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Decreased Ethanol Sensitivity and Tolerance
Development in y-Protein Kinase C Null Mutant Mice
Is Dependent on Genetic Background
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Initfal sensitivity and telerance development to the sedative-hypnotic
and hypothermic effects of sthanol were investigated In »protein
kinase C (PKC) null mutant mice. Null mutants from a CSTEL/G] x
123/3vJ mixed ganetic background demonstrated decreased etha-
nol sensitivity and failed to develep chronic tolerance aftar 10 days of
ethanol liguid diet Howewver, when the null mutston was inbo-
grassed onto a CSTEL/6J background for slx genergfions, the “no
tolerance” phenotype for sadative-hypnotic and hypothermic sffects
of ethanel was no longer apparent Sutcrossing the +-PKS null mu-
tation to a CSTBL/GJ = 129/SvEvTac mixed background restored the
“no tolarance™ phenctype to ethanol-inducad sadation after chronic
sthanol diet; however, 25 measured by hypothermia, Tolsrancs was
still svidant in the null mutant mice, These observaticns and the
results of tests of chronic tolerance in the CSTBL/GJ, 128/5vJ, and
128/5vEvTac background inbred strains indicate that +-PKC plays
an Important role in initial sensitlvity and telerance to ethanol. How-
ever, the impact of +FKC [s modulated by the background genotype.
These resufts stress the importance of including the effect of genetic
background when evaluating the effects of single gene mutgtions on
guantitative behavioral tralts.

Kay Words: Ethanol Tolerancs, |nitial Sensitivity, »Fretein Kinasa
C, Nuil Mutant Mice, Genetle Background.

HE DEVELOFPMENT of tolerance ha: besn consid-

ered as one factor in the etology of alcoholism. Con-
sequently, the identification of nenral mechanisms respon-
sible for tolerance has received much atrention. In rodents,
repeated exposure to ethanol via liquid diet or repeated
injections across days has been shown to produce tolerance
(Deitrich et al,, 1996; Ealant, 1998). Tolerance develop-
ment involves both metabelic and neural adaptation. The
latrer type of tolerance can be divided into different forms
by its temporal development. Rapid tolerance occurs across
ireatment sessions, but can often be observed as early as
after a single dose of ethancl, whereas chronic functional
tolerance occurs over longer time periods after chronic
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ethano| exposure (weeks to- months). Studies of tolerance
development have focused on nearly every aspect of brain
function, including changes in neurctransmitter systems,
ion channe! function, and second messenger systems, in-
cluding protein kinases, after repeated exposure to ethanol
(Batrzini et al., 1989 Messing et al, 1991; Nevo and
Hamon, 1995; Fitzgerald and Nestler, 1995; Coe et al,,
1996).

The Ca**/phospholipid-dependent protein kinase, pro-’
tein kinase C (PKC), is composed of a family of enzymes
that plays an important role in many cellular processes,
such zs protein receptor function (Snell et al., 1994a; Kita-
mura et al,, 1993; Dildy-Mayfield and Harris, 1994), synap-
tic plasticity (Akers et al., 1986), and learning and memory
(Wehner et al,, 1990; Fordyce and Wehner, 1595a,b). Re-
cent evidence has demonstrated that PEC regulates etha-
nol's zcute effects on several neurotransmitter receptors
such as NMDA, AMPA/kainate, serotomergic, and M1
mmuscarinic receptors (Dildy-Mayfield and Harris, 1995; .
Smell et al., 1994b; Sanna et al., 1954). It has been shown
that phosphoryviation of the GABA, receptor subumit,
2L, by PEC is necessary. for ethenel potentiation of
GABA, receptor function (Wafford et al, 1991). The
mechanism by which ethanol influences PKC activity is not
well understood. Studies that have investipated the effects
of acute ethanol exposure on PEC activity in vitro, have
demonstrated decreases (Slater et al., 1993; Dietrich et al,,
1589) or no change (Dietrich er al, 1989; Machu er al,
1991) in PEC acuvity. In vivo studies of ethanol’s acute
effects on PEC activity indicate that dependent on experi-
mental conditions, membrane-bound PEC activity can be
enhanced (Dietrich et al., 1989) or inhibited (Steiner et al,,
1997). In contrast to the variability in acute ethanol treat-
ment paradigms, chronic ethanol treatment appears to pro-
duce an inerease in PKC activity when studied in cell
culture systems (Messing et al, 1991; Coe et al, 1956;
Gordon et al,, 1997) and in vive (Barraini et al,, 1985).

Studies designed to investigare the neurcnal mechanisms
upderlying cellular tolerance in vive oftzn use one of wo
approaches: (1) the production of tolerance via repeated
ethanol reatment followed by an assessment of changes in
brain function or (2) an alteraton of brain function pro-
dueed by genetie, pharmaceological, or surgical manipula-
tion, then assessment of changes in tolerance development.
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A unique genetic model for studying PKC's role in ethanol
tolerance is the recently developed y-PKC pull murant
mice (Abeliovich et al, 1993a,b). These mice are produced
by gene-targeted homologous recombination and lack the
neural-specific y-PEC isotype. Long-term potentiation is
impaired m the pull mutant mice and in tests of spatial
learning ability the mutants demonstrate a slight deficiency
in complex learning (Abeliovich et al., 19932,b). Except for
mild ataxia, these mice are normal in zppearance. When
tested with their heterozygote and wild-type littermates as
controls, the vPKC null mutants provide an alternative

- genetic model to evaluate the relaricnship between +FPEC
and ethancl responses.

Tests of initial sensitivity o ethanol as measured by loss
of righting reflex and disruption of the comtrol of body
temperature, as well as in vitro assays of GABA , receptor
function as measured by CI7 -flux, have reczsndy been
completed with the PKC null mutants (Hamris et al,
1995). The results of these studies demonstrated that the
murant mice exhibit reduced sensitivity to both behavioral
measures after 2 3.5 g/kg intraperitoneal (IP) injection of
ethanol when compared with their wild-type littermates, In
addidon, ethanol potentiation of muscimol-stirmulated
Cl™ flux was absent in microsacs prepared from mutant
cortical and cersbellar tissue. These responses were specific
to ethancl; trestments with pentobarbital and flunitraz-
epam in the null mutants did not result ip a decrease in the
duration of loss of righting reflex or drug-induced hypo-
thermia, and muscimol-stimulated C1™ flux was potentiated
by both drugs. Ethansl metabolism was not different be-
tween mutants and wild-types (Haris et al., 1995).

Previous studies have suggested that initial sensitivity to
ethanol and tolerance development are associated (Crabbe
et al,, 1982; Gallaher et al.,, 1996; Waller et al., 1983; Le and
Kilanmaa, 1990). Given that the vwPKC oull mutant mice
demonstrate reduced-initial sensitivity and that PXC ap-
pears te be important in ethasel’s actions, we have con-
ducted a series of experiments with the +-PEC null mutants
end their control littermates to evaluate possible +PKC
mechanisms in the development of chronic functional tol-
erance. When using animal models generated from gene-
targeting approaches, it is important to consider possible
interactions with background genotypes because most com-
plex phenotypes, including ethanol tolerance, are polygenic
traits (Gerlai, 1996; Wehner and Bowers, 1995; Banbury
Conference, 1997). Background genotype may be impor-
tant in ethanol tolerance; several studies have reported
significant inbred strzin and selected line differences in
tolerance development (Crabbe et al., 1982, 1989, 1596;
Gallaher et al, 1996: Waller et al., 1983; Luo er al,, 1995;
Moeore and Kakihana, 1978). Therefore we have tasted (1)
the v-PKC pull mutant genotype on three different gepetic
backgrounds and (2) the individual inbred strains oa which
the yPKC null mutation was placed to determine the
integrity of the ethanol tolerance response in the null mu-
tant mice,
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MATERIALE AND METHODS

Mice

Male and female mice, 50 to 30 days of age, were housed in like-sex
groups of 2 o 5. All micc wers maintained on a 12-hr light/dark cycle
(lights on a1 0700) and were allowed food (Wayne Lab Hiex) and water ad
Hbitum. CSTBL/AT mice were obrained from Jackson Laboratories (Bar
Harbor, ME), then bred in the specific pathogen fres mouse colomy at the
Institute for Belavioral Genetics (Boulder, CO). Mics fom the 129/5]
inbred sirain were purchased from Jackson Laboratories, and mice from
the 129/SvEvTac inbred strain were purchagsed Som Taconic Ferm (Ger-
mantown, NY) 2t 3 1o 5 weeks of egs. All mice wert housed in the animal
holding facility at the Institute for Behavioral Genetics unril testing.
Ereeding pairs of 129/SvEvTec mice wer= maintained to generate litters
{or subsequent testing. Mice of mized genetic backgrounds and the con-
Eenie mics were developed as described.

+PEC Null Murgdon on CSTELJET x 129/5w Background Null mutant
mice were derived using geme-targeting technigues wnd homelogous r=-
combination a5 previously described (Abelovich st al, 1993ab). The
origingl clonc was isslated from a library of 129/5v] inbred mice, altered
with & neomycin gene insert 10 create the +FEC pull mutaten, and
injected into embryomie ttem cells, then placed ine bastocysts from the
CS7TBL/ST mbred surain. The test cyoss for germline ransmission was (o
CSTBL/SJ; cherefore, the resulting mics were a mixed CSTBLEN x 125/5+]
genomype. Mutant mice were produced Som hetsrezygore matings from
differenr familica, such that ofspring from common grandparents were
acver crossed. This breeding strategy procuced all three genorypes used as
experimental and contra] groups: mntant, heterozypote, and wild-rype.
Mice were genotyped prior to testing using [solared tail DNA apalvzed by
polymerass chain resction methods. DNA was amplified psing twe sels of
primers, one sot designed 1o amplify the heomyein gene inser and one for
the +FRC gene, Tests of functienal toletance were eompared between the
mull mutants and wild-type controls.

wPKC Null Mutarion on CI7BL/ET Congenic Background Congenic
mice were developed o imtrogress the null mumtion cote a pure genetic
backpround:; the CSTBL/G] inbred smram. The congenic mice wers derived
by repeated backerossing of mice earying the sull mutadon from the
mixed CSTBLMT x 126/Sv] background with CSTBL/SJ mice. The first
generztion (N1) was ereated by backerossing homozygous mutants with
CS5TBL/S) miee. Subscquent generations were bred using hetercrygotes
erossed with CSTEL/GT mice, In the presept study animals wers tested for
chronic functional tolerance at the Nf generation. Apain, mulanis were
produced by breeding hetcrozygotes from the N6 gencration resulting in
the three penotypes. Breeding was continued for 10 generations. At the N7
to N10 generatiens, the homezygous sull mutants did pot survive. Theye-
fore, the mell mutation was regeocrated by ourcrossing to the 129/8vEYTac
mbred syain.

+FKC Null Mutation of CS7BL/Q) x 120{SwEvTac Background Te
regeneras the null motation &g 4 mized background, homozygotes from
the congenic N6 geacration were crossed with 129/SvEvTac micz. This
strain of 129 mice was chosen nstead of the 129/5+7T inbred strain, because
the 129/3vEvTac micz are mere relisble breeders, reproducing meore
consistently with larger limers, The resulting <ress (F1) between the NG
congenics and the 129/5vEvTac mice consisted of animals heterozygars for
thz null muaticn on 2 mixed CSTEL/ET X 129/SvEvTac backpround.
These heterogygotes were mated to produce an F2 generation that con-
sisted of 2]l thre= genofypes on the mixed background.

Chronic Etkanol Dies and Telerance Testing

Chrenic sthanol freatment was administered via liquid dier designed o
produce reliable blood ethanol conesntrations (De Fiebre et al., 1594).
Animals were smgly boused in the testing room (ambient room temper-
afurs i§ meinmined between Z2.8° and 23.4°C) before the start of ethancl
diet administration. The schedule of treatment for the cthanol group weas
as follows: on day 1, animals received a diet containing 0% ethanal-
derived caleries (EDC); followed by 3 days on 18.5% EDC; and 7 days on
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7% EDC. This schedule was selected becayise mutants did not susvive a
356% EDC dier in preliminary studies. Control diew eontained suerose 1o
mazch the ethanol-derived calerics in the ethanc] diet. In addition, plot
studies showed that mutant mice consumed less diet thag wild-type mice;
therefore, the litcrmare eonrols on ethanol dier as well a5 the sucrose.
“matched contmls, were “yoked” to the mutant' consumption levels afrer
the Gt doy whea all mice received 25 ml of ethanol or conteol diet.

Mfurant mice ajways received 25 ml of the =thenel diet; measurements of -

their average consumption for cech day were usad to determine the
volume of dists given to the remaining proups, Tesw of the inbred straims
{CSTBL/ET, 125/8v], and 128/SvEwTac) required “yoking” of the susrose-
metched controls to the ethanal-reated group. Mice were weighed every
5 davs. Analyses indicated that weight Joss occurred in bech ethenol diet-
and eontrol diet-weated groups, which did not differ from each other (data
not shovwn). Tolerance testing was performed 5 hr after removal of the
cthanal diet. This time psriod has been shown to be sufficient for ethanol
clearance (De Fiebre et al, 1994; Dc Fiebre and Coilins, 1993). At the
fme of dict-repeoval, “yoked" animals had comsumed their alloted val-
ume of ctotrol and cthano| dier Mutant mice never consumed all 25 ml
af ethanel diet administerad each day. Peak blood ethenn] concentrations
(BECs) were not measured during chronie ethanel diet treatment. There-
fore, 3 concern may anse te the effects of possible differenrial BECs
tmong the genotypes at the time of tolsrance westing on the final tolerance
measurcs. However, as presented in the “Results” section, ethanol-rreated
wild-type mice did develop toleranece, This cutcome s consistent with the
suggestion thet adequats ethanel consumption had taken place in wild-
type mice and that the duration of wlerance was sufficient o be observed
behavicrally for at least 5 hr after the removal of the diet from all mice.

Tolerance was evaluated using sleep-time and hypothermiz sfter = 3.8
2ke (20% wiv) challengs doss of ethansl injected intraperironeally. Sleep-
time azd hypothermin were measured simultaneoosly in each mouse mfter
injection. Sleep-time was perfommed as described proviously (Marley et al,,
1986). Bricfly, upon reaching ataxia after IP injection, the mics wers
placed in 2 Veshaped trough. Sleep-time s definsd as the amount of Gme,
rounded to the nearsst minute, berween the loss and regaining of the
righting response. Hypothermin was #valuated as follows: baselins body
temperanires wers recorded 5 min before sthanol injecdon; followed by
temperaturs recardings teken et & minimum, 30-min postinjection; how-
cver, in some exporiments, measurements worc taken up to 210 min after
injection. Room temperature was mopitored throughout the experiments,
which ranged from 21.7 to 23.4°C for the majerity of experimeants; how-
ever oo thiee ocmsions, by the end of the experiment, room temperaturs
bad dsen to 26.1" (o 26.4°C. When comparsd with sdditional experiments
within the same genctype, the inerease i tempersmure did oot appear to
alter hypothermic responses, For measurement of waking EECs, bloed
was collected in 10 pl heparanized capillary tubes from the retro-orbital
sinys jmmedjately after mies rogained the fghting response. Blood etha-
nol levels were evaluzmed by enzymaric assay as described previously
{Semelen et al., 1086).

Diste Aralysis

Analyses of tleep-time data and BEC in experiments that compered
chronic tolsranee respolses among Tmetant, heterozygols, and wild-fype
Erermates were performed using two-way analysis of variance (ANOVA),
with genecype and treatment as independent vanabies. Hypothermin (dif-
{erences berween cthancl-induced changes in body temperature and base-
line temptratures acress sampling time) experiments in whick body tem-
peratures Were reoorded at 30 min after cthanel mjection wore enalyzed
using ANOVAs or Student's 7 t=3ta to compare groups. Data from exper-
iments with multlplc tme point were analyzed using repented-measurcs
ANOVA with time as the within-subjects fastor, and genctype and treat-
ment as the berwoen-subjzems factors. Where significant main sffects were
reported, post-hoe tests (MNewman-Kauls) were used to cvaluare differ-
encey ameng the experimental proups. Student's ¢ 12515 werc used to
apalyze treatment cffects op sleep-time and BEC: in the inbred strain
chronic toleranee experiments,

MO, 564 F.4
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Fig. 1. Davelopmant of chrenic tslemnce sfter ethano! dlet In null mutamt
MUT) and wild-typa (WT) mice from the CEFEL/A) x 128/8v) FZ generstion,
Cantral diet = G; sthanal dlet = E, (A) Chrome tolerance did not develop g=
mersured by sleap-time after a 3.8 g/ko challangs dose of ethandl in tha sthancl-
breated »PXC nutl mutant mica (7 = 11) when compared with mice on contral diet
i1 = 14]. Tolerance did davelap in e wik-type mice; sthanol-treated mics fn =
13} azhibited a mductlcn In sleep-tirne. Tompared with contrel mice [n = 15) (o <
0.090). Mean waiking BECs = SEM are shown In the figve heet and wers
greater [n the ethancl-treated mice. (B) Chwonle hypotharmia tolerance messured
30 min sher & 3.8 g/kg challengs dose of sthane! did not devalop in the nedl
mutant mice {7 = 14) on ethanc! dlet when compared with control mice [r = 15),
Hewaver, wild-typa mice on ethanol diet (o = 17 did develop tolerancs demon-
strated by an attenustian In the ethanol-induced decresas in body tamperghurs,
comperad with control-treated mice (7 = 18] [p < D001 Sansitivity to the
sedative-hyprctic’ and hypothermic effects of ethanal in the mutants ghwen contral
diat was slgnfficartly lass than wild-type mics on contred diet. #p < 00001, 80 <
0,007, slesp=time and hypothermla, respectivaly,

RESULTS

C57BL/AT x 128/5wJ F2

Slegp-time Chronic functional tolerancs after 10 days of
ethanel or control diet was evaluared in y-PKC null mutant
mice by cotoparing their responses to those of their wild-
type Littermates in four separate expedments. Slezp-time
(Fig, 1A) was performed as dascribed in the “Materials and
Methods” section. Both the effects of genotype and ethanol
rreatment were significant as analyzed by two-way ANOVA
(Fiee = 29.1, p = 0.0001; F,;, = 1574, p < 0.0001,
respectively). The interaction between genotype and treat-
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ment was also significant (F; 4 = 10.15, p < 0.01). This is
primarily due to the lack of tolerance observed in the
mutant mice to the sedative-hypnotic effects of 2 3.8 gkg
challenge dose of ethanol (t,; = 0.71, p = 0.487), compared
with the rolerance exhibited by the wild-type mice (ts =
4.45, p. < 0,0001). In addition, the mutants cn the control
diet were less sensitive to the challenge dose of sthancl
than the wild-types on the control diet (45 = 5.96, p <
0.0001). Waking BECs in the wild-type mice indicated that
ethancl-treated mice had higher BECs consistent with the
development of tolerance (.. = .76, p < 0.01) (see Fig. 1
insert for values),

Hypothermia A comparison of baseline body temperatures
before ethanol imjection demonstrated that temperatures
were lower in ethanol-weated mice (Fyee = 2031, p <
0.0001), but the interaction of genotype end treatment was not
significant indicadng that basal body temperatures in wild-
type and mutant mice were not differentally affected by eth-
anol diet. A two-way ANOVA comparing the change in base-
line body temperature at 30 min after a 3.8 gke challenge
dose of ethanol (se= Fig. 1B) indicated that the main effacts of
genotype and treatment were significant (Fy o = 393, p <

0.05; Fy g = 6.69, p < 0.01; respectively). The interaction

between genotype and treatment was also significant (F) o =
B37, p < 0.05). As was observed for sleep-time, the interac-
tion was primarily due to the lack of tolerance observed in the
mutant mice (s = 035, p = 0.73). A comparisen of treat-
ment effects within the wild-type group demonstrated that
they were tolerant to the challenge dase; the drop in body
temperature was greater in mice that had received the control
diet (s, = 3.73, p < 0.001), Also, like the sleep-time data,
within the control groups null mutants mice were less respon-
give than wild-type mice (15 = 3.64, p < 0.001).

N6 Corgenic F2

Sleep-rime In the offspring of the sixth generation (N6) of
the congenic line of mies, the phenotype previously assodated
with the 4PKC null mutants (ie., loss of tolerance to the
sedative-hypnotic effects of ethanol administered after
chronic liquid ethanol diet) weas no Jonger apparent. Figure
ZA illustrates the results of a genotype by rearment two-way
ANOVA of the sleep-time data from one experiment indicat-
ing that ail three ethanol-treated genotypes, inchuding the
mutant mice, exhibited tolerance to the 3.8 g/kg challenge
dose of ethanol (F; »; = 17.56, p < 0.0001). The main effect of
genotype and the interaction between genotype and treatment
were not significant, indicating that within the ethanal-treated
and control-treated groups, the genotypes did not differ.

Waking blood ethanols were different between treat-
ments (F; 7 = 38.96, p < 0.0001) with the ethapol-treated
groups waldng ar higher BEC; than control animals (see
Fig. 24, insert for vaines), This suggests that the cbserved
tolerance is functional tolerance.

Hypothermia Baselme body temperatures before injec-
tion did not differ among the genotypes (p = 0.8) and did

BOWERS ET AL,
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Fig. & Development of chronic functional telerance after 10 day= of athanol
diet In +PKE mull mutant (MUT), hetarazygots (HET), and wild-typa (WT) mice
from the F2 generation of the NE congenic ne, Mica were sdministered sthanal
dier or cortrol diet for 10 days as described in the "Mamrials and Methods”
gecton. Bars represant the mean = SEM for treatments within e2ch genobype
{n = 4=5, genatyps by treatment); contral dat = C; ethanol diat = E (&) Shronic
tolsrance as mezsured by skeap-tme after & 3.8 gfkg chellenge dose of ethancl
was chserved In afl three genctypes (o < 0.0007). Mean waking BECs = SEM
{showm [ the [nsert) differsd between the Trestmants in all groupa; the tolerant,
ethanal-treated mice woke with higher BECs than e nontolarant, comrol-lraeted
mice. (B] Shronk tclerance o sthanokinduced hypothermis wes observed ai
30-min postinjection in all three genotypas (p < 0.003),

not differ after ethanol diet (p = 0.925). Body tempera-
tures were recorded 30 min after a 3.8 g/kg challenge dose
of ethanal (Fig, ZB). The results of a treatment X genotype
ANOVA indicated a significant main effect of treatment
(Fy2s = 11.48, p < 0.003) (ie., tolerance developed in the
ethanol-reated mice). While the heterozygotes’ responses
were variable, there were no differences among the geno-
types, and the treatment * genotype interaction was oot
significant according te the overall ANOVA. ’

S7BL/AT % 129/SvEvTac F2

Sleep-time The results of a two-way ANOVA of data
collected from three separate experiments testing for sleep-
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Flg. 3, Tests of chronic funstienal tolemnce 1o the sedative-hypnatic efects
of & 3.8 gp'ky challenge doss of athanol in mics frem the CSTBLE) x 129
EvEvTac FZ ganeraticn. Null mutart [MUT), hewerazygote (HET), and wid-ype
{WT) mice were administered chronic sthano! diet (1 = 13, 0 = 17, p = 13, mutant,
heterazygote, and wikd=typs, restectively) or control diet (v = 12,7 = 14, 7 = 10,

" mutaEnt haterszygote. and wild-typa, respectively) for 10 days as described in the

“Materals and Methods® section. Bass rapresent the mean = SEM of slsep-time
{min} of controf- and stharal-rested miow from each; control diet = C; sthanol
dist = E Talerance was cbserved In the hewrazygote and wild-type mice [p <
Q.0007), But not In null mutant mice. Waking BECS, shown In the figure insert, did
n differ amang the groups, [Altial senshivity was redused n soniroktreated
mutant mice felative o contral grcupu from the remmining genchoes (8o <
0.001).

time differences among the three genotypes afier chromic
ethanol diet (Fig. 3) indicated that differencss in both
genotype and ethanol weatment were significant (Fyq =
4.811, p < 0.01; F, 4 = 29.387, p < (L0001; genotype and
treatment, respectively). The interaction between genotype
and treatment was also significant (F; 45 = 9.04, p < 0.001).
This is primarily due to the observation that mutant mice
on ethanol diet were not tolerant to the effects of a 3.8 g/kg
challenge dose of ethanol; whereas the wild-type and het-
erozygote mice did demonstrate significant telerance (z;, =
447, p < 0.0001; 15 = 4,47, p < 0.0001; wild-type and
heterozygote, respectively). Therefore, the “no-tolerance”
phenotype for sleep-time was restored on this mixed ge-
netic background. Waking BECs did not differ among any
cof the treatment groups (see Fig, 3 insert for values).

The significant interaction also reflects differences
among the three genotypes within the control groups; the
mutants were less sensitive to the challenge dose of ethanol
than both the heterozygote and the wild-type mice, which
did net differ from each other (p < 0.05, Newman-Keuls).
Within the ethancl-treated groups the three genotypes did
not differ.

Hypothermia Like the effects of the v-PKC mutation on
the N6 congenic background, telerance to ethznol-induced
hypothermia after chronic diet was observed in wPKC null
mutant mice when the muration was placed on the CS7BL/
61 x 129/SvEvTac mixed genetic background (Fig. 4).
Thus, the effects of the +PKC mutation was different from
those in the CSTBL/6] x 129/Sv] background (Fig. 1). A

MNO. S6d F.&

m

CE7TBL/E] x 129/SvEvTac F2
CHRONIC TOLERANCE
HYPOTHERMIA ‘

CHANGE FROM BASELINE TEMPERATURE

CHAMGE FROM BASELINE TEMPERATURE

CHANGE FROM BASELINE TEMPERATURE

il WILDTYPE —=— CONTROL |
» ;‘ Fo] 40 80 llﬂ- =]
Time {min)

Fig. 4. Development of chronle funcifonal tolerance 10 the hypoihermic
eflects of a 2.8 g/kg challerige doza of etharal in (A) mutant, (B) hewerooygate, and
{C) wild-typa mice from the CSTELAY x 129/SvEvTac F2 generation, Mics were
sdministefed sthernal dist (7 = 14, 7 = 17, p = 12, muant, haterezygots, and
wikd-type, respectively] or contral dlat in = 17, 7 = 14, n = 10, mutant hetero-
oynote, and wild-type, m:.ae:trvalﬂf‘nr 10 day= as described in the “Materizls and
Methods" section, Duta paints represent the mean = SEM of the changa in
bazaling beody temperatures recorded =t 30, 80, and B0-min postinjecton
Chranic tolerance was obearved in all genatypes (p < 0,0001), with ne differ-
ences amang the genotypaEs,

repeated-measures ANOVA using temperarure differences
from baseline at 30, 60, and 90 min time points, as the
within-subjects factor 2nd genotype (mutant, heterozygote,
and wild-type), and treatment es between-subject factors
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indicated a significant treatment effect (F, » = 33.03,p < 120 =

0.0001). Chronic ethanol treatment produced tolerance in A i SiiGhe TOL Sk |
all three genotypes which did not differ from each other. 160 -

Baseline body temperatures were significantly less in mice T

from all genotypes ou chronic ethanol diet (Fy 5, = 3705, £ - ;
p < 0.0001). To compare data as accumulated for the i i '
+-PKC muration op the SvJ background with that from the 5 -

v-PKC on the SvE+Tac background, a two-way ANOVA &

comparing genotype and treatment at the 30 min time point E i JWEI L 132 mg%

wes done. Unlike null mutants from the CS7TBL/A] x 129/
SvJ background, at 30 min, the CSTBL/ET X 125/SvEvTac
 oull murants still =xhibited tolerance and did not differ
from heterozygotes and wild-types (Fyyy = 211, p <

0.0001). B = E

Inbred Strains

The observetion thar the lack of tolerznee demonstrated
by the +PKC aull mutant mice occurred on some genetic
backgrounds and not others, and that it appeared to be
dependent on the behavioral measure indicated that the
background penotypes’ responses were important for un-
derstanding this difference. Therefore, the development of
chremic tolerance was measured in the three background
strains used in the generation of mice carrying the mnll
mutatipn o the congenic strainsand-the-tue-CoTBLyEI=-
129 backgrounds.

C57BL/6J Figure 5 shows the results of two chronie
tolerance experiments in mice from the CS7BL/E] mmbred
strain. Mice exhibited tolerance to the sedative-hypnotic
and hypothermic effercts of 2 challenge dese of 3.8 gkg
ethanol after chronic ethanol diet (r; = 2.70, p < 0.01; -
Fipy = 9.42, p < 0.01; sleep-time and hypothermia, respec- _
tively). Baseline body temperatures in mice treated with TIME (min)
chronie ethanol diet did not differ from those in control Flg. 5. Dwvslopmant of chronic tolaranss t the hypethermic and sedatlve-
diet-treated mice (p = 0.22} 'Wa.i:mg Blood ethennle-dff: Menctesteicfadl o dakieg.Jum N vineol SETRUR RO ..

T the 2t - ade m;m[;.md Ha‘ﬂ"nd:l :e:ﬂun Nlemummumdnlmb-mlz

treared mice wahng at ]:ugher BECs than 'dm :nntml r-pru:fn_*;a by the ;m _ ?ﬂ&: r1'! n= 'Ir:““'ﬂ':mt{l:dmm m
gt;:;q:;étge a;:: ]i ?le 0. DI)F Thl;:juiﬁfﬂdfl:n Db?mat::i E;fmmm_@n%mg rimwﬂbrm l:m = SEM h;:_{. = 2]

ep-time etional 3 and cormirol, respacthaly) of changes in bessline body lempereturss

erance. recorded =t 30, 120, 180, and 240 min postinjectien (2 < 0.01). Cortrai dlst = C,

; : : . ethanel diet = BECs = indicated abovs the treatment
129/Swi Chrenic telerance evalvated in a single experi- [~ “: MEM':“ . &ﬂ:;n. amwm:"‘ e

ment was exhibited by the 129/Sv] mice to both the ggos. AUC, area under the curve,
sedative-hypootic and hypnthermic effects of ethanol (Fig.
E] Thl: s]n:p-t]ms response toa 38 g."kg dose of ethanol

I
B & ETHAMOL ALUC 2480 = 483
14 8 COMTROL ALIC: 3778 +i- 40,6

CHAMGE FROM BASELINE TEMPERATURE

o 50 - ) P 250 00

mice (4,7 = 7.38, p < 0.0001) whose temperatures d
S eall o coange o O hﬁﬁfﬂlﬂﬂ_{rﬂs + ﬂ'jdr‘C}
:thmcl d1= (rm = 5.33, p < 0.0001) fF ig. 6A). Waking 129/5vEvTac Figures 7TA and TB fllustrate that after 10
BECs also differed between the groups, with the ethanol- days of ethapol-liquid diet, 125/SvEvTac mice demon-
treated mice waking at higher BECs (t;; = 4,58, p < 0.001; strated significant tolerance to both the sedative-hypnotic
see Fig. insert for values) indicating the development of =2nd hypothermic effects of a 3.8 gkg challenge dose of
functional tolerance. . ethanol (f;3 = 4.48, p < 0.001; F,,; = 47.0, p < 0.0001;
Baseline temperatures in the ethancl-treated proup were  sleep-time and hypothermia as analyzed by repested-
less than those from mice on control diet (¢, = 7.88, p < measurcs ANOVA fm;ummmhﬁu,m_—_
—_ 0.0001). Hypothermia was measured at 30 min after the ar 30, 60, and 50 min, respectively; data from one experi-
challenge dose of ethanol (Fig. 6B). Changes from baseline ment). The mean temperature changes in mice from the
temperatures were significantly less in the ethanol-treated ethanol treated-group were above baseline valyes at every
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Fig- & Devalopment of chronle tolerance io the sedative-hyprots ard hy-
petharmle effects of 3 3.8 g/kg challangs dose of ethancl In 1288w inbred mise
afer 10 days of ethanci or control dist as described in the "Materals and
Methocs" ssction. (A} Bars reprasent the mean = SEM (n = B, n = 10, ethanol ard
cantrel, respectivaly} of time (min) to regain the kess of Aighting relex [ sthanaol-
and control-restad mics (p < 0.0007), Waklng BECa = SEM, shown abewve the
weatment bars, were significantly greaier in the wlerrd, sthanol-rexted mice
(p = 0.0). (5 Bare reprasant tha mean = SEM {0 = 8, n = 10, sthanal and
cantol, respectively] of changes (n bassline body tempemiure recorded 30 min
pastingestion. “p = 0.0007).

time point, compared with the control mice whose temper-
atures decreased by —~2.5°, Baseline body temperatures
were significantly less in ethanol-treated mice (tys = 6.4,
P < 0.0001). Waking BECs did not differ between the two
treatment groups (see Fig. 7A for velues).

DISCUSSION

The results from the presant series of experiments con-
firm those reported in 2 previous study that demonstrated
significant decreased initial sensitivity to ethanol in mice
lacking the vPEC gene (Harrs et al., 1995). The present
study extends these findings to include dara demonstrating
that, on some genetic backgrounds, +-PEC null mutant
mice do not develop tolerance to the hypothermic and
sedative-hypnotic effects of cthanol. This suggests that
¥ PKC plays 2 major role in both initiz] sensitivity and
tolerance to some effscts of ethanol, However, the impact

MNO. 564 P.B
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180 ‘I CHRONIC TOLERANCE |
& A 2TRT = 175 mg% 1

EEER COMTROL
. O] ETHANCL

*

SLEEP-TIME {rin)
B
i

CHANGE FROM BASELINE TEMPERATURE

-]

MINUTES

Fig. 7. Develepment of chronic tolerance fa the hypethermic and sedative-
hyprictic affects of = 3.8 g/kg challenge dosa of sthano! In 128/SvEvTac Inbrad
mice, Miss were treated with ethanol dist or contred dist for 10 days as described
| the "Waterials and Methods" section. [A) Mice from the tolsrant, etheno-treated
greup demonstrated reduced sleep-time {min) represemed by the mean = SEM
{n = 9), campared with the zentral mim [» = §) (p < 0.007). Mean waking
BECs = SEMs ars shown above the tressment bars and did not giffer batwean the
Teatment growps. (B) Hypothermic tolerance devaloped In the sthancl-Teated
mice (o < 0.0001). Data repraserts tha meen = BEM {1 = 8, = &, sthanal and
cantral, raspectivaly} of chenges in bezeline body temperaiures recorded &t 50,
80, and 80 min postinjection frem contral- and ethanck-treated mica.

of +PKC on these responses is influenced by the back-
ground genotype and may depend on the specific measure
of sepsitivity or tolerance. The “no tolerance™ phenatype
was observed when the null mutation was maintained on a
mixed background that is commorly used in mice gener-
ated from targeted mutagenesis, CS7TBLY/6] x 129/Sv]. Un-
expectedly, when the y-PKC null mutation was backerossed
for six generations to the CS7TBL/6J inbred strain the de-
velopment of chronic tolerance was not different in. pull
mutant congenic mice compared with wild-type mice.
When the gull mutants from this same N6 generation were
outcrossed to 129/SvEvTac mice, tolerance to the hypother-
mic, but not the sedative-hypnotic, effects of ethanol was
exhibited by the null mutant mice. These results serve to
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substantiate the relevance of including the effects of ge-
netic background when evaluating the effects of single gene
mutations on complex behaviorsl phenotypes (Gerlai,
1996: Wehner and Bowers, 1995; Banbury Conference,
1997; Homanics et zl., 1598), In addition, initial sensitivity
o the hypothermis-inducing effects of ethanol was not
decrsased in these populations.

Recently, Kelly et al (1998) reported that background
strain effects conmributed to locomotor responses in D2
dopamine receptor-deficient mice. In their study, the phe-
notype of the parental 129/SvEvTac inbred strain wes vir-
tually identical to the D2 receptor-deficient mice, suggest-
ing that cosegregarion of 129 alleles around the D2 allele
were responsible for the locomotor impairments in the null
mutant mice. In studies of ethanol-induced sedation, toler-

. apce, and withdrawal responses in GABA , receptor ag null

mutant mice, Homanics et al. (1997, 1998) also reported
that the background zlleles from the parental strains,
CSTBL/6J and 129/3v], appeared to mediate the lack of
ethanpl responses in the null mutant mice. However, the
explanation of differences in ethano! tolerance observed in
the present study is more complicated. Whereas aull mu-
tant mice from the CSTBL/6J x 125/Sv] F2 generation did
not exhibit tolerance in any paradigm tested, both parental
strains did develop tolerance, Epistaric interactions be-
tween the targeted y-PKC null mutation and multiple
genes from the parental strains most likely explains the lack
of tolerance observed in null mutants from this mixed
background. Cn the orher hand, +-PKC qull mutants from
the CSTBL/6] x 129/SvEvTac F2 generation did exhibit
chronic tolerance to the hypothermic effects of ethanel,
like their parental strains (129/SvEvTac and CS7BL/S]), in
contrast, to the lack of chronic tolerance development to
the sedative-hypnotic effects in null mutants from this same
background. Therefore, direct influence from 129/SvEvTac
and CSTBLJE] background genes may be ocourring for the
hypothermia responses; however, the sedative-hypnotic ef-
fects may be the result of epistatic interactions in this cross.

Differential responsiveness exhibited by mull mutant
mice from the two mixed 129 backprounds was not entirely
unexpected in light of recent reports that the lineages of the
129 strains have diverged due to deliberate and accidental
outerossings since their original derivation in 1928 (Simp-
son et al, 1997). Using simple seguence length polymor-
phism markers, it has been shown that between any two 129
strains, as many as 25 polymerphic glleles may exist (Simp-
son et al., 1997). For example, there are 16 polymorphic
alleles between the SvJ and SvEvTac strains that primarily
oecurred as a result of outcrossing or genetic contamina-
tion. In general, behaviors have not been well characterized
in the 129 straizs, including behaviors measured in re-
sponse to treatment with drugs of abuse. However, re-
cently, Belknap et al. (1993) included 125/ mice in a 15
inbred strain comperison of voluntary ethanol consump-
tion. Their results showed thar the consumpticn of the 129
strain was intermediate to the high ethanol-consuming
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CS7TBL/6J and low-consuming DBA/2J inbred strains. Alse,
Homanics et al. (1998) recently tested 125/SvJ mice for
ethanol-induced acute tolerance as part of a study of back-
ground parental strains for the GABA,, receptor ag subunit
null mutant mice. Similar to the results presenred herein,
they reported that 129/Sv] mice developed acute functional
tolerance after e single 1.7S g/kg IP injection of ethanol. In
contrast to the rapid and chronic tolerance demopstrated
by the 129/SvEvTac inbred strain to ethanol in the present
study, Kolesnikov er 2l (1998) have shown that neither
rapid nor chronic tolerance to the znalgesic effects of mor-
phine developed in this 129 strain. To our knowledge nor-
pharmacological behavioral differences due to allelic poly-
morphisms among the 129 strains have not besn well
defined. We have recently shown using a strain survey of
spatial learning behavior that 125/Sv] mice are severely
:Ir.pmz:d in the Morris water maze, whereas the perfor-
mance scores of the 129/SvEvTac strain were among the
highest, suggesting that at least 2 subset of genes must
determine behavioral differences between 129 strains
(Owen et al., 1957).

The significance of genetic background was apparert in
the vPKC/CSTBL/E] congenic line in two ways: (1) the “no
tolerance” phenotype observed in gull mutant mice up to
the N5 generation was unexpectedly lost in the N6 gener-
ation and (2) null mutant homozygotes did not survive to
adulthoed in the N7 generation. This lack of survival of
homozygotic mutants has continued into the NB, N9, and
10 generations; however the mutation {s maintained on a
heterczyzore cross. The reduced viability of a mutation may
not be unique to the +PKC line es reduced fitness of
inbreds is well known (Bacbury Conference, 1997). The
unexpected development of chronic tolerance in the N6
generation is presumably due to the increase in homozy-
gosity at CS7BL/ET loci, The change In percentags of
C57BL/6] background from the N5 to N6 generation would
be estimated to be 96.9% in the N5 generation to 98.4% in
the NE generation, & relative small increase that appears 1
be sufficient to mask and/or mediate the impact of the
vPKC null mutation on ethancl tolerance.

One concern that has been raised in respect to the
interpretation of phenotypic differences between wild-type
and null mutants is the fact that in the typical derivation of
such lines of mice, the wild-type form of the targeted gene
is derived from the test cross background (i, C57TBL/6] in
the present case and not of 129 origin) (Smithies and
Maeda, 1993). Funrtional strain polymorphisms might exist
in the +PKC gene from these two strains, but the existence
of such a functional polymerphism would got explain our
data. Simple sequence length polymorphisms were used in
a small subset of mice from the C57BL/6T congenic line at
the N6 generation to distunpuish 129 from CS7TBL/ET se-
quences flanking the PKC gene (datz not shown). No
relztionship was observed berween Strain-specific simple
sequence length polymorphisms in or around the v-PKC
gene and initial sensitivity, More importantly, outcrossing
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of homozygous null mutants from the CSTBL/S] congenics

~ (which did not havé the altered ethancl phenotype) with
129/SvEvTac mice produced F1 hybrid wild-type mice that
were heterozygous for the wild-type gene (i.2., they had one
copy of the 129-derived normal +PEC gene and one copy
of the 129-targeted v-PKC gene). The F2 wild-types with
129-derived y-PKC genes that resulted from crossing such
F1 heterozygotes showed clear tolerance to the sedative-
hypnotic effects of ethancl while the mull mutants did not.
This indicates that the source of the wild-type PKC was not
of consequence to the phenotype for tolerance to the
sedative-hypnotic effects of ethanol. Moreover, each of the
inbred backgrounds presented herein all developed toler-
ance.

Several studies have indicated thar initial sensitivity to
ethanol and tolerapes developmen:t are correlated behav-
iors (Le and Kiianmaa, 1990; San-Marina et al., 1989;
Crabbe et al., 1981) that may share common generic regu-
latiop (Gallaher et al., 1996), Kalant et al. (1971) suggested
that the greater the degree of physiological disturbance due
to a dripg’s effects, the more rapid would be the develop-
ment of tolerance. In the present study,. the gualitative
assessmenr of initial sensitivity in the majority of the pop-
ulations for a given response appears te ke positively asso-
ciated with tolerance development to that response. Mu-
tant mice from either of the 129 mixed backgrounds did not

- develop chronic sedative-hypnotic tolerance and null mu-
tant mice from the CSTBL/GT x 129/Sv] cross did not
develop chronic tolerance to hypothermia. These responses
were positively associated with decreased initial sensitivity
in these groups. In addition, mutant mice from the N6
congenic line and the CSTBL/&] X 125/SvEvTac F2 line did
develop chropic tolerance that was also positively associ-
ated with an increased initia] sensitivity matched to the
specific behavior, Therefore, y-PKC may be responsible for
pleiotropic effects on both initial sensitivity to and the
development of chronic tolerance to ethanol. These find-
ings suggest a mechanism for the correlated responses, but

do not attempt to explain the confound of decreased initial -

sensitivity and decreased tolerance development.

Previous reports have indicated that there are differen-
tial rates of tolerance development to different effects of
ethanol. Sedarive-hypnotic or motor impairment tolerance
after repeated ethanol injections appears to develop over
slower time courses than hypothermia tolerance (Melchior
and Tabakoff, 1981; Le et al.,, 1979). Acute tolerance de-
velops to ethanol-induced motor impairment effects; how-
ever, acute tolerance to the anticonvulsant effects of etha-
nol does not develop within the same time period (Le etal,
1592), In the present study, the v-FKC null mutants from
the CSTBL/ET X 129/SvEvTac F2 generztion demonstrated
a dissociation of hypothermia tolerance and sedative-
bypnotic telerance after chronic ethanol diet. This may be
due to a differential rate of tolerance development; how-
ever, even after 10 days of ethanol diet, the null mutant
mice failed 1o exhibit tolerance as measured by sleep ume.
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An alternative interpretation that takes into account the
brain regional localization of FKC may explain this disso-

. ciation. In the cerebellum, v-PKC is found only in Purkinje

cells (Hashimoto et al., 1988; Tanaka and Saito, 1992):
furthermore, vPEC pull mutants have undetectable levels
of vPKC in cerebellar Purkinje cells (Harris et al., 1995).
Using selected lines and inbred strains of mice, Spuhler et
al. (1582) and Sorensen et al. (1980) reported high gepetic
correlations between ethanol-induced sedadon and
ethanol-induced depression of Purkinje cell firing. There-
fore, the decrease in initial sensitivity and lack of sedative-
hypnotic tolerance development in the oull mutant mice
may be due to impaired function of +FKC deficient-
Purkinje cells. However, as previcusly discussed, gemetic
background can profoundly influepce this phenotype be-
cause the null mutants from the N6 generation of the
congenic line did exhibit hypnotic tolerance after chronic
diet.
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