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Abstract

Previous studies in humans have demonstrated a high co-morbidity between alcoholism and smoking. This co-morbidity between alcohol
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nd nicotine dependence can be attributed, in part, to common genetic factors. In rodents, behavioral and physiological respons
nd nicotine also appear to share common genetic influences. In this report, the genetic correlation between free-choice oral n
ral alcohol consumption was evaluated using an ascending two-bottle choice paradigm in C57BL/6× C3H/HeJ F2 intercross mice. For
oncentrations of nicotine (25, 50, and 100�g/ml) and alcohol (3, 6, and 10%) tested, nicotine consumption was significantly correlate
lcohol consumption. Nicotine consumption at the highest nicotine concentration tested (100�g/ml) showed low, but significant, correlatio
ith the number of [3H]-cytisine binding sites in the hippocampus (r = 0.307) and the number of [125I]-�-bungarotoxin binding sites in th
ortex (r = −0.328). No significant correlations between alcohol consumption and the number of either [3H]-cytisine or [125I]-�-bungarotoxin
inding sites was observed. A polymorphism in the nicotinic receptor�4 subunit gene,Chrna4, showed a trend with nicotine consumption
significant association with alcohol consumption in female but not male mice. These results indicate that common genetic factor
icotine and alcohol consumption in mice. However, neither individual differences in the expression of [3H]-cytisine or [125I]-�-bungarotoxin
inding nicotinic receptors nor the polymorphism inChrna4likely contribute to the genetic overlap that influences the consumption o
f these drugs of abuse in C57BL/6× C3H/HeJ F2 mice.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Studies in humans have demonstrated a high co-morbidity
etween alcoholism and smoking[3,21]. Approximately
0% of alcoholics are smokers while about 24% of the total
dult population smoke cigarettes. Moreover, there is a direct
orrelation between the amount of alcohol consumed and the
umber of cigarettes consumed among alcoholics[2,9,22]. It
lso has been established that there is a considerable genetic

nfluence on both alcoholism and smoking. Studies have es-
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timated that approximately 50–60% of individual variat
in either alcohol or tobacco consumption can be attrib
to genetic factors[7,18–20,38]and a considerable amou
of the genetic variance for alcoholism and smoking ma
attributed to common genetic factors[43].

In rodents, it has been established that responses to
hol and nicotine, the primary addictive agent in tobacco,
are significantly influenced by genetic factors. As is the
in humans, responses to alcohol and nicotine appear to
common genetic components. For example, several resp
to nicotine and alcohol were correlated in a classic ge
cross between the selected mouse lines long-sleep (LS
short-sleep (SS)[12]. In addition, the LS and SS mice, whi
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were selected for individual differences in sensitivity to the
sedative effects of alcohol, exhibit significant differences in
sensitivity to nicotine[33]. Other rodent lines selected for dif-
ferences in various alcohol-related behaviors also have been
found to differ in sensitivity to nicotine[10,11,13,16,17,23].

One potential site of convergence of the actions of nicotine
and alcohol is the family of neuronal nicotinic acetylcholine
receptors (nAChRs) expressed in the brain. In mammals, the
neuronal subfamily of nAChRs comprise an indeterminate
number of subtypes that are composed of pentameric com-
binations of the subunits�2–�7, �9, �10, and�2–�4 [25].
Söderpalm et al.[35] demonstrated in rats that activation of
nAChRs in the ventral tegmental area of the brain is involved
in the dopamine-activating and rewarding effects of alco-
hol. Others have established that various nAChR subtypes
are functionally modulated by alcohol[1,6,46]. The subtypes
of nAChRs whose function is modulated by alcohol include
both �4�2 [1,6,46] and �7 [6,44] nAChRs, the two most
abundant nAChR subtypes found in the brain. Individual dif-
ferences in the expression of these two receptor subtypes have
been correlated with various responses to nicotine[27,31]
and alcohol[39] in rodents. Moreover, a polymorphism in
the mouse nAChR�4 subunit gene,Chrna4 [37], has been
shown to be associated with various behavioral responses to
nicotine[36,41,42]and alcohol[41]. TheChrna4polymor-
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2. Methods

2.1. Animals

C57BL/6J, C3H/HeJ, and (C57BL/6J female× C3H/HeJ
male) F1 mice were purchased from The Jackson Laboratory
(Bar Harbor, ME). C57BL/6J× C3H/HeJ F2 intercross mice
were produced in-house by mating the F1 animals purchased
from The Jackson Laboratory. The F2 animals were weaned
at 21 days and group housed by sex. The mice were main-
tained on a 12 h light/dark schedule and had free access to
food (Harlan Teklad, Indianapolis, IN) and water. For pref-
erence testing, mice were singly housed in a standard mouse
cage and provided with food and two bottles of fluid. One bot-
tle contained the test drug dissolved in water and the other
bottle contained water only. Each drug concentration was
tested for a period of 4 days and the bottle positions were
rotated every day. The mass of each animal was measured
at the beginning and end of each drug concentration. For all
animals, alcohol preference was measured first starting with
3% alcohol, followed immediately by 6% alcohol and then
10% alcohol. Six days following the completion of the 10%
alcohol trial, nicotine preference was initiated. Between the
alcohol and nicotine trials, the mice only had access to water.
The first nicotine concentration tested was 25�g/ml nicotine
s
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hism also influences the function of�4�2 nAChRs in mous
rain synaptosomes[14] and affects�4�2 nAChR pharma
ology when evaluated in a heterologous system[24]. Re-
ently, Butt et al.[5] demonstrated that theChrna4polymor-
hism is associated with the ability of alcohol to potent

he function of�4�2 nAChRs in mouse brain synaptosom
hese data suggest that genetically-determined differe

n the expression and/or function of these nAChR subt
ight be responsible for at least some of the genetic ov
etween nicotine and alcohol-related behaviors.

A few reports have described both nicotine and alc
onsumption in rodents. These studies each found a s
cant relationship between nicotine and alcohol consu
ion. However, drug consumption in these studies was
ompared between either two inbred mouse strains[29], two
elected rat lines[40] or transgenic mice that over expre
ovine growth hormone and their control littermates[30].

n order to more fully assess the genetic overlap betw
icotine and alcohol consumption in mice, free-choice n

ine and alcohol consumption was measured using a
ottle ascending drug concentration paradigm in 50 F

ercross mice derived from the inbred strains C57BL/6J
3H/HeJ. These two parental strains are known to diff
oth nicotine and alcohol consumption[4,32]. The potentia
ole of nAChRs in influencing both nicotine and alcohol c
umption was also evaluated. For this, levels of�4�2 and�7
AChRs were measured in all mice by radio-ligand bind
ssays in four brain regions (cortex, hippocampus, mid
nd striatum). In addition, the relationship betweenChrna4
enotype and the consumption of nicotine and alcohol
valuated in these animals.
olution followed immediately by 50 and 100�g/ml nicotine
olutions.

.2. Receptor binding

The binding of [3H]-cytisine to particulate fraction
rom cortex, hippocampus, midbrain and striatum was m
ured using methods similar to those described for [3H]-
icotine binding in Marks et al.[28]. Particulate frac

ions obtained from P2 preparations of the four brain
ions were incubated with 10 nM [3H]-cytisine in 100�l
f Krebs–Ringers–HEPES (118 mM NaCl, 4.8 mM K
.5 mM CaCl2, 1.2 mM MgSO4, 20 mM HEPES, pH 7.4
KRH) for 1.5 h at 4◦C. Incubations were conducted
6-well polystyrene plates. Non-specific binding was de
ined by including 10�M unlabeled (−)-nicotine in the in

ubation. The binding reaction was terminated by filtra
f the particulate fractions onto glass fiber filters that w
oaked in 0.5% polyethylenimine in KRH. After filtration, t
lters were washed six times with ice-cold KRH. All filtrati
as done using a Tomtec (Hamden, CT) Mach II harve
he filters were collected and placed in scintillation vi
ollowing the addition of scintillation fluid, the radioactiv
as measured using a liquid scintillation counter. The b

ng of [125I]-�-bungarotoxin ([125I]-�BTX) was performed
s described for [3H]-cytisine binding with the following
xceptions. Particulate fractions were incubated with 2
125I]-�BTX for 3 h at 37◦C and non-specific binding w
etermined by the inclusion of 1 mM (−)-nicotine in the in
ubation. Filtration of the samples was done using glass
lters that were soaked in 0.5% polyethylenimine and
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non-fat dry milk in KRH. Filters were counted on a Packard
Cobra II gamma counter (Perkin-Elmer, Boston, MA). Ho-
mogenate protein levels were determined by the method of
Lowry et al.[26].

2.3. Chrna4 genotyping

Genomic DNA from the 50 F2 mice was isolated from
splenic tissue by standard proteinase K digestion/phenol ex-
traction methodology as described previously[36]. A re-
gion of Chrna4 that spanned the SNP at nucleotide po-
sition 1587 was amplified by a reaction that included
50 ng of genomic DNA, 1× PCR buffer II (PE Biosys-
tems, Foster City, CA), 2.5 mM MgCl2, 200�M each,
dGTP, dATP, dCTP, dTTP, 20 pmol of each amplifica-
tion primer (5′-GGTCCCTGAGCGTCCAGCATG-3′ and 5′-
GGTCCTATCTGGGTCGGGGTG-3′), 2.5 units Amplitaq
Gold DNA polymerase (PE Biosystems) in a reaction vol-
ume of 50�l. Amplification of the DNA was accomplished
using a touchdown protocol with an initial annealing tem-
perature of 65◦C and final amplification conditions of 94◦C,
30 s; 55◦C, 30 s; 72◦C, 1 min, for 30 cycles. This amplifica-
tion reaction generates a product of 405 bp that spans from
185 bp upstream of theChrna4SNP at nucleotide position
1587 to 220 downstream of this SNP. Following amplifica-
t
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2.4. Statistics

All statistical analyses were performed using the SPSS
12.0 software package (SPSS, Chicago, IL). Consumption
measures (drug consumption and preference ratio) for both
nicotine and alcohol in the inbred strains were assessed using
a general linear model for repeated measures. Consumption
measures for both nicotine and alcohol in the F2 intercross
mice were evaluated using two-way ANOVA. The relation-
ship between nicotine and alcohol consumption as well as
the relationship between drug consumption and [3H]-cytisine
and [125I]-�BTX binding levels were evaluated using bivari-
ate correlational analysis (Pearson’s two-tailed correlation
coefficient). The relationship betweenChrna4genotype and
drug intake was performed using the general linear model for
repeated measures.

3. Results

3.1. Alcohol consumption in C57BL/6J and C3H/HeJ
inbred mice

Alcohol consumption was measured in C57BL/6J and
C3H/HeJ mice using the two-bottle choice paradigm as de-
s ay
p , the
m wa-
t 6%
( st 4
d
n train
ion, 5�l of the PCR reaction was digested withStuI in a
nal volume of 20�l and subsequently electrophoresed o
.8% agarose gel. The restriction enzymeStuI (recognition
equence AGGCCT) will cut the PCR product if the alanin
odon, GCC, is present at codon position 529 but will no
he PCR product if the threonine codon, ACC, is prese
his position.

ig. 1. Measurement of alcohol preference and alcohol consumption
ouse strains C57BL/6J (n= 5 males and 5 females) and C3H/HeJ (n= 6 m
nd preference ratios (percent of total fluid consumed from the alcoh
ere determined for each alcohol concentration. (A) Alcohol preferen
train (P < 0.001), but not for sex. A significant concentration-strain int
etween-subject measures for alcohol consumption detected signific
ignificant effects of alcohol concentration (P < 0.001), and concentratio×
ex (P < 0.05) interactions were observed for within-subject tests. All d
le and female C57BL/6 and C3H/HeJ mice. Male and female mice o
d 6 females) were tested in an ascending alcohol two-bottle choice pa
aining bottle) and alcohol consumption (grams alcohol consumed/kgmass
alcohol preference ratio, a significant between-subject effects werebserved fo

n was detected for within-subject effects (P < 0.001). (B) Alcohol consumptio
ects of strain (P < 0.001), sex (P < 0.001) and a strain–sex interaction (P < 0.05).
(P < 0.001), concentration× sex (P < 0.005) and concentration× strain×

e presented as mean± S.E.M.

cribed inSection 2. Testing was conducted over a 12-d
eriod. During each of three separate 4-day periods
ice were provided with bottles containing water and

er supplemented with 3% (v/v) alcohol (first 4 days),
v/v) alcohol (second 4 days) and 10% (v/v) alcohol (la
ays). For the alcohol preference measure (Fig. 1A), sig-
ificant between-subject effects were observed for s
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(F(1,22) = 48.47,P < 0.001), but not for sex. A signifi-
cant concentration-strain interaction was detected for within-
subject effects (F(2,22) = 16.76,P < 0.001). Between-subject
measures for alcohol consumption (Fig. 1B) detected signifi-
cant effects of strain (F(1,22) = 71.26,P< 0.001), sex (F(1,22)
= 16.64,P < 0.001) and a strain–sex interaction (F(1,22) =
7.19, P < 0.05). Significant effects of alcohol concentra-
tion (F(2,22) = 47.2,P < 0.001), and concentration× strain
(F(2,22) = 41.4,P < 0.001), concentration× sex (F(2,22) =
8.38,P < 0.005) and concentration× strain× sex (F(2,22) =
3.66,P< 0.05) interactions were observed for within-subject
tests.

3.2. Nicotine consumption in C57BL/6J and C3H/HeJ
inbred mice

Nicotine consumption also was measured in C57BL/6J
and C3H/HeJ mice using the two-bottle choice paradigm as
described inSection 2. Testing was conducted over a 12-
day period. During each of three separate 4-day periods, the
mice were provided with bottles containing water and water
supplemented with 25�g/ml nicotine (first 4 days), 50�g/ml
nicotine (second 4 days) and 100�g/ml nicotine (last 4 days).
A significant between-subject effect was observed for nico-
tine preference for strain (F(1,20) = 10.48,P< 0.005), but not
f so
w
0 ption
( ,
P
0

F n in ma f the inbred
m ( 6 mal choice
p he nico e
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B ant effe ts
o 01), an for
w s mean± S.E

3.78,P < 0.05), and concentration× strain (F(2,20) = 14.75,
P < 0.001), and concentration× strain× sex (F(2,20) = 3.8,
P < 0.05) interactions were observed for within-subject tests
of nicotine consumption.

3.3. Effect of sequential alcohol and nicotine two-bottle
choice tests on measures of nicotine preference

In order to evaluate the relationship between the con-
sumption of alcohol and nicotine in the same animal,
sequential testing of the two drugs is necessary. Therefore,
C57BL/6J and C3H/HeJ mice were evaluated for whether
prior testing of mice with the alcohol two-bottle choice
paradigm affects measures of nicotine preference in a subse-
quent nicotine two-bottle choice test. Female and male mice
of both inbred strains were tested in the 12-day, two-bottle
preference paradigm for alcohol exactly as described earlier.
An equal number of animals were tested simultaneously
in the two-bottle paradigm in which both bottles contained
water only. Six days following the completion of the
water/alcohol, water/water two-bottle choice experiments,
the mice were tested for nicotine two-bottle choice exactly
as described earlier. Although alcohol exposure preceding
nicotine preference showed a tendency to decrease nicotine
consumption in C57BL/6 mice and to a lesser extent in
C nce
( re
o ice
t ntly
a
n .
or sex (Fig. 2A). A significant effect of concentration al
as detected for within-subject effects (F(2,20) = 33.62,P <
.001). Between-subject measures for nicotine consum
Fig. 2B) detected significant effects of strain (F(1,20) = 17.52

< 0.001) and a strain–sex interaction (F(1,20) = 7.81,P <
.01). Significant effects of nicotine concentration (F(2,20) =

ig. 2. Measurement of nicotine preference and nicotine consumptio
ouse strains C57BL/6J (n = 5 males and 5 females) and C3H/HeJn =
aradigm and preference ratios (percent of total fluid consumed from t
ass) were determined for each nicotine concentration. (A) Nicotine p

train (P < 0.005), but not for sex. A significant effect of concentratio
etween-subject measures for nicotine consumption detected signific
f nicotine concentration (P < 0.05), and concentration× strain (P < 0.0
ithin-subject tests of nicotine consumption. All data are presented a
le and female C57BL/6 and C3H/HeJ mice. Male and female mice o
es and 4 females) were tested in an ascending nicotine two-bottle
tine-containing bottle) and nicotine consumption (mg nicotine consumd/kg body
nce. A significant between-subject effect was observed for nicotine pference fo
as detected for within-subject effects (P < 0.001). (B) Nicotine consumptio
cts of strain (P< 0.001) and a strain–sex interaction (P< 0.01). Significant effec
d concentration× strain× sex (P < 0.05) interactions were observed
.M.

3H/HeJ mice, statistical analysis of nicotine prefere
Fig. 3A) and consumption (Fig. 3B) between mice that we
r were not exposed to alcohol in the initial two-bottle cho

est indicated that exposure to alcohol did not significa
lter either nicotine preference (F(1,42) = 0.174,P > 0.5) or
icotine consumption (F(1,42) = 1.12,P> 0.2) in either strain
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Fig. 3. Effect of prior exposure to alcohol on nicotine preference and consumption in C57BL/6J and C3H/HeJ mice. Prior to performing the ascending nicotine
two-bottle choice test, C57BL/6J and C3H/HeJ mice were exposed to the ascending alcohol two-bottle choice test (n = 5 males and 5 females for C57BL/6J
and 6 males and 6 females for C3H/HeJ) or the two-bottle choice test in which both bottles contained only water (n = 5 males and 5 females for C57BL/6J and
6 males and 4 females for C3H/HeJ). A comparison of nicotine preference (panels A and B) and consumption (panels C and D) between mice that were or
were not exposed to alcohol in the initial two-bottle choice test indicated that exposure to alcohol did not alter either nicotine preference (P > 0.5) or nicotine
consumption (P > 0.2). All data are presented as mean± S.E.M.

3.4. Alcohol consumption in F2 intercross mice

Alcohol consumption was measured in 50 F2 intercross
animals (26 female and 24 male mice) using the two-bottle
choice paradigm as described inSection 2(Fig. 5). Testing
was conducted over a 12-day period. During each of three
separate 4-day periods, the mice were provided with bot-
tles containing water and water supplemented with 3, 6, and
10% (v/v). Female mice consumed 49.8± 3.8, 57.3± 5.3,
and 61.3± 6.1% of their total fluid from the 3, 6, and 10%
ethanol solutions, respectively (Fig. 4). In contrast, male mice
consumed 28.2± 4.1, 26.3± 5.5, and 22.9± 5.7% of their
total fluid from the alcohol-containing solutions. The aver-
age consumption of alcohol during the 3, 6, and 10% trials
was 6.16± 0.62, 7.23± 0.8, and 12.0± 1.2 g/kg for female
mice and 2.53± 0.37, 2.39± 0.49, and 3.31± 0.81 g/kg for

male mice. A significant effect of sex was detected for both
the alcohol preference ratio measure (P < 0.001) and con-
sumption of alcohol (F(1,50) = 60.31,P < 0.001). There was
also a significant effect of alcohol concentration on the con-
sumption of alcohol (P< 0.001) and a significant sex–alcohol
concentration interaction (P < 0.001).

3.5. Nicotine consumption in F2 intercross mice

After completion of the two-bottle choice test with al-
cohol, nicotine consumption was measured in the same 50
C57BL/6× C3H/2 F2 intercross mice using the two-bottle
choice paradigm as described inSection 2. During the test
period, the mice were provided with bottles containing wa-
ter and water supplemented with 25�g/ml nicotine for the
first 4 days, water and water supplemented with 50�g/ml
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Fig. 4. Relationships between ethanol concentrations and ethanol consumption or preference ratio in male and female C57BL/6× C3H/HeJ F2 intercross
mice. Fifty F2 intercross mice (26 female, 24 male) were evaluated for free-choice alcohol consumption in the two-bottle choice paradigm exactly as performed
for the parent strains. (A) Female mice consumed more alcohol at all three alcohol concentrations tested relative to their male counterparts (P < 0.001). A
significant effect of alcohol concentration on the consumption of alcohol was also detected (P < 0.001). (B) There was a significant sex effect on the ethanol
preference ratio (P < 0.001). Female mice exhibited a greater preference for alcohol than did male mice. However, the preference ratio did not differ for either
male or female mice at the three concentrations of alcohol tested. All data are presented as mean± S.E.M.

nicotine for the next 4 days and water and water supple-
mented with 100�g/ml for the last 4 days. During the 25, 50,
and 100�g/ml trials, female mice consumed 43.7± 2.4, 29.9
± 3.8, and 14.3± 2.5% of their total fluid from the nicotine-
laced solution, respectively (Fig. 5). Male mice consumed
38.4± 2.9, 28.0± 3.8, and 13.6± 2.4%, respectively, of their
total fluid from the nicotine-containing solutions. The aver-
age consumption of nicotine during the 25, 50, and 100�g/ml
trials was 2.74± 0.17, 3.79± 0.45, and 3.62± 0.58 mg/kg
for female mice and 2.02± 0.18, 2.96± 0.39, and 2.7±
0.5 mg/kg for male mice. There was a significant effect of
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nicotine concentration on the preference ratio (P< 0.001) but
not for nicotine consumption. Although female mice tended
to consume more nicotine at each nicotine concentration rela-
tive to their male counterparts, there was no significant effect
of sex on nicotine consumption.

3.6. Relationship between alcohol and nicotine
consumption

In order to evaluate whether individual differences in al-
cohol consumption were related to individual differences in
Nicotine Concentration (µg/ml)
25      50 100

(A)

ig. 5. Relationships between nicotine concentrations and dose of nic
ice. The same 50 F2 intercross mice tested for alcohol preference

ended to consume more nicotine than their male counterparts during
onsumption of nicotine did not differ significantly between the three
reference ratio while the concentration of nicotine tested did have a
.E.M.
Nicotine Concentration (µg/ml)
25      50       100

)

nsumed or preference ratio in male and female C57BL/6× C3H/HeJ F2 intercros
ested for nicotine preference in the two-bottle choice paradigm. (A)ice
, 50, and 100�g/ml trials, but the differences were not significant (P = 0.094). The
trations of nicotine tested. (B) No sex differences were detected fore nicotine

cant effect on the preference ratio (P < 0.001). All data are presented as mea±
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Fig. 6. Correlation between nicotine and alcohol consumption in C57BL/6× C3H/HeJ F2 intercross mice. The relationship between individual alcohol and
nicotine consumption was evaluated in the F2 intercross mice. Correlations for both male (�) and female (©) mice are shown. The consumption of alcohol
and nicotine was significantly correlated in male and female mice for all pair wise comparisons of the tested alcohol and nicotine concentrations. Themean
correlation (average of all pair wise combinations) between alcohol and nicotine consumption was 0.599 for male mice and 0.537 for female mice.

nicotine consumption, the two measures were compared at all
three concentrations of each drug (Fig. 6). Since sex differ-
ences were detected for the alcohol consumption measures,
bivariate correlational analysis was performed separately for
the female and male mice. For all concentrations of nicotine
and alcohol tested, nicotine consumption was significantly
correlated with alcohol consumption in both female and male
mice. The highest correlation between alcohol and nicotine
consumption in female mice was observed for the comparison
between 25�g/ml nicotine and 6% alcohol (0.641,P< 0.001)
and the lowest correlation for these measures in female mice
was between 100�g/ml nicotine and 10% alcohol (0.378,P
< 0.05). In male mice, the highest correlation between alco-
hol and nicotine consumption was observed for the compari-
son between 100�g/ml nicotine and 3% alcohol (0.829,P <
0.001) and the lowest correlation for these measures in male

mice was between 50�g/ml nicotine and 10% alcohol (0.434,
P< 0.05). These results suggest that in females, between 41%
(25�g/ml nicotine versus 6% alcohol) and 14% (100�l/ml
versus 10% alcohol) of the variance in nicotine and alcohol
consumption may be attributed to common genetic factors.
In comparison, between 69% (100�g/ml nicotine versus 3%
alcohol) and 19% (50�g/ml nicotine versus 10% alcohol)
of the variance in nicotine and alcohol consumption in male
mice may be attributed to common genetic factors. Similar
results were obtained for comparisons between alcohol and
nicotine preference ratios (data not shown).

3.7. Nicotinic receptor levels and drug consumption

In order to assess whether individual differences in nico-
tinic receptor levels are correlated with drug consumption,
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Table 1
Relationship between nicotinic receptor levels and measures of nicotine or alcohol consumption

Cortex Hippocampus Striatum Midbrain

Cytisine �BTX Cytisine �BTX Cytisine �BTX Cytisine �BTX

E3% ratio 0.025/0.075 0.146/0.225 −0.137/−0.103 −0.195/−0.226 −0.100/−0.138 −0.168/−0.027 0.027/0.238 −0.001/−0.261
E6% ratio −0.32/0.080 0.140/0.286 −0.085/−0.062 −0.178/−0.198 0.013/−0.033 −0.141/0.085 0.069/0.263 −0.073/−0.159
E10% ratio −0.026/0.043 −0.054/0.150 −0.041/−0.180 −0.263/−0.033 0.121/−0.043 0.010/−0.084 0.067/0.250 −0.061/−0.261
E3% con 0.034/0.055 0.147/0.294 −0.103/−0.123 −0.161/−0.171 −0.144/−0.074 −0.225/0.040 0.010/0.264 0.081/−0.279
E6% con 0.009/0.111 0.058/0.336 −0.058/−0.157 −0.173/−0.148 −0.074/−0.050 −0.236/0.078 0.031/0.243 0.026/−0.181
E10% con −0.009/0.086 −0.008/0.192 −0.044/−0.253 −0.205/−0.005 0.039/−0.026 −0.122/−0.042 0.025/0.255 −0.024/−0.253
N25 ratio 0.064 0.109 −0.254 −0.187 0.213 0.003 0.111 −0.051
N50 ratio 0.261 0.287 −0.214 −0.287 0.066 0.029 0.168 0.057
N100 ratio 0.183 0.342∗ −0.299∗ −0.163 −0.027 0.078 0.065 0.087
N25 con 0.107 0.081 −0.258 −0.175 0.079 −0.196 0.109 −0.172
N50 con 0.193 0.183 −0.289∗ −0.203 −0.014 −0.124 0.095 −0.067
N100 con 0.185 0.307∗ −0.328∗ −0.125 −0.05 −0.025 0.091 0.027

Cytisine: [3H]-cytisine binding;�BTX: [125I]-�-bungarotoxin binding; E3%: 3% ethanol; E6%: 6% ethanol; E10%: 10% ethanol. For ethanol, correlations
with both female (given first) and male data are shown. N25: 25�g/ml nicotine; N50: 50�g/ml nicotine; N100: 100�g/ml nicotine; ratio: preference ratio;
con: average daily consumption (g/kg alcohol, mg/kg nicotine).

∗ P < 0.05.

the binding of [3H]-cytisine and [125I]-�BTX were mea-
sured in cortex, striatum, midbrain and hippocampus in
the 50 F2 mice (Table 1). Due to sex differences in
the alcohol measures, correlations between receptor lev-
els and the alcohol phenotypes were made for each sex.
No significant correlations were detected between lev-
els of either [3H]-cytisine or [125I]-�BTX and alcohol
preference or consumption. Relatively low but signifi-
cant correlations were observed between the measures of
nicotine consumption at the highest nicotine concentra-
tion tested and the level of [3H]-cytisine binding sites in
the hippocampus and [125I]-�BTX binding sites in the
cortex.
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3.8. Nicotinic receptor genotype and drug consumption

In order to determine the relationship between a previ-
ously identified polymorphism in the nAChR subunit gene
Chrna4[37] and drug consumption, theChrna4genotype of
each animal was determined and compared to drug consump-
tion. Although there was a trend towards lower nicotine pref-
erence and consumption in mice homozygous for the C3H
allele ofChrna4, no significant association betweenChrna4
genotype and either nicotine preference ratio or dose of nico-
tine consumed was observed (Fig. 7). In contrast,Chrna4
genotype was significantly associated with the alcohol con-
sumption ratio (P < 0.01) and dose of alcohol consumed (P
ig. 7. Association betweenChrna4genotype and nicotine consumptio
reviously identified polymorphism in the nicotinic receptor subunit geC
easures of nicotine intake were evaluated. Although mice homozygo
r C57BL/6 allele homozygotes, the relationship between theChrna4polym
as not significant. B6B6, mice homozygous for the C57BL/6J alleleCh

or the C3H/HeJ allele ofChrna4. All data are presented as mean± S.E.M
7BL/6× C3HHeJ F2 intercross mice. The 50 F2 mice were genotyped
as describedSection 2and the relationship betweenChrna4genotype an
the C3H allele ofChrna4tended to consume less nicotine than heterozygous
sm and either nicotine consumption (A) or the nicotine preference rat
6C3, mice heterozygous for theChrna4alleles; C3C3, mice homozygo
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Fig. 8. Association between theChrna4genotype and ethanol consumption in C57BL/6× C3H2/HeJ F2 intercross mice. The 50 F2 mice were genotyped for
the polymorphism inChrna4and the relationship betweenChrna4genotype and measures of alcohol intake were evaluated.Chrna4genotype was significantly
associated with alcohol consumption (P < 0.001) and the alcohol preference ratio (P < 0.001) in female, but not male mice. B6B6, mice homozygous for
the C57BL/6J allele ofChrna4; B6C3, mice heterozygous for theChrna4alleles; C3C3, mice homozygous for the C3H/HeJ allele ofChrna4. All data are
presented as mean± S.E.M.

< 0.05) in females (Fig. 8). Female mice homozygous for the
C57BL/6 allele ofChrna4exhibited less preference for alco-
hol and consumed less alcohol relative to mice heterozygous
for Chrna4or homozygous for the C3H allele ofChrna4. A
significant relationship betweenChrna4genotype and the al-
cohol consumption measures was not observed in male mice.

4. Discussion

The results of this study provide evidence that there are
common genetic determinants for the consumption of nico-
tine and alcohol in mice. This is the first demonstration of
a correlation between alcohol and nicotine consumption in
a genetically segregating population of mice. Significant ge-
netic correlations were observed between nicotine and alco-
hol consumption at all concentrations of nicotine and alco-
hol examined. In female mice, the correlations ranged from
0.641 (P< 0.001) for 25�g/ml nicotine versus 6% alcohol to

0.378 (P< 0.05) for 100�g/ml nicotine versus 10% alcohol.
The correlations between the alcohol and nicotine measures
in male mice ranged from 0.829 (P < 0.001) for 100�g/ml
nicotine versus 3% alcohol to 0.434 (P < 0.05) for 50�g/ml
nicotine and 10% alcohol. The average correlation between
alcohol and nicotine consumption was 0.537 for females and
0.599 for males. Therefore, taking all alcohol–nicotine com-
parisons into account, approximately 29 and 36% of the phe-
notypic variance in alcohol and nicotine consumption may
be attributed to common genetic factors in female and male
mice, respectively.

Another potential explanation for the significant correla-
tion between alcohol and nicotine consumption is that prior
exposure to alcohol “primes” the mice that drink the alco-
hol to drink nicotine. However, this does not appear to be
the case as previous exposure to alcohol did not significantly
effect subsequent nicotine consumption in either of the in-
bred strains used to generate the F2 mice used in this study.
In fact, exposure to alcohol prior to nicotine may actually
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slightly decrease nicotine consumption (although the effect
was not significant). This effect of prior alcohol exposure
on nicotine consumption might actually lead to an artificially
low correlation between the measures of alcohol and nicotine
consumption.

Levels of the nicotinic receptor subtypes�4�2 and�7,
as measured by cytisine and�BTX binding, respectively,
were found to correlate with a few measures of nicotine con-
sumption but not with any measures of alcohol consumption.
The lack of a significant correlation between striatal cytisine
and�BTX binding with alcohol consumption is in contrast
to the results of Tizabi et al.[39]. This group demonstrated
that the alcohol-preferring selected rat line exhibits signifi-
cantly lower levels of both cytisine and�BTX binding sites in
striatum as compared to their non-preferring selected rat line
counterparts. The combination of these data indicates that the
relationship between levels of nicotinic receptors and alcohol
and nicotine consumption are dependent upon the test popu-
lation. The low correlation values observed between receptor
levels and nicotine consumption indicate that individual dif-
ferences in nicotinic receptor levels contribute to only a minor
fraction of the phenotypic variance. Furthermore, individual
differences in receptor levels cannot explain the genetic cor-
relation between alcohol and nicotine consumption in the
population used in this study.
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of statistical power in the C57BL/6J× C3H/HeJ F2 popula-
tion. Reduced power to detect an association betweenChrna4
genotype and nicotine consumption might be explained by
the observation that C57BL/6J and C3H/HeJ F2 mice also
are polymorphic for the genes that encode the�6 nicotinic
receptor subunit (Chrna6) and the�3 nicotinic receptor sub-
unit (Chrnb3) (J. Stitzel, unpublished data). C57BL/6J and
A/J F2 mice do not differ at theChrna6andChrnb3loci. One
of the predominant nicotinic receptor subtypes expressed in
the so-called reward pathway is comprised of the subunits
�4, �6, �2, and�3 [45,8,34]. If this receptor subtype is im-
portant for nicotine consumption, then polymorphisms in any
of these subunits might affect consumption. Consequently, in
the C57BL/6J× A/J F2 mice, function of this receptor sub-
type would be affected only by the strain variants of the�4
subunit. In contrast, the influence of the variants of the�4
subunit on the function of the putative�4�6�2�3 nicotinic
receptor in C57BL/6J× C3H/HeJ F2 mice might be affected
by which strain-specific variants of the�6 and�3 subunits
are included in the receptor.

Chrna4genotype was associated with alcohol consump-
tion although the association was observed in female mice
only. Female mice homozygous for the C3H allele ofChrna4
consumed more alcohol than female mice homozygous for
the C57BL/6 allele ofChrna4. A potential role forChrna4
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Polymorphisms in the nicotinic receptor subunit g
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C3H/HeJ F2 mice. Although a trend was observed

he relationship betweenChrna4genotype and nicotine co
umption, the trend was not significant. Recently, Butt e
submitted for publication) demonstrated thatChrna4geno-
ype was significantly associated with nicotine consump
n an F2 intercross between C57BL/6J and A/J mice. The
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In summary, the results presented here indicate that there
are common genetic influences on nicotine and alcohol con-
sumption in mice. However, the genetic overlap between
nicotine and alcohol consumption in mice cannot be at-
tributed to individual differences in expression of�4�2 or
�7 nAChRs or to a polymorphism in the nAChR subunit
geneChrna4. Consequently, the genetic basis for the rela-
tionship between nicotine and alcohol consumption remains
to be determined.
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