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Summary. The technique of selective breeding has been employed to develop a number of mouse lines differing in
genetic sensitivity to specific effects of ethanol. Genetic animal models for sensitivity to the hypnotic, thermoregula-
tory, excitatory, and dependence-producing effects of alcohol have been developed. These genetic animal models have
been utilized in numerous studies to assess the bases for those genetic differences, and to determine the specific
neurochemical and neurophysiological bases for ethanol’s actions. Work with these lines has challenged some
long-held beliefs about ethanol’s mechanisms of action. For example, lines genetically sensitive to one effect of
ethanol are not necessarily sensitive to others, which demonstrates that no single set of genes modulates all ethanol
effects. LS mice, selected for sensitivity to ethanol anesthesia, are not similarly sensitive to all anesthetic drugs, which
demonstrates that all such drugs cannot have a common mechanism of action. On the other hand, WSP mice,
genetically susceptible to the development of severe ethanol withdrawal, show a similar predisposition to diazepam
and phenobarbital withdrawal, which suggests that there may be a common set of genes underlying drug dependen-
cies. Studies with these models have also revealed important new directions for future mechanism-oriented research.
Several studies implicate brain gamma-aminobutyric acid and dopamine systems as potentially important mediators
of susceptibility to alcohol intoxication. The stability of the genetic animal models across laboratories and generations
will continue to increase their power as analytic tools. '
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General introduction

Selective breeding takes advantage of genetic variability
and has been utilized for many years in the fields of
agriculture and animal husbandry to produce plants and
animals with desired characteristics. However, it is only
within the last 25 years that this technique has been
widely recognized as a particularly powerful one in the
field of pharmacogenetics, principally for studying the
drug, ethanol (EtOH). A number of rat and mouse lines
are now available which are highly sensitive or insensitive
to various effects of alcohol (EtOH). Most originated
from genetically heterogeneous foundation populations
whose individuals were screened for sensitivity to the
relevant EtOH effects. Breeding pairs, chosen for ex-
treme sensitivity or insensitivity, produced offspring who
were themselves screened and selectively bred according
to their relative sensitivities. This process continued for a

number of generations until highly sensitive and insensi-
tive lines were produced. The success of a selective breed-
ing program attests to the presence of genetic factors
influencing the response in question. The speed and pat-
tern of divergence between the sensitive and insensitive
lines provide some indication of the genetic complexity
underlying the response.

This paper reviews work which has been performed using
selected mouse lines. A large portion is devoted to Long-
Sleep (LS) and Short-Sleep (SS) mice because they have
been the most extensively investigated. To avoid redun-
dancy in the literature, we provide a short summary of
two recent reviews which included data from LS and SS
mice, and more thoroughly address more recent work
and research that has not been exhaustively reviewed
elsewhere. Other research reviewed pertains to the select-
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ed lines, WSP and WSR, COLD and HOT, FAST and
SLOW, and SEW and MEW. These designations will be
defined in later sections.

Long-Sleep (LS) and Short-Sleep (SS) mice

The derivation of the LS and SS mice has been described
in detail and the reader is referred to McClearn and
Kakihana 1°2. An 8-way cross of inbred strains com-
prised the genetically heterogeneous (HS) foundation
population. These strains were chosen from divergent
genetic backgrounds to maximize genetic variability, an
essential prerequisite for success in a selection program.
Mass selection was used and the selection phenotype was
duration of loss of the righting reflex (LORR). Animals
with the longest durations were mated to each other to
initiate the LS line and those with the shortest were mat-
ed to initiate the SS line.

The lines diverged rapidly, and virtually no overlap in
LORR durations was present after 17 selected genera-
tions 12, Even after many generations of relaxed selec-
tion, LS and SS mice have retained an approximately
8-fold difference in LORR duration after EtOH. In addi-
tion, LS mice regain the righting reflex at brain EtOH
concentrations that are 1.5-fold lower than SS
mice 132-123 This measure directly indexes central ner-
vous system (CNS) sensitivity to the drug, and we shall
see in subsequent sections that the wide use of LORR
duration, rather than brain EtOH concentrations, has
occasionally led to interpretational difficulties which
could have been avoided. These mice have been used
primarily in investigations of mechanisms of EtOH’s ac-
tions, frequently in the study of genetic correlation
among EtOH-affected traits, and less frequently in stud-
ies of genetic architecture underlying EtOH-related phe-
notypes. Genetic differences between LS and SS mice
have been studied by examining brain polypeptide vari-
ants using electrophoresis 72, Finally, recent derivation of
recombinant inbred strains from LS and SS mice will
facilitate future studies of correlated traits and may help
to identify single loci of importance *°.

Previous reviews of work using Long- and Short-Sleep
mice

Two recent book chapters have reviewed a large propor-
tion of the data which have been collected using LS and
SS mice 3% *°. The reader is referred to these reviews for
references not presented here, and for a discussion of
issues studied before 1985. Crabbe and colleagues??
characterized LS mice as generally EtOH-sensitive and
SS mice as EtOH-insensitive. Consistent with this sugges-
tion is the greater sensitivity of LS mice to LORR in-
duced by EtOH and many other alcohols and CNS de-
pressants, EtOH depression of body temperature, EtOH
disruption of neuronal lipid membrane structure, EtOH
elevation of plasma corticosterone levels, and EtOH
depression of cerebellar Purkinje cell firing. Deitrich and
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Spuhler *© discussed the importance of certain similari-
ties between the two lines in excluding postulated mech-
anisms of EtOH action responsible for the LORR dura-
tion difference. For example, metabolism of EtOH is
largely similar in the two lines and cannot account for the
large LORR differences. In addition, the similar LORR
responses of LS and SS mice to pentobarbital and
halothane suggest that a common mechanism of action
to induce LORR does not exist for EtOH and all other
sedative-hypnotics. Recent developments in this area are
reviewed in the next section.

Some instances of greater sensitivity displayed by SS
mice, as compared to LS, were also noted in these re-
views. SS mice exhibited greater EtOH preference drink-
ing, more severe EtOH withdrawal-induced seizures and
flurothyl-induced seizures, more severe morphine with-
drawal, and greater locomotor activation at low EtOH
doses. In addition, SS mice are more fertile, have higher
reproductive fitness, and greater adrenal weight.

Generality of sensitivity to hypnotics

Many studies have been performed to characterize the
generality of the difference in LORR sensitivity between
LS and SS mice (table 1). Almost all of these studies have
employed the duration of LORR to index sensitivity. The
seminal study demonstrated that LS mice had longer
LORR durations than SS mice when given methanol,
butanol, or t-butanol, but not when given chloral hy-

Table 1. Loss of righting reflex sensitivity in LS and SS mice.
Agent Relative References

sensitivity
Ethanol LS >SS 47,54,88,131, many others
Methanol LS >SS 54
n-Propanol LS >SS 88
n-Butanol LS >SS 54,88
t-Butanol LS >SS 47,54
3-me-Butanol LS >SS 88
Trichloroethanol LS =SS 54

LS >SS 96,128
Trifluroethanol LS >SS 96
Tribromoethanol LS >SS 96
Dichloroethanol LS >SS 96
Acetaldehyde LS >SS 47
Paraldehyde LS =SS 54

LS >SS 96,128
Urethane LS >SS 96
Isoflurane LS >SS 91,96
Enflurane LS >SS 96
Halothane LS =SS 10
Nitrous oxide LS >SS 96
Gammabutyrolactone LS >SS 48
Chlordiazepoxide LS >SS 104
Flurazepam LS >SS 95
Chloral hydrate LS =SS 54

LS >SS 96
Methyprylon LS >SS 87
Barbital LS >SS 76,96
Thiopental LS >SS 104
Ethchlorvynol SS>1LS 87
Phenobarbital LS >SS 96,104
Secobarbital SS > 18 87
Pentobarbital LS =SS 8,54

LS >SS 8,76

SS > LS 8,47,87,111,131




Reviews

drate, paraldehyde, or trichloroethanol °#. These animals
were from the 14th selected generation. Later studies
confirmed the differential sensitivity to alcohols*’, and
extended this generalized response difference to include
3-methyl-butanol and propanol®®. Sanders et al.'?®
found that LS mice from the 19th to 21st selected gener-
ations had longer duration LORR than their SS counter-
parts when given trichloroethanol or paraldehyde. In the
Erwin et al.®* study, LS mice had non-significantly
longer LORR responses than SS mice to chloral hydrate,
paraldehyde, and trichloroethanol. This suggests that
with increased divergence in response to 5 additional
generations of selection for sensitivity to EtOH-induced
LORR, the LS and SS mice had developed sensitivity to
these other CNS depressants as well. Recent experiments
have confirmed the greater sensitivity of LS mice to
trichloroethanol, paraldehyde, and chloral hydrate® as
well as t-butanol*’. It has also been reported that LS
mice are more sensitive than SS to the water-soluble
depressant, methyprylon®’, several halogenated EtOH
derivatives, urethane, and barbital®®, phenobarbi-
tal®® 1%* acetaldehyde*’, chlordiazepoxide and thio-
pental 14 flurazepam®>, and the gaseous anesthetics,
nitrous oxide, enflurane, and isoflurane ®!.

LS mice are not, however, more sensitive than SS mice to
all hypnotics and anesthetics. LS and SS mice do not
differ in sensitivity to halothane 1°. Several investigators
have reported that SS mice are impaired longer after
pentobarbital than LS mice*7-87-1** 13! Erwin et al.>*
originally reported no difference between SS and LS mice
in response to pentobarbital, and Alpern and Mclntyre
have reported LS to be more, less, or equally 7-® affected
by pentobarbital than SS mice, depending upon dose, sex
and time of day. The only studies which have examined
the most relevant variable, brain concentration of pento-
barbital at time of awakening, have found the two lines
to be approximately equally affected by equal brain con-
centrations of the drug*!-*3, The differences in dura-
tion of LORR apparently derive from the fact that LS
mice have twice the body fat of SS mice and consequently
eliminate the highly lipid soluble barbiturate from brain
more rapidly '''. That is, the LS and SS mice are equal
in brain sensitivity to pentobarbital, but differ in
metabolism of the drug.

In a series of elegant studies, Collins and his co-workers
showed that relative sensitivity of L.S and SS mice to the
effects of sedative-hypnotics on the righting reflex varied
as a function of the lipid solubility of the compound.
Howerton et al.%® showed that the difference in duration
of LORR between LS and SS mice was greater for EtOH
and propanol than for butanols, which have higher oc-
tanol/water partition coefficients. They next reported
that the highly lipid-soluble compounds, ethchlorvynol,
secobarbital or pentobarbital, produced longer impair-
ment in SS than in LS mice®”. A recent paper calculated
the effective doses of several barbiturates, alcohols, and
other depressants to produce an average sleep time of 60
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min (EDy,) for each line °°. When the ratios of the EDs
in LS and SS for each compound were regressed on the
log of their octanol/water partition coefficients, a signif-
icant correlation (r = — 0.68) was revealed. This rela-
tionship offers clear evidence that the mechanism under-
lying the difference between LS and SS mice in LORR
sensitivity to hypnotics involves the lipid solubility of the
compounds. The regression line also suggests why results
with pentobarbital have been more equivocal than those
with other drugs. The ratio of EDs (LS/SS) predicted for
EtOH or propanol is 1.6—1.9, a large difference. At the
other end of the scale, the predicted ED ratios for pento-
barbital, ethchlorvynol, and secobarbital are 0.85-0.95,
only slightly less than 1.0; thus no difference between LS
and SS mice would be expected °°.

The relative roles of metabolism and CNS sensitivity
cannot be distinguished from the data available for most
drugs, for the hypothesis of lipid solubility differences
underlying the LS/SS difference in sensitivity is based
entirely on analyses of duration of LORR. Differences in
metabolism were found to account for the differences
between LS and SS in LORR duration after pentobarbi-
tal, so they may underlie other differences as well. Al-
though LS and SS mice differ slightly in EtOH
metabolism, these differences cannot account for the
large difference in EtOH sensitivity *°.

Neurochemical characterization of LS and SS mice

A number of neurochemical pathways have been investi-
gated in attempts to account for the LORR duration
difference between LS and SS mice. The present review
will critically examine evidence, based on work in LS and
SS mice and other selected lines, which implicates cate-
cholamines and the GABA/benzodiazepine/picrotoxin
receptor-chloride ionophore complex (GABA Complex)
in at least partially mediating the effects of EtOH on
LORR. In addition, more limited data addressing the
involvement of adenosine, prostaglandins, neurotensin,
and other neurotransmitters and neuromodulators in
mediating these effects will be considered.
Catecholamines (CAs). Deitrich and Spuhler *° reviewed
some of the data which suggest that differences in either
noradrenergic or dopaminergic pathways of LS and SS
mice might partially account for their differential sensi-
tivity to EtOH. Since that review was published, further
data have been reported supporting this hypothesis;
these data suggest a predominant role for dopamine
(DA).

It was previously shown that the density of S-adrenergic
receptors is lower in the cortex of LS, as compared to SS,
mice. However, this result may have no functional signif-
icance since the p-adrenergic agonist, isoproterenol,
stimulated cAMP accumulation to the same extent in
both lines. There was no difference in either dopaminer-
gic or muscarinic receptor density, but slightly greater
cAMP accumulation was found in the corpus striatum of
LS mice after DA stimulation**,
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EtOH could act either on the reuptake or release of CAs.
The reuptake systems of the LS and SS mice respond
similarly to EtOH #¢13% LS mice appear to be slightly
more sensitive than SS mice to the effect of EtOH on
K *-stimulated norepinephrine (NE) release from corti-
cal slices #*. Since the magnitude of the effect is small, it
is not clear what the significance is with respect to LORR
durations. If either noradrenergic or dopaminergic path-
ways are involved in the differential response of LS and
SS mice to EtOH, then it is possible that there may be a
change in response to EtOH in the activity of enzymes
required for synthesis of the CAs. The basal activity of
brain tyrosine hydroxylase (TH), the rate limiting step in
the synthesis of DA and NE, is the same in both lines
when measured using an in vitro assay°. An increase in
the activity of TH in the hypothalamus measured in vitro
after an acute i.p. injection of EtOH correlates with the
time at which the two lines regain their righting reflex,
suggesting that CAs may play a role in recovery of the
righting reflex. '

Results obtained on in vivo rates of TH activity in the
brains of LS and SS mice after acute EtOH injections 3
are not in agreement with data from in vitro measure-
ments. In vivo baseline TH activity is the same in all
brain regions of LS and SS mice with the exception of the
cerebellum where it is higher in SS compared to LS mice.
TH activity in the cerebellum is depressed longer by pe-
ripheral injections of EtOH in LS mice than in SS mice.
EtOH had no effect on TH in the locus coeruleus, hypo-
thalamus and frontal cortex of SS mice, but depressed
activity in the LS mice 3. However, it had been reported
that EtOH increased TH rate in the hypothalamus of
both lines when measured in an in vitro assay®. French
and Weiner °? speculate that the disparity in results might
be due to an in vivo effect of EtOH either on the levels
or uptake of tyrosine, or some other substrate required
for TH function. Plasma levels of dopamine-fS-hydroxy-
lase (DBH), the enzyme which converts DA to NE, are
lower in SS mice compared to LS mice32. The authors
argue that this difference may be due to greater central
noradrenergic activity if one assumes that plasma DBH
is a relevant index of sympathetic outflow. They propose
that the shorter LORR durations of SS mice are due to
antagonism by a more active noradrenergic pathway.
However, this hypothesis is not supported by their be-
havioral data in the HS mice, from which the LS and SS
mice were derived. Horowitz et al.®? showed that the
inhibition of DBH by fusaric acid, which should decrease
central noradrenergic activity, did not increase LORR
durations induced by EtOH but, in fact, attenuated
LORR. A later experiment using propranol, a f-adrener-
gic antagonist, corroborated these results . Additionally,
the adrenal cortices of LS and SS mice respond differen-
tially to EtOH ©*. Basal TH activity, NE and epinephrine
levels are greater in LS mice and acute EtOH injection
transiently increases TH activity in SS, but not LS, mice.
Finally, the ganglionic blocking agents, chlorisondamine
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and hexamethonium block the increase in TH activity
and prolong LORR in SS mice.

Another strategy for assessing the potential role of CAs
in altering the responses of LS and SS mice to EtOH is
the use of drugs that deplete DA and NE. LS mice are
more sensitive than SS mice to the effect of a-methyl-p-
tyrosine (AMPT), an inhibitor of TH, to deplete brain
CAs®°. Furthermore, the time required for recovery to
normal levels is longer in LS mice. These effects appear
to be primarily due to greater accumulation, and slower
clearance, of AMPT in the brains of LS mice. CA levels
can be depleted by the i.c.v. administration of 6-hydroxy-
dopamine (6-OHDA). Pretreatment of adult LS and SS
mice with 6-OHDA caused an increase in LORR dura-
tions of SS, but not of LS, mice **. The magnitude of the
effect was not large, possibly due to the limited depletion
of the CAs. In contrast, the lesions decreased the hy-
pothermic and hyperglycemic responses of LS, but not
SS mice. French et al.®> examined the role of cate-
cholaminergic function in determining EtOH-induced
LORR duration differences in LS and SS mice after three
different drug treatments. Reserpine treatment decreased
CA levels 25—50% in both lines. However, LORR dura-
tions of LS mice were decreased, while increases were
observed for SS mice. Neonatal administration of 6-
OHDA increased CAs in the locus coeruleus, decreased
them in the cerebellum and caused no change in the
hypothalamus. This produced only a 10 % decrease in the
mean LORR duration of LS mice, but a 200% increase
in LORR duration in SS mice. Finally, AMPT reduced
brain CAs by 30—-50 % in both lines, caused no change in
LS LORR durations, but produced a mean increase of
45% in SS mice. The authors suggested that these results
indicate a role for CA pathways in antagonizing EtOH’s
depressant effect in SS mice, and that these pathways are
not recruited in LS mice to alter the depressant effects of
EtOH.

The treatments just described altered the levels of both
DA and NE; thus, it is not possible to determine if one
or both pathways are involved in the differential re-
sponse of LS and SS mice to EtOH. Spuhler et al.!38
selectively lesioned the noradrenergic pathways of LS
and SS mice using DSP4. The greatest depletion was in
the hippocampus (80—-85%) and the smallest decrease
was in the hypothalamus (30-34%). No changes in
EtOH-induced LORR durations of either LS or SS mice
were found as a result of DSP4 lesions. These results
indicate that an alteration in noradrenergic pathways is
probably not involved in the differential response of the
two lines, suggesting that DA, but not NE, may differen-
tially antagonize the LORR induced by EtOH in LS and
SS mice. More studies with DA-specific agonists, antago-
nists, and lesioning agents are needed to support this
suggestion. Furthermore, it has been suggested that CA
function in LS mice resembles that induced by a state of
hypothyroidism 43, LS and SS mice have equivalent sen-
sitivity to EtOH-induced LORR on postnatal day nine,
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but differ thereafter. This development of differences in
LORR sensitivity temporally correlates with the develop-
ment of differences in free thyroxin index*>. The CA
data and the implications of hypothyroidism in LS mice
could be quite wide-ranging'*>.

The GABA Complex. Acute and chronic EtOH exposure
have been demonstrated to change brain GABA concen-
trations, GABA release, and to affect the GABA Com-
plex 7789 GABAergic pathways form a major inhibitory
system in the brain. If this system is involved in the ataxic
and sedative effects of EtOH, then one would predict that
the selection of LS and SS mice might have altered some
component of their GABAergic pathways. For example,
the sensitive line (LS) might be hypothesized to have a
larger releasable pool of GABA. The levels of GABA in
different brain regions, however, are the same in LS and
SS mice, and are equally elevated in both lines after an
i.p. injection of EtOH 7. Alternatively, EtOH could dif-
ferentially alter synaptic levels of GABA by acting on
either reuptake or releasing mechanisms. However, stud-
ies by Howerton et al.®® found that the potency of EtOH
in altering GABA reuptake could not account for the
difference between LS and SS mice. On the other hand,
Howerton and Collins®® found that EtOH was more
potent at inhibiting K "-stimulated GABA release in
cerebral cortex slices of LS mice relative to SS mice, but
not in cerebellar tissue. This effect was observed at high
concentrations of EtOH ( > 171 mM). Thus, studies in-
volving only levels, uptake or release of GABA cannot
explain the LORR sensitivity difference between LS and
SS mice.

Another potential site for genetic regulation is the recep-
tor ion channel complex. In addition to containing a
binding site for GABA there are distinct binding sites for
the benzodiazepines (BZs), picrotoxin, and barbiturates.
Essentially, GABA binding causes opening of the chan-
nel pore permitting influx of C1~, which results in hyper-
polarization of the neuron. Binding of BZs and barbitu-
rates allosterically enhance this action of GABA, and
there are allosteric interactions among all of the binding
sites. EtOH itself may exert a direct effect on the GABA
Complex#°, and potentiates GABA-stimulated C1~
flux 77, but the direct effect is controversial 3.
Behavioral studies have shown that LS mice are more
sensitive than SS mice to the disruptive effects of GABA-
mimetics in a bar holding test'°!. In addition, GABA
agonists and antagonists alter LORR durations of LS
and SS mice with differing magnitudes, or even in oppo-
site directions *%- 118 To produce such behavioral results,
selection for differences in neural sensitivity to the de-
pressant effects of EtOH may have resulted in changes in
receptor or channel density, receptor affinity, or alloster-
ic interactions between various components of the chan-
nel. The level of [*H]flunitrazepam (a BZ agonist) bind-
ing was 2-fold greater in the midbrain, but not in other
brain areas, of LS than of SS mice?. Although the den-
sity of [PH]JGABA binding sites was similar in the fore-
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brain and cerebellum of LS and SS lines, the LS mice
exhibited a 2—3-fold greater affinity for low affinity
[*H]JGABA binding !°°. Allan and Harris > have shown
that the binding of [*H]muscimol, a GABA agonist
which labels the high affinity GABA site, is the same in
the cerebellum of LS and SS mice. On the other hand,
GABA enhancement of [*H]flunitrazepam binding to
cortex and cerebellum is greater in the LS than in the SS
line®®. Two groups have shown that the rate of heat
inactivation of BZ binding sites in cortical, but not cere-
bellar, membranes is greater in tissue from LS than from
SS mice ®7- 193, Also, increasing the incubation tempera-
ture from 0 to 37 °C decreased the potency of GABA to
enhance [*H]flunitrazepam binding to cortical mem-
branes prepared from LS, but not SS mice *°%, and ethyl
p-carboline, an inverse agonist at the BZ site, was more
potent at inhibiting the binding of [*H]flunitrazepam in
cortical tissue from the LS line®”.

There appear to be significant brain regional differences
in the properties of the GABA Complex, since muscimol
is more potent at both inhibiting [*>S|TBPS (a picrotoxin
receptor ligand) binding and stimulating **CI~ flux into
microsacs prepared from the cerebellum of LS relative to
SS mice, but not from the cortex. EtOH at relevant con-
centrations potentiated muscimol-stimulated *°C1~ up-
take in LS, but not SS, mice 2. However, when Harris and
Allan"® measured the density and affinity of flunitra-
zepam binding sites and the ability of flunitrazepam to
potentiate GABA-activated chloride flux in membrane
vesicles from LS and SS cortex, they reported no differ-
ence in receptor density or affinity. Yet, BZs induce a
greater increase in muscimol-stimulated *°Cl1~ uptake in
the LS line than in the SS line 7"+ 7. These results suggest
that there is a difference in the coupling of the BZ site to
the chloride channel and imply the presence of ‘spare
receptors’ in the cortex of LS, but not SS, mice.

All of the GABA Complex studies discussed thus far
have involved in vitro membrane preparations, Thus, the
interpretation of these results may be complicated by
variability in membrane preparation, temperature and
buffer conditions. Miller et al.*°7 examined the effect of
EtOH or defeat stress on BZ receptors by measuring the
specific regional uptake of [?’H]R015-1788 (a BZ receptor
antagonist) into the brains of LS and SS mice. In con-
trast to the in vitro binding data, they reported more
[®*H]Ro15-1788 binding in the cortex and hippocampus of
untreated LS mice, compared to SS mice, and the admin-
istration of EtOH increased the binding of [*H]Ro15-
1788 more in the brains of SS mice. These results have
been corroborated in a very recent in vitro study in which
GABA enhancement of [*Hlflunitrazepam binding to
cortical membranes from SS, but not LS, mice was in-
creased by behavioral stressors or the in vivo administra-
tion of EtOH (Martin and Wehner, submitted).

SS mice have more severe alcohol withdrawal seizures
than do LS mice 7%, and are more sensitive to the convul-
sant bicuculline 1*°> 142 The density of [**S]TBPS bind-
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ing sites is two-fold greater in superior and inferior colli-
culi of SS than LS mice and, in addition, there is a
negative genetic correlation between latency to bicu-
culline seizures and the B,,, values for [*>S]TBPS in
inferior colliculus in recombinant inbred strains from the
SS and LS lines (Peris et al., submitted). However,
LORR sensitivity was unrelated to TBPS density.
These results suggest that there are some differences in
the properties of the GABA Complex between LS and SS
mice, which may partially account for the differences
existing between these selectively bred lines in their sensi-
tivity to the ataxic and hypnotic effects of EtOH. Further
indirect support for this hypothesis is provided by similar
work using lines of mice selected for either sensitivity or
resistance to the effect of diazepam on rotarod perfor-
mance. Gallaher et al.®* developed diazepam-sensitive
(DS) and diazepam-resistant (DR) lines of mice based on
duration of ataxia assessed with a rotating rod. Mus-
cimol stimulated *¢Cl~ flux more in the DS line than the
DR line®. The reponse to flunitrazepam was also greater
in DS mice. More importantly, DS mice also exhibited
sensitivity to EtOH enhancement of muscimol-stimulat-
ed chloride flux, while DR mice did not. These results are
very similar to the LS/SS data and strongly suggest that
the GABA Complex may mediate some of the ataxic and
sedative effects of EtOH. Differences between the LS and
SS mice in seizure susceptibility and EtOH withdrawal
severity, mentioned in other sections, also may be partial-
ly mediated by differences in GABA Complex function.
Adenosine. The administration of adenosine and related
analogs depresses both motor activity and body temper-
ature, and increases the latency to pentylenetetrazole-in-
duced convulsions in mice and rats>!. These effects are
analogous to those observed after the injection of EtOH.
There is some evidence to suggest that the purinergic
system might mediate some of the behavioral effects of
EtOH. In support of this hypothesis, Proctor and Dun-
widdie 1** have shown that the LS and SS mice are
differentially sensitive to adenosine agonists and antago-
nists. LS mice exhibit a greater sedative and hypother-
mic response than SS mice to the adenosine agonist,
L-phenylisopropyladenosine (PIA). Theophylline, an
adenosine antagonist, is more potent at increasing a mo-
tor escape response in LS, compared to SS, mice. Both
lines achieve similar brain levels of the drugs, which sug-
gests that the effects are due to CNS sensitivity and not
metabolic factors *22. The greater sensitivity of LS mice
to adenosine drugs could be explained by a higher recep-
tor density or affinity for adenosine, for there are 29—
33% more [PH]PIA binding sites in the cortex and sub-
cortical areas of LS than of SS mice. In addition, the
affinity of [*H]PIA is 31-36% higher in the cortex and
cerebellum of LS mice *°.

It is not clear if there is a direct relationship between the
actions of EtOH and adenosine. Not all of the effects of
EtOH are observed after treatment with PIA, and
adenosine antagonists do not block all EtOH effects.

Reviews

Furthermore, LS and SS mice made tolerant to EtOH do
not show cross-tolerance to adenosine agonists *22. The
limited access of peripherally-administered adenosine
analogs to brain tissue (as distinct from brain vascula-
ture) suggest that some effects may be mediated by reflex
CNS response to the peripheral vasodilatory effects of
these compounds *>!. The available data, therefore, sup-
port a potential role for the adenosine system in at least
indirectly mediating sensitivity to the sedative and hy-
pothermic effects of EtOH in LS and SS mice and, per-
haps, in mediating some of the intoxicating properties of
EtOH.

Prostaglandins. Inhibitors of prostaglandin synthesis an-
tagonize EtOH-induced LORR in both LS and SS
mice 7, suggesting that prostaglandins may mediate sen-
sitivity to EtOH. This possibility is supported by the
finding that brain levels of both PGE and PGF are lower
in SS, as compared to LS, mice®®. Furthermore, the
EtOH-induced eclevation of prostaglandin concentra-
tions, particularly PGF, is greater in LS than in SS mice,
and consistently follows a time course roughly similar to
the behavioral effects produced by EtOH ¢ 98,
Neurotensin (NT). The central administration of NT, a
tridecapeptide found in mammalian brains, depresses a
variety of physiological and behavioral measures, includ-
ing body temperature, pain response, muscle tone and
locomotor activity. NT increases the sensitivity of ani-
mals to the hypothermic and hypnotic effects of EtOH
and, specifically, the sensitivity of SS, but not LS mice, to
LORR produced by EtOH*7 1% The enhancement of
EtOH’s effect by NT was additive with the coadministra-
tion of calcium 1°°, but only up to a certain dosage of NT,
suggesting that EtOH may produce some of its effects in
conjunction with the NT system, also involving alter-
ations in intracellular calcium.

In an attempt to explain the greater response of SS mice
to EtOH, Erwin and Jones (submitted) have found no
difference in NT-like immunoreactivity between LS and
SS mice in several brain areas, although SS mice were
more sensitive to the analgesic and spontaneous locomo-
tor activating effects of NT. More importantly, they (and
Erwin and Korte >¢) have found that the density, but not
the affinity, of [PHINT binding was greater in the frontal
cortex (75 %), cerebellum (34 %) and striatum (29 %) of
SS mice, as compared to LS mice. The kinetics of bind-
ing, the inhibitory action of cations, and the binding of
NT fragments and analogs to the receptor were identical
for the LS and SS mice. The greater density of receptors
in specific brain regions might account for the differential
response of the two lines to NT, and suggests that at least
some NTergic pathways may mediate some of EtOH’s
effects.

Other neurochemical systems. Another study has suggest-
ed that EtOH-induced LORR may be partially mediated
by muscarinic cholinergic receptor processes®>. These
results, and the NT studies dicussed in the preceding
section, may reflect differential mobilization of intracel-
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lular calcium in the selected lines. This possibility is also
supported by the finding that i.c.v. calcium enhances
LORR sensitivity in SS more than LS mice, as indexed by
blood EtOH concentration at LORR %% or by inhibi-
tion of Purkinje cell firing**3. Furthermore, cerebellar
homogenates from SS mice had a two-fold greater affin-
ity for IP; binding, suggesting a potentially greater re-
lease of intracellular calcium !'°. On the other hand,
Daniell and Harris *7 tested synaptosomes isolated from
LS and SS mice and found no differences in resting or
KCl-stimulated concentrations of intracellular ionized
calcium. EtOH increased resting, and decreased stimulat-
ed, calcium levels, but to an equal extent in both lines.
Earlier data indicating a greater sensitivity of membrane
preparations from LS than from SS mice to the fluidizing
properties of EtOH have been extended in recent work.
Harris et al.®! found that the fluidization differences
were eliminated in the presence of high calcium concen-
trations. EtOH was found to influence the activity of
only one of five enzyme activities (low K; NaK-ATPase)
in cortical membrane preparations to a greater extent in
LS, than in SS, mice *?, reflecting a specificity of EtOH’s
effects to discrete domains of neural membranes’°.
The impact of chronic EtOH consumption by LS and SS
mice on fine anatomical brain structure has received
some recent attention. Thirty days of exposure to EtOH
in a liquid diet resulted in a reduced number of basket
cells in the dentate granule layer of the hippocampus in
LS, but not SS, mice relative to controls'2°. After 90
days of EtOH exposure, electron microscopy revealed a
significant effect of EtOH on dendritic spine density in
the stratum oriens of the CA, hippocampal field of LS,
but not SS, mice 13°.

Finally, earlier studies of the effect of EtOH on the hypo-
thalamic-pituitary-adrenal axis have been recently ex-
tended. Zgombick and his colleagues ' 14¢ found that
acute EtOH, but not halothane increased the adrenocor-
tical and adrenomedullary response in LS mice, more
than in SS mice. Administration of f-endorphin i.c.v.
increased LORR sensitivity to EtOH in SS, but not LS
mice 1°°. Wand '#! treated LS and SS mice with EtOH
for 4 or 7 days and examined several features of this axis,
including proopiomelanocortin mRNA extracted from
anterior pituitary, immunoprecipitated protein products,
and serum corticosterone levels. Results suggested that
EtOH acutely activated the axis in SS mice, and that
activation persists after chronic treatment. LS mice,
while acutely activated, showed reduced axis activity
compared with controls after chronic EtOH treatment.
Summary of neurochemical results. Considering the di-
verse behavioral effects of EtOH in LS and SS mice, it
would be unlikely that a single neuropharmacological
pathway could be responsible for all of EtOH’s actions.
This is supported by the data reviewed above. For exam-
ple, the differential sensitivity of LS and SS mice to
adenosine drugs is on the same order of magnitude as
that to EtOH, responses of the GABA Complex (and
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prostaglandin synthesis) appear to be systematically dif-
ferent in the two lines, and dopaminergic pathways may
mediate the recovery from EtOH-induced LORR. Fu-
ture work will need to address the relative importance of
and interrelationship between the various pathways. The
use of new techniques provided by molecular biology
should provide additional strategies for understanding
the biochemical changes produced by the selection
paradigm.

Electrophysiological correlates

Data from different laboratories indicate that EtOH can
produce either excitatory or inhibitory effects on neu-
ronal firing, but the relationship of these results to the
behavioral effects of EtOH is unclear. EtOH could have
either a direct effect on the electrical properties of neu-
rons or could be altering neuronal firing through synap-
tic mechanisms. Hunt ®° reviewed the results from a num-
ber of studies, and suggested that the evidence
supporting a direct effect of EtOH on electrical conduc-
tance is inconclusive. As discussed in a previous section,
the GABA Complex might be a good candidate for a
synaptic site of action.

Sorenson et al.'?” demonstrated that pressure-ejected
EtOH was 30-fold more potent at inhibiting spontancous
firing of cerebellar Purkinje fibers in LS mice, as com-
pared to SS mice. The difference was seen during either
spontaneous or evoked activity 136, Mice from the HS
population, which were used to generate the LS and SS
lines and show an intermediate LORR duration, were
also intermediate in their sensitivity to EtOH’s inhibitory
effect on Purkinje cell firing. Halothane inhibited Purkin-
je cell activity equally in the two lines, suggesting that the
response to selection was not a nonspecific alteration in
sensitivity to all anesthetics. The inhibitory effect of
EtOH was specific to cerebellar Purkinje cells, and was
not seen in hippocampal pyramidal cells 1*¢. The differ-
ential sensitivity of the LS and SS selected lines has been
corroborated in HAS and LAS rat lines, selected to re-
semble LS and SS mice, respectively '*°.

These in vivo data have been corroborated using an in
vitro cerebellar slice preparation in which synaptic trans-
mission was suppressed by elevating Mg?* and decreas-
ing Ca?" concentrations'!. Under these conditions,
Purkinje cells from LS mice were approximately 5 times
more sensitive than those from SS mice. This difference
is smaller than that seen in in vivo studies, but strongly
supports the original findings. The differential sensitivity
of cerebellar Purkinje cells of LS and SS mice to EtOH
is maintained when cerebellar tissue is transplanted into
the anterior chamber of the eye of a mouse from the other
selected line **°. These results suggest that the sensitivity
difference is intrinsic to cells of the cerebellum. Chronic
treatment of LS and SS mice with EtOH leads to the
development of behavioral tolerance to the LORR effect
as assessed by blood EtOH concentrations *'2. Tolerance
to the inhibitory effects of EtOH on cerebellar Purkinje
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cell firing was also present both in vivo and in vitro.
Interestingly, there was no apparent difference in the
degree of tolerance between the lines * ', Finally, HS, LS
and SS mice were originally derived from the crossbreed-
ing of 8 inbred mouse strains, and there was a strong
genetic correlation (r = 0.997) between the mean sensi-
tivity of the inbred strains to the effects of EtOH on
LORR duration, and on the Purkinje cell firing rate 13,
This result was corroborated in a panel of inbred rat
strains °°.

In summary, there is strong evidence which demonstrates
a correlation between the behavioral depression pro-
duced by EtOH and the alteration in cerebellar Purkinje
cell activity. The highly consistent results in selected lines
from two species and panels of highly inbred strains of
rats and mice make it virtually certain that a true, genetic
correlation exists. However, these findings cannot com-
pletely account for the soporific effects of EtOH, since
removal of the cerebellum in LS and SS mice does not
completely abolish the differential sensitivity of the two
lines 4,

EtOH effects on activity and coordination

Although there has been some disagreement among re-
ports with regard to the relative baseline activities of LS
and SS mice, results concerning EtOH effects on the
locomotor activity of both lines have been largely consis-
tent. In dose-response studies, LS mice exhibited little or
no locomotor stimulation compared to vehicle-treated
controls, while SS mice exhibited stimulation across a
wide dose range. This is true of studies using photocell
beam interruptions in an open field as the activity mea-
sure*3747-126 and in smaller, grid step-through cham-
bers
In studies requiring ambulatory coordination, LS mice
were more uncoordinated under the influence of EtOH
than were SS mice. LS mice committed more errors per
activity count in a grid step-through test'®47:4° and
were much more inhibited by EtOH in an escape plat-
form task '23. One test of the discoordinating effects of
EtOH, using a rotarod, failed to detect a difference be-
tween the lines'2®, However, another study requiring
locomotion on a rod to escape cold water immersion did
reveal greater EtOH impairment in LS mice 8.

Finally, the open-field locomotor activity of LS mice
exposed in utero to EtOH was increased relative to su-
crose controls 7°. However, the authors acknowledge the
biasing effect of one litter with extreme scores. SS groups
did not differ in activity. Average trials to criterion to
learn a passive avoidance task was greater in prenatally
exposed LS, but not SS, mice than in untreated, or su-
crose-treated, controls 7. These effects did not persist on
a relearning test 24 h later.

Genetic correlation between EtOH'’s sedative and stimulat-
ing effects. The difference between LS and SS mice in
EtOH-stimulated activity may be due to a pleiotropic

18,47,49
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action of genes affecting the selection phenotype. If so,
this difference represents a genetically correlated re-
sponse to selection. Alternatively, the EtOH-produced
locomotor activity difference may be the result of in-
breeding unrelated to selection. Results of several exper-
iments designed to investigate the relationship between
EtOH sedation and activation conflict. However, most of
these experiments use phenotypic correlations to infer a
genetic relationship. Due to the fact that phenotypic cor-
relations derive from a combination of both environmen-
tal and genetic variation, such investigations are of ques-
tionable value in respect to tests of genetic relationships.
For example, three such investigations, using genetically
heterogeneous Swiss Webster mice >4, or the HS mice,
progenitors of the LS and SS lines 12*' 128, concluded that
there was no relationship between sensitivity to EtOH’s
activating effects and the LORR selection phenotype. A
fourth study used F, generation hybrids of the LS and SS
lines and came to the opposite conclusion**. Finally,
genetic correlations estimated from data with a limited
number of inbred strains vary widely and have in some
experiments approached, but never reached, signifi-
cance 2024,

We believe that this issue has not yet been adequately
investigated. As discussed in a previous section, blood or
brain EtOH concentration at regaining the righting reflex
is a more accurate measure of depressant sensitivity than
is LORR duration, because it avoids the potential con-
founding factors of individual differences in EtOH
metabolism, absorption or distribution. To date, unfor-
tunately, this variable has not been used in correlational
studies.

Neurotransmitters and activity. EtOH’s effects on the ac-
tivity and coordination of LS and SS mice have often
been investigated by pharmacologically manipulating
specific transmitter systems such as the GABAergic '°*,
purinergic®1?*, and cholinergic® systems. However,
most attention has been focused on dopaminergic sys-
tems 52,

Gamma-butyrolactone, which is thought to depress ni-
grostriatal DA neurons, was more effective in activating
LS mice than SS mice*®. At early time points, gamma-
butyrolactone appeared to produce a depression in LS
mice not seen in SS mice. However, large baseline activity
differences between the lines at these time points make it
difficult to interpret this result. Salsolinol, the condensa-
tion product of DA and acetaldehyde (an EtOH metabo-
lite), activated SS mice at low doses and depressed LS
mice at all doses; SS mice were also depressed at higher
doses '8 134 Apomorphine, a DA receptor agonist, pro-
duced a similar dose-dependent depression in both
mouse lines*®, When coadministered with EtOH, apo-
morphine completely blocked the EtOH-induced depres-
sion of activity in LS mice and only partially blocked the
EtOH-induced activation of SS mice*®. Finally, halope-
ridol, a DA receptor antagonist, produced longer periods
of catalepsy in SS than in LS mice*®.
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Considered together with biochemical analyses of the
brain DA systems of LS and SS mice (discussed elsewhere
in this review), these data support some role for DA in
mediating EtOH-induced activity differences between
these mouse lines. However, the relationship seems to be
a complex one which will require further consideration of
pre- and post-synaptic receptor sites, receptor types and,
certainly, brain localization. As there obviously are many
neurochemical differences between LS and SS mice
which are possibly related to EtOH’s effects on activity,
the absence of a specific EtOH receptor continues to
complicate the process of unraveling this tangled web.
Specificity of EtOH'’s differential locomotor effects. The
effects of drugs known to exert stimulatory effects
at some doses, such as pentobarbital, paraldehyde,
trichloroethanol, d-amphetamine, methanol, and t-bu-
tanol, as well as EtOH, have been examined on the loco-
motor activity of LS and SS mice 18:43-47749. 126,128 g
mice were stimulated by all of these drugs. Depending on
the study, LS mice also exhibited an increase in activity
in the presence of each drug, with the exception of meth-
anol. In all but two cases, however, SS mice were signif-
icantly more stimulated than were LS mice; trichloro-
ethanol produced similar amounts of locomotor stimula-
tion in both lines 122, and LS mice were more activated
by d-amphetamine than were SS mice *®, Therefore, dif-
ferences between LS and SS mice in the locomotor stim-
ulating effects of drugs do not appear to be limited to
EtOH, or even to alcohols. Furthermore, the greater re-
sponse of SS mice cannot be attributed to a general sus-
ceptibility to drug-induced stimulation, since d-am-
phetamine actually produced a greater stimulation in LS
than in SS mice. In any case, these results suggest that
there may be a common mechanism of action underlying
the stimulatory effects of several of these agents. This
would not be overly suprising, since most studies have
been conducted with alcohols and barbiturates, which
are known to have a high degree of pharmacological
similarity and to show significant cross-tolerance.

Seizure susceptibility

Variability in the amount of locomotor stimulation in-
duced by EtOH may reflect differences in CNS excitabil-
ity. Another measure of CNS excitability which has been
investigated in LS and SS mice is susceptibility to drug-
or drug-withdrawal-induced seizures. Goldstein and
Kakihana "* demonstrated greater susceptibility of SS, as
compared to LS, mice to EtOH-withdrawal seizures after
EtOH dependence induction. More recently, due to
growing support for a GABA Complex mediation of
EtOH effects °*, and to the importance attributed to the
GABA Complex in mediating seizure activity, seizure
susceptibilities of LS and SS mice to agents with direct
GABA Complex interactions have been a major research
focus.

GABAergic agents. Pentylenetetrazole (PTZ) is thought
to produce seizures via interactions with the picrotoxin
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site of the GABA Complex. LS and SS mice did not differ
in ED s, values for PTZ-induced tonic hindlimb extensor
seizures "* or in ED s, values for clonic seizures *°. How-
ever, LS mice have exhibited longer latencies to PTZ-in-
duced myoclonus*'®. Using the latency to seizure mea-
sure, no line difference in sensitivity to PTZ-induced
clonus '*°, and greater sensitivity of LS mice (McIntyre
and Alpern, submitted), have both been reported. Picro-
toxin itself produced myoclonic and clonic seizures more
quickly in SS than in LS mice **®. SS mice were also more
susceptible to seizures (myoclonus and clonus) induced
by bicuculline (a GABA antagonist) than were LS
mice 119- 142 3.Carbomethoxy-$-carboline (8-CCM), an
inverse agonist at the BZ receptor, induced myoclonus
more quickly in SS mice, but clonus more quckly in LS
mice (McIntyre and Alpern, submitted). Finally, LS mice
were more susceptible to convulsions induced by 3-mer-
captopropionic acid (a competitive inhibitor of glutamic
acid decarboxylase and a stimulator of GABA transam-
inase activity), than were SS mice * %% 142 These data
are suggestive of a greater sensitivity for SS than for LS
mice to GABAergic convulsants, but there are a number
of inconsistencies. See table 2 for a summary of these
results.

Other agents. Data are also available on seizure behavior
produced by convulsants not known to interact directly
with the GABA Complex. Latencies to flurothyl-induced

Table 2. Susceptibility to seizures and sensitivity to anticonvulsants in LS
and SS mice.

Seizure-inducing treatment Suscept- Anticonvulsant and

(seizure scored) ibility sensitivity

Ethanol withdrawal

after dependence

(HIC) SS > LS

Pentylenetetrazole

(tonic hindlimb extension) SS=LS

(myoclonus) SS > LS PH, Ro15-1788 SS =LS

(clonus) LS >SS PH, Ro15-1788 SS =18

LS=SS

Picrotoxin

(myoclonus) SS>LS

(clonus) SS > 1S

Bicuculline

(myoclonus) SS> LS EtOH SS =18
PH, Ro15-1788 SS =1LS

(clonus) SS > LS EtOH SS =LS
PH, Ro15-1788 SS =18

B-CCM

(myoclonus) SS > LS

(clonus) LS >SS

3-Mercaptopropionic acid

(clonus) LS >SS Fz, DZ SS > 1S

Flurothyl

(myoclonus) SS > LS

(clonus) LS >SS

SS=LS EtOH SS=1S

Calffeine SS > LS PB, Ro15-1788 SS =1S

Nicotine LS >SS EtOH LS >SS

Strychnine SS > LS

ECS

(tonic hindlimb extension) LS >SS EtOH SS=1LS
PB LS >SS

PH, Phenobarbital; PB, Pentobarbital; DZ, Diazepam; FZ, Flurazepam;
HIC, handling-induced convulsion; ECS, electroconvulsive shock. See
text for applicable references.
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myoclonus indicated greater sensitivity in SS than in LS
mice, but the reverse was true for clonus 7> 7. The results
for flurothyl-induced myoclonus were corroborated in
another study, but for clonus no line difference in sensi-
tivity was found 27, SS mice were more susceptible to
seizures induced by caffeine and strychnine (Mclntyre
and Alpern, submitted), while LS mice were more suscep-
tible to nicotine-induced convulsions®®. Seizures have
also been produced in LS and SS mice by transcorneally
applied electroconvulsive shock (ECS), with LS mice be-
ing significantly more sensitive 2'. These results are also
summarized in table 2. No general difference in seizure
susceptibility between LS and SS lines appears strongly
in these data; however, SS mice have been found consis-
tently to be more sensitive to myoclonic seizures than LS
mice.

Anticonvulsant sensitivity. The potencies of EtOH and
other agents with anticonvulsant properties have been
assessed in LS and SS mice against various convulsants
(table 2). EtOH was clearly an effective anticonvulsant
against ECS2!, nicotine (deFiebre and Collins, submit-
ted), bicuculline !*® and flurothyl !*”. However, it’s po-
tency was equivalent for the two lines except against
nicotine-induced seizures; in this case, the LS mice were
much more sensitive. The BZs, flurazepam and di-
azepam, antagonized 3-mercaptopropionic acid seizures
more effectively in SS than in LS mice *> '#2. Pentobarbi-
tal antagonized ECS seizures?! and flurothyl-induced
convulsions '?7 in these lines. No line difference in sensi-
tivity was present for flurothyl seizure antagonism, but
a greater sensitivity of LS mice to the anticonvulsant
effect of pentobarbital against ECS was apparent. Phe-
nobarbital antagonized PTZ-, caffeine-, and bicuculline-
induced seizures equipotently in LS and SS mice. The BZ
receptor antagonist, Ro15-1788, also antagonized
seizures induced by these agents, but clearly with less
potency than phenobarbital (McIntyre and Alpern, sub-
mitted). There was a strong trend toward greater effec-
tiveness against bicuculline seizures in LS compared to
SS mice, while the opposite was true for antagonism of
PTZ seizures.

Conclusions. Although the above data offer no clear indi-
cation of greater, general seizure susceptibility for either
of the mouse lines, this is not surprising, since many
agents with differing pharmacological mechanisms of ac-
tion have been tested, and different seizure endpoints
have been examined. A clear finding has been the greater
susceptibility of SS mice to myoclonic seizures regardless
of site of initiation. Greer and Alpern ® 7° have suggested
that myoclonus and clonus are controlled by neurophar-
macologically distinct substrates. Specifically, they argue
for a role for DA in mediating myoclonus, which would
be consistent with a hypothesis of differences between LS
and SS mice in DA systems, as previously discussed. A
greater CNS excitability of SS mice, like that indicated by
EtOH locomotor activation data, might apply to specific,
as yet undetermined, modes of initiation.
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EtOH self-administration and reinforcement

There is obvious interest in the potential relationship
between genetically determined sensitivity to EtOH and
the magnitude of EtOH’s reinforcing effects. Several
methods for assessing EtOH’s reinforcing properties ex-
ist, but little genetic data have been available until recent-
ly. An early study reported sensitivity to EtOH as an
unconditional stimulus in a test of conditioned taste
aversion to saccharin solutions. LS and SS mice did not
differ in sensitivity to the anhedonic effects of EtOH in
this test**. In a test of withdrawal symptomatology in LS
and SS mice forced to consume a liquid diet containing
EtOH for 7 or 14 days, SS mice consumed more diet than
did LS mice ®®. While this may have contributed to their
generally more severe withdrawal symptoms, consistent
with an earlier report ’#, blood EtOH levels achieved in
the lines did not differ systematically °. The most direct
assessment to date of EtOH’s reinforcing effects in LS
and SS mice is an experiment in which LS and SS
mice were initiated to bar press for access to EtOH. LS
mice eventually bar-pressed consistently under an FR4
schedule to receive access to 8% EtOH solutions and
attained average post-session blood EtOH concentra-
tions of up to 300 mg/dl. SS mice responded sporadically,
and achieved post-session EtOH levels of 60 mg/d1°>.
These very interesting results certainly warrant extension
to delineate the relative importance of genetic and non-
genetic variables controlling self-administration.

Withdrawal seizure-prone (WSP) and -resistant (WSR)
mice

Development of the lines

We began ten years ago to develop an animal model of
genetic susceptibility to develop severe and mild signs of
withdrawal after chronic treatment with EtOH. Using
within-family selective breeding, and starting with the
HS mouse stock used to produce all of the selected lines
discussed in this review, lines and replicates have been
selected to be prone (WSP) and resistant (WSR) to the
withdrawal seizures seen after chronic exposure to
FtOH *2, WSP and WSR lines now differ at least 10-fold
in convulsion severity and in other EtOH withdrawal
signs after identical chronic exposure to EtOH. To pro-
duce physical dependence, mice are exposed to EtOH
vapor inhalation for 72 h. Daily injections of the alcohol
dehydrogenase inhibitor, pyrazole, stabilize EtOH con-
centrations. After 72 h mice are removed from the vapor
chambers and scored for withdrawal severity each hour
for 15 h and at 24 h and 25 h using the handling induced
convulsion (HIC) test. The details of these methods have
been published *!. One male and one female mouse from
each of the 9 original families (litters) were chosen at
random to constitute a control (Withdrawal Seizure
Control: WSC) line. The WSC line thus serves as a con-
trol for the small but unavoidable degree of inbreeding.
From the remaining mice, the highest-scoring male and
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female from each family were chosen for the WSP line
and the lowest-scoring male and female from each family
were chosen for the WSR line. The experiment is replicat-
ed; thus, there are two WSP, two WSR, and two WSC
lines, maintained and selected completely independently
of one another.

Selection has progressed to generation S,4 (G34) and is
continuing. Male and female WSP mice from each repli-
cate were found to have significantly higher seizure
scores than the respective WSR mice after 5 selected
generations 3°, and showed approximately 10-fold higher
withdrawal scores than WSR mice after 11 selected gen-
erations*?. Control lines showed intermediate respon-
siveness. In genetic terms, the total realized response to
selection continued to increase during the first 11 gener-
ations as increasing cumulative selection pressure was
applied. The estimated heritability, or percent of total
variability in response that is genetically additive, is ap-
proximately 26 %, which represents a substantial amount
for a presumptively complex character. Inbreeding in the
lines has been held to the relatively low level of approxi-
mately 1.5% per generation. A full report of the genetic
parameters of the selection study has been published 3.
Periodically during the course of this project, we have
directly compared WSP and WSR mice for severity of
EtOH withdrawal signs after chronically exposing the
animals to EtOH vapor for 72 h in the same inhalation
chamber. No important further divergence between the
WSP and WSR selected lines has occurred since the 11th
selected generation. For the WSR mice, this is due to a
floor effect, while in the WSP lines, there remains scalar
room for higher scores, but they are simply not attained.
The second important result revealed by these studies
derives from the fact that between generations G, and
G,, we relaxed selection for two generations (S,, G,;
and S,, G,,). Animals were mated according to the
scheme consistently used, but without regard to with-
drawal score. A comparison of the selected lines in S,,
G,, did not reveal any apparent decline in the differ-
ence between WSP and WSR lines, which suggests a fix-
ation of almost all relevant alleles in the homozygous
state.

Seizure susceptibility

We have been testing the possibility that the WSP and
WSR lines might have been selected for general differ-
ences in CNS excitability, and that we were simply using
EtOH withdrawal to reveal that difference. We predicted
that if this were the case, WSP mice should have greater
sensitivity to convulsant treatments than WSR mice.
When tested in Sg—S,,, the ED,, to produce maximal
tonic hindlimb extensor- (THE), PTZ-, picrotoxin-, bicu-
culline-, strychnine-, flurothyl- and ECS-induced seizures
did not differ between WSP and WSR mice 1°¢, This is
not the most sensitive method for testing the hypothesis,
however, for more subtle differences in seizure suscepti-
bility might be revealed by examining ED, to produce
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threshold, rather than maximal, seizure signs. In recent
generations, we have used two further methods to ad-
dress this hypothesis.

First, we have administered convulsant agents by timed
tail-vein infusion. This procedure allows an accurate de-
termination of threshold dose for each animal and pro-
vides an estimate of the ED 5, characterizing the line with
a minimal number of animals. The choice of convulsants
has been guided by the potential role of the GABA Com-
plex as an important site in the WSP/WSR difference in
EtOH withdrawal seizures. Thus, we have used picrotox-
in receptor agonists, GABA receptor antagonists, BZ
receptor inverse agonists, and drugs which act by
mechanisms not known to be related to the GABA
Complex. WSP mice were significantly more sensitive to
picrotoxin seizures than WSR mice. Importantly, this
difference was seen in both genetic replicates. Similar
differences were seen in mg/kg dose infused, so the differ-
ences in latency are not likely attributable to differences
in drug absorption or distribution. Parallel differences
were seen in sensitivity to the drugs, CHEB (a convulsant
barbiturate) and the potassium channel blocker, 4-
aminopyridine. No apparent common mechanism of ac-
tion can explain the similarity in response to these three
drugs across selected lines.

In contrast, for several other drugs, a different pattern
has been found. Strychnine is a glycine receptor antago-
nist. While WSP1 mice responded significantly more
quickly than WSR1 mice, this difference was not present
in the replicate WSP2 and WSR2 lines. This suggests that
accidental fixation of genes in the WSP1/WSR1 mice has
occurred, rather than indicating a true pleiotropic effect
of some genes on EtOH withdrawal and strychnine sensi-
tivity. A similar pattern of responses was found for kainic
acid (an excitatory amino acid receptor agonist), DMCM
(a BZ inverse agonist), and the functional GABA an-
tagonists TBPS, PTZ, and bicuculline (manuscript in
preparation). In all cases, WSP1 mice were more sensitive
than WSR 1 mice, but the second replicate pair of select-
ed lines did not differ.

These data suggest that there may be specific differences
in seizure susceptibility that have been fixed in the WSP
and WSR mice during the process of selection for EtOH
withdrawal severity. They also suggest that the presumed
mechanisms of action of the convulsant drugs tested may
not be as clear as supposed. For example, picrotoxin,
PTZ, and TBPS are all thought to act at the same binding
site on the GABA Complex, but the pattern of genotypic
differences among the four WSP/WSR mouse lines tested
was not the same for these drugs. This finding was con-
firmed in studies with a panel of ten inbred strains (Ko-
sobud and Crabbe, submitted).

We have also used the method of examining the procon-
vulsant effects of various agents by administering sub-
convulsant doses and measuring the severity of HICs in
WSP and WSR mice. We administered picrotoxin i.p. in
doses of 2—8 mg/kg to separate groups of WSP and WSR
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mice. Before, and each 20 min after injection for 120 min,
the mice were scored for HIC on a scale ranging from 0
to 4. Picrotoxin administered in subconvulsive doses ex-
acerbated HIC in both lines of mice. WSP mice were
more sensitive than WSR mice to this clevation in
HIC*8. Using this method, we have also tested procon-
vulsant effects of PTZ, bicuculline, strychnine, the BZ
receptor inverse agonist, Ro15-4513, the glutamic acid
decarboxylase inhibitor, 3-mercaptopropionic acid, and
nicotine. WSP mice were more sensitive than WSR mice
to all compounds, and all of these effects were equally
displayed in mice of both replicates.

Differences in sensitivity to anticonvulsants

As discussed in the previous section, the WSP and WSR
lines did not differ in sensitivity to maximal THE seizures
elicited by ECS. However, EtOH pretreatment antago-
nized ECS-induced seizures to a much greater degree in
WSR mice than in WSP mice *°¢. This differential sensi-
tivity in WSR mice generalized to several alcohols, to
three barbiturates, and, interestingly, to three unrelated
anticonvulsants*®. We have subsequently determined
that WSR mice are also more sensitive to the BZ, carba-
mazepine?’, and to ethosuximide. Thus, WSR mice are
more sensitive to anticonvulsants of most major classes.
The mechanisms underlying this line difference are un-
known, and given the lack of clear understanding of the
basis for ECS-induced seizures, we do not feel that pursu-
ing anti-ECS effects is likely to be fruitful. Rather, we
plan to examine EtOH’s anticonvulsant effects against
threshold seizures elicited by tail-vein or intracranial in-
fusions of the agents as described in the previous section.
Using similar logic, we hope to be able to isolate sei-
zures induced by some agents which are more vulner-
able to differential EtOH inhibition in the WSP and
WSR lines.

Neurochemical and molecular studies on WSP and WSR
mice

The GABA Complex. Given the interesting seizure sus-
ceptibility differences to GABA Complex compounds
between WSP and WSR mice reported in the preceding
section, we assayed binding characteristics of receptors in
discrete brain areas using TBPS, a cage convulsant bind-
ing to the picrotoxin site of the GABA Complex. WSP
and WSR mice were found to differ in neither K nor
B,... for TBPS binding in frontal cortex, remainder of
cortex, hippocampus, or cerebellum. Furthermore, there
were no significant differences in BZ receptor affinity or
density among the two WSP and two WSR mouse
lines®. Since GABA enhances flunitrazepam binding
through a coupling mechanism, we determined the sensi-
tivity of whole-brain preparations from WSP and WSR
mice to GABA-stimulated flunitrazepam binding, and
found their sensitivities to be equivalent. Thus, initial
attempts to identify the neurochemical substrates for dif-
ferences in sensitivity to GABA Complex agents between
WSP and WSR mice have been unsuccessful. A plausible
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explanation for this is that we are not using a fine enough
level of anatomical resolution to detect the relevant dif-
ferences. For example, J. K. Belknap has selectively bred
mice for opiate sensitivity, and has found that the lines
differ only slightly in p-receptor binding characteristics
when examined in brain-regional homogenate binding
assays. However, p-opioid receptor autoradiography has
enabled him to detect a markedly enhanced concentra-
tion of p-receptors in the dorsal raphe of the opiate sen-
sitive line, as compared to the insensitive line (Belknap,
Laursen, Sampson and Wilkie, submitted). For this rea-
son, we intend to pursue the neurochemical differences
between WSP and WSR mice with receptor autoradio-
graphy using labeled flunitrazepam, TBPS, and bicu-
culline,

We have also recently begun to study the neurochemistry
of the GABA system at the chloride channel level, and
found that non-EtOH treated WSP and WSR mice do
not differ in GABA-induced chloride flux in mouse brain
microsacs.

Hippocampal mossy fiber zinc content. Evidence has been
accumulating which suggests a relationship between
hippocampal mossy fiber zinc content and seizure activ-
ity. It has recently been shown that there is a high corre-
lation between HIC scores after EtOH withdrawal and
mean hippocampal mossy fiber zinc content (Feller and
Savage, submitted). There is significantly less zinc in
WSP than in WSC or WSR mossy fibers. It is not clear
at this time if this difference in zinc content is directly
involved in regulating the severity of EtOH withdrawal
seizures. However, the high correlation observed, and the
70 % reduction in WSP zinc content, indicate that differ-
ences in hippocampal mossy fiber function may be one
important factor.

Protein variation in the WSP and WSR lines. Goldman
and Crabbe’! have investigated brain-specific protein
genetic variants in the WSP, WSR and WSC lines from
both replicates of the 11th selected generation. 2-D elec-
trophoretic gels were prepared from whole brain ho-
mogenates for 8 mice per line, and 11 proteins were ini-
tially identified which displayed apparent genetic
variability, where an acidic and a basic form of the
protein had different electrophoretic mobilities in differ-
ent inbred strains. Ten of the 11 proteins still showed
apparent heterozygosity indicating that inbreeding was
not complete in the sclected lines. Two proteins showed
clear evidence for allelic frequencies which correlated
with genotype. For example, for one protein, the allelic
frequencies for the basic allele were 0.13 and 0.21 in the
prone lines, zero in both resistant lines, and 0.08 and 0.06
in the nonselected control lines. This suggests that this
protein may play a role in determining genetic predispo-
sition to develop EtOH dependence 7*.

A similar gene frequency pattern was seen for another
protein, which has been identified as LTW-4, a 28 kDa,
pl 5.6 protein expressed in brain (where it accounts for
0.25% of total protein), liver, and kidney. Its function is
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unknown, and it has been mapped to chromosome 1.
Recent work has demonstrated an association between
EtOH acceptance, a trait related to EtOH preference
drinking, and the presence of the basic allele at this locus.
Panels of inbred strains and recombinant inbred strains
have both confirmed this association ’2. Further studies
are in progress to explore these relationships in genetical-
ly segregating populations of mice.

Role of membrane fluidization. For many years, the dom-
inant hypothesis of EtOH’s mechanism of action was
that its primary effect was to disorder neuronal mem-
branes. This ‘“fluidization’ was suggested to compromise
normal function at critical receptor/ionophore complex-
es, leading to behavioral disruption. We tested the mem-
brane hypothesis by feeding WSP and WSR mice a liquid
diet containing EtOH to induce physical dependence.
Synaptosomal membrane preparations from brains of
dependent animals, or those which had been treated with
a control diet, were assayed for intrinsic membrane order
and for sensitivity to EtOH’s effects on order in vitro
using fluorescence polarization. Membranes from naive
WSP and WSR mice had equivalent intrinsic rigidity.
EtOH dependence increased membrane rigidity in both
lines to an equivalent degree. Sensitivity of neuronal
membranes to EtOH in vitro was also similar ®°. The lack
of genetic differences in basal membrane fluidity and in
sensitivity to EtOH or sodium valproate were verified
using a different method, electron spin resonance**”.
These experiments do not disprove the membrane hy-
pothesis, but they indicate that more sensitive measures
may be necessary to reveal the subtle differences underly-
ing the very large withdrawal severity differences.

Other withdrawal signs

There are many symptoms of alcohol withdrawal other
than the seizures for which WSP and WSR mice were
genetically selected. When mice from the WSP and WSR
lines were rendered physically dependent in the same
inhalation chambers, and compared systematically for a
number of withdrawal signs after 22 selected generations,
WSP mice of both replicates exhibited more severe
Straub tail than WSR mice at several times during with-
drawal. Similarly, WSP mice of both replicates had more
pronounced hypothermia during EtOH withdrawal than
WSR mice at 7 and 15 h after withdrawal of EtOH. Thus,
some signs have co-segregated with HIC scores during
the process of selective breeding, but other signs (e.g.
activity reductions) do not differ between the lines 8. It
is interesting to note that the pattern of withdrawal signs
now differing in WSP and WSR mice has changed over
generations of continuing selection. After 11 generations
of selection, WSP mice tended to exhibit greater levels of
Straub tail then WSR mice, but the differences did not
achieve statistical significance °*. That the lines now dif-
fer significantly probably represents the gradual develop-
ment of a correlated response to selection, implying the
action of some of the same genes on both traits.
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Role of EtOH metabolism and basal HIC scores

When we compared WSP and WSR lines in generation
S,, factors other than genetic predisposition to EtOH
withdrawal severity could not account for the line differ-
ence. WSP and WSR mice from generations S, or S,, did
not differ in distribution or elimination of an acute dose
of EtOH *3. Blood EtOH concentrations (BEC) during
the 72-h period of exposure to EtOH vapor or during the
early hours of withdrawal did not differ significantly in
S, mice treated in the same inhalation chamber 22, There-
fore, the line differences in withdrawal severity were
probably due to functional (CNS) rather than disposi-
tional mechanisms such as line differences in rates of
metabolism, absorption or distribution. However, in a
comparison of S, mice, we noted a tendency toward
increased BECs in WSP mice during chronic exposure.
More recently, we studied EtOH metabolism in mice of
generation S,, during chronic exposure to EtOH vapor
and during withdrawal. WSP mice of both replicates now
accumulate significantly more EtOH during 72 h expo-
sure than their respective WSR mice. This effect becomes
more pronounced over days of exposure. However, there
are still no differences in elimination of EtOH after ani-
mals are removed from the inhalation chambers.

The bases for the differences in the accumulation of
EtOH during chronic exposure are not currently under-
stood. They are not limited to the inhalation paradigm,
and are likely not, therefore, due to differences in pyra-
zole sensitivity. J. K. Belknap has seen similar differences
in WSP and WSR mice fed liquid diets containing EtOH
(personal communication). The differences in EtOH ac-
cumulation are not large enough to account for the very
great differences in EtOH withdrawal severity. As dis-
cussed in an earlier section, similar differences in EtOH
pharmacokinetics arose in the later stages of the selection
for EtOH’s hypnotic properties in LS and SS mice. Since
the WSP/WSR differences arose late in selection, after
maximal separation of the WSP and WSR lines had been
achieved, we do not feel that they are a critical genetic
correlate of withdrawal severity; rather, they are a minor
nuisance in attempts to use the WSP and WSR lines to
address mechanistic questions.

In mice from Sy, we had reported small but consistent
differences among the lines in either baseline HICs or in
the very slight effect of pyrazole on HICs *3. Specifically,
WSP mice had higher basal scores and were slightly more
affected by three days of pyrazole treatment (without
EtOH) than were WSR mice. Examination of these dif-
ferences in S,, revealed that they had become no larger.
These differences are extremely small compared to the
withdrawal seizure score differences seen between the
two lines.

Neurosensitivity and tolerance to EtOH

Many investigators assume that the physiological sub-
strates of alcohol sensitivity, tolerance, and dependence
represent a continuum of increasing duration of drug
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exposure. This reasoning suggests that study of the neu-
robiological changes underlying sensitivity to EtOH
should elucidate the mechanisms of tolerance and depen-
dence development, or vice versa. A series of experiments
carried out with WSP and WSR mice suggest that this
formulation is too simplistic. These studies revealed that
genetic predisposition to develop EtOH withdrawal is
not associated with genetic sensitivity to acute EtOH, or
with EtOH tolerance development. WSP and WSR mice
were equally stimulated by EtOH in an open field test 28,
They also have identical sensitivity to the acute hy-
pothermic effect of EtOH ?°, Futhermore, the lines devel-
oped an equivalent magnitude of tolerance to the hy-
pothermic effects of EtOH when EtOH was administered
daily for three days. In addition, brain concentrations of
EtOH at the time of LORR were virtually identical in the
selected lines. Thus, intense selection for EtOH with-
drawal severity differences has not been accompanied by
the development of marked differences in sensitivity or
tolerance to two other effects of EtOH ?°. This argues
persuasively that the mechanisms underlying sensitivity,
tolerance, and dependence are to a significant degree
independent. Studies of genetic correlation among inbred
strains support this interpretation 2% 2% 35,

Genetic cross-susceptibility to other drugs

It was of interest to determine whether genetic sensitivity
to withdrawal from EtOH conferred similar sensitivity to
other drugs known to be cross-dependent with EtOH. We
rendered WSP and WSR mice physically dependent on
phenobarbital by feeding them a drug admixed chow.
During the ensuing withdrawal period, WSP mice
achieved significantly greater withdrawal scores than
WSR mice on several variables including handling
seizures, even though they had achieved similar brain
barbiturate concentrations!?. We also examined cross-
susceptibility to diazepam. WSP and WSR mice from the
5th and 13th selected generations were fed diazepam
diets for 7 days. When withdrawal was precipitated with
the BZ antagonist, Ro15-1788, and HIC severity was
scored, WSP mice had greater mean HIC scores than
WSR mice during the 20-min test. Furthermore, the dif-
ference in the intensity of withdrawal between WSP and
WSR mice was larger when the experiment was repeated
in S;5. These results could not be attributed to differ-
ences in dose or metabolism of diazepam!®. The in-
creased divergence of sensitivity to diazepam is another
clear example of the development of a correlated re-
sponse to selection.

Similar experiments exposed WSP and WSR mice to the
anesthetic gas, nitrous oxide (N,0), for differing peri-
ods '*. WSP mice showed more marked HIC than WSR
mice after exposure to different concentrations of N,O.
Together, these results suggest that genes predisposing
mice to develop physical dependence on EtOH also pre-
dispose to dependence on other CNS depressant drugs.
Generality to all psychoactive drugs was not complete,
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however. Similar experiments with morphine diets re-
vealed that WSR mice had more severe naloxone-precip-
itated morphine withdrawal than WSP mice after five
selected generations. The morphine experiments should
be repeated in mice of a current selected generation.

Preference for EtOH solutions

We have naturally been curious about the possibility that
our WSP and WSR selected lines might differ in their
propensity to self-administer EtOH orally. Accordingly,
we tested mice from the 17th selected generation for three
8-day sessions. During these sessions, EtOH was offered
versus tap water 24 h/day at concentrations of 2.2, 4.6 or
10.0% (v/v). WSR mice had a significantly higher prefer-
ence for the 2.2 % EtOH solutions than WSP mice; WSC
mice tended to be intermediate. At higher concentra-
tions, the preference of WSR2 mice remained elevated,
while that of the other lines showed the expected decline
in preference with increasing EtOH concentration. Re-
sults of these experiments suggest that some genes influ-
encing EtOH withdrawal severity also influence volun-
tary EtOH drinking 2.

Summary : CLE

Alcohol dependence and withdrawal are clearly complex
phenomena. The data reviewed in the preceding sections
characterizing the WSP/WSR genetic animal model sug-
gest that genes influencing EtOH withdrawal severity
play a fairly specific role in modulating EtOH effects in
mice. Although some evidence for single gene differences
with measurable impact on the alcohol withdrawal syn-
drome has been revealed, the preponderance of data at
this stage reveal a surprising lack of difference between
WSP and WSR mice for most alcohol-related traits. This
indicates a need to reconsider the relationships among
sensitivity to, tolerance to, and physical dependence on
EtOH. On the other hand, the fact that some traits differ
markedly between WSP and WSR mice offers hope that
those traits are importantly related to the underlying
genetic susceptibility to dependence. The increasing in-
terest of investigators in studying these and other selected
lines of mice may lead to better articulation of the hy-
potheses regarding genetic predisposition to alcoholism.

Severe (SEW) and Mild (MEW) Ethanol Withdrawal
mice

Another selective breeding program for severity of the
EtOH withdrawal syndrome is in progress at the Institute
for Behavioral Genetics in Boulder, Colorado. Develop-
ment of this animal model of physical dependence on
EtOH shares the ultimate goal of a greater understanding
of alcoholism with the WSP/WSR breeding program.
However, the methods used to obtain these two models
have differed in many ways.

Treatment and testing
McClearn et al.l°® have published the detailed proce-
dural methods used in the development of the replicated
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SEW, MEW, and C (control) mouse lines. Animals are
singly housed and physical dependence is produced over
a period of 9 days by EtOH liquid diet administration in
increasing concentrations up to a maximum of 35%
EtOH-derived calories. Consumption is recorded, and
animals are withdrawn from EtOH 6 h prior to behav-
ioral testing. Each animal is scored on a battery of tests
between the 6th and 7th hour after FtOH withdrawal.
Tests include handling-induced convulsion severity, ac-
tivity and anxiety variables in a hole-in-wall apparatus,
body temperature, presence of defecation and urination,
and quantification of vertical screen activity. The above
scores and EtOH consumption are intercorrelated and
entered into a principal component analysis. Selection
indices are computed from the component score coeffi-
cients, providing quantification of severity of the EtOH
withdrawal syndrome for each animal.

Selective breeding

The initial foundation population consisted of 30 litters.
Ten litters were randomly chosen and a male and female
was drawn from each litter and mated randomly to ini-
tiate Control line 1 (C-1). A female and male from each
of these litters exhibiting the most severe EtOH with-
drawal syndrome were chosen and mated inter se to ini-
tiate the SEW-1 line. Similarly, the MEW-1 line originat-
ed from the least severely affected animals of these litters.
Replicate 2 lines (C-2, SEW-2, and MEW-2) were chosen
identically from a separate set of 10 litters. In subsequent
generations, within-family selective breeding has contin-
ued with each line constituting a closed breeding popula-
tion 193,

SEW and MEW lines differed significantly after five se-
lected generations®. After 10 generations of selective
breeding, the SEW and MEW lines differed by about 1.2
standard deviation units. The response to selection has
been largely unidirectional with realized heritabilities for
the SEW and MEW lines of about 0.2 and 0, respective-
ly ***. Wilson and coworkers'** have described a num-
ber of problems they have encountered during the course
of this selection. Most critical have been the high death
and infertility rates. In addition, one of the unselected
control lines (C-1) consistently had milder EtOH with-
drawal scores than either of the MEW lines, at least until
generation 9. An association between severity of with-
drawal response and EtOH consumption values may ac-
count for this difference. The C-1 line animals have the
lowest consumption scores while those of the SEW lines
consume the most. An increase in EtOH consumption by
all lines with increasing generations of selection has also
been noted and likely has an impact on fertility and death
rates. By generation S, ,, mice of all lines were consuming
35-50% more than animals of generation S,. Wilson et
al.'** interpret this overall increase as an effect of natural
selection for animals able to obtain adequate nutrition
and survive to reproduce in the presence of alcohol toxic-
ity. Sensitivity to EtOH’s hypothermic and depressant
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effects was assessed in SEW and MEW mice of genera-
tion Sy ***. A line difference in LORR duration and in
BEC at waking was found, with SEW-1 mice exhibiting
longer durations and lower BEC’s than MEW-1 mice.
However, this difference was not present between the
replicate 2 lines. No apparent line differences in hy-
pothermic response to EtOH were found.

Comparison of SEW|MEW and WSP/WSR selected lines
Recently, we directly compared mice from the two EtOH
withdrawal selection programs (manuscript in prepara-
tion). Experimentally naive SEW, MEW, WSP, and WSR
mice were made physically dependent using the 72-h
EtOH inhalation technique described for the WSP/WSR
selection. At various times on the day of EtOH with-
drawal, tail-blood samples were taken for BEC determi-
nation, HIC and rectal temperatures were assessed, ani-
mals were observed for Straub tail and tremor, and
climbing behavior and activity tests were performed.
Although all animals were housed in the same inhalation
chamber and, therefore, should have been exposed to the
same amount of EtOH, SEW and MEW mice attained
much higher blood levels than did WSP and WSR mice.
There were no differences in BEC between WSP/WSR
lines or SEW/MEW lines.

WSP mice of both replicates exhibited larger HIC scores
than WSR mice, as expected. However, a difference in
HIC scores of SEW and MEW mice was only present for
replicate 1 animals with SEW mice more affected. Per-
plexingly, this is the replicate set of lines that has diverged
least during selection. When differences in HIC responses
to pyrazole were accounted for, SEW and WSP mice
(and MEW-2 mice) had similar HIC scores. HIC scores
of WSR mice were much lower than those of all other
lines.

Hypothermia was present in mice of all lines 3 h after
EtOH withdrawal. WSP mice were more hypothermic
than WSR, and SEW mice were more hypothermic than
MEW. There were no apparent differences in thermal
sensitivity between WSP/WSR and SEW/MEW mice.
Little occurrence of Straub tail or tremor was observed in
any of the animals, suggesting that they were not de-
pendent enough to display these signs. Similarly, climb-
ing behavior and locomotor activity were little affected
during the course of withdrawal.

In the hole-in-wall apparatus, crossing between compart-
ments was suppressed and latency to leave the dark was
reduced during EtOH withdrawal, but headpoking be-
havior and the number of rearings were little altered. In
addition, more time was spent in the dark compartments
during withdrawal. There was no difference between
WSP and WSR mice in the amount of crossing suppres-
sion. However, opposite to expectation, MEW-1 mice
were more suppressed than SEW-1. This difference in
magnitude of suppression was not seen in replicate 2
SEW and MEW mice. In general, mice of all lines exhib-
ited similar amounts of suppression with MEW-1 being
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the aberrant group. Latencies to leave the dark were
decreased more in SEW than in MEW mice; again this
difference was larger for replicate 1. This pattern of sen-
sitivity was reversed for the WSP/WSR mice with the
resistant mice exhibiting more greatly reduced latencies
than the prone. There was no suggestion of a greater
effect in lines of one selection compared to lines of the
other. Lastly, there was a suggestion of a larger effect of
withdrawal in SEW mice on time spent in the dark (a
greater increase) compared to MEW, but this difference
was not seen for WSP and WSR mice.

Conclusions

The SEW/MEW selection program has met with some
success. The sensitive and insensitive lines have diverged
in severity of the withdrawal syndrome and the latest
evaluation indicates that the C-1 line may be approach-
ing a more intermediate severity value '**. However, the
high death and fertility rates pose severe problems as do
line differences in EtOH consumption during depen-
dence induction. It might be argued that the difference
between SEW and MEW mice in withdrawal severity is
completely accounted for by differences in EtOH dose.
We believe that administration of metered EtOH doses
followed by withdrawal severity measurement is a critical
experiment in the evaluation of the success of this pro-
gram.

The comparative experiment with SEW/MEW and
WSP/WSR mice is difficult to evaluate in reference to
existing results with the SEW and MEW mice ***. For
one thing, mode of physical dependence induction was
much different and the magnitude of dependence
achieved may differ between methods. The most striking
difference observed was the size of the line difference in
HIC severity seen between lines within selection pro-
gram. The difference was much larger between WSP and
WSR mice and was not present in replicate 2 SEW and
MEW mice. It would be of interest to use EtOH liquid
diet to induce physical dependence concomitantly in
SEW/MEW and WSP/WSR mice, with the testing meth-
ods used for the SEW/MEW selection.

The Boulder group recently reported that they are devel-
oping another model. Replicate High (HA,, HA)), Low
(LA, LA,), and Control (CA,, CA,) lines are being
made physically dependent upon EtOH by a 12-day
liquid diet regimen. Withdrawal severity is indexed by
HIC during hours 0—8 of withdrawal. Response to selec-
tion after one generation suggests that this method may
also yield significant genetic differences *®.

New mouse lines selected for sensitivity to EtOH

In addition to the withdrawal-seizure lines, we are re-
sponsible for two other selective breeding projects. We
are developing a genetic animal model for sensitivity to
a depressant effect of EtOH, acute hypothermia (HT).
These lines are designated HOT (unresponsive) and
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COLD (responsive). The other set of lines is being select-
ed for EtOH-stimulated locomotor activity in an open
field (ACT), since this behavioral response may model
the disinhibitory and/or euphoric effects of the drug.
FAST mice are highly stimulated by EtOH, and SLOW
mice show less activation, or even depressed activity,
after EtOH.

Our methods for the development of these lines closely
follow those for the WSP, WSR, and WSC lines. Two
randomly-selected control lines (CON1 and CON2) are
held in common for both selections. Each line comprises
9 families and we are currently in selected generations 14
and 15 for the activity and hypothermia lines, respective-

ly.

HOT and COLD lines

Testing and selection procedure. HOT and COLD mice
are tested for sensitivity to the acute hypothermic effect
of EtOH 2°. After the baseline temperature is taken, each
mouse is weighed and injected with EtOH (3 g/kg, 20%
v/v in physiological saline, i.p.). Temperatures are taken
again 30 and 60 min later, and a tail blood sample is
taken for EtOH concentration assays at 60 min. The
greater change from baseline is used to index sensitivity
to EtOH in the COLD lines, and the smaller change is
used in the HOT lines.

Selective breeding has increased the HT response to
EtOH in the COLD lines but has not decreased it in the
HOT lines. We test the CON lines each third generation.
It is clear that there has been a large divergence in sensi-
tivity to EtOH hypothermia in both sexes and both repli-
cates of the experiment 2°.

Estimation of genetic parameters. Heritability for the to-
tal realized response difference between HOT and COLD
lines was 0.20 after 14 generations of selection, which
implies that 20% of the total variance in EtOH-induced
HT in mice is of additive genetic origin. This is due
almost entirely to heritabilities of about 0.36 in the
COLD lines. The inbreeding coefficient (F) is increasing
at about the expected rate of 1.5 % per generation. Thus,
inbreeding at genetic loci irrelevant to the EtOH response
probably plays a relatively minor role in determining
differences between COLD and HOT lines.

Dose-effect relationships and EtQH metabolism. We have
assessed the dose-dependence of the response to EtOH-
induced HT in COLD and HOT mice repeatedly during
the course of selection. When mice from both replicates
of S,, were given 1-4 g/kg EtOH, COLD mice had
greater HT responses than HOT mice. The average HT
response of COLD mice was 3.6 °C compared to 1.8°C
for HOT mice after 3 g/kg EtOH. The magnitude of the
difference seen at the lowest effective dose tested (2 g/kg)
was less than at higher doses??. This may be because
hierarchically-organized sets of thermoregulatory con-
trol mechanisms are challenged in dose-dependent fash-
ion by EtOH. COLD and HOT mice might have devel-
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oped differences only in the effector systems sensitive to
higher doses of EtOH.

HOT and COLD mice do not differ significantly in BEC
at 60 min after injection of a fixed dose of EtOH **. The
rate of metabolism of a 3 g/kg dose of EtOH in mice from
S, differed only slightly between HOT and COLD mice.
HOT mice had non-significantly lower brain EtOH con-
centrations than COLD mice only 3 and 4 h post-injec-
tion. Rates of metabolism in COLD and HOT mice were
0.86 and 1.01 mg/g brain/h. This small difference may be
limited to higher doses of EtOH, and may be secondary
to the line differences in body temperature at these dos-
es?3.

Generalization to other alcohols and depressants. We
thought it possible that selection for EtOH HT had al-
tered sensitivity to the hypothermic effects of other de-
pressants. Indeed, we have found that S, COLD mice
were more sensitive than HOT mice to several straight-
chain alcohols. They were also more sensitive to pento-
barbital, phenobarbital, methyprylon (a water-soluble
depressant), the highly lipid-soluble alcohol, ethchlor-
vynol, and diazepam. Thus, some genes controlling
EtOH HT also control HT responses to other depres-
sants, which in turn suggests commonality in their mech-
anism of action on the thermoregulatory system (Feller
and Crabbe, submitted). However, generalization is not
complete, for HOT and COLD mice have not differed in
sensitivity to several other drugs affecting specific neuro-
transmitter systems.

As selection pressure was exerted each generation, the
magnitude of the EtOH HT difference between COLD
and HOT mice increased. The correlated sensitivity dif-
ferences to other depressants were also augmented by
additional selection (Feller and Crabbe, submitted). Such
parallel development of a correlated response to selection
in both pairs of selected lines ofters very strong evidence
for a true genetic correlation®3. Another case where a
genetically correlated response emerged in later genera-
tions of selection was that of the peripheral vasodilator,
hydralazine. S; HOT and COLD mice did not differ in
sensitivity to hydralazine HT. However, a significant dif-
ference was present in S, ; mice. [t appears that peripher-
al thermoregulatory mechanisms may now play a signif-
icant role in mediating the difference between HOT and
COLD mice in sensitivity to EtOH (Feller and Crabbe,
submitted).

Tolerance. We have tested the hypothesis that HOT and
COLD mice might differ in their development of toler-
ance to EtOH HT?3. When EtOH was given daily, the
HT response of COLD mice was significantly attenuated
by previous EtOH injections, while that of HOT mice
remained approximately the same. COLD mice had sig-
nificantly greater HT than HOT mice during the 4 days
of EtOH exposure to induce tolerance, however, and
HOT mice might have metabolized EtOH more rapidly
than COLD mice. On the other hand, when different
EtOH doses were given to equate HT response, COLD
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mice still developed tolerance, but no tolerance was seen
in HOT mice. Thus, the failure of HOT mice to develop
tolerance was not due to insufficient exposure to EtOH
HT. In all of these experiments, BEC at the time of testing
was assayed and found not to differ. We conclude that
the differences between lines are in functional tolerance
rather than due to metabolic factors?3. Recent studies
where animals are subjected to a cold ambient environ-
ment plus EtOH have found that HOT mice are capable
of developing tolerance, but the magnitude of tolerance
is still less than that of COLD mice similarly treated
(unpublished).

Other correlated responses to selection. We have tested
mice of both lines for severity of withdrawal, because
earlier experiments with a number of inbred strains of
mice had reported a negative genetic correlation between
sensitivity to EtOH’s initial hypothermic effects and the
severity of EtOH withdrawal after cessation of forced
EtOH inhalation*>. HOT and COLD mice were exposed
to identical regimens of forced EtOH exposure for 72 h
and withdrawn, and their withdrawal seizures scored.
There was more than a two-fold difference between
HOT-1 and COLD-1 mice in handling-induced convul-
sion severity during withdrawal, but HOT-2 and COLD-
2 mice did not differ ?®. The magnitude of difference in
the first replicate set of HOT and COLD lines is sugges-
tive of an important effect of a single locus. An earlier
study with a panel of recombinant inbred strains had also
hinted at an important single gene in this trait3*.

HOT and COLD mice have also been tested for locomo-
tor activation after EtOH (2.0 g/kg, 20% v/v) and saline
in an open field. While HOT-1 and COLD-1 mice did not
differ in activity, HOT-2 mice showed 7-8-fold more
activation than COLD-2 mice, and 2—3-fold more than
cither COLD-1 or HOT-1 28, These results may also rep-
resent the influence of a single locus on EtOH ACT, a
possibility raised by results of the selection study to be
discussed next.

Finally, HOT and COLD mice were tested for develop-
ment of a taste aversion conditioned by EtOH. Mice were
allowed to drink sodium saccharin solutions and then
injected with EtOH. On the following day, access to wa-
ter only was offered, and no injections were given. This
alternating pattern of conditioning days and water days
led to the gradual reduction in saccharin intake. HOT
mice of both replicates developed a more pronounced
conditioned taste aversion than did COLD mice (Cun-
ningham, Hallett and Nouth, unpublished observations).
Summary. Results with the HOT and COLD selected
lines provide further evidence that sensitivity to the effect
of EtOH on thermoregulation in mice is genetically medi-
ated to an important degree. The sensitivity differences
appear in both genetic replicates and have increased over
generations of selection pressure; thus, the differences
are genuine genetic effects as opposed to nonspecific ef-
fects of inbreeding. Results with HOT and COLD mice
also confirm the genetic correlation between sensitivity
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and tolerance to EtOH HT which was originally identi-
fied in studies with inbred strains of mice. Other behav-
ioral responses to EtOH, such as withdrawal severity and
locomotor activation, may share some genetic substrates
in common with EtOH-induced HT, but such a common
genetic determination does not appear to be substantial.
The HOT and COLD selected lines should be a useful
genetic animal model for future experiments designed to
explore the mechanisms underlying hypothermic sensi-
tivity and tolerance to EtOH.

FAST and SLOW mice

Testing procedure and selection response. As previously
described **, mice are tested in the colony room on two
successive days at a 24 h intertest interval. At 2 min after
injection, each mouse is placed in the middle of one of 2
Lehigh Valley open fields (61-cm diameter) and photocell
beam interruptions are counted. On one test day, basal
activity is assessed after administering the mouse a saline
injection. On the other test day, each mouse is given an
injection of EtOH and tested as described. Testing for
generations S,—S5 was in the order saline-EtOH (1.5 g/
kg) under dim ambient lighting conditions. Results of
studies investigating ways to maximize the selection re-
sponse led us to change to the testing order EtOH-saline,
to an EtOH dose of 2.0 g/kg, and to bright light 22, begin-
ning in Sg. The EtOH concentration was always 20 %
v/v, and the activity score (ACT) is always the difference
between the saline and EtOH scores.

The resulting FAST and SLOW lines do not differ in
response to saline. There was already divergence between
each pair of FAST and SLOW lines in S, after only one
generation of selection, which could indicate the signifi-
cant role of a major locus. Immediately following the
change in test parameters at Sg, there was again an in-
crease in divergence between Sq and S,. Genetic selection
has generated mouse lines that differ significantly in their
response to EtOH in the open-field. We have found the
FAST vs SLOW differences robust in other open-field
apparatuses, using both repeated-testing (within-animal)
and between-group designs.

Locomotor response to other drugs. We have examined the
locomotor activating effects of diazepam, pentobarbital
and two stimulants, caffeine and d-amphetamine, in
FAST and SLOW mice. Overall, we have found that the
clear difference between FAST and SLOW mice in
EtOH-stimulated activity does not generalize to all other
drugs with stimulant properties. Mice were from selected
generations 11 or 12. Diazepam did not affect the activity
of FAST and SLOW mice differently. However, because
only very small activating-effects were seen at the doses
used (2.5, 5, 10, and 20 mg/kg), we intend to extend our
observations to other doses. Pentobarbital stimulated the
activity of both mouse lines equally up to 20 mg/kg (i.p.)
and reduced activity at 40 mg/kg. Caffeine (2.5—20 mg/
kg) had similar small stimulant effects on the activity of
FAST and SLOW mice. Finally, d-amphetamine had
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dose-dependent stimulant effects on mice of both lines,
but FAST mice were more activated.

Collectively, these results do not support a hypothesis of
greater general excitability of FAST mice. In addition,
they suggest that the physiological mechanisms which
mediate the activation produced by barbiturates and pos-
sibly BZs are not the same as those controlling EtOH-in-
duced stimulation. Amphetamine interacts with DA sys-
tems which have been implicated as important in the
activating effects of EtOH (as discussed in a previous
section). Interestingly, d-amphetamine had the clearest
differential effects on the activity of FAST and SLOW
mice. This result is especially exciting because another
stimulant-class drug that does not act via DA systems
(caffeine) did not affect the lines differently. We are cur-
rently engaged in a similar study using apomorphine, a
DA agonist. We are also looking at the effects of alcohols
other than EtOH to assess a hypothesis of specificity of
the FAST/SLOW difference to alcohols.

Dose-effect relationships and EtOH metabolism. Activity
differences between lines (S,;) were tested for several
EtOH doses and were most marked at lower doses. FAST
mice were consistently more stimulated than SLOW
mice, and the differences were largest within 10 min after
injection, which corresponds to the time period examined
for the selection criterion. In several experiments, brain
or blood EtOH concentrations were determined after
acute EtOH injections or chronic administration. No dif-
ferences between FAST and SLOW mice of either repli-
cate from S¢S, were found. We conclude that selection
for EtOH-induced ACT has not altered parameters of
EtOH metabolism.

EtOH-induced ataxia. We examined ambulatory coordi-
nation after EtOH in several ways to compare the two
lines. The grid test comprises a hardware cloth grid and
measures stumbling errors per distance travelled as cases
where the mouse’s foot falls through the mesh. FAST
mice made more errors in this apparatus than SLOW
mice 129, but this difference may be apparent only after
some EtOH doses. It is also greater in mice from the
second replicate. FAST mice tested on a constant-speed
rotarod after 2.5 g/kg EtOH were more ataxic than
SLOW mice. However, when mice were tested on a static
rod for latency to lose balance after 2.0 g/kg EtOH, there
were no differences. These mice also did not differ in
sensitivity on a larger rod that was accelerated at a con-
stant rate. In summary, there may be a genetic correla-
tion between sensitivity to EtOH-induced ACT and
EtOH-induced ataxia, but the results for several tasks
were not entirely consistent. This may be because the
tasks assess different neural substrates; alternatively, the
apparent genetic correlation may be weak or spurious.
Other correlated responses to selection. Sensitivity to the
hypnotic effects of EtOH was studied in FAST and
SLOW mice injected with 4 g/lkg EtOH. S,—Sg FAST
mice of replicate 2 were more sensitive than SLOW mice
to EtOH-induced LORR for they had significantly lower
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BEC values at regaining the righting reflex. The lines did
not differ either in latency to LORR or in duration of
LORR'2° but these measures include variables related
to absorption, distribution, and elimination of EtOH as
well as neurosensitivity. A more recent test of S;; ani-
mals revealed no line difference in sedative sensitivity as
indexed by BEC at regaining righting. The sensitivities of
FAST and SLOW mice to the sedative effects of pento-
barbital were also similar (Phillips, unpublished). Lastly,
FAST and SLOW mice did not differ in magnitude of
EtOH-induced HT'2°. Although genes underlying
EtOH activation may also influence sensitivity to EtOH
sedation, the current evidence does not strongly support
this suggestion.

In a study of EtOH-preference drinking like that de-
scribed for WSP and WSR mice, utilizing increasing
EtOH concentrations in water, small time-dependent dif-
ferences were found between FAST and SLOW mice in
the amount of EtOH consumed with FAST consuming
more.

Summary

Selection for sensitivity and resistance to EtOH-induced
HT has produced robust responses to selection in both
replicate sets of lines. While it has been possible to select
COLD mice for increased HT, the HOT lines have not
developed much smaller HT responses than control mice
over generations. A number of correlated responses to
selection have been documented in the HOT and COLD
lines. The HT difference generalizes to several other alco-
hols and depressants, suggesting that these compounds
produce HT by the same mechanisms as EtOH. General-
ization is not complete, however: the HOT and COLD
lines do not differ in sensitivity to a number of agents
producing HT through presumably specific effects on
neurotransmitter receptors. HOT mice develop a less
marked tolerance to EtOH HT than do COLD mice.
The response to selection has also been asymmetrical in
FAST and SLOW mice. FAST lines have shown increas-
ing activation over generations of selection, while SLOW
lines have shown no decrease in response. One SLOW
line is, in fact, increasing in responsiveness, despite selec-
tion against this character. Consistent with the lesser
degree of divergence in the selected lines, the existence of
correlated responses to selection is less clearly revealed in
FAST and SLOW lines. Some evidence supports the de-
velopment of a positive correlation between activation
and ataxia. FAST mice may be more sensitive than
SLOW mice to amphetamine- and diazepam-induced
activation. There is no consistent difference between
the lines in sensitivity to EtOH-induced hypothermia,
LORR, or in sensitivity to pentobarbital-induced
LORR. The general results so far in both selections are
encouraging, and we expect that future experiments will
use these lines to address questions regarding the relevant
mechanisms of action of EtOH.
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General conclusions

The studies reviewed above represent the cumulation of
almost 15 years of work with lines of mice selected for
genetic susceptibility to different effects of ethanol. They
exemplify several powerful features of the selective
breeding method as used to study drug responses. More-
over, they suggest several specific phenomena which may
have practical relevance for our understanding of
EtOH’s actions in the nervous system. Finally, they illu-
minate several lacunae where further experiments could
provide very useful information, some of which have
already been mentioned.

Advantages of selectively bred lines

Use in building model systems. This strength derives from
the power of selected lines to detect correlated responses
to selection. One clear example from the reviewed litera-
ture is the enormous difference in cerebellar Purkinje cell
sensitivity to EtOH inhibition between LS and SS mice.
The specificity of this difference, its magnitude, and its
robust nature across preparations, suggest that the neu-
robiological mechanism underlying sensitivity to EtOH
hypnosis must involve this cell system. Another striking
correlated response is the fact that WSP mice are more
susceptible than WSR mice to withdrawal from BZs and
barbiturates as well as EtOH, which suggests that there
may be a common genetic substrate for susceptibility to
dependence on at least these addictive drugs.
Cumulative nature of research. Studies with mature select-
ed lines, which have reached their selection limit, may be
compared across laboratories and generations for many
years. Once again, our developing understanding of the
mechanisms underlying sensitivity to EtOH’s hypnotic
effects is largely thanks to the longevity of the LS/SS
lines, and their increasing use.

Use as a tool for hypothesis generation. The ease with
which one can initially probe selected lines for potential
correlated responses makes them an ideal tool for genetic
hypothesis generation '?. Putative genetic correlations
can then be tested by more laborious methods (testing
other selected lines, estimating correlations from multi-
generational populations or panels of inbred strains). A
clear example is the verification of the correlation be-
tween Purkinje cell sensitivity and LORR duration after
EtOH. LS/SS mice were found to differ originally, and
subsequent research with HAS/LAS rat lines and panels
of inbred strains of both rats and mice corroborated the
difference.

Specific results of potential importance

The importance of EtOH metabolism. In all selections to
date, substantial differences in CNS sensitivity to EtOH
have been produced by selection before any differences in
EtOH elimination have emerged. The fact that with con-
tinued selection such differences in metabolism do even-
tually appear does not affect the principal finding
that pharmacodynamic and pharmacokinetic aspects of
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EtOH responses are under differential genetic control. It
suggests that future selection experiments should closely
monitor metabolism during the course of selection, and
consider eliminating metabolic differences as they
emerge.

Tolerance and dependence are genetically distinct. Early
work in a single strain of mice suggested that tolerance
to, and dependence upon, EtOH could be pharmacolog-
ically dissociated. 6-OHDA lesions blocked tolerance de-
velopment while not affecting withdrawal'?°. That the
WSP and WSR mice do not differ markedly in tolerance
to two effects of EtOH also supports this distinction.
Clearly, the conceptualization of tolerance and depen-
dence as early and late stages of a single physiological
continuum should be abandoned.

Mechanisms of drug effects are not uniform across drugs
with the same presumptive mechanisms of action. Cross-
tolerance among sedative-hypnotic agents does not nec-
essarily predict common mechanisms of action. For ex-
ample, cross-tolerance has been noted between EtOH
and barbiturates, yet LS and SS mice do not differ in
CNS sensitivity to the sedative effects of pentobarbital.
Reports that LS mice are not uniformly more sensitive to
all sedative-hypnotic drugs than are SS mice virtually
proves that these drugs have distinct mechanisms of ac-
tion. Similar results showed that COLD mice were more
sensitive to hypothermic effects of some, but not all drugs
than HOT mice, and that FAST mice were more activat-
ed than SLOW mice by some, but not all drugs. Even
more strikingly, WSP and WSR mice were not similarly
sensitive to seizures produced by 3 drugs presumably
acting at the same receptor site on the GABA Complex.
The response specificity of the selected lines is thus a
formidable analytic tool with sufficient sensitivity to de-
tect subtle neurochemical differences.

Genetic independence of determination of several responses
to EtOH. We have reviewed data recording differences or
similarities between lines of mice genetically selected for
various effects of EtOH. One important conclusion
which can be drawn from this information pertains to the
genetic relatedness of different EtOH effects. Although
LS and SS mice differ in sensitivity to almost every effect
of EtOH for which they have been tested, this has not
been the case for mouse lines selectively bred for sensitiv-
ity to EtOH’s activating, hypothermic, or withdrawal
effects. This suggests the absence of substantial genetic
codetermination of sensitivity to these EtOH effects. It
also suggests that some of the differences found between
LS and SS mice are attributable to genetic loci other than
those influencing sensitivity to EtOH’s sedative effects.
Inbreeding during the selection of the sleep lines could be
a likely source of this result.
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