
Klatzman et al, ibid., p. 767; P. J. Maddon et al, Cell 
47, 333 (1986). 

4. J. S. McDougal et al, Science 231 , 382 (1986). 
5. B. E. Bierer, B. P. Sleckman, S. E. Ratnofsky, S. J. 

Burakoff, Annu. Rev. Immunol. 7, 579 (1989). 
6. L. A. Lasky et al, Cell 50, 975 (1987). 
7. A. Cordonnier, L. Montagnier, M. Emerman, Na

ture 340, 571 (1989). 
8. J. Arthos et al, Cell 57, 469 (1989); B. H. Chao et 

al, J. Biol Chem. 264, 5812 (1989). 
9. N. R. Landau, M. Warton, D. R. Littman, Nature 

334,159 (1988); L. K. Clayton et al, ibid. 335, 363 
(1988). 

10. L. K. Clayton, M. Sieh, D. A. Pious, E. L. Reinherz, 
ibid. 339, 548 (1989). 

11. M. R. Bowman, K. D. MacFerrin, S. L. Schreiber, 
S. J. Burakoff, Proc. Natl. Acad. Sci. U.S.A., in press. 

12. D. Lamarre et al, Science 245, 743 (1989). 
13. D. C. Diamond et al, J. Immunol. 141, 3715 

(1988). 
14. R. J. Gurley, K. Ikeuchi, R. A. Byrn, K. Anderson, 

J. E. Groopman, Proc. Natl Acad. Sci. U.S.A. 86, 
1993 (1989); K. J. Weinhold et al, J. Immunol. 
142, 3091 (1989). 

15. D. H. Smith et al, Science 238, 1704 (1987); R. A. 

INDIVIDUAL HUMANS AND RODENTS 

differ markedly in their behavioral sensi
tivity to ethanol (1). Behavioral sensi

tivity has also been used as a marker or index 
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and SS mice indicate that they have similar 
ethanol metabolism and pharmacokinetics. 
However, the two lines differ in the re
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tured spinal cord neurons (4, 9); electro
physiological studies are less consistent with 
regard to ethanol-GABA receptor interac
tions (10). GABAA receptor subtypes or 
different membrane environments may ac
count for these diverse results. 

Our approach to defining differences in 
the GABAA receptor-Cl - channel complex 
that might underlie the genetic differences in 
ethanol susceptibility was to prepare mRNA 
from LS and SS mouse whole brain and 
express this mRNA in Xenopus oocytes (7, 
11). Receptor function was studied electro-
physiologically with voltage-clamp tech
niques (11). We observed inward currents in 
response to application of GABA when the 
oocyte membrane was voltage-clamped be
tween - 6 0 and - 1 0 0 mV, which is consist
ent with the activation of a Cl~ conductance 
(the reversal potential for Cl~ is approxi
mately - 2 0 mV in the oocytes) (Fig. 1). 
Maximum currents observed with 100 |xM 
GABA were 147 ± 30 nA and 163 ± 52 
nA (mean ± SEM, n = 30 for each group) 
for LS and SS GABA receptors, respectively. 
GABA was used at 10 or 30 jxM (20 to 50% 
of the maximum response) in combination 
with modulatory drugs. These submaximal 
concentrations also produced currents that 
were not statistically different between oo
cytes injected with LS or SS mRNA (n= 7 
to 15). The receptors that were expressed 
showed pharmacological responses typical 
of native GABAA receptors; they were facili
tated by pentobarbital and diazepam and 
inhibited by picrotoxinin (Fig. 1A). Expo
sure of oocytes to ethanol alone at concen
trations less than 100 mM did not elicit any 
current response. 

Application of 10 to 50 mM ethanol 
together with GABA to oocytes expressing 

Genetic Differences in the Ethanol Sensitivity of 
GABAA Receptors Expressed in Xenopus Oocytes 
K. A. WAFFORD, D. M. BURNETT, T. V. DUNWIDDIE, R. A. HARRIS 

Animal lines selected for differences in drug sensitivity can be used to help determine 
the molecular basis of drug action. Long-sleep (LS) and short-sleep (SS) mice differ 
markedly in their genetic sensitivity to ethanol. To investigate the molecular basis for 
this difference, mRNA from brains of LS and SS mice was expressed in Xenopus 
oocytes and the ethanol sensitivity of ganima-aminobutyric acid A (GABAA)— and N-
methyl D-aspartate (NMDA)—activated ion channels was tested. Ethanol facilitated 
GABA responses in oocytes injected with mRNA from LS mice but antagonized 
responses in oocytes injected with mRNA from SS animals. Ethanol inhibited NMDA 
responses equally in the two lines. Thus, genes coding for the GABAA receptor or 
associated proteins may be critical determinants of individual differences in ethanol 
sensitivity. 
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mRNA from LS brain resulted in a dose- 
dependent potentiating effect of ethanol on 
the GABA current (Fig. 1, A and B). Con- 
centrations of ethanol above 60 mM inhibit- 
ed the GABA-induced current, possibly via 
the release of intracellular Ca2+ [which we 
have observed at ethanol concentrations of 
100 mM or greater (12)l. However, when 
ethanol was applied together with GABA at 
low concentrations in oocytes expressing SS 
mRNA, a dose-dependent inhibition of the 
GABA-induced current was observed (Fig. 
1, A and B). Thus, ethanol exerted opposing 
effects on GABA responses in oocytes ex- 
pressing mRNA from LS or SS mice. In 
contrast, pentobarbital or diazepam potenti- 
ation of GABA responses was not signifi- 
cantly different for the two lines (Fig. 1A). 
These actions of pentobarbital are consistent 
with the similar sensitivity of the two lines 
of mice to pentobarbital anesthesia (13), but 
the lines have been shown to differ in some 
actions of benzodiazepines (5) ,  and the fail- 
ure of diazepam to discriminate between LS 
and SS channels was unexpected. Possible 
differences in benwdiazepine receptor sub- 
types have not been studied with these mice. 

To determine if the differences in suscep- 
tibility to ethanol found with the GABA- 
activated C I  channel were also seen with 
another channel, we tested the effects of 
ethanol on NMDA responses in oocytes 
expressing mRNA of LS and SS mice. 
NMDA receptors are inhibited by low (10 
to 50 mM) concentrations of ethanol (14). 

Fig. 1. (A) Examples of expression of mRNA 
from LS or SS mouse brain in defolliculated 
oocytes (11). GABA (30 pM), ethanol (EtOH) 
(20 mM), diazepam (DZ) (0.01 or 0.1 pM), 
picrotoxinin (Picro) (10 pM), and pentobarbital 
(Pento) (100 pM) applications are indicated by 
bars above the traces. The horizontal h e  Illus- 
trates the response to GABA alone (control re- 
sponse); note the scale difference for pentobarbi- 
tal responses. Currents were recorded from single 
oocytes injected with LS or SS mFWA; at least 
five oocytes from LS and SS groups were tested 
with each drug, and responses similar to those 
shown here were observed in all experiments. 
Oocytes were voltage-clamped at resting potential 
(range, -60 to -100 mV), and drugs were 
apphed by perfusion for 1 min. No drug effects 
were seen in uninjected oocytes. Pentobarbital 
evoked small responses (10 to 20 nA) when 
applied alone. (B) Changes elicited by increasing 
ethanol concentrations on GABA-induced CI- 
currents evoked by 10 pM GABA in oocytes 
injected with mouse brain mRNA from LS brain 
(circles) and oocytes injected with mFWA from 
SS brain (squares). Each point represents the 
mean i SEM from at least six separate oocytes. 
Oocytes were continuously perfused with MBS, 
and GABA and ethanol were applied either sepa- 
rately or together for l min before the oocytes 
were returned to MBS (12). At least 5 min were 
allowed between each pair of applications to 
prevent desensitization. 

We observed responses to NMDA in oo- 
cytes also expressing GABA receptors and 
found that ethanol inhibited NMDA-in- 
duced currents in a dose-dependent manner 
at concentrations up to 75 mM with 50% 
maximum inhibition (IC50) occurring at ap- 
proximately 25 mM. The maximum inhibi- 
tion observed was approximately 50%, and 
there was no statistical difference in the 
efficacy of ethanol inhibition between 
NMDA receptors from LS and SS mouse 
brain. The NMDA response was inhibited 
by 22 k 3% and 15 k 4% at 20 mM etha- 
nol and by 36 k 5% and 40 t 8% at 50 
mM ethanol in oocytes expressing RNA 
from LS and SS mice, respectively (mean 
Ic_ SEM, n = 3). 

Ro15-4513 (ethyl-8-azido-5,6-dihydro- 
5-methyl-6-oxo-4H-imidazo[l,5a] [1,4] ben- 
zodiazepine-3-carboxylate) is a benzodi- 
azepine inverse agonist that antagonizes 
some of the behavioral, biochemical, and 
electrophysiological actions of ethanol (15). 
In order to directly assess the effects of this 
compound on ethanol-GABA receptor in- 
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Fig. 2. Effect of Ro15-4513 on CI- currents 
elicited by 10 pM GABA in Xenopus oocytes and 
on GABA currents in the presence of 20 nuM 
ethanol in oocytes injected with mFWA from LS 
or SS mice. Ro15-4513 (1  pM) was applied by 
perfusion together with GABA or GABA plus 
ethanol for 1 min as in Fig. 1. Each bar represents 
the mean t SEM for five dfferent oocytes. 

teractions, we applied Ro15-45 13 together 
with GABA and together with GABA and 
ethanol. At a concentration of 1 FM, this 
compound had no effects by itself and no 
direct antagonistic effects on GABA currents 
alone, but it inhibited the potentiating effect 
of ethanol on LS GABA receptors (Fig. 2). 
Ro15-4513 had no significant effect on the 
inhibition of SS GABA receptors by etha- 
nol. 

Our results suggest that the genetic differ- 
ences in ethanol sensitivity between SS and 
LS mice could be related at the cellular level 
to marked, but selective, changes in the 
function of GABA-activated CI- channels. 
The fact that ethanol has opposite effects on 
GABA responses in the two lines without 
changes in GABA or pentobarbital sensitiv- 
ity points to identification and comparison 
of the GABA receptor subunits that are 
expressed in LS and SS mice as the next step 
in elucidating the site of action of ethanol at 
a molecular level. This site could be a sub- 
unit of the GABA receptor-CI channel 
complex or a related protein that modulates 
channel function. The LS and SS lines do 
not differ in the nucleotide sequence of the 
a1 subunit or the brain regional levels of 
mRNA for the a1 or y2 subunit ( I @ ,  but 
differences in other subunits have not been 
evaluated. How these differences in GABA 
receptor function translate into altered pat- 
terns of neural activity in the intact animal 
remains to be determined. Nevertheless, giv- 
en the important role of these receptors in 
regulating the activity of most brain regions, 
our results suggest that the differential effect 
of ethanol on GABA receptors will influence 
networks in many parts of the nervous sys- 
tem. In contrast to the GABA response, 
genetic selection did not alter the ethanol 
sensitivity of the NMDA receptor. This 
result suggests that actions of ethanol at the 
NMDA receptor are not important for the 
particular action of ethanol that was the 
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basis for the genetic selection (duration of 
the loss of the righting reflex). 

Our results indicate that a gene expression 
system can be used to define genetic differ- 
ences in brain function. Expression studies 
in coordination with pharmacological ge- 
netic selection offer a promising strategy for 
the snidy of drug-receptor interactions. 
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MHC-Linked Protection from Diabetes 
Dissociated from Clonal Deletion of T Cells 

The I-E molecule of the major histocompatibility complex (MHC) can prevent the 
spontaneous development of diabetes in nonobese diabetic (NOD) mice. The mecha- 
nism of this protection has been investigated by breeding wild-type and promoter- 
mutated E: transgenes onto the NOD genetic background. Animals carrying the 
various mutated transgenes expressed I-E on different subsets of irnmunocompetent 
cells, and thus cells important for the I-E protective effect could be identified. 
Although the wild-type transgene prevented the infiltration of lymphocytes into 
pancreatic islets, none of the mutants did. However, all of the transgenes could 
mediate the intrathymic elimination of T cells bearing antigen receptors with variable 
regions that r e c o w  I-E. Thus, the I-E molecule does not protect NOD mice from 
diabetes simply by inducing the deletion of self-reactive T cells. 

T HE NOD MOUSE PROVIDES A MOD- 

el for studying the immunology of 
insulin-dependent diabetes mellims 

(IDDM) in humans (1). The murine disease 
is similar to the human condition in several 
ways: (i) it is caused by specific T lympho- 
cytes that invade and destroy the pancreatic 
islets (2-4); (ii) this can be alleviated or 
prevented by immunosuppressive reagents 
such as cyclosporin (5); and (iii) the disease, 
although under complex polygenic control, 
is influenced by a gene (or genes) in the 
major histocompatibility complex (MHC) 
(6-9). 

The class I1 genes of the NOD MHC 
constitute a bstinct haplotype: the I-A com- 
plex has a b chain of unusual sequence (lo), 
and the I-E complex is absent because of a 
deletion in the cr chain gene (7, 11). The 
importance of M H C  class I1 genes, in par- 
ticular of the defective E, locus, has been 
demonstrated by introducing an E$ trans- 

gene onto the NOD genetic background: 
this gene prevented lymphocyte infiltration 
into the pancreatic islets of 10-week-old 
mice (12). However, this result has not been 
accepted without question [see discussion in 
( 8 ) ,  for example]. Because only one trans- 
genic line was used, the protection from 
insulitis could have resulted from the chro- 
mosomal integration site of the transgene, 
from special features of the transgene con- 
struct, or from peculiarities of the E, allele 
employed. Several hypotheses have been 
suggested to explain the protection phe- 
nomenon (4, 12). In one, diabetes in NOD 
mice was postulated to result from an auto- 
immune attack by T cells that carried the 
Vp5 variable region on their T cell antigen 
receptors (TCRs). Since T cells displaying 
Vp5+ TCRs are negatively selected in the 
thymus of mice expressing the I-E molecule 
(13), the diabetogenic anti-islet clones 
would be deleted intrathymically when a 
wild-type E, gene is introduced into NOD 
mice (4). 

J. Bohme, B. Schuhbaur, C.  Benoist, D. Mathis, Labora- To verifv the original observation and to 
toire de Genetique MolCculaire des Eucanrotes du 

" 

CNRS, Unit6 184 de Biologie MolCculaire et'de Genie where E, must be to pro- 
Genetique de I'INSERM, Institut de Chimie Biologique, tect from insulitis, we have crossed the 
Facult6 de Medecine, 67000 Strasbourg, France. 
0 Kanagawa, Depurmmt of Pathology, Washington strain with a number of E: transgenic 
University, School of Medicine, St. Louis, MO 63110. lines. One of them, E,16, expresses the I-E 
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