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Identification of sex-specific
quantitative trait loci controlling
alcohol preference in C57BL/6 mice
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Mice from various inbred strains consume alcoholic beverages at highly reproducible and
strain-specific levels. While most mice consume alcohol in moderate amounts,
C57BL/6J animals exhibit sustained oral ingestion of high levels of alcohol in the
presence of competing water and food. We now report a genetic investigation of this
phenotype as one potential model for alcoholism. An intercross-backcross breeding
protocol was used to identify two recessive alcohol preference quantitative trait loci
(QTLs) that are both sex-restricted in expression. A comparison of our results with those
of an earlier morphine preference study argues against the hypothesis of a single unified
phenotype defined by a preference for all euphoria-producing drugs.

Hundreds of studies carried out over the past 80 years
or so have demonstrated conclusively that the genetic
constitution of an individual plays an important role
in determining whether he or she will become an alco-
holic'2, However, little progress has been made toward
the identification of loci that predispose individuals to
this common disease. Alcoholism is a complex multi-
factorial trait whose genetic dissection is confounded
by genetic heterogeneity, polygenic inheritance,
incomplete penetrance, and strong environmental
influences on both expression and non-expression?.
Experimental animal models for complex human
traits provide a means for circumventing two fac-
tors — heterogeneity and environment — that com-
plicate human studies of complex traits; and crosses
with inbred strains greatly simplify the analysis and
interpretation of genotypic and phenotypic data. But,
while it is relatively easy to ascertain the suitability of a
particular animal model for a physiological disease —
such as cancer susceptibility’”, hypertension®®, or
asthma!® — models of human behaviour are more
problematic. In the case of alcoholism, a perfect model
may not actually exist, given the wide variety of very
different subtypes proposed for the human condi-
tion'l, Nevertheless, various animal models have been
employed with assays for neurological sensitivity,
dependence, withdrawal and alcohol consumption
with or without the availability of competing fluids?.
With an appreciation for its limitations, we have cho-
sen a model based on the consistent and sustained oral
ingestion of high levels of alcohol in the presence of
competing water and food!?!3. With the use of an
analogous model for morphine preference!?, three
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potential predisposition QTLs were found for this
trait.

Over 35 years ago, McClearn and Rodgers!? first
showed that mice from various inbred strains consume
alcohol at highly reproducible and strain-specific levels
when given a choice between 10% ethanol and water.
The combined data from this original study, and oth-
ers that have followed, show that most inbred
strains — including 129/ReJ, C3H/HeSn], BALB/c],
and an A/J-related strain — consume 10% ethanol in
moderate amounts that range from 0.15 to 0.25 as a
fraction of total liquid intake!>15-17. However, several
strains exhibit extreme levels of alcohol consumption
that are significantly above or below this moderate
range. In particular, C57BL/6 (B6) mice exhibit
extreme alcohol preference with intake fractions that
may be 0.75 or more of total liquid consumed over
long periods of time. In contrast, mice from the
DBA/2]J strain exhibit extreme alcohol avoidance with
measured intake fractions of 0.07 or less. These data
provide evidence of a strong genetic influence on the
proportion of alcohol that is consumed by individual
mice as a fraction of total liquid intake. Furthermore,
the large differences in mean intake values observed
between B6, in particular, and other inbred strains
suggests that this behavioral system might be
amenable to QTL analysis.

All earlier attempts to map alcohol preference QTLs
made use of the BXD set of 26 recombinant inbred
(RI) strains'®2°, A major advantage of the RI
approach is that quantitative trait expression values for
each RI genotype can be replicated in an unlimited
number of animals. The major disadvantage is the
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Table 1 Alcohol consumption in parental strains

Genotype Both sexes? Males Females Possible sex
n m ) difference

DBA 0.07 £ 0.03 (40) 0.06 + 0.02 (16) 0.07 + 0.03 (24) n.s

(B6xDBA)F1  0.23 +0.17 (126) 0.21 + 0.16 (60) 0.25 + 0.18 (66) n.s.

B6 0.77 + 0.14 (68) 0.72+0.18(32°¢  0.81 +0.10(36)° P=0.02

2Results are expressed as mean values + S.D. (with number of trials in each group). The outcome of each
trial was treated as a separate value in the calculation of population means and standard deviations.

bThe t-test was used to test for significance between mean values observed for subpopulations separated
according to sex.

“Based on the ascertainment of normaiity, extreme outiying vaiues (5 from the male distribution and 3 from
the female distribution) were excluded from the calculations of mean and variance for the B6 subpopula-

parental populations as well as sub-
populations segregated according
to sex, no significant or large differ-
ences (>0.06) in mean consump-
tion values were observed in any
within-population trial-to-trial
comparison. On the basis of this
result, we chose to treat each trial
value as a separate and independent
sample for the purposes of further
analysis. The normality of each dis-

tions only.
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small number of genotypes available for analysis.
Unfortunately, with the analysis of complex traits con-
trolled by two or more loci, the BXD RI set is unlikely
to provide sufficient statistical power for mapping
QTLs?\. So far, numerous provisional alcohol prefer-
ence QTLs have been suggested by RI analysis!8-2%22,
but none are statistically significant according to a
newly recommended set of QTL threshold values?>.

In our study, we used a two generation outcross-
backcross breeding protocol to generate several hun-
dred second generation animals that we tested for
alcohol consumption. Phenotypic analysis of the
whole N2 population was followed by selective geno-
typing of extreme alcohol preferring animals. Markers
from candidate regions identified by this approach
were typed across the whole N2 population. Our
results have led to the mapping of two B6 alcohol pref-
erence QTLs symbolized Alcpl and Alcp2.

Alcohol consumption

The first step in our analysis was a determination of
alcohol consumption values for the parental popula-
tions of B6, DBA, and (B6 x DBA)F1 mice (by conven-
tion we place the maternal strain to the left of the cross
sign, and the paternal strain to the right). Our experi-
mental assay was based on a two-bottle choice test
with three separate 3-day trials performed over a nine
day period. Alcohol consumption values (a) are
expressed as the proportion of 10% ethanol consumed
as a fraction of total liquid intake?®. With all three

Fig. 1 Relative distributions of alcohol consumption values for
the complete N2 population (335 animals), and the separate
fernale and male N2 subpopulations (with 151 and 184 animals
respectively).

tribution was examined by the
method of ranked normal deviates.

As anticipated from results obtained by other inves-
tigators, DBA mice uniformly avoided alcohol con-
sumption (Table 1). Both male and female
subpopulations exhibited approximately normal dis-
tributions with very low levels of variance. The low
levels of alcohol consumption measured with these
animals could be accounted for by initial tasting at
each drinking phase or evaporation from the opening
of each sipper tube.

Also as anticipated, B6 mice exhibited a high degree
of alcohol preference. The distributions obtained with
both male and female B6 subpopulations are approxi-
mately normal with a higher degree of variance (Table
1). The third population — (B6 x DBA)F1 animals —
exhibited a mean level of alcohol consumption that is
intermediate to that observed with the two parental
inbred strains. The F1 consumption level is significantly
different from that observed with either the DBA or B6
populations (P <0.001 in both cases), but is within the
range observed previously for most other inbred strains
of mice that drink ‘in moderation’!>!>16. Unlike the
inbred distributions, both male and female F1 distribu-
tions are clearly non-normal with a strong skewing
toward low-end values and long upper-end tail.

The simplest interpretation of these results is that
the extreme alcohol avoidance expressed by DBA and
the extreme alcohol preference expressed by B6 are
independent traits controlled by different genetic
pathways that both act in a recessive manner to wild
type. According to this interpretation, F1 animals
would carry wild-type B6 alleles that are dominant to
the alcohol avoidance DBA genes, as well as wild-type
DBA alleles that are dominant to alcohol preference B6
genes. This interpretation is supported by evidence
from human studies where it has been shown that at
least some forms of alcohol avoidance are due to
abnormal levels of enzymes that metabolize alcohol or
its breakdown products, such as alcohol dehydroge-
nase or aldehyde dehydrogenase?>26, whereas alcohol
abuse shows no associations with different levels of
these enzymes?’. Nevertheless, one cannot rule out
more complicated models of genetic transmission for
either alcohol preference or avoidance in mice.

As reported previously by others?*23, a significant
sex-specific difference in alcohol consumption is
observed with B6 animals (P = 0.02, Table 1) but not
with DBA or F1 animals. This result suggests that a
preference for alcohol, rather than consumption levels
per se, may be controlled by different genetic mecha-
nisms in males and females. The data provide esti-
mates for the broad heritability of alcohol preference
in males and females as 62% and 79% respectively.
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Table2 Alcohol consumption of N2 animals grouped by sex and cross

tool for measuring within-animal

replicability. Aberrant single trial

_— 5 it sin
Cross Both sexes(,;) Males ) Females 0 Significance measurements were identified and
Both crosses 043+0.25(335) 038+024(184)  050:0.26(151) P =0.00004 ?h?‘f‘;tf from althe Calcm:f’on ‘Rf
(B6 x DBA) x B6 043+£026(262) 0.38+024(147)  0.49+027 (115 P =0.0008 Individual animat mean values.

B6 x (B6 x DBA) 0.46 + 0.24 (73) 0.39 + 0.23 (37) 053:024(36) P=0017 small number (3) of N2 animals
Significance® n.s. n.s. n.s. showed no replicability among all

aMean values are shown for each population or subpopulation + S.D., (with the number of animals in each

group).

bThe t-test was used to test for significance between mean values observed for subpopulations separated

according to sex.
“The t-test was used to test for significance between mean values observed for subpopulations separated

according to cross type.

Alcohol consumption in backcross mice

If the expression of a polygenic trait is controlled
entirely by recessive alleles that are all present in one of
the two parental strains chosen for analysis, the out-
cross-backcross breeding protocol is more efficient
than the outcross-intercross protocol for mapping the
trait loci?!. As indicated above, we began our mapping
studies with a working hypothesis that the extreme
alcohol preference trait expressed by B6 mice is fully
recessive to the moderate alcohol consumption pheno-
type expressed by (B6 x DBA)F1 hybrids. Accordingly,
we set up a backcross between F1 and B6 parents to
obtain an N2 population of animals for QTL analysis.
This mapping approach has the further advantage of
eliminating any potential interference in trait expres-
sion that might be caused by recessive DBA alleles
responsible for alcohol avoidance. The only disadvan-
tage to the backcross approach is that it would fail to
elicit map positions for any B6 QTLs that act in a
strictly dominant manner, if such loci exist.

A serious problem that is often encountered in the
analysis of complex behavioral traits is the lack of
replicability in measurements of trait expression for
some individual animals'®. Non-replicability in alco-
hol consumption measurements could be caused by
errors in measurement {such as dripping bottles) or
experimental setup (for example, unintended reten-
tion of washing residues in one bottle but not the
other). But, it is also possible that some animals may
simply express different preference levels within differ-
ent trials due to subtle differences in environmental
cues or to the effects of prior exposure to alcohol in an
earlier trial. Although we did not find significant
effects of prior alcohol exposure in our parental popu-
lations, we can not rule out the possibility that such
effects might occur in a genotype-specific manner
within a subset of the animals from the heterogenous
N2 population. With the RI approach, non-replicabili-
ty due to experimental error, environmental variation,
or trial-to-trial variation can be measured and mini-
mized by combining expression values obtained from
large numbers of animals within each strain to obtain
a single mean value for each genotype?>1928, Unfortu-
nately, with a two-generation breeding protocol, each
animal must be treated as a separate sample.

Since our goal was to uncover genetic, rather than
environmental, factors that affect alcohol consumption,
we made a decision at the outset to eliminate measure-
ments that were clearly non-replicable irrespective of
their root cause. We assessed replicability by subjecting
each animal to three consecutive 3-day trials. The B6-
defined standard deviation (see Methods) was used as a
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three trials, and these animals were
eliminated entirely from the analy-
sis. This method of adjustment is
validated by its implementation in
all experiments prior to knowledge
of genotypic information.

Reciprocal crosses between B6 and (B6 X DBA) Fl1
parents were set up and 6-12 week old N2 animals were
assayed individually for alcohol consumption. After the
elimination of animals classified as inconsistent in trait
expression, a total of 335 animals (262 from the [(B6 x
DBA) x B6] cross and 73 from the [B6 X (B6 X DBA)]
cross) were retained for further studies. The distribu-
tion of alcohol consumption values (a) for the N2 pop-
ulation is abnormal, as expected for a polygenic trait
controlled by a small number of genes. The full distrib-
ution shows a clustering of values at the low end of the
range and a long tail through the high end (Fig. 1).

When male and female subpopulations are considered
separately, it can be seen that the low-end clustering is
due primarily to male samples. In contrast, the female
distribution is more symmetric about its mean value of
0.50 but is platykurtic rather than normal in shape. The
difference between male and female N2 consumption
levels is highly significant (P = 0.00004). This sex-specific
difference is maintained at a significant level even when
each backcross population is considered independently
(Table 2). In both N2 subpopulations, as well as the
parental B6 population, females consume more alcohol,
on average, than males. The observed paucity of N2
males with high levels of alcohol preference, considered
together with the sex-specific differences observed in
both mean values and trait distributions, suggest the
possibility that alcohol preference in male and female
animals might be controlled by non-identical sets of
QTLs. This suggestion has been made previously based
on a significant departure from complete covariance in
alcohol consumption levels measured by sex in the BXD
RI strain set?®, Further support comes from studies of
alcoholism in humans where there is strong evidence for
a difference in the contribution of genetic factors to trait
expression in men and women®’.

Genotypic analysis of backcross mice

Our approach to mapping alcohol preference (ALCP)
QTLs was divided into two phases. In the first phase,
we employed a selective genotyping strategy in which
only highly preferring animals (4, > 0.70) were typed
at microsatellite loci distributed across the genome at
intervals of approximately 30 cM. Selected groups of
male and female animals were considered separately
based on the strong a priori evidence for sex specificity
in genetic mechanisms. The ¥ test was used to identify
marker loci that show a significant departure from the
1:1 ratio expected for B/B and B/D genotypes in the
absence of linkage. Five unlinked chromosomal
regions with potential ALCP QTLs (P < 0.05) were
uncovered by this approach.
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Fig. 2 Localization of the Alcp? locus on chromosome 2. P values associated with
individual microsatellite loci (D2Mit293, D2Mit241, D2Mit125, D2Mit436) were deter-
mined by the t-test. P values for chromosomal points between marker loci were deter-
mined by simple regression. The resuits across 37 cM of chromosome 2 are presented
in —{log,,) converted form. The 90% confidence interval for the location of Alcp? is
indicated with the double arrowed line. Scn family refers to the cluster of seven sodium
channel alpha-subunit genes that are expressed in the brain. The cM scale along the X
axis starts at the centromere; distances between marker loci are based on the results

of this study.
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In the second phase of our mapping strategy, mark-
er loci from each of these chromosomal regions were
genotyped across the complete set of N2 animals. Fur-
ther statistical tests for linkage were confined to sub-
populations segregated by sex. This analysis led to the
identification of two sex-restricted ALCP QTLs. A
male-specific locus (AlcpI) was identified on chromo-
some 2, and a female-specific locus (Alcp2) was identi-
fied on chromosome 11.

A male-specific alcohol preference QTL

Selective genotyping results obtained with the male
cohort indicated the likely presence of an ALCP QTL
linked to the marker locus D2Mit241 on chromosome
2. The #-test was used to compare alcohol consump-
tion levels between all N2 males typed directly with
B/B or B/D genotypes at this locus. The mean con-
sumption value obtained for the B/D genotype is 0.29

and for the B/B genotype, it is 0.45. Nearly identical
mean values were obtained for each of these genotypes
in male N2 subpopulations divided according to type
of cross (data not shown). The difference between
these means is highly significant with a Pvalue of 1.1 X
1075, This result demonstrates the presence of a B6-
associated alcohol preference locus — which we name
Alcohol Preference-1 (Alcpl) — linked to D2Mit24]1.

The t-test was also used to determine whether Alcp1
influences alcohol consumption in female mice. The
mean consumption value of female mice with a B/D
genotype, 0.52, is actually higher than the consump-
tion value of females with a B/B genotype, 0.48, but
this is not a significant difference (P=0.33). This
result demonstrates that the effect of Alcp! on alcohol
preference is restricted to male animals.

Interval mapping of Alcpl was performed by simple
regression (Fig. 2). The most likely position for Alepl
is at fractional distance of 0.4 between the DNA mark-
ers D2Mit24]1 and D2Mit125. At this location, the P
value obtained for significance by linear regression is
43 %107, The allelic difference at the Alepl locus
accounts for 14% of the total variance, and 22.5% of
the genetic component of variance in the male N2 sub-
population (based on a male heritability factor of
62%).

A female-specific alcohol preference QTL

Selective genotyping results obtained with the female
cohort indicated the likely presence of an ALCP QTL
linked to the marker locus D11Mitl95 on chromo-
some 11. A t-test was used to compare alcohol con-
sumption levels between all N2 females typed directly
with B/B or B/D genotypes at this locus. The mean
consumption value obtained for the B/D genotype is
0.40 and for the B/B genotype, it is 0.56. The P value
obtained for a difference between these means is 2.3 X
107, which falls just above the newly recommended
threshold value of 1.0 x 10~* for significant evidence of
linkage based on the backcross protocol?>. However,
when N2 female subpopulations are segregated
according to cross type and considered separately, a P
value of 4.1 x 1073 is obtained for animals with a B6
father, while the P value for animals with a B6 mother
is 0.91 (Table 3). For a post hoc division of data in this
manner, the threshold of significance must be re-
adjusted downward by a factor of two to P=5x 107>,

Table 3 Alcp2 effects on alcohol consumption by N2 animals grouped by cross

Cross Alcp2 genotype Alcohol Significance Significance X chromosome
(mat./pat.)? consumption within cross between crosses? genotype®

B6 x (B6 x DBA) B/B 0.54 £ 0.20 (11) P=094 P=0.73 B/B

B6 x (B6 x DBA) B/D 0.54 + 0.31 (20) P=0.74 B/B

(B6 x DBA) x B6 B/B 0.56 + 0.26 (67) P=85x10% B/B or D/B

(B6 x DBA) x B6 D/B 0.33+0.21(37) B/B or D/B

20nly animals that are non-recombinant between D7 1Mit219 and D11Mit195 are included in this analysis. Genotype: (maternally

derived allele (mat.)/paternally derived allele (pat.)).

bThe t-test was used to test for a significant difference between mean values observed for each marker genotype from the B6 x (B6
x DBA) cross and the mean value obtained for the B/B marker genotype from the (B6 x DBA) x B6 cross.

CAll female offspring of the [B6 x (B6 x DBA)] cross are obligatory B6 homozygous for the entire X chromosome. In contrast, B6 and
DBA alleles of X-chromosome genes will segregate equally into female offspring from the [(B6 x DBA) x B6] cross. Thus, one could
explain the observed cross-specific difference by postulating the existence of an X-linked ALCP locus with complementary action to
Alcp2. According to this hypothesis, dominant DBA alleles at Alcp2 and the postulated X-linked ALCP locus are both required to
suppress alcohol preference; females that are homozygous B/B at either or both loci will exhibit the same degree of alcohol prefer-
ence. Therefore, suppression of the alcohol preference trait would only be expected in the subset of N2 females with a B6 father
and a D/B genotype at Alcp? that also carried a D/B genotype at the postulated X-linked ALCP locus. A genomiic scan of the X
chromosome in this class of N2 animals rules out the existence of such a hypothetical locus with a high degree of confidence.
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Fig. 3 Localization of the Alcp2 locus on chromosome 11. P value calculations and
data display format are the same as described in the Fig. 2 legend. Two separate
curves are shown for the complete female data set and for the subset of females with
B6 fathers only. The Hitt locus encodes the serotonin transporter.

Based on this threshold level, we demonstrated the
existence of a second alcohol preference QTL, which
we name Alcohol Preference-2 (Alcp2).

A t-test was also used to determine whether Alcp2
influences alcohol consumption in male mice. The
mean consumption value for male mice with a B/D
genotype at D11Mit195 is 0.36, and for a B/B geno-
type, it is 0.40; the difference between these means is
not significant (P=0.37). Together, the results
obtained with DI11Mit195 suggest that the Alcp2 locus
operates only on female animals, and only on those
with a B6 father. A possible explanation for this
unusual finding is discussed below.

Interval mapping of Alcp2 by simple regression was
performed (Fig. 3) for both the whole female popula-
tion and the subpopulation with a B6 father. The low-
est Pvalue obtained for the whole female population is
2.2 x 1074, and for the subpopulation with a B6 father,
itis 3.2 X 1075, Both curves show nearly identical peaks
on either side of the marker locus D11Mit40. Thus, for
the purposes of determining the contribution of Alepl
to variance in trait expression, we considered only ani-
mals that were non-recombinant across the entire
region between DI1IMit219 and DI1IMit195. This
analysis shows that the allelic difference at Alep2
accounts for 18% of the total variance and 23% of the
genetic variance observed in the female subpopulation
with a B6 father (based on a female heritability factor
of 79%).

Discussion

We have identified two loci with significant effects on
the consumption of alcohol by mice in the presence of
non-limiting amounts of water and food. The AlcpI
locus maps to chromosome 2 in a region that shows
conserved synteny with the human chromosomal
regions 9q32-q34 and 2ql14-q37. The Alp2 locus
maps to chromosome 11 in a region that shows con-
served synteny with the human chromosomal region
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17q21. Alcpl may, or may not, represent one of the
numerous provisional QTLs suggested by analysis of
alcohol preference in the BXD RI strain set, however,
Alcp2 has not been detected previously?>2%2°, Each of
the two loci identified in this study affects alcohol con-
sumption in only one sex. The Alcp! locus acts only on
males and the Alep2 locus acts only on females. Each of
these loci accounts for approximately 23% of the total
genetic variance observed between B6 and (B6 X
DBA)F1 hybrid animals. Although we have not identi-
fied any other major ALCP QTLs, such loci might be
detected with a higher resolution genomic scan. Evi-
dence in support of separate genetic mechanisms that
incur a predisposition to alcohol abuse by males and
females was obtained by Cloninger and colleagues in a
large Swedish study of adopted men and women3!.
The results of this 1981 study demonstrate patterns of
patrilineal inheritance in men and matrilineal inheri-
tance in women as one would predict if separate genes
were responsible for this predisposition in each sex.

We have observed parent-of-origin effects for the
Alcp2 locus. Our linkage analysis was based on a back-
cross between the (B6 X DBA)F1 hybrid and the B6
parental strain. However, one set of backcross animals
was obtained by mating a B6 mother with an F1 father,
and the second set of animals was obtained with the
reciprocal mating between an F1 mother and a B6
father. While Alcpl appears to act upon all N2 males
without regard to the sex of the B6 backcross parent,
Alcp2 only exerts an effect on females with a B6 father
(Table 3). Furthermore, when one examines the mean
values of alcohol consumption exhibited by females
with each Alp2 genotype — B/D and B/B— from
each cross, it can be seen that three of the four groups
of animals are indistinguishable from each (Table 3).
Only animals with a B/D genotype and a B6 father
exhibit reduced levels of consumption. This observa-
tion suggests that animals from this class alone are
missing a genetic factor for alcohol preference that is
present in the other three classes.

A current understanding of mammalian genetics
allows two possible explanations for this result. The
first is based on the cross-specific difference in X chro-
mosome genotypes inherited by female N2 animals
(Table 3). This difference can be used to postulate the
existence of an X-linked ALCP locus with complemen-
tary activity to Alcp2 (Table 3). Results obtained from
a marker scan of the X chromosome allow us to rule
out this possibility with a high degree of confidence
(data not shown).

The second explanation is based on genomic
imprinting of the Alep2 locus. To account for the data
obtained, one can postulate the existence of imprint-
ing at the paternal copy of Alep2, with the only func-
tional copy of Alep2 being the one inherited from the
mother. The Alcp2 locus maps to a region that overlaps
with one previously shown to contain one or more
imprinted loci’2, A prediction of the imprinting
hypothesis is that the genotype of the Alep2 locus
should have no effect on alcohol consumption by N2
females with a B6 mother, as observed (Table 3). Fur-
thermore, the mean consumption level of all females
from this cross should be indistinguishable from that
of females with a B6 father and a B/B genotype at
Alcp2, as observed (Table 3). The only animals without
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a maternally derived B6 allele at Alcp2 are offspring
from the (B6 X DBA) x B6 cross with a D/B genotype,
and it is only these animals that exhibit a reduced level
of alcohol consumption.

We might also expect to observe higher alcohol con-
sumption levels for F1 females from a (B6 x DBA)
cross than from a (DBA X B6) cross because only the
former would have a maternally derived Bé6 allele at
Alcp2. However, the relatively low level of alcohol con-
sumption actually exhibited by (B6 x DBA)F1 females
(Table 1) would appear to indicate that the activity of
Alcp2 alone is not sufficient to induce alcohol prefer-
ence, and that additional recessive B6 alleles at one or
another ALCP loci are required to facilitate the action
of Alcp2 observed in the N2 population. Additional
genetic studies will be necessary to confirm or refute
the hypothesis of genomic imprinting at the Alcp2
locus. However, it is interesting to note that recent evi-
dence has been obtained for the involvement of
genomic imprinting in the transmission of another
behavioral trait — biopolar affective ~disorder —
through human pedigrees®.

A family of brain-expressed sodium channel alpha-
subunit genes (Scnla—Scn7a) maps to the furthest limit
of the region containing AlcpI (Fig. 2) and is therefore
a potential candidate for this QTL. A more suggestive
candidate gene, H#t, is found directly in the center of
the region defined by Alep2 (Fig. 3)*%. The H#t gene
encodes the serotonin transporter responsible for the
re-uptake of the neurotransmitter into presynaptic ter-
minals. A role for serotonin in the aetiology of alco-
holism is suggested by studies in humans and
animals>!7. These studies showed that higher levels of
serotonin are associated with lower levels of alcohol
consumption and, conversely, lower levels of serotonin
are associated with higher levels of alcohol consump-
tion, Most interestingly, Rausch et al.3¢ have shown that
a higher maximum velocity for the uptake of serotonin
may act to reduce its availability to receptors on postsy-
naptic neurons, which could have the same effect as
reducing the level of the neurotransmitter directly. In
this way, alternative alleles at Htt could clearly have an
impact on alcohol preference, however, direct func-
tional studies will be required to test this hypothesis.

Various investigators have noted the fact that B6
mice prefer multiple euphoria-producing drugs,
including opiates and cocaine as well as alcohol, to a
much greater extent than most other inbred strains
including DBA¥. This observation has led to the
hypothesis that B6 mice have a genetic predisposition
to drug-mediated euphoria!®. If this hypothesis were
correct, one would expect to identify the same QTLs in
(B6 x DBA) crosses that were analysed for preferences
for different euphoria-producing drugs. In an analysis
of a (B6 x DBA) intercross'* a B6-dominant or semi-
dominant morphine preference QTL was identified,
with a lod score of 20, on chromosome 10 near the
marker DI10Mit28 no QTLs were found on either
chromosome 2 or 11. In contrast, we tested DIOMit28
directly in our studies and found no evidence of any
effect on alcohol consumption levels in either male or
female animals (data not shown). This negative result
has been confirmed by Berrettini and colleagues (per-
sonal communication). Taken together, the results of
our study and those of Berrettini and colleagues sug-

gest that alcohol preference and morphine preference
are genetically distinct traits expressed by B6 mice and
not by DBA or most other inbred mouse strains. Why
the B6 mouse has acquired independent preferences
for multiple addictive and euphoria-producing sub-
stances remains a mystery.

Methods

Measurement of alcohol consumption. C57BL/6] (B6),
DBA/2] (DBA) and (B6 X DBA)F1 (BXD) animals were pur-
chased from the Jackson Laboratory. N2 animals were bred at
Princeton University. Alcohol consumption was measured for
individually housed animals over a nine-day period, with three
sequential three-day trials. In all trials, animals were provided
with a choice of two outwardly identical bottles — one con-
taining tap water and the other containing a 10% ethanol solu-
tion (v/v) in tap water. The relative positions of the bottles on
each cage were reversed after each trial to control for potential
position effects; no such effects were observed. The ‘bottle’
consisted of a 30 ml Corex tube topped by a #3 one hole stop-
per implanted with a 2 inch ball-less sipper tube. Bottles and
drippings were weighed at the beginning and end of each
three-day trial. Alcohol consumption was recorded individual-
ly for each trial as the fraction of total liquid intake derived
from the bottle containing 10% ethanol.

Phenotypic analysis and tests for consistency. The heritability
of alcohol preference was calculated independently for male and
female animals based on the complete, uncorrected data sets
obtained with B6 and F1 animals. Heritability was calculated as
(1-U/V), where U is the pooled variance measured within each
of the two parental populations, and V represents the variance
between the mean values obtained for each parental population.

A consistency test was performed on each set of three values
obtained for each N2 animal. We chose a metric of two-standard-
deviations — which represents 95% of a normal distribution —
to evaluate consistency. When all three values were located within
two sex-specific B6-standard deviations (SDMfor SDpgg,,.) of each
other, they were averaged together for a single animal value; this
classification accounted for 54% of the N2 females and 83% of
the N2 males. When the three values were not within 2 X SDp, of
each other, the two values closest to each other were used to cal-
culate the animal mean, so long as both of these values were
within 2 X SDp, of each other. Of the 338 N2 animals originally
tested, three (all females) were eliminated entirely from the
analysis because no single value was within 2 X SDp, of the other
two values. This method of adjustment was implemented in all
analyses prior to knowledge of genotypic information.

Genotypic analysis. Genomic DNA was prepared from animal
tissues according to standard protocols. Microsatellite mark-
ers> spaced at distances of approximately 30 cM across the
genome were chosen for genotypic analysis. Primers were pur-
chased from Research Genetics and PCR was performed as
indicated by the manufacturer®®, When possible, markers were
selected with large differences in size between B6 and DBA
products so that typing could be performed by ethidium bro-
mide staining. When necessary, markers with product size dif-
ferences of less than eight basepairs were analysed with
32p_labelled primers and product was separated by elec-
trophoresis on denaturing gels.

Linkage analysis. All data input and analysis was performed
with the Microsoft Excel software package on the Macintosh
computer. In the first phase of the analysis, the number of
highly preferring animals with B/D versus B/B genotypes at
each marker were compared and tested for a significant depar-
ture from a 1:1 ratio with the %2 test. This analysis allowed the
identification of markers linked to potential QTLs. In the sec-
ond phase of the analysis, these and neighboring markers were
typed across the entire N2 population, and alcohol consump-

nature genetics volume 13 june 1996



I@ © 1996 Nature Publishing Group http://www.nature.com/naturegenetics

article

tion means associated with alternative marker genotypes were
compared by t-test®. Interval mapping was performed by lin-
ear regression?’. The linear regression approach has the same
statistical power as the more commonly used maximum likeli-
hood estimation approach for identifying and localizing QTLs,
but offers a great advantage in computational speed for simple
crosses between inbred animals. The contribution to total vari-
ance exerted by individual QTLs was measured as the propor-
tion of the total variance in linear regression that is not
accounted for by the residual variance; the values obtained are
likely to underestimate the true contributions of each QTL4.
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