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Abstract
Alcohol and nicotine are coabused, and preclinical and clinical data suggest that common genes may
influence responses to both drugs. A gene in a region of mouse chromosome 9 that includes a cluster
of three nicotinic acetylcholine receptor (nAChR) subunit genes influences the locomotor stimulant
response to ethanol. The current studies first used congenic mice to confirm the influential gene on
chromosome 9. Congenic F2 mice were then used to more finely map the location. Gene expression
of the three subunit genes was quantified in strains of mice that differ in response to ethanol. Finally,
the locomotor response to ethanol was examined in mice heterozygous for a null mutation of the α3
nAChR subunit gene (Chrna3). Congenic data indicate that a gene on chromosome 9, within a 46
cM region that contains the cluster of nAChR subunit genes, accounts for 41% of the genetic variation
in the stimulant response to ethanol. Greater expression of Chrna3 was found in whole brain and
dissected brain regions relevant to locomotor behavior in mice that were less sensitive to ethanol-
induced stimulation compared to mice that were robustly stimulated; the other two nAChR subunit
genes in the gene cluster (α5 and β4) were not differentially expressed. Locomotor stimulation was
not expressed on the genetic background of Chrna3 heterozygous (+/−) and wild-type (+/+) mice;
+/− mice were more sensitive than +/+ mice to the locomotor depressant effects of ethanol.
Chrna3 is a candidate gene for the acute locomotor stimulant response to ethanol that deserves further
examination.
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One factor involved in alcohol and nicotine coabuse (Grant et al. 2004; Istvan & Matarazzo
1984; Madden et al. 2000; Talcott et al. 1998) may be common genetic influence. Common
genetic factors account for as much as 40% of the covariance between alcohol and cigarette
use (Swan et al. 1997), and the genetic correlation between alcohol dependence and nicotine
dependence may be as high as 0.68 (Madden & Heath 2002). However, there is some genetic
specificity (Volk et al. 2007). Responses to these two drugs in animal models of addiction-
related traits also share some genetic codetermination. Mice selectively bred for their
heightened acute locomotor response to ethanol were also more stimulated by nicotine
compared to mice bred for reduced sensitivity to ethanol stimulation (Bergstrom et al. 2003).
Selective breeding of rats and mice for differences in sensitivity to the sedative–hypnotic
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effects of ethanol also resulted in differences in response to nicotine (Collins et al. 1993; de
Fiebre et al. 1987, 1990, 1991, 2002). These genetic correlations suggest that common neural
mechanisms associated with common genetic regulation may influence certain responses to
alcohol and nicotine.

Individuals who report higher levels of stimulation following alcohol administration in a
laboratory setting drink more alcohol outside the laboratory than those that report lower levels
of stimulation (Erblich & Earleywine 2003; Holdstock et al. 2000; King et al. 2002; Young
et al. 2005). Therefore, magnitude of behavioral stimulation in response to ethanol has been
proposed to be an endophenotype for excessive alcohol use (Gabbay 2005), and as such,
defining the genetic basis of this response may lead to a greater understanding of alcohol use
patterns. Quantitative trait locus (QTL) mapping has been used to locate genes that contribute
to variation in traits influenced by multiple genes, including the acute locomotor response to
ethanol (Dudek et al. 1991). QTL mapping results indicate that genes on several chromosomes
influence this trait, but two laboratories have provided evidence for the influence of at least
one gene on mouse chromosome 9 (Cunningham 1995; Palmer et al. 2006). Genes encoding
the α5 (Chrna5), α3 (Chrna3) and β4 (Chrnb4) subunits of the nicotinic acetylcholine receptor
(nAChR) reside in a gene cluster in the relevant region of chromosome 9. Pretreatment with
the non-specific nAChR antagonist mecamylamine attenuated ethanol-induced locomotor
stimulation (Blomqvist et al. 1992; Kamens & Phillips 2008; Larsson et al. 2002), but
incomplete information exists regarding the involvement of specific nAChR subunits.

To explore the α5, α3 and β4 nAChR subunit genes as candidates for the ethanol stimulation
QTL, we combined evidence from several approaches. We studied the ethanol responses of
congenic and knockout mice, used a congenic F2 population of mice for finer mapping, and
performed quantitative reverse transcriptase–polymerase chain reaction (qRT-PCR) gene
expression analysis. The ethanol stimulation QTL on mouse chromosome 9 was confirmed,
and supporting evidence was provided for one of the subunit genes as the stronger candidate
for influencing the acute response to ethanol.

Methods
Subjects

All mice tested in these experiments were produced by breeding pairs at the Portland Veterans
Affairs Medical Center. Congenic mice were obtained from J.K.B., whereas C57BL/6J (B6),
DBA/2J (D2), B6.129S7-Chrna3tm1Bay/J wild-type (Chrna3 +/+) and B6.129S7-
Chrna3tm1Bay/J heterozygous (Chrna3 +/−) mice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA).

Congenic mice—Three chromosome 9 congenic strains were included in these studies:
chromosome 9 D2.B6 (D9Mit90,18; 9–71 cM), chromosome 9 B6.D2 – short (D9Mit90,182;
9–58 cM) and chromosome 9 B6.D2 – long (D9Mit90,18; 9–71 cM) congenics (see Fig. 1).
The indicated DNA markers (e.g. D9Mit90 at 9 cM and D9Mit18 at 71 cM) define the proximal
and distal boundaries of the introgressed regions. The congenic strain notation (e.g. D2.B6)
defines the background strain (in this case D2) and the strain that provided the donor region
(B6).

D2 × chromosome 9 D2.B6 (D9Mit90,18) congenic F2—The congenic F2 mice were
derived by crossing male chromosome 9 D2.B6 (D9Mit90, 18) congenic mice to female D2
mice. The F1 offspring from this cross, which were heterozygous for the introgressed region,
were then interbred to produce the F2 mice used in the current study.
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B6.129S7-Chrna3tm1Bay/J heterozygous (Chrna3 +/−) and wild-type (Chrna3 +/+)
mice—Mice deficient in Chrna3 were created using now standard homologous recombination
procedures (Xu et al. 1999). Homozygous null mutant animals die shortly after birth; therefore,
it was necessary to use only heterozygous (+/−) and wild-type (+/+) mice for this study. Mice
used in these experiments had been backcrossed to the B6 strain for 10 generations prior to
cryopreservation by the Jackson Laboratory. Wild-type and +/− mice were rederived from
frozen embryos and shipped to us. Three types of breeding pairs (+/− × +/−; +/+ × +/−; +/− ×
+/+) produced the littermates used in these studies.

Animal husbandry
Mice were isosexually housed two to five per cage in shoebox size cages (internal dimensions:
28.5 cm long × 17.5 cm wide × 12 cm high) under standard laboratory temperature and humidity
conditions. Mice had ad libitum access to rodent chow (Purina Laboratory Rodent Chow #5001;
Purina Mills, St. Louis, MO, USA) and tap water. The lighting in the animal rooms was
maintained on a 12-h light/dark cycle (lights on at 0600 h).

At the start of the experiment, all animals were between 51 and 114 days of age, and mice of
both sexes were included in these studies. All procedures were approved by the Portland
Veterans Affairs Medical Center’s Institutional Animal Care and Use Committee and were in
accordance with the National Institutes of Health (1985) principles of laboratory animal care.

Drugs
Ethyl alcohol (200 proof) was obtained from Pharmco (Brookfield, CT, USA) and diluted in
physiological saline (Baxter Healthcare Corporation, Deerfield, IL, USA) to a 20% v/v
solution. Injection volumes were adjusted for body weight to achieve doses of 1–2.75 g/kg
ethanol.

Testing apparatus
AccuScan automated activity monitors (40 × 40 × 30 cm; AccuScan Instruments, Columbus,
OH, USA) were used to assess locomotor activity by interruption of eight infrared beams,
located 2 cm above the chamber floor. Beam breaks were recorded by a computer and converted
into horizontal distance traveled (in cm). The activity monitors were housed in custom-made
(Flair Plastics, Portland, OR, USA) black acrylic test chambers designed to separate the
monitors from the test room environment. Each chamber was lined with sound attenuating
foam, illuminated with an 8W fluorescent light and ventilated with a small fan that also
provided background noise. Mice were tested during the light phase of the light/dark cycle,
between 0800 and 1600 h, with the fluorescent lights on in the chambers.

Experiment 1
In this experiment, we set out to confirm the presence of a chromosome 9 QTL for ethanol-
induced locomotor stimulation using mice congenic for the relevant region of chromosome 9.
Chromosome 9 D2.B6 congenic, chromosome 9 B6.D2 – short congenic, B6 and D2 mice were
moved from the colony room to the test room about 1 h before behavioral testing. The 3-day
testing procedure used in these studies is identical to the procedure that was originally used to
map this QTL (Palmer et al. 2006; Phillips et al. 1995). Animals were injected with saline on
days 1 and 2 and ethanol (2 g/kg) on day 3. Immediately after the injection on each day, mice
were placed into the activity monitors and horizontal distance traveled was measured for 15
min, in 5-min epochs.

The acute locomotor response to ethanol was defined as the day 3 ethanol score minus the day
2 habituated baseline score (day 3 – day 2). Subtracting out the baseline score provides a
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measure of locomotor response to ethanol that factors out differences among animals in level
of baseline locomotor activity. Data from the first 5 min of the test session were used as the
primary dependent variable consistent with the original QTL mapping experiment (Phillips et
al. 1995). This period during the ascending limb of the ethanol absorption phase captures pure
stimulation, whereas longer test periods permit locomotor depression in response to ethanol to
develop in some mouse strains (Phillips et al. 1995).

Based on the predicted amount of trait variation accounted for by this QTL (14–34%), a group
size of 15–40 was predicted to be needed to confirm its presence in the introgressed region
(Belknap & Atkins 2001). Twenty-six to 49 mice were tested per sex per strain in eight cohorts.
In a representative number of animals from some cohorts, blood samples were obtained to
determine if behavioral differences between the strains were associated with differences in
blood ethanol concentrations (BECs). A blood sample (20 µl) was obtained from these mice
from the retro-orbital sinus and processed following procedures standard in our laboratory
(Boehm et al. 2000). BECs were determined by gas chromatography (Agilent 6890, Foster
City, CA, USA) against a curve derived from a series of known standards in the expected range
of concentrations.

All other behavioral tests used similar procedures. Differences in procedure from this
experiment are noted below.

Experiment 2
Ethanol produces strain dependent biphasic effects on locomotor activity in mice (Crabbe et
al. 1994; Dudek et al. 1991, 1994). While 2 g/kg ethanol in the D2 strain is stimulatory, in the
B6 strain, this dose is more likely to produce locomotor depression (Crabbe et al. 1994; Dudek
et al. 1991). A single QTL from the D2 genotype that confers increased sensitivity to ethanol
stimulationmay not be able to overcome this alternate effect of ethanol that is characteristic of
the B6 background strain. This possibility arose as an explanation for the results of experiment
1 and led us to reduce the ethanol dose used to test the chromosome 9 B6.D2 – short congenic
and B6 controlmice in experiment 2. Thirty to 32 mice (half of each sex) were tested per
genotype using the same behavioral procedure as in experiment 1, except that mice were given
a 1.5 g/kg ethanol dose on day 3. All mice had blood taken after testing on day 3 for BEC
analysis.

Experiment 3
Initial studies were conducted in a pre-existing B6 background congenic (B6.D2 – short) that
possessed an introgressed D2 segment that was 13 cM shorter than the congenic segment in
the D2.B6 strain (9–58 cM as compared to 9–71 cM, respectively). QTL capture was confirmed
in the D2.B6, but not in B6.D2 – short congenic, mice for either dose of ethanol. We entertained
the possibility that the QTL was not present in the shorter congenic region and thus created a
new B6 background congenic with a longer 9–71 cM introgressed region (B6.D2 – long),
comparable to that of the D2.B6 congenic. Forty to 41 chromosome 9 B6.D2 – long congenic
and B6 controlmice were tested for ethanol-induced stimulation, using the dose of ethanol that
was originally used to detect the QTL (2 g/kg). A blood sample was taken from all animals
following testing on day 3 to examine BEC.

Experiment 4
All 260 congenic F2 mice had a small portion of the tail (approximately 2 mm) taken for DNA
analysis at least 2 weeks prior to being tested for their acute locomotor response to ethanol (2
g/kg), using the procedures already described. F2 animals that had behavioral responses in the
top or bottom 12.5% of the phenotypic distribution were genotyped and used for QTL analyses.
There was an equal representation of each sex in both tails of the distribution. Genotyping this
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portion of the population (25% in total) provides the majority of linkage information available
from the whole population (Darvasi & Soller 1992; Lander & Botstein 1989).

Experiment 5
The QTL for ethanol-induced locomotor stimulation on mouse chromosome 9 was captured
on the D2 background, the background more prone to this effect of ethanol. We next explored
the possibility that one or more of the nAChR subunit genes might play a role in the differential
ethanol response by examining expression of the three nAChR subunit genes in the
chromosome 9 D2.B6 congenic and D2 controlmice. In this initial analysis, whole brain tissue
from naive male and female mice (n = 6 per D2.B6 and D2 strain) was used for qRT-PCR
analysis of the Chrna5, Chrna3, and Chrnb4 genes.

Experiment 6
In experiment 5, only Chrna3 was differentially expressed between the D2 and D2.B6 congenic
mice. To examine if Chrna3 was also differentially expressed in brain regions known to be
important in the locomotor response to drugs of abuse including ethanol, the striatum and
ventral midbrain were dissected for qRT-PCR. These regions were chosen because they are
part of the motive circuit (Nestler 2005) known to modulate drug-induced locomotor
stimulation (Wise & Bozarth 1987). These brain regions were dissected from naive male and
female chromosome 9 D2.B6 congenic and D2 mice (n = 10–12 per strain), and Chrna3
expression was determined using qRT-PCR.

Experiment 7
In experiments 5 and 6, Chrna3 was differentially expressed between the D2 and D2.B6
congenic mice. To attempt to confirm a role for Chrna3 in ethanol-induced locomotor
stimulation Chrna3 +/− and Chrna3 +/+ animals were tested for this trait. Fifteen to 16 mice
per genotype and ethanol (1, 1.5, 2, or 2.75 g/kg) dose were tested. A range of ethanol doses
was used because the mutation resides on a largely B6 background, and we wanted to maximize
our chances of detecting a locomotor stimulant response difference. On the B6 background,
doses of 2 g/kg and below were most likely to produce small stimulant effects during the first
5 min after injection, whereas locomotor depression was more likely at the 2.75 g/kg dose. On
day 3, a blood sample was taken to examine BEC.

DNA isolation and genotyping
Genomic DNA was extracted from tail tissue using the Puregene Tissue and Mouse Tail Kit
according to the manufacturer’s protocol (Qiagen, Valencia, CA, USA). Briefly, cells were
placed overnight in cell lysis solution and proteinase K. RNA was removed with the addition
of RNase, and then, proteins were precipitated with a protein precipitation solution provided
in the kit. Finally, DNA was precipitated with isopropanol, washed and rehydrated in TE buffer
(10 mM Tris, pH 7.5, and 1 mM ethylenediaminetetraacetic acid).

D2 × chromosome 9 D2.B6 (D9Mit90,18) congenic F2—Six microsatellite markers
spaced approximately every 12 cM throughout the introgressed congenic region were
genotyped in the F2 mice. To each DNA sample, 1.2 µl MgCl2 (25 mM), 1.5 µl buffer, 0.15
µl AmpliTaq Gold (5 U/ µl; Applied Biosystems, Foster City, CA, USA), 2.5 µl dNTPs (1.25
mM; Promega, Madison, WI, USA), 7.15 µl ddH20 and 0.3 µl forward and reverse primers
(6.6 µM; Research Genetics, Inc., Huntsville, AL, USA) were added. The reaction was then
amplified in a Perkin–Elmer PCR machine (Waltham, MA, USA) under the following
conditions: 95°C for 10 min, 80°C for 5 min, 40 cycles of 94°C for 30 seconds, 53°C for 30
seconds, and 72°C for 30 seconds, followed by 72°C for 7 min and finally holding at 4°C.
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Amplified polymerase chain reaction (PCR) products were detected by ethidium bromide
staining on 3% agarose gels.

B6.129S7-Chrna3tm1Bay/J heterozygous (Chrna3 +/−) and wild-type (Chrna3 +/+)
mice—Chrna3 +/− and +/+ animals were genotyped using the standard procedures described
above and forward and reverse primers (5′-CTAGGCCACAGAATTGAAAGATCT-3′ and 5′-
GTAGGTGGAAATTCTAGCATCATCC-3′, respectively) to identify Chrna3 +/+ mice, and
primers complimentary to the inserted mutant sequence to identify Chrna3 +/− animals
(forward: 5′-TGTTCTCCTCTTCCTCATCTCC-3′ and reverse: 5′-
ACCCTTTCCAAATCCTCAGC-3′; Integrated DNA Technologies; Coralville, IA, USA).

Tissue extraction
Whole brain—Mice were cervically dislocated and decapitated, and whole brains were
removed. Brains were immediately frozen by submersion in cold isopentane, put into RNase-
free tubes, and stored at −80°C until processed for gene expression analysis.

Microdissections—Whole brains were removed and placed on an ice-cold platform. The
striatum was dissected from a slice between +1.75 and +0.25 bregma. The ventral midbrain
(containing the ventral tegmental area, substantia nigra and interpeduncular nuclei) was
dissected from a slice between −3.25 and −4.25 bregma. Each sample was placed into RNase-
free tubes on dry ice after dissection, before being transferred to a −80°C freezer for storage
until processed for gene expression analysis.

RNA extraction
RNA was extracted using the methods appropriate for either whole brain samples or
microdissected tissue. For whole brain, RNA was extracted using the guanidinium
isothiocyanate–phenol–chloroform extraction method (Chomczynski & Sacchi 1987, 2006),
following procedures standard in our laboratory (Kamens & Phillips 2008). Briefly, RNA
Stat-60 (Tel-Test, Inc., Friendswood, TX, USA) was used to extract RNA, which was then
cleaned of DNA contamination. RNA quality was assessed with an A260 nm/A280 nm ratio
by spectrophotometer (1.8–2 was considered good quality; Eppendorf, Hamburg, Germany;
Chomczynski & Sacchi 2006) and confirmed by electrophoresis on a 1% agarose gel.

RNA from the microdissections was extracted using the Absolutely RNA Microprep Kit
(Stratagene, La Jolla, CA, USA) and the manufacturer’s protocol. Briefly, β-mercaptoethanol/
lysis buffer mixture (100 µl) was added to each sample before vortexing and manual
homogenization. One hundred µl of 70% ethanol were then added to the mixture, which was
vortexed (5 seconds) and then transferred to an RNA-binding spin cup. Following
centrifugation (maximum speed, 60 seconds), 600 µl of a low-salt wash buffer was added to
the spin cup before another round of centrifugation (60 seconds at maximum speed). The filtrate
was then removed, and the column was dried by a 2-min spin at maximum speed. To remove
DNA contamination, a 30 µl mixture of RNase-free DNAse I and DNase digestion buffer was
added to the spin cup matrix, and the samples were incubated at 37°C for 15 min. Samples
were then washed first with 500 µl of high-salt wash buffer, then 600 µl of low-salt wash buffer,
and finally 300 µl of low-salt wash buffer, followed by centrifugation (60 seconds to 2 min)
after each wash. To elute the RNA from the spin cup matrix, 30 µl of the elution buffer was
added directly to the matrix, and the sample was centrifuged at maximum speed. The quality
of the microdissection RNA samples was examined using the same criterion as the whole brain
RNA samples.
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Quantitative reverse transcriptase–polymerase chain reaction (qRT-PCR)
Quantitative reverse transcriptase–polymerase chain reaction was performed in a two-step
reaction using standard procedures in our laboratory (Kamens & Phillips 2008). Briefly, total
RNA was reverse transcribed using a High-Capacity cDNA Archive Kit (Applied Biosystems)
and the manufacturer’s specifications. Messenger RNA gene expression of the Chrna5,
Chrna3 and Chrnb4 nAChR subunit genes and of the control Hprt1 (hypoxanthine guanine
phosphoribosyltransferase 1) gene was analyzed using predesigned TaqMan gene expression
assays (Applied Biosystems). The control gene Hprt1 was used because it has been validated
as a reference gene in mouse models (Meldgaard et al. 2006). Quantitative PCR reactions were
run using an iCycler (Bio-Rad, Hercules, CA, USA). Each sample was run in triplicate, and
the average crossing threshold (Ct) for the Chrna5, Chrna3, Chrnb4 and Hprt1 genes was
determined. For each sample, the Ct for Hprt1 was subtracted from the expression of the AChR
subunits. Relative expression based on the ΔΔ Ct method (calculated as 2 to the negative power
of the average expression of D2 mice minus each individual value) was used as the primary
dependent variable.

Statistics
Behavioral and gene expression data from each congenic strain were compared independently
to data from the relevant background strain, while Chrna3 +/− animals were compared to
Chrna3 +/+ animals. Data were analyzed with two- or three-way factorial analysis of variance
(ANOVA). Strain, sex and ethanol dose were used as independent variables. Interactions were
analyzed for simple main effects, while main effects were followed up by Newman–Keuls post
hoc comparisons. STATISTICA v. 6 (StatSoft, Tulsa, OK, USA) was used for all statistical analyses
with an alpha level set at 0.05.

Effect size
The percentage of variation accounted for by the QTL was calculated for the congenic strain
that was significantly different from its control strain (the one that captured the QTL). The
QTL effect size (R2) was calculated from a one-way ANOVA using the equation R2 = F/(F + dfw)
(F = statistic from the one-way ANOVA; dfw = degrees of freedom within; Rosenthal 1994).
The proportion of genetic variation account for was derived by taking the R2 divided by the
heritability of the trait (0.49; Phillips et al. 1995).

QTL analysis
R/qtl was used to analyze the genotypic and phenotypic data from the congenic F2 study
(Broman et al. 2003). Animals from the top and bottom 12.5% of the phenotypic distribution
were analyzed with the ‘scanone’ command. This command identifies QTL using the
expectation maximization algorithm.

Results
Experiment 1: confirmation of a QTL for ethanol-induced locomotor stimulation in a D2, but
not B6, background congenic

Chromosome 9 D2.B6 congenic mice exhibited an attenuated stimulant response to ethanol
compared to D2 mice, confirming the presence of a QTL on chromosome 9 for ethanol-induced
locomotor stimulation (Fig. 2a). Data from three animals were excluded fromthe analysis
because of computer malfunction, illness or misplaced injection. A two-way ANOVA of the acute
ethanol response (day 3 – day 2) with strain and sex as independent variables revealed a
significant main effect of strain (F1,128 = 34.4, P < 0.001) and sex (F1,128 = 7.7, P < 0.01;
female more stimulated than male; 1009.8 ± 137.1 vs. 592.9 ± 71.9 cm, respectively) but no
interaction of the two factors. This QTL accounted for 41%of the genetic variation in ethanol-
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induced stimulation. Examination of locomotor data from day 2 of saline baseline treatment
identified no differences in locomotor behavior between the genotypes (data not shown). A
subset of the animals tested for the acute response to ethanol (20–21 per strain) was used to
assess BEC. There was no significant strain difference in BEC in the subset of animals sampled
at the conclusion of the behavioral test (15 min after the 2 g/kg ethanol injection), but there
was a significant main effect of sex (F1,37 = 6.0, P < 0.05). Female mice had higher BECs than
male mice (2.15 ± 0.04 and 1.98 ± 0.02 mg/ml, respectively).

The chromosome 9 B6.D2 – short congenic and B6 control mice were equally sensitive to the
locomotor stimulant effect of ethanol (Fig. 2a). Data from one mouse were excluded because
of a computer malfunction. A two-way ANOVA of the acute ethanol response (day 3 – day 2)
revealed a significant main effect of sex (F1,184 = 21.3, P < 0.01; female > male; 463.3 ± 66.4
and 61.8 ± 57.4 cm, respectively) but no other significant results. Examination of data from
day 2 of saline treatment identified a significant main effect of strain (F1,184 = 11.0, P < 0.01),
such that B6.D2 – short congenic mice had higher activity levels than B6 mice (1726.6 ± 48.6
and 1506.7 ± 45.6 cm, respectively). Female mice again had a significantly higher mean BEC
compared to male mice (F1,43 = 4.3, P < 0.05; 2.03 ± 0.04 and 1.88 ± 0.06 mg/ml, respectively;
n = 22–25 per strain), but there was no significant difference in BEC between the two strains.

Experiment 2: the B6 background congenic does not capture a QTL for the acute locomotor
response to a 1.5 g/kg injection of ethanol

Chromosome 9 B6.D2 – short congenic and B6 mice were also equally sensitive to 1.5 g/kg
ethanol, as indicated by no significant main effect of strain (Fig. 2b). Similar to results for the
2 g/kg ethanol dose, female mice were significantly more stimulated than male mice (F1,58 =
9.2, P < 0.01; 351.9 ± 96.6 and 26.3 ± 61.3 cm, respectively). When data from the second day
of saline treatment were examined, the B6.D2 – short congenic and B6 mice had equivalent
locomotor activity levels (data not shown). A two-way ANOVA with strain and sex as independent
variables detected no significant main effects or interactions for BEC.

Experiment 3: there is no evidence of a QTL for ethanol stimulation on distal chromosome
9 when tested on the B6 background

When the chromosome 9 B6.D2 – long congenic was tested for ethanol (2 g/kg)-induced
locomotor stimulation, no difference in response compared to B6 control mice was observed
(Fig. 2c). A two-way ANOVA revealed a significant main effect of sex (F1 ,77 = 12.2, P < 0.001;
female > male; 430.1 ± 102.3 and −86.0 ± 104.1 cm, respectively) that did not interact with
strain. Chromosome 9 B6.D2 – long con-genic mice were more active on day 2 after a saline
injection compared to B6 mice (F1,77 = 6.6, P < 0.05; 1724.8 ± 86.4 and 1429.6 ± 74.4 cm,
respectively). When BEC values were examined, there was a significant strain × sex interaction
(F1,77 = 4.6, P < 0.05) because of higher BEC only in male congenic compared to male B6
mice (P < 0.05; 2.34 ± 0.07 and 2.18 ± 0.08 mg/ml, respectively).

Experiment 4: the QTL for ethanol-induced locomotor stimulation resides between 23 and
69 cM

The congenic F2 mice provided some resolution of the QTL region. The data from one mouse
were excluded because the animal was sick. When tested for the acute locomotor response to
ethanol, the 259 congenic F2 mice showed a normal phenotypic distribution (data not shown).
When the top and bottom 12.5% of the phenotypic population were analyzed using R/qtl, there
was significant evidence of a QTL for ethanol stimulation on mouse chromosome 9 that
exceeded Lander and Kruglyak (1995) guidelines for confirmation of a QTL previously
identified in independent populations. The peak LOD score was at 59 cM with a 1 LOD support
interval ranging from 23 to 69 cM (Fig. 3). This narrows the location of the QTL from a 62
cM region to a 46 cM region, which still contains the three genes encoding the nAChR subunits.
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Experiment 5: the α3 subunit of the nAChR is a candidate gene for ethanol stimulation
The α3, but not α5 or β4, subunit gene of the nAChR was differentially expressed between the
chromosome 9 D2.B6 congenic and D2 mice (Fig. 4a). Congenic mice had significantly more
Chrna3 RNA expression than D2 mice (F1,8 = 29.1, P < 0.001), independent of sex.

Experiment 6: strains of mice that differ in response to an acute injection of ethanol also
differ in Chrna3 expression in brain regions involved in this response

Chromosome 9 D2.B6 congenic mice had significantly more Chrna3 RNA expression than
D2 mice in both the ventral midbrain (F1,18 = 35.0, P < 0.001) and the striatum (F1,18 = 5.9,
P < 0.05), independent of sex (Fig. 4b).

Experiment 7: Chrna3 +/− mice exhibit greater locomotor depression compared to Chrna3 +/
+ mice after 2 g/kg ethanol

Data for three animals were excluded because their behavioral data points were statistical
outliers (+/− 2.5 SD from the mean). Because sex was not a significant factor, nor did it interact
with strain or dose, analyses were performed with data collapsed on sex. Chrna3 +/− mice
were more sensitive to the locomotor depressant effects of 2 g/kg ethanol compared to +/+
animals, but these strains were equally sensitive to ethanol at all other doses tested (line × dose
interaction; F3,113 = 2.7, P < 0.05; Fig. 5). BEC increased in a dose-dependent manner
(F3,108 = 140.4, P < 0.001; 1 g/kg = 1.09 ± 0.04, 1.5 g/kg = 1.58 ± 0.05, 2 g/kg = 2.18 ± 0.07,
and 2.75 g/kg = 3.18 ± 0.11mg/ml), independent of strain.

Discussion
The current studies confirmed the presence of a gene on mouse chromosome 9 that accounts
for 41% of the genetic variation in the acute locomotor response to ethanol. These studies also
provided evidence that the gene expressing the α3 subunit of the nAChR is a stronger candidate
for this QTL than are the α5 and β4 subunits genes, based on expression profiles in mice that
differ greatly in the stimulant response to ethanol.

Prior mapping data provided evidence of a QTL for ethanol-induced stimulation on
chromosome 9 (Cunningham 1995; Palmer et al. 2006). The presence of a QTL in this region
was confirmed at a P value that exceeds Lander and Kruglyak’s (1995) threshold for a
significant QTL in the D2 background congenic. We were unable to detect the QTL for ethanol
stimulation using two B6 background congenics. We considered and tested two possible
reasons for this lack of confirmation.

First, because B6 mice are particularly sensitive to the inhibitory effects of ethanol on
locomotor behavior, use of the 2 g/kg dose of ethanol may have masked detection. However,
when the B6.D2 – short congenic was tested at a lower ethanol dose (1.5 g/kg), the QTL for
ethanol stimulation was still not detected. It should be noted that the QTL was originally
mapped using a 2 g/kg ethanol dose and drug QTL are often dose dependent (Phillips et al.
1998). Second, we considered the length of the congenic region by creating a longer segment
B6.D2 congenic. However, the QTL was not captured in this congenic either.

These data do not rule out that a gene influencing ethanol stimulation resides in the congenic
region on the B6 background. A third possible explanation for our results is that this gene
epistatically interacts with another locus (or multiple loci) elsewhere in the genome and that
expression of the trait is dependent on the presence of a particular allele at this other locus that
is not present in the B6 mouse. In other words, the presence of a D2 allele at another locus may
be required in combination with the chromosome 9 D2 allele(s) to obtain a phenotypic effect.
Such an epistatic interaction (i.e. background effect) involving the 5-HT1B receptor gene
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(Htr1b), for example, has been observed for ethanol consumption (Phillips & Belknap 2002;
Phillips et al. 1999). A QTL for ethanol stimulation has been confirmed on mouse chromosome
2 in both a D2 and a B6 background congenic (Palmer et al. 2006). Creating double B6.D2
congenics (i.e. mice carrying introgressed D2 segments on both chromosomes 2 and 9) may
address the possibility of epistatic interactions or more simple additive effects of trait-relevant
genes.

In multiple cases, we found a significant main effect of sex that did not interact with genotype.
In all cases, females were more stimulated by ethanol compared to males, a finding that is
consistent with prior literature (Kamens et al. 2006; Palmer et al. 2006). Given that a significant
interaction with genotype was never observed, these data suggest that this QTL is not sex
specific.

To our knowledge, this is the first attempt to fine map a QTL using a congenic F2 population.
We were able to narrow the location of the gene from a 62 cM region to a 46 cM region. The
effect size of this QTL is large for a behavioral QTL and in the range of effect sizes of QTL
that have been fine mapped to smaller regions (Flint et al. 2005). Additional strategies, such
as the use of interval-specific congenic strains (Darvasi 1997; Fehr et al. 2002), might be useful
for finer mapping of the location of this QTL. While Chrna3 was differentially expressed, there
may be other genes in this region that are also differentially expressed and influence this trait.
If finer mapping could be accomplished, the number of genes under consideration would be
reduced, and this would be beneficial for more rigorous candidate gene identification.
However, if more than one gene underlies this large-effect QTL, when the genes are separated
via a finer mapping process in smaller segment congenics, the phenotype alteration may
become undetectable.

Nicotinic acetylcholine receptors have been implicated in ethanol stimulation (Blomqvist et
al. 1992; Kamens & Phillips 2008; Larsson et al. 2002). The non-specific nAChR antagonist
mecamylamine attenuated ethanol-induced stimulation in D2 mice (Kamens & Phillips
2008). While mecamylamine is regarded as non-specific, some suggest that this drug is most
potent at inhibiting α3β4 nAChR (Papke et al. 2001). Furthermore, in NMRI outbred mice,
mecamylamine attenuated ethanol stimulation and the involvement of α4β2 and α7 nAChR
was excluded because the nAChR antagonists, dihydro-β-erythroidine (α4β2 specific) and
methyllycaconitine (α7 specific) had no effect on this trait (Larsson et al. 2002). Additionally,
α-conotoxin MII (α3β2, β3 andα6 specific), but not α-conotoxin PIA analogue (α6 specific),
attenuated ethanol-induced locomotor stimulation, providing evidence that α3β2- or β3-
containing nAChRs are involved in this response (Jerlhag et al. 2006; Larsson et al. 2004).
Recent evidence in humans showed that single nucleotide polymorphisms within the α3/α5/
β4 gene cluster are associated with the age of initiation of alcohol use (Schlaepfer et al.
2008) and alcohol dependence (Wang et al. 2008).

Our data nominate α3 as the best candidate of the α3/α5/β4 genetic cluster, but it is possible
that α5 or β4 may be involved in this ethanol response. Given the fact that these subunits are
highly coregulated (Xu et al. 2006) and that recent studies have found associations of alcohol
traits with genetic variants in CHRNA5 and CHRNB4, in addition to CHRNA3 (Schlaepfer
et al. 2008; Wang et al. 2008), we cannot completely rule out the possibility that the other
subunits are involved. It is possible that we would find differential α5 or β4 expression if we
looked in distinct brain regions, a future direction we will explore.

Homozygous α3 knockout (−/−) mice have growth impairments and die within weeks after
birth (Xu et al. 1999), but heterozygous knockout (+/−) mice are less sensitive to nicotine-
induced seizures than +/+ mice (Salas et al. 2004). We found that Chrna3 +/− exhibited
locomotor depression to a 2 g/kg ethanol dose, whereas +/+ mice were insensitive to this effect
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at this dose of ethanol. We found no significant difference in ethanol stimulation between these
genotypes, but we also observed little or no ethanol-induced stimulation. These findings are
consistent with our results showing lack of confirmation of the ethanol stimulation QTL on
the B6 background. We are currently backcrossing the null mutation onto the D2 background
to better address the hypothesis that Chrna3 is involved in ethanol stimulation. However, it is
possible that even on this background, an effect will not be seen in +/− mice with loss of only
a portion of the α3 subunits.

18-Methoxycoronaridine appears to be specific for α3β4 nAChR but is not commercially
available. To our knowledge, the effect of 18-methoxycoronaridine on ethanol-induced
stimulation has not been tested, but this drug was shown to decrease ethanol consumption and
preference (Rezvani et al. 1997). Intracerebral administration of conotoxins that are specific
for α3-containing nAChR may help to elucidate the role of these receptors in ethanol
stimulation with regard to neuroanatomical location (Clark et al. 2006; Talley et al. 2006),
another future direction.

Differences in Chrna3 expression between chromosome 9 D2.B6 congenic and D2 control
mice were observed, but further work is needed to determine if these strains differ in α3 protein
levels. The assays that have been used to measure α3 protein levels have some inadequacies.
Cytisine-resistant epibatidine binding has been the assay typically used (Perry et al. 2002), but
there is evidence that this assay is not detecting exclusively α3-containing receptors (Kuryatov
et al. 2000;Marks et al. 2006; Parker et al. 1998; Xiao & Kellar 2004). Furthermore, antibodies
for the α3 subunit are non-specific (Moser et al. 2007).

In lines of mice selectively bred for extreme sensitivity or insensitivity to the locomotor
stimulant effects of ethanol, Chrna3 was not differentially expressed (Kamens & Phillips
2008). It is not uncommon to obtain different results when examining genetic relationships in
panels of inbred strains vs. selected lines (Crabbe et al. 1990). There may be more than one
mechanism by which an extreme ethanol stimulation phenotype can arise, and selective
breeding may have favored a mechanism that is not dependent on Chrna3, whereas this
phenotype in the D2 strain may be more strongly associated with level of Chrna3 expression.
However, only whole brain expression has been examined in the selected lines.

The α3 subunit gene is expressed in midbrain dopamine and GABA (gamma-aminobutyric
acid) neurons (Azam et al. 2002; Klink et al. 2001). Mouse synaptosome preparations have
provided evidence that receptors containing the α3 subunit are not directly involved in striatal
dopamine release (Salminen et al. 2004), but acetylcholine receptors containing this subunit
that are located on dopamine cell bodies could modulate dopamine release. Mecamylamine
administered directly into the ventral tegmental area decreases both ethanol-induced locomotor
stimulation and elevations in dopamine levels in the nucleus accumbens in response to ethanol
(Blomqvist et al. 1997). Because the ventral tegmental area is a major dopamine cell body-
containing region, these data suggest the hypothesis that α3-containing nAChR on dopamine
cell bodies may modulate these ethanol responses. The expression differences observed in the
chromosome 9 D2.B6 congenic and control mice are consistent with this hypothesis. D2 control
mice had less Chrna3 expression than D2.B6 congenic mice. The lower level of Chrna3
expression in D2 mice may be the result of greater endogenous acetylcholine levels. This would
be consistent with the work of Schwartz and Kellar (1983) who showed that treatment with a
cholinesterase inhibitor, which had the effect of increasing acetylcholine levels, decreased
nAChR levels.

In humans, administration of ethanol in the laboratory can produce self-reported ratings of
stimulation and euphoria, effects that are decreased by pretreatment with mecamylamine (Chi
& de Wit 2003; Young et al. 2005). These data suggest that nAChR may be involved in the
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acute response to ethanol in both humans and mouse models. Improvements in the detection
of nAChR constructed from specific subunits will lead to a better understanding of the role of
these receptors in addiction-related processes, including sensitivity traits that may serve as risk
factors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A graphical depiction of the chromosome 9 congenic mice
Black represents B6 alleles and white represents D2 alleles. The markers listed are those that
define the ends of the congenic interval.
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Figure 2. Capture of the chromosome 9 QTL for the locomotor response to ethanol is dependent
on congenic background strain
(a) The acute locomotor response to ethanol (2 g/kg) in male and female chromosome 9 D2.B6
(D9Mit90,18; 9–71 cM) congenic, chromosome 9 B6.D2 – short (D9Mit90,182; 9–58 cM)
congenic, D2 and B6 strains. (b) The acute locomotor response to ethanol (1.5 g/kg) in male
and female chromosome 9 B6.D2 – short (D9Mit90,182; 9–58 cM) congenic and B6 strains.
(c) The acute locomotor response to ethanol (2 g/kg) in male and female chromosome 9 B6.D2
– long (D9Mit90,18; 9–71 cM) congenic and B6 strains. Data are for the first 5 min (mean ±
SEM) of the 15-min test session. *P < 0.05.
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Figure 3. QTL mapping in a congenic F2 population reduces the QTL interval from a 62 cM region
to a 46 cM region
The peak LOD score for the chromosome 9 QTL is at 59 cM with a 1 LOD support interval of
23–69 cM. Shown are LOD scores representing the most likely location of the QTL for ethanol
(2 g/kg)-induced stimulation on chromosome 9 based on interval mapping in the chromosome
9 D2.B6 (D9Mit90,18; 9–71 cM) congenic × D2 F2 mice. n used for mapping = 32 mice from
the bottom and top tails of the phenotypic distribution curve.
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Figure 4. Greater whole brain and region-specific Chrna3 expression corresponds with reduced
locomotor response to ethanol
(a) Whole brain mean relative Chrna3, Chrna5 and Chrnb4 expression in the chromosome 9
D2.B6 (D9Mit90,18; 9–71 cM) congenic and D2 strains of mice. (b) Ventral midbrain and
striatum mean relative Chrna3 expression in the chromosome 9 D2.B6 (D9Mit90,18; 9–71
cM) congenic and D2 strains of mice. *P < 0.05.
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Figure 5. Strain differences in ethanol-induced locomotor activity between Chrna3 +/+ and +/−
mice are dependent upon ethanol dose
Data are for the first 5 min (mean ± SEM) of the 15-min test session. *P < 0.05.
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