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Abstract

Potentially life-threatening convulsions can occur following
withdrawal from either ethanol or benzodiazepines. There is
inconsistent evidence that these are partially determined by common
genetic factors. Using genetic mouse models and a variety of
benzodiazepine receptor ligands, the present studies tested the
general hypothesis that ethanol and benzodiazepine withdrawal
convulsions following a single drug injection share at least some genes
underlying a common mechanism. Results confirm that withdrawal
handling-induced convulsion severity following a single injection of
diazepam is genetically mediated (controlling an estimated 62% of the
variance) and demonstrate that it is genetically correlated with
ethanol withdrawal severity in inbred strains. The proportion of
variance accounted for by common genetic factors was estimated at
69%. These results contrast with previous data obtained in mice that
were serially tested for withdrawal severity from ethanol,
pentobarbital, and then diazepam (Metten & Crabbe, 1994a).
Concurrent analysis of the previous and present diazepam withdrawal
data showed that three of fourteen strains had significantly different
diazepam scores in the two studies, arguing that serial testing of those
strains significantly affected the previous results. Results in newly-
derived HAW and LAW selectively bred lines provide independent
confirmation of previous data obtained in WSP and WSR mice that
ethanol and diazepam withdrawal convulsion severities are genetically
correlated (Belknap et al.,, 1989; Crabbe et al., 1991a).

The occurrence of withdrawal convulsions following single

injections of some benzodiazepine receptor ligands may depend both



on the drug and on whether withdrawal is precipitated. WSP mice are
genetically susceptible to spontaneous withdrawal from a variety of
central nervous system depressant drugs, and yet, they were not
universally susceptible to all five drugs tested in these studies.
However, the results imply that the genetic correlation with ethanol
withdrawal may extend to several benzodiazepine receptor ligands
using drug-appropriate (spontaneous or precipitated) paradigms.
Direct evidence that ethanol and zolpidem withdrawal are
genetically correlated was seen in HAW and LAW mice using both
spontaneous and precipitated withdrawal paradigms. Spontaneous
withdrawal findings were extended in two independent experiments:
the C57BL/6J, DBA/1J, and DBA/2J inbred strains, and in D1D2F2
mice. Results suggest both that a major gene influences zolpidem
withdrawal severity and that DBA/2J alleles confer severe withdrawal.
The gene mapping study provides the first evidence suggesting
the chromosomal location of any quantitative trait locus (QTL)
influencing benzodiazepine withdrawal severity. Evidence was found
for associations of three chromosomal regions with zolpidem
withdrawal severity; each putatively controls only a small amount
(<10%) of the genetic trait variance. Allele frequency at the
microsatellite marker, D17Mit66, was associated at p = 0.04 with
severity of zolpidem withdrawal in D1D2F2 mice. Pleiotropic
influences of ethanol withdrawal QTLs on zolpidem withdrawal were
suggested by nearly-significant association of markers on
chromosomes 11 and 2. The putative QTLs on chromosomes 17 and

11 are negatively associated with zolpidem and ethanol withdrawal,



implying that DBA/2J alleles confer protection against withdrawal.
Thus, neither QTL can be the major gene hypothesized to control a

large proportion of the genetic variance in zolpidem withdrawal.
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Page 1

I. Introduction
LA. Common Actions of Ethanol and Benzodiazepines

Dependence on alcohol (ethanol) or other central nervous
system depressants, like benzodiazepines, produces signs and
symptoms during withdrawal that are opposite in direction to those
induced by intoxication (Victor & Adams, 1953; Kalant et al., 1971;
Friedman, 1980; Jaffe, 1985); Swift, 1994 #644. Because the major
effect of these drugs is depression of the central nervous system,
withdrawal produces rebound neural hyperexcitability, which can
manifest itself in several ways. Seizures are a potentially life-
threatening consequence of alcohol withdrawal that is common to all
species studied, including mice and humans (Kalant, 1977: Friedman,
1980).

Ethanol and benzodiazepines produce many common signs and
symptoms upon withdrawal, suggesting that they share many
mechanisms (Isbell et al., 1955; Jaffe & Ciraulo, 1985; Sellers, 1988;
Edwards et al., 1990; Litten & Allen, 1991). Besides seizures or
convulsions, common symptoms include anxiety, irritability, dizziness,
tremor, excessive sweating, tachycardia, nausea, vomiting, insomnia,
delirium, and hallucinations. Furthermore, cross-tolerance and
-dependence is suggested by the fact that ethanol withdrawal is
commonly treated in humans using benzodiazepines (Litten & Allen,
1991). In rodents, cross-tolerance and -dependence between ethanol
and benzodiazepines has been shown in rats (Lé et al., 1986: Naruse &
Asami, 1990; Mihic et al., 1992; Lytle et al., 1994) and mice (Chan et
al., 1985; Chan et al., 1988; Chan et al., 1990; Buck et al., 1991).

However, to date, only diazepam and chlordiazepoxide have been
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studied. It appears that ethanol treatment may confer cross-tolerance
to benzodiazepines but that only partial cross-tolerance is produced
with the converse treatments. Further studies may sort out this issue.
Certainly, it is clear that benzodiazepines can also reduce ethanol
withdrawal convulsions in rodents (e.g., Crabbe, 1992; Goldstein,
1972a).
LA.]1. Fthanol and the GABA/Benzodiazepine Receptor Complex
Ethanol affects many neurotransmitter receptors, ion channels,
and second-messenger systems. Many of these effects have been
reviewed recently (Deitrich & Erwin, 1996). Relevant to the present
studies is the evidence that ethanol acts on the y-aminobutyric acid
(GABA) /benzodiazepine receptor complex (GRC). This hetero- ‘
oligomeric complex is composed of several subunits (e.g., two «a, two B,
and one y) and forms a chloride ionophore. Besides distinct sites for
GABA and for benzodiazepines, the GRC has binding sites for many
compounds, including neuroactive steroids, barbiturates,
noncompetitive antagonists (e.g., picrotoxin), and zinc ions (Sieghart,
1992). Evidence suggests that the expression of a ¥ subunit of the GRC
is required for benzodiazepine binding, while the subtype of o subunit
affects benzodiazepine pharmacology (Pritchett et al., 1989: Olsen &
Tobin, 1990; Burt & Kamatchi, 1991). Further evidence suggests that
a splice variant of a y subunit subtype (the yo long) may be required for
ethanol sensitivity of the GRC (Wafford et al., 1991; but see Grant,
1994). The apparent common requirement for the presence of a y
subunit by both benzodiazepines and ethanol provides an attractive

rationale for an underlying functional similarity.
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Ethanol and the benzodiazepines have been shown to increase
GABA-stimulated chloride flux into the neural cell (see reviews by
Grant, 1994; Mihic & Harris, 1996). Furthermore, GABA-stimulated
chloride uptake into brain microsacs is altered when tissue is
prepared from rats during withdrawal from chronic ethanol compared
with non-withdrawn controls (Mihic & Harris, 1996). Chronic ethanol
treatment has sometimes, but not always, been shown to decrease the
number of GABA4 agonist and benzodiazepine binding sites and
increase inverse agonist binding sites (Buck & Harris, 1991). Thus,
many researchers have shown in vitro an interaction of ethanol with
the GRC, complementing and extending the common behavioral
findings discussed above. Finally, chronic ethanol treatment in vivo
has also been shown to alter GRC subunit mRNA levels (Buck, 1996).
LB. Genetics of Ethanol and Benzodiazepine Withdrawal Severity

There is inconsistent evidence that genes affecting withdrawal
from ethanol exert pleiotropic influences on withdrawal from other
central nervous system depressant drugs. Studies in selectively bred
mouse lines have supported this hypothesis for barbiturates and
benzodiazepines, while tests in an inbred strain panel have found
support for ethanol withdrawal gene pleiotropy for withdrawal from
barbiturates but not benzodiazepines (Belknap et al., 1989; Crabbe et
al., 1991a; Metten & Crabbe, 1994a; Metten & Crabbe, 1996). One
purpose of this dissertation is to re-examine the general hypothesis
that some of the same genes confer susceptibility to both ethanol and
benzodiazepine withdrawal convulsions and attempt to resolve the

apparently contradictory conclusions.
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[.B.1. Methods of Studyving Withdrawal Convulsions

Withdrawal from central nervous system depressant drugs has
been measured in rodents by recording increased sensitivity to
convulsant treatments, (e.g., pentylenetetrazol or electroconvulsive
shock), or to convulsions induced by sensory stimulation (e.g., loud
noise or handling). The present studies focus on the handling-
induced convulsion, or HIC, developed by Goldstein and Pal (1971).
The HIC method involves lifting the mouse by the tail, observing for
convulsive signs, and if absent, gently spinning the mouse in a 180 -
360° arc, and again observing. Convulsions are rated on a scale from O
(absent) to 7 (violent tonic-clonic convulsion resulting from cage
disturbance). Goldstein established that the severity of the HIC during
ethanol withdrawal is dose-dependent, heritable, and modifiable by a
wide variety of drugs (Goldstein, 1972a; Goldstein, 1972b; Goldstein,
1973a; Goldstein, 1973b; Goldstein, 1974). Furthermore, HIC
severity has been shown to increase during withdrawal from other
central nervous system depressants, administered either chronically
or acutely (Belknap et al., 1987; Belknap et al., 1988; Crabbe et al.,
1991a; Metten & Crabbe, 1994a).

[.B.2. Methods of Studying Genetic Correlation

There are several ways to test the hypothesis that withdrawal

severities following administration of ethanol and benzodiazepine

receptor ligands (BZs) share a common genetic etiology.

[.B.2.a. Genetic Correlations in Selectively Bred Lines
One method of estimating genetic correlations is to test lines

selectively bred bidirectionally for withdrawal severity from one drug
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(e.g., ethanol) with the other drug (e.g., a benzodiazepine). Selectively
bred lines are developed by testing animals from a heterogeneous
stock on the trait of interest and then mating together extreme-
scoring animals. Usually, bidirectionally selected lines (high- and low-
response lines) plus control (nonselected) lines are established.
Divergence of the high and low lines on the selection trait in opposite
directions from the control lines over generations of selection is
conclusive evidence that the trait is genetically influenced. During
selection, genes influencing the trait become homozygously fixed, but
remaining genes (i.e., those not influencing the trait) continue to
segregate according to Mendelian law (Falconer, 1989).
Establishment of independently selected replicate lines assists the
researcher with the interpretation of results suggesting correlated
responses to selection (i.e., differential sensitivity of the lines on a
nonselected trait). Similar line differences in both replicates of the
selected lines is strong evidence of pleiotropic influences of the genes
fixed by selection (Crabbe et al., 1990).

Withdrawal Seizure Prone (WSP) mice were selectively bred in
replicate from HS/Ibg stock for severe withdrawal HICs following
chronic ethanol vapor inhalation (Crabbe et al., 1985). Selection
pressure was applied for 26 generations. As of this writing, more than
20 generations of relaxed selection have taken place with no change in
the magnitude of phenotypic expression (J. C. Crabbe, unpublished
observations). These mice show severe withdrawal convulsions
following acute (i.e., single administration) and/or chronic
administration of several alcohols, barbiturates, and nitrous oxide

(Belknap et al., 1987; Belknap et al., 1988; Crabbe et al., 1991a). WSR
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mice were selectively bred in parallel for minimal ethanol withdrawal
severity and are generally resistant to withdrawal convulsions from
these drugs.

Differential susceptibility to withdrawal convulsions following
depressant drugs does not imply that WSP mice are more susceptible
than WSR mice to convulsions in general. These lines differ not at all
or only slightly in susceptibility to convulsions induced by intravenous
infusion of convulsant drugs, compared with their approximately ten-
fold differences in ethanol withdrawal HICs (Kosobud & Crabbe, 1995).
In fact, it has been shown that WSR mice are more sensitive than WSP
mice to convulsions induced by infusion of N-methyl-D-aspartate
(NMDA; (Kosobud & Crabbe, 1993). One replicate of the WSP lines
was more sensitive to infusion of pentylenetetrazol-induced
convulsions than its respective WSR line; however, in the other
replicate, WSP mice were equally or less sensitive than WSR mice
(Kosobud et al., 1992). Examination of these lines for other correlated
responses to selection has been extensive. These data have been
reviewed elsewhere (Phillips & Crabbe, 1991; Crabbe & Phillips,
1993; Kosobud & Crabbe, 1995; Metten & Crabbe, 1996).

In addition to the central nervous system depressant drugs
mentioned above, WSP mice also show greater withdrawal than WSR
mice following acute or chronic administration of diazepam when
withdrawal convulsions are precipitated by the competitive
benzodiazepine antagonist, flumazenil (Ro15-1788). Mice of selection
generations 5 (Ss) and S;3 were housed singly and fed diazepam in
drug-adulterated food (1.5 mg/g diet) for seven days. On the morning
of the eighth day, withdrawal was precipitated by injection of 20
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mg/kg flumazenil (i.p.). HICs were measured at 2, 5, and 8 minutes
later. Both replicates of the WSP line had significantly higher
withdrawal scores than their WSR counterparts. In generation Ss, the
magnitude of the difference between the lines was approximately two-
fold, while in S;3, a ten-fold difference was seen. The magnitude of
the differences between these lines in diazepam withdrawal closely
paralleled that of ethanol withdrawal severity in both generations
(Belknap et al., 1989).

The greater susceptibility of WSP mice compared with WSR
mice to withdrawal from single injections of central nervous system
depressants including ethanol and diazepam (i.e., acute withdrawal)
has been demonstrated (Kosobud & Crabbe, 1986; Crabbe et al.,
1991a). Separate groups of mice of each genotype were injected with-
vehicle or 20 mg/kg diazepam and scored for HIC 30 minutes later.
Sixty minutes after injection, they were given 10 mg/kg flumazenil to
precipitate withdrawal or vehicle. HICs were measured 1, 2, 3, 5, 8,
and 20 minutes later. There was no elevation of HICs in any group of
WSR mice. In contrast, WSP mice given diazepam followed by
flumazenil had significantly increased HIC scores compared to WSP
mice given vehicle followed by either flumazenil or vehicle (Crabbe et
al., 1991a). Diazepam treated WSP mice given vehicle instead of
flumazenil had no HICs. These studies strongly imply that the
induction of convulsions by withdrawal from acute or chronic ethanol

and diazepam occurs at least in part via a common genetic mechanism.

I.B.2.b. Genetic Correlations in Inbred Strains

Another way to assess genetic correlations among ethanol and
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benzodiazepine withdrawal severities would be to test a number of
inbred strains for withdrawal severity from each drug, and correlate
strain means (Hegmann & Possidente, 1981). Inbred strains are
developed by systematic inbreeding, commonly brother/sister
matings, over 20 or more generations (Falconer, 1989). Therefore,
members of any particular inbred strain are genetically identical
except for gender (Crabbe, 1989; McClearn, 1991). Consequently,
individual differences in responses within an inbred strain must be
due to environmental influences. Furthermore, differences among
several inbred stains can be attributed to genetic factors, given
equivalent testing procedures. The utility of inbred strains and
methodological considerations in pharmacogenetic research have been
discussed in detail elsewhere (Belknap, 1980; Deitrich & Spuhler, ’
1984; Crabbe et al., 1990; McClearn, 1991). Use of relatively large
panels of inbred strains (=2 12 strains) is recommended when
attempting to ascertain genetically correlated responses because each
strain represents a single genotype. This means that the genetic
sample size equals the number of strains being tested. Furthermore,
the genes of most inbred strains are fixed without respect to any
particular phenotype, and therefore, any pair of strains is likely to have
similarities and differences on several traits that are genetically
unrelated. Thus, tests of too few strains would be more likely to
identify spurious correlations than large panels.

Acute ethanol, pentobarbital, and precipitated diazepam
withdrawal severities were previously assessed in 15 inbred strains
using the same paradigm as described above for WSP and WSR mice.

In apparent disagreement with those findings, no significant
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correlation of ethanol and diazepam withdrawal severity strain means
was found (Metten & Crabbe, 1994a). Consistent with the findings in
WSP and WSR mice, a genetic correlation was demonstrated for
ethanol and pentobarbital withdrawal severities. Pentobarbital and
diazepam withdrawal strain means were also genetically correlated.
The lack of demonstration of genetic correlation between ethanol and
diazepam withdrawal severity means was surprising. However, the
mice were serially tested for withdrawal from ethanol, pentobarbital,
and then diazepam. Although mice were given a respite of a week
between withdrawal episodes, an effect of repeated testing could not

be ruled out.
I.B.3. Questions Generated by the Previous Studies”

[.B.3.a. Does Choice of Benzodiazepine in the Test Matter?

A possible difficulty with the hypothesis that ethanol and
benzodiazepine withdrawal severity are mediated in part by some of
the same genes is that all benzodiazepines are not alike. In fact, many
drugs putatively acting at the benzodiazepine receptor (BZR) are not
chemically classified as benzodiazepines at all. The BZR ligands used
in the present studies are listed in Table 1 along with their functional
and chemical classifications, and putative o subunit subtype affinity, if
known.

BZR ligands have different potencies for producing sedative or
hypnotic, anti-convulsant, and anxiolytic effects, and thus are
differentially prescribed. For example, zolpidem and midazolam are

frequently used as sedative/hypnotic agents, alprazolam is often

* Formal hypotheses are listed at the end of the Introduction.
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Benzodiazepine Receptor Ligands Used in the Present Studies

Ligand Functional * Chemical GRC o
Classification Classification Subunit
Affinityt
Diazepam full agonist benzodiazepine o2=a3>al=05
Alprazolam full agonist triazolo- ol
benzodiazepine
Triazolam full agonist triazolo-
benzodiazepine
Abecarnil partial agonist/ B-carboline al>a3>0s5
full agonist
Midazolam full agonist imidazo- al
benzodiazepine
Zolpidem full agonist imidazopyridine | al>a2=a3>>a5
Flumazenil competitive imidazo- al=02=a3=05>06
antagonist benzodiazepine

* Based on effect of ligand binding on magnitude of GABA agonist-stimulated chloride
influx. Agonists enhance, inverse agonists reduce, and antagonists prevent agonists

from enhancing chloride flux (Sieghart, 1992).
t If known. (Laddens & Wisden, 1991; Doble & Martin, 1992; Wong et al., 1992; Knoflach

et al, 1993)




Page 11

prescribed for panic disorder, and diazepam and chlordiazepoxide are
the drugs of choice for prevention of ethanol withdrawal seizures. It is
tempting to attribute the differential behavioral effects of these ligands
to their differential affinities for the GRC o subunit subtypes (Giusti et
al., 1991). Support for such an hypothesis comes from a group of
researchers who determined that subunit compositions of in vivo
GRCs in many brain areas vary considerably (Laurie et al., 1992:
Wisden et al., 1992). Binding of zolpidem in various brain regions has
been found to correlate highly with ethanol enhancement of
iontophoretically applied GABA (Criswell et al., 1993). A follow-up
study found that neurons of the red nucleus and globus pallidus were
either sensitive to both zolpidem and ethanol or insensitive to both.
Furthermore, GRC subunit mRNA expression was assayed in brain
regions sensitive to ethanol and zolpidem. Several subunits (o1 - o3,
B2, B3, and y2) were common to all brain regions in which ethanol and
zolpidem enhanced GABA responses and several others were not
(Criswell et al., 1995).

Clinical literature suggests that some benzodiazepines have more
dependence liability than others, although there is dissension.
Midazolam, triazolam, and lorazepam have been ranked as having
“high” potential for withdrawal reactions in one review, while
diazepam has been ranked as “moderate” (Tyrer, 1988). Abuse
potential is partially responsible for the removal of triazolam from the
market in the United Kingdom in 1991 (Robertson & Treasure,

1996). Another review examined both human and nonhuman studies
comparing the abuse potential of alprazolam (not included in Tyrer's

1988 review) to other benzodiazepines, including diazepam, and
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concluded that the literature did not support the belief that it had
greater abuse potential (Rush et al., 1993). However, their review of
actual dependence potential only included comparisons of alprazolam
with diazepam (of the drugs in Table 1). Nevertheless, when looking
for genetic commonalities in severity of withdrawal from ethanol and
benzodiazepines, the choice of benzodiazepine receptor ligand may be
important.

Although originally selected only for ethanol withdrawal severity,
WSP mice are now believed to be a model of genetic vulnerability to
central nervous system depressant drug withdrawal in general (Metten
& Crabbe, 1996). One hypothesis that could be tested was whether
the finding that WSP mice were sensitive to withdrawal from diazepam
generalized to withdrawal sensitivity from other benzodiazepine ‘
receptor ligands. In this dissertation, the term “benzodiazepine
withdrawal” will refer generally to withdrawal from ligands acting at
the benzodiazepine receptor (BZR ligands) and not strictly to

withdrawal from chemical benzodiazepines.

[.B.3.b. Does it Matter Whether Withdrawal Convulsions Were
Precipitated?

Another possible difficulty with the previous tests of the
hypothesis that ethanol and benzodiazepine withdrawal severity are
genetically correlated is that they may have been comparing the
proverbial apples and oranges. Withdrawal convulsions following
single doses of some drugs occur in the mouse without antagonist‘
precipitation (e.g., ethanol and pentobarbital, for which there are no

known direct antagonists). However, in order to observe withdrawal
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convulsions in mice reliably following a single injection of diazepam,
precipitation of withdrawal by flumazenil may be required (Crabbe et
al., 1991a; Crabbe, 1992).

Spontaneous withdrawal convulsions from some benzodiazepines
are seen in humans (Martinez-Cano et al., 1995). Perhaps withdrawal
convulsions following single injections of some BZR ligands will not
require precipitation in the mouse. Swiss-Webster mice treated with
alprazolam chronically admixed in their diet displayed handling-
induced convulsions without precipitation (Gallaher et al., 1987b).
Conversely, even after chronic treatment with abecarnil, convulsions
were not observed in NMRI mice (Steppuhn et al., 1993; Rundfeldt et
al., 1995). There is no reason a priori to suppose that genetic ‘
vulnerability common to both ethanol and benzodiazepine withdrawal
convulsions will depend on whether those convulsions are
precipitated. However, this has not been tested, and it is possible that
precipitated and spontaneous benzodiazepine withdrawal convulsions
may be differentiable on the genetic level. Thus, another testable
hypothesis is whether spontaneous withdrawal convulsions are
observed in WSP mice after a single injection of BZR ligand, or
whether flumazenil-precipitation is required.

[.B.3.c. Are Ethanol and Diazepam Withdrawal Really Genetically
Correlated in Inbred Strains?

A third hypothesis is that the serial testing of the inbred strains
in Metten & Crabbe (1994a) interfered with the ability to detect the
genetic correlation. Measuring diazepam withdrawal in naive animals
of the same strains would permit comparison with the previous

diazepam data as well as with the ethanol data.
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Another way to address this issue is to test other selectively bred
lines for BZR ligand withdrawal severity. High and Low Alcohol
Withdrawal (HAW and LAW) mice were recently selectively bred from
F2 intercross progeny from C57BL/6J (B6) and DBA/2J (D2) mice for
differential withdrawal severity following a single, hypnotic dose of
ethanol (4 g/kg, injected i.p.; Buck et al., submitted: Metten & Crabbe,
1996). The selection index was the residual from regression of the
area under the handling-induced convulsion curve over time on
baseline HIC severity. This index is a measure of withdrawal severity
that is independent of baseline differences. These mice are in the
very early generations of selection, which reduces the risk that trait-
irrelevant genes have become fixed spuriously. Therefore, a test of
these lines for diazepam withdrawal severity would provide
independent evidence regarding the hypothesis that selective
breeding for ethanol withdrawal severity produces lines that differ in
benzodiazepine withdrawal severity. Furthermore, the HAW and LAW
lines could be tested with other BZR ligands. No lines selectively bred
for benzodiazepine withdrawal severity exist, making a test of the

reciprocal hypothesis impossible at present.

[.B.3.d. Can a striking result of the above studies be exploited to map
benzodiazepine withdrawal QTLs?

To anticipate the results of the studies addressing the above
questions, the answers were generally “yes.” Spontaneous and
precipitated withdrawal in WSP mice were seen only with zolpidem
and alprazolam. Diazepam withdrawal was correlated with ethanol

withdrawal in inbred strains and in the HAW and LAW selected lines.



Page 15

Furthermore, ethanol and zolpidem withdrawal were correlated in a
subset of the inbred strains and the HAW and LAW lines.

Mice of fourteen inbred strains that were previously tested for
hypothermic and activity effects of the dopaminergic drug, quinpirole,
became available at about this time. They were allowed to rest for
about a week before spontaneous zolpidem withdrawal severity
assessment (unpublished data). Although all of the strains recovered
basal levels of HIC sensitivity, only D2 mice had significant zolpidem
withdrawal. This was an important study for two reasons. The first is
that one of the other strains tested was DBA/1J (D1; see below): i.e.,
this closely related strain was apparently not susceptible to zolpidem
withdrawal. These data suggested that zolpidem withdrawal genes
could be mapped using an F2 intercross of DBA/1J X DBA/2J
progenitors (i.e., D1D2F2s). The second reason was that these two
DBA substrains also differ two-fold in acute ethanol withdrawal severity
(Metten & Crabbe, 1994a). Furthermore, since ethanol and zolpidem
withdrawal convulsion severities are genetically correlated (see
Results), it was possible that the difference in ethanol withdrawal
severity between these strains was mediated by a zolpidem withdrawal
gene. Thus, the mapping strategy employed was to genotype D1D2F2
mice in the regions of ethanol withdrawal gene loci.

I.C. Mapping Genes Mediating Benzodiazepine Withdrawal

L.C.1. Ethanol Withdrawal Gene Mapping Efforts

Quantitative trait loci (QTLs) affecting acute ethanol withdrawal
severity were recently mapped in intercross progeny of the B6 and D2
strains (Belknap et al., 1993c; Buck et al., submitted). A preliminary
full-genome search was performed using BXD recombinant inbred (RI)



Page 16

strains and then putative loci were confirmed using B6D2F2s and the
HAW and LAW selectively bred lines. Significant linkage was found for
ethanol withdrawal QTLs with markers on chromosomes 1, 4, and 11,
with respective LOD (logarithm of the likelihood ratio for the presence
of a QTL) scores of 5.8, 5.7, and 4.1, each controlling between 12 and
30% of the genetic variance (Buck et al., submitted). Suggestive
linkage was found for another QTL on chromosome 2, using criteria
for reporting linkage recommended by Lander and Kruglyak (1995).
There is presently no evidence to suggest the location of any
putative QTLs for benzodiazepine withdrawal. Although mapping QTLs
affecting benzodiazepine withdrawal could be undertaken in several
ways, for example using B6 X D2 intercross progeny in an approach
similar to the approach by Buck et al. (submitted), a single-step
approach using D1D2F2s was employed.
L.C.2. Genetic Characterization of the DBA Substrains

DBA mice originated in 1909 in the lab of Clarence Cook Little
(Morse, 1978). The acronym stands for homozygous recessivity of the
strain’s alleles at the dilute (D), brown (B), and agouti (A) coat color
loci. Much of the breeding history is not clear. However, when the
strain was about 45 generations inbred (1929), sublines (apparently
from different colonies; distinct from “substrains” which are
demonstrated to differ at least at one locus) were apparently
intermated. Around 1932, the breeding stock was divided into three
separate lines and inbreeding resumed: DBA/12 (now abbreviated
DBA/1), DBA/212 (now DBA/2), and DBA/LIA. It has been estimated
that there were still about 100 segregating genes prior to subline
intermating (Bailey, 1978). The result of this geneology was that there
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was more residual heterozygosity in the DBA strain prior to its
separation into substrains than would have been predicted by
continuous inbreeding from a single colony. Additionally, there may
have been a period of random mating in the DBA/1 substrain after
having been separated for about 25 generations. Bailey (1978) has
estimated that the DBA substrains were about 98% genetically
homologous at the time of the division of the substrains.

Festing has argued that the known genetic differences plus the
accumulated differences implied by heterozygosity estimated at 2% of
loci are substantial enough that DBA/1 and DBA/2 should be
recognized as unique inbred strains rather than substrains (Festing,
1990; Festing, 1994). Recently, 18 inbred strains including D1 and _
D2 were examined for degree of relationship by examining of variation
of minisatellite fragment lengths after restriction enzyme digestion
with Hae III (Aker & Huang, 1996). These markers are highly
polymorphic, centromeric repeat sequences of around 200 - 500
kilobases in length. D1 and D2 strains differed by 43% of fragments
implying homology of only 57%. However, other very closely
phylogenetically-related strains display even lower homology (e.g., B6
with C57L/J varied in 100% of these fragments; Aker & Huang, 1996).
Thus this latter estimate of D1/D2 homology at functional genes is
probably artificially low.

Genotypes of the D1 strain are known for only about 250 loci
(GBASE,; Festing, 1990; Festing, 1994). In marked contrast, the D2
strain has been genotyped for thousands of loci. Many of the loci
genotyped in D2s are microsatellite markers, also called simple

sequence length polymorphisms (SSLPs; Silver, 1992). Although
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these microsatellites tend to be DNA sequences of variable-length
repeated two-base motifs, they are surrounded by unique sequences.
These highly polymorphic loci tend to be around 75 to 600 bases in
length. Therefore, they are readily amplified with
oligodeoxynucleotide primers by polymerase chain reaction (PCR;:
Dietrich et al., 1992; Sambrook et al., 1989). Unlike minisatellite

markers, microsatellites are well-dispersed in the genome.

I.D. Hypotheses
LD.1. Hypothesis 1

The first hypothesis is that some benzodiazepine receptor
ligands (e.g., alprazolam, triazolam, midazolam, and zolpidem) can
induce spontaneous withdrawal convulsions in mice after a single
injection. It is predicted that abecarnil will not, since neither chronic
treatment nor acute treatment induced convulsions previously
(Crabbe, 1992; Steppuhn et al., 1993). After baseline HIC assessment,
the benzodiazepine receptor ligands alprazolam, triazolam, abecarnil,
midazolam, and zolpidem were injected into separate groups of WSP
mice and HIC severity was monitored at several timepoints (time
intervals and doses were determined by pilot studies with each
benzodiazepine). These are Experiments 1 through 5, respectively.
I.D.2. Hypothesis 2

The second hypothesis is that each of the benzodiazepine
receptor ligands tested in Hypothesis 1 will induce withdrawal
convulsions when withdrawal is precipitated by flumazenil. Each of
the five benzodiazepine receptor ligands was injected i.p. into WSP

mice following baseline HIC assessments, and flumazenil was injected
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20 to 60 minutes later to precipitate withdrawal. Control groups,
when included, received an injection of the appropriate vehicle prior
to injection of flumazenil. HICs were scored at 1, 3. 5, 8, and 12
minutes following flumazenil injection. Pilot experiments have
determined that BZ withdrawal convulsion precipitation is essentially
complete by 10 minutes after flumazenil injection. These are

Experiments 6 and 7.

L.D.3. Hypothesis 3
The third hypothesis is that ethanol and precipitated

benzodiazepine withdrawal severities are genetically correlated. The
first test of this hypothesis was assessment of precipitated diazepam
withdrawal severity in naive animals of the same 14 inbred strains
previously tested by Metten & Crabbe (1994a). Withdrawal severity
strain means were correlated with those collected previously for
ethanol, pentobarbital, and precipitated diazepam withdrawal.
Existing data led to conflicting predictions of the outcome of this
experiment. Previously collected data on diazepam withdrawal
severity in inbred strains predict no genetic correlation with ethanol
withdrawal (Metten & Crabbe, 1994a). However, diazepam withdrawal
experiments in WSP/WSR mice (Belknap et al., 1989; Crabbe et al.,
1991a) predicted that inbred strain means of ethanol and diazepam
withdrawal severities would be genetically correlated. This is
Experiment 8. Due to the expense of standard inbred strains, no tests
of other BZR agonists in the precipitated withdrawal paradigm were
made.

The second test of this hypothesis assessed the genetic
correlation in the HAW/LAW selectively bred lines. Separate groups of
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animals of these lines were tested for precipitated benzodiazepine
withdrawal from diazepam and zolpidem. It was predicted that HAW
mice would show significantly greater precipitated BZ withdrawal than
LAW mice. These are Experiments 10 and 11B.

[.D.4. Hypothesis 4

The fourth hypothesis is that ethanol and spontaneous BZ
withdrawal severities are genetically correlated. In the first test of
this hypothesis, HAW and LAW mice were tested for spontaneous
- zolpidem withdrawal severity (Experiment 11A). Zolpidem was
chosen over the other drugs that were tested in Hypotheses 1 and 2
because it produced both spontaneous and precipitated withdrawal in
WSP mice. It was predicted that if HAW mice were to show greater
spontaneous zolpidem withdrawal than LAW mice, the combined
results of Hypotheses 3 and 4 would be strong evidence in favor of
genetic correlations among ethanol and spontaneous or precipitated
BZR agonist withdrawal severities.

In a second test of this hypothesis, naive mice of the inbred
strains, C57BL/6J, DBA/1J, and DBA/2J, were also tested for
spontaneous zolpidem withdrawal severity (Experiment 9). If earlier
findings were to be replicated (i.e., that the DBA substrains differ in
withdrawal severity from this benzodiazepine agonist), then this would
further support the correlation between ethanol and BZR agonist
withdrawal severity. This result would also suggest an avenue to
determine the location(s) of the gene or genes responsible for this
difference.

1.D.5. Hypothesis 5
The fifth hypothesis is that DBA/1J and DBA/2J differ in
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genotype at one or more ethano] withdrawal QTLs. Because DBA/1J
mice have not previously been genotyped for many gene loci, it was
necessary to genotype them and determine loci for which they are
polymorphic with respect to DBA/2J mice. Mice from Experiment 9
were sacrificed for collection of genomic DNA after withdrawal testing.
Polymerase chain reaction (PCR) was used to amplify and size DNA
Segments recognized by SSLP markers. For each marker, PCR-
amplified DBA/2J genomic DNA samples were run on the same gel as
those of DBA/1J in order to map polymorphisms between the DBA
substrains (Experiment 12). C57BL/6J DNA samples were also run on
each gel for control purposes and to determine whether the allele
possessed by the DBA/1J substrain has the same base pair length as
the C57 allele,
LD.6. Hypothesis 6

The sixth hypothesis is that an F2 intercross between the DBA

substrains could be used to map the gene(s) involved in the difference
in the severity of zolpidem withdrawal. Naive DBA/1J X DBA/2J F2
generation intercross progeny (D1D2F2s) were tested first for
Spontaneous zolpidem withdrawal (Experiment 13), followed a week
later by ethanol withdrawal (Experiment 14). Assessment of the
pPhenotypic correlation between drug withdrawal severities was made
in the same animals. The mice were sacrificed for spleen genomic
DNA and the Phenotypic extreme scorers for zolpidem withdrawal
(top and bottom 18.75%) were genotyped for those markers shown to
be polymorphic between DBA/1J and DBA/2J in Experiment 12.
Differences in allele frequencies between the high and low scoring

extremes would imply linkage of a QTL with the marker,
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II. Methods
II.A. Materials and General Procedures

ILA.1. Animal Husbandry

All mice were Mus musculus-derived stock. Mice from the
selectively bred lines and F2 intercross progeny of DBA/1J and
DBA/2J inbred strains were bred at the Portland Department of
Veterans Affairs Medical Center Veterinary Medical Unit (PVAMC
VMU). The sexes were separated at weaning (2111 days of age).
Inbred strains were ordered from The Jackson Laboratory, Bar Harbor,
Maine (unless otherwise noted), and were four to seven weeks of age
at the time of arrival. They were allowed at least one week to
acclimate to their new housing before testing. All mice were 50 - 105
days old at the time of testing. —

Mice were housed by strain or selected line, 1 - 4 animals per
polycarbonate cage (28 x 17 x 11.5 cm). Cages were lined with corn
cob bedding and cleaned twice weekly. The colony was maintained on
a 12 hour light:12 hour dark cycle (lights on at 06:00), and food and
water were available ad libitum. The colony and testing room
temperatures were maintained at 22+1.5 °C. During each experiment,
food and water were available ad libitum and lights remained on.
ILA.2. Drugs

All drugs were freshly mixed the morning of each experiment.
Diazepam and Ro15-1788 (flumazenil) were a gift of Dr. Edward J.
Gallaher. Abecarnil was a gift of Dr. David Stephens. Midazolam was
synthesized by Dr. Janice Stuart. Zolpidem was a gift of Synthelabo
Recherché. Alprazolam and triazolam were purchased from Sigma. All

BZR ligands were prepared in a vehicle containing 1 drop of Tween-
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80 per 5 ml 0.9% physiological saline except as specified below.
Midazolam was prepared in saline alone. For the inbred strain panel
experiment (# 8), the vehicle for both diazepam and flumazenil
contained 0.125 g/ml 2-hydroxypropyl-B-cyclodextrin (Research
Biochemicals Incorporated) in 0.9% physiological saline. Although no
differences between vehicle effects have ever been detected in our
hands, use of this vehicle allowed direct comparability of old and new
diazepam withdrawal scores. Control animals for the precipitated
benzodiazepine withdrawal experiments were injected with the
appropriate vehicle. Benzodiazepine receptor ligands were injected in
a 10 ml/kg volume. Doses are specified in the methods for each
experiment, except for flumazenil, which was always 10 mg/kg.

Ethanol (200 proof; Pharmco Products, Inc.) was prepared as
20% ethanol v/v in 0.9% physiological saline, and injected
intraperitoneally in a volume of 25.33 ml per kg body weight. The
dose of ethanol used was 4 g/kg.
II.A.3. Handling-Induced Convulsion Scoring

The HIC scale used in the present studies has been published
(Crabbe & Kosobud, 1990), and was modified from that of Goldstein
(1972a). Each mouse was picked up by the tail and observed for
convulsive signs. If no signs were present within 2 seconds, the
mouse was spun gently by the tail through a 180° - 360° arc and again
observed. A score was assigned based on the specific convulsive sign
and whether spinning was required to elicit a convulsion, as specified

in Table 2.
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Table 2
Rating of Handling-Induced Convulsions (HICs)

Score Description of Symptom

7 Severe, tonic-clonic convulsion, with quick onset and long
duration: spontaneous, or elicited by mild
environmental stimulus, such as lifting cage top

6 Severe, tonic-clonic convulsion when lifted by the tail, with
quick onset and long duration, often continuing for
several seconds after the mouse is released

5 Tonic, clonic convulsion when lifted by the tail, often with
onset delayed by as much as 1 to 2 seconds
4 Tonic convulsion when lifted by the tail
3 No convulsion when lifted by the tail, but tonic-clonic
convulsion after gentle, 180 - 360° spin
2 Tonic convulsion elicited by spin
1 Only facial grimace after spin

0 No convulsion
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ILA.4. Experimental Procedures

Experiments commenced at 07:30. For all experiments, the
animals were assessed first for baseline HIC and weighed. After
approximately 20 minutes, a second baseline HIC was scored.
Immediately thereafter, all animals were injected i.p. with drug (or
vehicle) as rapidly as possible. For spontaneous withdrawal
experiments, the help of 1 - 3 additional injectors was used, so that
injections were complete in about the time it takes to score HICs on
the required number of animals (typically 5 - 7 minutes). For
precipitated withdrawal experiments, 2 cages of animals were
injected by one person within one minute, and starting times were
staggered for each pair of cages. Withdrawal HICs were scored at
various intervals after injection (specified below). Withdrawal severity
scores were calculated as the peak score (average of the maximum
score plus the two adjacent scores) minus the average vehicle group
score over the time of peak withdrawal, except where specified. All
data analyses were performed using the SYSTAT® statistical package,
version 5.1 for the Macintosh (Wilkinson, 1989).

I[I.A.4.a. Ethanol and spontaneous benzodiazepine withdrawal
experiments

This paradigm involves baseline HIC assessment, injection of
ethanol or BZR agonist, and assessment of HIC at intervals appropriate
for each drug. Doses of BZR ligands and time-courses were
determined by pilot studies and available information on duration of
action. Control groups, when included, received identical treatment

except that they were injected with the appropriate BZR agonist
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vehicle in lieu of drug. Tables 3 and 4 list the drugs, doses, and time-
courses of withdrawal tests using the spontaneous withdrawal
paradigm. Table 3 lists the drug-screening tests performed in WSP
mice; while Table 4 refers to the tests of ethanol/benzodiazepine
withdrawal correlation using inbred strains, HAW and LAW mice, and
D1D2F2s. Between HIC assessments, the animals were left

undisturbed in the room.

II.LA.4.b. Precipitated benzodiazepine withdrawal experiments

This paradigm involves baseline HIC assessment, injection of
BZR agonist, assessment of agonist effects on HIC, injection of BZR
antagonist (i.e., flumazenil), and subsequent measurement of
precipitated withdrawal HIC severity. Control groups received
identical treatment except that they were injected with the
appropriate BZR agonist vehicle in lieu of drug, providing a measure of
the weak anticonvulsant effect of flumazenil alone. Animals within
each selected line or inbred strain were assigned pseudorandomly to
the two drug treatment groups. For midazolam only, WSP mice were
assigned pseudorandomly into four drug treatment groups
(first/second injection): vehicle /vehicle, vehicle /flumazenil,
midazolam/vehicle, and midazolam/flumazenil. This was necessary
because midazolam was dissolved in a different vehicle (saline) from
that used for the other BZR agonists.

Vehicle group performance by WSP mice in response to
vehicle/BZR antagonist treatment has been quite reliable in our
experience (unpublished observations). Therefore, in order to reduce

the number of animals required for these studies, vehicle groups were
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Table 3

Drugs, Doses, and Time-Courses of Spontaneous Withdrawal Tests

in WSP Mice

Expt # | Drug Doses (mg/kg)" | Times of HIC assessment
(minutes post- injection)

1 Alprazolam | 0.5, 0.75, 1.0 30, 60, 90, 120, 150, 180, 210, 240, 300,
420, 480

2 Triazolam |0.1, 0.25, 0.5 30, 60, 90, 120, 180, 240, 300, 360, 420

3 Abecarnil [1.0, 2.0, 3.0 30, 60, 120, 180, 240, 300, 360, 420

4 Midazolam |2.5, 5.0, 10.0 15, 30, 45, 60, 75, 90, 105, 120, 150,
180, 210, 240, 270, 330, 390

5 Zolpidem 0.3, 3.0, 30.0 10, 20, 30, 40, 50, 60, 120, 180, 240

Table 4

Drugs, Doses, and Time-Courses of Spontaneous Withdrawal Tests

in Inbred Strains, HAW/LAW, and D1D2F2 Mice

Expt # | Drug/ Dose (mg/kg) Times of HIC assessment
Mice (minutes post- injection)

9 Zolpidem/ |20 15, 30, 45, 60, 75, 90, 105, 120, 150,
Inbreds 180

11A Zolpidem/ |20 15, 30, 45, 60, 75, 90, 105, 120, 150,
HAW/LAW 180

13 Zolpidem/ |20 15, 30, 45, 60, 75, 90, 105, 120, 150,
D1D2F2s 180

14 Ethanol/ 4 (g/kg) 2,3,4,5,6,7,8,9, 10, 11, 12 (hours)
D1D2F2s

* 0 denotes the drug-ap
administered by singl

propriate vehicle (see Drugs section of Methods). All drugs were
€, intraperitoneal injection.




Page 28

included in testing WSP mice for withdrawal from only three of the
five BZR agonists (abecarnil, midazolam, and alprazolam). Vehicle
group data were examined for differences, combined where
appropriate, and used for withdrawal severity assessment from drugs
with similar time-courses (see below). Specifically, vehicle group data
from the alprazolam test and an unpublished study examining
precipitated diazepam withdrawal (in WSP female mice of the same
age and generation as those in the present studies) were combined for
analysis of withdrawal severity from triazolam (and alprazolam).
Similarly, vehicle group data from the abecarnil and midazolam tests
were combined for analysis of withdrawal severity from zolpidem (as
well as abecarnil and midazolam).

Two time-courses for precipitated withdrawal testing were
suggested by the spontaneous withdrawal results. Tables 5 and 6 list
the drugs, doses, and time-courses of precipitated withdrawal tests
using WSP mice (Table 5) and inbred strains and HAW/LAW mice
(Table 6). In both time-courses, HICs were assessed twice following
injection of drug or vehicle to establish that HICs were depressed in
the drug group. For abecarnil, midazolam, and zolpidem, HICs were
assessed at 10 and 19 minutes following BZR agonist injection. For
alprazolam, diazepam, and triazolam, HICs were assessed at 30 and 55
minutes following agonist injection. After the second time point,
animals were injected with flumazenil (10 mg/kg) and scored for HICs
1, 3, 5, 8, and 12 minutes later.

Finally, the maximum number of animals that could be tested in
one experimental day (pass) was ~60. Each pass of the inbred strain
panel test (Experiment 8) included all fourteen inbred strains.
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Table 5

Drugs, Doses, and Time-Courses of Precipitated Withdrawal Tests

in WSP Mice
Expt # | Drug Doses (mg/kg)* | Times of HIC assessment?
(minutes post- injection)
6 Alprazolam |0, 0.5 30, 55, FMZ @ 60, 61, 63, 65, 68, 72
6 Triazolam [0.5 30, 55, FMZ @ 60, 61, 63, 65, 68, 72
7 Abecarnil |0, 2.0 10, 19, FMZ @ 20, 21, 23, 25, 28, 32
7 Midazolam |0, 2.5 10, 19, FMZ or VEH @ 20,
21, 23, 25, 28, 32
7 Zolpidem 30 10, 19, FMZ @ 20, 21, 23, 25, 28, 32

Table 6

Drugs, Doses, and Time-Courses of Precipitated Withdrawal Tests

in Inbred Strains and HAW/LAW Mice

Expt # | Drug/ Dose (mg/kg)* | Times of HIC assessment?
Mice (minutes post- injection)

8 Diazepam/ |0, 20.0 30, 55, FMZ @ 60, 61, 63, 65, 68, 72
Inbreds

10 Diazepam/ {0, 20.0 30, 55, FMZ @ 60, 61, 63, 65, 68, 72
HAW/LAW

11B Zolpidem/ |0, 20.0 10, 19, FMZ @ 20, 21, 23, 25, 28, 32

HAW/LAW

*o denotes the drug-appropriate vehicle
administered by single, intraperitoneal

t Times are minutes after BZR agonist (i.e., first)

means flumazenil (or vehicle) was inject

(see Drugs section of Methods). All drugs were
injection.

injection. FMZ (or VEH) @ 60 (or 20)

ed 60 (or 20) minutes after BZR agonist

injection. Thus, for all drugs, HICs after withdrawal precipitation occurred exactly at 1,
3. 5. 8, and 12 minutes following flumazenil,
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Approximately 4 mice per strain were tested in each pass. Therefore,
multiple passes were required to obtain sufficient numbers of animals
per strain. All mice of each pass were tested within four hours,
thereby avoiding gross circadian effects on testing. Furthermore,
strain order between passes was randomized so that some members of

each strain were tested at several times across the four-hour period.

II.LA.4.c. PCR Genotyping
ILA.4.c.i. Spleen Genomic DNA Extraction

This procedure is a modification (Buck, unpublished) of Miller et
al. (1988). D1D2F2, DBA/1J, DBA/2J, and C57BL/6J mice were killed
by cervical dislocation within a few days after testing. For inbred
strains, whole spleens were dissected and placed in a labelled tube
containing 1 ml of ice-cold saline, immediately put in ice water, and
frozen within 2 minutes on dry ice. For D1D2F2 mice, procedures
were identical except that the spleens were cut in two, and each half
was placed in its own labelled tube prior to freezing. All procedures
were performed under sterile conditions. The tubes were then stored
in a -80 °C freezer until processing,

On the morning of processing, the tubes were removed from the
freezer and placed in a refrigerator for approximately one hour for
tempered thawing. Saline was poured off and the spleen was added to
a new tube containing 10 ml Hanks’ Balanced Salt Solution [HBSS;
Gibco BRL]. Each spleen was pressed through a sieve [a standard
kitchen tea strainer]. The spleen extracts were spun at 1000 rpm at
25 °C for 10 minutes in a swinging bucket centrifuge. Supernatants

were discarded, and each pellet was resuspended in 10 ml of room
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temperature Lysis buffer (10 mM Tris-HC], 400 mM NaCl, 2mM
NazEDTA, pH 8.2). After addition of 40 ul of DNAse-free RNAse
[Boehringer Mannheim] to each vial, the suspensions were incubated
at 37 °C for one hour while gently shaking. Next, 670 pl of 10%
sodium dodecylsulfate (SDS) solution and 785 ul of 8 mg/ml
Proteinase K were added to each tube. Tubes were then incubated
with gentle shaking at 50 - 55 °C overnight (approximately 16 hours).

The next day, samples were allowed to cool to room
temperature (20 - 22 °C) before addition of 3.30 ml of saturated NaCl
(~6M), and were shaken well for 15 seconds. Samples were then
centrifuged at 3750 rpm at 4 °C for 20 minutes. Supernatants were
transferred to a new tube, centrifuged as before, and retransferred.
After equilibration to room temperature, two volumes of room
temperature 100% ethanol was added to precipitate the DNA. DNA
was collected on a hook made from a sterile Pasteur pipette, washed
with 70% ethanol twice, and allowed to air dry for approximately four
minutes. Each hook was then placed in a conical tube containing 10
ml of TE' buffer (10 mM Tris-HCl, 0.2 mM NagEDTA, pH 7.5). After 5
minutes, DNA was shaken off of the hook into the TE’, and the sample
was covered and kept at room temperature for 2 - 3 days to dissolve
the DNA. Samples were assayed by spectrophotometry at 280/260 nm
for DNA quantitation and purity and then refrigerated at 4 °C prior to
PCR amplification.
ILA.4.c.ii. PCR Amplification and Genotyping

PCR amplification and genotyping of DBA/1J, DBA/2J, C57BL/6J,
and D1D2F2 mice were performed according to a procedure slightly
different from the modification of Serikawa et al.(1992) to the
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technique of Dietrich et al.(1992). Forward and reverse sequence
primers of simple sequence length polymorphisms (SSLPs) purchased
from Research Genetics (Huntsville, Alabama) were used unlabelled to
amplify DNA. Briefly, 150 - 200 ng genomic DNA was amplified in a
final volume of 25 ul 1x PCR buffer containing the following: 100 nM
of each primer, 200 uM each dinucleoside triphosphates (ANTPs), 1.5
mM MgClp, 1 Unit of Tfl DNA polymerase [Epicenter Technologies] in
a 96-well plate. The plate was placed in a thermal cycler 9600
[Perkin-Elmer Cetus], and thermocycled according to the following
protocol: 3 minutes initial denaturation at 94 °C, followed by 40 cycles
of: 94 °C for 1 minute, 56 °C for 2 minutes, and 72 °C for 3 minutes. A
final elongation step of 72 °C for 7 minutes was followed by cooling to
4 °C. Five ul bromphenol blue/xylene cyanole dyes in 100%
formamide [gel loading solution, Sigma] was then added to the PCR
products before loading on a high resolution agarose gel [4%
MetaPhor™ or NuSieve® GTG®, FMC BioProducts] in the presence of
1 ug/ml ethidium bromide. Electrophoresis was performed for 4 to 5
hours at ~185 V (~10 V/cm of gel). PCR product bands were
visualized under UV light.

II.B. Experimental Designs

II.B.1. Screening Tests: Experiments 1 through 7

II.B.1.a. Animals
Subjects were adult mice of both replicates of the Withdrawal

Seizure Prone (WSP1 and WSP2) selectively bred lines. Female mice
were used because they were available in sufficient numbers for these

studies. These mice were born at the PVAMC VMU and reared
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according to our standard colony conditions. Naive mice of the 47th
to 50th filial generations (26th selection generation, i.e., S9G47.-50)
were tested for spontaneous or precipitated benzodiazepine
withdrawal from one of the following drugs: alprazolam, triazolam,

abecarnil, midazolam, and zolpidem.

IL.B.1.b. Designs and Data Analyses

Acute withdrawal scores were analyzed using previously
published procedures (Crabbe et al., 1991a; Metten & Crabbe, 1994a).
For these and all subsequent experiments, the two pre-drug baseline
scores for each animal were averaged. Average baseline (AVB) scores
were analyzed for group differences by analyses of variance (ANOVA).
In addition, each experiment was analyzed for group differences using
a Replicate X Drug group (or Dose) X Time repeated measures ANOVA,
Results were taken to be significant at p < 0.05. Where no differences
between replicates were found, data were collapsed on replicate line
for further analysis (i.e., replicate was ignored).

The common hypothesis for these experiments was uni-
directional in that only increases above vehicle scores were deemed
important. Because it seemed likely that each dose of each drug could
produce withdrawal at a different time, planned comparisons were
made. For each drug dose in the spontaneous withdrawal studies, a
uni-directional t-test was performed on peak scores of the dose group
versus the average scores of the vehicle group at the time peak
occurred. The family wise alpha level of significance was set at OFW =

0.05. Thus, for each comparison, the one-tailed ¢ = (0.05/3) = 0.017,
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where 3 is the number of planned comparisons in the spontaneous
withdrawal studies (one for each dose of drug). For the precipitated
withdrawal experiments, only one dose of each drug was tested. The
one-tailed alpha was set at 0.05 for these comparisons.

II.B.1.b.i. Spontaneous Withdrawal: Experiments 1 through 5

Pilot tests were performed to determine the most likely time-
course and dose range for withdrawal from each drug. Factors
influencing choices included duration and extent of observed
decreases in HIC prior to recovery of basal levels of HIC severity and
estimated drug half-lives in mouse. Doses and time-courses for each
drug were given above in Table 3. Appropriate vehicle or saline groups
were included in all experiments. Five to ten animals per genetic
replicate per dose were tested. This yielded a minimum sample size
of 12 per dose per drug group when replicate lines were combined.

IL.B.1.b.ii. Precipitated Withdrawal: Experiments 6 and 7

A single dose of each drug was chosen from the spontaneous
withdrawal experiments for use in precipitated withdrawal
assessment. Doses and time-courses for each drug were given above in
Table 5. These doses were effective in depressing HIC scores in
Experiments 1 - 5 over the times required for the precipitated
withdrawal time-courses (i.e., at 30 and 55 minutes for alprazolam and
triazolam; and at 10 and 19 minutes for abecarnil, midazolam, and
zolpidem). Appropriate vehicle or saline groups were included at the
time of abecarnil, midazolam, and alprazolam testing. Five to fifteen
animals per genetic replicate per drug group were tested, yielding a
minimum sample size of fourteen per drug group when replicate line

data were collapsed. ANOVA grouping factors were Replicate and
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Drug. Withdrawal severity was calculated as for Experiments 1
through 5. When a drug-treated animal’s first post-flumazenil HIC
score was the maximum score, the average of the first three scores
was used to assess the peak score.

II.B.2. Genetic Correlation Studies: Experiments 8 through 11
II.B.2.a. Experiments 8 and 9 - Inbred Strain Tests

I.B.2.a.i. Animals

Subjects in Experiment 8 were adult male mice from the
following inbred strains: 129/J, A/HeJ, AKR/J, BALB/cJ, C3H/Hed,
C57BL/6J, C57BR/cdJ, C57L/J, CBA/J, DBA/1J, DBA/2J, PL/J, SJL/J,
and SWR/J. These particular inbred strains were chosen for their
genetic diversity, availability, and because we have tested them for )
many other drug-related phenotypes (Belknap et al., 1993a; Belknap
et al., 1993b; Crabbe, 1983; Crabbe et al., 1994b; Crabbe et al., 1980b:
Crabbe et al., 1983; Crabbe et al., unpublished data; Kosobud & Crabbe,
1990; Metten & Crabbe, 1994a). In the present experiment, these
strains were tested for precipitated withdrawal following 20 mg/kg
diazepam. The withdrawal time-course for this experiment was
specified in Table 6. The preﬁous diazepam withdrawal data in these
same inbred strains predicted that a minimum sample size of 4 to 6
per drug group would be adequate to produce reliable means
(reliability: 0.93; Metten & Crabbe, 1994a). Therefore, sample sizes
for each drug group were 5 to 6 animals.

Only C57BL/6J, DBA/1J, and DBA/2J mice were used in
Experiment 9. C57BL/6J mice were included because they are one of
the progenitors to the HAW and LAW selectively bred lines (the other
progenitor is DBA/2J). Eight mice per strain were tested for
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spontaneous withdrawal following 20 mg/kg zolpidem according to
the time-course given in Table 4. Dose and time-course were
modified from Experiment 5 (see Results). The dose was lowered to a
dose intennediate between 3 and 30 mg/kg in order to preserve drug.
The time-course was modified to decrease the number of HIC
assessments during the first hour, and increase their number during
the rest of the time-course. Both dose and time-course for
Experiments 9, 11A, and 13 (see Table 4) were the same as used in
the inbred panel test (Metten, unpublished). Spleens were harvested
from two mice per strain for genotypmg in Experiment 12.
II.B.2.a.ii. Designs and Data Analyses

Experiment 8 was designed as a replicate test of precipitated
diazepam withdrawal using naive animals of the same strains, vehicle,
and time-course as in Metten & Crabbe (1994a). Average baseline
scores were analyzed statistically by two-way (Strain X Drug group)
ANOVA. Peak withdrawal severity scores calculated as above were
subjected to one-way (Strain) ANOVA. Withdrawal severity was also
assessed in the manner described in Metten & Crabbe (1994a) for the
purpose of assessing the genetic correlations with the previous
diazepam, ethanol, and pentobarbital scores. Briefly, the strain-
appropriate mean area under the withdrawal curve (AUC) of the
vehicle groups were subtracted from the AUC of each animal in the
drug group, and negative values were corrected to zero. Strain mean
diazepam withdrawal scores were then calculated. These scores were
subjected to ANOVA (Strain). The proportion of total phenotypic

variance in peak drug withdrawal accounted for by genetic factors was



Page 37

estimated as the Sum of Squares for the between groups factor
(Strain) divided by the total Sum of Squares (Keppel, 1991).

Correlational analyses using Pearson's r were performed in order
to determine Whether inbred strain mean acute withdrawal severities
for diazepam in naive mice were genetically correlated with the
previously collected scores (Metten & Crabbe, 1994a). A re-analysis of
the genetic correlations among ethanol, pentobarbital, and diazepam
withdrawal severities was also performed including means from the
present diazepam data set. Statistical significance for the genetic
correlations was based on a two-tailed test, with o, = 0.05. The
percentage of the common phenotypic variance accounted for by
genetic factors was estimated as the square of the correlation
coefficient (Falconer, 1989).

Experiment 9 was designed to test spontaneous zolpidem
withdrawal using naive animals from the C57BL/6J, DBA/1J, and
DBA/2dJ inbred strains. Mice of these and 11 other strains had been
tested for spontaneous zolpidem withdrawal assessment (unpublished
data) after evaluating quinpirole effects on activity and hypothermia
(various doses). In that study, only DBA/2J mice showed significant
withdrawal although all strains appeared to recover to baseline levels
of HIC severity.

Average baseline and withdrawal severity scores were analyzed
statistically by one-way (Strain) analyses of variance. The proportion of
total phenotypic variance in zolpidem withdrawal accounted for by

genetic factors was estimated as above.
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II.LB.2.b. Experiments 10 and 11 - Tests of Selectively Bred Lines
I.B.2.b.i. Animals

Subjects were adult male and female mice of the High Alcohol
Withdrawal (HAW) and Low Alcohol Withdrawal (LAW) selectively bred
lines. These mice were born at the PVAMC VMU and reared
according to our standard colony conditions. Mice of both sexes from
the second selected generation were tested for precipitated
withdrawal after 20 mg/kg diazepam (Experiment 10). Fourteen to
fifteen mice per line were in the drug group, and five mice per line
were in the vehicle group. Male mice of the third selected generation
were tested first for spontaneous (Experiment 11A: n = 14 -17 /line)
and then a week later for precipitated (Experiment 11B; n = 7 -
9/drug/line) withdrawal after 20 mg/kg zolpidem. BZR agonist
withdrawal scores were compared only with ethanol withdrawal scores
from the same selection generation.
ILB.2.b.ii. Designs and Data Analyses

Experimental design and data analyses for Experiments 10 and
11B followed the methods outlined above for Experiment 8 (refer to
Table 6 for time-courses). Similarly, Experiment 11A was designed
and analyzed as above for Experiment 9 (refer to Table 4 for time-
course). The grouping factor for analyses of variance was Line in leu
of Strain.
11.B.3. Gene Mapping: Experiments 12 through 14
II.B.3.a. Animals in Experiment 12

Subjects were two DBA/1J mice that were tested in Experiment
9. Mice were sacrificed, and spleens were collected and processed as

described above for genotyping using SSLP markers. For control and
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comparison purposes, genomic DNA from DBA/2J and C57BL/6J mice
were also included on the same gels. As the term SSLP implies, the
pair of oligonucleotide primers for each marker recognize a unique
DNA segment whose length (number of base pairs of DNA) tends to
vary. When two animals differ in the length of the amplified segment
(i.e., have different genotypes), the PCR product band of the shorter
DNA segment will run through a gel more quickly than the band of the
longer segment. Thus, visualization of the difference in placement of
PCR product bands on a gel is evidence of genetic polymorphism.

SSLP markers in the regions of putative ethanol withdrawal
QTLs that were previously mapped using C57BL/6J X DBA/2J crosses
(Belknap et al., 1993c; Buck et al., submitted) were chosen for
genotyping DBA/1J mice (see Figure 1). All markers were from the
MIT marker set, and were purchased from Research Genetics, Inc.
Markers were chosen to be polymorphic between DBA/2J and
C57BL/6J, with at least 4 base pairs difference in allele lengths.
Detection of the D2/B6 polymorphism would thus confirm that the gel
and PCR conditions were appropriate. Three to seven markers per
ethanol withdrawal QTL region were attempted.

Another set of MIT markers was used to genotype DBA/1J mice:
these amplify DNA from regions of the genome previously identified to
be polymorphic with DBA/2J alleles by comparison of allelotypes of
loci mapped by other methods, e.g., He, on chromosome 2 at 25 cM
(see Figure 2). These regions seemed like good candidates for
identification of SSLPs, and were reasonable candidates for
benzodiazepine withdrawal gene mapping given the paucity of DBA/1J

genotyping data and the lack of any previous benzodiazepine
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Figure 1
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Figure 1: Locations of putative ethanol withdrawal QTLs (depicted by
the black boxes) are shown on chromosome stick figures (numbered
above the centromere). QTLs were mapped in B6 X D2 crosses
(Belknap et al., 1993; Buck et al., submitted). SSLP marker names are
shown to the right of each QTL and centiMorgan (cM) distances from
the centromere are in parentheses (see scale at left). cM distances
are from Silver et al. (1996). All chromosomes are depicted as 100
CM in total length, regardless of actual length.
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Figure 2: Regions of genetic polymorphism between DBA/1J and
DBA/2J inbred strains are identified by a black box on chromosome
stick figures (numbered above the centromere). Regions not marked
by a box are not known to be polymorphic; isomorphism is assumed to
be about 98% of the genome for these two strains. Locus names
(shown to the right of each box) are those of actual polymorphic genes.
CentiMorgan (cM) distances of each gene from the centromere are
given in parentheses (see scale at left}. Gene names and cM distances
are from Silver et al. (1996). All chromosomes are depicted as 100
cM in total length, regardless of actual length.
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Figure 2B: Continued from previous page.
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withdrawal QTL locations. Markers were chosen to be as close as
possible to the known polymorphism. An attempt was made to obtain
two to four markers as close to each polymorphism as possible
(typically O to 5 cM proximal or distal), while still meeting the
conditions described above. At the time of this experiment, no
markers were available near Hcl (chromosome 1 at the centromere).
PCR was attempted on the closest available marker, DIMit167
(chromosome 1 at 6.5 cM); however, neither the two-base pair
polymorphism for D2/B6 nor a D1/D2 polymorphism were detected

(data not shown).

I[I.B.3.b. Animals in Experiments 13 and 14

Subjects were adult male and female DID2F2 mice (n = 1680).
The parental strains were also tested as available (D1: n = 10: D2:
n = 19). These mice were born at the PVAMC VMU and reared
according to our standard colony conditions. Mice were tested first
for spontaneous zolpidem withdrawal (20 mg/kg), and then a week
later for acute ethanol withdrawal (4 g/kg). Vehicle groups were not
included in either study because the progenitors did not differ in
baseline HICs or response to vehicle treatment in either Experiments
8 or 9, and because it would have increased the sample size required.
After ethanol withdrawal testing, all D1D2F2 mice were sacrificed by
cervical dislocation and spleens were harvested and frozen according

to the methods described above.

II.B.3.c. Designs and Data Analyses
Estimation of the D1D2F2 sample size required for zolpidem
withdrawal was made from the results of Experiment 9. First,



Page 44

withdrawal severity data from the D1 and D2 strains only were
subjected to a one-way ANOVA (Strain) and trait heritability (h 2) was

estimated according to the expression,
h 2= [628/(0% + c2w)],

where o2y is estimated by the mean square within strains (MSw) and
62g is estimated by (MSg - MSw)/n, where MSg is the mean square
between strains and n is the average sample size per strain (Sokal &
Rohlf, 1981). Hegmann and Possidente (1981) give the formula for

estimation of expected heritability in an F2 intercross as,

ha= [;0%8/(50% + c2w)l,

where o2g and 62y are estimated from the overall ANOVA as above.
Heritability is an estimate of the proportion of phenotypic variance
attributable to genetic sources, and therefore, is an estimate of the
genetic effect size (Belknap et al., 1996).

D1D2F2 sample size was then estimated according to the
method described by Lander and Botstein (1989) as explicated by
Belknap et al. (1996). As a conservative measure, it was assumed that
two QTLs control the majority of the genetic variation in zolpidem
withdrawal, and that a QTL would be detected with 90% probability
(i.e., power) if it controlled at least 7% of the phenotypic variance.
Criteria established by Lander and colleagues for statistical significance
of a QTL at a single marker (ag = 0.0001) were created for whole
genome searches (Lander & Schork, 1994; Lander & Kruglyak, 1995).
This was inappropriately stringent for the present study. Predicted
genetic homology between the DBA substrains (98%; Bailey, 1978)
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precludes a whole genome search. The two-tailed ag for the present

study was set at 0.05. Therefore, according to the expression,
Nr2) = (Zy + Zg)2(s2gres/s2gTL)

the requisite sample size of D1D2F2s would be 139, where Z, and Zg
are the normal variates of ag (i.e., Zy = 1.96) and B (i.e, 1 - power;

Zg = 1.28), s2g7y is the proportion of the phenotypic variance
controlled by a single QTL (i.e., 7%), and s2ggs is the residual
(remaining) variance. However, this number was increased to N = 160
due to the need for selective genotyping (Lander & Botstein, 1989). It
was planned to genotype only the phenotypic extremes of the
distribution, using approximately one third of the total sample.
Selective genotyping doesn’t result in significant loss of power with
proper sample sizes (Lander & Botstein, 1989).

Withdrawal severity scores were calculated for each drug using
both peak and area measures. Pearson's r was employed to assess the
phenotypic correlation between zolpidem withdrawal and ethanol
withdrawal in the same animals. Correlations were taken to be
significant at a = 0.05.

Markers identified to be polymorphic between DBA/1J and
DBA/2J mice in Experiment 12 were chosen for genotyping via PCR of
DI1D2F2 mice from both phenotypic extremes. On each gel, DNA PCR
products from DBA/1J, DBA/2J mice and a mixed lane (simulating
D1D2F1) were run for comparison purposes with the D1D2F2s,
Genotypes were interpreted by two people from the position of bands
on the gel as described above. Gene dosages were assigned to the

genotype for each marker according to the number of DBA/2J alleles
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possessed by each F2 animal (i.e., D1D1 = 0, D1D2 = 1, and D2D2 = 2).
The difference in allele frequency of the D2 allele between the
phenotypic extreme groups (i.e., gy - qL), was analyzed at each marker
by chi-square test. The conditions of the chi-square were set as a two-
tailed test with one degree of freedom and p < 0.05, which is
appropriate for a limited genome search. A significant chi-square
would imply linkage of the trait with the marker, since allele
frequencies at unlinked markers would be maintained at p = q = 0.5,
according to Hardy-Weinberg equilibrium (Falconer, 1989). This
strategy has been employed previously in selectively bred lines

(Belknap et al., in press).

III. Results
III.A. BZR Ligand Screening Tests
HI.LA.1. Experiments 1 - 5 Spontaneous Withdrawal

Results of these experiments are shown in Figures 3 through 7.
These studies demonstrate that WSP female mice are susceptible to
withdrawal convulsions following treatment with some BZR ligands
without precipitation. For all drugs except midazolam, baseline HIC
severity scores did not differ among dose groups or replicates of the

WSP line.

IIL.A.1.a. Experiment 1 Alprazolam

In this experiment, a significant interaction of replicate with
dose and time was found in the repeated measures ANOVA (F(33,572) =
1.52, p = 0.03). There were no other significant effects of replicate
(all other Fs < 2.35, ps > 0.08). Closer examination of the interaction

revealed that it was due primarily to lower scores among vehicle
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treatment groups in the WSP2 replicate compared to WSP1 (data not
shown). It also appeared that WSP2 mice treated with 0.75 mg/kg
alprazolam had lower peak withdrawal scores relative to WSP1 mice
(data not shown). Therefore, replicate-appropriate vehicle means
were used when calculating withdrawal severity for drug-treated
animals. Time-courses and withdrawal severity data (inset) are shown
in Figure 3 collapsed on replicate. Repeated measures ANOVA also
revealed significant main effects of dose and time and a significant
dose by time interaction (all Fs > 10.11, ps < 0.01). All doses of
alprazolam suppressed HIC at 30 minutes after injection. The modal
time of peak HIC scores for 0.5 mg/kg alprazolam was 300 minutes
post-injection. Modal peak for the other two doses was 360 minutes.
The average vehicle group HIC scores used to calculate withdrawal -
severity for 0.5, 0.75, and 1.0 mg/kg dose groups were 2.10+0.26,
1.95%0.32, and 1.95+0.32 (WSP1) and 1.54+0.15, 1.67+0.14, and
1.67£0.14 (WSP2), respectively. Withdrawal severity scores were
significantly elevated in the 0.5 and 1.0 mg/kg dose groups (see inset;
ts > 3.31, ps < 0.002). Increases in withdrawal severity in the 0.75
mg/kg dose group fell just short of significance (t = 2.10, p = 0.023).

III.A.1.b. Experiment 2 Triazolam

There were no significant effects of replicate over the time-
course of triazolam withdrawal testing (all Fs < 1.65, ps > 0.11).
Therefore, time-courses and withdrawal severity data (inset) are
shown in Figure 4 collapsed on replicate. Repeated measures ANOVA
revealed that there were significant main effects of dose group and

time, as well as a significant dose group X time interaction (all
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Figure 3: Time-course of spontaneous alprazolam withdrawal severity
in WSP female mice. Alprazolam or vehicle was injected i.p. into
separate groups of mice at time = 0, immediately following second
baseline HIC assessment (see text). Symbols represent mean + SE for
each group. Y-axis: Handling-induced convulsion (HIC) score (see
Table 2). X-axis: Time, in minutes, following injection. Inset:
Withdrawal severity scores among the three drug doses. Bars
represent mean * SE for each group. Withdrawal severity was
calculated versus vehicle group as discussed in the text. Significant
withdrawal was shown by animals in the 0.5 and 1.0 mg/kg dose
groups (* p < 0.002). Withdrawal was not quite significantly elevated
in the 0.75 mg/kg dose group (p = 0.023).
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Figure 4: Time-course of spontaneous triazolam withdrawal severity in
WSP female mice. Triazolam or vehicle was injected i.p. into separate
groups of mice at time = 0, immediately following second baseline HIC
assessment (see text). Symbols represent mean + SE for each group.
Y-axis: Handling-induced convulsion (HIC) score (see Table 2). X-axis:
Time, in minutes, following injection. Inset: Withdrawal severity
scores among the three drug doses. Bars represent mean + SE for
each group. Withdrawal severity was calculated versus vehicle group as
discussed in the text. There was no significant withdrawal in any of
the dose groups.
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Fs > 6.28, ps < 0.01). All doses of triazolam produced decreases in
HIC at 30 minutes after injection, but complete depression was not
observed at the lowest dose (0.1 mg/kg). The modal time of peak HIC
scores was 240 minutes post-injection for all three doses. The
average vehicle group HIC score used to calculate withdrawal severity
was 1.78+0.25. Although there appeared to be modest increases in
HIC above vehicle levels at later time-points with 0.1 and 0.25 mg/kg

triazolam (see Figure 4), withdrawal severity was not significantly
elevated at any dose (see inset; ts < | £1.68 | ; ps > 0.05, one-tailed).

III.LA.1.c. Experiment 3 Abecarnil
No significant effects of replicate were found on baseline scores
or the time-course of the abecarnil withdrawal test (all Fs < 1.84, ps >
0.18). Therefore, time-courses and withdrawal severity data (inset)
are shown in Figure 5 collapsed on replicate. Repeated measures
ANOVA revealed that there were significant main effects of dose group
and time, as well as a significant dose group X time interaction (all Fs
> 4.96, ps < 0.01). Although all doses of abecarnil produced decreases
in HIC at 30 minutes after injection, the lowest dose (1 mg/kg) failed
to completely suppress HIC. The modal times of peak HIC scores for
1, 2, and 3 mg/kg abecarnil were 180, 240, and 300 minutes post-
injection, respectively. The average vehicle group HIC scores used to
calculate withdrawal severity for each dose were 2.10£0.27, 2.05+0.23,
and 2.0210.24, respectively. Neither 2 nor 3 mg/kg abecarnil

produced significant withdrawal in this paradigm (peak scores were
not significantly greater than vehicle group scores (ts < | £0.47 | ).
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Figure 5: Time-course of spontaneous abecarnil withdrawal severity in
WSP female mice. Abecarnil or vehicle was injected i.p. into separate
groups of mice at time = 0, immediately following second baseline HIC
assessment (see text). Symbols represent mean + SE for each group.
Y-axis: Handling-induced convulsion (HIC) score (see Table 2). X-axis:
Time, in minutes, following injection. Inset: Withdrawal severity
scores among the three drug doses. Bars represent mean + SE for
each group. Withdrawal severity was calculated versus vehicle group as
discussed in the text. Significant withdrawal was shown by animals in
the 1 mg/kg abecarnil group only (* p < 0.011).
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Withdrawal severity was significantly elevated in the 1 mg/kg group
(see inset; t = 2.44, p = 0.011).

III.A.1.d. Experiment 4 Midazolam

A shortage of replicate 2 WSP females at the time of this
experiment resulted in the use of over twice as many replicate 1
(WSP1, n = 10/dose) as replicate 2 (WSP2, n= 3 - 4/dose) mice. A
significant effect of replicate was found for baseline HIC (WSP2:
2.371£0.16 > WSP1: 1.831+0.11; F(1,47) = 6.18, p < 0.02). There also was
a significant main effect of replicate in the Replicate X Dose X Time
repeated measures ANOVA (F(1,47) = 9.29, p < 0.01), but no
interactions were significant (all Fs < 1.28, ps > 0.21). Therefore,
replicate-appropriate vehicle means were used when calculating
withdrawal severity scores for drug-treated animals. Time-course and
withdrawal severity data (inset) are shown in Figure 6 collapsed on
replicate. Repeated measures ANOVA revealed that there were
significant main effects of dose group and time, as well as a significant
dose group X time interaction (all Fs > 5.69, ps < 0.01). All doses of
midazolam suppressed HIC scores as soon as 15 minutes after
injection. The mean peak score of animals treated with the highest
dose of midazolam was clearly lower than the vehicle group mean;
thus, this dose failed to produce acute withdrawal (see Figure 6). HIC
scores returned to control levels at about 90 - 120 minutes after
injection in animals receiving the lowest dose of midazolam, 2.5
mg/kg. Modal peak for this dose was a four-way tie (among 120, 150,
270, and 330 minutes) with two animals scoring maximum at each
point. As a tie-breaker, the time of mean peak for the entire dose
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Figure 6: Time-course of spontaneous midazolam withdrawal severity
in WSP female mice. Midazolam or vehicle was injected i.p. into
separate groups of mice at time = 0, immediately following second
baseline HIC assessment (see text). Symbols represent mean + SE for
each group. Y-axis: Handling-induced convulsion (HIC) score (see
Table 2). X-axis: Time, in minutes, following injection. Inset:
Withdrawal severity scores among the three drug doses. Bars
represent mean * SE for each group. Withdrawal severity was
calculated versus vehicle group as discussed in the text. There was no
significant withdrawal in any of the dose groups.
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group (i.e., 330 minutes) was used to calculate the vehicle group mean.
The average vehicle group scores were 1.23+0.24 (WSP1) and
2.00+£0.00 (WSP2). For the 5 mg/kg dose, the modal peak occurred at
390 minutes, the last time-point. The average vehicle group scores
were the same as for the 2.5 mg/kg dose, since the three scores used
to compute peak for both doses were those occurring at 270, 330, and

390 minutes. No withdrawal was shown for either of the two lower
doses (Figure 6 and inset; both ts < | +1.29 | ; ps > 0.11, one-tailed).

III.A.1.e. Experiment 5 Zolpidem

The lowest dose of zolpidem, 0.3 mg/kg, was totally ineffective
in suppressing HIC at any time point measured (data not shown).
Therefore, this dose was dropped from the analyses. No significant
effects of replicate were found on the time-course of zolpidem
withdrawal, and time-courses and withdrawal severity data (inset) are
shown in Figure 7 collapsed on replicate. Repeated measures ANOVA
revealed that there was a significant main effect of time, as well as a
significant dose group X time interaction (both Fs > 12.77, ps < 0.01):
however, a main effect of dose was not apparent (F(2,30) = 0.93, p =
0.41). Both remaining doses of zolpidem decreased HIC at ten
minutes after injection, but with 3 mg/kg suppression was incomplete
(see Figure 7). The modal times of peak HIC scores were 30 (3 mg/kg
dose; mean vehicle score: 1.89+0.24) and 120 (30 mg/kg dose;
1.611+0.29) minutes post-injection. Withdrawal severity scores were
significantly elevated in the 30 mg/kg dose group (see inset; t = 3.44,
p = 0.001). Withdrawal severity just missed being significantly
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Figure 7: Time-course of spontaneous zolpidem withdrawal severity in
WSP female mice. Zolpidem or vehicle was injected i.p. into separate
groups of mice at time = 0, immediately following second baseline HIC
assessment (see text). Symbols represent mean + SE for each group.
Y-axis: Handling-induced convulsion (HIC) score (see Table 2). X-axis:
Time, in minutes, following injection. Inset: Withdrawal severity
scores of the two drug doses. Bars represent mean + SE for each
group. Withdrawal severity was calculated versus vehicle group as
discussed in the text. Significant withdrawal was shown by animals
given 30 mg/kg, but not 0.3 mg/kg (data not shown; * p < 0.001).
Withdrawal severity just missed significance in the 3 mg/kg dose
group (p = 0.020).
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elevated in the 3 mg/kg dose group (t = 2.19, p = 0.020) using the
alpha level of 0.017, derived from afw = 0.05, as discussed previously.

ILA.1.f. Summary of Spontaneous Withdrawal Experiment Results

The results of Experiments 1 through 5 show clearly that WSP
female mice are sensitive to withdrawal from some BZR ligands
without precipitation. Alprazolam, abecarnil, and zolpidem were
effective in inducing spontaneous withdrawal convulsions (Figures 3,
5, and 7). Neither triazolam nor midazolam produced withdrawal in
this paradigm over the time-courses employed (Figures 4 and 6).
[II.A.2. Experiments 6 and 7 Precipitated Withdrawal

Based on the results of the spontaneous withdrawal
experiments, a dose of each drug was chosen for testing in the
precipitated withdrawal paradigm. Each dose was chosen based on its
demonstration of complete HIC suppression for the time points prior
to that for injection of flumazenil (the antagonist). Results of these
experiments are shown in Figures 8 through 12. Briefly, these studies
indicate that WSP female mice are sensitive to precipitated withdrawal
convulsions following a variety of BZR ligands. Analyses of baseline HIC
scores for each drug test indicated that these did not differ between
replicates of the WSP line (all Fs < 3.62, ps > 0.06). Comparison of
time-course-appropriate vehicle groups indicated that they differed
neither for replicate nor test day (Fs < 2.41, ps > 0.13 for the 32
minute time-course; Fs < 2.16, ps > 0.15 for the 72 minute time-
course). Therefore, all data were collapsed on replicate for analyses
and presentation. Composite vehicle groups were formed for further

analyses. For zolpidem-treated animals only, baseline HICs were
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higher than those in the composite vehicle group (F(1,56) = 9.22, p <
0.01). Therefore, as a more conservative approach, zolpidem
withdrawal severity was assessed both as a difference from vehicle

(between groups) and as a difference from baseline (within animal).

[II.A.2.a. Experiment 6 Long Time-Course
III.A.2.a.i. Alprazolam

Repeated measures ANOVA of the precipitated alprazolam
withdrawal test revealed that there were significant main effects of
drug group and time, as well as a significant drug group X time
interaction (all Fs > 10.70, ps < 0.01). Consistent with Experiment 1,
0.5 mg/kg alprazolam depressed HIC scores at 30 and 55 minutes
post-injection (Figure 8). Maximal withdrawal scores were obtained at
the first time-point (i.e., 1 minute) after flumazenil injection.
Therefore, peak was calculated as the average of the scores at the first
three time-points (61, 63, and 65) and compared to the average
vehicle score (1.57+0.10) over the same time period. Precipitated
withdrawal severity was significantly elevated in the drug group (t =
8.79, p < 0.01; Figure 8, inset).
II.A.2.a.ii. Triazolam

There were significant main effects of drug group and time, as
well as a significant drug group X time interaction in the repeated
measures analysis of variance of the precipitated triazolam withdrawal
test (all Fs > 32.83, ps < 0.01). Consistent with its effect in the
spontaneous withdrawal paradigm (Experiment 2), 0.5 mg/kg
triazolam depressed HIC scores at 30 and 55 minutes after injection

(Figure 9). Maximal withdrawal HIC scores were obtained at 63
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Figure 8: Time-course of alprazolam precipitated withdrawal severity
in WSP female mice. Alprazolam or vehicle was injected i.p. into
separate groups of mice at time = 0, immediately following second
baseline HIC assessment (see text). HICs were scored at 30 and 55
minutes after injection. At 60 minutes, the BZR antagonist,
flumazenil, was injected, and HICs were scored 1, 3, 5, 8, and 12
minutes later. Symbols represent mean + SE for each group. Y-axis:
Handling-induced convulsion (HIC) score (see Table 2). X-axis: Time,
in minutes, following BZR agonist or vehicle injection. Inset:
Alprazolam withdrawal severity score. Bar represents mean * SE.
Withdrawal severity was calculated as discussed in the text.
Withdrawal was significantly elevated in the alprazolam-treated group
compared to vehicle (* p < 0.05).
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Figure 9: Time-course of triazolam precipitated withdrawal severity in
WSP female mice. Triazolam or vehicle was injected i.p. into separate
groups of mice at time = 0, immediately following second baseline HIC
assessment (see text). HICs were scored at 30 and 55 minutes after
injection. At 60 minutes, the BZR antagonist, flumazenil, was injected,
and HICs were scored 1, 3, 5, 8, and 12 minutes later. Symbols
represent mean + SE for each group. Y-axis: Handling-induced
convulsion (HIC) score (see Table 2). X-axis: Time, in minutes,
following BZR agonist or vehicle injection. Inset: Triazolam
withdrawal severity score. Bar represents mean + SE. Withdrawal
severity was calculated as discussed in the text. Withdrawal was
significantly elevated in the triazolam-treated group compared to
vehicle (* p < 0.05).



Page 60

minutes (i.e., 3 minutes after flumazenil injection), so peak withdrawal
in the drug group and average vehicle scores were calculated as the
average of the first three time-points. The average vehicle group score
was 1.64+0.09. In contrast to the response seen in the spontaneous
withdrawal paradigm, precipitated withdrawal was significantly
elevated in the triazolam-treated group compared to control (t =

10.53, p < 0.01).

III.A.2.b. Experiment 7 Short Time-Course
III.A.2.b.i. Abecarnil

Repeated measures ANOVA indicated that there were significant
main effects of drug and time, as well as a significant drug X time
interaction (all Fs > 7.05, ps < 0.01). In agreement with Experiment .
3, 2.0 mg/kg abecarnil depressed HIC scores at 10 and 19 minutes
post-injection (Figure 10). Interestingly, injection of flumazenil 20
minutes later appeared to have no effect on HIC expression in
abecarnil-treated animals. In contrast to the findings in Experiment 3
in which abecarnil (1.0 mg/kg) produced spontaneous withdrawal
convulsions (see Figure 5), HIC scores only gradually returned to
vehicle levels by 32 minutes after abecarhil injection. No rebound was
seen; thus, abecarnil did not produce withdrawal in the precipitated
paradigm,

IM.A.2.b.ii. Midazolam

A shortage of replicate 2 WSP mice at the time of this
experiment resulted in the use of twice as many WSP1 as WSP2 mice.
When the data were examined for effects of replicate, a significant
main effect of replicate was found in the repeated measures ANOVA

(F(1,41) = 10.08, p < 0.01). Since there were no interactions (all
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Figure 10: Time-course of precipitated abecarnil withdrawal severity
in WSP female mice. Abecarnil or vehicle was injected i.p. into
separate groups of mice at time = 0, immediately following second
baseline HIC assessment (see text). HICs were scored at 10 and 19
minutes after injection. At 20 minutes, the BZR antagonist,
flumazenil, was injected, and HICs were scored 1, 3, 5, 8, and 12
minutes later. Symbols represent mean + SE for each group. Y-axis:
Handling-induced convulsion (HIC) score (see Table 2). X-axis: Time,
in minutes, following BZR agonist or vehicle injection. Abecarnil did
not produce withdrawal in this paradigm.
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Fs < 2.67, ps > 0.11), replicate-appropriate vehicle means were used
when calculating withdrawal severity scores for drug-treated animals.
All four drug treatment groups responded in exactly the manner
predicted by previous experience (Crabbe et al., 1991a). In other
words, the responses of the vehicle/vehicle and vehicle/flumazenil
groups were almost identical, and the midazolam/vehicle group’s
scores were zero throughout the time-course. Therefore, the
midazolam withdrawal time-course for only the midazolam/flumazenil
versus vehicle/flumazenil groups and withdrawal severity data (inset)
are shown in Figure 11 (collapsed on replicate). There were also
significant main effects of drug group and time, and a significant drug
group X time interaction (all Fs > 7.03, ps < 0.01). Consistent with its
effect in Experiment 4, 2.5 mg/kg midazolam depressed HIC scores at
10 and 19 minutes post-injection (Figure 11). Maximal withdrawal
HIC scores were obtained at the first time-point after flumazenil
injection. Peak withdrawal in the drug group and average vehicle
scores (1.72+0.11) were calculated as the average of the first three
time-points. Unlike the response seen in the spontaneous withdrawal
paradigm, flumazenil-precipitated withdrawal from 2.5 mg/kg
midazolam was significantly elevated compared to vehicle treatment
(t = 6.82, p < 0.01; Figure 11, inset).
II.A.2.b.iii. Zolpidem

Repeated measures ANOVA of precipitated zolpidem withdrawal
data revealed that there were significant main effects of drug group
and time, as well as a significant drug group X time interaction (all Fs
> 25.15, ps < 0.01). In agreement with the results of Experiment 5,
30 mg/kg zolpidem depressed HIC scores at 10 and 19 minutes post-
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Figure 11: Time-course of precipitated midazolam withdrawal severity
in WSP female mice. Midazolam or vehicle was injected i.p. into
separate groups of mice at time = O, immediately following second
baseline HIC assessment (see text). HICs were scored at 10 and 19
minutes after injection. At 20 minutes, the BZR antagonist,
flumazenil, was injected, and HICs were scored 1, 3, 5, 8, and 12
minutes later. Symbols represent mean + SE for each group. Y-axis:
Handling-induced convulsion (HIC) score (see Table 2). X-axis: Time,
in minutes, following BZR agonist or vehicle injection. Inset:
Midazolam withdrawal severity score. Bar represents mean t+ SE.
Withdrawal severity was calculated as discussed in the text.
Withdrawal was significantly elevated in the midazolam-treated group
compared to vehicle (* p < 0.05).
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injection (Figure 12). Maximal withdrawal scores were obtained at 21
minutes (i.e., 1 minute after flumazenil injection), and so peak
withdrawal in the drug group and average vehicle scores were
calculated as the average of the first three time-points. The average
vehicle group score was 1.72+0.11. Calculated as the difference
between the scores of the drug treated animals and the average
vehicle group, precipitated withdrawal was significantly elevated in
the drug group (t = 12.66, p < 0.01; Figure 12, inset). Using the more
conservative approach of estimating withdrawal severity as the
difference between post-flumazenil peak and pre-zolpidem average
baseline scores (i.e., within animal), precipitated withdrawal severity

was still significantly elevated in the drug group (t = 8.87, p < 0.01).

[II.A.2.c. Summary of Precipitated Withdrawal Experiment Results

The results of Experiments 6 and 7 show clearly that WSP
female mice are sensitive to precipitation of withdrawal from some
benzodiazepine receptor ligands. Flumazenil precipitated withdrawal
from all of the BZR agonists except abecarnil (cf. Figure 10 with 8, 9,
11, 12).

HI.A.3. Summary of BZR Agonist Withdrawal Screening Tests

Overall, these studies found that alprazolam and zolpidem were
capable of producing significant withdrawal in WSP female mice
regardless of whether withdrawal convulsions were precipitated. In
contrast, significant withdrawal from triazolam and midazolam was
only produced when convulsions were precipitated. Abecarnil was
unusual in that spontaneous, but not precipitated, withdrawal was

shown by WSP mice.
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Figure 12: Time-course of precipitated zolpidem withdrawal severity

in WSP female mice. Zolpidem or vehicle was injected i.p. into
separate groups of mice at time = 0, immediately following second
baseline HIC assessment (see text). HICs were scored at 10 and 19
minutes after injection. At 20 minutes, the BZR antagonist,
flumazenil, was injected, and HICs were scored 1, 3, 5, 8, and 12
minutes later. Symbols represent mean * SE for each group. Y-axis:
Handling-induced convulsion (HIC) score (see Table 2). X-axis: Time,
in minutes, following BZR agonist or vehicle injection. Inset:

Zolpidem withdrawal severity score. Bars represent mean + SE.
Withdrawal severity was calculated as discussed in the text (Between -

between groups correction; Within - within animal correction).
Withdrawal was significantly elevated in the zolpidem treatment group

compared to either vehicle or baseline (* p < 0.05).
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OI.B. Tests of Genetic Correlation

III.B.1. Experiment 8: Diazepam Withdrawal in Inbred Strains
Results of this experiment are shown in Figures 13 through 15.

As we had seen previously, the inbred strains differed significantly in
withdrawal convulsion severity following precipitation of withdrawal
after 20 mg/kg diazepam (Metten & Crabbe, 1994a). The time-
courses of precipitated diazepam withdrawal for the fourteen strains
are depicted in Figures 13 and 14. The inbred strains are known to
differ considerably in basal HIC severity (Crabbe et al., 1980a; Metten
& Crabbe, 1994a). Consistent with these data, a significant main effect
of strain on baseline HIC was detected (F(13,140) = 31.05, p < 0.01;
range: O - 4). As expected, groups within a strain did not differ with
respect to baseline HICs. In all strains having baseline HICs greater ‘
than O, diazepam depressed HIC scores at 30 and 55 minutes
following injection. Flumazenil injection restored HIC severity in the
diazepam-treated animals to near baseline or higher levels in all
strains. The modal peak time for all strains was either 61 or 63
minutes; therefore, the average of the first three time-points was used
as the index of peak HIC severity.

Analysis of the vehicle group data revealed significant differences
among strains for the sum of the post-flumazenil HIC scores (F(13,69)=
24.17, p < 0.01). This finding indicated the need to control for basal
differences in responding to flumazenil for the precipitated diazepam
withdrawal groups. Therefore, for each vehicle-treated animal, the
sum of the first three post-flumazenil HIC scores was determined. To
index diazepam withdrawal, the appropriate vehicle group strain mean

was subtracted from the peak HIC score for each individual animal in
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Figure 13: Time-courses of precipitated diazepam withdrawal in four
of fourteen inbred strains. Symbols represent mean+SEM for each
strain. Standard error bars not shown are smaller than the symbol. Y-
axes: handling-induced convulsion (HIC) score. X-axes: time, in
minutes, following diazepam or vehicle injection. Axis breaks were
omitted for clarity. Diazepam or vehicle injection occurred at the first
(left) arrows, immediately following pre-drug baseline HIC
assessments. Flumazenil was injected at the second (right) arrows (at
60 minutes). Closed symbols represent the diazepam-treated animals.
Withdrawal severity scores are shown in Figure 15.
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Figure 14: Time-courses of precipitated diazepam withdrawal in ten
inbred strains. See Figure 13 legend for details. Standard error bars
for diazepam groups (solid symbols) are shown where larger than the
symbol; those for vehicle groups were omitted for clarity.
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Figure 15
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Figure 15: Rank ordered diazepam withdrawal severity in fourteen
inbred strains. X-axis: Inbred strains, rank-ordered by withdrawal
severity. Y-axis: Strain mean peak withdrawal severity, calculated as
discussed in the text. Error bars represent SEM. Strains differed
significantly in withdrawal severity (F(;3 71)= 8.91, p < 0.01).
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the diazepam group. Strains differed significantly (F( 13,71)= 891, p <
0.01) in diazepam withdrawal severity (Figure 15). Some strains (e.g.,
SJL/J, solid squares and CBA/J, solid diamonds) had insignificant or
slight withdrawal from diazepam, as shown in Figures 13 and 15.
Other strains (e.g., C57BL/6J, solid circles and DBA/2J, solid
triangles) had severe withdrawal from diazepam. Time-courses for the
other ten strains are shown in Figure 14. The proportion of variance

accounted for by genetic factors was 0.62 in this experiment.

[II.B.1.a. Comparison of Present with Previous Data

As discussed above, the previous diazepam withdrawal data were
collected in another group of mice of these same inbred strains (plus
one additional stram CE/J, which was not available for testing at this -
time). Those animals were tested serially for withdrawal from ethanol,
pentobarbital, and diazepam (Metten & Crabbe, 1994a). The ethanol
and pentobarbital withdrawal tests were both performed with the
spontaneous withdrawal paradigm (no receptor-competitive
antagonists are available). Also, withdrawal time-courses from both
drugs lasted twelve hours (not minutes as with precipitated diazepam
withdrawal) from the time of injection. In that study, diazepam
withdrawal was calculated as the area under the curve of the
diazepam-treated animals minus the strain mean area of the vehicle
treated animals (i.e., between groups). Diazepam withdrawal was also
calculated the same way as for ethanol and pentobarbital withdrawal
(i.e., within subjects). These two measures of diazepam withdrawal
were significantly genetically correlated (r = 0.79; Metten & Crabbe,
1994a).
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The present data were examined for comparability with the
previous data set by first recalculating the present withdrawal severity
means using the between groups area measure. Strain mean
withdrawal severities using both the peak and area measures are
presented in Figure 16. Peak and area withdrawal severities were
significantly genetically correlated (rj2 = 0.99, p < 0.01) and strains
differed significantly in withdrawal severity using the area measure
(F(13,71)= 8.76, p < 0.01). Scatterplots and least-squares regression
lines representing the genetic correlation between the present and
previous data sets are shown in Figures 17A and B. The apparent lack
of correlation between the two data sets seemed to be due to an |
outlier strain, DBA/2J (Figure 17A: r;o = 0.37, p = 0.20). Therefore,
the correlation was also performed without the DBA/2J strain (B: r13 .
= 0.74, p < 0.01). To address the issue of whether the withdrawal
severity scores of any strains were significantly different between the
two passes, the data were subjected to an Experiment X Strain
ANOVA. As expected, there was a significant main effect of Strain
(F(13,146) = 7.66, p < 0.01), and a significant Experiment X Strain
interaction (F(13,146) = 3.98, p < 0.01). The main effect of Experiment
was not significant (F(1,146) = 0.08, p = 0.78). The significant
interaction was pursued by simple main effects analyses on six strains
which had mean + SEM scores between the two experiments that did
not overlap (data not shown). Results of these analyses were that two
strains, C57BR/cdJ and CBA/J, had significantly lower scores in the
present experiment than in Metten and Crabbe (1994a; both Fs(; 14¢) >
7.66, ps < 0.01). DBA/2J had significantly higher scores in the
present experiment F(; 146) = 39.42, p < 0.01), while no differences in
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Figure 16: Withdrawal severity in fourteen inbred strains. Peak and
area withdrawal severity strain means are genetically correlated (rg is
shown in the upper left-hand corner). X-axis: Inbred strains, rank-
ordered by peak withdrawal severity. Left Y-axis: Strain mean peak
withdrawal severity (black bars), calculated as discussed in the text.
Right Y-axis: Strain mean area withdrawal severity (hatched bars),
calculated as discussed in the text. Error bars represent SEM.
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Figure 17A: Scatterplot and line of least-squares regression of
diazepam withdrawal severity strain means from Metten & Crabbe
(1994a; X-axis) and the present data set (Experiment 8; Y-axis).
Withdrawal severities in both studies were calculated as the between
groups area measure, as discussed in the text. Labelled symbols
represent inbred strain means. Equation is that of the regression line.
rg is the Pearson’s correlation coefficient. Withdrawal severities
between the two studies were not significantly genetically correlated.
Note the position of the DBA/2J strain relative to the regression line.
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Figure 17B: The same data as in Figure 17A, except that the data for
the DBA/2J strain were omitted, as discussed in the text. Scatterplot
and line of least-squares regression of diazepam withdrawal severity
strain means from Metten & Crabbe (1994a; X-axis) and the present
data set (Experiment 8; Y-axis). Withdrawal severities in both studies
were calculated as the between groups area measure, as discussed in
the text. Labelled symbols represent inbred strain means. Equation is
that of the regression line. rg is the Pearson's correlation coefficient.
Withdrawal severity strain means were found to be significantly
genetically correlated when the DBA/2J strain data were removed
from the analysis (p < 0.01).
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scores were detected in C3H/HedJ, PL/J, or SJL/J (all Fs < 1.69,
ps > 10).

III.B.1.b. Genetic Correlations Among Ethanol, Pentobarbital, and
Diazepam

Figures 18 and 19 show the scatterplots and lines of least-
squares regression of the genetic correlations of the present diazepam
withdrawal severity means with those of ethanol and pentobarbital,
respectively (Metten & Crabbe, 1994a). In contrast to previous
findings, ethanol and diazepam withdrawal severity scores were
significantly genetically correlated, indicating that there is substantial
overlap in genes influencing acute withdrawal from these two drugs
(r12 = 0.83, p < 0.01; cf. Metten & Crabbe, 1994a). Additionally,
diazepam withdrawal severity scores correlated significantly with
corresponding strain mean pentobarbital withdrawal severities, in
agreement with previous findings (rj2 = 0.75, p < 0.01). The
proportions of phenotypic variance accounted for by common genetic
factors were 0.69 and 0.56, respectively.

In addition, correlations were also calculated after excluding the
DBA/2J strain since it had an extremely high score for ethanol
withdrawal (Metten & Crabbe, 1994a) and since its exclusion restored
the correlation between naive and non-xiaive diazepam withdrawal
strain means (compare Figures 17A and B). Removal of the DBA/2J
strain from the current experiment did not affect the conclusions
regarding the genetic correlations of diazepam with ethanol and
pentobarbital withdrawal severities. Ethanol and diazepam withdrawal

severities remained significantly genetically correlated (r1; = 0.58,
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Figure 18
12
y = 0.821x + 0.664 eDBA2
10 ~ ”
Frg= 0.831
8
6 -

® BALB/c
® Cs7L

Ethanol Withdrawal Severity

e AKR

I i 1 { I

4 6 8 10 12

O
N

Diazepam Withdrawal Severity

Figure 18: Scatterplot and line of least squares regression of strain
means showing genetic correlation of withdrawal severity scores of
ethanol (Metten & Crabbe, 1994a; Y-axis) and diazepam (present data:
X-axis). Labelled symbols represent inbred strain means. Equation is
that of the regression line. rg is the Pearson’s correlation coefficient.
Ethanol and diazepam withdrawal severities were significantly
genetically correlated using the present data set (p < 0.01).
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Figure 19
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Figure 19: Scatterplot and line of least squares regression of strain
means showing genetic correlation of withdrawal severity scores of
pentobarbital (Metten & Crabbe, 1994a; Y-axis) and diazepam (present
data; X-axis). Labelled symbols represent inbred strain means.
Equation is that of the regression line. rg is the Pearson’s correlation
coefficient. Pentobarbital and diazepam withdrawal severities were
signi)ﬁca.ntly genetically correlated using the present data set (p <
0.01).
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p < 0.05), as did pentobarbital and diazepam withdrawal severity
scores (r1) = 0.64, p < 0.05). Without DBA/2J, the proportions of

variance accounted for by common genetic factors were 0.33 and 0.40,

respectively.

III.B.1.c. Data Reliability Assessment

The current diazepam withdrawal severity scores, calculated as
the peak corrected for vehicle treatment, were examined for split-half
reliability. Animals were pseudorandomly assigned to one of two
groups, A or B, for data re-analysis. This yielded sample sizes of three
animals per strain per drug group. Strain means within each half were
calculated for the average vehicle score and split-half correlations
were performed using Pearson'’s r (i.e., the strain means for half A
were correlated with the strain means for half B). The Spearman-
Brown correction [2r/(1+r)] was employed to assess reliability of the
correlation (McNemar, 1966; p. 150). Since vehicle group strain
means were reliable (r = 0.96, reliability - 0.98, p < 0.01), withdrawal
scores were examined without recalculation. Diazepam withdrawal
severity strain means were significantly reliable (r = 0.88, reliability -
0.93, p < 0.01). The “true” genetic correlations of diazepam with
ethanol and pentobarbital withdrawal severities were estimated
according to McNemar (1966; p. 153). This measure estimates the
true genetic correlation from the observed one by dividing by the
product of the square roots of the split half reliability scores for the
two traits. The measure is termed the correction for attenuation (i.e.,
unreliability of measurement). Using this correction and split half

reliability scores for ethanol and pentobarbital from my Master's thesis



Page 79

(Metten, 1993), the ethanol/diazepam correlation was significant (r =
0.91, p < 0.01); likewise, the pentobarbital /diazepam correlation was
significant (r = 0.88, p < 0.01).

[II.B.1.d. Summary

The results of Experiment 8 show clearly that there is
considerable genetic variability among strains in precipitated
diazepam withdrawal severity, confirming the findings of our earlier
study (Metten & Crabbe, 1994a). However, unlike our previous
findings, the present results support a genetic correlation between
ethanol and diazepam withdrawal. Comparison of the two data sets
suggests that most of the strains would have scored the same if they
had been naive when tested (Figure 17B). However, some strains,
most notably, DBA/2J, had significantly different withdrawal scores in
the present study from those reported previously (Figure 17A).
II.B.2. Experiment 9: Zolpidem Withdrawal in Inbred Strains

Results of this experiment are shown in Figure 20. This study
confirms our earlier finding that there is genetic variability in severity
of withdrawal following a single zolpidem injection (unpublished data).
Average baseline HIC severities ranged from O to 1 and did not differ
among strains in this experiment (F(2,21) = 1.15, p = 0.34). Peak
withdrawal scores were corrected within-animal for baseline
differences prior to analysis of the data by one-way ANOVA (Strain).
Zolpidem (20 mg/kg) decreased HICs at 15 and 30 minutes after
injection in all animals having non-zero baselines, regardless of strain
(see Figure 20). Withdrawal severity differed significantly among
strains (F(2,21) = 66.69, p < 0.01). HIC scores were elevated in the D2
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Figure 20
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Figure 20: Time-course of spontaneous zolpidem withdrawal in
DBA/1J (D1), DBA/2J (D2), and C57BL/6J (B6) mice. Eight male mice
of each strain were tested. Zolpidem (20 mg/kg) was injected i.p. into
separate groups of mice at time = 0, immediately following second
baseline HIC assessment (see text). Symbols represent mean + SE for
each group. Y-axis: Handling-induced convulsion (HIC) score (see
Table 2). X-axis: Time, in minutes, following injection. Inset:
Withdrawal severity scores (peak) of the three inbred strains. Bars
represent mean * SE for each group. There was no variation in peak
score for the D2 strain. Withdrawal severity was calculated as
discussed in the text. Significant withdrawal was shown by D2 mice
only.
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strain by the 45 minute time-point. In fact, the peak withdrawal
severity displayed by D2 mice was significantly greater than that of
either D1 or B6 mice (Tukey’s HSD, both ps < 0.01). DBA/1J (D1)
mice appeared to have modest withdrawal scores, peaking at the 75
minute time-point (see Figure 20), while C57BL/6J (B6) mice did not
show significant withdrawal from zolpidem. Despite a tendency for
greater withdrawal in D1 than B6 mice, peak withdrawal severity did
not differ between these two strains (Tukey's HSD, p = 0.10). The
proportion of variance accounted for by genetic factors was 0.86 in
this experiment.

A visual inspection of these data suggested that D2 mice not only
had higher peak withdrawal than either of the other two strains, but
also suggested that their HIC scores were elevated for a longer period.
of time (see Figure 20). This hypothesis was tested by analysis of
withdrawal severity calculated as the area measure (see Experiment
8). D2 mice also had significantly greater withdrawal than D1 and B6
mice using this measure (F(2,21) = 36.51, p < 0.01; Tukey’s HSD: ps <
0.01). D1 and B6 mice also did not differ in withdrawal severity when
calculated this way (Tukey’s HSD: p = 0.42). Further post-hoc
analyses revealed that withdrawal for the DBA/2J strain began at about
the 45 minute time-point and ended about 2 1/2 hours after zolpidem
administration.

Finally, the data were analyzed by Kruskal-Wallis ANOVA for
ordinal data (Siegel, 1956). By far, the two most common HIC scores
from the 45 minute time-point onward were O (no convulsion; 65% of
scores) and 4 (tonic convulsion with only tail lift; 26% of scores). D2

animals had 82% of scores of 4, while having only 16% of scores of 0.
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In contrast, D1 mice had only 18% of the scores of 4, and B6 mice had
none. Regardless of whether peak or area withdrawal severity was
examined, the analysis confirmed a significant main effect of strain

(Kruskal-Wallis test statistics > 15.36, ps < 0.01, 2 df).

lI1.B.2.a. Summary

The results of Experiment 9 show clearly that D2 mice have
significantly greater spontaneous withdrawal from zolpidem compared
to either D1 or B6 mice. The difference in BZR agonist withdrawal
severity between the two DBA substrains seen after zolpidem was not
apparent when they were tested for precipitated diazepam withdrawal
(see Figure 15).
HI.B.3. Experiments 10 and 11- BZR Withdrawal in Selectively Bred -

Lines

III.B.3.a. Diazepam Withdrawal in HAW and LAW Mice

Results of this experiment are shown in Figure 21. HAW mice
from S displayed significantly greater diazepam withdrawal than LAW
mice. The lines differed significantly in baseline HIC severity (HAW >
LAW; range: O to 2; F(1,35) = 9.82, p < 0.01), but no drug effects were
significant. Modal peak scores occurred at the 61 minute time-point
for both lines. After correction for the line-appropriate average
vehicle score, the lines differed significantly in peak withdrawal
severity (F(1,27) = 13.51, p < 0.01). Figure 21 shows the magnitude of

the diazepam withdrawal difference between the lines, as well as the
line difference in ethanol withdrawal severity in mice of the same

selection generation.
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Figure 21
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Figure 21: Ethanol and diazepam withdrawal severities in HAW and
LAW mice selectively bred from an F2 intercross between C57BL/6J
(B6) and DBA/2J (D2) mice. Male and female mice of the second
selection generation were tested for withdrawal severity from either
ethanol (n = 55 - 65/line) or diazepam (n = 14 - 15/line). Bars
represent mean + SE for each group. Y-axis: Peak withdrawal severity.
X-axis: Drug withdrawal test: ethanol (left) or diazepam (right).
Withdrawal severity was calculated as discussed in the text. HAW mice
(solid bars) displayed significantly greater withdrawal from both drugs
compared to LAW mice (hatched bars; * p < 0.05).
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III.B.3.b. Summary

The results of Experiment 10 show clearly that HAW mice
displayed significantly greater diazepam withdrawal than LAW mice.
Thus, selection for ethanol withdrawal severity differences has
produced lines of mice which differ early in diazepam withdrawal
severity, providing strong evidence in favor of a genetic correlation
between these two characters rather than random drift. This finding
that lines of mice selectively bred for ethanol withdrawal severity
differences also differ in diazepam withdrawal severity is consistent

with previous findings in WSP and WSR mice (Crabbe et al., 1991a).

II1.B.3.c. Zolpidem Withdrawal in HAW and LAW Mice

Results of these experiments are shown in Figure 22. These
studies demonstrated that HAW mice of S3 had significantly greater
spontaneous and precipitated zolpidem withdrawal than LAW mice.
Precipitated zolpidem withdrawal test results are discussed below.
Before the spontaneous withdrawal test, the lines differed significantly
in baseline HIC severity (HAW > LAW; range: O to 2.5; F(1,28) = 7.56, p =
0.01). Zolpidem decreased HIC scores at fifteen minutes post-
injection in animals having non-zero baselines. Peak withdrawal
scores were corrected for pre-drug scores within animal. The lines

differed significantly in spontaneous zolpidem withdrawal severity
(HAW > LAW; F(1,28) = 25.24, p < 0.01). The center of Figure 22 shows

the magnitude of the spontaneous zolpidem withdrawal difference
between the lines, as well as the line difference in ethanol withdrawal

severity of mice of the same selection generation (left).
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Figure 22
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Figure 22: Ethanol and zolpidem withdrawal severities in HAW and
LAW mice selectively bred from an F2 intercross between C57BL/6J
(B6) and DBA/2J (D2) mice. Mice of the third selection generation
were tested for withdrawal severity from ethanol (n = 47 - 52/line:
both sexes) or zolpidem (spontaneous test: n = 14 - 16/line:
precipitated test: n = 8 - 9/line). Bars represent mean + SE for each
group. Y-axis: Peak withdrawal severity. X-axis: Drug withdrawal test:
ethanol (left), spontaneous zolpidem (center), or precipitated
zolpidem (right). Withdrawal severity was calculated as discussed in
the text. HAW mice (solid bars) displayed significantly greater
withdrawal from both drugs regardless of test paradigm compared to
LAW mice (hatched bars; * p < 0.05).
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The lines also differed significantly in baseline HIC severity
before the precipitated withdrawal test (HAW > LAW; F(; 2¢) = 11.97,
p < 0.01). Again, no effects of drug group were found (both Fs < 0.45,
ps > 0.50). Modal peak scores occurred at the 21 minute time-point
for both lines, so the average vehicle score for each line was calculated
as previously. HAW mice had significantly greater precipitated
zolpidem withdrawal than LAW mice (F(1,15) = 9.86, p < 0.01) using the
peak withdrawal measure. The right side of Figure 22 shows the
magnitude of the precipitated zolpidem withdrawal difference

between the lines.

III.B.3.d. Summary

The results of Experiment 11 show clearly that mice of the HAW
line display significantly greater zolpidem withdrawal than their
LAW counterparts, regardless of whether withdrawal is spontaneous or
precipitated. The lines also differed significantly in the same
direction in severity of diazepam withdrawal (Experiment 10). These
results combined are consistent with the hypothesis that ethanol and
benzodiazepine withdrawal severities are genetically correlated. In
other words, these data suggest that at least one of the ethanol
withdrawal modulating genes selected for in the HAW/LAW selection
also modulates benzodiazepine withdrawal.
II1.C. Gene Mapping
II.C.1. Experiment 12: Genotyping DBA/1J Mice

In all, DBA/1J mice were genotyped for 61 SSLP markers from
the MIT marker set (Dietrich et al.,, 1992). Thirty-one of these were
in regions of ethanol withdrawal QTLs. The other thirty markers were
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used to genotype DBA/1J mice in twelve regions already known to be
polymorphic with DBA/2J (Festing, 1990; Festing, 1994; GBASE,
December, 1994).

[II.C.1.a. Ethanol Withdrawal QTL Markers

Table 7 lists the markers associated with ethanol withdrawal in
the B6 X D2 crosses, the markers genotyped in DBA/1J mice in each
QTL region, and the result of the test for polymorphism with DBA/2J
for each marker. The table also lists the base pair length of the
DBA/2J allele (from Research Genetics, Inc., Murine Map Pairs, April,
1995 release, version 8/29/95) and the estimated base pair length of
the DBA/1J allele. Gel conditions were sufficient to reliably detect
differences in base pair number as small as four. Therefore, the
conclusion for markers listed as not polymorphic should be taken as
tentative, as differences smaller than four would possibly not be
detectable. Eight markers in four regions for which polymorphism
was definitely established are in bold print. These markers were used

to genotype the D1D2F2s following Experiment 14.

III.C.1.b. Markers in Known Polymorphic Regions

Table 8 lists the names of the genes for which the two DBA
substrains have different allele forms, the SSLP markers genotyped in
DBA/1J mice in each region, and the result of the test for
polymorphism with DBA/2J for each marker. Base pair lengths of the
alleles are given or estimated as above. Seven markers in six regions
for which polymorphism was established are listed in bold print.
These markers were also used to genotype D1D2F2 mice following

Experiment 14.
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DBA/1J Genotypes Using Ethanol Withdrawal QTL Markers*

Ethanol Chr./ Estimated Poly-
Withdrawal Genotyped DBA/1J DBA/2J | morphic
| QTL Marker cM Markers cM allele (bp) | allele (bp) | Status
DIMit206 |1/ DI1IMit33 81.6 122 122 No
95.8 | DIMit206 |95.8 114 114 No
DIMit221 |102.5 125 125 No
D2Mit9 2/ |D2Mit61 34.0 156 156 No
37.0 | D2Mit9 37.0 195 195 No
D2Mit91 37.0 194 194 No
D2Mit379 |37.0 92 92 No
D2Mit472 |37.5 88 88 No
D2Mitl7 2/ |D2Mitl7 69.0 220 220 No
69.0| D2Mit134 |[69.0 196 196 No
D2Mit77 74.0 ~178 174 Yes
D4Mit186 |4/ D4Mit142 |36-38 139 139 No
42.6- | D4Mit185 |32-43 ~118 122 Yes
45.5 | DaMit186 |42-46 149 149 No -
D6Mit149 |6/ D6Mit39 46.0 118 118 No
47.0| D6Mit104 |46.0 154 154 No
D6Mit149 |47.0 ~209 199 Yes
D6Mit54 49.0 178 178 No
D7Mit91 7/ D7Mit91 36.0 132 132 No
36.0| D7Mit30 37.0 242 242 No
D7Mitl122 |37.0 120 120 No
D7Mit147 |37.0 126 126 No
D8Mit94 8/ |D8Mit281 |12.0 117 117 No
13.5 | D8Mit94 13.5 130 130 No
D11IMit174 |11/ |DI11Mitl63|16.0 155 155 No
20.0| D11Mit1i08 | 18.0 ~162 159 Yes
D11Mit217|19.0 ~136 118 Yes
D11Mit20 |20.0 ~146 140 Yes
D11Mit174 | 20.0 ~147 165 Yes
D11Mit296 | 20.0 ~100 126 Yes
D11Mit238]23.0 174 174 No

* From Belknap et al., 1993 and Buck et al., submitted 6/96. Confirmed QTLs are on Chr.
1, 4, & 11. Abbreviations: Chr. - chromosome, cM - centiMorgan, bp - base pair number,
Polymorphic status of each marker is given with respect to the comparison of DBA/1J
and DBA/2J alleles. For reasons discussed in the text, only “Yes” status should be taken
as confirmed. cM locations are from Silver et al. (1996), except for those of D2Mit379,
D2Mit472, and D7Mit122 which were estimated from the Research Genetics, Inc.,
Mouse Map Pairs, April, 1995 release, version 8/29/95.
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Table 8
DBA/1J Genotypes Using SSLP Markers in Polymorphic Regionst

Chr./ Estimated Poly-
Known SSLP DBA/1J DBA/2J morphic
Polymorphism | cM Marker cM | allele (bp) | allele (bp) Status
Aoxl1 ¥4 DIMit211 15.0 146 146 No
23.2 | D1IMit70 17.8 190 190 No
Nramp 1/ DIMit128 |36.9 ~147 141 Yes
39.2
Hc 2/ D2Mit7 28.0 142 142 No
25.0 | D2Mit238 |28.0 ~135 153 Yes
D2Mit369 |28.5 110 110 No
D2Mit370 |28.5 104 104 No
Car2 3/ D3Mit118 |13.8 153 153 No
10.5
If1 3/ D3Mit116 |84.9 ~263 275 Yes
87.7 | D3Mit89 86.1 216 216 No
D3Mit19 87.6 176 176 No
Akp2 4/ D4Mit13 71.0 ~107 97 Yes
and 70.2
& °
Gpd1l 78.4 D4Mit33 79.0 ~128 144 Yes
Cyp2a5 7/ D7Mit57 4.0 136 136 No
6.5 |D7Mit179 |4.0 145 145 No
D7Mit115 |8.0 195 195 No
Tcrg 13/ | D13Mit57 |7.0 ~148 156 Yes
10.0|D13Mit217 |7.0 110 110 No
D13Mit219 7.0 272 272 No
D13Mit115(11.0 141 141 No
Rarb 14/ | D14Mit98 |3.0 146 146 No
1.5 |DI14Mit99 |3.0 106 106 No

(continued on the next page)

t Names of loci known to be polymorphic between DBA/ 1J and DBA/2J strains were
compiled from several sources (Festing, 1990, 1994; GBASE, 1994). Nramp (Chr. 1, 39.2
cM) replaces the genes named Ity and Lsh (Silver et al., 1996). Not included in the table
are two Chr. 2 polymorphisms, Hde (71 c¢M) and Itp (74 cM) that map to roughly the
same region as a putative ethanol withdrawal QTL (see Table 7). Abbreviations are the
same as for Table 7. cM locations for D2Mit238, D2Mit369, and D2Mit370 were
estimated from the Research Genetics, Inc., Mouse Map Pairs, April, 1995 release,
version 8/29/95.
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DBA/1J Genotypes Using SSLP Markers in Polymorphic Regions'

Chr./ Estimated Poly-
Known SSLP DBA/1J DBA/2J morphic
Polymorphism | cM Marker cM | allele (bp) | allele (bp) Status
Ly6 15/ |D15Mit71 |40.9| 132 132 No
42. 7| D15Mit158 | 40.9 170 170 No
DI15Mit29 |42.8 186 186 No
C4Sip, H2-D, 17/ |D17Mit102]18.5 123 123 No
1883 | D17Mit64 1|20.6 136 136 No
H2T18, H2-T3 ég-g- DI7Mit10 |24.5| 148 148 No
) D17Mit66 |24.5 ~115 132 Yes
CeZ2, Upg 17/ |D17Mit139 {30.2 164 164 No
27.8-
30

t Names of loci known to be polymarphic between DBA/1J and DBA/2J strains were
compiled from several sources (Festing, 1990, 1994; GBASE, 1994). Nramp (Chr. 1, 39.2
cM) replaces the genes named Ity and Lsh ({Silver et al., 1996). Not included in the table
are two Chr. 2 polymorphisms, Hdc (71 ¢cM) and Itp (74 cM) that map to roughly the
same region as a putative ethanol withdrawal QTL (see Table 7). Abbreviations are the
same as for Table 7. cM locations for D2Mit238, D2Mit369, and D2Mit370 were
estimated from the Research Genetics, Inc., Mouse Map Pairs, April, 1995 release,

version 8/29/95.



Page 91

II.C.1.c. Summary of DBA/1J Genotyping Data

Fifteen of 61 SSLP markers were shown to be polymorphic
between the DBA substrains. The majority of these polymorphic
markers seemed to be isolated cases among the markers tried. One
notable exception was found. There appears to be a cluster of
polymorphic loci between approximately 18 - 20 ¢M on chromosome
11 (see Table 7). This region has been confirmed as containing an
ethanol withdrawal severity-modulating gene in B6 X D2 crosses (Buck
et al., submitted).

Genotyping of DBA/1J mice was attempted with eight other
SSLP markers, but was unsuccessful using the standardized PCR
conditions employed here. After at least two attempts, no bands were
visible on the gels for markers DIMit7, D8Mit289, and D14Mit171,
while smeared multiple bands were seen for markers DIMit273 and
D7Mit114. It was not possible to detect the B6/D2 polymorphism for
markers D3Mit130, D1Mit167, D4Mitl14. Repetition of these markers
under modified PCR conditions may resolve these results.

II.C.2. Experiments 13 & 14: Zolpidem & Ethanol Withdrawal in
D1D2F2s

III1.C.2.a. Estimation of D1D2F2 Sample Size

Data from Experiment 9 for the two DBA parental strains were
used to calculate estimates of zolpidem withdrawal heritability
according to the methods described above. Heritabilities (Sokal &
Rohlf, 1981) were estimated as 0.88 and 0.80 for peak and area
withdrawal severity, respectively. The estimates of expected trait
heritability in the D1D2F2s (Hegmann & Possidente, 1981) were 0.78
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and 0.67, respectively. These data thus predict that a large proportion
of the phenotypic variance in zolpidem withdrawal severity is
accounted for by genetic factors. This can be readily appreciated by
looking at the frequency histogram (see Figure 23) for these strains.
All of the D2 mice had peak withdrawal scores of exactly 4, while 6 of
8 D1 mice had peak scores of less than 2 (all had scores < 3),
suggesting that zolpidem withdrawal is a bimodal function. The high
degree of genetic homology between D1 and D2 mice (Bailey, 1978)
coupled with these findings implies that a major gene controls most of
the genetic trait variance. Thus, the assumptions delineated in the
methods section regarding statistical power of detection of a QTL
controlling a minimum of 7% of the genetic trait variance yielded a

conservative estimate of the required D1D2F2 sample size.

III.C.2.b. Phenotypic Results
III.C.2.b.i. Zolpidem Withdrawal Frequencu Distribution

Zolpidem withdrawal data from the parental strains in
Experiment 13 were compiled with those from Experiment 9 and
analyzed for experiment-wise differences. Data from one D2 mouse in
Experiment 13 were eliminated for apparent injection failure. Its
peak score was zero, more than 4 SDs less than the mean of the D2
strain. DBA substrain withdrawal scores did not differ across the two
experiments (all Fs < 1.75, ps > 0.10).

Average baseline scores prior to zolpidem withdrawal testing of
the D1D2F2s ranged from O to 4 (mean + SEM: 0.73 £ 0.09; only 37
animals had scores higher than 1). Zolpidem peak and area scores

were phenotypically correlated 0.83. Baseline scores were weakly
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Figure 23: Peak zolpidem withdrawal frequency histogram and
Epanechnikov kernel density function for D1 and D2 mice from
Experiment 9 (Silverman, 1986; tension = 0.287). Left axis:
proportion of animals per bar. Right axis: actual n per bar. The
dissociation of the D2 animals from the D1 animals strongly suggests a
bimodal distribution.
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correlated with peak and area scores (0.29 and 0.39, respectively), so
regression residuals were calculated for both peak and area on
baseline. When regression residuals were correlated with their
respective peak and area scores, they were correlated 0.95 and 0.92,
arguing that either raw scores or their appropriate regression
residuals could be used to rank order the F2s and select extremes for
genotyping. Since there were many ties for raw scores at both
extremes of the distribution, residual scores were used to break ties.
Ultimately, animals were rank-ordered by peak and then residual peak
and the top and bottom 22 (13.75%, plus ties) animals were chosen
for genotyping (ultimately 59 total). To be certain of obtaining the
animals whose withdrawal was most severe, all animals were re-
ranked by area and then residual area. Those animals that were among
the top and bottom 22 animals that were not already chosen were
added to the genotyping groups. Thus, four additional animals were
added to the low scoring group, and five to the high group. The
choice of animals in this manner had the effect of emphasizing animals
that scored O for baseline. Most animals at the low scoring extreme
had scores of O for baseline, peak, and area (21/29); while most high
scoring animals scored O for baseline, 4 for peak, and between 22 and
41 for area (16/30).

The peak score frequency distribution for the D1D2F2s and
parental strains is shown in Figure 24. These data were subjected to
analysis for bimodality according to the method described by Belknap
et al. (1992). First, the data were sorted into two clusters using K-
means cluster analysis (Wilkinson, 1989). All of the D1 strain (white
hatched bars) and all but two of the low scoring F2 extreme group
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Figure 24: Peak zolpidem withdrawal frequency histogram and
Epanechnikov kernel density function for D1D2F2, D1, and D2 mice
from Experiment 13 (Silverman, 1986; tension = 0.175). Left axis:
proportion of animals per bar. Right axis: actual n per bar. Portions
of bars are coded to show the number of mice of each genotype (D1,
D2, or D1D2F2) and their peak withdrawal score. D1 inbred mice
(white hatched bars) and all but two genotyped low-scoring F2s (black
hatched bars) had peak scores less than 2. D2 inbreds (white stippled
bars) and genotyped high-scoring F2s (black stippled bars) had peak
scores greater than 2. White portions of bars depict the peak scores
of F2s that were ungenotyped. The data are consistent with a bimodal
distribution (see text).
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(black hatched bars) were sorted by SYSTAT into one cluster; while all
of the D2 strain (white stippled bars) and all of the high scoring F2
group (black stippled bars) were sorted into the other. Both of the
two low scoring F2s that were sorted into the high cluster were
animals that would not have been chosen for genotyping by peak alone
-- they were added based on residual area. The mean peak scores of
the two clusters were 0.74 (+ 0.63, SD) and 3.74 (+ 0.53),
respectively, and differed significantly, (F(1,186) = 1234.2, p < 0.001).
Next, the actual data within each cluster were regressed on their
expected values if the data were unimodally normally distributed, and
the y-intercepts of the two regression lines were examined by t-test
and found to differ significantly (t = 22.24, df = 184, p < 0.001).
Therefore, this test suggests that the data fit a bimodal distribution
better than a unimodal one.

HI.C.2.b.ii. Zolpidem and Ethanol Withdrawal Severity

The time-course of zolpidem withdrawal in D1D2F2 mice is
shown in Figure 25. Also shown are the time-courses of the
progenitor strains and the mean time-courses of the two sets of
genotyped F2 extreme scorers. The data clearly show that the high
scoring F2s are D2-like, while the low scoring F2s are D1-like.

The time-course of ethanol withdrawal in D1D2F2 mice is shown
in Figure 26. The figure also shows the progenitor strain time-courses
and those of the genotyped D1D2F2 animals. Note that D1 mice have
significant ethanol withdrawal compared to their lack of zolpidem
withdrawal, and that D2 mice have even higher ethanol withdrawal
than D1 mice. These results are consistent with earlier findings

(Crabbe et al., 1983; Metten & Crabbe, 1994a). While the different
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Figure 25
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Figure 25: Time-course of spontaneous zolpidem withdrawal in
D1D2F2, D1, and D2 mice. Zolpidem (20 mg/kg) was injected i.p. into
separate groups of mice at time = 0, immediately following second
baseline HIC assessment (see text). Symbols represent mean + SE for
each group. The entire group of D1D2F2 mice is shown, as well as
only those in the two (high and low scoring) genotyped groups. Y-axis:
Handling-induced convulsion (HIC) score (see Table 2). X-axis: Time,
in minutes, following injection.
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Figure 26
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Figure 26: Time-course of ethanol withdrawal in D1D2F2, D1, and D2
mice. Ethanol (4 g/kg) was injected i.p. into separate groups of mice
at time = 0, immediately following second baseline HIC assessment
(see text). Symbols represent mean + SE for each group. The entire
group of D1D2F2 mice is shown, as well as only those in the two (high
and low scoring) genotyped groups. Y-axis: Handling-induced
convulsion (HIC) score (see Table 2). X-axis: Time, in hours, following
injection. Ethanol and zolpidem withdrawal area scores in D1D2F2s
were significantly phenotypically correlated (see text).
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D1D2F2 groups are somewhat less distinct than in the zolpidem
withdrawal time-course (cf. Figure 25), there is a clear trend in the
same direction. When the zolpidem and ethanol withdrawal area
scores of the D1D2F2 mice alone were correlated, a significant
positive phenotypic correlation was shown, indicating that mice that
had high scores for one trait also had high scores for the other (r155 =
0.74, p < 0.01). The genetic correlation of zolpidem and ethanol
withdrawal severities in this population was estimated from the
phenotypic correlation according to Falconer (1989; rg = 0.84). This
calculation requires estimates of heritability and the proportion of the
phenotypic correlation attributable to environmental factors.
Heritability was estimated as above, and the environmental correlation
was estimated as the greater (D1) of the within strain correlations for’
D1 and D2 (rg = 0.627). Thus, these data further support the
hypothesis that ethanol and zolpidem withdrawal severities are

mediated, in part, by the same gene(s).

III.C.2.c. Genotypic Results and Summary

DNA samples from 59 D1D2F2 mice (29 animals from the low
extreme and 30 from the high extreme; ~37% of the total phenotypic
distribution} were ultimately genotyped for the polymorphic markers
listed in Tables 7 and 8. Allele frequencies of the phenotypic
extremes for each marker were analyzed for differences by chi-square
(x2) test (2-tailed test, 1 df, « = 0.05). CentiMorgan locations, chi-
square values, number of mice successfully genotyped, and the
respective allele frequencies (expressed as the proportion of D2

alleles, g) in each phenotypic extreme group are given for each
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marker in Table 9. Discrepancy in genotype interpretation resulted in
the elimination of data for one F2 animal for D4Mit33. Other
deviations of the number of animals genotyped from 59 were due to
inexplicable missing bands from the gels. It can be seen that only one
of the allele frequencies (D17Mit66 ) differed significantly at the p <
0.05 level. Figure 27 is a computer-scanned representation of the
photographs of the gels resolving genotypes of D1, D2, and D1D2F2
mice at D17Mit66. Table 9 also shows that allele frequency
differences for D2Mit238 and four markers on chromosome 11
approached significance (ps <0.10). Interestingly, for all five markers
on chromosome 11 and the chromosome 17 marker, the number of
D2 alleles was greater in the low scoring group than in the high
scoring group, indicating that there may be QTLs controlling minor -
proportions of the genetic variance that are negatively correlated with
zolpidem withdrawal in these two regions. Thus, it is likely that the
major gene influencing zolpidem withdrawal severity differences
between the DBA substrains is not near any of the markers genotyped
in the present study, since D2 alleles at such a QTL would have to
confer high withdrawal scores. |
IV. Discussion
IV.A. Current Status of the Genetic Correlation Hypothesis

The results of these studies provide strong evidence that there
are common genetic determinants of ethanol and benzodiazepine
withdrawal convulsions. Thus, evidence is now consistent that genes
affecting ethanol withdrawal convulsions exert pleiotropic influences
on withdrawal from a variety of central nervous system depressant

drugs, including benzodiazepines. The inbred strain mean correlation
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Chi-square (x2) values for Allele Frequency Differences (9y - 9L)

between Phenotypic Extremes in D1D2F2 Micet

Marker cM n x2 9. 9n

DIMit128 | 36.9| 57 0.91 0.50 0.59
D2Mit238 28 | 48 2.70* 0.44 0.61
D2Mit77 74 | 59 0.19 0.34 0.38
D3Mit116 | 84.9| 59 0.12 0.53 0.57
D4Mit185 | 32-43| 57 1.79 0.41 0.53
D4Mit13 71 | 59 0.02 0.40 0.38
D4Mit33 79 | 51 1.59 0.50 0.38
D6Mit149 47 | 53 2.64 0.64 0.48
D1IMit108 | 18 | 58 3.49* 0.66 0.48
D11Mit217 | 19 | 59 3.52+* 0.66 0.48
D11Mit20 20 | 59 2.84" 0.64 0.48
D11Mit174 | 20 | 59 2.84* 0.64 0.48
D11Mit296 | 20 | 59 2.23 0.62 0.48
D13Mit57 7 59 0.04 0.45 0.47
DI17Mit66 | 24.5| 59 4.05¥ 0.57 0.38

t Markers are ordered by chromosome and centimorgan (cM) location. x2 values were

calculated using Sokal and Rohlf's G test for selective genotypingina 2 X2

contingency table. G is a likelihood ratio chi square test. Williams Correction was
employed to give an adjusted G. With o = 0.05, the critical value of x2 = 3.84. Allele
frequencies (9L, , 9g) are expressed as the proportion of D2 alleles in each of the
phenotypic extremes (L - low extreme; H - high extreme). Also given is the number (n) of
mice successfully genotyped for each marker.

*p <0.10.
¥p <0.05.
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Figure 27
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Figure 27: Computer-scanned images of photographed agarose gels
resolving genotypes of D1, D2, and D1D2F2 mice at D17Mit66, a
microsatellite marker. Each lane is labelled according to the identity
of the mouse contributing DNA. D1 and D2 DNA were loaded in the
first and second lanes of each gel, and D1 and D2 DNA were combined
in the lanes labelled “mix,” simulating a heterozygote animal. Each
genotyped D1D2F2 mouse is identified by a unique number (e.g., 34-2)
and phenotype (H - high scorer or L - low scorer), labelled at the top
of the appropriate lane. Interpretations of F2 genotypes were made by
two persons who were not aware of the phenotypic scores of the
animals.
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of ethanol and diazepam withdrawal (Experiment 8) is now
concordant with evidence in WSP and WSR mice (Belknap et al., 1989;
Crabbe et al., 1991a), and the finding generalized to the HAW and LAW
lines (Experiment 10). Two other sets of selectively bred lines have
also recently been used to test this hypothesis (unpublished data).

The High Withdrawal (HW) and Low Withdrawal (LW) lines are being
selectively bred for susceptibility and resistance, respectively, to
elevated HICs following chronic ethanol vapor inhalation in an almost
exact replication of the WSP/WSR selection protocol (V. G. Erwin,
unpublished; Metten & Crabbe, 1996). Female mice of S4 from one
replicate of these lines were tested for precipitated withdrawal from
diazepam using the same protocol as in the present studies. HW mice
had significantly greater diazepam withdrawal HIC scores than LW -
mice (HW: 2.47 £ 0.22 [mean + SEM]; LW: 0.43 + 0.29:; t17 = 5.66,

P < 0.01; unpublished data). The second replicate is three generations
behind the first, and has not yet been tested as of this writing.

The other selection project is one in which mice were
selectively bred for sensitivity and resistance to the ataxic effects of
diazepam, measured as latency to recover ability to stay on a fixed-
speed rotarod (Gallaher et al., 1987a). Diazepam Resistant (DR) mice
had significantly greater ethanol and diazepam withdrawal than
Diazepam Sensitive (DS) mice (Metten & Crabbe, 1994b). These lines
were tested late in selection (Sgg), when accumulated inbreeding and
the extent of chance fixation were high. The results concerning
correlations among central nervous system depressant drug
withdrawal and diazepam-induced ataxia should be interpreted

cautiously. However, the fact that both ethanol and diazepam
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withdrawal were greater in one line over the other is suggestive.
Given the strength of the other evidence, the implication of this
finding seems sound.

Withdrawal convulsion severity following zolpidem also was
found to correlate genetically with ethanol withdrawal in several
experiments, supporting the corollary hypothesis that benzodiazepine
withdrawal convulsions in general are mediated by some of the same
genes as ethanol withdrawal. Furthermore, the genetic correlation
does not appear to require use of a strictly identical withdrawal
paradigm, since HAW mice had significantly greater spontaneous and
precipitated benzodiazepine withdrawal than LAW mice. It might be
argued that this is a limited finding. HAW and LAW mice were derived
without replicate lines from a genetically segregating B6D2F2 foundex:
population, and interpretation of genetic correlations in unreplicated
lines must be considered as tentative without corroborative evidence
(Crabbe et al., 1990). However, the main reason for creating replicate
lines is to protect against effects of random genetic drift, which is less
likely to be a serious problem with short-term selection. Also,
replicate lines can be re-derived readily in just a few generations,
using the short-term selection protocol (Metten & Crabbe, 1996;
Belknap et al., in press). The replicate lines could then be tested for
spontaneous and precipitated benzodiazepine withdrawal, including
diazepam and zolpidem, in order to replicate and extend these results.

It might also be argued that the generalizability of the HAW/LAW
results are potentially limited to B6 and D2 inbred strains and their
intercross progeny. The present studies do not provide sufficient

evidence to conclude that precipitated zolpidem withdrawal would be
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genetically correlated with ethanol withdrawal in other test crosses.
However, spontaneous zolpidem and ethanol withdrawal were shown
to be correlated in D1D2F2s, extending the finding to at least one
more population. Furthermore, the HW and LW lines discussed above
could be tested with several BZR ligands in both withdrawal
paradigms. Like the WSP and WSR lines, these lines were derived
from HS/Ibg stock, produced from crosses among eight inbred strains
(A, AKR, BALB/c, C3H, C57BL, Is/Bi, RIll, and DBA/2: McClearn &
Kakihana, 1981).

Several groups of researchers have failed to show dependence
on zolpidem in mice (VonVoigtlander & Lewis, 1991; Perrault et al.,
1992; Schoch et al., 1993). In one study, zolpidem or vehicle was
administered to male CD-1 mice by gastric intubation (30 mg/kg,
twice daily) for ten days. Dependence was measured in separate
groups of mice at 3, 6, 14, 24, 42, and 67 hours after the last
treatment as the decrease in latency to isoniazid-induced convulsions.
An increase in convulsion latencies (i.e., protection) was seen at 3
hours in zolpidem-treated mice compared to controls, but no
differences were detected at other times (Perrault et al., 1992).
Another group of zolpidem-treated mice was injected with flumazenil
(5 mg/kg, i.p.) ten minutes after isoniazid. There were no differences
in convulsion latencies compared with chronic vehicle-treated mice,
suggesting that flumazenil antagonized the protective effect of
zolpidem (Perrault et al., 1992).

Although the study of Perrault et al. is not easily comparable to
the present studies, several possiblities can be suggested for the

discrepancy in conclusions. First, Perrault et al. may have looked too
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infrequently or too late: their first time-point was 3 hours, a time
when mice in the present studies are beginning to recover basal levels
of HIC severity (see Figures 7, 20, 25). Second, it may be that
zolpidem withdrawal after repeated injection is less intense than after
a single injection; however, repeated ethanol exposures given to
heterogeneous mice have been shown to induce successively greater
withdrawal episodes (Goldstein, 1974). Third, convulsant drug
treatment is rather harsh compared to the handling-induced
convulsion, which is the exacerbation of a natural reflex (Chance,
1953; Goldstein, 1972b). It may be that the intensity of the convulsive
response to isoniazid masked the zolpidem withdrawal-induced
hyperexcitability. Finally, the outbred CD-1 mice may not possess the
full range of genes conferring zolpidem withdrawal severity. The )
results of the present studies and our preliminary study in 14 inbred
strains (unpublished) suggest that genetic susceptibility to zolpidem
withdrawal convulsions may be rare.
IV.B. D2, D1, and B6 Mice and Withdrawal Severity

Closer examination of the data from the inbred strain diazepam
and zolpidem withdrawal tests (Experiments 8 and 9) and ethanol
withdrawal test (Metten & Crabbe, 1994a) revealed an interesting
pattern of responses among the B6, D1, and D2 strains. The DBA
substrains had greater withdrawal from both ethanol and diazepam
compared to the B6 strain (or any other strain). The D2 strain's
ethanol withdrawal mean was twice that of the D1 strain; however,
there was no difference in their diazepam withdrawal means (see
Figure 15; p = 0.77, Tukey's HSD). The DBA substrains also differed in

the same direction for zolpidem withdrawal; therefore, there exists at
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least one gene common to ethanol and zolpidem withdrawal severity
that is not among the genes affecting diazepam withdrawal.
Furthermore, it appears from the results of Experiments 13 and 14
that this gene(s) may control a relatively large percentage of the
genetic trait variance in zolpidem and ethanol withdrawal in crosses
with a D2 progenitor. We also tested D1D2F1 mice for zolpidem
withdrawal. Sixteen of 18 Fls had peak withdrawal scores of 4: the
remaining two animals had scores of zero throughout the time-course
(unpublished observations). These data support the major gene
hypothesis and further suggest that there may be dominance for the
effect of the D2 allele since F1 mice are isogenic.

The D2 and WSP zolpidem withdrawal results (Figures 7, 12,
and 20) suggest that genetic susceptibility to zolpidem withdrawal may
be an indicator of susceptibility to extreme ethanol withdrawal
severity. It is possible that D2 and WSP mice share common
allelotype(s) at pleiotropic withdrawal QTL(s}. The progenitor stock of
WSP mice was HS/Ibg (see above). Thus, all DBA alleles extant in the
WSP line are DBA/2 in origin if unique to one DBA substrain. As a test
of this hypothesis, WSP and WSR mice are presently being genotyped
for ethanol withdrawal QTL markers (K. J. Buck, personal
communication).

Among the 23 loci known to be polymorphic between D1 and D2
mice prior to the present studies, genotypes for the B6 strain are
known for 19. Of these, the D1 substrain has the same allele as the B6
strain for 13 loci; i.e., there is an estimated 68% genetic homology
between these two strains (GBASE, 1994; Festing, 1990; Festing,
1994). The present studies found that the D1 strain showed zolpidem
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withdrawal severity that was not significantly different from that of B6
(Figure 20). This suggests that the D1 strain may have the same
allele(s) as B6 at the QTL(s) affecting zolpidem withdrawal. This is
plausible given the D1/B6 homology estimate given above. The
percentage of minisatellite fragments (estimated by digestion with the
restriction enzyme Hae III) that vary between D1 and B6 is 68%,
implying homology of centromeric DNA of no more than 32% (Aker &
Huang, 1996). Another estimator of the proportion of D1/B6
homology is available from the present genotyping results. D1 alleles
appeared to isomorphic with B6 alleles for only 5 of fifteen D1/D2
polymorphic markers (i.e., 33%). Like that from minisatellite
markers, this estimate should be interpreted cautiously, since gel
resolution is approximately 4 base pairs. Furthermore, alleles
appearing to be identical in base pair number may still have different
base pair identities. Finally, eleven other strains did not exhibit
significant zolpidem withdrawal (unpublished observations). It is
equally plausible that the D1 strain shares allelotype at the zolpidem
QTL with one of these strains.
IV.B.1. Genotyping and QTLs

The present studies provide the first evidence suggesting the
chromosomal location of any QTL affecting benzodiazepine withdrawal.
At the time of this writing, a mapping effort for QTLs affecting
precipitated withdrawal from acute diazepam is underway in BXD
recombinant inbred (RI) strains (E. J. Gallaher, personal
communication). It will be interesting to compare the ethanol/
diazepam genetic correlation in the Rl strains with that of the inbred

strains. The chromosomal locations of QTLs affecting ethanol and the
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two BZR ligands can also be compared (Crabbe et al., 1994a). The
results of the present studies predict that there will be some overlap
in the QTLs observed from ethanol and diazepam, and that at least one
QTL will be common to ethanol and zolpidem, but not diazepam. It
can be predicted that the unique ethanol/zolpidem QTL will not be in
the chromosome 11 region (18 - 20 c¢M) or near D17Mit66 (24.5 cM)
because of the negative association of these markers with zolpidem
and ethanol withdrawal (Table 9).

The D1D2F2 genotyping data from polymorphic markers on
chromosome 11 were analyzed using MAPMAKER/EXP and
MAPMAKER/QTL (Lincoln et al., 1993a; Lincoln et al., 1993b) despite
the lack of statistical significance. MAPMAKER/EXP 3.0 constructed
the primary linkage map for this region, giving the order of the -
markers (centromere to distal end) as: D11Mit217, D11Mitl08,
D1iMit174, D11Mit20, D11Mit296. The order of markers is
consistent with the Enclopedia of the Mouse Genome V (Silver et al.,
1996), except for the first two markers which currently are assigned
to 19 and 18 cM, respectively. The other three markers are assigned
to 20 cM; however, the present data suggest that D11Mit296 may be
slightly further distal than D11Mit20 and DI11Mitl74.

MAPMAKER/QTL 1.1 was employed to determine whether
DID2F2 acute ethanol withdrawal and spontaneous zolpidem
withdrawal data were independently associated with any of these
markers. This program uses linear regression of phenotype on gene
dosage, and therefore, the p values obtained are the same as for
correlation of phenotype with gene dosage (Lincoln et al., 1993b:
Belknap et al., 1995). However, MAPMAKER/QTL 1.1 also includes
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interval analysis using maximum likelihood estimation and a built-in
genotyping error check, and assesses both additive and dominance
effects of a QTL. MAPMAKER/QTL 1.1 calculated a LOD score for the
presence of a zolpidem withdrawal QTL in this region as 1.384

(p = 0.04), best fitting either a D1-dominant or additive genetic model.
This putative QTL localized to the interval between DI11Mit217 and
D11Mit108, and was calculated to control about 6.7% of the
phenotypic variance in zolpidem withdrawal. These results do not
meet the suggestive linkage standard set up for reporting linkage (LOD
thresholds 1.9 - 2.0 for intercrosses with 1 d.f.) by Lander and
Kruglyak (1995). However, several caveats should be mentioned
before disregarding this region as a potential QTL site. First,
MAPMAKER/ QTL 1.1 assumes that the phenotypic data are normally.
distributed. That is clearly not the case with these data. In fact, the
probable degree (98%) of genetic homology between D1 and D2
strains and the bimodality of the distribution (Figure 24) argues that a
nonparametric linkage program would be more appropriate for
analysis of these data. Such a program is in development (Kruglyak &
Lander, 1995). Second, the numbers of animals tested (160) and
genotyped (59) in this study generally were calculated to detect a
major gene affecting the trait, not QTLs affecting less than 7% of the
trait variance.

Third, the chromosome 11 markers were also found to be
associated with ethanol withdrawal in the D1D2F2s (LOD 1.711, best
fitting an additive model, p = 0.02, explaining 10.2% of the trait
variance). The chromosome 11 markers were negatively associated

with both zolpidem and ethanol withdrawal. This is the same
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direction as found in B6 X D2 crosses (Belknap et al., 1993c; Buck et
al., submitted), lending further support to the results. Markers on
chromosome 11 (16 - 23 ¢M) were chosen for genotyping D1 mice
not only because a putative ethanol withdrawal QTL maps there, but
because the al, a6, and y2 subunits of the GABA receptor complex are
co-localized to that region (Silver et al.,, 1996). The human homolog of
the GRC 2 subunit is located in the same gene cluster as the al, o6,
and y2 subunits (Russek & Farb, 1994), suggesting that the B2 mouse
homolog will map to murine chromosome 11.

There was also a negative association of D17Mit66 at 24.5 cM
with zolpidem withdrawal (p < 0.05). This area of chromosome 17 is
one of the historically-identified regions containing polymorphisms
between the DBA substrains (Hoffman, 1978). No other chromosome
17 markers were identified as D1/D2 polymorphic in Experiment 12,
precluding analysis with MAPMAKER. Marginal support was found for
a positively associated marker on chromosome 2, D2Mit238 (28 cM;
p = 0.10). This marker is in the general region of another putative
ethanol withdrawal QTL (~37 cM) located by mapping in B6 X D2
intercrosses (Belknap et al., 1993c; Buck et al., submitted).

IV.B.2. Future Directions

It seems unlikely that any of the marginally associated markers
just discussed can account for the bimodality in the D1D2F2 data.
Therefore, the present study did not successfully map the putative
major gene affecting zolpidem withdrawal severity to any of the
regions tested in the present studies. One possibility that must be
considered is that the polymorphism resulted from mutation, rather
than residual heterozygosity at the time of substrain separation.
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Assuming that the mutation were linked to a region of polymorphism
preserved from residual heterozygosity, it should be possible to detect
it by performing a full-genome scan of D1D2F2 mice with
microsatellite markers. Spacing the markers about 10 cM apart would
permit interval mapping, such as that employed by MAPMAKER,
including the nonparametric version (Kruglyak & Lander, 1995). This
approach will also work if the polymorphism did not result from
mutation. In either case, it should be unnecessary to breed and test
additional D1D2F2s since only a miniscule portion of DNA was used in
the present studies.

However, a much more extensive effort in genotyping the D1
progenitor than the present studies would probably be necessary in
order to identify de novo polymorphic loci. The approach used here L
was to use markers that were known to be B6/D2 polymorphic. There
is certainly no requirement for this. Other markers known to be
polymorphic between at least two commonly used inbred strains
should be equally useful. For example, the polymorphism detected
with D4Mitl3 revealed that the D1 strain has neither the D2 (97 bp)
nor the B6 (92 bp) allelotype. The D1 allele appeared to be around
105 - 115 bp, which suggests that it may share allelotype with
C3H/HeJ (108 bp) or AKR/J (111 bp).

To the best of my knowledge, no other group has any interest in
genotyping DBA/1J mice. However, D1 mice are commonly used in
immunologic research as a genetic model susceptible to arthritis (e.g.,
collagen- or pristane-induced) and D2 mice are resistant
(Chapedelaine et al., 1991). Differences in a two-way active-avoidance

shuttle box task and hippocampal CA3 pyramidal cell spontaneous and
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evoked bursting between the DBA/1Halle and DBA/2Gat strains have
also been identified (Yanovsky et al., 1995). Thus, it seems likely that
the genotyping of D1 mice would prove useful for other fields of
science as well as that of drug withdrawal.
IV.C. Implications of Screening Test Results for the Correlation
Hypothesis

Although the fact that WSP mice were selectively bred for
susceptibility to severe ethanol withdrawal convulsions and both
replicate lines are susceptible to benzodiazepine withdrawal is
strongly suggestive of common genetic determinants of withdrawal
among these drugs, alternative explanations are possible. Two
possibilities are (1) that random inbreeding produced homozygous
fixation of genes affecting benzodiazepine withdrawal and (2) that
genes having a minor effect on the exacerbation of chronic ethanol
withdrawal convulsions but a major effect on diazepam withdrawal
became fixed later in selection. Several lines of evidence argue against
these possibilities. First, despite the fact that WSR mice were not
tested in the present studies, selecﬁve breeding pressure against
susceptibility for ethanol withdrawal convulsions following chronic
vapor inhalation has rendered both WSR replicates almost universally
resistant to withdrawal from central nervous system depressants,
including diazepam (Belknap et al., 1987; Belknap et al., 1988;
Belknap et al., 1989; Crabbe et al., 1991a). Furthermore, this
differential sensitivity of the lines is specific to depressants, since
WSR mice may be more sensitive than WSP mice to naloxone-

precipitated morphine withdrawal (Belknap, unpublished).
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Second, the differential sensitivity of the WSP and WSR lines to
diazepam withdrawal was initially demonstrated in both replicates
early in selection (Ss). Differential fixation of trait-irrelevant genes
this early in selection in both replicates is highly unlikely under the
breeding conditions employed (Crabbe et al., 1985; Crabbe et al.,
1990).

Third, the ethanol/diazepam correlation has been confirmed
early in selection in two other sets of lines selectively bred for
differential ethanol withdrawal (HAW/LAW: Experiment 10; HW/LW:
discussed above) and extended to zolpidem (Experiment 11A & B).
Therefore, the results in WSP mice imply that withdrawal severity
following BZR ligands other than diazepam and zolpidem are also
genetically correlated with ethanol withdrawal severity.

It might also be argued that WSP mice are simply sensitive to
convulsions in general, and HICs in particular. After 26 generations of
selective breeding, there is evidence that WSP mice are slightly more
sensitive than WSR mice to convulsions induced by infusion of
chemical convulsants (Kosobud & Crabbe, 1995). The observation that
WSR mice are more sensitive to NMDA-induced convulsions after
intraveneous infusion indicates that this finding is not universal
(Kosobud & Crabbe, 1993). WSP mice are also more sensitive than
WSR mice to HICs induced by intraperitoneal injection of a variety of
convulsant drugs; however, it is clear that WSR mice do display HICs
in response to some convulsant drugs (Crabbe et al., 1991b).

It may be that these differences between the lines developed
late in selection. After three generations of selection, HAW and LAW
mice did not differ in sensitivity to NMDA-induced convulsions after
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infusion; in animals from Ss, no differences between the lines were
found for either kainic acid- or pentylenetetrazol- induced convulsions
after infusion (Metten et al., unpublished observations). In contrast to
WSR mice, LAW mice still display baseline and mild withdrawal-
elevated HICs indicating that selection pressure has not yet
neutralized the capability for these responses (Figures 21 and 22;
baseline data not shown). The HAW and LAW lines have not yet been
examined for differential sensitivity to elevation of HICs following
injection of convulsants or following withdrawal from the wide variety
of drugs examined in WSP and WSR lines, so that the extent of the
specificity remains unclear. However, HAW mice display greater
withdrawal than LAW mice following pentobarbital and nitrous oxide,
in addition to the BZR ligands examined in the present studies -
(Metten et al., unpublished observations). Thus, the implications of
these findings support the conclusion that selection for severe ethanol
withdrawal convulsions confers sensitivity to withdrawal to central
nervous system depressant drugs in general, but not necessarily to
convulsions induced by other methods.
IV.C.1. Spontaneous versus Precipitated Withdrawal Convulsions

In the present studies, WSP mice displayed spontaneously
produced withdrawal convulsions following a single dose of zolpidem
or alprazolam and withdrawal from each could also be precipitated by
flumazenil, but precipitation of convulsions was required for both
midazolam and triazolam. In marked contrast, HIC scores following
abecarnil injection were only elevated above basal levels when the

spontaneous withdrawal paradigm was employed. Thus, only
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alprazolam and zolpidem produced withdrawal convulsions using both
the spontaneous and precipitated withdrawal paradigms.

The results of the screening tests suggest that expression of
withdrawal convulsions after single injections of different BZR ligands
may depend on the withdrawal paradigm (i.e., spontaneous versus
precipitated). For example, precipitated triazolam withdrawal was
seen, but none of three doses produced spontaneous withdrawal
convulsions. An inverse dose-response relationship might be
hypothesized from the results of the spontaneous triazolam withdrawal
test (Experiment 2; see Figure 4 inset). This suggests that withdrawal
from higher doses might have been seen later after injection.

However, in a separate study, we monitored withdrawal convulsion
severity at approximately 3 hour intervals for 3 days following
administration of 0.5, 1, 5, 10, or 20 mg/kg triazolam to WSP mice: no
dose produced elevation above vehicle levels (unpublished
observations).

Another group has compared the proportions of DBA/2J mice
displaying benzodiazepine withdrawal convulsions following
precipitation with Ro15-3505, a partial inverse agonist at the BZR
(Moreau et al., 1990). Young (~35 day old) D2 mice were implanted
for 7 days with minipumps containing triazolam, alprazolam,
diazepam, or vehicle. Five hours after removal of the minipumps, they
were injected through the tail vein with Ro15-3505. Significantly
greater proportions of benzodiazepine-treated mice displayed clonic
convulsions during the next 30 minutes than vehicle-treated mice
(Moreau et al., 1990). No subjects were administered vehicle in lieu of

Ro015-3505, prohibiting examination of the possibility of spontaneous



Page 117

convulsions following this treatment paradigm. However, like the WSP
results, this study implies that ethanol and benzodiazepine withdrawal
convulsions are genetically correlated because of the use of D2 mice.

Chronic administration of midazolam has previously been shown
to induce dependence in mice and rats (Boisse et al., 1990; Perrault et
al., 1992). CD-1 mice 14 or more hours withdrawn from midazolam
displayed decreased latency to isoniazid-induced convulsions
compared to mice administered vehicle, suggesting that midazolam
withdrawal produced a hyperexcitable state. Flumazenil treatment
antagonized the protective effect of midazolam seen at 3 and 6 hours
after cessation of midazolam treatment, but did not further decrease
convulsion latencies compared to the midazolam/no flumazenil group
at later times (Perrault et al., 1992). Thus, this study suggests that .
withdrawal with or without precipitation occurs after chronic
treatment with midazolam.

The data presented in Figure 6 suggest that a lower dose of
midazolam than 2.5 mg/kg might have produced spontaneous
withdrawal convulsions and that recovery was just beginning in the 5
mg/kg dose group when the time-course was stopped. Another
possibility for the lack of observance of withdrawal exists. It has
repeatedly been noted that HIC scores diminish over time in
repeatedly-tested vehicle-treated animals. Withdrawal HICs were
assessed every 15 minutes for two hours following midazolam
treatment in the present study. The data suggest that about 30 to 60
minutes between assessments would have been adequate (Figure 6). It

is conceivable that following a more loosely-spaced and longer time-
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course might have allowed expression of spontaneous midazolam
withdrawal convulsions.

Finally, the finding that abecarnil produced spontaneous
withdrawal was unexpected. The spontaneous withdrawal results are
not consistent with those seen previously (Crabbe, 1992), using the
same dose, mouse line and sex, HIC rater, and almost identical time-
course. The lack of concordance with the literature (Crabbe, 1992;
Steppuhn et al., 1993; Rundfeldt et al., 1995), and the very small
withdrawal scores, suggests that the present result should be taken as
tentative until replicated. The lack of precipitated withdrawal (Figure
10) was inconsistent with the prediction that abecarnil acts as a full or
partial agonist at the BZR; however it has been suggested that
abecarnil’s agonist properties may depend on the trait being assessedh
(Lytle et al., 1995). It is possible that another antagonist (e.g., Rol5-
3505, a partial inverse-agonist; Moreau et al., 1990) would produce a

different result.

IV.C.2. Pharmacology of BZR Ligands vis a vis Withdrawal Expression

It is possible that differences among the BZR ligands with regard
to mechanism of action (e.g., GRC binding specificity and affinity,
functional agonism) or pharmacology (e.g., brain regional binding,
pharmacokinetics) may underlie their respective abilities to induce

spontaneous withdrawal convulsions.

IV.C.2.a. Pharmacokinetic Factors

Three of the BZR ligands in these studies are classified as ultra-
short acting. Midazolam has an elimination half-life (t;/9) of about 1.5
to 2.5 hours in healthy human subjects. A pharmacologically active
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metabolite, o-hydroxymidazolam, has a t;/2 of about 1 hour (Garzone &
Kroboth, 1989). Zolpidem's t;,o is also about 1.5 to 2.5 hours. Three
major metabolites have been identified, but they appear to lack
pharmacological activity (Langtry & Benfield, 1990). Midazolam and
zolpidem both have similar times to maximum plasma concentration
(30 - 45 minutes). Triazolam’s t; /2 is about 2.5 to 4 hours and its
metabolites are very rapidly glucuronidated and excreted in urine
(Garzone & Kroboth, 1989). Abecarnil is described as a short acting
partial-to-full agonist. Its t;/5 is about 3.5 to 8 hours. Four metabolites
of abecarnil have been identified. They have longer half-lives (~22
hours) and very low binding affinity (~40-fold less) compared to
abecarnil and may not cross the blood-brain barrier (Spencer & .
Benfield, 1995). Alprazolam is classified as intermediate in duration of
action, with a t;/2 of about 10 to 15 hours. Twenty-nine metabolites of
alprazolam have been identified in urine; however, the major
metabolites appear tb be rapidly glucuronidated and excreted (Garzone
& Kroboth, 1989). These latter three drugs have similar times to
maximum plasma concentration (about 1.25 to 1.75 hours). Finally,
these drugs all have similar volumes of distribution (0.5 - 1 L/kg),
although there is large intersubject variability (0.4 - 2 L/kg) in this
measure with midazolam (Garzone & Kroboth, 1989).

The half-lives of the BZR ligands used in the present studies do
not explain their relative abilities to induce spontaneous withdrawal
convulsions. A common assumption is that withdrawal is more severe
in humans following cessation of treatment with short-acting
benzodiazepines than long-acting ones. In fact, a common first step of

treatment for people undergoing withdrawal from a rapidly eliminated
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benzodiazepine is to switch them to a drug with a long t; /5, commonly
diazepam (Sellers, 1988), although this is not always effective in
preventing seizures (Schneider et al., 1987). Yet, if a rapid
elimination half-life were either necessary or sufficient to determine
withdrawal severity, then triazolam, zolpidem, and midazolam should
all have produced spontaneous convulsions upon withdrawal.
Elimination half-life should not be confused with duration of
action. Several other pharmacokinetic properties are important to
action duration, including absorption half-time, rate of brain uptake
and clearance, and total volume of distribution (Amrein et al., 1983;
Arnold, 1991). The lipid solubility of a drug is related to both rates of
brain uptake and clearance and has been advocated as a preferable way
to categorize BZR ligands by effective duration over half-life (Arnold, -7
1991). Another way of ranking these drugs is by the residual fraction,
which is the plasma concentration at 12 hours after drug intake
divided by the maximal plasma concentration (Amrein et al., 1983).
With this method, a drug with rapid clearance would be termed short-
acting compared to one which clears more slowly, although equivalent
maximum concentrations were administered. In fact, time-to-peak
withdrawal score for each drug would predict that the following rank
order of duration of action would be observed: zolpidem, abecarnil,
triazolam, midazolam, alprazolam. This measure might be supposed to
be correlated with time to maximum plasma concentration and
duration of action. The rank order observed indicates that this
estimate may also not be a good predictor of withdrawal severity.
Although it has been demonstrated that withdrawal HIC severity

after chronic exposure to ethanol is dose- and duration-dependent
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(Goldstein, 1972b), we have shown previously using Swiss-Webster
mice that the magnitude of ethanol and diazepam withdrawal severity
did not differ across a range of doses in the acute paradigm (Metten &
Crabbe, 1994b). Furthermore, inbred strain mean brain diazepam
concentrations 30 minutes after a similar dose (16 mg/kg) (Crabbe et
al., manuscript in preparation) were not genetically correlated with
withdrawal severity (r = -0.33, p = 0.25). Withdrawal severity was
weakly genetically correlated with blood ethanol concentrations at 30
minutes after 4 g/kg ethanol (r = 0.53, p < 0.04), but not at 90, 150,
or 210 minutes or when the four concentrations were pooled (Metten
& Crabbe, 1994b). Taken together, these data suggest that
pharmacokinetic factors are not crucially important in determining

drug withdrawal severity.

IV.C.2.b. Pharmacodynamic Factors

The potencies of the drugs in the present studies at producing
withdrawal (regardless of paradigm) are in general accord with their
recognized potency ranges at producing pharmacological effects in
humans (Garzone & Kroboth, 1989; Langtry & Benfield, 1990;
Spencer & Benfield, 1995). GRC subunit binding specificity, brain
regional binding, and fractional receptor occupancy have been
forwarded as potential explanations of the potency (affinity/efficacy) of
BZR ligands at producing behavioral effects (e.g., Giusti et al., 1991;
Jones et al., 1994). No data that I am aware of address these
hypotheses with regard to withdrawal convulsion severity per se. At
the present time, the neural circuitry involved in the HIC is unknown,

so that a regionally-directed search for brain areas involved in
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withdrawal convulsions has been primarily focussed on obvious areas,

such as hippocampus. Whole brain messenger RNA for a3, a6, and p2
subunits of the GRC are lower in ethanol naive WSP compared to WSR
mice (see review by Buck, 1996), indicating that selective breeding for
ethanol withdrawal HIC severity has differentially fixed regulators of
GRC subunit expression. Therefore, further investigation into the
pharmacodynamic properties of withdrawal from ethanol and BZR
ligands may prove fruitful.

IV.D. Summary

The results of the present studies indicate that estimation of
withdrawal severity following single injections of different BZR
agonists depends on the drug, the withdrawal paradigm, and/or the
mice being tested. However, the data from multiple studies support -
the hypothesis that there is a genetic correlation between ethanol and
benzodiazepine withdrawal severities when mice are tested using the
drug-appropriate paradigm.

Evidence suggests that zolpidem withdrawal susceptibility may
be a behavioral marker of extreme ethanol withdrawal susceptibility.
It is therefore advantageous to determine the genetic basis of this
susceptibility. D1D2F2 mice tested for zolpidem withdrawal were
genotyped for 15 SSLP markers using PCR-based genotyping
techniques. Three chromosomal regions were weakly associated with
zolpidem withdrawal severity: ~24 cM distal from the centromere on
chromosome 17, ~20 cM on chromosome 11, and ~28 cM on
chromosome 2. Evidence was found for a major gene effect on
zolpidem withdrawal, but the chromosomal location of this gene

remains unknown.
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