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ABSTRACT

Alcoholism is complex disease that is influenced by many biological and
environmental factors. Although, many twin and adoption studies show a genetic
role in alcoholism, the particular genes have yet to be elucidated. Genetic
heterogeneity and environmental differences in the human population makes the
identification of genes influencing alcoholism a complicated undertaking.
Therefore, we use well-defined preclinical (mouse) models to identify genomic
loci that contain genes that may be relevant to alcoholism. Although we cannot
completely mimic this disease in mice, we assess phenotypes that are thought to
be related to this disorder, for instance, alcohol (ethanol) withdrawal severity.
DBA/2J (D2) and C57BL/6J (B6) mice are well-characterized mouse strains that
display severe verses mild ethanol withdrawal reactions. Our laboratory detected
three chromosomal regions or quantitative trait loci (QTL) that modulate acute
ethanol withdrawal using mice derived from the D2 and B6 progenitors strains.
These loci map to Chromosome 1 (Alew1), 4 (Alcw?2) and 11 (Alcw3).

The next logical step following QTL identification is to determine which
gene(s) is the quantitative trait gene (QTG). There are many valid methods that
can be used to identify QTG such as functional complementation tests (e.g.,
gene knock-in studies). Here, we took a multidisciplinary approach to identify the
most promising candidate gene(s) that underlie Alcw3. We fine-mapped this
QTL by assessing Chromosome 11 haplotype structure between genetically
informative inbred mouse strains, DBA/1J and DBA/2J mice. We narrowed the
genomic interval to ~ 4 centimorgans and eliminated several false candidate

genes while retaining a cluster of GABAA receptor subunit genes that includes 2



(Gabrg2), a1 (Gabrat), a6 (Gabra6) and p2 (Gabrb2). Next, we elected to focus
on this gene cluster as potential candidates. We sequenced the coding region of
Gabrg2‘in D2 and B6 mice and detected three single nucleotide polymorphisms
(SNPs). One SNP alters amino acid sequence; D2 mice have a threonine at
residue 11 of the mature y2 peptide, whereas B6 mice possess an alanine.

Other sequencing results show that a1, a6, and B2 peptides do not differ
between D2 and B6 mice. Functional differences in ethanol action were not
detected in a recombinant receptor system expressing y2 variation. These SNPs
may instead be a molecular marker for polymorphism within a regulatory region
that alters expression of Gabrg2 or another closely linked gene. We therefore
measured Gabrg2, Gabra1, Gabra6, and Gabrb2 expression in inbred mouse
strains that differ in acute ethanol withdrawal severity. Cortical Gabrg?2
expression is greater in the D2 strain compared to B6 mice. However, we did not
detect a difference in Gabra1, Gabra6, and Gabrb2 expression. We assessed y2
heterozygous null mutant mice for acute ethanol withdrawal severity and show
that decreased y2 peptide is associated with increased withdrawal magnitude.
Our mapping, sequencing, expression, and behavioral data converge upon
Gabrg?2 as the strongest candidate gene to date to underlie Alew3. Thus, the
work presented here is an illustration of how one may go from QTL to QTG.
Further characterization of Gabrg2 is however warranted to say definitively that

this is the gene.



l. Introduction

I.LA. Alcohol Dependence

Alcoholism is a complex disease that has environmental, psychological, and
biological determinants. It is characterized by compulsive behavior to consume
alcohol that can impair social, mental, and physical well-being (DSM IV, 1994).
Many twin (e.g., Heath et al., 1997; Prescott and Kendler, 1999) and adoption
studies (e.g., Sigvardsson et al., 1996) indicate that there is a genetic
contribution to alcoholism. Overall, it is estimated that between 40 and 60% of
the phenotypic variance is genetically determined (Burmeister, 1999; Schuckit,
1998). During the paSt decade there has been a large multicenter effort to map
the chromosomal regions involved in alcohol dependence through the
Collaborative Studies on the Genetics of Alcoholism (COGA). To date, many
studies have investigated the association between genomic loci and
endophenotypes for alcoholism. These studies include behavioral (e.g., low level
of response to alcohol; Schuckit et al., 2001) and biological phenotypes (e.g.,
P300 amplitude; Hesselbrock et al., 2001), which are thought to be genetically
influenced. However, the genes that predispose humans to alcoholism remain to
be elucidated. The identification of these genes in the human population is a
daunting task due to genetic heterogeneity and the lack of marker genes known

to be associated with alcohol dependence (Schuckit, 1994).

I.B. Alcohol Withdrawal
All species tested, including humans and mice, display a withdrawal

syndrome following the removal of alcohol (see Metten and Crabbe, 1999b for



review). Depending on where in the time course of withdrawal (e.g., hours or
days), symptoms present can include increased anxiety, psychomotor agitation,
peripheral nervous system disturbances (e.g., tachycardia), and CNS
hyperexcitability including milder symptoms like tremor to life-threatening
convulsions. These CNS symptoms occur usually once ethanol is metabolized
but do tend to wax and wane in intensity. Moreover, not all alcoholics experience

every alcohol withdrawal sign.

I.C. Genetics and Alcohol Withdrawal

Clinical studies have shown that acute alcohol withdrawal syndromes may
predict potential risk for future onset of alcoholism. In a survey study, sons of
alcoholics reported greater hangover symptoms compared to sons of non-
alcoholics. These symptoms are thought to represent an acute withdrawal
syndrome. However, sons of alcoholics and non-alcoholics do not differ in
amount or frequency of alcohol consumption (Newlin and Pretorius, 1990). Span
and Earleywine (1999) reported that sons of alcoholics experienced greater
acute withdrawal symptoms, including tremor, alcohol craving, and irritability,
after consuming 0.5 g/kg of ethanol compared to sons of non-alcoholics. After
ingesting 1.0 g/kg ethanol, college aged males who are family-history positive for
alcoholism reported greater subjective feelings of “shakiness” compared to
family-history negative males (McCaul et al., 1991). These studies indicate that
acute ethanol withdrawal may be a predictor of future alcoholism, in that
individuals with a history of alcoholism within their family may drink to alleviate
the negative symptoms associated with acute ethanol withdrawal (Span and

Earleywine, 1999). Although the above studies indicate that acute ethanol



withdrawal can predict risk for alcoholism, they do not begin to identify the genes

that contribute to this trait.

I.D. Acute Ethanol Withdrawal Phenotype in Mice

Animal models offer an alternative approach for identifying genes that
influence susceptibility to alcohol dependence because mice and humans share
extensively conserved chromosomal regions. That is, if we know where a gene
is located in the mouse genome we can predict what chromosome contains the
human ortholog (gene with similar function). Mouse models cannot per se
entirely mimic alcoholism but we are able to assess traits in mice that are thought
to be related to alcoholism. As outlined above, acute ethanol withdrawal in sons
of alcoholics (or family-positive males) is a trait in humans that may predict the
development of alcohol dependence. There are behavioral assays that may
model this phenotype in mice. In particular, ethanol withdrawal convulsions are a
useful index of withdrawal severity because they are displayed in all species
tested including humans (Friedman, 1980). In 1971, Goldstein and Pal
demonstrated that ethanol withdrawal severity could be measured in mice
following chronic ethanol vapor inhalation using what is now known as the
handling-induced convulsion (HIC). Over the years, this behavioral assay has
been described more thoroughly: the original scale ranged from 0 — 4, which only
measured tonic and clonic seizures (Goldstein and Pal, 1971). Today, HIC is a
0-7 point scale with a more graded index that measures facial grimaces, tonic-
clonic seizures either when lifted by the tail or following a spin and spontaneous

or environmentally-induced convulsions (Crabbe et al., 1991).



Although most studies focused on HIC used chronic ethanol exposure,
withdrawal-induced convulsions are observed following a single hypnotic dose of
ethanol. The first known report that a single dose of ethanol could exacerbate
convulsions in mice was published by McQuarrie and Fingl in 1958. This study
tested the protective effect of acute and chronic ethanol exposure on
pentylenetetrazol-induced (PTZ) seizures in mice. A large oral dose of ethanol (4
g/kg) increased PTZ seizure threshold 4 hours post-ethanol administration.
However, McQuarrie and Fingl detected increased susceptibility to PTZ-induced
convulsions 8 hours following the acute dose of ethanol. Goldstein (1972)
reported that following 5 g/kg of ethanol, mice displayed convulsions upon
handling. More recently, Kosobud and Crabbe (1986) demonstrated that
Withdrawal Seizure-Prone mice (WSP), selectively bred for severe HIC following
three days of ethanol vapor administration, also display moderate HIC following

4g/kg dose of ethanol (ip).

LE. Mouse Strains Used to Study Acute Ethanol Withdrawal
L.LE.1. DBA/2J and C57BL/6J Inbred Strains

Inbred mouse strains are ideal preclinical models to examine ethanol-related
traits because their responses to ethanol remain stable over generations. For
example, it was first demonstrated by McClearn and Rodgers in 1959 that
C57BL/6 mice consume large amounts of ethanol compared to other strains
including DBA/2. This drinking behavior has been reported consistently in the
literature (see Belknap and Atkins, 2001). Moreover, DBA/2J (D2) and C57BL/6J
(B6) strains are commonly used in ethanol research because they differ in many

responses to ethanol besides ethanol drinking (reviewed by Crabbe et al., 1999).



D2 mice are a well-characterized strain that has severe acute ethanol withdrawal
reactions, whereas B6 mice have mild acute ethanol withdrawal reactions
(Belknap et al., 1993; Buck et al., 1997; Metten and Crabbe, 1994). Therefore,
D2 and B6 mice and populations derived from them provide a unique opportunity
to investigate the genetics of acute ethanol withdrawal in an attempt to identify
genes that may be predictive of alcohol abuse or dependence in humans (See
Section 1.C).

Moreover, it was recently demonstrated that acute ethanol withdrawal severity
is a heritable trait in mouse models derived from B6 and D2 progenitor strains
(Buck et al. 1997). Acute ethanol withdrawal severity ranges in intensity in BXD
recombinant inbred (RI) strains and B6D2 F2 intercross mice such that some
strains (or individual mice) show little or no withdrawal, some show an
intermediate phenotype whereas others show severe withdrawal reactions.
Short-term selection (four generations) produced two lines of mice that differed
for acute ethanol withdrawal liability (High acute Alcohol Withdrawal, HAW, and
Low acute Alcohol Withdrawal, LAW lines) providing further support that this is a
heritable trait in mice. The above populations of mice were subsequently used to
identify specific regions in the mouse genome that contribute to differential acute
ethanol withdrawal severity (see Section |.F; Buck et al., 1997).

L.LE.2. DBA/2J and DBA/1J inbred mouse strains

The DBA inbred mouse strains date to 1909 when Charles C. Little began
brother sister mating mice for coat color. Indeed, DBA stands for dilute, d,
brown, b, and non-agouti, a (Russell, 1978) three classic coat color genes.
Between 1929-1930 the inbred strains now known as DBA/2 (D2) and DBA/1

(D1) were reproductively isolated in order to develop separate DBA substrains



(Festing, 1990). D2 and D1 strains differ at several genetic loci including Car2,
Ce2, He, H2, If1, Lsh, Tla, and Qa3 suggesting that some heterozygosity
remained in the DBA progenitor strains used to establish these inbred strains
(Festing, 1994). Although some heterozygosity may have been present when
these two strains originated and given that genetic drift will have occurred, D2
and D1 are extremely related. This is supported by molecular data currently
available. For example, Atchley and Fitch (1993) examined 119 genetic markers
across the genome between D2 and D1 mice and showed that these strains
differ at only 11.8% of these loci. According to data collected by the Center of
Inherited Disease Research, 51 out of 314 markers tested from the
Massachusetts Institute of Technology (MIT) series differ between D2 and D1
(16.2% difference; http://www.cidr.org/mouse/mouse.html). In comparison, 217
markers out of this set are polymorphic between D2 and B6 mice — nearly 70%
(Witmer et al., 2003). Beyond these studies, little genotypic information is known
about D1 mice (although the Genomics Institute of the Novartis Research
Foundation is in the process of identifying SNPs across numerous inbred strains
including DBA/1J).

Phenotypically, the D1 strain is extensively used to investigate collagen-
induced arthritis, a mouse model of rheumatoid arthritis, an autoimmune disease
(for review see Holmdahl et al., 2002; Joe et al., 1999). This strain, however, has
not been as well characterized behaviorally as D2 mice. Recent studies have
shown that D1 mice rapidly develop fear-potentiated startle and that GABA4 and
SHT1a agonists attenuate this learned response, (Risbrough et al., 2003).

According to unpublished data from these authors, B6 mice do not readily learn



the fear-potentiated startle task. D1 mice also show lower open field activity and
spend less time in the center of the open field compared to B6 mice, suggesting
higher levels of anxiety (Powell et al., 2003).

D2 mice have been extensively characterized for severe ethanol withdrawal
reactions following both chronic (Crabbe, 1998; Buck et al., 2002) and acute
administration (Belknap et al., 1993; Metten and Crabbe, 1994; Buck et al.,
1997). D1 mice also have a more severe chronic and acute ethanol withdrawal
reaction compared to several other standard inbred mouse strains, although it is
less severe than the D2 strain (Metten and Crabbe, 1994; Crabbe et al., 1983b).
D1 mice display a more severe withdrawal reaction following precipitated
diazepam withdrawal (Metten and Crabbe, 1999a) compared to B6 mice, yet
display a moderate reaction following acute pentobarbital (60 mg; ip) compared
to D2 mice (Metten and Crabbe, 1994). Both D1 and D2 inbred strains show
lower electroconvulsive shock thresholds (i.e., are more sensitive) in contrast to
B6 mice (Frankel et al., 2001). However, both strains have low susceptibility to
nicotine-induced seizures in a panel of 19 inbred strains (Marks et al., 1989),
suggesting that D2 and D1 mice are not seizure-prone to all convulsants.

Overall D1 mice appear to be sensitive to ethanol. For example, D1 mice do
not develop tolerance to ethanol-induced hypothermia following eight daily
exposures to 3 g/kg of ethanol compared to other strains that show tolerance
development such as C57BL/6N, 129/J and AKR/J (Crabbe et al., 1982), they
experience an extended duration of loss of righting reflex following 4 g/kg ethanol
(ip) compared to DBA/2N and C58/J and show increased motor incoordination in

the dowel test after 3 g/kg ethanol compared to several other inbred strains



including A/HeN, 129/J and DBA/2N mice (Crabbe, 1983). Therefore,
considering the genetic relatedness between the DBA strains and that D1 mice
also show severe acute ethanol withdrawal symptoms (albeit less severe than
D2), these strains and crosses derived from them make a useful tool for
dissecting the genetics of acute ethanol withdrawal severity. Indeed, a
population of F2 intercross mice derived from D1 and D2 progenitor strains (n =
160) were tested for acute zolpidem and acute ethanol withdrawal reactions.
Preliminary results suggest that D1 allelic frequency on mouse Chromosome 11
may be associated with both acute zolpidem and ethanol withdrawal severity

(Pamela Metten and John Crabbe, unpublished data).

I.F. Genetic Mapping of Acute Ethanol Withdrawal Loci

Quantitative trait locus (QTL) analysis, a form of genetic mapping, asks
whether a continuously distributed trait (e.g., acute ethanol withdrawal severity) is
associated with genetic (allelic marker) variation (Belknap et al., 1996; Belknap et.
al., 1997; Crabbe et al., 1999; Complex Trait Consortium, 2003). A QTL is a
chromosome locus that is associated with phenotypic variability. A recent QTL
analysis, using 21 BXD RI strains, B6D2 F2 intercross mice, and short-term
selected lines of mice derived from B6 and D2 progenitor strains (see Section
I.LE.1), identified three significant loci in the mouse genome that influence acute
ethanol withdrawal severity (Buck et al., 1997). These loci map to distal mouse
Chromosome 1 (Alcw7), mid Chromosome 4 (Alcw2) and proximal Chromosome
11 (Alew3; see Figure 1). The Chromosome 11 QTL accounts for 12% of the
genetic variance. Interestingly, it is D2 alleles on Chromosome 11 that confer

protection against severe acute ethanol withdrawal compared to mice that
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Figure 1. Acute ethanol withdrawal QTL detected in mice derived from D2
and B6 inbred strains. Three significant QTL were identified for acute ethanol
withdrawal severity in mice on distal Chromosome 1 (Alew7), mid Chromosome 4
(Alcw2) and proximal Chromosome 11 (Alew3). As illustrated above, Alcw3
maps near a cluster of GABAA-R subunit genes, including Gabrg2. Also
represented are other genes and molecular markers that are linked or near by
the identified QTL. Boxes represent the 1-LOD confidence intervals for the
identified QTL. Recombinant Inbred (RI) strains, B6D2 F2 intercross mice, and
short-term selected (S2) lines were used to map these QTL. The marker with the
strongest association with acute ethanol withdrawal severity for each population
is shown to the right. (Figure adapted from Buck et al., 1997).



possess B6 alleles in all three populations tested. Alcw3 maps to 20 cM, which
is in proximity to a cluster of GABAa receptor subunit genes that contains y»
(Gabrg?2), a4 (Gabra1), as (Gabra6) and the B, subunits, Gabrb2 (Garrett et al.,
1997).

.G. The GABA, Receptor

y-aminobutryic acid (GABA) is the main inhibitory neurotransmitter within the
mammalian central nervous system (CNS). To date, three different GABA
receptor subtypes have been identified: GABA, GABAg, and GABAc:. GABAg
receptors are metabotropic (see Bowery et al., 2002 for review) whereas GABAx
and GABAc are ligand-gated ion channels. GABA receptors, which contain p1-
3 subunits, are located for the most part within the retina (reviewed by Bormann,
2000). Both GABA4 (Fritschy and Mohler, 1995; Wisden et al., 1992) and
GABAg (Fritschy et al., 1999) receptors are ubiquitously distributed throughout
the CNS.

GABAA receptors (GABAA-R) are a part of a ligand-gated ion channel
superfamily that includes the nicotinic acetylcholine, glycine, and serotonin 3
(5-HT3) receptors. GABAA-R are believed to be heteromeric pentamers coupled
to an integral chloride channel (see Figure 2). This receptor binds GABA leading
to influx of chloride anions and a hyperpolarization of neuronal membranes.
Molecular biology thus far has identified 16 GABAA-R subunits in the mammalian
CNS: a1-6, B1-3, y1-3, 8, ¢, &, and 6 subunits (for review see Mehta and Ticku,
1999; Macdonald and Olsen, 1994; Davies et al., 1997; Hedblom and Kirkness,

1997; Sieghart and Sperk, 2002). In addition, the genes that code for these
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Figure 2. Predicted topography of the GABA, receptor. The GABAs-R is
predicted to be an oligomeric polypeptide composed of five subunits that are
coupled to an integral chloride channel. When GABA binds to this receptor, it
changes the confirmation of the subunits allowing chloride ions to flow into the
channel leading to hyperpolarization of the neuron. To date, 16 different GABA,-
R subunits from multiple families have been identified (see Section I.G). The
most prevalent combination of subunits in the mammalian brain is 2a1 2p2 and
y2 as depicted above (McKernan and Whiting, 1996). GABA binds at the
interface of the a and B subunits, whereas, benzodiazepines bind at the interface
of the o and y subunits. Other ligands that bind to the GABAA-R have either
positive (e.g., pentobarbital) or negative (e.g., benzodiazepine inverse agonists)
modulatory effects.
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subunits are mostly found in clusters in both the mouse and the human genomes
(Russek, 1999). Gabrg1, Gabra2 and Gabra4, and Gabrb1 are found on mouse
Chromosome 5 (Human Chromosome 4p12); Gabrg2, Gabra1, Gabra6, and
Gabrb2 and Gabrp (which may or may not be part of this cluster; see Section
ll.E) are found on mouse Chromosome 11 (Human Chromosome 5q31-34); and
Gabrg3, Gabrab, and Gabrb3 are located on Chromosome 7 (Human
Chromosome 15q11-13).

GABAA-R subunits are predicted to possess a large extracellular amino-
terminus, four transmembrane domains (TM) with a large intracellular loop
between the third and fourth TM and a short carboxy-terminus’ (see Smith and
Olsen, 1995). The most common subunit stoichiometry appears to be two o, two
B and one y (Mossier et al., 1994, Tretter et al., 1997; see Figure 2).
Immunoprecipitation studies indicate that o1B2y2 receptors are the most
preferred combination within the CNS (MacDonald and Olsen, 1994; Benke et
al., 1994). The a1p2y2 combination is pharmacologically characterized as
having high affinity for GABA and type | benzodiazepine receptor agonists (e.g.
zolpidem; for review see Costa, 1998; Mehta and Ticku, 1999). The messenger
RNA (mRNA) and polypeptide for the GABAA-R a1, 2 and y2 subunits are the
most abundant and ubiquitously distributed of their respective subunit family as
shown from in situ and immunocytochemical studies performed using rat brain
(Laurie et al., 1992a; Laurie et al., 1992b; Wisden et al. 1992; Pirker et al., 2000).

Multiple ligands and drugs modulate GABAA-R. GABA binding occurs at the
interface of the N-terminals of the o and B subunits whereas benzodiazepine

binding occurs at the interface of the a and y subunits (Smith and Olsen, 1995).
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Neurosteroids are potent positive or negative modulators, whereas picrotoxin and
bicuculline inhibit chloride influx by blocking the channel pore (for review see
Mehta and Ticku, 1999). Other compounds that affect the GABA-R include
inhaled anesthetics (Franks and Lieb, 1994) and barbiturates (Saunders and Ho,
1990). Lastly, both in vivo and in vitro (reviewed by Grobin et al., 1998; Mihic,
1999) studies have shown that ethanol affects GABAA-R function and subunit
expression (Reilly et al., 2001).

1.G.1. GABA4-R and ethanol withdrawal

Numerous electrophysiological, biochemical and behavioral studies have
implicated the GABAa-R as a site for ethanol action (for review see Buck 1996;
Grobin et al., 1998; Mehta and Ticku, 1999; Mihic and Harris, 1996; Mihic, 1999).
The GABAA-R plays a role in the modulation of ethanol withdrawal, which is
characterized by increased anxiety and convulsion susceptibility (Buck et al.,
1991c; File et al., 1989; Lister and Karanian, 1987). Ethanol withdrawal-induced
audiogenic convulsions in rats are suppressed by microinjection of muscimol, a
GABAx-R agonist, into the inferior colliculus (Frye et al., 1983), and into the
substantia nigra (Gonzalez and Hettinger, 1984). A single dose of flumazenil, a
GABAa-R antagonist, attenuates ethanol withdrawal severity as measured by
handling-induced convulsions in mice (Buck et al., 1991¢). As well, flumazenil
decreases anxiety induced by ethanol withdrawal in rats by increasing the time
spent in the open-arms of an elevated plus maze (Moy et al., 1997) and in a
social conflict task (File et al., 1989).

Although the GABAA-R has been implicated, the specific GABAA-R subunits
that modulate ethanol withdrawal severity remain to be elucidated. Several

studies have found altered subunit messenger RNA (mRNA) or protein content in
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rodents following chronic ethanol administration paradigms (See Table 1; Reilly
et al., 2001). There also appears to be a genetic influence for differential
regulation of GABAA-R subunits in mice selectively bred for severe chronic
ethanol withdrawal (Withdrawal Seizure-Prone, or WSP) or mild withdrawal
reactions (-Resistant, WSR). Following chronic ethanol ingestion, WSP mice
have decreased GABAA-R o1 subunit MRNA content within whole brain, whereas
there was no change in WSR mice. In addition, GABAA-R g subunit mRNA
content was lower in whole brain in control (pair-fed) WSR mice but not in WSP
mice (Buck et al., 1991a). This difference in mRNA content may be associated
with greater sensitivity to benzodiazepine inverse agonists (e.g., DMCM and
R015-4513) in ethanol-dependent WSP mice compared to WSR mice (Buck et
al., 1991b).

Many studies have examined the effects of chronic ethanol exposure or
withdrawal on GABAa-R regulation/function, however, there are relatively few
studies investigating modulation of the GABA4-R following acute ethanol
administration. [n a study performed by Buck and Harris (1990), cortical
membrane vesicles obtained from ICR mice 30 minutes following ethanol
administration (4 g/kg ip) showed enhanced inhibition of muscimol-induced *°CI-
flux by DMCM. Cerebellar microsacs prepared from DBA/2J mice treated with 4
g/kg ethanol (ip) one hour prior, do not show ethanol enhancement of muscimol
stimulated **Cl- uptake compared to saline treated control mice (Allan and Harris,
1987). There is decreased *H-GABA binding in the cerebellum from Sprague
Dawley rats three hours following administration of 3 g/kg ethanol (gavage)

compared to control rats, however, this difference was not detected in other brain
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Table 1: Effect of ethanol treatment on GABA, receptor subunit expression

Subunit Alteration References

Y decreased Morrow et al., 1990, 1992
Montpied et al., 1991
Mhatre et al., 1992, 1993
Devaud et al., 1995, 1997
Charlton et al., 1997
Cagetti et al., 2003

o1 mRNA and peptides *

o2 mRNA and peptidesa decreased Montpied et al., 1991
Mhatre et al., 1992, 1993

a3 mMRNA? no change Montpied et al., 1991
Mhatre et al., 1993

a4 mMRNA and peptides *° increased Cagetti et al., 2003
Devaud et al., 1995, 1997
Mahmoudi et al., 1997
no change Matthews et al., 1998
Petrie et al., 2001

a5 mMRNA #°¢ increased Devaud et al., 1995
no change Charlton et al., 1997
Petrie et al., 2001
a6 MRNA and peptides ® increased Mhatre et al., 1992
Morrow et al., 1992
Wu et al., 1995
Petrie et al., 2001
B1 mMRNA? increased Mhatre et al., 1994
no change Devaud et al., 1995
B2 mRNA and peptides *°¢ increased Devaud et al., 1997

Mhatre and Ticku, 1994
Reilly and Buck, 2000
Morrow et al., 1992
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Table 1 (continued)

B2 mRNA and peptides ¢

B3 mMRNA and peptides *°

B3 mRNA and peptides *°

a

v1 MRNA and peptides

128 MRNA @
v2L MRNA 2
12 mRNA

v2 peptides #°

v3 MRNA 2
5 MRNA 2

8§ mRNA °

no change

increased
no change
increased
no change
increased
no change

increased

no change

no change
no change

decreased

Devaud et al., 1995
Reilly and Buck, 2000
Matthews et al., 1998

Devaud et al., 1997
Mhatre and Ticku., 1994

Devaud et al. 1995
Matthews et al., 1998

Devaud et al., 1995, 1997
Petrie et al., 2001

Devaud et al., 1995
Devaud et al., 1995
Cagetti et al., 2003
Devaud et al., 1997
Petrie et al., 2001
Matthews et al., 1998
Devaud et al., 1995
Devaud et al., 1995

Cagetti et al., 2003

Table adapted from Reilly et al., 2000.

4 cerebral cortex
® cerebellum

° hippocampus

4 whole brain
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region examined (i.e., striatum, substantia nigra and cortex; Reggiani et al.,
1980). GABAA-R a1 and B3 subunit mRNA was increased 30 minutes following
a single ip injection of 4g/kg of ethanol in the cerebellum of female B6 mice,
whereas no changes were observed for GABAA-R 6, B2, or y2 subunit message
(Wu et al., 1995). To date, we know of no published studies that have
investigated the effects of acute ethanol withdrawal on GABA-R function or
subunit mMRNA content in D2 and B6 mice.

However, differential acute ethanol withdrawal severity between D2 and B6
mice could result from innate differences in basal GABAA-R expression/function.
Yu and colleagues (1986) report that whole brain membrane vesicles prepared
from young D2 mice (20-22 days old) are less sensitive to GABA (1 uM-1 mM) as
measured by *°CI" uptake compared to age matched B6 mice. This difference,
however, disappears when tested between days 40-42. These authors also
report that GABA agonist binding (muscimol and GABA) is lower in young B6
mice compared to the D2 strain. Interestingly, Ticku (1980) showed that GABA
binding density (Bmax) was less for D2 mice compared B6 mice at ~4 months of
age. This result is inconsistent with that of Yu and coworkers (1986) where they
showed no difference in GABA binding in adult D2 and B6 mice. Robertson
(1980) reported that maximum °H-flunitrazepam binding (Bmax) in whole brain of
young D2 mice (22-24 days old) was greater than age matched B6 mice,
however, no differences were observed when the mice were 40 days of age. In
female C57BL/JIbg mice, GABA greatly enhanced 3H-ﬂunitrazepam binding
compared to other lines and strains of mice including DBA/2lbg mice, although

they did not differ concerning 3H-flunitrazepam binding itself (Marley and Wehner,
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1987). These studies show putative functional and/or expression differences
indirectly measured by By for the GABAA-R between D2 and B6 mice, however,
the specific gene(s) that are responsible remain to be elucidated.

.G.2. Gabrg2 is a candidate gene for acute ethanol withdrawal severity

The GABAA-R y2 subunit was cloned in 1989 by Peter Seeburg’s group
(Pritchett et al., 1989). In this study, they also demonstrated that the GABA4-R
y2 subunit is involved in benzodiazepine binding. Subsequently, it has been
shown that the GABAA-R y2 subunit is the most prevalent y subunit within the rat
central nervous system (Fritschy and Mohler, 1995; Wisden et al., 1992). This
subunit is involved in GABAA-R benzodiazepine binding and pharmacology,
GABAx-R desensitization and normal chloride channel conductance as
demonstrated by recombinant GABAA-R studies and by null mutation of y2 in
mice (Benke et al., 1996; Dominguez-Perrot et al., 1996; Glinther et al., 1995;
Rudolph et al., 1999). Autoradiographic studies show that deletion of the y2
subunit abolishes benzodiazepine binding while leaving GABA binding intact
(Gunther et al., 1995). The y2 subunit gene is also involved in GABAA-R synaptic
clustering as shown by targeted disruption of the y2 subunit and of the scaffolding
protein gephyrin (Essrich et al., 1998; Kneussel et al., 1999). This reduction in
synaptic clustering is associated with increased anxiety and a bias for threat cues
in mice hemizygous for targeted disruption of Gabrg2 (y2+/' mice; Crestani et al.,
1999).

Additionally, the y2 subunit is alternatively spliced and it was suggested that
the long variant of y2 was responsible for mediating ethanol’s effects on the
GABA,-R at intoxicating concentrations (Wafford et al., 1991). However, a

recent study shows that y2L knockout mice do not differ from wildtype littermates
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in withdrawal severity following chronic intermittent alcohol withdrawal severity
suggesting that ethanol withdrawal are not mediated by y2L (Homanics et al.,
1999). Recently, we identified amino acid variation within the amino-terminus of
the GABAA—R y2 subunit (both in long and short variants) between B6 and D2 |
inbred mice (Buck and Hood, 1998; see Section lll.A). B6 mice possess an
alanine at amino acid residue 11 of the mature peptide (A11), whereas D2 mice
have a threonine at this residue (T11). This amino acid substitution (A/T11)
alters the predicted secondary structure of the protein (Buck and Hood, 1998).
We sequenced Gabrg2 from the 26 BXD RI strains which were derived from
B6D2 F2 intercross mice (Bailey, 1981) and found a genetic correlation between
this polymorphism and acute ethanol withdrawal severity and other motivationally
negative ethanol traits (ethanol conditioned taste aversion, ethanol-induced
motor incoordination and hypothermia; Hood and Buck, 2000). BXD RI that have
the B6 allele show greater acute ethanol withdrawal severity compare to R
strains that possess the D2 allele. The variation in y2 peptide does not alter
sensitivity of a132y2a11 vs. a1p2y2111 receptors to 200 mM ethanol, an anesthetic
concentration in vivo (Mihic and Buck, in press). It is also plausible that other
subunit combinations expressed with y2 (e.g., 0.6 and B3) will yield different
results. Moreover, ethanol potentiation (10-100 mM) was not observed in
oocytes expressing GABAA-R (Mihic and Buck, in press) whereas these
intoxicating concentrations are effective in brain tissue. Therefore, cautious
interpretation of these ethanol studies is warranted because it is not known

whether y2 peptide variation will alter function in either mammalian and/or
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neuronal cells. Xenopus oocytes may also lack important cellular components
that are required for receptor function.

However, the direct effect of pentobarbital is dramatically increased in
a1B2y2a11 receptors (Mihic and Buck, in press). This result is interesting
because y2 subunits are not absolutely required to see the direct effect of
pentobarbital (e.g., Uchida et al., 1997). This suggests that variation in the y2
subunit may affect y2 expression (or assembly), and may not directly alter y2
function. Alternatively, this polymorphism may simply be a marker for
polymorphism elsewhere in Gabrg2 (e.g., promoter or other regulatory sequence)
that éﬁect Gabrg2 mRNA content, or for a functional polymorphism in a nearby
gene.

.G.3. GABA,-R associated proteins

One possible mechanism by which GABAA-R y2 expression differences may
affect alcohol withdrawal severity is reduced synaptic clustering of the GABAA-R.
The majority of GABA4-R are clustered on dendrites or soma across from pre-
synpatic terminals in symmetrical synapses which is necessary for efficient
synaptic transmission (Peters and Palay, 1996). The GABAA-R y2 subunit and
gephyrin, a tubulin-binding protein, have been shown to be critical for synaptic
clustering of the GABAA-R (for review see Sassoe-Pognetto and Fritschy, 2000).
GABAA-R 2 null mutant mice do not show gephyrin clustering and antisense
oligonucleotides directed at gephyrin dramatically reduce GABAA-R clustering in
cultured hippocampal neurons (Essrich et al., 1998). The decrease in GABAA-R
clustering in turn alters GABA-induced current (Crestani et al., 1999). GABAA-R

clusters are also reduced in gephyrin null mutant mice (Kneussel et al., 1999).
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However, it appears that gephyrin does not affect subunit assembly or receptor
trafficking (see Moss and Smart, 2001).

Although gephyrin has been shown to be involved in synaptic GABAA-R
clustering, a direct interaction between gephyrin and GABAA-R has yet to be
demonstrated through protein-protein binding studies (Meyer et al, 1995;
Kannenberg et al., 1997). Another protein that interacts with the GABAA-R y2
subunit — named GABAA receptor- associated protein (GABARAP) was identified
in 1999 by Richard Olsen’s group (Wang et al., 1999). GABARAP’s protein
sequence is similar to the light chain-3 of microtubule-associated protein and was
shown to bind to tubulin and microtubules, which are part of the synaptic
cytoskeleton (Wang et al., 1999; Wang and Olsen, 2000). Therefore, it has been
suggested that GABARAP may be a linker protein between GABAA-R 72 subunits
and gephyrin. To date, it is unclear what the exact mechanism of GABARAP
action is. For example, it was shown that GABARAP and gephyrin co-localize
intracellularly but not at the synapse indicating that GABARAP may be apart of
intracellular transport and targeting (Kneussel et al., 2000). However, Chen and
colleagues (2000) demonstrated in a quail fibroblast system that GABARAP is
involved in GABAA-R clustering which also may be necessary to see normal
channel kinetics.

1.G.4. Linked genes

Other GABA4-R subunit genes (Gabra1, Gabra8, and Gabrb2) linked to
Gabrg?2 are also candidates for modulating acute ethanol withdrawal (Buck et al.,
1997). Several association studies examining the relationship between the -
GABAA-R subunit gene cluster on human Chromosome 5 (homologous to the

mouse Chromosome 11 cluster) and alcohol dependence phenotypes have been
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performed. Dependent upon genetic population (e.g., Scottish or Japanese) and
phenotype (alcohol dependence with Korsakoff psychosis), there is sometimes
significant association between GABAA-R subunit polymorphisms and alcoholism
(reviewed by Loh and Ball, 2000). Longitudinal studies have shown that sons of
alcoholics who display low level of response to ethanol as measured by body
sway are four times more likely to develop alcoholism compared to control males
(Schuckit, 1994). In a small pilot study, Schuckit and colleagues (1999)
investigated 17 men who had extremely low level of response to alcohol. They
found that 7 of these men whose low response was in the extreme possessed
two allelic variants of GABRAG6 (Pro/SerA8), whereas men that were Pro/Pro for
GABRAG were less likely to develop alcoholism. The authors suggest that the
GABAA-R a6 subunit may play a role in developing alcohol dependence.
However, their results are preliminary at best due to several limitations of this
study including small sample size, possible population stratification and a priori
knowledge of the subjects’ phenotype.

Other genetic evidence for the involvement of GABAA-R in ethanol-related
phenotypes includes both a point mutation and deletion in the o6 subunit from
rats selected for alcohol-induced motor impairment, Alcohol Non-Tolerant rats
(Korpi et al, 1993, 1994). The point mutation alters amino acid sequence at
residue 100 (Ala > Glu). Normally, GABAA-R containing an a6 subunit are
diazepam insensitive as measured by RO15-4315 displacement assays
(Kleingoor et al., 1991); however, the glutamine substitution now makes GABAA-
R with this subunit responsive to diazepam. While investigating this point

mutation, Korpi and colleagues (1994) discovered a 10 amino acid deletion or
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short variant of the a6 subunit. Whereas the amino acid substitution changes the
pharmacology of the GABA4-R that possess the a6 subunit, the deletion appears
to affect subunit assembly in that a6Sp2y2 receptors behave like cells expressing
B2y2 — there is relatively little GABA induced current (Korpi et al., 1994).
However, it is unknown whether these alterations in the a6 subunit affect alcohol
withdrawal. Although these o6 variations were found in the ANT rat line, the o6
coding sequence does not differ between B6 and D2 mice (Buck and Finn, 2001)
and targeted disruption of this gene does not affect ethanol sensitivity (Homanics
et al., 1997) or chronic intermittent ethanol withdrawal hyperexcitability
(Homanics et al., 1998). The amino acid sequences for the GABAA-R o1 and p2
subunits do not differ between B6 and D2 mice (Kamatchi et al., 1995; Wang et
al., 1992). Following a chronic liquid ethanol diet, handling-induced convulsions
did not differ between GABAA-R B2 null mutant and wildtype mice nor was
withdrawal altered in mice that had a targeted deletion of the GABAA-R a1
subunit compared to their wildtype counterparts (Blednov et al., 2003). Similarly,
MRNA content for GABAA-R B2 subunit does not differ in the cerebellum or
cortex between naive B6 and D2 strains, but does differ after chronic ethanol
treatment in a complex manner that is dependent on genotype, blood ethanol
concentration and brain region (Reilly and Buck, 2000). The gene sequencing
and null mutation studies therefore suggest that Gabrg?2 is the most compelling
candidate out of this gene cluster on mouse Chromosome 11.

1.G.5. GABAA-R y2 subunit involvement in human seizure phenotypes

Recently a number of rare human mutations in GABRG2 have been detected
that have phenotypic affects on CNS hyperexcitability (epilepsy; see below for

discussion). In general, idiopathic epilepsies have a complex pattern of
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inheritance (reviewed by Kaneko et al., 2002). Because GABA is the main
inhibitory neurotransmitter within the CNS, many investigators have shown that
altered GABA transmission or GABAa-R function modulates seizures in animal
models of epilepsy (reviewed by Treiman, 2002). Until recently, there was little
empirical evidence demonstrating the genetic role of the GABAA-R in human
seizure phenotypes. Baulac and colleagues (2001) found an amino acid
substitution at residue 289 (lysine > methionine; K > M) of the GABAA-R y2
polypeptide in a large French family that had a syndrome similar to generalized
epilepsy with febrile seizures plus (GEFS+). This is a heterogeneous syndrome
with incomplete penetrance. Other phenotypes related to GEFS+ are childhood
absence epilepsy and febrile seizures (see Scheffer and Berkovic, 1997 for
review). The K289M substitution occurs at the putative extracellular loop
between the second and third transmembrane domains. This lysine is conserved
across human GABA4-R subunits «1-6, p1-3 and y1-3, suggesting functional
importance. Maximal GABA-evoked currents (lgasa) were reduced by 90% in
oocytes expressing the mutated y2 protein in combination with o1 and p2
subunits compared to wildtype o1p2y2 receptors. Diazepam was able to
potentiate lgaga for a1pB2y2kes0m receptors to the same relative degree as wildtype
receptors indicating that the mutant y2 subunit was incorporated into receptors.
Interestingly, these functional results were not completely replicated in a study
by performed by Bianchi and associates (2002). Here, they expressed y2kagom in
human embryonic kidney (HEK) cells with «1 and B3 subunits. Whole-cell
recordings indicated that receptors containing the mutant y2 subunit responded

to increasing GABA concentrations in a manner similar to wildtype receptors. In
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this system, a1B3y2k2s0m receptors were equally sensitive to 1 uM diazepam as
a1B3y2 receptors. However, rapid kinetic experiments revealed that K289M
currents deactivated faster than y2 wildtype containing receptors. Additionally,
the K289M mutation affected paired-pulse inhibition, a measure of
desensitization, in that inhibition produced by GABA was reduced following each
application. Overall, the studies by Bianchi et al. (2002) and Baulac et al. (2001)
suggest that the K289M mutation in the GABAa-R y2 subunit may lead to
decreased neuronal activation.

Wallace and associates (2001) identified another mutation in the GABAA-R 2
subunit polypeptide in a large Australian pedigree in which individuals were
affected by childhood absence epilepsy and/or febrile seizures. In this study,
there was an arginine to glutamine substitution at residue 43 of the mature
polypeptide (R - Q), which occurs in a putative high affinity benzodiazepine
binding moiety (Boileau et al., 1998; Kucken et al., 2000). Consequently,
diazepam did not potentiate GABA-evoked currents when oocytes expressed
o 1P2y2ra3q Were compared to wildtype receptors (Wallace et al., 2001; Bowser
et al., 2002). Unlike the K28SM mutation, GABA-evoked currents for R43Q
resembled wildtype a1p2y2 receptors in an oocyte expression system but
showed slower deactivation and increased desensitization compared to wildtype
a1pB2y2 receptors when expressed in HEK cells which could lead to reduced
GABAergic inhibition and increased susceptibility to seizures (Bowser et al.,
2002).

In a subsequent study, another novel y2 mutation was discovered in a

separate Australian pedigree with a history of seizures including GEFS+ and

25



febrile seizures (Harkin et al., 2002). Sequencing results revealed a single base
substitution at nucleotide 1168 (C - T) that creates a premature stop codon at
residue Q351 in the intracellular loop between TM3 and TM4. This mutation
(Q351X) leads to a truncated y2 polypeptide that appears to inhibit proper
receptor assembly and cell surface expression when expressed with a1 and p2
subunits in HEK cells. Also, GABA-induced currents are completely abolished
when the truncated y2 subunit is expressed with a1 and 2 subunits in Xenopus
oocytes.

A fourth mutation in the GABRG2 gene was identified in a German family with
single-strand conformation analysis (Kananura et al., 2002). This mutation
segregated with occurrence of childhood absence epilepsy and febrile
convulsions. Sequencing results of GABRG2 indicated that this mutation occurs
at splice-donor site in intron six which is predicted to lead to a nonfunctional
GABAA-R y2 subunit. Further empirical evidence concerning this splice site
mutation is lacking.

Genetic association studies across multiple ethnic populations have also
investigated the role of GABAa-R y2 polymorphism and idiopathic epilepsies.
Results from these studies do not consistently indicate a role for GABRG?2
modulating seizure phenotypes. Nakayama and others (2002) did not detect a
significant association between a SNP in exon 5 (C588T) and childhood absense
epilepsy or febrile seizures in a Japanese population. However, the C588T SNP
was significantly associated with febrile seizures in a population of Taiwanese
children (Chou et al., 2003). In a Chinese population, transmission disequilibrium

testing for a SNP in exon 5 of GABRG2 did not reveal any allelic frequency
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differences in 68 triads that had childhood absense epilepsy (Lu et al., 2002).
These conflicting results indicate that idiopathic epilepsy is a genetically
heterogeneous phenotype that may or may not involve the GABAA-R v2 subunit.
Overall, it appears that rare mutations in the GABAA-R y2 subunit found in
three different families contribute to seizure disorders. These mutations appear
to affect receptor function and/or surface expression. Also, in two individuals of
German heritage there is a mutation in a splice-donor site that is predicted to
affected expression of GABAa-R y2 subunit mMRNA. Thus, decreased GABAA-R
v2 expression/function appears to be associated with idiopathic seizure
disorders. To date, however, mutations in human GABAA-R a1, B2 or 06

subunits have not been found that are related to seizure disorders.

I.H. Brain Regions Affected by Alcohol Administration and Withdrawal
The specific brain regions that mediate ethanol withdrawal-induced seizures
have yet to be identified. Investigators have inferred plausible regions from other
seizure models or epilepsy-like syndromes. Many studies have focused on
cortical regions that may be involved in thalamo-cortical circuitry (for example
see Blumenfeld, 2002). Microarray studies have shown that gene expression is
altered in post-mortem tissue from the frontal cortex of alcoholics compared to
controls (Lewohl et al., 2000; Mayfield et al., 2002). Autoradiographic 2-[**C]-
deoxyglucose studies using Sprague Dawley rats have shown that acute
administration of ethanol (2 g/kg; intragastric) increases local glucose use in the
lateral prefrontal cortex and the lateral septum (Williams-Hemby and Porrino,

1997). Preliminary results from our laboratory indicate that entorhinal and
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prelimbic cortices (substructures of the frontal cortex) are more activated in
ethanol-withdrawn D2 mice compared to Chromosome 11 congenics as
measured by c-FOS mapping (Buck et al., in preparation). As well, many animal
studies have shown that both gene expression and GABA4-R function is altered
in the cortex following chronic ethanol exposure (for review see Reilly et al.,

2001).

LI. Genetic Mapping and Candidate Gene Analysis

The genomic region on mouse Chromosome 11 that influences acute ethanol
withdrawal severity in mice was first identified by the genetic mapping technique
called quantitative trait locus (QTL) mapping (see Section |.F). This assessment
is usually considered the first phase of many in the identification of genes that
modulate complex traits (see Glazier et al., 2002 for review). The genomic
regions identified in this step are rather large (10 ~ 30 cM) and contain many
genes. Because of the size of these genomic intervals, investigators normally try
to map these regions to smaller segments. There are several different ways to
reduce the QTL interval size, including advanced intercross lines (reviewed by
Darvasi and Soller, 1995), interval-specific congenic mice (see Darvasi, 1997),
and recombinant progeny testing. A series of studies (Fehr et al, 2002; Shirley et
al., submitted) that used congenic mice and a modified variation of recombinant
progeny testing reduced a ~ 35 cM interval that modulates acute ethanol
withdrawal severity on mouse Chromosome 4 to less than 1 cM (Buck et al.,

1997).
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Another possible way to reduce the QTL interval further is to use haplotype
mapping. A haplotype is a chromosomal segment or markers that are inherited
together in a block in contrast to a single gene (see Figure 3). One way to
perform haplotype mapping is to test the trait of interest in two or more F2
populations and assess whether the QTL maps to the same chromosomal region
in all or some of the populations. This method is also referred to as Multiple
Cross Mapping (Hitzemann et al., 2002). Then, by comparing haplotypes across
the progenitor strains used to derived the F2 populations, one can greatly narrow
the genomic region by determining regions of the genome that are shared or are
different (polymorphic) between these strains. Polymorphic regions shown to be
significantly associated phenotype most likely contain the gene or genes
underlying the trait. For example, Park and colleagues (2003) used multiple
cross mapping to reduce a genomic region on mouse Chromosome 19 involved
in metastatic efficiency from one that contained over 400 genes to one that
contains 23 genes. This type of mapping is possible given the structural nature
of the mouse genome because the inbred strains commonly used today were
most likely derived from only a few progenitors therefore reducing the amount of
potential polymorphism (Wade et al., 2002). Others have used outbred mice to
fine map QTLs (see Mott et al., 2000). For example, Demarest and colleagues
(2001) phenotyped a population of heterogeneous stock mice that were derived
from eight inbred strains for ethanol-induced stimulation. Because
heterogeneous stock mice have more recombinations compared to F2 intercross
mice, these investigators were able reduce a Chromosome 2 QTL for ethanol-

induced locomotor activity from a 20 cM interval to a 2 cM region.
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Figure 3. Haplotype illustration. This is a hypothetical example where four
inbred mouse strains (strains 1-4) were assessed for several markers (or SNPs)
across a chromosome (Markers 1-8) which are represented by polymorphic
nucleotides (i.e., adenine — A, thymine-T, guanine — G, and cytosine — C). Each
mouse in each strain is homozygous for the nucleotide shown for each marker.
Haplotypes are defined where two or more strains share the polymorphism
across several markers (or loci), which is represented by a block of the same
color (e.g., Markers 1-5 show a haplotype shared by strains 1 and 2, shown in
yellow). These similarities and differences can be used to dramatically decrease
the size of QTL intervals by determining more precise polymorphic regions that
may contain the gene of interest.
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Recently it has been proposed that multiple methods should be used
simultaneously to identify a quantitative trait gene or genes (QTG). For example,
Hitzemann and colleagues (2003) have used Multiple Cross Mapping, gene
expression arrays and DNA sequencing to identify Kcnj9 as a strong candidate
gene on mouse Chromosome 1 that modulates basal locomotor activity in mice.
In addition, one can begin to dissect QTLs by using genotypic approaches, such
as phenotyping transgenic mice that under- or overexpress the gene of interest
(reviewed by Phillips et al., 2002). Together, multiple converging methods can
reduce the number of plausible candidate genes to a manageable handful that
can be functionally tested to ultimately identify the quantitative trait gene
(Mackay, 2001) and perhaps the quantitative trait nucleotide (QTN) responsible

for genetic difference that affects the phenotype of interest.

I.J. Overall Goal

The contribution of the GABAergic system to various aspects of alcohol
reward, abuse, dependence and or withdrawal has been systematically studied
over many decades (for review see Buck, 1996; Grobin et al., 1998; Mehta and
Ticku, 1999; Mihic, 1999). However, it is unknown which specific subunits or
combinations of subunits are responsible for phenotypic differences. This set of
experiments was designed to fine map the Chromosome 11 QTL for acute
ethanol withdrawal to determine whether the GABAA-R subunit genes that map in
proximity to Alcw3 are viable candidate genes. Because we retained the GABA,-
R subunit cluster after reducing the QTL interval, we elected to focus on the
GABAA-R y2 subunit gene, Gabrg2, as a potential candidate gene for Alcw3

using multiple techniques including sequence analysis, mMRNA expression
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studies assessing subunit abundance in mice that differ in withdrawal severity,
and by behaviorally testing v2 null mutant mice. Ultimately, we show through our
sequencing, behavior, expression and mapping data to date that Gabrg2 remains

the strongest candidate gene for Alcw3 within the cluster of GABAergic genes.
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Il. General methods
II.LA. Animals

1lLA.1. Inbred Strains

The following inbred mouse strains used in these studies were obtained from
the Jackson Laboratory (Bar Harbor, ME) and maintained in either the Portland
VAMC Veterinary Medical Unit or in the Hatfield Research Center at OHSU:
DBA/2J (D2), C57BL/6J (B6), 129P3/J, A/Hed, AKR/J, BALB/cJ, C3H/HeJ,
C57BR/cdJ, C57L/J, CBA/J, CE/J, DBA/1J, PL/J, SJL/J, and SWR/J inbred
strains and BXD recombinant inbred (RI) strains -1, -2, -5, -6, -8, -9, -11, -12, -13,
-14, -15, -16, -18, -19, -21, -22, -23, -24, -25, -27, -28, -29, -30, -31, and -32. All
strains were maintained on ad /ibitum food and water and a 12:12 light/dark cycle
(lights on at 0600 hours). Mice were housed according to strain in filter top
polycarbonate cages (28 x 17 x 11.5 cm), which were stored on Thoren racks
(Thoren Caging Systems, Hazleton, PA). For all mice bred in house, offspring
were weaned at approximately 21 days of age and housed according to strain
and sex. All mice were either phenotyped or used in molecular studies between

60 and 100 days of age.
I1.A.2. D2.B6-D11Mit174 Congenic Development

Dr. John K. Belknap at the Portland VA Medical Center developed
Chromosome 11 congenic mice. Briefly, B6 mice were crossed with D2 mice to
obtain B6D2 F1 hybrids. F1 mice were then backcrossed to D2 mice and their
progeny were genotyped using the following markers: D11Mit78 (2 cM),
D11Mit174 (20 cM) and D11Mit179 (562 cM). Offspring that were heterozygous at
all three markers were then backcrossed to the D2 strain. This procedure was

repeated for ten backcross generations (N10; see Figure 4), which should
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Figure 4. Development of the D2.B6-D71Mit174 congenic strain.
Background DBA/2J mice were bred with the C57BL/6J donor strain to produce
D2B6 F1 offspring. These F1 mice were then backcrossed to D2 mice. The
resulting progeny were genotyped at three molecular markers on Chromosome
11: D11Mit78 (2 cM), D11Mit174 (20 cM) and D11Mit179 (52 cM) as indicated by
arrows in the lower panel. Mice heterozygous at these markers were
backcrossed to the D2 strain for ten generations (N10). After the last backcross
generation — mice heterozygous at all three markers were bred together to obtain
congenic mice that were B6 homozygous in this 50 cM interval on Chromosome
11 as represented in the lower panel, but > 98% D2 genotype elsewhere.
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achieve an inbreeding coefficient of ~0.99 (Falconer and MacKay, 1996). Mice
that were heterozygous at all three markers at N10 were intercrossed to obtain
B6 homozygosity from ~ 2 ¢cM — 52 ¢cM on Chromosome 11 (see Figure 4). The
strain was named D2.B6-D711Mit174 because this marker has the strongest
association with the acute ethanol withdrawal phenotype in the original mapping
population (Buck et al., 1997).

I.LA.3. D1D2 F2 intercross mice

DBA/1J (D1) and DBA/2J (D2) inbred strains (both sexes) were obtained from
the Jackson Laboratory. These inbred strains were reciprocally crossed to obtain
D1D2 (female progenitor/male progenitor) and D2D1 F1 mice. These F1
progeny were then interbred to obtain D1D2 F2 mice.

ILA.4. ¥2*" and y2** transgenic mice

We received three male heterozygous GABAA-R y2 subunit null mutant mice
(y2*") from Dr. Hanns Mohler at the University of Zurich, Switzerland.
Homozygous deletion of y2 is lethal (Glinther et al., 1995). These mice were
originally developed by Dr. Bernhard Luscher (Gunther et al., 1995) using E14
embryonic stem cells derived from strain 129/0Ola and were originally on a mixed
129/SvJ and C57BL/6 genetic background. Subsequently, these mice were
maintained on a C57BL/6 genetic background for over ten backcross generations
(Dr. Luscher, personal communication). In order to maintain this line of mice, we
backcrossed male y2*" to female B6 mice (from Jackson Laboratories) to obtain
v2*" and y2*"* offspring. Progeny were genotyped using either spleen or tail
genomic DNA (see Sections I1.G.1 and 11.G.2 for extraction protocols) using

primers (5-CATCTCCATCGCTAAGAATGTTCGGGAAGT-3 and
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5'-ATGCTCCAGACTGCCTTGGGAAAAGC-3’) that span the null mutant allele.
If the mice were heterozygous for the null mutant aliele (y2+/'), PCR would have

++

amplified a 1.4 Kb DNA fragment (Figure 5). If mice were wildtype (y2"), we
would not detect this DNA segment. A control reaction was performed with
primers that detect the wildtype Gabrg2 allele with the following primers: 5'-
GCTGACAAAATAATGCAGGGTGCCATACTC -3’ and

5'- CATCTCCATCGCTAAGAATGTTCGGGAAGT-3". This PCR amplifies a 2.0
Kb DNA fragment that should be present in both wildtype and hemizygous null
mutant DNA samples (see Figure 5). PCR reactions were carried out using the
following parameters: 95°C — 10 min, 35 cycles of 95°C — 30 sec, 56°C — 35 sec,

65°C ~ 2 min and a final extension at 72°C for 7 minutes. DNA fragments were

visualized using a 1% agarose gel stained with ethidium bromide (see Figure 5).

I.B. DNA Sequence Analysis
II.B.1. Gabrg2 sequence analysis of D2, B6, and BXD recombinant inbred
mice

II.B.1a. Sequencing

Two independent cDNA clones were sequenced for D2, B6 and each of the
26 BXD RI strains commonly used in ethanol-related phenotypic studies (Taylor,
1978; Crabbe et al., 1999), except the BXD-20 strain for which two independent
genomic DNA clones were sequenced. Nine new BXD RI strains were recently
developed (Taylor et al., 1999), but have not been behaviorally tested for alcohol
response traits, and were not examined in the present study. Poly(A)" RNA was
isolated from whole brain (minus cerebellum) using the FastTrack 2.0 mRNA

Isolation Kit (Invitrogen; Carlsbad, CA). Briefly, tissue was homogenized in lysis
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Figure 5. Agarose gel showing genotyping results for GABAA-R y2 subunit
heterozygous null mutant (y2*") and wildtype (y2**) mice using genomic
DNA. Inlanes 1 through 6, wildtype primers were used to amplify a 2.0 Kb DNA
fragment. Primers that detect the null out allele (~1.4 Kb) were used in PCR
(lanes 7 through 12). Mouse 1-1 is represented in lanes 1 and 7. Because it
possessed both the wildtype allele and the knock out allele — it is y2*", whereas
mouse 1-2 (lanes 2 and 8) is y2** (no knock out allele). Lane 6 and 12 are
control reactions carried out with cDNA from 72'/' mouse brain (provided by Dr.
Bernhard Luscher) — showing that the wildtype primers are specific to the natural
allele.
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buffer containing RNase and protein degraders. According to manufacturer’s
specification, messenger RNA (mRNA) was isolated with an oligo(dT) cellulose
column, washed with low-salt buffer, and then eluted from the oligo(dT) columns.
The isolated mMRNA was ethanol-precipitated and quantified by optical density
(A260/280 nm) ratios to determine concentration and quality. First-strand cDNA
synthesis from mRNA was completed using Superscript || (GIBCO BRL;
Carlsbad, CA) and a 1:1 mixture of oligo(dT),.15 (Pharmacia) and random
hexamer primers (Invitrogen) at 42°C for 50 minutes. Two independent cDNA
reactions were performed for each BXD strain, followed by PCR amplification of
the protein-coding region. Two independent PCR amplifications were performed
using DNA from each strain usikng the oligodeoxynucleotide primers
5-TTGGGTACCTCTTCTGCAACCCAGAGGCGAG-3' (corresponding to
nucleotides 133-154 of a published mouse BALB/c cDNA, GenBank accession
number M62374, and a Kpn | site for cloning) and
5-GTTGGATCCCACATTCGGTGACCACATAGG-3' (corresponding to antisense
nucleotides 1665-1685 and a Bam HlI site for cloning) and AmpliTag Gold DNA
polymerase (Perkin Elmer). PCR was carried out with 20 pmol of each primer for
35 cycles in 50 ul of polymerase buffer (95°C, 60 sec; 65°C, 60 sec; 72°C, 120
sec) and a final extension at 72°C for 7 minutes in a Perkin Elmer 9600
thermocycler. The PCR products were agarose gel purified and subcloned into
pBluescript SKII- (Stratagene) for DNA sequence analysis. Before sequence
analysis, a diagnostic digest was performed with Kpn | and Bam HI (GIBCO BRL)
to insure that the Gabrg2 fragment was subcloned. DNA sequence analysis was

performed using fluorescent-labeled dye primers and Taqff cycle sequencing kit
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(Applied Biosystems) and was analyzed on an ABI model 373A Automated

Sequencing System.

II.B.1b. Statistical Analysis

All ethanol-related behaviors were previously measured in other BXD Rl
studies (sources are given in Table 4 page 59; reviewed by Crabbe et al., 1999).
In the present studies, the BXD RI strains we determined to be homozygous for
the D2 allele for Gabrg2 (with ACT coding for a threonine residue at position 11
of the y2 peptide; T11) were assigned a genotypic score of 1, whereas BXD
strains homozygous for the B6 allele (with GCT coding for an alanine at position
11, A11) were assigned a genotypic score of 0. Genetic correlations between y2
genotype and alcohol phenotypes for which BXD strain means were available
were determined by calculating the Pearson correlation coefficient (two-tailed)
(Crabbe et al., 1990). Although Gabrg2 sequence was determined for the 26
existing BXD RI strains (Taylor, 1978, but see Taylor et al. 1999), the number of
strains represented in the genetic correlations ranges from 16 to 25 strains
reflecting the number of BXD strains that were available in sufficient numbers
when phenotypic testing was performed. Statistical comparisons between BXD
Rl strains that are homozygous for the B6 vs. D2 allele for Gabrg2 were made
using the Student’s f test for each phenotype.

I1.B.2. Standard inbred strain Gabrg2 sequence analysis

The Gabrg2 sequencing results between the D2 and B6 inbred strains (see
above) study identified three single nucleotide polymorphisms (SNPs) at coding
sequence nucleotide residue 145, 225, and 744 (Buck and Hood, 1998;
GenBank accession numbers AF233802 and AF233775). Here, we amplified

and sequenced the coding sequence that contained these polymorphisms in
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129P3/J, A/Hed, AKR/J, BALB/cJ, C3H/Hed, C57BR/cdJ, C57L/J, CBA/J, CE/J,
DBA/1J, PL/J, SJL/J, and SWR/J inbred strains. Poly(A)" RNA was
independently isolated from two whole brains (minus cerebellum) from each
strain using the Micro FastTrack mRNA Isolation Kit (Invitrogen, Carlsbad, CA),
according to manufacture’s instructions. First-strand cDNA synthesis from
mMRNA was completed using Superscript Il (GIBCO BRL) and a 1:1 mixture of
oligo(dT)12.1s (Pharmacia) and random hexamer primers (Invitrogen) at 42°C for
90 minutes. Two independent PCR reactions were performed for each inbred
strain, followed by agarose gel purification (1.8% Seakem GTG). DNA sequence
analysis was performed using fluorescent-labeled dye primers and Taqff cycle
sequencing kit (Applied Biosystems) and was analyzed on an AB! model 373A
Automated Sequencing System. Results were aligned and compared to
previously published D2 and B6 Gabrg2 sequences using AssemblyLIGN

(version1.0.9¢; Oxford Molecular/GCG Inc., Madison, WI).

II.C. Phenotypic Measures

1.C.1 Acute Ethanol Withdrawal Phenotyping

Alcohol withdrawal symptoms include anxiety, autonomic hyperactivity,
motoric dysfunction and convulsions, which are displayed in both humans and
rodents. Handling-induced convulsions (HIC) are a particular sensitive index of
acute ethanol withdrawal severity in mice (Metten and Crabbe, 1994; Buck et al.,
1997, Fehr et al., 2002). The methods for HIC have been previously published
(Crabbe et al., 1991; Terdal and Crabbe, 1994). Briefly, mice are lifted by the tail
(and if no convulsion occurs, they are gently spun through an 180° arc) and

scored 0-7 according to intensity (see Table 2 for complete description of
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scores). Mice were rated twice, twenty minutes apart for baseline convulsions.
Following baseline measurement, mice are injected with a hypnotic dose of
ethanol (4 g/kg, 20% v/v in saline, 0.023 ml/kg). Withdrawal severity was
assessed every hour starting 2 hours post-injection through hour 12.

1.C.2. Statistical Analysis

To assess alcohol withdrawal severity, scores were computed as the area
under the curve (AUC) between 4 and 12 hr after alcohol administration in the
experiment that compared the Chromosome 11 congenic strain, D2.B6-
D11Mit174 to its D2 genetic background strain and the D1D2F2 experiment. To
calculate the AUC, HIC scores from hours 4 through 12 were summed. Hour 4
was selected because it was the first withdrawal time point that was greater than
the average baseline score. Average baseline and AUC scores were analyzed
using individual t-tests for the congenic and D2 comparison study. We tested for
association between phenotype (average baseline and AUC) and genotype
(D11Mit174) in the D1D2 F2 study by using Pearson’s r.

++

Hours 5 through 12 were used for AUC measures in the y2* vs. y2*"* study
because hour five was the first measure that exceeded average baseline. AUC
takes into account both magnitude and duration of withdrawal severity. Both
average baseline scores and AUC were analyzed using individual f-tests.
Because the average baseline score was different between y2* and y2*"* mice,
we used a corrected AUC score. This score was calculated by subtracting the

average baseline score from each time point (i.e., from hour 5 through 12)

followed by summation of these corrected values.
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Table 2: Handling-Induced Convulsions: Seven-point scale used to index

acute ethanol withdrawal severity

Briefly, mice are lifted by the tail (and if there is no convulsion they are gently
spun through an 180° arc) and are scored for convulsion, according to the

following scale.

0- no convulsion

1- facial grimace after spin

2- tonic convulsion elicited by spin

3- tonic-clonic convulsion following spin

4- tonic convulsion when lifted by the tail (no spin here after)

5- tonic-clonic convulsion when lifted by the tail, with delayed onset

6- severe tonic-clonic convulsion after being lifted by the tail, with quick onset,
which often continues after the mouse is released

/- spontaneous or environmentally elicited severe tonic-clonic convulsion with

quick onset and long duration
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Il.D. Quantitative RT-PCR (QRT-PCR) General Methods

Il.D.1. Treatment or Experimental groups

We assessed the affects of acute ethanol withdrawal on GABA-R subunit
gene expression in the frontal cortex of D2 and B6 mice. Briefly, mice were
weighed and injected with either 4.0 g/kg ethanol (in physiological saline) or with
saline and returned to their home cages where they remained undisturbed until
time of tissue harvest. To control for cage or litter effects, every cage had at
least one saline control animal. Seven hours following ethanol (or saline)
administration, mice were killed by cervical dislocation and their frontal cortices
were rapidly dissected and flash frozen in liquid nitrogen. Samples were stored
at - 80°C until the time of processing. The 7-hour time point was chosen based
on phenotypic data indicating where maximal acute ethanol withdrawal occurs for
these strains.

We also tested whole brain expression in D2, B6, D1 and D2.B6-D11Mit174
congenic. These mice were naive at time of tissue harvest. Mice used in the
expression studies were not tested for handling-induced convulsions.

11.D.2. Total RNA Isolation

Two frontal cortices were pooled from each treatment group (ethanol-
withdrawn or saline control) and strain (D2 vs. B6) for a total of 12 independent
RNA samples (N = 3/group). For whole brain expression studies, RNA was
isolated from 3 individual mice per strain (D1, D2, B6, and D2.B6-D711Mit174
strains) for a total of 3 independent RNA samples per strain. Total RNA was
isolated using TRIzol reagent (Invitrogen, Carlsbad, CA), which is a modified
one-step guanidine isothiocynate procedure first developed by Chomczynski and

Sacchi (1887) as previously described (Daniels and Buck, 2002). Briefly, frozen
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tissue was placed into Trizol reagent and homogenized using a Polytron
homogenizer (Brinkmann, Westbury, NY) at setting three for ten seconds. Total
RNA was retained in the aqueous phase following phenol:chloroform extraction
at 12,000 g (9500 rpm) for 15 minutes. Isopropanol (300 ul) was added to the
aqueous phase to precipitate the total RNA. The isopropanol/RNA sample was
centrifuged as above for 10 minutes. The RNA pellet was washed in 75%
ethanol (in DEPC-treated water), centrifuged and resuspended in 250 pl of

RNase free water.

11.D.3. Poly(A)" RNA Isolation

In order to have more efficient QRT-PCR, we selected for poly(A)" RNA from
our total RNA samples using oligo(dT) linked to polystyrene-latex particles
(Oligotex Mini mRNA kit, Qiagen, Valencia, CA). Briefly, total RNA samples were
incubated with 250 pl of binding buffer and 15 pl of oligo(dT) for 3 minutes at
70°C. Oligotex/poly(A)" RNA hybrids were collected on a spin column and
washed twice. Poly(A)" RNA was eluted from the column with TE buffer (30 pl).
mRNA concentration and quality was determined using spectrophotometry
(260/280 nm ratios).

11.D.4. Primer Design and Evaluation for Specificity

Deoxyoligonucleotides used to amplify fragments of Gabrg2, Gabra1, Gabra6,
and Gabrb2 were designed using MacVector (version 6.5.3). Primers for the
house keeping gene, G6pd, were designed using Primer3 (http://www-
genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). Forward and reverse
primer sequences are listed for each gene in Table 3. Amplicon sizes ranged
from 149-225 bp (see Table 3). These primers were designed to be specific for

each gene and were assessed using BLAST
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Primer Pair

Gabra1 Forward

Gabra1 Reverse

Gabra6 Forward

Gabra6 Reverse

Gabrb2 Forward

Gabrb2 Reverse

GabrgZ2 Forward

Gabrg2 Reverse

G6pd Forward

G6pd Reverse

Table 3. Quantitative RT-PCR Primers

Primer Sequence

o' GGGTCTCTCTGACTATCTTTGGGGC
5' GAAACTGGTCCGAAACTGGTGAC

5" AGGCTGAAAGGCAGGCACAAAC
' TAAGATGGGCGTTCTACTGAGGGC

5' CCCTTCTGGAATACGCTTTGGTC

5 CCATTACTGCTTCGGATGTGGC

5 CGCAGTTCTGTTGAAGTGGGTG

5' GCAGGGAATGTAAGTCTGGATGG

o' ATGGCCTTCTACCTGAAGATACC

5 CATAGGAATTACGGGCAAAGA

45

PCR Amplicon

Size (bp)

225

191

198

180

149



(http://www.ncbi.nIm.nih.gov/BLAST) to ensure that these primers would not
amplify other genes.

Each primer pair was first tested on the LightCycler PCR System (Roche
Applied Sciences, Indianapolis, IN) to check for proper amplification. This
system measures real-time DNA amplification via fluorescence readings after
each amplification cycle. For initial optimization, we ran a Mg** gradient (4mM —
7mM) for each primer pair using poly(A)” RNA and a water negative control. The
following parameters were used for each QRT-PCR experiment: reverse
transcription at 55°C for 45 minutes, denaturation at 95°C for 30 sec followed by
45 amplification cycles of 95°C - 0 sec, 55°C — 10 sec, 72°C — 13 sec. A melting
curve analysis was performed after each experiment to check for proper
amplification (see Figure 6a-b). Briefly, each sample was slowly heated to 95°C
(0.1°C per sec) and fluorescence was measured every second to determine the
melting point of each product, which stays consistent across experiments unless
a sample was contaminated. Each PCR product was run on an agarose gel to
confirm the size of the amplified product and to confirm the absence of
contamination.

I1.D.5. PCR Efficiency

Whole brain poly(A)" RNA from eight B6 mice were pooled. QRT-PCR for
each primer pair was performed across four different RNA amounts (43, 8.6, 4.3,
0.086 and 0.0086 ng) in quadruplicate. We used LightCyler Relative
Quantification Software (Roche Molecular Biochemicals) to create coefficient
files, which established the PCR efficiency of each primer pair for the above
range of MRNA concentrations. This normalized for the variable PCR efficiencies

of the target and reference genes.
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Figure 6a-b. Melting curve (a) and melting peak (b) for QRT-PCR primers.
In the top panel, a 100 ng mRNA standard and a water control was amplified with
Gabrb2 specific primers. The amplicon obtained from the 100 ng mRNA sample
melts later than the primer dimers observed in the water control. This is more
clearly observed with the melting peak, where the 100 ng mRNA sample has a
higher melting point of ~84° C compared to the primer dimer of the water control

sample, which melts at ~79° C. If contamination were present, the negative
control reaction (H.O) would produce the same melting peak as the mRNA
sample.
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11.D.6. Quantification

Approximately 20 ng of poly(A)" RNA was used for each reaction. For each
gene, duplicate amplifications were run per sample. Additionally, to normalize
quantification, a house-keeping gene (G6dh) was assessed simultaneously for
each experimental sample (in replicate). To determine relative mRNA amounts,
triplicate reactions using known quantities of mMRNA (calibrator) were run to
compare to the external standard curve. The software uses the following

normalization equation to determine the relative amount of starting RNA:
(Target sample /reference sampie) / (Target caiprator/ reference caiiprator)-
For example, (Gabrg2 sampie/ G6dh sample) / (Gabrg2 caibrato! G6AM caiibrator)-
This equation corrects for pipetting errors, PCR efficiencies, RNA quality and run-
to-run variability.

I1.D.7. Experimental Design and Protocol

PCR reactions were carried out using the LightCycler RNA Amplification Kit
SYBR Green 1 (Roche Molecular Biochemicals, Indianapolis, IN). The amount of
poly(A)" RNA included in 15 pl reaction volume was approximately 20 ng based
on the spectrophotometric analysis. The RT-PCR master mix contained reaction
buffer, INTPs with dUTP, SYBR Green 1 dye, MgCl. (final between 5 and 7
mM), forward and reverse primers (0.5 uM each), and RT-PCR enzyme mix.
Samples and RT-PCR reagents were pipetted into glass capillary tubes, sealed,
and centrifuged briefly to ensure that the reaction mix was in the tip of the
capillary tube. Capillary tubes were transferred to the LightCycler and reverse
transcription was carried out at 55°C for 45 min. RNA:cDNA hybrids were
denatured at 95°C for 30 sec, and target DNA were amplified across 45 cycles

(see Section I1.D.4). In every experiment, the target gene (e.g., Gabrg2) and
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house-keeping gene (i.e., G6pd) were amplified in replicate per mRNA sample.
Included in every experiment were a negative control reaction containing no
template RNA (H,O blank) and three reactions (i.e., triplicate) that contained
calibrator mRNA for both the target and house-keeping gene that were used to
create the original coefficient file. These data were used to determine the ratios
between the target gene and housekeeping gene that were subsequently
analyzed.

I1.D.8. Statistical Analysis

We used separate two-way ANOVAs to assess the effect of ethanol
withdrawal and strain on Gabrg2, Gabra1, and Gabrb2 gene expression in the
frontal cortex. Individual t-tests were performed for each gene (including
Gabra6) when we compared whole brain expression between D2 and B6 mice,
D2.B6-D11Mit174 congenic mice and D2 background strain, and D2 and D1

strains.

I.LE. DNA Extraction

ILE.1. Spleen DNA extraction

We adapted a salting-out protocol from Miller and colleagues (1988). Briefly,
frozen half spleens were thawed and placed into 5 ml of lysis buffer and then
digested overnight with proteinase K at 55°C (2.5 mg; Invitrogen). Samples were
then incubated with RNase (10 pg; DNase free; company) for one hour at 37°C.
Saturated NaCl (5M; 1.65 ml) was added to each sample to precipitate the
protein; these samples were centrifuged at 6000 g in a Beckman tabletop
centrifuge for 20 minutes at 4°C to pellet the protein. To remove the protein, the

samples were strained through two layers of cheesecloth. Genomic DNA was
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then ethanol precipitated (100% ethanol; 15 ml), collected on glass wands,
washed with 75% ethanol, dried and rehydrated in 5 ml of TE buffer. Genomic
DNA samples were stored at 4°C.

IL.LE.2. Tail DNA extraction

We used the Puragene DNA Isolation Kit (Gentra Systems, Minneapolis, MN)
per manufacturer’s instructions. Briefly, mice were given morphine sulfate (40
mg/kg in physiological saline) prior to cutting a small piece of their tail (~ 4mm or
less). Alternatively, tail tissue was collected post-mortem. This tissue sample
was then placed into 300 pl of ice-cold cell lysis buffer. Proteinase K was added
(1.5 pl; 20 mg/ml); samples were then incubated overnight at 55°C. Samples
were incubated with RNase (6 ul; 500 pg/ml) for 60 minutes at 37°C. Protein
precipitation solution was added to the cell lysate (100 ul); samples were
vortexed and then centrifuged at 14,000 rpm for three minutes. Supernatant
containing the genomic DNA was decanted to a clean microcentrifuge tube
containing 300 ml of isopropanol. Samples were mixed by inverting 50 times.
DNA was collected by centrifuging the sample at full speed in an Eppendorf
minicentrifuge (Westbury, NY) for one minute. The supernatant was decanted
and the DNA pellet was washed with 70% ethanol. DNA was rehydrated with 50

ul of TE buffer at stored at 4°C.

Il.F. D1D2 F2 Genotyping

D1D2 F2 Mice were genotyped using microsatellite markers from the MIT
series using protocols adapted from Dietrich et al. (1992) and Serikawa et al.
(1992). Because Alwc3 is linked to D11Mit174 (Buck et al., 1997), we used this

marker to assess whether Chromosome 11 genotype was associated with acute
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ethanol withdrawal severity in D1D2 F2 mice. In other QTL studies, selective
genotyping was used (Buck et al., 1997, 1999), where only the top and bottom
quartiles of the phenotypic distribution were used. In this study we ascertained
the genotypes for all mice behaviorally tested (N = 51). Mice that were D1D1,
D1D2, or D2D2 were given the following genotypic scores: 0, 1 or 2, which
represent the number of D2 alleles. The effect of allelic dosage on area under

the withdrawal curve was assessed with correlation coefficients (Pearson’s r).

II.G. Chromosome 11 Haplotype Mapping Using D1 and D2 Inbred Strains
Because acute ethanol withdrawal severity was significantly correlated with
allelic dosage at D11Mit174 (see Section lil.I and Figure 12, page 60) we
assessed the haplotype structure between D1 and D2 mice on Chromosome 11.
Briefly, a haplotype is a segment of DNA (determined by SNPs and/or other
molecular markers) that is inherited together in a block. We genotyped the entire
length of Chromosome 11 between D1 and D2 mice with MIT series markers as
described above (see Table 6 for markers used). This study was performed to
narrow the genomic interval on mouse Chromosome 11 that contains the gene(s)
that modulate acute ethanol withdrawal severity. We used 27 markers across
Chromosome 11 with an average spacing of ~ 4 cM; the largest gap was 17 cM

between D11Mit199 (62 cM) and D11Mit104 (79 cM).
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Ill. Results

lILA. Gabrg2 Sequence in the C57BL/6J and DBA/2J Inbred Strains

We isolated and sequenced a number of y2 subunit cDNA clones from D2 and
B6 mice and found three differences between these strains in their coding
sequence. Two single nucleotide polymorphisms (SNPs) did not result in different
polypeptide sequences: GGC and GGG both code for a glycine residue at
position 37 of the immature polypeptide; and ACG and ACT both code for a
threonine residue at position 210. These sequences were found in the D2 and
B6 strains, respectively (see Figure 7). In contrast, one polymorphism at amino
acid residue 11 did result in different predicted y2 polypeptide sequences: ACT
(codes for a threonine residue in the D2 strain; T11) versus GCT (codes for an
alanine residue in the B6 strain; A11). We also found two amino acids in our D2
sequence that consistently differed from the original mouse y2 sequence
published by Kofuji and coworkers (1991) using the D2 strain (accession
#M86572). We consistently found a glutamate residue at position 368 and an
isoleucine residue at position 397, in contrast to Kofuji and colleagues (1991),
who reported glutamine and methionine residues at these positions, respectively.
Glutamine and methionine are found at the corresponding positions in the rat y2
sequence (Shivers et al. 1989; accession #L.08497). However, our D2 sequence
is in agreement with our B6 mouse sequence and an unpublished sequence for
the BALB/c mouse strain (accession #M62374), and suggests that the sequence
published by Kofuji and associates (1991) is incorrect regarding amino acids at

positions 368 and 397 (see Figure 8).
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Figure 7. Sequencing results for the coding region between D2 and B6
mice. Data are from GenBank accession # AF233802 (D2 coding sequence).
Capitalized and bolded nucleotides indicate SNPs between D2 and B6 mice.
Codon ACT starting at nucleotide 145 codes for a threonine (T11) in the D2
strain, whereas GCT, found in the B6 strain codes for alanine (A11). We also
found two silent SNPs between D2 and B6 mice located at nucleotides 225
(GGC vs. GGG, which code for glycine) and 744 (ACG vs. ACT, coding for
threonine).
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Figure 8. Primary amino acid structure for the GABA,-R y2 subunit
polypeptide found in the D2 strain. ltalicized amino acids comprise the

potential signal sequence of the immature polypeptide and are not numbered in
this sequence. Numbering therefore reflects the mature peptide expressed at the
cell surface. There is a nonconservative amino acid substitution at residue 11 of
the mature polypeptide; D2 mice possess a threonine, (bold; T11) whereas the
B6 derived polypeptide contains an alanine (A11; not shown). Two amino acids

downstream from this variation there is a putative N-linked glycosylation motif
(NKT,; in lower case). The alanine at residue 11 found in the D2 strain is

predicted to disrupt a helical motif of the y2 polypeptide, which may theoretically
affect glycosylation.
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Following the methods of Garnier et al. (1978) for the prediction of the
secondary structure of proteins, we found that in mice where the y2 subunit is
derived from the B6 strain, residue A11 lies in a region that corresponds to an
alpha helix. In contrast, residue T11 in the D2 progenitor strain is predicted to
disrupt this alpha helix region. It is therefore possible that this modification in the
secondary structure of the y2 subunit, owing to the single amino acid exchange,
affects GABAa-R function, considering that two amino acids downstream from
this substitution there is a putative N-linked glycosylation site (NKT; see Figure

8).

lll.B. Correlation Between Gabrg2 Sequence Polymorphism and Acute
Ethanol Withdrawal Severity in BXD RI Strains

The B6 and D2 progenitor strains differed in their GABAA-R y2 subunit cDNA
coding sequences and their predicted y2 peptide sequences (Buck and Hood,
1998). In these studies, we cloned and sequenced the Gabrg2 gene from the 26
BXD Rl strains (Taylor, 1978), which have been used by numerous investigators
to map a number of ethanol response QTLs (reviewed by Crabbe et al., 1999).
Figure 9 shows that 14 BXD RI strains were homozygous for the D2 allele for
Gabrg?2 (with ACT coding for a threonine residue at position 11 of the y2 peptide,
T11) and 12 BXD strains were homozygous for the B6 allele (with GCT coding
for an alanine at position 11, A11). The B6, D2, and BXD sequence data have
been assigned consecutive GenBank accession numbers AF233775-AF233802.
The BXD strain distribution for D11Mit174, a genetic marker linked to Alcw3
(Buck et al., 1997) and that maps within the GABAA-R cluster

(http://www.ensembl.org/Mus_musculus/ and Celera Discovery System),
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BXD recombinant inbred strains
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Figure 9. Allelic status for Gabrg2 and nearby genes in BXD recombinant
inbred mice. Allelic status for Gabrg2 (see arrow) and ten nearby genes and
markers on mouse Chromosome 11 (i.e., B for the B6 allele, D for the D2 allele)
is indicated for each of the 26 BXD strains for which we sequenced Gabrg?2 (e.qg.,
column 1 represents strain BXD-1). Gene and marker positions are also given in
centiMorgan (cM) from the centromere. Genes: Tel-rs1, telomere related
sequence 1; Gabra1, GABAA-R, a1 subunit; Gabrg2, GABAA-R, y2 subunit Ebf,
early B-cell factor; Gabra6, GABAA-R, o6 subunit. D11Mit 53, D11Mit135,
D11Mits1, D11Mit174, D11Mit20, D11Mit40 are microsatellite markers. Strain
distribution patterns and chromosome location are from Mouse Genome
Informatics (MGI). The map predicted from Ensembl gives a slightly different
physical order for the genes and molecular markers: D11Mit53 (32.4 Mb), Tel-rs
(not mapped), D11Mit135 (34 Mb), D11Mit51 (36.7 Mb), Gabrg2 (42.2 Mb),
Gabra1 (42.6 Mb), Gabra6 (42.8 Mb) Gabrb2 (not shown in above figure; 42.9),
D11Mit 174 (43.1; maps within Gabrb2), D11Mit20 (45.2 Mb), Efb (not mapped),
and D17Mit40 (80.0 Mb). Recently, 9 additional Rl strains have been developed
(Taylor et al., 1999), however, none possess recombinations that separate the
GABAA-R subunit cluster (data not shown).
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was identical to that for Gabrg2. The BXD strain distribution for Gabrg2 was also
identical to that for restriction fragment length polymorphisms in the GABAA-R o1
and o6 subunit genes, Gabra? and Gabra6, indicating no recombinations among
these genes (Garrett et al., 1997; See Figure 9). Moreover, D11Mit174 was
located within Gabrb2.

The handling-induced convulsion was used to index alcohol withdrawal
severity following acute administration of a high dose (4 g/kg, ip) of ethanol as
previously described (Crabbe et al., 1991). To correct for BXD strain differences
in baseline HICs, post-ethanol HIC scores were regressed on baseline (pre-
ethanol) scores, and the regression residual scores were used to score alcohol
withdrawal severity (Buck et al., 1997). This method yielded alcohol withdrawal
scores that were normally distributed and guaranteed that the derived scores had
a correlation of exactly O with baseline scores. We found that Gabrg2 allelic
variation was genetically correlated with acute alcohol withdrawal (r=-0.44, p =
0.04, see Figure 10 and Table 4). Figure 10 illustrates that BXD strains that
possesd the D2 allele for Gabrg2 showed significantly less severe acute alcohol
withdrawal than BXD strains that expressed the B6 allele (-0.95 £ 0.67 vs. 1.61 +
1.05, residual score + SEM). This was consistent with the direction of effect
predicted by a QTL involved in acute alcohol withdrawal (Alcw3) identified near
Gabrg2 (Buck et al., 1997).

Other ethanol related traits were tested for correlation with y2 variation in BXD
Rl mice. As shown in Table 4, ethanol-conditioned taste aversion (2g/kg),
ethanol- induced hypothermia (4 g/kg) and ethanol-induced motor-incoordination

(screen test) were significantly correlated with y2 polymorphism.
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Figure 10. Allelic variation in the GABAA-R y2 subunit is genetically
correlated with acute alcohol withdrawal in BXD mice. Each data point
identifies the strain mean for a BXD strain (e.g., 9 represents strain BXD-9).
Gabrg? is associated with acute alcohol withdrawal severity calculated as
residual area under the curve (*p = 0.04, withdrawal scores are from Buck et al.,
1997). The bars show the mean withdrawal residual score £+ SEM for BXD
strains with the B6 allele (N = 8) vs. the D2 allele (N = 13). This is consistent with
the direction of effect predicted by Alcw3, a significant QTL for acute alcohol
withdrawal on Chromosome 11 where the D2 allele is associated with lower
acute ethanol withdrawal severity while the B6 allele is associated with more
severe withdrawal (Buck et al., 1997).
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Table 4. Genetic correlations between GABA, receptor y2 subunit sequence (A/T11) and strain
means for selected behavioral responses to ethanol measured in other BXD RI studies.

Response to Ethanol rop n Reference

Acute withdrawal -44% 04 21 Buck et al., 1997
Chronic withdrawal (AREA 25) -34 11 24 Crabbe, 1998
Chronic withdrawal (DELAREA 25) -22 28 24 Crabbe, 1998
Conditioned taste aversion (2 g/kg, consumption) S5 .01 20 Risinger &

Cunningham, 1998
Conditioned taste aversion (2 g/kg, residual) S2% .02 20 Risinger &
Cunningham, 1998

Conditioned taste aversion (4 g/kg, consumption) 32 16 20 Risinger &

Cunningham, 1998
Conditioned taste aversion (4 g/kg, residual) 25 .29 20 Risinger &

Cunningham, 1998.
Conditioned Place Preference -10 .67 20 Cunningham, 1995
Motor incoordination (screen test) S55% .004 25 Browman & Crabbe, 2000
Ataxia (onset threshold, rotarod test) -01 95 25 Gallaher et al., 1996
Ataxia (maximal threshold, rotarod test) -32 12 25 Gallaher et al., 1996
Tolerance to ethanol-induced ataxia (rotarod testy  -.25 .23 25 Gallaher et al., 1996
Ataxia (grid test error) 40 .06 24 Phillips et al., 1996
Tolerance to ethanol-induced ataxia (grid test) 32 12 24 Phillips et al., 1996
Loss of righting reflex (duration) 36 .09 24 Browman & Crabbe, 2000
Loss of righting reflex (BEC at recovery) -02 94 24 Browman & Crabbe, 2000
Hypothermia (2 g/kg) 03 90 23 Crabbe et al., 1996
Hypothermia (3 g/kg) -19 38 23 Crabbe et al., 1996
Hypothermia (4 g/kg) -46 .02 23 Crabbe et al., 1996
Tolerance to ethanol-induced hypothermia (2 g/kg) -36 .09 23 Crabbe et al., 1996
Tolerance to cthanol-induced hypothermia (3 g/kg) -37 .08 23 Crabbe et al., 1996
Tolerance to ethanol-induced hypothermia (4 g/kg) -22 32 23 Crabbe et al., 1996
3% Ethanol intake (g/kg/day) A7 54 16 Phillips et al., 1994
3% Ethanol preference (vs. water) .04 89 16 Phillips et al., 1994
10% Ethanol intake (g/kg/day) A7 0 54 16 Phillips et al., 1994
10% Ethanol preference (vs. water) A9 43 19 Phillips et al., 1994

BXD strain means are from the references indicated.
*p<0.05
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For both ethanol-conditioned taste aversion and ethanol-induced motor-
incoordination, there were suggestive QTLs mapped to Chromosome 11 using
BXD RI strains (Risinger and Cunningham, 1998; Browman and Crabbe, 2000),
suggesting that Gabrg2 has possible pleiotropic effects on the aversive effects of

ethanol.

lII.C. Gabrg2 Sequence Analysis Among a Panel of Inbred Mouse Strains
We sequenced Gabrg?2 in a panel of inbred mice previously tested for acute
ethanol withdrawal severity (Metten and Crabbe, 1994; 129P3/J, A/HeJ, AKR/J,
BALB/cJ, C3H/HedJ, C57BR/cdJ, C57L/J, CBA/J, CE/J, DBA/1J, PL/J, SJL/J, and
SWR/J inbred strains). Results showed that all the strains sequenced here
except for the D2 strain had the same nucleotides at residues 145, 225, and 744.
DBA/1J (D1) and D2 mice are closely related genetically (Atchley and Fitch,
1993; Taylor, 1978), but did not possess the same GABAA-R y2 variant.
Furthermore, D2 mice displayed 2-fold greater ethanol withdrawal severity
compared to D1 mice (behavioral data from Metten and Crabbe 1994, see Figure
11). Therefore, we hypothesized that crosses derived from D1 and D2 inbred

strain mice may be useful in finer mapping of the Chromosome 11 QTL.

lI.D. A Chromosome 11 QTL Regulates Acute Ethanol Withdrawal Severity
in D1D2 F2 Mice

Because the D2 and D1 inbred strains are closely genetically related, yet
possessed different GABA-R y2 variants, we developed a reciprocal D1D2 F2

intercross to test the hypothesis that Gabrg2, or a linked gene, modulates acute
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Figure 11. D2 mice possess a unique y2 variant and display the most
severe acute ethanol withdrawal compared to 14 other standard inbred
strains. We sequenced Gabrg2 across a pane! of inbred mouse strains
previously tested for acute ethanol withdrawal severity (Metten and Crabbe,
1994). D2 mice possess a threonine at residue 11 (T11) of the mature y2
polypeptide, whereas the other 14 strains, including the genetically similar
DBA/1J strain, have an alanine (A11) at this position. Moreover, D2 mice show
at least a 2-fold greater acute ethanol withdrawal reaction compared to all other
strains tested.
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ethanol withdrawal severity. D771Mit174 allelic status was correlated with acute
ethanol withdrawal severity in this population of mice (r = -0.36; p < 0.008, two-
tailed; Figure 12, inset). Additionally, this locus accounted for 13% of the
phenotypic variance (r; Belknap et al., 1996). F2 mice that were D1D1
homozygous at D11Mit174 have more severe acute ethanol withdrawal than
D2D2 homozygotes. Mice that were D1D2 at D71Mit174 show less severe acute
ethanol withdrawal, similar to F2 mice that were D2D2 at this locus. These
results suggest that the D2 allele at the relevant gene may act dominantly in this
genetic population. D1D1 mice also had a more severe ethanol withdrawal
reaction as shown by time course analysis of data for hours 4 through 12 (Fig 21
= 8.4, p < 0.001, Figure 12). Baseline handling induced convulsions did not differ
among genotypes (Fj4g = 0.45, p = 0.65; two-tailed). These results indicated
that the D1 allele was associated with increased acute ethanol withdrawal
severity. Similarly, in B6D2 F2 populations, the B6 derived D711Mit174 allele was
associated with increased acute ethanol and pentobarbital withdrawal severity
(Buck et al., 1997, 1999). The D1 inbred strain had less severe acute ethanol
withdrawal than D2 mice; however the D1 D711Mit174 allele was associated with
more intense withdrawal suggesting that there were other QTL regulating this
phenotype in D1D2 F2 mice. This is highly plausible because another QTL study
that used D1D2 F2 mice to assess the genetic contribution to acute zolpidem
withdrawal detected the Chromosome 11 QTL along with a genomic region on
Chromosome 2 that modulated this phenotype. In contrast, the D2 allele on

Chromosome 2 was
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Figure 12. Mice that are D1D1 at the molecular marker D711Mit174 have
more severe acute ethanol withdrawal compared to mice that are D2D2
homozygotes. (Inset) Acute ethanol withdrawal severity was correlated with
D11Mit174 status as measured by AUC (r=-0.36; p = 0.008, two-tailed). Mice
that were D1D1 homozygous at the marker displayed more severe withdrawal
reactions. Our results suggested that the D2 allele acted dominantly because
mice that are heterozygous (D1D2) have a similar degree of ethanol withdrawal
severity as the D2D2 homozygotes. Ethanol withdrawal time course illustrated
that mice D1D1 at D17Mit174 had a higher withdrawal reaction compared to
D2D2 homozygotes.

*p <0.05; * p<0.01.
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associated with greater zolpidem withdrawal severity (Metten and Crabbe,
unpublished data).

We attempted to perform interval mapping for Chromosome 11; however, we
were unable to find markers that were polymorphic between D1 and D2 mice
either upstream or downstream from D11Mit174 (at least 10 cM away). This
result is not particularly surprising because D1 and D2 mice are genetically
related. The Center for Inherited Disease Research has performed a genome-
wide scan using ~300 markers from the MIT series for 54 inbred strains including
D1 and D2. They report 51 markers (none within the narrowed QTL interval),
across the genome, as being polymorphic between D1 and D2 mice (~17%
difference; http://www.cidr.jhmi.edu/mouse/mouse_dif.html). In a study by
Atchley and Fitch (1993), 119 markers were assessed across the genome
between D1 and D2 mice revealing only 11.8% difference between them or ~ 14

polymorphic markers.

lll. E. Chromosome 11 Haplotype Mapping between DBA/2J and DBA/1J
Inbred Strains

In order to obtain a finer resolution map of the Chromosome 11 QTL interval,
we exploited the genetic relatedness between the DBA/1J and DBA/2J inbred
strains. We genotyped microsatellite markers across mouse Chromosome 11 to
determine the extent of allelic differences between these two strains. Our results
showed that there was an genomic interval between 17 and 20 cM that was
polymorphic between D1 and D2 mice, however, the other markers tested either

proximal or distal to this region were not different between these strains (see
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Marker

D11Mit226
D11Mit63
D11Mit78

D11Mit148
D11Mit79

D11Mit163
D11Mit53

D11Mit173

D11Mit231
D11Mit108
D11Mit217
D11Mit174
D11Mit296
D11Mit21

D11Mit206
D11Mit188
D11Mit140
D11Mit349
D11Mit208
D11Mit261
D11Mit177
D11Mit115
D11Mit90
D11Mit195
D11Mit179
D11Mit199
D11Mit104

Cm Mb Mb
(MGI) (Ensembl) (Celera)
1.5 8.9 6.3
2 17.18 14.4
2 18 17
33 14.8 12.2
10.9 19.8 18.8
16 27.8 26.9
16 324 31.69
17 34.3 33.37
17 35.9 36.4
18 36.3 UN
19 B87.8 38.4
20 43.1 43.4
20 434 43.9
20 447 UN
20 45.1 46.2
20 45.8 46.9
28 54.8 55.7
32 863 57.5
33 59.1 60.3
34 62.8 UN
36 65.8 69.1
37 68.2 71.5
42 AN 75
47 85.6 91.4
52 90.6 96.4
62 1027 110.5
79 120.1 128

1: Center of Inherited Disease Research

polymorphic?
D1 vs D2
no
no
no
no
no
no
no
no
unknown
yes’
yes?
yes?
yes
yes?
yes
unknown
no
no
no
no
no
no
no
no
no
no
no
no
no

http://www.cidr.jnmi.edu/cgi-bin/markers2002.cgi

2: Hood et al., in preparation
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Table 5. Haplotype mapping between DBA/2J and DBA/1J mice. We
genotyped D1 and D2 inbred strains using 27 molecular markers distributed
across the length of Chromosome 11. Distance (in centiMorgan; cM) was
obtained from Mouse Genome Informatics (MGl), and physical location
(megabase; Mb) were obtained from public (Ensembl) and private (Celera)
databases. The region highlighted in yellow indicates the region of Chromosome
11 that contains several polymorphic markers between D2 and D1 mice. The
gene(s) that underlie Alcw3 most likely is contained in this section.



Table 5). This region, according the Mouse Genome Sequencing Consortium
and to the privately funded mouse genome sequencing initiative spanned an
interval of approximately ~ 8.8 megabases (Mb). Database queries of both
Celera and Ensembl showed that there are 35 known (including RIKEN clones)
and 11 predicted (novel) genes within this interval (see Table 6), including
Gabrg2, Gabra1, Gabra6, and Gabrb2. In addition to these GABAA-R subunits,
Gabrp, the gene that encodes the = subunit also maps to mouse Chromosome
11. This subunit may be expressed in human hippocampal and cortical tissue
(Hedblom and Kirkness, 1997). As well, the = subunit may attenuate GABAs-R
sensitivity to pregnanolone, an endogenous neurosteroid (Hedblom and
Kirkness, 1997). However, based on our haplotype analysis, Gabrp mapped
outside of the polymorphic interval between D1 and D2 mice (Table 5). Based
upon the distance between Gabrp and Gabrg2 (8.5 Mb) and the fact that there
were other intervening genes, the = subunit is probably not part of the GABAA-R
subunit cluster. Other genes of interest contained within this interval include
Cyclin G, which is part of an apoptosis pathway and the a1B- adrenoreceptor.
Some of these genes have been shown to be expressed within the mouse CNS
mainly through cDNA amplification (UniGene;
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene). However, it remains
to be determined if these genes are differentially expressed between D1 and D2

or between B6 and D2 mice.

lIl.F. Whole Brain GABAA-R Subunit Gene Expression Between Ethanol-
naive D2 and B6 Mice
Gabrg2, Gabra1, Gabra6, and Gabrb2 expression levels between naive D2

and B6 mice were measured using QRT-PCR. Our initial expression studies
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(Mb) Symbol Description Function Brain?

34.3 Kcnmb1 Ca® -activated K* channel p1 subunit  vascular tone -

i g
21el LG |

[
0!

344 Lcp2 Lymphocyte cytosolic protein 2 protein adaptor -
34.5 Foxit Forkhead box [1 inner ear development -
34.5 Dock2 Dedicator of cyto-kinase 2 cell migration -
36 Pank3 Pantothenate kinase 3 co-A synthesis +
36.2 Odz2 Odd 0Z/Ten-m homolog 2 (drosophila) CNS development? +
41.1 Akrb3 Aldose reductase oxidoreductase activity +
411 Hmmr Hyanluronan mediated motility receptor cell adhesion molecule &
411 Ccngt Cyclin G Apoptosis +
424 Gabrg2 GABAA-R y2 subunit neural inhibition +
426 Gabral GABA-R a1 subunit neural inhibition +
42.8 Gabrab GABAA-R a6 subunit neural inhibition +
429 Gabrb2 GABA,-R B2 subunit neural inhibition =
43.9 Ptig1 Pituitary tumor transforming gene Mitosis +
43.9 Slu7-pending Step Il splicing factor pre-mRNA splicing +
44.1 Fabpb Gastropin bile salt binding -
44.3 Adraib o 1B adrenergic receptor G-protein coupled R +

Table 6. Known genes contained within a non-shared genomic block
between D1 and D2 mice. Physical location, obtained from Ensembl (version
17.30.1, updated May 6, 2003), is shown in megabases (Mb). Genes within non-
polymorphic regions are highlighted in blue. As shown above, the gene the
codes for the GABAA-R = subunit, Gabrp, is within a region predicted to be
shared between these two strains. However, Gabrg2, Gabra1, Gabra6, and
Gabrb2 are within a polymorphic section between D2 and D1 mice (represented
in yellow). The gray region represents recombination boundaries; the proximal
boundary contains known genes; however, all evidence to date suggests that
these genes are not centrally expressed.
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used whole brain in order to capture all brain regions regulating acute ethanol
withdrawal. We did not observe innate expression differences in whole brain
mMRNA between D2 and B6 mice for Gabrg2 (fj1,4 = 0.75; p = 0.50), Gabra? (f1.4
=0.83; p = 0.45) or Gabrb2 (t1 4 = -0.81; p = 0.46; Figure 13). Interestingly,
these results did not confirm Affymetrix microarray expression data that
suggested differential whole brain Gabra1 expression between naive B6 and D2
mice (B6/D2 ratio = 1.92; R. Hitzemann, unpublished data). On the other hand,
Gabra6 expression was significantly different between D2 and B6 mice for both
QRT-PCR and microarray experiments. As shown in Figure 13c, D2 Gabra6
content was greater compared to B6 mice (f14 =-6.67; p = 0.003). These
results are consistent with the direction of effect (D2>B6) observed in the
microarray data. However, congenic and background strain mice did not differ in
Gabra6 expression, which did not support a role for Gabra6 in acute ethanol

withdrawal severity (see Section III.E).

lI.G. GABAA-R subunit mRNA Expression between Ethanol-naive and
Withdrawn D2 and B6 Mice

c-FOS mapping indicated that the frontal cortex of D2 and B6 mouse strains
was differentially activated during acute ethanol withdrawal and therefore may be
part of a neural circuit that modulates acute ethanol withdrawal severity (Buck et
al., in preparation). Gabrg2, Gabra1, and Gabrb2 mRNA content was measured
in frontal cortex of ethanol-withdrawn D2 and B6 mice (7 hours post-injection; 4
g/kg ethanol; 20% v/v in physiological saline) and compared to vehicle control

mice using QRT-PCR.
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Whole brain GABA, receptor subunit expression
between DBA/2J and C57BL/6J Mice

Gabrg2 expression Gabra1 expression
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Figure 13. Gabra6 is differentially expressed between D2 and B6 mice. (A)
Whole brain Gabrg2 expression did not differ between D2 and B6 mice ({14 =
0.75; p = 0.49). (B) Gabra1 was similarly expressed between D2 and B6 mice
(11,41 = 0.83; p = 0.45). (C) D2 mice had greater levels of Gabra6 compared to B6
mice (f;1.4 = -6.67; p = 0.003). (D) No differences for Gabrb2 expression were
detected between D2 and B6 mice (f14; = -0.81; p = 0.46).
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Our data showed that there was a significant effect of strain on Gabrg2
expression. D2 mice had higher cortical levels of Gabrg2 compared to B6 mice
(Fr1,8) = 18.89; p = 0.002, two-tailed; Figure 14a). There was a trend for an effect
of withdrawal (Fj1¢; = 3.15, p = 0.11, two-tailed) and a significant interaction
between strain and treatment where ethanol-withdrawn D2 mice had Gabrg?2
expression levels similar to B6 withdrawn and saline-control mice (F1,6=8.08, p
= 0.02, two-tailed). Tukey post-hoc tests indicated that Gabrg2 expression in D2
saline control mice was significantly different compared to the three other groups
tested (verses D2 ethanol-withdrawn mice, p = 0.04; verses B6 saline control
mice, p = 0.004; verses B6 ethanol-withdrawn, p = 0.01).

Some studies have shown an association between differential Gabra1
expression and genetic predisposition for ethanol withdrawal severity using WSP
and WSR whole brain (Buck et al., 1991; Keir and Morrow, 1994). Following
chronic ethanol diet, WSP mice showed decreased whole brain Gabra1
expression compared to WSR mice (Buck et al., 1991). However, Gabra1
expression was higher in the cerebellum of ethanol-naive WSP mice compared
to WSR selected line. Here we did not detect a difference between D2 and B6
cortical Gabra7 baseline expression (Fj1 g = 1.35, p = 0.28, two-tailed; Figure
14b). Ethanol withdrawal did not affect Gabra1 expression in frontal cortex of B6
and D2 mice (F1.g = 1.35, p = 0.28, two-tailed). No interaction between strain
and treatment was detected for Gabra? expression (Fj1g = 0.53, p = 0.49, two-

tailed).
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Frontal cortex GABA, receptor subunit expression

Gabrb2 expression
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Figure 14a-c. Gabrg2 expression is greater in frontal cortex of D2 inbred
strain mice compared to the B6 strain. (A) Gabrg2 frontal cortex expression in
D2 and B6 mice cortex following acute ethanol withdrawal (WD) or saline
controls (SAL). D2 mice expressed more Gabrg2 compared to the B8 inbred
strain in frontal cortex (Fj1g) = 18.89; p = 0.002, two-tailed, indicated with an
asterisks). There was a trend for an effect of treatment (Fj1 = 3.15, p = 0.11).
The data indicated that there was a strain by treatment interaction in that acute
ethanol withdrawal reduced D2 Gabrg2 expression in frontal cortex (F1 g = 8.08,
p =0.02). (B) Gabrat levels were not different between D2 and B6 mice. We
did not observe an effect of strain (F1 = 1.35, p = 0.28), treatment (Fj1 g = 1.35,
p =0.28), nor a strain by treatment interaction (Fj1 g = 0.53, p = 0.49) for Gabra1
cortical expression. (C) GABAA-R 2 subunit gene expression was not different
between D2 and B6 frontal cortex. We did not detect any expression differences
between strains (Fp1,g = 0.87, p = .38, two-tailed), treatment (Fj1 4= 0.38, p =
0.55). We did not observe a strain by treatment interaction for Gabrb2
expression (Fp1.g; = 1.89; p = .76; two-tailed).
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Lastly, we assessed Gabrb2 expression in the frontal cortex of D2 and B6
mice. Previous studies from our lab have shown that this gene was complexly
regulated by chronic ethanol exposure that is dependent upon strain, blood
ethanol concentration and time point. However, no differences in baseline
expression were observed in cortex or cerebellum (Reilly and Buck, 2000). Here,
we measured GabrbZ2 mRNA content in the frontal cortex following acute ethanol
withdrawal in D2 and B6 mice. Steady-state Gabrb2 expression did not differ
between D2 and B6 mice (F1 g = 0.87, p = 0.38, two-tailed; Figure 14c). Ethanol
withdrawal did not affect Gabrb2 expression (Fp1g; = 0.38, p = 0.55, two-tailed)
nor did we observe a strain by treatment interaction Fj1 5 = 1.87, p = 0.21, two-
tailed; Figure 12c). We did not measure Gabra6 expression in this experiment
because it is restricted to the granule cells of the cerebellum and cochlear
nucleus (Wisden et al., 1992).

Our expression data suggested that cellular heterogeneity may dilute
differences in gene expression. We were most likely able to detect differential
Gabra6 expression between D2 and B6 mice because this gene’s expression is
restricted to the cerebellum and thus “noise” from the brain regions is not a
factor. The cellular composition of the cerebellum is estimated to be ~ 85%
granule cells. However, Gabrg2, Gabra1, and Gabrb2 are ubiquitously
expressed throughout the brain and in numerous cell types (Fritschy and Mohler,
1995; Wisden et al., 1992, Pirker et al., 2000). When gene expression was
measured in the frontal cortex, we were able to detect differential Gabrg2
expression between D2 and B6 inbred strains. Moreover, our data showed that

ethanol withdrawal regulates Gabrg2 expression. These studies provide
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supporting evidence for the GABAA-R y2 subunit gene as a strong candidate for
Alcw3. However, these experiments did not exclude the other Chromosome 11
GABAa-R subunits because we only measured their mRNA content at one
withdrawal and developmental time-point. For instance, there could be
differential expression during embryonic development between D2 and B6 mice
that affects synaptic development. However, tests using null mutants for y2, a1,

B2 and o6 support the former hypothesis (below).

lll.LH. Heterozygous Null mutant y2 Mice Have More Severe Acute Ethanol
Withdrawal Than Wildtype Littermates

v2*" null mutant mice were developed by homologous recombination in exon
eight of Gabrg2 (Gunther et al., 1995). Homozygous deletion of GABAA-R y2
subunit is lethal whereas heterozygous mice survive into adulthood and are
visually indistinguishable from wildtype littermates. GABAA-R y2 peptide was
nearly 50% less in y2*" mice compared to their wildtype littermates, y2**
(Gunther et al. 1995; Crestani et al., 1999). We therefore used y2*" mice as an
indirect method to test the hypothesis that lower y2 content is associated with a
more severe alcohol withdrawal reaction. Acute ethanol withdrawal severity as

+/+

measured by HIC was compared between v2*"* and v2*" mutant mice. y2"" mice
showed increased withdrawal severity compared to their wildtype littermates as
measured by AUC (f165) = 2.54, p = 0.01, two-tailed). Because average
baseline score between the genotypes were also different in that y2* mice had
higher baseline scores ({1,661 = 2.14, p = 0.032, two-tailed), withdrawal scores

were corrected to remove the possible influence of baseline differences. We

subtracted the product of the average baseline score multiplied by the number of
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time points summed for AUC (i.e., 8 time points) for each mouse from its
respective area under the curve score (see Metten and Crabbe, 1994). This
corrected score between the two different genotypes (if limited to zero or positive
numbers) was also statistically significant in that y2*~ mice had more severe
acute ethanol withdrawal compared to their wildtype littermates as shown in
Figure 15 inset ({1661 = 2.52, p = 0.01, two-tailed). AUC and this corrected AUC
score, moreover, were highly correlated (r = 0.98; p < 10°). However, if the
corrected area under the curve score was allowed to be negative for individual
mice, baseline differences appeared to mask withdrawal severity in y2*" mice
(fr1.661 = 0.45; p = 0.65, two-tailed). Because of the subtlety of the withdrawal
reaction, which was clearly observable in the withdrawal time course (Figure 15),
we also analyzed regression residuals, which removed the influence of baseline
measures from AUC and pea<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>