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Abstract

Weevaluated G-proteins that are components of adenylyl
cyclase (AC) signal transduction in erythrocyte and lympho-
cyte membranes from 26 family history positive (FHP) non-
alcoholic and 26 family history negative (FHN) nonalcoholic
subjects. Subjects were classified as FHP if their father met
criteria for alcohol dependence; as FHN, if there was no
history of alcoholism in any first or second degree relatives.
Immunoblot analysis indicated that levels of erythrocyte
membrane Gsa from FHPsubjects were greater tha levels
in FHNsubjects (171±11 vs 100±6, P < 0.001). To confirm
the results of the immunoblot analysis, Gsa was quantitated
by cholera toxin-dependent [32P]ADP-ribosylation. Levels of
erythrocyte [32P]ADP-ribose-Gsa from FHP subjects were
greater than levels in FHNsubjects (236+28 vs 100±14, P
< 0.001). Gsa levels did not correlate with age or alcohol
consumption. By contrast to differences in Gsa, immunoblot
analysis showed similar levels of Gi(2)a and Gi(3)a in eryth-
rocyte membranes of FHP and FHN subjects. Pertussis
toxin-catalyzed [32P]ADP-ribosylation of Gi-like G-proteins
confirmed the immunoblot observations. Lastly, compared
to FHNsubjects, FHP subjects had enhanced Gsa expres-
sion in lymphocyte membranes as well (138±11 vs 100±5.5;
P < 0.02). In summary, compared to FHN nonalcoholic
men, FHPnonalcoholic men had greater levels of the stimu-
latory G-protein, Gsa, in erythrocyte and lymphocyte mem-
branes. Enhanced expression of Gsa may be a marker of
increased risk for the future development of alcoholism.
(J. Clin. Invest. 1994. 94:1004-1011.) Key words: guanine
nucleotide binding proteins * adenylyl cyclase * biological
markers * alcoholism

Introduction

Familial clustering of alcoholism has been attributed to both
inherited and environmental factors (1, 2). During the past de-
cade, the significance of genetic vulnerability in the develop-
ment of alcoholism has been demonstrated in a number of stud-
ies. For example, monozygotic twins show a twofold higher
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concordance rate for alcoholism than dizygotic twins (2, 3). In
addition, sons of alcoholic fathers who are adopted before three
months of age and raised in nonalcoholic households have a
fourfold greater risk of developing alcoholism than sons of
nonalcoholic fathers under the same circumstances (4, 5). These
findings have stimulated a search for biochemical, hormonal,
neurophysiological, and genetic markers to identify nonalco-
holic individuals at increased risk of developing alcoholism (6-
10). There is growing evidence for differential sensitivity to

the effects of ethanol secondary to differences in the metabolism
of ethanol and/or differences in tissue sensitivity to ethanol (6,
7, 9, 10).

The adenylyl cyclase (AC)' signal transduction pathway has
been proposed as a potential marker for vulnerability to alcohol-
ism. The AC complex is composed of three membrane-bound
proteins: (a) receptors; (b) guanine nucleotide binding proteins
(G-proteins); and (c) adenylyl cyclase, the membrane-bound
enzyme that converts Mg-ATP to cAMP. G-proteins couple cell
surface membrane receptors to adenylyl cyclase. AC is under
dual control by stimulatory (Gs) and inhibitory (Gi) G-proteins.

Alcohol can perturb the ACsystem both in vitro and in vivo
(11). Several lines of evidence indicate that alcoholic individu-
als have abnormal adenylyl cyclase signal transduction and that
genetic determinants may account for some of these differences.
Stimulated cAMP production in freshly isolated platelets and
lymphocytes is reduced in alcoholics compared to nonalcoholic
controls (11, 12). Moreover, after multiple generations in cul-
ture, lymphocytes from alcoholics not only recover their respon-
siveness but develop enhanced sensitivity to factors that stimu-
late cAMP(13). Work by Palmour et al. supports these observa-
tions and shows that cultured lymphocytes from FHPmen (14)
as well as "ethanol-preferring" Vervet monkeys (15) have in-
creased AC signal transduction. The persistence of differences
in AC signal transduction after several generations in culture
between lymphocytes from alcoholics and nonalcoholics sug-
gests that the alcoholics may have an abnormality in AC signal
transduction that predates the development of alcoholism. The
finding that lymphocytes and platelets of alcoholics show im-
paired stimulation of AC by a variety of receptor ligands and
a nonhydrolizable GTP analogue is consistent with an abnor-
mality in the stimulatory G-protein, Gsa that couples receptor
activation to AC (11).

Wespeculate that inherited differences in the susceptibility
of AC signal transduction to the effects of ethanol account for
some of the inherited differences in susceptibility to the effects
of ethanol. Therefore, in this study, we compared membrane G-

1. Abbreviations used in this paper: AC, adenylyl cyclase; AHO, Al-
bright's hereditary osteodystrophy; CTX, cholera toxin; CV, coefficient
of variance; FH-RDC, Family History-Research Diagnostic Criteria;
FHN, family history negative; FHP, family history negative; PTX, per-
tussis toxin; RBC, red blood cell.
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protein content from erythrocyte and lymphocytes membranes
derived from nonalcoholic subjects at high and low risk for
alcoholism.

Methods

Subject population. Subjects were recruited by newspaper advertise-
ments. On the basis of a mailed questionnaire, subjects were invited for
an interview in which personal and family alcohol and drug use patterns
were assessed using the Family History-Research Diagnostic Criteria
(FH-RDC) format (16). Exclusion criteria included chronic medical ill-
ness, DSMIII-R Axis I disorders, and alcohol/drug abuse or dependence.
All subjects were medication-free and were asked to abstain from etha-
nol for 48 h prior to study. Subjects were classified as family history
positive (FHP) if at least the father met criteria for alcohol dependence.
Subjects were classified as family history negative (FHN) if no first or
second-degree relatives met criteria for alcohol abuse or dependence.
The FHP (n = 26) and FHN (n = 26) subjects were similar in age and
in the number of drinks consumed per week. Two FHNand four FHP
subjects were African-American; one FHNand two FHP subjects were
female; all other subjects were caucasian males. Informed consent was
obtained from all subjects, and subjects received financial compensation
for participation. The study protocol was approved by the Johns Hopkins
Medical Institutions Joint Committee On Clinical Investigation. Table
I provides data on the age, drinking practices, and family history status
of subjects in the two groups.

Membrane preparation and G-protein analysis. Blood was with-
drawn from a peripheral vein of each subject between 0800-1000 hours.
Erythrocyte membranes were prepared as previously described (17) and
membranes were resuspended in buffer containing I mMTris-HCl (pH
7.4), 1 mMEDTA, 5 Mg/ml leupeptin, 0.3 mg/ml phenylmethylsulfonyl-
fluoride, and 1 mMdithiothreitol and stored at -70 C. Lymphocytes
were isolated from 120 cm3 whole blood by ficoll density gradient
centrifugation (Histopaque-1077, Sigma Chemical Co., St. Louis, MO)
(18). Differential cell counts were performed using a modified Wright's
stain. B and T lymphocyte typing was performed using Simultest re-
agents (Becton Dickinson Vacutainer Systems, Rutherford, NJ) and a
FACScan flow cytometer (Becton Dickinson Vacutainer Systems) or
Cyto-Stat/Coulter Clone (Coulter Immunology, Hialeah, FL) and a
Coulter EPICS Profile I(Coulter Immunology). To prepare membranes
(18), lymphocytes were disrupted by nitrogen cavitation at 110 kg/cm2
for 15 min in 25 mMHepes (4-[2-hydroxethyl]-l-piperazine-ethanesul-
fonic acid), 10% sucrose (pH 7.4). The broken cells were collected and
washed twice by centrifugation at 100,000 g for 30 min in 1 mMTris,
1 mMEDTA (TE), pH 7.4. The final pellet (crude membrane prepara-
tion) was suspended in TE and stored at -70°C. Protein concentration
was determined by bicinchoninic acid reaction with BSA as stan-
dard (18).

For immunoblot analysis (19), membrane proteins (75 I.g) were
fractionated by electrophoresis through 10% SDS-polyacrylamide gels
(10% acrylamide, 0.13% phenylpiperazine). Proteins were electropho-
retically transferred to polyvinylidine difluoride filters using a transfer
bath containing 10% methanol, 0.01 M 3-(cyclohexlamino)-l-pro-

Table I. Subject Information

Information FHP FHN

No. 26 26
Age 23.5±0.5 23.5±0.6

(19-30) (20-30)
Alcoholic father 100% 0
Alcoholic second degree relative(s) only 0 0
Drinks/wk 9±1.9 8±1.6

panesulfonic acid pH 11.0). After transfer, filters were stained with
Coomassie blue to ascertain transfer efficacy. Filters were incubated for
2 h at room temperature in 50 mMTris-HCl, 138 mMNaCl, 2 mM
MgCl2, pH 7.4 T(TBS) containing 3% BSA, 0.1% Tween-20, 0.02%
NaN3, and washed twice for 5 to 10 min with TBS containing 0.2%
SDS, 2% Nonidet P-40. Filters were incubated overnight at room tem-
perature with specific primary antisera in TBS containing 1% BSA,
0.05% Tween-20, 0.02% NaN3, and 2% Nonidet P-40. Filters were
washed twice for 30 min in wash buffer (TBS, 0.2% SDS, 2%Nonidet
P-40). Antibody bound to protein was detected using 1251I-protein A
(0.5 MCi/ml) and autoradiography at -70'C with Dupont intensifying
screens. Autoradiographic image intensities were determined by two
dimensional densitometry (Molecular Dynamics Inc., Sunnyvale, CA).
Antiserum C584 (Janet Robishaw, Geisinger Clinic, Danville, PA) rec-
ognizes COOH-terminal amino acids (325-339) of both the 45- and
52-kD forms of Gsa (19). Antiserum AS (Alan Spiegel, National Insti-
tutes of Health) recognizes Gi(2)a and Gi(l)ca > Gi(3)ca (19). Antiserum
A56 (Janet Robishaw) recognizes Gi(3)a and Gi(l)cr (19). Antiserum
A54 recognizes Gi(2)a (20). Antisera GC4 (Alan Spiegel) recognizes
amino acids 127-139 of G/31 and Gfl2 (19).

To verify that the Gsa antisera was identifying the same protein as
labeled in the presence of CT, and to verify that the Gi(2)a and Gi(3)a
antisera were identifying the same proteins labeled in the presence of
PT, the following protocol was followed: Membranes were first labeled
in the presence of PT or CT, resolved by SDS-PAGE, transferred to
polyvinyldifluoride (Millipore Corp., Bedford, MA) membranes and
then exposed to film for development of the first autoradiograph. The
same membranes were then probed with specific antisera, and G-proteins
were visualized by using a chemiluminescence second antibody (Amers-
ham Intl., Buckinghamshire, England) for a brief 10 s exposure (21).
Filters were then exposed to film for development of the second autora-
diograph. Because of marked differences in exposure time for both
techniques, this protocol allowed us to visualize on one gel, the same
proteins, labeled by both techniques.

Immunoblot analysis of membranes was performed in triplicate for
each subject. After being normalized to a pooled standard membrane
preparation run in triplicate on each gel, the autoradiographic image
intensity for each subject was expressed as a percentage of the mean
image intensity of the FHNgroup. Immunoblots were exposed to x-ray
film for varying periods of time in order to optimize signal detection
and to ensure that autoradiographic images were within the linear range
of sensitivity for the x-ray film. Intraassay and interassay coefficient of
variance (CV) are 12% and 13%, respectively. The variability of the
Gsa signal in subjects over time was also examined. To this end, blood
was drawn from the same subjects on three separate occasions over a
6-mo period and red blood cell (RBC) membranes were prepared. The
CV for the Gsa signal over this time period was 14%.

Bacterial toxin-dependent ADP-ribosylation. G-protein levels were
also quantified by measuring the bacterial-dependent [32P] ADP-ribose
incorporation. To analyze Gsa, cholera toxin (CTX) was used: Mem-
brane proteins (75 Mg) were incubated in duplicate at 32°C for 30 min
in the presence of 15 mMTris-HCl (pH 8.0), 1 mMEDTA, 10 mM
thymidine, 1 mMATP, 1 mMguanosine triphosphate (GTP), 10 mM
MgCl2, 2 mMdithiothreitol, 300 mMpotassium phosphate, and 107
cpm [32P]NAD (25 MM) in a total volume of 60 MI containing 10 sg
CTX (List Biological Laboratories, Inc., Campbell, CA) that had been
activated as previously described (22). The reaction was terminated by
addition of 1 ml of 15 mMTris-HCl, 1 mMEDTA, (pH 8.0), and the
membranes were collected by centrifugation. The pellets were resus-
pended in electrophoresis buffer and analyzed by electrophoresis
through 10% SDS polyacrylamide gels. The gels were then stained,
destained, and autoradiographed at 70°C using Lighting Plus intensifier
screens (DuPont Instruments, Wilmington, DE). To quantify Gia pro-
teins, pertussis toxin (PTX) was used: membrane proteins (75 ,ug) were
incubated in a final volume of 60 ,l at 32°C in the presence of 15 mM
Tris-HCl (pH 8.0), 1 mMEDTA, 10 mMthymidine, 1 mMATP, 1
mMGTP, 2 mmdithiothreitol, 107 cpm [32P]NAD (25 M1M), and S jg
PTX (List Biological Laboratories, Inc., Campbell, CA) that had been
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Figure 1. (A) Representative immunoblot of erythrocyte
membrane Gsa protein content in FHPand FHNnonalco-
holic men. Membranes samples were subjected to SDS-
PAGEand then transferred to a polyvinylidene difluoride
membrane as described. Immunodetection was completed
using rabbit antisera to specific G-protein subunits fol-
lowed by 1251I-labeled protein A. The Gsa antisera recog-
nized a 45-kD band. (B) Representative autoradiograph
of cholera toxin-catalyzed [32P]ADP-ribosylation of
erythrocyte membranes in FHP and FHNnonalcoholic
men. Membrane samples were incubated with 32P-NAD
and activated cholera toxin as described in methods. Pro-
tein were resolved by SDS-PAGE. Estimated molecular
weight is based on mobility of 14.3-200-kD molecular
weight standards. Cholera toxin labeling recognized a sin-
gle 45-kD protein. (C) Representative immunoblot and
pertussis toxin-catalyzed [32P]ADP-ribosylation of eryth-
rocyte membrane G-proteins. PT, pertussis toxin; labeling
in the presence of pertussis toxin identified a predominant
42-kD band and less intense 40-kD band.

activated as described previously (22). After 30 min of incubation, the
samples were processed as described above for CTX-treated samples.

Assessment of Gs biological activity. Erythrocyte membrane proteins
were extracted by suspension (3 mg/ml protein/ml) in 10 mMTris-HC1,
pH 7.5 containing 10 mMMgCl2, 0.1 mMEDTA, 1 mmDTT, and
0.2% Lubrol PX. After incubation on ice overnight, the suspension was
centrifuged (20,000 g for 30 min at 4°C) and supernatant (soluble ex-
tract) were recovered (22). Aliquots of soluble extracts were heated to
65°C for 1 h to inactivate both adenylyl cyclase and Gsa. The indicated
volumes of soluble extract plus heated extract (to maintain a constant
concentration of detergent and protein) were added to cyc-membranes
(30 ,g) to reconstitute a Gs-coupled AC. Adenylyl cyclase activity was
assayed as previously described (18) in 100 yt final volume (10 ,ug cyc-
membranes/tube) containing 0.1 mM[a-32P]ATP (1 uCi), 2.8 U creatine
phosphokinase, 5 mMcreatine phosphate, 1.5 mMMgCl2, 19.2 mg%
BSA, 50 mMNa-Hepes (pH 7.6), 0.3 mMKCl, 0.2 mMcAMP, 1 mM
DTT, and 10 ttM GTPyS.

Statistics. Analyses of group differences in measures of G-protein
measures were conducted with t tests. In the case of data distributions
with significant positive skew, group differences also were tested with
t tests on log-transformed data, and the nonparametric Wilcoxin two-
sample rank sum test. Finally, for measures that showed group differ-
ences, multiple regressions were used to examine the proportion of
variance accounted for by family history status after first accounting for

the influence of age and the average number of drinks consumed per
week. These analyses were run on the full samples in the two groups
(n = 26 per group), and on a subset of subjects carefully matched for
gender, age, and alcohol consumption practices.

Results

Gsa membrane content. Erythrocyte membranes from 26 FHP
nonalcoholic men, 26 FHNnonalcoholic men, and 12 patients
with Albright's hereditary osteodystrophy (AHO) were sub-
jected to immunoblot analysis using anti-Gsa peptide antisera.
A single band with apparent molecular weight of 45 kD was
detected in each membrane sample (Fig. 1 A). Quantitative
analysis indicated that levels of erythrocyte membrane Gsa
were greater in FHP subjects than in FHNsubjects (171 ± 11 vs
100+6, t = 5.5, P < 0.001; Fig. 2). The patients with AHO
had levels of Gsa protein that were significantly less than either
the FHNor FHPsubjects (Fig. 2, 44+4; P < 0.001). To confirm
the results of the immunoblot analysis, we assessed cholera
toxin-induced (CT) labeling of Gsa, a technique that also per-
mits quantification of Gsa. Cholera toxin catalyzed the
[32P]ADP-ribosylation of a single 45-kD band (Fig. 1 B). Chol-
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Figure 2. Immunoblot analysis of erythrocyte membrane Gsa protein
levels in FHP and FHNnonalcoholic men and patients with AHO.
Relative autoradiographic densities of Gsa are plotted in 26 FHP sub-
jects, 26 FHN subjects, and 12 patients with AHO.
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Figure 3. Analysis of erythrocyte membrane Gsa protein by cholera
toxin-catalyzed [32P]ADP-ribosylation in FHP and FHNnonalcoholic
men. Relative autoradiographic densities of Gsa are plotted in 25 FHP
subjects and 26 FHN subjects.
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Figure 4. Correlation of Gsa content in erythrocyte and lymphocyte
membranes. Lymphocyte and erythrocyte membrane Gsa content.

era toxin-dependent [32P]ADP-ribosylation of Gsa was signifi-
cantly greater in erythrocyte membranes from FHP subjects
than in membranes from FHN subjects (236±28 vs 100±14, t
= 4.4, P < 0.001; Fig. 3). CT and immunoblot measures of
Gsa correlated r = 0.61 (n = 51, P < 0.001). Neither cholera
toxin nor Gsa immunoblot measures were significantly corre-
lated with age, or with drinks consumed per week.

Because immunoblot and CT distributions in erythrocyte
membranes showed significant positive skew, we log-trans-
formed these data, and were successful in inducing normality.
Group differences on the log-transformed data were tested to
ensure that group differences were not merely due to a few
influential outliers. FHPsubjects had significantly higher scores
than did FHNsubjects for log-transformed Gsa antisera data (t
= 6.1, P < 0.001), and for log-transformed CT data (t = 4.4,
P < 0.001). The log-transformed data fit assumptions for the
appropriate use of parametric statistics. Nevertheless, to provide
a more conservative test of group differences, we performed
the nonparametric Wilcoxin two-sample rank sum test on the
antisera and CT data. Once again, FHPsubjects showed greater
Gsa expression, as indicated by antisera data (z = 5.6, P
< 0.001), and CT data (z = 4.2, P < 0.001).

To estimate the proportion of variance in erythrocyte Gsa
measures accounted for by family history, separate hierarchical
multiple regression analyses were performed to predict Gsa
antisera scores, and CT scores. Age and drinks per week were
entered first, followed by family history, to estimate the effects
of family history status after accounting for the effects of age
and alcohol consumption. For both antisera and CT data, neither
age nor drinks per week were significant predictors in the regres-
sions. For antisera data, family history produced a large incre-
mental r-squared value of 0.37. The final beta of 0.61 for family
history was significant (P < 0.001). For CT scores, family
history produced an incremental gain of 0.25 in r-squared. The
final beta of 0.51 for family history was significant (P < 0.001).
(Results were similar when log-transformed antisera and CT
values were used in multiple regressions.)

To assess whether enhanced expression of Gsa in FHPmen
was unique to the RBCor generalized to other tissue, similar
analyses were conducted on lymphocytes isolated from 16 FHP
and 19 FHNsubjects. There were no group differences in differ-
ential cell count or typing of isolated lymphocytes prepared by
ficoll density gradient centrifugation. For each subject, there
was a significant correlation between erythrocyte membrane
Gsa and lymphocyte membrane Gsa (Fig. 4; r = 0.6, P
< 0.0001). Similar to the erythrocyte, enhanced expression of
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Figure 5. Comparison of lymphocyte membrane G-protein content by
immunoblot analysis. *P < 0.02.

Gsa was also documented in lymphocyte membranes from FHP
subjects compared to FHNsubjects (Fig. 5; FHP 138±9; FHN
100+9; P < 0.02).

Erythrocyte membrane Gsa content: matched sample analy-
sis. The full-sample family history groups differed slightly (but
not significantly) in current drinking practices (9 vs 8 drinks
per week). For these reasons, FHP/FHN pairs were matched on
age (within 4 yr), drinks per week (within 5 drinks), and gender.
This yielded 21 matched pairs of subjects for analysis (20 male
pairs and 1 female pair). These matched groups were very simi-
lar in age (FHP = 23.3±0.6 yr; FHN= 23.1±0.6; t = 0.29, P
> 0.7), and in drinks per week (FHP = 8.2±2.1 drinks; FHN
= 8.0±1.9 drinks; t = 0.08, P > 0.9). CT and immunoblot
measures of Gsa correlated r = 0.69 (P < 0.001) in this sample
of subjects. Neither measure was significantly correlated with
age, or with drinks per week. Analyses of group differences in
antisera measures of Gsa were conducted on the 21 matched
pairs.

Using t tests, FHP subjects had significantly higher Gsa
expression than did FHN subjects, for Gsa antisera measures,
(177± 13 vs. 102+8, t = 5.0, P < 0.001), and for CT measures,
(214±32 vs. 100+ 13, t = 3.3, P < 0.005). Because the antisera
and CT distributions showed significant positive skew, group
differences in the log-transformed scores were tested. FHPsub-
jects had significantly higher scores than did FHNsubjects for
log-transformed antisera data (t = 5.71, P < 0.001), and for
log-transformed CT data (t = 3.17, P < 0.005). To verify the
presence of robust group differences, we performed the nonpar-
ametric Wilcoxin two-sample rank sum test on the antisera
and CT data. This nonparametric technique requires only the
assumption of ordinal data. Once again, FHP subjects showed
greater Gsa activity, as indicated by antisera data (z = 4.4, P
< 0.001), and CT data (z = 2.2, P < 0.05).

To estimate the proportion of variance in Gsa measures
accounted for by family history, separate hierarchical multiple
regression analyses were performed to predict antisera scores,
and CT scores. Age and drinks per week were entered first,
followed by family history, to estimate the effects of family
history status after accounting for the effects of age drinks per
week. For both antisera and CT data, neither age nor drinks
per week were significant predictors in the regressions. Family
history produced a large incremental R-squared value of 0.40.
The final beta of 0.63 for family history was highly significant
(P < 0.001). For CT scores, family history produced an incre-
mental gain of 0.23 in r-squared. The final beta of 0.48 for
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Figure 6. Activity of Gsa from erythrocyte membranes measured by
reconstitution into Gsa deficient S49 lymphoma cyc membranes. Eryth-
rocyte membranes from FHP(n = 13) and FHN(n = 19) subjects were
extracted in 0.2% Lubrol PX. Activity of Gsa in each extract was
measured by correcting the Gsa deficiency of S49 lymphoma cyc mem-
branes with the indicated amounts of erythrocyte extract in a comple-
mentation assay as described in Methods. Membranes were assayed in
triplicate in the presence of 1 MMisoproterenol and 10 MMGTPyS. *P
< 0.01; **P < 0.025.

family history was significant (P < 0.005). (Results were very
similar when log-transformed antisera and CT values were used
in multiple regressions).

Gsa biological activity. To investigate whether increased
levels of Gsa protein in erythrocyte membranes from FHPsub-
jects was associated with increased Gsa bioactivity, a compli-
mentation assay was performed in a subset of subjects. This
assay is based on the ability of detergent extracts of erythrocyte
membranes to reconstitute an active adenylyl cyclase in mem-
branes from the S49 cyc- cell line, which genetically lacks Gsa.
Reconstitution assays demonstrated a dose-dependent biological
activity of erythrocyte membrane Gsa with significantly greater
Gsa biological activity from erythrocyte membranes of FHP (n
= 13) subjects than FHN (n = 19) subjects (Fig. 6).

Gis and / subunit expression. Despite differences in levels
of Gsa, densitometric analysis of immunoblots did not demon-
strate any statistical differences in the expression of either
Gi(2)a or Gi(3)a in erythrocyte membranes of FHP subjects
compared to membranes from FHNsubjects (Fig. 1 C and Fig.
7). Pertussis toxin catalyzed [32P]ADP-ribosylation of a 42- and
40-kD protein corresponding to Gi(3)a and Gi(2)a, respectively
(Fig. 1 C). The levels of erythrocyte Gia forms determined
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Figure 7. Comparison of erythrocyte membrane G-protein content by
immunoblot analysis. *P < 0.001; **P < 0.05.
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Figure 8. Comparison of erythrocyte membrane G-protein levels follow-
ing bacterial toxin-dependent [32P]ADP-ribosylation. CT, cholera toxin;
PT, pertussis toxin; *P < 0.001.

by pertussis toxin-dependent [32P]ADP-ribosylation correlated
significantly with levels of immunoactive Gia; no influence of
family history was detected (Fig. 8). The GPantisera recognized
a single 36-kD band in erythrocyte membranes (Fig. 1 C). As
opposed to Gi analysis, the groups did differ in measures of
erythrocyte membrane /336 subunit (Fig. 7; FHP = 135±11 vs.
FHN = 100±5.5, t = 2.12, P < 0.05). Immunoblot analysis
did not show group differences in the expression of Gi(2)a, or
G,336 in lymphocyte membranes (Fig. 5).

Discussion

Research over the past two decades has demonstrated a strong
genetic predisposition to alcoholism (1-10). Adoption studies
indicate increased frequency of alcoholism and drug abuse
among children of alcoholics and drug abusers (2, 3). Concor-
dance rates for alcoholism and drug abuse in monozygotic
twins, who have identical genes, are higher than in dizygotic
twins who share only half of their genes on average (2). It has
been estimated from male twin studies that 38%of vulnerability
to alcohol abuse, 60% of all vulnerability to alcohol abuse,
60% of all vulnerability to alcohol dependence, and 31% of
vulnerability to drug abuse, can be attributed to genetic influ-
ences (2). Overall, sons of alcoholic fathers have a fourfold
increased risk of developing alcoholism in their lifetime com-
pared to the sons of nonalcoholic fathers (4).

Although as a group, sons of alcoholic fathers have an in-
creased risk of developing alcoholism, not all sons inevitably
develop this disorder. These findings have stimulated a search
for biochemical, hormonal, neurophysiological, and genetic
markers to identify nonalcoholic individuals at increased risk
of developing alcoholism (6-8, 23). Several markers, such as
altered peripheral opiate levels, P300 evoked potentials, ade-
nylyl cyclase signal transduction, the monoamine oxidase sys-
tem, alterations in phospholipase D metabolism, and a D2-dopa-
mine receptor gene polymorphism have been proposed as pre-
dictors of increased risk for the development of alcoholism (6-
8, 23). Alterations in other biochemical activities may
be protective, such as inheritance of certain isoforms of alde-
hyde dehydrogenase that are associated with ethanol-induced
flush (6).

This study shows that the levels of the stimulatory G-pro-
tein, Gsa, and the GB3P subunit are increased in erythrocytes
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membranes derived from a group of high risk nonalcoholics
compared to a group of low risk nonalcoholics (group differ-
ences in lymphocyte membrane G#3 were not observed). The
FHNand FHPgroups were similar in age, race, years of school,
and alcohol use patterns. Moreover, group differences remained
robust when groups carefully matched on gender, age, and
drinking were contrasted. Levels of Gsa were greater in both
FHPand FHNsubjects than in patients with AHO, an inherited
syndrome in which decreased expression or function of Gsa
results from heterozygous mutations in the GNAS (guanine
nucleotide a-subunit) gene (24-26). Levels of Gsa were in-
creased in FHP subjects using two independent techniques, im-
munoblot analysis and cholera toxin-induced ADP-ribosylation.
Moreover, addition of detergent-extracted G-proteins to S49
cyc-membranes, which genetically lack Gsa, showed that in-
creased Gsa protein from FHP subjects was fully bioactive.
Overall, the similarity of results for the antisera and the CT
data, and the consistent results obtained using four approaches
to testing group differences (t tests, t tests for log-transformed
data, nonparametric two-sample rank sum tests, and hierarchical
multiple regression), provide converging evidence that a posi-
tive family history of alcoholism is associated with Gsa expres-
sion.

As only a subset of FHP subjects will develop problems
with alcohol over their lifetime, it is not surprising that some
FHP subjects had Gsa levels that were similar to those present
in the low risk men. In a similar vein, a small percent of FHN
subjects will go on to develop problems with alcohol, possibly
explaining enhanced expression is some FHN subjects.

Can Gsa expression be a primary marker for alcoholism
(i.e., one causal determinant of phenotype)? If this were true,
we speculate that differential expression of Gsa among individ-
uals may account for some of the individual differences in tissue
sensitivity to ethanol. It is also possible that Gsa expression
is a secondary marker, bearing no causal relationship to the
alcoholism phenotype but genetically linked to some other
causal factors. Regardless of whether Gsa could be a primary
or secondary marker, it is important to determine if enhanced
expression of Gsa is a useful predictor of individuals who will
develop alcoholism. Markers for a genetic vulnerability to alco-
holism could be used to select high-risk individuals for primary
prevention and would allow investigations of environmental
factors or pharmacological agents that may prevent expression
of alcoholism in these high-risk individuals.

Alcohol can perturb the AC system both in vitro and in
vivo (11, 27-35). Although freshly isolated lymphocytes from
alcoholic subjects have reduced cAMPlevels, after several gen-
erations in alcohol-free cultures, lymphocytes from alcoholics
appear more sensitive to factors that stimulate cAMPproduction
than lymphocytes from nonalcoholic controls (13). It is likely
that the reduced cAMPlevels found in freshly isolated lympho-
cytes (13) and platelets (36) from alcoholics are the result of
prior alcohol exposure and it is possible that the alcohol-free
environment allows the return of Gsa expression to higher
steady state levels, as seen in our nonalcoholic FHP men. Be-
cause the mature erythrocyte does not contain an adenylyl cy-
clase, it is unclear whether the increase in Gsa expression we
observe has a physiological effect on a cell's ability to generate
cAMP. This is an important question for future research.

If, in fact, alcoholics and their family members have low
ACactivity, enhanced expression of Gsa may be compensatory
for, and balancing the effects of an adenylyl cyclase with re-

duced ability to generate cAMP(36, 37). In this scenario, mem-
brane AC activity would be low or unchanged depending on
the degree of Gsa compensation. However, if alcoholics and
their family members do not have an ACwith reduced activity,
it is also plausible that enhanced expression of Gsa results in
a cell more capable of generating cAMPfollowing stimulation
with ligand and ethanol. Regardless of whether a certain AC is
dyfunctional in alcoholics, we speculate that genetic differences
in G-protein expression allow for differential amplification of
receptor-stimulated cAMPaccumulation following ethanol ex-
posure, and that resulting differences in cAMPlevels allow for
differences in the magnitude of certain forms of ethanol-induced
activation (e.g., magnitude of reward) and tolerance. This may
in part explain the observation of differential tissue sensitivity
to ethanol among individuals.

Human studies have examined reactions to a single dose of
ethanol in FHPand FHNnonalcoholics (7). Some investigators
have found decreased responses to alcohol in FHP compared
to FHNsubjects using a variety of measures (9, 38, 39). Many
of these findings have not been replicated, and opposite results
have also been reported (7, 40, 41). The contradictory findings
may be due in part to whether data were collected on the as-
cending or descending limb of the blood ethanol curve. In a
review of the literature, Newlin and Thompson put forth a co-
gent model which proposes that sons of alcoholics exhibit
greater effects of ethanol as blood ethanol levels rise and lesser
effects of ethanol as blood ethanol levels fall, compared to the
sons of nonalcoholics (7). The authors suggest that the prototyp-
ical FHP subject described by Schukit as being less sensitive
to ethanol is an observation that applies mainly to the descend-
ing limb of the blood ethanol curve. This relative insensitivity
of FHP compared to FHNmen during the descending limb of
the blood ethanol curve may be a function of the differences in
their development of acute tolerance.

How do nonalcoholic individuals starting with enhanced
expression of Gsa end up with reduced ability to make cAMP
following the onset of alcoholism? Similar to the hypothesis
proposed by Nagy et al. (13), we speculate that enhanced ex-
pression of Gsa sets the stage for the cell to initially undergo
more pronounced activation of its AC system in the presence
of alcohol, but that is then followed by more rapid and profound
desensitization (e.g., tolerance). The enhanced expression of
Gsa may explain the apparent phenomena of greater initial
sensitivity to ethanol but more rapid development of tolerance
to ethanol that develops in the offspring of alcoholics compared
to nonalcoholics (6, 7). For example, following an ethanol chal-
lenge, FHP men have greater sensitivity during the ascending
limb of the blood ethanol curve as determined by certain auto-
nomic measures, EMGand EEGtracings, ataxic measures, and
subjective sense of intoxication (7). During the falling limb of
the blood ethanol curve FHP men develop greater acute toler-
ance to many of these same measures. By acute sensitivity, we
refer to a more robust onset of a particular biologic affect ini-
tially induced by alcohol; by acute tolerance, we refer to a more
rapid return to baseline of the particular biological effect over
time as the blood ethanol level falls. It has been demonstrated
that PKA (protein kinase A) is obligatory for the development
of tolerance to ethanol (42-44). Enhanced expression of Gsa
in FHP subjects may lead to a more robust accumulation of
cAMP and activation of protein kinase A resulting in a more
profound desensitization. The more rapid onset of desensitiza-
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tion may explain the observations that lymphocytes and platelets
from alcoholic subjects have reduced cAMPlevels (13, 36).

Although the mechanism underlying increased Gsa and ,336
content is unclear, we speculate that differences in cortisol pro-
duction between FHPand FHNsubjects may account for some
of the group differences in G-protein expression. For example,
glucocorticoid exposure enhances Gsa and /3 subunit expression
in cultured cells (45-48). In addition, stress increases expres-
sion of Gsa as well as 6 subunits and this effect can be blocked
by adrenalectomy (48). There is increasing evidence that FHP
subjects have altered dynamics of the hypothalmic-pituitary-
adrenal axis compared to FHN(38, 40, 49). This is not surpris-
ing when one considers that the CRH(corticotropin-releasing
hormone) neuron, which is responsible for initiating the HPA
axis stress response, is under inhibitory control by opiate pro-
ducing neurons (e.g., arcuate nucleus). Animal and human stud-
ies are showing that endogenous opiates play an important role
in ethanol-seeking behavior (50-52). It is plausible that if opiate
activity differs in the FHP versus the FHN subjects, then a
neuroendocrine system regulated by opiate activity (e.g., CRH
neurons) will also differ in the two groups. It is possible that
differences in cortisol production accounts for the group differ-
ences in G-protein expression.

In summary, compared to FHNnonalcoholic men, FHPnon-
alcoholic men had greater levels of the stimulatory G-protein,
Gsa in erythrocyte and lymphocyte membranes. Enhanced ex-
pression of Gsa may be a marker for individuals at increased
risk for the future development of alcohol abuse or alcoholism.
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