results are consistent
with what has been reported previously on the effects of
alcohol on «a4B2-like nAChRs in cells cultured from the
prenatal rat cerebral cortex (Aistrup et al., 1999; Marszalec
et al., 1999) and in Xenopus oocytes expressing only a4 and
B2 subunits (Cardoso et al., 1999). However, our data also
demonstrate that a single nucleotide polymorphism may be
responsible for conferring ethanol sensitivity to the o432
nAChR in mice.

Strain differences in responses to nicotine and/or ethanol
are well documented. Such differences have been shown
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Fig. 6. Average responses to nicotine alone (M) and nicotine + ethanol (50
mM; O) in mice carrying the A variant (A529) or the T variant (T529) of the a4
polymorphism. A, Nicotinic responses from A529-carrying strains mice exhibit
sensitivity to ethanol, whereas (B) strains carrying T529 do not. o < 0.05
compared with nicotine-only parameters. Bars represent the SEM. N = 12 for
each point.

repeatedly in behavioral (de Fiebre et al., 1987, 1991; Gill
et al., 1998; Marks et al., 1998; Stitzel et al., 2000; Tritto et
al., 2001, 2002), neurochemical (Dobelis et al. 2002; Stitzel
et al, 2001), and electrophysiological experiments
(Slawecki et al., 2000). It is therefore not surprising that we
detected strain differences in the sensitivity of nAChR
function to ethanol. The unique aspect of the ethanol
sensitivity differences reported here was their correlation
with the A/T polymorphism in the a4 subunit gene. In
general, synaptosomes made from mice expressing the
Chrna4 A polymorphism showed enhancement of nAChR
function by ethanol, whereas nAChRs with the Chrna4 T
polymorphism were not affected by acute ethanol exposure.

It is possible that the strain differences in nAChR func-
tion and ethanol sensitivity could be due to genes that are
linked to the gene encoding the a4 nAChR subunit. The
reported Chrna4 A/T differences in basal **Rb™ flux re-
ported previously are derived from the average nicotine (10
uM) responses of synaptosomes prepared from 14 inbred
mouse strains (Dobelis et al., 2002). However, close inspec-
tion of our data indicates that some Chrna4 A-containing
strains (e.g., AKR/J) have lower maximal efflux than some
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Fig. 7. Effects of the A/T polymorphism on nicotine-stimulated ®*Rb™* efflux
from synaptosomes prepared from (C57BL/6J X B2 —/—) X A/J F2 hybrids.
Animals carrying at least one copy of the A529 gene had significantly higher
maximal 8Rb™ flux than homozygous T529 animals. This occurred in both (A) 82
+/+ animals and (B) B2 +/— animals. There was no significant difference in
maximal efflux when A/A and A/T animals were compared. Bars represent the
SEM. N = 4 for each point. Curve fit parameters can be found in Table 4.

T-containing strains (e.g., Balb/Ibg) even when ethanol is
coapplied. This finding suggests that genes linked to the a4
subunit gene or genes in addition to the a4 subunit gene
may affect the nicotine-stimulated ®*Rb™ flux response.
Indeed, genetic background may compensate for the dele-
tion of genes thought to be important for initial sensitivity
to ethanol, ethanol tolerance (Bowers et al., 1999), and
ethanol consumption (Phillips et al., 1999). These problems
led us to test the F2 intercross mice in this study. Making
the F2 animals allowed for an analysis of the Chrna4 poly-
morphism in a mixture of only 2 genetic backgrounds in-
stead of the 14 genetic backgrounds evaluated by Dobelis et
al. (2002). The F2 data clearly show that being heterozy-
gous for the A variant of the a4 subunit is sufficient to
increase ion flux through the @42 nAChR and imparts
ethanol sensitivity to this receptor. Synaptosomes made
from F2 animals with a T/T genotype have significantly
lower nicotine-stimulated **Rb™" flux when compared with
A/A and A/T animals, and the T/T responses are insensitive
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Table 4. Effects of Ethanol (50 mM) on Curve Fit Parameters of nAChR Activation in Synaptosomes Prepared From (C57BL/6J X B2 —/—) X A/J F2 Hybrid Mice

Single-site parameters

Two-site parameters

Genotype Control EtOH Control EtOH
A/A +/+ Vinax 10.1 + 0.49% 12.2 + 0.58"t Vy 347 £1.13 2.13 +1.58
ECson 200 + 116 nM 26.3 *+ 25.0 nM
ECso 3.16 + 1.30 uM 2.57 £ 1.05 uM Vi 7.60 + 1.06 10.5 = 1.601
ECsoL 15.1 = 6.43 uM 5.37 + 2.55 uM
AT +/+ Vinax 10.1 + 0.32% 11.7 £ 0.49't Vy 6.32 + 4.37 1.42 = 1.68
ECson 724 + 436 nM 56.2 + 54.0 nM
ECso 1.66 + 0.29 uM 2.29 + 0.53 uM Vi 425+ 4.16 10.5 = 1.591
ECsoL 8.71 + 7.01 uM 3.47 + 0.96 uM
T/T +/+ Vinax 7.69 + 0.41 7.73 £0.28 Vy 1.42 +=1.39 3.19 +1.37
ECson 60.3 = 56.0 nM 245 + 143 nM
ECso 2.04 + 0.65 uM 1.74 + 0.35 uM Vi 6.54 = 1.32 5.07 = 1.28
ECsoL 4.07 * 1.94 uM 7.76 + 3.78 uM
A/A +/— Vinax 5.53 + 0.26% 5.92 + 0.34% Vy 0.65 + 1.28 2.27 = 0.98
ECson 64.5 * 63.7 1M 105 = 73.1 nM
ECso 1.74 + 0.50 uM 1.55 + 0.59 uM Vi 4.97 = 1.21 4.19 = 0.93
ECsoL 2.51 * 1.19 uM 8.51 + 4.62 uM
AT +/— Vinax 5.44 + 0.35t 5.69 + 0.42% Vy 2,14 +£1.78 3.83 = 1.59
ECson 234 + 195 nM 275 + 180 nM
ECso 1.86 = 0.77 uM 813 = 417 nM Vi 3.67 = 1.66 2.58 + 1.47
ECsoL 7.94 + 5,60 uM 18.2 = 16.1 uM
T/T +/— Vinax 4.15 £ 0.21 3.68 +0.28 Vy 0.51 +0.78 0.78 + 0.60
ECson 25.7 + 25.5nM 12.9 = 12.7nM
ECso 1.38 + 0.44 uM 1.66 + 0.85 uM Vi 3.71 £0.75 3.04 + 0.60
ECsoL 2.09 + 0.97 uM 3.89 + 2.12 uM

*p < 0.05 when compared with control value. T p < 0.05; ¥ p < 0.01 when compared with appropriate T/T B2 +/x value. V, values are in units above basal 86Rp *

release (1 unit equals two times basal release).

to behaviorally relevant ethanol concentrations. Consistent
with the A variant of the a4 subunit being sensitive to the
potentiating effects of alcohol in mice, the cDNA sequence
for the rat a4 subunit codes for an alanine in the second
cytoplasmic loop at a position that corresponds to the A/T
polymorphism in mouse Chrna4 (Goldman et al., 1987). It
is well documented that the function of the rat a4p2
nAChR is potentiated by ethanol (Aistrup et al., 1999;
Cardoso et al., 1999; Marszalec et al., 1999).

The underlying details of how the Chrna4 A polymor-
phism increases the ion flux and ethanol sensitivity of the
a4B2 nAChR are not understood, but several possibilities
exist. The region of the a4 subunit in which the polymor-
phism occurs, the second and largest cytoplasmic loop, is
important for receptor desensitization (Gross et al., 1991),
subunit-specific receptor trafficking (Williams et al., 1998),
and possibly filtering of the ions through the receptor’s
pore (Miyazawa et al., 1999). Phosphorylation is known to
play a role in receptor desensitization and recovery from
desensitization (Fenster et al., 1999). Analysis of the amino
acid sequence surrounding the Chrna4 A/T polymorphism
suggests that introducing a threonine at residue 529 may
produce a phosphorylation site for casein kinase I. Se-
quence analysis also predicts that the serine at position 530
[DQ (A/T) SPCK] could be phosphorylated by kinases in
the cdc2 family, such as Cdk5 (Dobelis et al., 2002). There-
fore, the presence or absence of phosphorylation at residue
529 could change the phosphorylation potential of serine
530. Because phosphorylation can modulate changes in
secondary or tertiary protein structure, the Chrna4 A/T
polymorphism might alter the ability of the a4 subunit to
interact with other subunits or change the activation state

of the receptor. Structural changes might also explain the
A/T differences in ethanol sensitivity of the nAChR in that
the structure of the A variant may uncover an ethanol
interaction site that is not present in T/T nAChRs.

When ethanol enhances the function of «4 subunit
A-variant nAChRs, it seems to have its strongest effects on
the low-affinity component of activation. This mimics the
action of BSA, which also exerts most of its effects at the
low-affinity activation component. Enhancement of
nAChR function by BSA seems to be caused by the re-
moval of inhibitory long-chain fatty acids by their binding to
BSA (Butt et al., 2002). Long-chain alcohols, which have
some similarity to long-chain fatty acids, also have inhibi-
tory effects on nAChR function (Wood et al., 1991; Zuo et
al., 2001). BSA decreases the degree to which ethanol
enhances nAChR function compared with control values,
and short-chain alcohols (e.g., ethanol) interact noncom-
petitively with the long-chain alcohol binding site on the
nAChR (Zuo et al., 2001). Thus, it seems that a4 subunit
A-variant nAChRs may have ethanol interaction sites that
could allow for the noncompetitive removal of inhibitory
fatty acids from the nAChR, whereas T/T nAChRs do not.
This could explain why ethanol enhancement is seen best
under conditions in which BSA is absent. In contrast,
nAChR function is probably near its ceiling when BSA is
present. Therefore, there is decreased probability of detect-
ing an ethanol effect on the inhibitory long-chain alcohol/
fatty acid binding site.

In summary, our results suggest that the Chrna4 A/T
polymorphism is responsible for altering a482 nAChR
function and sensitivity of this receptor to ethanol. Al-
though the mechanisms of the polymorphism’s effects are
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Fig. 8. Effects of ethanol (50 mM) on nicotine-stimulated 8®Rb™ efflux from
synaptosomes prepared from B2 +/+ F2 hybrids. A, Maximal ion flux was
significantly enhanced by acute ethanol in animals that were homozygous A for
the a4 polymorphism. B, The enhancing effect of ethanol was diminished in A/T
animals and was not seen in homozygous T animals (C). Bars represent the SEM.
N = 4 for each point. A comparison of the curve fits is in Table 4.

unclear, it is reasonable to conclude that the data that we
have obtained may be due to the polymorphism. Applying
this interpretation to the data from Gill et al. (1998) sug-
gests that alcohol consumption is increased when ethanol
has little effect on the function of a4B2 nAChRs. This
could mean that the behavioral effects of ethanol in strains
that possess the T529 variant of Chrna4 are due to other
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genes, which is consistent with the polygenic nature of
alcohol’s effects. It is also consistent with the findings that
a low, initial response to alcohol correlates with a family
history of alcoholism in humans and with a region in human
chromosome 20 that contains CHRNAA4, the gene encoding
the human a4 nAChR subunit (Schuckit et al., 2001).
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