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Alcohol dependence (alcoholism) is accompanied by evidence
of tolerance, withdrawal (physiological dependence), or com-
pulsive behavior related to alcohol use. Studies of strain and
individual differences using animal models for acute physiolog-
ical dependence liability are useful means to identify potential
genetic determinants of liability in humans. Behavioral and
quantitative trait analyses were conducted using animal models
for high risk versus resistance to acute physiological depen-
dence. Using a two-step genetic mapping strategy, loci on
mouse chromosomes 1, 4, and 11 were mapped that contain
genes that influence alcohol withdrawal severity. In the aggre-
gate, these three risk markers accounted for 68% of the genetic
variability in alcohol withdrawal. Candidate genes in proximity
to the chromosome 11 locus include genes encoding the a1,
a6, and g2 subunits of type-A receptors for the inhibitory neu-
rotransmitter, GABA. In addition, suggestive linkage is indi-

cated for two loci on mouse chromosome 2, one near Gad1
encoding glutamic acid decarboxylase, and the other near the
El2 locus which influences the seizure phenotype in the neuro-
logical mutant strain El. The present analyses detect and map
some of the loci that increase risk to develop physiological
dependence and may facilitate identification of genes related to
the development of alcoholism. Syntenic conservation between
human and mouse chromosomes suggests that human ho-
mologs of genes that increase risk for physiological depen-
dence may localize to 1q21–q32, 2q24–q37/11p13, 9p21–p23/
1p32–p22.1, and 5q32–q35.
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Alcoholism is clearly a multifactorial disorder. A genetic contri-
bution to alcoholism is supported by half-sibling and adoption
studies that demonstrate an increased risk for severe alcohol-
related problems in children of alcoholics who were adopted out,
even if they had been raised without knowledge of their biological
parents’ problems (Schuckit et al., 1972; Goodwin et al., 1974;
Bohman, 1978; Cadoret et al., 1980). Four large twin studies
published in the 1990s also substantiate the conclusion that alco-
holism is .50% heritable and that heritability for alcoholism in
females and males is similar (Goldman, 1993). Evidence also
exists for genetic heterogeneity and the influence of multiple
genes on alcoholism vulnerability (Gilligan et al., 1987; Aston and
Hill, 1990; Goldman, 1993), but the specific genes related to
alcoholism are still unknown.

Recent official diagnostic manuals indicate that alcohol depen-
dence is associated with evidence of tolerance, withdrawal, or a
maladaptive pattern of alcohol use (DSM-IV, 1994). Diagnostic
criteria for withdrawal include two or more of the following,
developing within several hours to a few days after cessation of

alcohol use: autonomic hyperactivity, tremor, insomnia, nausea,
hallucinations, psychomotor agitation, anxiety, seizures. A major-
ity of individuals who have alcohol dependence experience clini-
cally relevant levels of withdrawal, although only ;5% experience
severe late developing manifestations of the disorder (DSM-IV,
1994). Previous studies show that genetic differences in acute
withdrawal liability may be related to high or low risk for onset of
alcoholism. Family history positive males report greater with-
drawal effects, measured 3–8 hr after administration of 1 gm/kg
ethanol, as compared with family history negative males (McCaul
et al., 1991). Sons of alcoholics also report greater hangover
symptoms, which are thought to represent an acute withdrawal
syndrome, as compared with sons of nonalcoholics (Newlin and
Pretorius, 1990).

Because family members who carry genes that increase risk do
not always develop alcoholism, linkage studies may not be an
optimal step until markers or candidate genes are identified
(Schuckit, 1994). The present studies were performed to identify
markers and candidate genes for genetic variation in degree of
acute physiological dependence using animal models that differ in
withdrawal liability, because physiological dependence is defined
as the manifestation of withdrawal (e.g., seizures) after alcohol
administration is suspended. Among the many signs of physiolog-
ical dependence, withdrawal seizures are a particularly useful
index of withdrawal, because they are displayed in all species
tested, including humans (Friedman, 1980). Behavioral and quan-
titative trait analyses were conducted using populations derived
from the C57BL/6J (B6) and DBA/2J (D2) inbred strains of mice
[i.e., their BXD recombinant inbred (RI) strains, a B6D2 F2
intercross, and mice selectively bred for high vs low alcohol
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withdrawal liability]. The D2 strain is a well characterized animal
model with severe withdrawal seizures, whereas the B6 strain has
mild withdrawal reactions (Crabbe et al., 1983; Belknap et al.,
1993). By studying animal models, complications imposed by
environmental variation, which has a strong effect on human
studies, are minimized. Moreover, by studying inbred strains and
their crosses, the problem of genetic heterogeneity is eliminated.
By using a sufficient number of animals, one can achieve the
statistical power required to detect the influence of the individual
genes at quantitative trait loci / locus (QTL) affecting a trait with
polygenic inheritance (Lander and Botstein, 1989). QTL mapping
methods using rodent models have previously allowed dramatic
progress toward the detection and chromosome mapping of minor
and major gene loci involved in complex traits such as hyperten-
sion, diabetes, and epilepsy (Jacob et al., 1991; Rise et al., 1991;
Todd et al., 1991). In the present analyses, QTL mapping using a
rodent model for physiological dependence successfully mapped
loci associated with increased risk for withdrawal on mouse chro-
mosomes 1, 4, and 11 and detected suggestive linkage on chro-
mosome 2.

MATERIALS AND METHODS
Animals. The BXD RI strains were originally purchased from The Jack-
son Laboratory (Bar Harbor, ME) and were bred and maintained in our
colonies at the Portland VA Medical Center Veterinary Medical Unit.
The B6D2 F2 population was generated from crosses of B6D2 F1 hybrids
purchased from The Jackson Laboratory. A distinct B6D2 F2 intercross
(not included in our B6D2 F2 analysis) served as founders used for
short-term selection of lines of mice bred for differences in acute alcohol
withdrawal [High (HAW) and Low Alcohol Withdrawal (LAW) ] (Met-
ten and Crabbe, 1996). The 10 males and 10 females with the highest
scores for withdrawal convulsion severity were selected to serve as breed-
ers of the HAW line, whereas the 10 males and 10 females with the lowest
scores were bred to form the LAW line. In subsequent generations, the
highest of the HAW line and the lowest of the LAW line were chosen to
perpetuate the HAW and LAW lines, respectively (10 breeding pairs per
line, using individual selection but excluding sibling matings).

Quantitation of withdrawal using the handling-induced convulsion. Phys-
iological dependence is operationally defined as the manifestation of
physical disturbances (withdrawal syndrome) after alcohol administration
is suspended. McQuarrie and Fingl (1958) first demonstrated a state of
withdrawal CNS hyperexcitability after acute alcohol administration. To
index acute withdrawal, we used the handling-induced convulsion, a
sensitive index of alcohol withdrawal severity (Goldstein and Pal, 1971).
Genetic variation in withdrawal was examined using populations derived
from the D2 and B6 strains by monitoring changes in convulsions induced
by handling after withdrawal from alcohol. Adult mice (8–15 weeks) were
scored for baseline handling-induced convulsions immediately before
administration of a high dose of ethanol (4 gm/kg, 20% v/v in saline, i.p.)
and between 2 and 12 hr after alcohol administration. Details of the
methods and scoring system have been published previously (Crabbe et
al., 1991). Briefly, each mouse is picked up gently by the tail and, if
necessary, spun gently through 180°, and handling-induced convulsions
scored as follows: 7, severe, tonic-clonic convulsion, with quick onset and
long duration: spontaneous, or elicited by mild environmental stimulus
(e.g., lifting cage top); 6, severe, tonic-clonic convulsion when lifted by the
tail: quick onset and long duration, often continuing for several seconds
after the mouse is released; 5, tonic-clonic convulsions when lifted by the
tail: onset often delayed by up to 1–2 sec; 4, tonic convulsion when lifted
by the tail; 3, tonic-clonic convulsion after gentle 180° spin; 2, no convul-
sion when lifted by the tail, but tonic convulsion elicited by gentle 180°
spin; 1, facial grimace only after a gentle 180° spin; 0, no convulsion.
Individual mice and/or different inbred strains can differ in baseline
(pre-injection) handling-induced convulsion scores. Therefore, to char-
acterize withdrawal severity, scores were first computed as the area under
the curve (AUC), between 4 and 12 hr after alcohol administration. We
regressed AUC on baseline scores and used the regression residual as our
index of withdrawal severity (these two variables were genetically corre-
lated, r 5 0.66 in the 21 RI strains). This method yielded withdrawal
scores that were normally distributed and guarantees that the derived
scores have a correlation of exactly 0 with baseline scores. Therefore, this

is our best estimate of the contribution of alcohol withdrawal to AUC
scores independent of baseline score differences.

Step 1: QTL analysis using BXD RI strains. Of the 26 BXD strains, 21
were available in our colonies in sufficient numbers for testing; a total of
288 adult male BXD mice were tested and scored for alcohol withdrawal.
For each of 1522 markers in the MAP MANAGER BXD marker data
base, an arbitrary value of 0 was assigned to each BXD strain bearing two
copies of the B6 allele, and a value of 1 was assigned to each strain
bearing two copies of the D2 allele. Correlation coefficients (r) were
determined between each marker and the BXD strain means for residual
alcohol withdrawal severity. Two-tailed p values for associations detected
using the BXD strains are given. Rather than using overly stringent a
levels at this stage, which could lead to inflated type II errors and
potential failure to identify important QTL, we chose in step 2 of our
analysis to test putative BXD-implicated QTL, using F2 and selection line
experiments. This two-step approach avoids the type I errors expected
using the RI data alone. In a preliminary BXD analysis, fewer RI strains
were tested, fewer genetic markers were available for mapping, and peak
measures of withdrawal without regression residuals were calculated
(Belknap et al., 1993).

Step 2: Verification testing of putative QTL using a B6D2 F2 intercross.
B6D2 F2 mice (n 5 451 mice) of approximately equal numbers of either
sex were tested and scored for alcohol withdrawal as described above.
Genomic DNA was isolated from individual mouse spleens using a
salting-out method adapted from Miller et al. (1988). Mice were geno-
typed using microsatellite markers from the MIT series using a method
adapted from Dietrich et al. (1992) and Serikawa et al. (1992). Alterna-
tively, for the Tyrp1 (tyrosinase-related protein) locus, also known as the
b (brown) locus, mice were genotyped based on coat color. The D2 allele
produces brown coat color and is recessive to the B6 allele, which
produces black coat color (Silvers, 1979). For each marker tested, indi-
vidual B6D2 F2 mice were assigned a genotypic score of 0, 1, or 2 based
on gene dosage (the number of D2 alleles at that locus). Correlation
coefficients (Pearson’s r) were determined and are equivalent to regress-
ing withdrawal scores on gene dosage for each marker. For two linked
loci on chromosome 2 with opposing effects, r values were determined for
F2 mice recombinant between D2Mit9 and D2Mit17 (n 5 127 recombi-
nant mice) to increase the power of our analysis to detect either locus
with greater confidence. One-tailed p values are given for the F2 and
HAW/LAW experiments, because the direction of effect (whether the B6
or D2 allele was associated with greater withdrawal intensity) was pre-
dicted from the RI results.

Verification testing using lines selectively bred for differential risk for
alcohol withdrawal. Mice from the HAW and LAW lines of approximately
equal numbers of either sex were tested and scored for alcohol with-
drawal and genotyped as described above. The D2 allelic frequency (q) in
the LAW and HAW lines, and the difference between the lines
(qLAW2qHAW), was determined for the Tyrp1 locus using generations one
to four of selective breeding (S1–S4). MIT markers were examined using
generations S2 and S4. The p values given are for the S2 (n 5 113 mice)
and are based on z (normal variate) calculated as qLAW2qHAW divided by
the SE of qLAW-qHAW expected from genetic drift (random mating
without selection) and q estimation error (Lebowitz et al., 1987; Falconer,
1989; Belknap et al., 1997). This SE was calculated as the square root of
the following: 2poqo Ft 1 [( ptLAW)(qtLAW)]/ntLAW 1 [( ptHAW)(qtHAW)]/
ntHAW, representing the drift and q estimation error variances, respec-
tively. F is the inbreeding coefficient at generation t of selection, and po
and qo are the founding F2 allelic frequencies (for B6 and D2 alleles,
respectively), and n is the number of genotyped mice per line (Belknap et
al., 1997). This provides a valuable test that is statistically independent
from analyses using RI or F2 mice.

p Values and estimated LOD scores. Individual p values for the RI, F2,
and S2 experiments were determined using linear least squares statistical
analyses rather than maximum likelihood methods. The latter are appli-
cable only for F2 data, and there is little loss of statistical power when
markers are within about 10 centiMorgans (cM) of the QTL (Darvasi et
al, 1993). For each QTL, a combined P value (and estimated logarithm of
the likelihood for linkage, or LOD) was determined using Fisher’s
method (Fisher, 1958; Sokal and Rohlf, 1981) for combining p values
from t experiments testing the same hypothesis: 22(ln p[df 5 2t]. LOD
scores were estimated from P values based on the asymptotic distribution
of LOD as x 2

[df 5 1] using the expression: LOD 5 1/2(log10e)x 2 for an
additive (i.e., df 5 1) model (Lander and Botstein, 1989; Lander and
Kruglyak, 1995). Guidelines recommended by Lander and Kruglyak
(1995) were used for interpreting and reporting the linkage results.
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QTL contributions to phenotypic and genetic variance in risk for physio-
logical dependence. For all three experiments, the proportion of the
phenotypic variance contributed by each QTL was calculated as esti-
mated for an F2 population to allow direct comparison of RI, F2, and
selection line results (Belknap et al., 1996), and the average for all three
experiments was taken as the overall estimate of the proportion of
phenotypic variance contributed by each QTL. For the F2 experiment,
phenotypic variance was estimated as r 2 (the square of the correlation
coefficient). For the RI data, one-half of the variance attributable to each
QTL in the RI strains (r2/2) was used to estimate the phenotypic variance
expected in a comparable F2 population (Belknap et al., 1996), because
50% of an F2 population are heterozygotes, which are absent in RI
strains. Parallel estimates of phenotypic variance from the HAW/LAW
data were based on divergence in allelic frequencies in the two oppositely
selected lines (Belknap et al., 1997). The heritability for alcohol with-
drawal was estimated from the RI data (additive effects) (Belknap et al.,
1996), and from the HAW/LAW data by dividing the selection response
by the selection differential for the divergence in the two lines in the S2
generation (Falconer, 1989). These two estimates were 0.19 and 0.275,
respectively, for an average overall estimate of heritability of h2 5 0.23.
This compares well with the heritability estimate h2 5 0.26 from an earlier
experiment selecting for chronic alcohol withdrawal severity (Crabbe et
al., 1985). The percentage of genetic variance contributed by each QTL
was estimated by the percentage of phenotypic variance divided by 0.23.

Maximum likelihood analysis. Estimated 1.0 LOD confidence intervals
(;90% confidence intervals) for the positions of QTL on chromosomes
1, 2 (proximal), 4, and 11 were estimated based on interval analysis of the
B6D2 F2 data using the MAPMAKER/QTL analysis program (Lincoln et
al., 1992). Maximum likelihood analysis using MAPMAKER/QTL was
also used to examine additive and dominant models of inheritance using
the B6D2 F2 data.

Glutamic acid decarboxylase (GAD) activity. Adult (70–85 d) male B6
and D2 mice (The Jackson Laboratory) were killed by cervical disloca-
tion. The whole brain was dissected and retained and homogenized using
a glass Teflon homogenizer in 15.5–17.5 ml ice-cold 0.32 M sucrose
containing 10 mM glutathione to inhibit oxidation of GAD and to stabilize
enzyme activity. Brain homogenates from B6 and D2 mice were prepared
in parallel on the same day and exposed to the same experimental
conditions. GAD activity was assayed using a modification of the method
of Deaizpurua et al. (1992) based on the method of Albers and Brady
(1959). Each reaction included 0.4 mCi L-[14C]-glutamic acid, 1 mM cold
glutamic acid, 1 mM 2-aminoethylisothiouroniium bromide, and potas-
sium phosphate buffer, pH 7.3, and was initiated by the addition of D2 or
B6 brain tissue (0.08–0.1 mg of protein) and was performed under N2 for
60 min in a shaking 37°C incubator. After this incubation, 150 ml of 5N
H2SO4 was injected into each reaction tube to inactivate GAD and
release [14C]CO2 liberated from the aqueous reaction mixture. The tubes
were then shaken for 60 min at 37°C to facilitate release of the liberated
[14C]CO2 and allow absorption to hyamine base soaked filter disks
supported above the aqueous phase. Liberation of [14C]CO2 is linear
using these conditions (e.g., ,0.2 mg protein per reaction, incubation
,90 min) (data not shown). The amount of radioactivity absorbed to the
filters was determined by liquid scintillation spectrometry. The amount of
radioactivity absorbed to the filters in the absence of membranes (no-
tissue blank) was subtracted from all values.

RESULTS
Detection of putative QTL for alcohol withdrawal using
the BXD strains
QTL analysis using the BXD RI strains was used for a genome-
wide screen for associations between susceptibility to alcohol
withdrawal and 1522 genetic markers in our BXD data base.
Many individuals of each genotype (i.e., each RI strain) could be
tested, permitting a high degree of accuracy in determining the
relationship between genotype and risk for alcohol withdrawal.
The progenitor B6 and D2 strains and the BXD RI strains showed
a range of postethanol withdrawal severities and baseline convul-
sion scores (Fig. 1). QTL analyses of the distribution of BXD RI
strain means for residual alcohol withdrawal severity indicated
that markers associated with increased risk for withdrawal clus-
tered within seven discrete chromosomal regions on chromo-
somes 1, 2, 4, 6, 8, and 11 ( p ,0.05, indicating potential linkage)

(Table 1). Two putative QTL were detected on chromosome 2,
one identified by several markers located 28–38 cM from the
centromere (referred to as 2proximal), and the other associated
with markers located ;75–85 cM distal to the centromere (2distal).
Because of statistical limitations imposed by the limited number
of BXD strains, QTL identified using only the RI strains were
considered putative and were subjected to more testing in addi-
tional populations derived from the D2 and B6 strains: an F2
intercross, and in HAW and LAW lines of mice selectively bred
from B6D2 F2 founders for differences in alcohol withdrawal.
This two-step approach explicitly considers the consequences of
type I error (identification of a false QTL) and type II error
(failure to detect an actual QTL) (Belknap et al., 1996). The
results of these analyses identify significant linkage with QTL on
chromosomes 1, 4, and 11 that contribute to differences in alcohol
withdrawal severity, indicate suggestive linkage with two QTL on
chromosome 2, and disconfirm putative loci detected on chromo-
somes 6 and 8. No gender differences were detected using the
HAW/LAW lines or in the F2 analysis [F(1,376) 5 2.48, p 5 0.12,
not significant].

Identification of a QTL on chromosome 4 linked
to Tyrp1
The present studies identify a QTL on chromosome 4 that influ-
ences risk for alcohol withdrawal. QTL analysis using the RI strain
means for withdrawal severity identified several markers located
;40 cM from the centromere associated with increased suscepti-
bility to alcohol withdrawal (Table 1). Testing this BXD-
implicated locus using a B6D2 F2 intercross and the HAW and

Figure 1. Phenotypic relationship between baseline and postethanol
withdrawal convulsions in BXD RI strains. Each data point identifies the
strain mean 6 SEM for baseline (x-axis) and postethanol withdrawal
convulsions (area under the curve, y-axis) for the BXD RI strains (e.g., 9
represents strain BXD-9) or the B6 or D2 progenitor strains. The least
squares linear regression of postethanol withdrawal severity on baseline
convulsion scores using 21 BXD RI strains is shown (r 5 0.66, p , 0.01)
and did not include the two progenitor strains. Residual alcohol with-
drawal severities for the BXD RI strains and their progenitor strains are
measured as the vertical distance between the regression line and the strain
means for postethanol withdrawal area under the curve.
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LAW selectively bred lines verified that a QTL influencing risk for
alcohol withdrawal is in proximity to Tyrp1 and D4Mit186. These
data are summarized in Table 2. In the F2 intercross, alcohol
withdrawal severity was associated with genotypic status at Tyrp1
(38 cM; p 5 0.004, Table 2) and several MIT markers, including
D4Mit186. Figure 2 shows that F2 mice homozygous for the D2
allele at D4Mit186 show greater withdrawal liability than B6B6
homozygotes or heterozygotes ( p 5 0.02). Maximum likelihood
analysis of the F2 data indicated maximum LOD scores of 2.147
and 1.056 using unconstrained and B6 dominant models, respec-
tively, and excluded a B6 dominant model of inheritance for this
QTL. Selective breeding rapidly produced highly divergent high
and low lines for alcohol withdrawal severity, and by generation
S2, the HAW and LAW lines differed threefold in withdrawal
intensity (Fig. 3A). Differences between the HAW and LAW lines
in allelic frequencies at Tyrp1 significantly exceeded those ex-
pected from genetic drift and estimation error, providing addi-
tional supporting evidence for the presence of a QTL linked to
Tyrp1 (Fig. 3B). Within just two generations of selective breeding
(i.e., S2), allelic frequency of the D2 progenitor allele (q) at Tyrp1
was highly correlated with alcohol withdrawal severity ( p 5 1 3
1025). Allelic frequencies for MIT markers located 31–56 cM
from the centromere (D4Mit55, D4Mit178, D4Mit186, D4Mit37,
D4Mit12) also differed between the HAW and LAW lines ( p ,

0.001, data not shown). Taken together, our data indicate that a
locus in proximity to Tyrp1 is associated with higher risk for
physiological dependence (P 5 3 3 1027, LOD 5 5.6). This QTL
accounts for ;6% of the total phenotypic variance in alcohol
withdrawal between the D2 and B6 strains, representing 26% of
the genetic variance. In each of the populations tested, risk for
alcohol withdrawal was most highly correlated with markers lo-
cated 38–42 cM from the centromere (Fig. 4). This region of
mouse chromosome 4 is syntenic with human 9p21–p23 and
1p32–p22.1 (Silver et al., 1996).

Verification of a second QTL on chromosome 1
We also identified a locus on chromosome 1 that accounts for
;6% of the total phenotypic variance in alcohol withdrawal,
representing 26% of the genetic variance between the D2 and B6
strains. QTL analysis using the BXD RI strains implicated mark-
ers within the distal region of chromosome 1 (Table 1). To test the
involvement of a QTL within this region, we tested B6D2 F2 mice
using six microsatellite markers located 37–109 cM from the
centromere (Fig. 4); gene dosage at D1Mit206 (96 cM) showed the
strongest association with alcohol withdrawal severity ( p 5 0.004,
Table 2). This marker is located more distally than markers
associated with alcohol withdrawal in the BXD analysis, but some
variation in QTL map location among the RI, F2, and HAW/
LAW experiments is expected, because the 95% confidence limits
in all three experiments span at least 20 cM (Silver, 1985; Darvasi
and Soller, 1995; Visscher et al., 1996). Allelic frequencies at
D1Mit206 were correlated with withdrawal severity in the HAW
and LAW lines, providing additional evidence for the presence of
a QTL linked to D1Mit206 (Fig. 3C). Allelic frequencies also
differed between the HAW and LAW lines for D1Mit155 (qHAW

5 0.66, qLAW 5 0.16, z 5 3.11; p 5 0.001, Table 2), as well as
several other markers (D1Mit200, D1Mit33, D1Mit150) located
73–98 cM distal to the centromere ( p , 0.01, data not shown).
Taken together, these three experiments show that D2 alleles in
the distal region of chromosome 1 are associated with increased
withdrawal severity (P 5 3 3 1027, LOD 5 5.6).

A third QTL is in close proximity to GABAA receptor
genes on chromosome 11
The present RI analysis indicates that markers located ;16–19
cM from the centromere of chromosome 11 are correlated with
risk for alcohol withdrawal (Table 1). In the B6D2 F2 intercross,
risk was strongly correlated with gene dosage at D11Mit174 (20
cM, p 5 0.018, Table 2). Maximum likelihood analysis using the
B6D2 F2 data excluded B6 dominant and additive models of
inheritance for this locus (maximum LOD 5 2.146, 1.117, and
1.142 using unconstrained, additive, and B6 dominant models,
respectively). The HAW and LAW lines also differed in their
allelic frequencies for D11Mit174 (Fig. 3D), and for D11Mit163
and D11Mit82 located about 16 cM from the centromere ( p ,
0.01, data not shown). These data indicate that a QTL influencing
alcohol withdrawal liability is located in proximity to D11Mit174
(P 5 1 3 1025, LOD 5 4.1). In each of the populations tested, the
most highly correlated marker is located 16–20 cM from the
centromere (Fig. 4), within a region corresponding to human
chromosome 5q32-q35. This QTL accounts for ;3% of the phe-
notypic variance or 12% of the genetic variance in risk for phys-
iological dependence between the D2 and B6 strains. The BXD
strain distribution pattern for D11Mit174 is identical to that for
restriction fragment length polymorphisms for Gabra1 and
Gabra6, indicating no recombinations among these three loci

Table 1. Marker loci identified by QTL analysis using BXD RI mice

Marker
Location
(Chr:cM)

Correlation
coefficent p value

D1Ncvs55 1:73 10.46 0.05
D1Ncvs12 1:75 10.76 0.0003
D1Byu7 1.82 10.52 0.02
D2Ncvs50 2:;35 10.58 0.006
D2Ncvs51 2:;35 10.61 0.005
Pmv7 2:35 10.46 0.03
Scn2a 2:36 10.48 0.025
B2m 2:69 20.50 0.02
D2Mcl 2:83 20.65 0.005
Iapls2-4 2:86 20.52 0.02
D4Ncvs78 4:14 10.45 0.04
D4Bir5 4:39 10.45 0.04
Iapls1-10 4:39 10.45 0.04
D4Ncvs82 4:41 10.51 0.02
D6Mit9 6:37 10.59 0.005
Tgfa 6:38 10.59 0.005
D6Nds2 6:40 10.59 0.02
Rho 6:41 10.52 0.04
D8Ncvs61 8:32 10.58 0.009
D8Ncvs60 8:32 10.49 0.04
D11Byu2 11:16 20.52 0.015
D11Ncvs69 11:16 20.71 0.0004
D11Mit53 11:16 20.52 0.015
Ebf 11:;19 20.44 0.04

Genetic markers, chromosome number, distance from the centromere in centiMor-
gans (cM) (e.g., 1:73), and associations with acute alcohol withdrawal liability are
given. Locations indicate the chromosome and the distance from the centromere in
centiMorgans. Values in the table indicate point biserial correlation coefficients (r)
and the corresponding p values (two-tailed) using the BXD RI strains. Boldfaced
associations indicate the most highly correlated marker in each BXD-implicated
region; nearby clusters of markers associated at p # 0.05 are also shown. All
boldfaced associations are significant at p # 0.01, except for D4Ncvs82 on chromo-
some 4, which is associated at p 5 0.02. Positive correlation coefficent (r) values
indicate that the D2 allele is associated with greater withdrawal liability.
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(Garrett et al., 1997). GABAA receptors have previously been
implicated in physiological dependence on alcohol (Buck et al.,
1991a,b). The present studies implicate specific genes encoding
the a1, a6, and g2 subunits of GABAA receptors (19 –23 cM)
(Fig. 4).

Detection of suggestive QTL for alcohol withdrawal on
chromosome 2
Our data also identify two suggestive QTL on chromosome 2. The
2proximal locus was detected in the BXD QTL analysis by several
markers located 25–38 cM from the centromere, whereas the
2distal locus was associated with markers located ;68–85 cM
distal to the centromere. These two QTL have opposing effects on
alcohol withdrawal, with D2 alleles at the 2proximal locus associ-
ated with higher withdrawal scores (r 5 0.61, p 5 0.005), and D2
alleles at the 2distal locus instead associated with lower risk for
withdrawal (r 5 2 0.65, p 5 0.0046). Of the 21 BXD RI strains

tested, 16 were recombinant between D2Mit9 (near the 2proximal

locus) and D2Mit17 (near 2distal). Because possession of positive
alleles at one QTL, but negative alleles at the other QTL, would
tend to cancel each other in terms of their phenotypic effects, the
BXD RI series was particularly well suited to detect the influence
of linked QTL at which D2 alleles have opposing effects. More-
over, the RI strains are homozygous at each marker, which further
increases the power to detect both loci. The utility of recombi-
nants for elucidating linked QTL is clearly prescribed in recent
discussions of QTL mapping (Tanksley, 1993). The negative re-
lationship between the two QTL also predicts that F2 mice that
are nonrecombinants would be uninformative for QTL mapping,
because their predicted withdrawal scores would be near the
median value for all F2 mice. To increase the power of our
analysis to detect either QTL with greater confidence, their asso-
ciation with withdrawal was determined using the 127 F2 mice

Table 2. Summary of evidence for QTLs involved in acute alcohol withdrawal

Chr

p values Combined

RI F2 S2 P LOD % VG

4 0.02 0.004 0.00001 3 3 1027 5.6* 26
1 0.0003 0.004 0.001 3 3 1027 5.6* 26

11 0.0004 0.018 0.008 1 3 1025 4.1* 12
2proximal 0.005 0.025 0.12 0.001 2.3 —
2distal 0.0046 0.025 0.22 0.002 2.1 —
6 0.005 0.5 0.07 0.01 1.4 —
8 0.009 0.3 0.5 0.02 1.2 —

The p values from the BXD RI (21 strains), B6D2 F2 (n 5 451 mice), and HAW/LAW (n 5 113 mice, generation S2) experiments are shown. All chromosome regions reaching
p , 0.01 in the BXD QTL results were searched in the F2 and S2 experiments for supporting evidence. The most significantly associated marker in each chromosomal region
is shown. Entries are p values for each of the three independent experiments, plus a combined P value for all three experiments (and estimated LOD score). For all three
experiments, the D2 allele was consistently associated with greater withdrawal severity for all chromosomal regions shown, except for loci on chromosome 11 and the distal
region of chromosome 2, where the B6 allele was consistently associated with more severe withdrawal. *QTL detected on chromosomes 1, 4, and 11 exceed the Lander and
Kruglyak (1995) criteria for significant linkage. In the aggregate, these three QTL account for ;64% of the genetic variance in acute alcohol withdrawal severity, representing
about 15% of the total variance in these genetic populations. The percentage of the genetic variance (% VG) contributed by each QTL showing significant linkage is also shown.
Suggestive linkage was also detected for two QTL on chromosome 2.

Figure 2. Linkage analysis using B6D2 F2 inter-
cross mice provides evidence for a QTL influenc-
ing alcohol withdrawal on chromosome 4. Alco-
hol withdrawal was indexed using the handling-
induced convulsion. The mice were scored for
baseline handling-induced convulsions immedi-
ately before administration of 4 gm/kg ethanol
(the arrow marks ethanol injection at time 0), and
hourly between 2 and 12 hr after alcohol admin-
istration. Data represent the mean raw scores 6
SEM for baseline and postethanol handling-
induced convulsions. Alcohol administration ini-
tially lowers convulsion scores (0–4 hr). Later,
convulsion scores increase above baseline, indi-
cating a state of withdrawal hyperexcitability,
which peaks ;6–7 hr after alcohol administra-
tion. From 451 F2 intercross mice tested for
physiological dependence, we genotyped 167
mice with the highest withdrawal scores and 167
mice with the lowest withdrawal scores. B6D2 F2
mice homozygous for the D2 allele at D4Mit186,
a marker located 42.6–45.5 cM from the centro-
mere, showed more severe withdrawal than B6B6
homozygous F2 mice. Inset, Gene dosage at
D4Mit186 has a significant influence on alcohol
withdrawal severity calculated as area under the
curve [F(2,331) 5 3.3, p 5 0.02). *D2D2 homozy-
gotes have more severe withdrawal than B6B6
homozygotes or B6D2 heterozygotes (Tukey
HSD test, p , 0.05).
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that showed recombination between D2Mit9 and D2Mit17. These
data indicate that withdrawal is more severe in recombinant F2
mice with genotypes associated with increased risk for withdrawal
(D2 allelic dosage at D2Mit9/D2Mit17 5 2:0, 2:1, or 1:0) as
compared with mice with protective alleles (D2Mit9/D2Mit17 gene
dosage 5 0:2, 0:1, or 1:2) (Table 2). However, 118 of the recom-
binant F2 mice were heterozygous at one or both putative QTL,
which greatly diminished the statistical power to detect the simul-
taneous influence of both loci. In recombinant F2 mice that are
homozygous at D2Mit9 and D2Mit17, withdrawal severity is strik-
ingly different between mice with the D2D2:B6B6 genotype as
compared with B6B6:D2D2 mice (Fig. 5). No correlation with any
chromosome 2 marker even approached significance in nonre-
combinant F2 mice. The most plausible explanation for this
marked difference between recombinant and nonrecombinant
outcomes is the presence of two linked QTL with offsetting
influences on withdrawal severity. A trend toward divergence
between the HAW and LAW lines in D2Mit9 and D2Mit17 allelic
frequencies was suggested in generation S2 ( p 5 0.12 and p 5
0.22, respectively). In the aggregate, our data suggest that D2
alleles at the 2proximal QTL are associated with more severe
withdrawal ( p 5 0.001, LOD 5 2.3) and that D2 alleles at the
2distal locus are instead associated with decreased withdrawal
severity ( p 5 0.002, LOD 5 2.1). These LOD scores indicate
suggestive linkage, but are not sufficient to confirm linkage
(Lander and Kruglyak, 1995). More definitive confirmation of
these suggestive QTL will likely require verification using addi-
tional recombinant F2 mice that are strictly homozygous at
D2Mit9 and D2Mit17.

Suggestive linkage on chromosome 2 near D2Mit9 suggests
Gad1 as a plausible candidate gene involved in alcohol withdrawal
(Fig. 4). Gad1 encodes the 67 kDa isoform of GAD. GAD is
rate-limiting in the synthesis of GABA, the major inhibitory
neurotransmitter in the mammalian CNS, and a critical determi-
nant of neural excitability. For supporting evidence for differences
in GAD enzyme activity between the B6 and D2 progenitor inbred
strains, we examined total brain GAD activity in these strains.
Figure 6 shows that B6 mouse brain has higher GAD activity as
compared with the D2 strain ( p , 0.05).

4

Figure 3. Allelic frequencies at loci on chromosomes 1, 4, and 11 coseg-
regate with phenotypic selection for acute alcohol withdrawal severity. A,
The selection response [mean 6 SEM is shown for the first four genera-
tions of selective breeding (S1–S4)] for differences in acute withdrawal
liability (HAW and LAW ). On the y-coordinate, alcohol withdrawal sever-
ity is shown as the computed area under the curve (AUC), calculated on the
basis of the time course for handling-induced convulsions measured be-
tween 4 and 12 hr after alcohol administration. B, In generations S1–S4,
gene frequency at Tyrp1 for the D2 allele diverged in the two oppositely
selected lines approximately in parallel with the trait under selection. By
generation S2, the HAW and LAW lines differed in their gene frequencies
(q) for the D2 allele for Tyrp1 (qHAW 5 0.89, qLAW 5 0.22, z 5 4.18, p 5
1 3 1025). Similarly, in generations S2 and S4, allelic frequencies at C,
D1Mit206 (qHAW 5 0.57, qLAW 5 0.17, z 5 2.47, p 5 0.006 using
generation S2) and D, D11Mit174 (qHAW 5 0.39, qLAW 5 0.76, z 5 2.34,
p 5 0.008 in generation S2) diverged approximately in parallel with
alcohol withdrawal severity. Because allelic frequencies of the D2 and B6
alleles at the markers shown diverged in the HAW and LAW lines
approximately in parallel with divergence of the trait under selection,
these data indicate that QTL underlying differences in alcohol withdrawal
between the HAW and LAW lines are linked to the markers Tyrp1
(chromosome 4, 38 cM), D1Mit206 (chromosome 1, 96 cM), and
D11Mit174 (chromosome 11, 20 cM).
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DISCUSSION
Genetic factors mediate some of the variability between individ-
uals in susceptibility to physiological dependence on alcohol. We
analyzed acute alcohol withdrawal severity using the BXD RI
strains to detect putative genetic loci contributing to physiological
dependence. A genome-wide screen comparing the pattern of
strain means for withdrawal severity with polymorphic genetic
markers detected seven putative QTL. In the next phase of our
analysis, we tested each of these putative loci using a B6D2 F2
intercross and selectively bred HAW and LAW lines. These
analyses indicate that QTL detected on chromosomes 1, 4, and 11
demonstrate significant linkage and represent true associations
with alcohol withdrawal liability. Two loci, mapped to the proxi-
mal and distal regions of chromosome 2, show suggestive linkage
and are thought to represent true associations. It is likely that the
opposing effects of D2 alleles for these two suggestive QTL
reduced the power of our analysis to detect either chromosome 2
locus with sufficient confidence. Analyses using other genetic
models, however, also support localization of a QTL to chromo-
some 2. For example, allelic frequencies at D2Mit9 differ between
Withdrawal Seizure Prone (WSP) and Resistant (WSR) mice
(two-tailed x2 5 37.4, p , 0.001), which have been selectively bred
from a heterogeneous stock (derived from 8 inbred strains) for
severe or mild withdrawal after chronic alcohol inhalation
(Crabbe et al., 1985). During the 47 generations since these lines
were established, many crossovers have occurred. Consequently,
the strong association between withdrawal severity and D2Mit9
allelic frequency would be maintained only if D2Mit9 and a gene
affecting withdrawal are closely linked (Darvasi and Soller, 1995).

Provisional loci detected on chromosomes 6 and 8 were not
associated with withdrawal liability in the F2 and HAW/LAW
experiments and were disconfirmed. Consistent with our results,
computer simulations suggest that approximately one-half of the
loci detected using the BXD RI strains (using p , 0.01) represent
true associations (Belknap et al., 1996).

Our results demonstrate the utility of QTL mapping as a
powerful hypothesis-generating approach to identify chromo-
somal regions that influence complex traits such as physiological
dependence and thereby aid in the identification of specific can-
didate genes for study in humans. Behavioral studies have sug-
gested that symptoms of alcohol withdrawal may result from a
decrease in GABA-mediated neurotransmission, but the specific
genes responsible for adaptive changes in the synaptic actions of
GABA are not known. Reduced plasma GABA levels have been
reported in chronic alcoholics (Coffman and Petty, 1985), suggest-
ing that decreased GABA synthesis could contribute to physio-
logical dependence. Our data detect a QTL in the proximal region
of chromosome 2 and suggest the influence of a candidate gene(s)
responsible for GABA synthesis. This QTL maps near Gad1,
which encodes the 67 kDa isoform, GAD67. Gad2, a distinct gene
encoding GAD65 also maps to the proximal region of chromo-
some 2. Our data also show that the progenitor D2 and B6 strains
differ in brain GAD activity, suggesting that differences in alcohol
withdrawal severity among mice derived from these strains could
be associated with differences in GAD enzyme activity and /or
gene expression. This QTL is also closely linked to a cluster of
evolutionarily related genes encoding distinct isoforms of the
a-subunit of brain sodium channels (Scn1a, Scn2a, Scn3a) and a

Figure 4. Estimated confidence intervals and candidate genes for alcohol withdrawal QTL identified on chromosomes 1, 2, 4, and 11. The markers tested
using the B6D2 F2 population are shown, and their map positions (Silver et al., 1996) indicated in centiMorgans from the centromere (at 0 cM). Estimated
1.0 LOD confidence intervals for the positions of QTL on mouse chromosomes 1, 2 ( proximal ), and 11 are shown (boxed regions), based on interval
analysis of our B6D2 F2 data using MAPMAKER/QTL. For chromosome 4, the boxed region indicates the range of markers examined in our F2 data,
but the 1.0 LOD confidence interval for this QTL actually extends beyond the range of markers examined. For chromosome 2, the 1.0 LOD confidence
interval is shown only for the proximal QTL, because MAPMAKER/QTL interval analysis cannot resolve the influence of two linked QTL with opposite
effects on a phenotype. The position of the best correlated marker for each separate experiment (i.e., RI, F2, or S2) is also indicated within each boxed
region. Candidate genes located within or near the 1.0 LOD confidence intervals are also shown (from Silver et al., 1996). El2, an epilepsy quantitative
trait locus, is located ;75 cM (between 53 and 80 cM) distal to the centromere of chromosome 2 (Frankel et al., 1995).
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glial-specific sodium channel (Scn7a) (Fig. 4). Ethanol has been
shown to reduce electrically stimulated uptake into intracellular
spaces and neurotoxin-stimulated sodium uptake into rat brain
synaptosomes (Hunt, 1985). Interestingly, markers in this region

have also been identified by QTL analysis using BXD RI mice
tested for withdrawal from nitrous oxide, a gaseous anesthetic
(Belknap et al., 1993); alcohol drinking; and withdrawal after
chronic inhalation of ethanol vapor (Crabbe et al., 1983). These

Figure 5. Alcohol withdrawal severity in F2 mice recombinant between D2Mit9 and D2Mit17. Data represent the mean 6 SEM for F2 mice recombinant
between D2Mit9 (37 cM) and D2Mit17 (69 cM), markers associated with two opposing QTL detected within the proximal and distal regions of
chromosome 2. Recombinant F2 mice with risk alleles at both QTL (i.e., D2D2 at D2Mit9 and B6B6 at D2Mit17, n 5 6 mice) showed higher
handling-induced convulsion scores during withdrawal than recombinant F2 mice that possess protective alleles at both QTL (i.e., B6B6 at D2Mit9 and
D2D2 at D2Mit17, n 5 3 mice). Inset, Genotype at D2Mit9 and D2Mit17 has a significant influence on alcohol withdrawal severity calculated as area under
the curve (*p , 0.05, two-tailed t test).

Figure 6. The C57BL/6J strain shows greater GAD activity
as compared with DBA/2J mice. Total brain GAD activity
was 31% higher in mice from the B6 progenitor strain as
compared with the D2 strain (1282 6 107 and 976 6 48 pmol
[14C]CO2/mg protein per minute were generated, respec-
tively) (*p , 0.05, two-tailed t test). Data represent the
mean 6 SEM for five independent experiments performed in
triplicate.
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results suggest that a gene in this region of chromosome 2 might
influence withdrawal from a variety of CNS depressants including
gaseous anesthetics, pentobarbital, and alcohol.

Our data also detect and verify a QTL on chromosome 11 in
proximity to genes encoding the a1, a6, and g2 subunits of
GABAA receptors (Silver et al., 1996) (Fig. 4). The b2 subunit
gene may also map to this cluster, because the human homolog,
GABRB2, has been mapped to the corresponding gene cluster on
human chromosome 5q34–q35 (Russek and Farb, 1994). Previous
studies using selectively bred mice suggest that differences in
alcohol withdrawal between WSP and WSR lines of mice may be
correlated with differences in Gabra1 or Gabra6 mRNA content
after chronic alcohol treatment (Buck et al., 1991a). Some of the
functional properties of GABAA receptors in these lines are also
differentially affected by alcohol treatment (i.e., alcohol-induced
sensitization to benzodiazepine receptor inverse agonists), provid-
ing additional evidence that differences in GABAA receptor ex-
pression or function may contribute to genetic variation in with-
drawal (Buck et al., 1991b). In general, these studies suggest that
genetic differences in alcohol withdrawal severity may be associ-
ated with allelic differences in GABAA receptor genes affecting
receptor function and/or expression. The predicted amino acid
sequences for the a1 and b2 subunits are identical between B6 and
D2 mice (Wang et al., 1992; Kamatchi et al., 1995), but allelic
differences in a6 or g2 protein sequences could influence suscep-
tibility to physiological dependence. Alternatively, allelic differ-
ences in the genomic regulatory sequences for any of these
candidate genes could contribute to differences in GABAA recep-
tor gene expression. In humans, postmortem study of alcoholics
has shown an increased number of brain GABA receptors (Tran
et al., 1981).

QTL analyses using the BXD RI strains indicate that markers
associated with alcohol withdrawal on chromosomes 1 and 11 are
also strongly associated with pentobarbital withdrawal liability
(K.J. Buck, J.K. Belknap, J.C. Crabbe, unpublished observations).
Because alcohol and pentobarbital have extensive pharmacologi-
cal similarities and are believed to mediate many of their effects
through modulation of GABAA receptors, these results may sug-
gest the influence of common genes on chromosomes 1 and 11
that contribute to increased risk for both alcohol and pentobar-
bital withdrawal. These data further implicate GABAA receptor
genes as candidate genes for the QTL on chromosome 11 and
suggest that the QTL identified on chromosome 1 may indirectly
influence GABAA receptor expression or function, because no
GABAA receptor genes have been mapped to chromosome 1.
Alternatively, other plausible candidate genes for this QTL in-
clude Atp1a2 and Atp1b1 (which encode Na1/K1 ATPase a2 and
b1 subunits) and Atp2b4 (encoding a Ca21 transporting ATPase)
(Fig. 4). It might be expected that QTL analyses of alcohol and
pentobarbital withdrawal would detect some of the same genes,
because mice selectively bred for differences in alcohol withdrawal
also differ in withdrawal from pentobarbital and other central
depressants, suggesting the influence of common genes on depen-
dence on multiple drugs (Belknap et al., 1987, 1988, 1989; Crabbe
et al., 1991).

Our data also detect a QTL involved in withdrawal on chromo-
some 4 and a suggestive QTL within the distal region of chromo-
some 2. Interestingly, these QTL map to regions that overlap with
loci identified for other seizure phenotypes, including several
mouse models of epilepsy. For example, QTL analysis using BXD
RI mice tested for audiogenic seizures identified Asp2 on chro-
mosome 4 (Neumann and Collins, 1991), and analysis using a

D2xEl intercross detected El2 on chromosome 2, a locus involved
in the seizure phenotype in the mutant El strain (Rise et al., 1991;
Frankel et al., 1995). Reduced risk for withdrawal convulsions
could be associated with reduced synaptic or extracellular levels of
glutamate, because ethanol treatment enhances glutamate uptake
in rat brain (Foley and Rhoads, 1992). Eaat2 encodes an excita-
tory amino acid transporter that plays a critical role in glutamate
uptake in the brain and represents a plausible candidate for the
withdrawal QTL localized to the distal region of chromosome 2.

In summary, the phenotype examined in the present studies
represents an animal model of acute physiological dependence
liability, rather than a model of alcohol dependence. Our results
demonstrate that two-step QTL mapping is sufficiently sensitive to
detect the influence of some of the individual genes affecting risk
for physiological dependence on alcohol, a complex disorder that
shows polygenic inheritance and the substantial influence of en-
vironmental factors. Because extensive homology exists between
human and mouse chromosomes (Copeland et al., 1993), our
results suggest that genetic variation for markers within human
chromosomes 1q21–q32, 2q24–q37/11p13, 9p21–p23/1p32–p22.1
and 5q32–q35 (syntenic with QTL identified on mouse chromo-
somes 1, 2, 4, and 11) may be associated with withdrawal liability
and that these chromosomal regions may contain some of the
genes related to physiological dependence in humans. Other
QTL, not detected in BXD mice, may also contribute to genetic
variation in withdrawal between B6 and D2 mice and in humans.
A major benefit of the two-step approach for detecting QTL is the
development of a cumulative data base in the BXD RI strains,
which has allowed us to detect QTL that may have a pleiotropic
influence on withdrawal from alcohol, pentobarbital, nitrous ox-
ide, and other central depressants with abuse liability.
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