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Approximately 90% of alcoholics relapse within 4 years, in part
because of an enhanced motivation to seek alcohol (EtOH). A novel
G protein modulator (Gpsm1/AGS3) was up-regulated in the rat
nucleus accumbens core (NAcore) but not in other limbic nuclei
during abstinence from operant EtOH self-administration. Further-
more, NAcore AGS3 knockdown reduced EtOH seeking to pre-
abstinence levels in a novel rat model of compulsive, human EtOH
seeking. AGS3 can both inhibit G protein Gia-mediated signaling
and stimulate GBy-mediated signaling. Accordingly, sequestration
of GBy, but not Gia knockdown, significantly reduced EtOH seek-
ing to pre-abstinence levels. Thus, AGS3 and Gy are hypothesized
to gate the uncontrolled motivation to seek EtOH during absti-
nence. AGS3 up-regulation during abstinence may be a key deter-
minant of the transition from social consumption to compulsion-
like seeking during relapse.
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O ne of the most insidious aspects of addiction is the high
propensity for relapse (1), which in alcoholics is marked by a
heightened motivation to seek alcohol (EtOH) despite mounting
adverse consequences (2). Accordingly, there is considerable in-
terest in neuroadaptations that develop during periods of absti-
nence that may promote drug seeking and relapse (3). Enhanced
EtOH seeking during abstinence is observed in heavy social drink-
ers (4), non-human primates (5), and rodents (2, 6-9), where this
EtOH deprivation effect is hypothesized to model many aspects of
compulsive EtOH seeking and consumption (refs. 2, 6, 8, but see
ref. 9).

Since the first characterization of cellular responses to EtOH (10)
and other commonly abused drugs (11), molecules involved in G
protein signaling have received much attention in the addiction
literature (cf. refs. 3 and 12). The G protein signaling modulator
one/activator of G protein signaling 3 (AGS3) has recently surfaced
as a common gatekeeper of cocaine- and heroin-primed relapse
(13, 14).

AGS3 binds Gia subunits, which inhibits Gia and facilitates Gy
signaling (15-17). Manipulating AGS3 expression modulates sev-
eral addiction-linked phenomena, including sensitivity of Gia-
coupled Dy-like dopamine receptors, cocaine-induced glutamate
release, and reinstatement of cocaine seeking by a drug prime (13).
Very little is known about the role of AGS3 in regulating motivation
during other relapse-precipitating events commonly encountered
by human alcoholics, such as conditioned, drug-predictive stimuli
that may prime compulsive seeking (1, 2). Although it also remains
unknown whether common molecular gatekeepers of relapse exist,
a common mechanism is suggested by comparable relapse rates
across drug classes (18, 19) and a shared modulation of dopamine-
mediated signaling (20). Thus, we examined the role of AGS3 in the
enhanced, aberrant motivation to seek EtOH that is apparent after
EtOH self-administration and protracted abstinence.

Results

NAcore AGS3 Expression Increased During EtOH Abstinence. The
NAcore is critical for relapse to cocaine and heroin seeking (21),
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and AGS3 protein expression increased in both the prefrontal
cortex (PFC) and NAcore during abstinence from repeated cocaine
treatment (13). Accordingly, we hypothesized that increased AGS3
protein expression might represent a common molecular determi-
nant of the enhanced drug- and EtOH-seeking behavior typifying
relapse.

NAcore AGS3 protein expression increased relative to EtOH-
naive rats after 3 wk of EtOH abstinence (“3 wk depr”), but not
after 24 h of abstinence (“24 h depr”) [Fig. 1; F(2,33) = 3.69, P <
0.05], and returned to baseline after 3 wk of additional abstinence
[supporting information (SI) Table S1]. EtOH abstinence did not
alter AGS3 expression in several other forebrain nuclei related to
motivated, goal-directed behavior (Table S1), indicating relatively
specific regulation of AGS3 expression in the NAcore during EtOH
abstinence. Like the EtOH deprivation effect (2, 6-9), the increase
in NAcore AGS3 expression was apparent after several weeks but
not after 24 h of abstinence. Thus, increased NAcore AGS3
expression may represent a neural substrate of the enhanced
motivation to seek EtOH during protracted abstinence.

Motivation to Seek EtOH Is Enhanced During EtOH Abstinence. There
is considerable interest in identifying neuroadaptations that de-
velop during drug abstinence that may drive the enhanced drug
seeking that typifies relapse (3, 12). Thus, we assessed motivation
to seek EtOH during abstinence using a progressive ratio schedule
(PR) in rats previously trained to respond for EtOH under a fixed
ratio to test the hypothesis that AGS3 is a neural substrate of this
motivation. Under the PR, the response requirement increased
with each subsequent drink obtained. Responding on the PR is thus
influenced by previous and anticipated reinforcing efficacy in
relation to a mounting work requirement (22). The point at which
the rat stops responding, the breakpoint, is therefore considered a
quantitative indicator of motivation (22), in this case, to pursue the
next drink. Breakpoint was nearly doubled after 3 wk of EtOH
abstinence compared with rats that had undergone only 24 h of
abstinence [Fig. 24; F(1, 34) = 11.77, P < 0.01]. Moreover, no
differences in breakpoint were observed after 24 h depr following
7 or 10 wk self-administration or in self-administration before an
abstinence period of 3 wk or 24 h (SI Results). Taken together, these
data indicate that protracted (3 wk) abstinence increased the
motivation to seek EtOH.

Enhanced EtOH seeking during abstinence was apparent
throughout the PR session [Fig. 2B; depr: F(1,34) = 7.98, P < 0.01;
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Fig. 1. AGS3 protein expression increased in the NAcore during EtOH
abstinence. (A) Schematic demonstrating the self-administration and absti-
nence paradigm, wherein rats self-administered EtOH for 45-50 contiguous
days, followed by 3 wk of EtOH abstinence ('3 wk depr.”) or followed by a
further 3 wk of self-administration (*24 h depr.”), or were started 3 wk later
(24 h depr.”; data in S/ Results). (B and C) AGS3 expression in the NAcore,
normalized to expression in naive rats (n = 11), was elevated in 3 wk depr (n =
12) but not 24 h depr (n = 13) rats. Representative blots of AGS3 and calnexin,
to control for loading, transfer, and blotting conditions across the gel, are
shown in C. The open arrowhead indicates AGS3 at ~72 kDa; the filled
arrowhead at ~90 kDa indicates calnexin. Optical density data were normal-
ized to percent of naive values within each blot compared with intralane
calnexin immunoreactivity. Data represent mean * SEM. *, P < 0.05—
comparing 3 wk depr to EtOH-naive and 24 h depr rats by using a one-way
ANOVA with Scheffé post hoc comparisons.

depr X time: F(59, 2,006) = 6.50, P < 0.01]. Because increased
responding exhibited by abstinent rats could represent differences
in motoric capacity, responding was analyzed in terms of interre-
sponse interval distribution, which quantitatively describes detailed
response structure (23). A greater number of both fast (<5 sec) and
slow (>10 sec) responses were emitted by 3-wk-EtOH-abstinent
rats during the PR session [Fig. 2C; <5 sec, depr: F(1, 34) = 7.73,
P < 0.01; depr X time: F(3, 102) = 7.17, P < 0.01; >10 sec, depr:
F(1, 34) = 6.83, P < 0.01; depr X time: F(89, 3,026) = 2.56, P <
0.01]. However, there was no difference when interresponse inter-
vals were expressed as a percentage of total responses (Fig. 2D and
Table S2). Hence, protracted abstinence resulted in an increase in
the overall number of EtOH-seeking responses without changing
the temporal structure of lever-pressing behavior.

Enhanced EtOH-Seeking During Abstinence May Be Compulsive. The
enhanced PR responding during abstinence described above was
reinforced by EtOH delivery; thus, acute EtOH effects, rather than
the cuing effects of stimuli previously associated with EtOH, may
have driven EtOH seeking. Because conditioned cues can increase
craving and prime relapse in alcoholics (1, 24-28), we examined
whether EtOH-associated cues could maintain responding under
the PR when a clear Plexiglas barrier blocked access to the
EtOH-containing dipper cup (‘3 wk barrier”). Bedding, treated as
above, provided an EtOH odor cue. Interestingly, breakpoint
attained by 3 wk depr rats was unaltered when EtOH access was
prevented [Fig. 2E; 3 wk depr vs. 3 wk barrier: F(1,25) = 0.264, P =
0.61; 24 h depr vs. 3 wk barrier: F(1,25) = 5.21, P < 0.05]. Moreover,
breakpoint expressed by 3 wk depr rats was reduced to 24 h depr
level when both EtOH and the conditioned, cuing stimuli previously
associated with EtOH were omitted (“3 wk no-cue”) [Fig. 2E; 3-wk
no-cue vs. 24 h depr: F(1, 26) = 3.24, P = 0.083; 3 wk no-cue vs. 3
wk depr barrier: F(1, 16) = 13.09, P < 0.01]. Changes in breakpoint
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Fig.2. Abstinence-induced enhancement of EtOH seeking. (A) Three weeks
of EtOH abstinence significantly enhanced the breakpoint under a PR (3 wk
depr:n=18;24hdepr: n = 18).(B) Cumulative response timeline showing that
enhanced EtOH seeking during abstinence was apparent throughout the
session. (Cand D) Increased EtOH seeking manifested as an increased number
of both fast and slow interresponse intervals (C), but there was no difference
in the response pattern when the number of interresponse intervals in each
time bin was expressed as a percentage of total responses (D). (E) EtOH-
seeking behavior was not impeded by a physical barricade that prevented
access to EtOH ('3 wk barrier,” dark gray squares, n = 9) but was significantly
blunted by removal of EtOH and all EtOH-associated cues (3 wk no-cue,” light
gray squares, n = 10). (F) Cumulative response data from experiments in E
overlain with data from B. Data represent mean = SEM. *, P < 0.05; **, P <
0.01—using ANOVA with Scheffé post hoc comparisons.

were mirrored by concomitant differences in cumulative respond-
ing (Fig. 2F and Table S2). These data suggest that enhanced EtOH
seeking during abstinence may be driven by cues predicting EtOH
delivery. Importantly, increased breakpoint and continued drug
seeking in the absence of reinforcer delivery, but in the presence of
drug-related cues, are considered to be hallmarks of uncontrolled,
compulsive EtOH seeking (refs. 2, 6, and 8§, but see ref. 9). Thus,
these data suggest that enhanced motivation to seek EtOH during
abstinence may represent some aspects of human alcoholic, com-
pulsive behavior (1, 2, 29). In addition, the enhanced willingness to
work for EtOH was dose-dependently reduced by naltrexone (Fig.
S2), which, because of clinical efficacy of naltrexone in alcoholics,
suggests that the motivation modeled here may possess predictive
validity for and thus relevance to the development of clinical
interventions for alcoholism (30).

AGS3 Knockdown Normalized EtOH-Seeking to Pre-Abstinence Levels.

Because AGS3 expression was up-regulated in the NAcore after 3
wk of abstinence (Fig. 1B), a time point when EtOH seeking was
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robust (Fig. 2A4) (see ref. 7), but not after 24 h of abstinence (Fig.
1B), elevated AGS3 expression was hypothesized to drive the
enhanced motivation to seek EtOH during abstinence. Thus, mo-
tivation was examined after decreasing AGS3 expression in the
NAcore with antisense (AS-AGS3).

To examine AS-AGS3 efficacy, one NAcore hemisphere of
3-wk-EtOH-abstinent rats was transfected with AS-AGS3 while the
other was transfected with a control, scrambled construct (SC-
AGS3) not predicted to bind any known gene. AGS3 protein
expression was knocked down by AS-AGS3 compared with SC-
AGS3 [Fig. 34; 3 wk depr: F(1, 12) = 13.58, P < 0.01; 24 h depr:
F(1,9) = 63.18, P < 0.01], confirming that AS-AGS3 was capable
of reducing NAcore AGS3 expression in EtOH-deprived rats.
Expression was not altered after SC-AGS3 infusion [F(1, 18) =
0.17, P = 0.68]. This AS-AGS3 sequence was previously shown to
reduce AGS3 expression and to enhance signaling through Gia-
coupled receptors in the PFC of cocaine-deprived rats without
affecting expression of G, the Gia;3 isoforms, or two receptors
that signal through Gia (13).

Importantly, bilateral NAcore AGS3 knockdown during 3 wk of
abstinence reduced the EtOH-seeking breakpoint relative to SC-
AGS3-treated, 3-wk-EtOH-deprived [Fig. 3B; F(1,26) = 8.48,P <
0.01] or intact, EtOH-deprived rats not undergoing transfection
[compare Fig. 3 B and C with Fig. 24 and B; F(1,29) = 12.03,P <
0.01]. The breakpoint attained after AGS3 knockdown was similar
to that observed in 24 h depr, intact rats (Fig. 3B and Table S2),
suggesting that AGS3 knockdown normalized the enhanced moti-
vation to seek EtOH during abstinence to control, 24 h depr levels.
In addition, breakpoint observed in SC-AGS3-treated, 3-wk-EtOH-
deprived rats was similar to that in intact, 3-wk-EtOH-deprived rats
(Table S2). Cumulative responding mirrored these data [Fig. 3C;
AS-AGS3 vs. SC-AGS3, knockdown: F(1, 26) = 6.84, P < 0.01;
knockdown X time: F(59, 1,534) = 7.36, P < 0.01; see Table S2].
Thus, NAcore AGS3 knockdown during abstinence dramatically
reduced the motivation to seek EtOH.

AGS3 knockdown also reduced the number of fast and slow
interresponse intervals [Fig. 2D; <5 sec, transgene: F(1, 26) = 6.22,
P < 0.05; transgene X time: F(3, 78) = 3.44, P < 0.05; >10 sec,
transgene F(1, 26) = 6.32, P < 0.05, transgene X time: F(89,
2,314) = 6.08, P < 0.01]. However, the pattern of interresponse
intervals when expressed as a percentage of total responding [Fig.
3E; transgene: F(1, 26) = 3.68, P = 0.07; transgene X time: F(9,
234) = 0.71, P = 0.70] was not altered, suggesting that knockdown
did not yield nonspecific motoric impairments.

Knockdown of NAcore AGS3 did not significantly alter sucrose
seeking after 3 wk of deprivation from operant sucrose self-
administration [Fig. 3F; breakpoint: F(1, 32) = 2.56, P = 0.12],
suggesting that decreased EtOH seeking during AGS3 knockdown
was not due to nonspecific motoric or motivational effects (see also
Fig. S5). Although there was a significant treatment X time
interaction [Fig. 3G; F(59, 1,888) = 2.37, P < 0.01], there was no
significant main effect of treatment [Fig. 3G; F(1,32) = 1.71, P =
0.20] or significant treatment effects at any individual time point
(Fig. 3G; all P > 0.15), perhaps indicating a very weak effect of
AGS3 knockdown on responding for sucrose.

Importantly, AGS3 knockdown in 24 h EtOH depr rats did not
alter breakpoint (Fig. 3B and Table S2) despite a significant protein
reduction [Fig. 34; F(1, 9) = 63.18, P < 0.01], further suggesting a
lack of nonspecific impairments from cannulation and AS-AGS3
transfection. Taken together, these data suggest that AS-AGS3
reduction of EtOH seeking in deprived rats was not due to
nonspecific motoric or motivational impairments. In addition,
AGS3 knockdown of EtOH, but not sucrose seeking, suggests that
elevated NAcore AGS3 may selectively modulate maladaptive drug
seeking after prolonged drug exposure without effecting the mo-
tivation to seek non-drug reinforcers (see also ref. 13).
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Fig. 3. AGS3 knockdown reduced the enhanced EtOH seeking during absti-

nence. (A) Virus expression of antisense was used to knock down AGS3 in the
NAcore of 3-wk-EtOH-deprived rats (SC-AGS3: n = 7; AS-AGS3:n =7) and in 24 h
depr rats (SC-AGS3: n = 6; AS-AGS3: n = 6). Representative AGS3 and calnexin
control blots at 3 wk depr are shown in (A’). (B) AGS3 knockdown (AS-AGS3)
reduced EtOH seeking in 3 wk depr rats to 24 h depr levels (n = 12), with no effect
in 24 h depr rats (n = 12), whereas a scrambled control construct (SC-AGS3) had
no effect on breakpoint at 3 wk depr (n = 15). (C and D) Reduced motivation to
seek EtOH in 3 wk depr rats was also evident throughout the PR testing period in
terms of reduced cumulative responding (C) and in decreased number of fast and
slow interresponse intervals (D). (E) No difference in response pattern. (F and G)
AGS3 knockdown failed to reduce breakpoint or responding for 5% sucrose, a
reinforcing substance not commonly thought to be addictive (AS-AGS3, sucrose:
n = 17; SC-AGS3, sucrose: n = 17). The open arrowhead in A’ AGS3 at ~72 kDa;
the filled arrowhead in A’ at ~90 kDa indicates calnexin. Data represent mean =
SEM. s, scrambled; a, antisense. *, P < 0.05; **, P < 0.01—using ANOVA with
Scheffé post hoc comparisons.

Gy Sequestration Reduced EtOH-Seeking. Signaling through the G
subunit and the GBy complex of heterotrimeric G proteins is
regulated predominately by the activation state of Ga; when Ga
is inactive, GBv is inactive, because the inactive state of Gia is
stabilized by the GBy complex (31). However, AGS3 can also stably
maintain inactive Gia (17, 32-34) and in this way can augment
signaling through Gy (15). Accordingly, the role of Gia and GBy
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Fig. 4. Gpy inhibition reduced EtOH seeking during abstinence. (A and B)
Gy sequestration in the NAcore by overexpression of the BARKct minigene
significantly reduced the breakpoint (A) and cumulative responding (B) in
3-wk-EtOH-deprived rats compared with controls overexpressing GFP
(BARKct: n = 8; GFP: n = 6). (C and D) BARKct overexpression reduced the
number of fast (<5 sec) responses exhibited (C), but did not reduce motoric
capacity (D). Data represent mean + SEM. *, P < 0.05; **, P < 0.01—using
ANOVA with Scheffé post hoc comparisons.

in enhanced EtOH seeking was examined in the NAcore during
EtOH abstinence.

Because AGS3 binding to Gia can increase signaling through
GBy (15, 16), the role of GBy in EtOH seeking was assessed by
overexpression of the B-adrenergic receptor kinase C-terminal
fragment (BARKct) in the NAcore of 3-wk-EtOH-abstinent rats.
BARKct exhibits high affinity for GBy dimers, via a pleckstrin
homology domain, preventing GBy participation in signaling (35).
Importantly, sequestration of GBy with BARKct reduced break-
point in 3-wk-EtOH-deprived rats relative to 3 wk depr controls in
which green fluorescent protein (GFP) was overexpressed [Fig. 44;
F(1,12) = 4.98, P < 0.05]. This reduction was also apparent across
cumulative responses [Fig. 4B; treatment: F(1, 12) = 3.23, P = 0.09;
treatment X time: F(59, 708) = 3.29, P < 0.01]. Breakpoint after
BARKCct overexpression was also reduced relative to that expressed
by intact, 3 wk depr rats [F(1, 24) = 4.23, P < 0.05]. Furthermore,
BARKCct overexpression reduced breakpoint to levels observed in
the 24 h depr rats and in deprived rats with AGS3 knocked down
(Table S2). Interresponse interval analysis revealed that BARKct
overexpression reduced the number of fast (<5 sec) responses
exhibited [Fig. 4C; <5 sec, transgene: F(1, 12) = 3.99, P = 0.06;
transgene X time: F(3, 36) = 3.18, P < 0.05], but did not alter the
pattern of interresponse intervals when expressed as a percentage
of total responding (Fig. 4D and Table S2), suggesting that non-
specific motor impairments did not occur as a result of GBy
sequestration. Because inhibition of either AGS3 or GBy signaling
produced a similar reduction in EtOH seeking, elevated NAcore
AGS3 expression may facilitate EtOH seeking via enhanced sig-
naling through Gpy.

Although both AGS3 knockdown and BARKct overexpression
may affect many signaling pathways that could result in nonspecific
reductions in motoric output, our data suggest that there were no
differences in motoric and/or motivational capacity with AS-AGS3
or BARKct (see Fig. 3 F and G, and Fig. S3), including no change
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in relative interresponse interval distribution (Figs. 3E and 4D) and
no effect of AGS3 knockdown upon responding for sucrose (Fig. 3
F and G) or food (13). These results suggest that nonspecific effects
did not contribute to either the BARKct- or AS-AGS3 reduction of
EtOH seeking.

Finally, because AGS3 binds to and inhibits signaling through
multiple Gia subunits (17, 36), the motivation to seek EtOH
during knockdown of Gia; or Gias protein expression in the
NAcore of 3-wk-EtOH-deprived rats was examined. One week
of antisense oligonucleotide infusion into the NAcore of 3-wk-
EtOH-deprived rats knocked down Gioy3 expression, but did
not affect EtOH seeking (Fig. S4). Thus, both BARKct-mediated
Gpy sequestration and AGS3 knockdown, but not Giay 3 knock-
down, normalized the enhanced motivation to seek EtOH during
abstinence.

Discussion

AGS3 was up-regulated in the NAcore after 3 wk of abstinence
from operant EtOH self-administration but not in several other
forebrain regions. Knockdown of AGS3 in the NAcore normalized
the compulsion-like motivation to work for EtOH that was ob-
served during abstinence. Reduced signaling through Gy, which
is positively regulated by AGS3, also normalized EtOH seeking
during abstinence. Thus, the enhanced motivation to seek EtOH
during abstinence from operant EtOH self-administration was
regulated by the G protein modulator AGS3 and the G protein GBy
complex.

An important aspect of the present study was the use of a PR to
assess motivational changes, because many reports have examined
EtOH consumption, which does not delineate motivation per se (2,
29). Thus, these results, in combination with continued cue-driven
seeking in the absence of reinforcer attainment (Fig. 2 E and F),
suggest that the enhanced motivation to seek EtOH during absti-
nence could represent some aspects of compulsive EtOH-seeking
behavior observed in human alcoholics (1, 2).

Human alcoholic drinking patterns are often marked by
periods of abstinence and intake (cf. ref. 8). Interestingly, several
studies noted that repeated periods of drinking and abstinence
in rodents can be necessary for, or at least increase the magni-
tude and persistence of, enhanced EtOH intake after deprivation
(8, 29, 37). Our model using an outbred rat strain yielded a
significant increase in EtOH-seeking behavior after a single
deprivation (Fig. 2 A-C), suggesting that significant stimulus-
driven EtOH seeking can develop during a single abstinence
period. Additionally, naltrexone inhibited the enhanced EtOH
seeking (Fig. S2), suggesting some predictive validity of the
increased EtOH seeking described here as a preclinical model
potentially relevant to relapsing alcoholics (30). Naltrexone,
however, can reduce both concurrent EtOH and sucrose self-
administration (38, 39) in addition to reducing relapse propen-
sity (39) (see Fig. S2). However, AGS3 knockdown selectively
modulated excessive motivation to pursue EtOH during absti-
nence but did not suppress the motivation to seek sucrose, a
highly reinforcing substance. AGS3 knockdown also did not
affect the motivation to obtain EtOH in the absence of pro-
tracted abstinence (Fig. 3B), suggesting a lack of nonselective
motoric or motivational effects of AGS3 knockdown.

The NAcore guides behavior in response to salient stimuli (40,
41) and is critical for many types of cocaine and heroin relapse (21),
as well as enhanced EtOH seeking during abstinence (results here).
Moreover, EtOH-associated cues that activate the nucleus accum-
bens/striatum (1, 24-28) can significantly facilitate EtOH seeking
that accompanies relapse in human alcoholics (1, 24-26, 42, 43).
Thus, it is intriguing that AGS3 up-regulation, which may drive
EtOH seeking during abstinence, is restricted to the NAcore (Fig.
1B and Table S1), and that cues previously associated with EtOH
initiate and/or maintain a heightened seeking in EtOH-abstinent
rats (Fig. 2 E and F). Furthermore, increased breakpoint (Fig. 24)
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and continued EtOH seeking in the absence of EtOH delivery but
in the presence of EtOH-associated cues (Fig. 2 E and F) suggest
that the increased EtOH-seeking motivation modeled here may
represent uncontrolled, compulsive responding (2, 29).

Because NAcore AGS3 expression increased during abstinence
from repeated EtOH (Fig. 1B) or cocaine (13) intake and AGS3
knockdown normalized EtOH (Fig. 3 A-D), cocaine (13) or heroin
(14) seeking, elevated AGS3 may represent a common neuroad-
aptation increasing relapse propensity. Importantly, AGS3 knock-
down did not effect responding for sucrose (Fig. 3 F and G), food
(13), or novel environment exploration (13), suggesting that AGS3
may selectively regulate drug seeking without altering the motiva-
tional impact of natural reinforcers.

Although we hypothesize that altered AGS3 expression may
represent an important, common neuroadaptation facilitating
the seeking of several abused substances, the role of AGS3 is
varied among substances. For example, AGS3 expression was not
altered during EtOH abstinence in the prelimbic/infralimbic
regions of the PFC, where increased expression is critical for
cocaine relapse (13). Additionally, AGS3 remained elevated in
the NAcore 8 wk after the last cocaine exposure (13), but
returned to baseline after a 6-wk EtOH abstinence. This may
stem, in part, from the lower relative reinforcing efficacy of
EtOH compared with cocaine as well as drug-specific pharma-
cokinetics/dynamics. Because elevated NAcore AGS3 expres-
sion was transient, we hypothesize that AGS3 may also facilitate
the development of more persistent neuroadaptations that sup-
port enhanced drug seeking during more prolonged periods of
abstinence.

Our study found that NAcore Giaj;; knockdown in 3-wk-
EtOH-abstinent rats did not impact EtOH seeking (Fig. S4),
suggesting that Gia may not participate in cue-primed EtOH
seeking. However, Giay/s isoforms likely contribute to EtOH-
related behaviors under other conditions because a number of
Gia-linked receptors regulate EtOH self-administration (44—
47). Interestingly, CB1 receptor antagonism reduced both EtOH
and sucrose self-administration (47, 48), which contrasts with the
relatively specific effects of AGS3 knockdown that reduced
EtOH and cocaine seeking but left food and sucrose seeking
intact (results here, and see ref. 13). Thus, AGS3 may bind a
subclass of Gia subunits or act predominately in distinct cellular
microdomains.

These results extend and further substantiate a growing literature
suggesting that reduced signaling through Gia-mediated pathways,
as may be affected by high AGS3 expression, represents an impor-
tant neuroadaptation in addiction (cf. ref. 13). Results from human
alcoholics have, however, produced mixed but suggestive evidence
of lasting perturbations in G protein signaling (49, 50) that, in some
studies, were not apparent without an abstinence period (51, 52). In
addition, decreased availability and function of D, dopamine
receptors in the ventral striatum after repeated alcohol ingestion
and subsequent abstinence (53) has been correlated with transyn-
aptic network activation that may support craving (26); high AGS3
expression can impair signaling through D, dopamine receptors
(13, 16).

Inhibition of Gy signaling with the GBy scavenger BARKct
reduced EtOH seeking to levels similar to that observed under
AGS3 knockdown (Fig. 4 4 and B) akin to that observed under a
continuous-EtOH-access paradigm (54). Although the precise
mechanisms whereby AGS3 regulates free GBy remain unclear (16,
36), these data suggest that increased AGS3 expression may en-
hance the willingness to work for EtOH during abstinence by
augmenting signaling through GBvy.

Thus, NAcore AGS3 up-regulation during abstinence is a
novel neuroadaptation that selectively contributed to the devel-
opment and/or maintenance of enhanced motivation to seek
EtOH. Enhanced motivation was due to increased control of
behavior by EtOH-predictive cues because responding persisted

Bowers et al.

even when the EtOH reinforcer was not delivered (Fig. 2 E and
F) and may therefore reflect uncontrolled or compulsive behav-
ior (2, 29). Importantly, the enhanced EtOH seeking during
abstinence was dramatically normalized by AGS3 knockdown
(Fig. 3 B-D) or by sequestration of the downstream effector Gy
(Fig. 4). Thus, increased AGS3 expression and the resulting
augmentation of GBvy signaling could together facilitate com-
pulsive, pathological EtOH-seeking behavior observed in human
alcoholics (2, 55-57).

Materials and Methods

Subjects. Experiments conformed to the 1996 National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were conducted with local
institutional animal care and use committee approval. Male Wistar rats (250-275
g; Harlan) were acclimated with ad libitum access to food and water in the home
cage, unless otherwise stated, for 1 wk before experimentation. All experiments
were conducted during the light phase at approximately the same time of day for
each rat.

Immunoblotting was conducted as described in ref. 13, with the modifications
noted in S/ Methods.

Self-Administration Training and Maintenance. After shaping and sucrose fade,
rats were allowed 30 min/day on a fixed ratio 3 schedule of 10% EtOH
reinforcement. After 45-50 contiguous days, rats were either placed into
abstinence for 3 wk (““deprived’’: 3 wk depr) or given additional, daily EtOH
self-administration sessions for 3 wk and tested 24 h after the final self-
administration session (24 h depr). No differences in breakpoint in 24 h depr
rats were observed after 7 wk vs. 10 wk of self-administration or in self-
administration levels before abstinence in 3 wk vs. 24 h depr regardless of 7 or
10 wk of self-administration (S/ Results). For some AGS3 antisense experi-
ments, rats underwent a similar schedule of training for 5% sucrose and
abstinence. See S/ Methods for details.

Breakpoint Determination. Three weeks or 24 h after the final self-administration
session, EtOH-seeking motivation was tested on a modified progressive ratio
schedule (22). Rats were presented with an EtOH odor cue (58) generated by
sprinkling ~15 ml of ~87% EtOH beneath the previously EtOH-paired lever. Rats
were exposed to the EtOH odor for 2 min before lever extension and presentation
of acompound cue, consisting of a tone, stimulus light above the active lever, and
illumination of the EtOH-filled dipper cup that were previously paired with
reinforcer delivery. For experiments with sucrose-trained rats, as well as with
ethanol-trained rats tested under 'no-cue”” conditions, animals were not exposed
to EtOH vapor, but the bedding was similarly sprinkled with water and rats were
placed in the operant chamber 2 min before delivery of the compound cue
described above.
The progressive ratio schedule of reinforcement was determined by

PR = 56(0.1><reinforcer(s)npreviously earned) __ 5

for 10% EtOH or 5% sucrose. Breakpoint was defined as the maximal number
of responses emitted to complete the final ratio (22). Presses that did not
complete the final ratio were not included in breakpoint determination.
Sessions ended after 15 min of inactivity or after 62 min, whichever came first;
sessions generally ended before the 62-min time limit. For some experiments,
a clear Plexiglas barricade was placed between the dipper cup and faceplate
to prevent dipper cup access. Bedding was sprinkled with EtOH, and rats were
placed in the chamber, as above. In these experiments, the EtOH-filled dipper
cup was raised but remained inaccessible. For additional details, see SI Meth-
ods and Fig. S1.

Antisense and viral-mediated delivery were performed as described in S/
Methods. See Fig. S6 for histology.

Statistical Analysis. Unless otherwise indicated, data were analyzed with a one-
or two-way ANOVA followed by Scheffé post hoc comparison if significant main
effects were found with a 95% confidence interval.
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