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Abstract
Injection of the GABAA receptor agonist muscimol into the nucleus accumbens shell (AcbSh)
elicits robust feeding in satiated rats, but has no effect on water intake. The current study was
designed to examine whether intra-AcbSh muscimol injections influence the intake of ethanol
solutions in rats trained to drink using a limited access paradigm. We confirmed that bilateral
injections of muscimol (100 ng) into the AcbSh produce large increases in the intake of sucrose
solutions and of the chow maintenance diet but found in two independent experiments that these
injections potently reduce the intake of a 10% ethanol solution. Furthermore, intra-AcbSh
muscimol significantly increased intake of an ethanol-sucrose mixture. These results demonstrate
that activating GABAA receptors in the vicinity of the AcbSh can have opposite effects on the
intake of different caloric substances and are consistent with the possibility that GABAergic
circuits in the AcbSh may play a role in mediating voluntary ethanol intake.
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The nucleus accumbens shell (AcbSh) has been implicated as a key component of a neural
system involved in the mediation of feeding behavior (Stratford, 2007). Inhibition of
neurons in the AcbSh with GABA agonists or glutamate antagonists elicits intense feeding
in satiated rats, with short-term intakes that are among the highest reported in the literature
(Maldonado-Irizarry et al., 1995; Stratford and Kelley, 1997, 1999). Importantly, inhibition
of the AcbSh appears to affect feeding behavior specifically, as such treatments do not
increase water intake, non-ingestive gnawing, or locomotor activity when food is present
(Stratford et al., 1998; Ward et al., 2000). Furthermore, although inhibiting neurons in the
AcbSh does not alter water intake even in water-deprived rats that are primed to drink
(Stratford and Kelley, 1997; Stratford et al., 1998), the treatment does increase intake of
certain concentrations of sucrose solutions (Basso and Kelley, 1999; Stratford et al., 1998),
demonstrating that AcbSh-mediated hyperphagia is not limited to ingestion of solid food or
maintenance diets. The AcbSh is believed to play an important role in reward or
reinforcement mechanisms (Koob and Bloom, 1988; Robbins and Everitt, 1996), however,
the behavioral specificity of the feeding response suggests that a general alteration in reward
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processing does not underlie the effect. Rather, amino acid-coded circuits in the AcbSh
appear to be preferentially involved in the control of food intake.

Several lines of evidence suggest that the AcbSh may also be involved in the control of
ethanol intake. For instance, intracerebroventricular or intraperitoneal administration of
ethanol increases Fos expression in the AcbSh (Crankshaw et al., 2003; Herring et al., 2004;
Ryabinin et al., 1997), and voluntary ingestion of ethanol elicits a number of physiological
changes in the AcbSh, including increases in dopamine (Doyon et al., 2003) and opioid
levels (Marinelli et al., 2005; Marinelli et al., 2006; Marinelli et al., 2003), expression of
CaM IV kinase and CREB phosphorylation (Misra et al., 2001), and changes in neuronal
firing rates (Janak et al., 1999) and glucose utilization (Porrino et al., 1998). Additionally,
alcohol-preferring rats have higher densities of GABA terminals in the Acb than rats bred
for low alcohol consumption (Hwang et al., 1990; McBride et al., 1990).

In the present study, we investigated whether local injections of the GABAA receptor
agonist muscimol into the AcbSh, a treatment that potently stimulates food intake, would
alter intake of a 10% ethanol solution or a 10% ethanol solution sweetened with 10%
sucrose. The effects of the treatment on the intake of lab chow and a 10% sucrose solution
were also examined in the same rats as positive controls.

METHODS
Subjects

Nineteen male Sprague-Dawley rats (Harlan, Madison, WI) weighing between 305 and 385
g at the time of surgery served as subjects. The rats were housed individually in wire-mesh
cages on a 12 h light:12 h dark cycle at a constant room temperature (~ 21° C) with food
(Harlan Teklad) and tap water available ad libitum, except as noted below. All experiments
conformed to the NIH Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee.

Test solutions and acquisition of ethanol drinking
The ethanol solution was prepared by diluting 95% ethanol with tap water to yield a 10%
ethanol (w/v) solution, the sucrose solution by dissolving sucrose to a concentration of 10%
(w/v) in tap water, and the sweetened ethanol solution by dissolving sucrose to a
concentration of 10% (w/v) in the 10% ethanol solution. Rats were trained to drink ethanol
over a four-week period using a limited-access protocol. During the ethanol drinking
acquisition phase, rats were placed in test cages for one hour each day, beginning four hours
after the start of the light period, where they were given access to an ethanol solution. The
rats were water-deprived for 20 h before the first exposure to encourage sampling of the
ethanol solution and neither food nor water was available during the ethanol presentation.
The concentration of the ethanol solution was increased from 3% during the first week of
acquisition to 6% during the second week and to 10% during the third and fourth weeks. At
the end of four weeks, baseline intakes of 10% ethanol had stabilized. The ten rats in
Experiment 1 received several exposures to the sucrose solution or lab chow in the test cages
interspersed with the ethanol trials, while the nine rats in Experiment 2 received several
interspersed exposures to the sucrose or the sweetened ethanol solution. Two rats
consistently failed to drink any unsweetened ethanol during the presentations and were
excluded from the remainder of the studies.

Surgery
At the end of the four-week ethanol acquisition phase, the rats were anesthetized with
sodium pentobarbital (60 mg/kg) and bilateral 26-gauge stainless steel guide cannulae
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(Plastics One, Roanoke, VA) were implanted using standard, flat-skull stereotaxic
techniques. The guide cannulae were aimed so as to terminate 2.0 mm dorsal to the AcbSh
using the following coordinates: anteroposterior: 1.5, mediolateral: ±0.8, and dorsoventral:
−6.1 (mm from bregma). The guide cannulae were held in place using stainless steel screws
and denture lining material and a stainless steel obturator was inserted into the lumen of
each cannula to help maintain patency. Each rat was allowed to recover for at least seven
days during which time the daily presentations of ethanol continued.

Intracerebral Injections
In order to acclimate the rats to the test procedure, they were restrained gently, the
obturators removed, and a 32-gauge injection cannula, extending 2.0 mm beyond the ventral
tip of the guide, was inserted into each guide cannula on three consecutive days. On each
day, the obturators were replaced and the rats were placed in the test cages for 60 min with
ethanol present. On the final acclimation day, each rat received bilateral 0.25 μl intracerebral
injections of sterile 0.15 M saline. On test days, each rat received simultaneous bilateral 0.25
μl injections of 100 ng muscimol or the sterile saline vehicle into the ventromedial AcbSh at
a rate of 0.25 μl/min (the dose of muscimol we have found to elicit maximal food intake
when administered into the AcbSh (Stratford and Kelley, 1997) and the use of which allows
us to maximize comparability with our previous results). After the infusion, the injection
cannulae were left in place for an additional 60 seconds in order to minimize leakage up the
cannula track. In Experiment 1, the rats then were placed in test cages for one hour with
either 10% sucrose, 10% ethanol, or chow available. In Experiment 2, the rats were placed
in test cages with either 10% sucrose, 10% ethanol, or a sweetened 10% ethanol solution
containing 10% sucrose. In both experiments, the ethanol and sucrose solutions were
presented in a counterbalanced order in burettes calibrated to 0.1 ml. Intake of chow was
evaluated in Experiment 1 and intake of the sweetened ethanol solution in Experiment 2
after the other tests had been completed. At least 72 hours were allowed between injections.

Histology
After the completion of behavioral testing, each of the rats was deeply anesthetized using
sodium pentobarbital and perfused transcardially with 50 ml of a 0.15 M saline solution
followed immediately by 500 ml of a 10% buffered formalin solution. The brains were
removed and stored in fixative for at least one week, after which they were frozen and 60
μm-thick coronal sections were taken throughout the extent of the AcbSh. The sections were
stained with cresyl-violet and the injection sites were examined for placement accuracy and
evidence of excessive damage.

RESULTS
Histological examination showed that all microinjector cannulae terminated in the medial
AcbSh at placements similar to those used in our previous studies (e.g., (Stratford, 2005;
Stratford and Kelley, 1997; Stratford and Wirtshafter, 2004)). Figure 1 is a schematic
illustration of the 17 bilateral AcbSh injection sites.

Mean intakes in Experiment 1 can be seen in Fig. 2 which shows that injections of muscimol
into the AcbSh produced a significant decrease in ethanol intake as compared to saline
injections (F(1,7) = 45.6; p < .001). In contrast, muscimol injections in these same animals
produced significant increases, relative to saline injections, in the intakes of both a 10%
sucrose solution (F(1,7) = 35.8; p < .001) and of their regular chow maintenance diet (F(1,7) =
41.9; p < .001)
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Mean total intakes in Experiment 2 are shown in Fig. 3a (and, for convenience, are
expressed as dose of ethanol received in Fig. 3b). Again, intra-AcbSh muscimol resulted in a
marked suppression of ethanol intake (F(1,8) = 24.6; p < .001), while producing increases of
similar magnitude in the intakes of both the sucrose solution and the sucrose + ethanol
mixture. The data for the two sucrose containing solutions were analyzed by means of a 2 ×
2 (ethanol × muscimol) repeated measures ANOVA which indicated a significant effect of
muscimol (F(1,8) = 26.1, p < .001). The effect of ethanol was also significant (F(1,8) = 7.4; p
< .03), reflecting the fact that intakes of the mixture were slightly lower than intakes of the
sucrose solution following injections of either saline or muscimol. The ethanol × muscimol
interaction (F < 1) was not significant, however, indicating that muscimol produced
statistically indistinguishable increases in the intakes of the two solutions. This result is
striking because the sweetened ethanol solution was much more calorically dense than the
sucrose solution alone. Mean calories consumed are shown in Fig. 3c, where it can be seen
that muscimol actually tended to produce a larger increase in caloric intake when animals
consumed the sucrose + ethanol mixture than when they consumed the sucrose solution.
Caloric intake under the sucrose and sucrose + ethanol conditions was analyzed by means of
a 2 × 2 (ethanol × muscimol) repeated measures ANOVA. This analysis demonstrated a
significant effect of ethanol (F(1,8) = 110.6; p < .0001) indicating that animals took in
significantly more calories while consuming the sucrose + ethanol mixture than the sucrose
solution. The effect of muscimol was significant (F(1,8) = 17.0; p < .003) and the effect of
the ethanol × muscimol interaction bordered on significance (F(1,8) = 4.9; p < .06),
indicating that muscimol tended to produce a larger increase in caloric intake when animals
were consuming the mixture than the sucrose solution.

DISCUSSION
The results of these two independent experiments demonstrate clearly that injecting
muscimol into the medial AcbSh significantly reduces intake of a 10% ethanol solution by
rats in a limited-access paradigm, suggesting that GABAergic circuits in this region play a
role in voluntary ethanol intake under some circumstances. In striking contrast, intra-AcbSh
muscimol greatly increases intake of chow, a 10% sucrose solution, and even a 10% ethanol
solution when it is sweetened with sucrose. The ability of AcbSh muscimol to increase
intake of chow, sucrose, or a sucrose/ethanol mixture demonstrates that rats receiving
AcbSh muscimol injections are fully capable of intense, focused feeding behavior and that
the suppression of ethanol intake by intra-AcbSh muscimol cannot be attributed to
treatment-induced malaise, interference with fine motor movements, or elicitation of
competing behaviors that are incompatible with ingestion. It is possible that muscimol
injections in the AcbSh affect two different neural mechanisms, one of which acts to
increase intakes of sucrose solutions and chow, and another to suppress intake of ethanol.
Alternatively, muscimol may act on a single mechanism that differentially affects the intakes
of various substances. It should be noted that the AcbSh region has been carefully mapped
for the effects of muscimol on feeding behavior (Basso and Kelley, 1999; Reynolds and
Berridge, 2001; Stratford and Kelley, 1997) and that in the current study, muscimol was
infused into the region of the AcbSh shown to be the most sensitive to the hyperphagic
effects of this drug; further studies will be needed to determine whether the suppressive
effects on ethanol intake are similarly located, or whether the accumbens core might also
play a role, as is suggested by some observations (Hodge et al., 1995; Hyytia and Koob,
1995). Whichever explanation is correct, the current observations substantially extend our
knowledge of the syndrome produced by muscimol injections into the AcbSh.

The relation between effects on the intake of ethanol and of other foods is rather complex
and a variety of patterns have been observed after manipulations of sites outside of the
accumbens. Some treatments, such as chemical inhibition of the median raphe nucleus
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(Tomkins et al., 1994; Wirtshafter, 2001), electrical stimulation of the lateral hypothalamus
(Atrens et al., 1983; Wayner et al., 1971) or intra-ventricular injections of melanin-
concentrating hormone (Duncan et al., 2005) have been reported to increase intakes of both
sucrose and ethanol solutions. Although comparison of these results with those of the
current study must be approached with caution, these differing patterns of effects suggest
that intra-AcbSh muscimol may be affecting ingestive behavior in a different manner than
do these other treatments. Other manipulations, however, have been shown to exert effects
that are similar to those observed here. For example, intraventricular injections of
neuropeptide Y (NPY) increase food intake but, under some conditions, actually decrease
intake of ethanol (Gilpin et al., 2008; Thorsell, 2008). NPY has been shown to play a role in
mediating the effects of intra-AcbSh muscimol on food intake (Stratford and Wirtshafter,
2004) and it is possible that this peptide may also be involved in the influence of the AcbSh
on ethanol ingestion.

The finding that muscimol injections into the AcbSh produce opposite effects on ethanol and
sucrose intake provides evidence against any model that suggests that inhibition of this
region produces its actions through a “nonspecific” mechanism not related to the specific
properties of the ingestate. For example, it has been suggested that inhibition of the AcbSh
simply disinhibits “feeding specific motor pattern controllers” (Kelley et al., 2005), but it is
difficult to see how such a mechanism could account for the opposite effects of this
treatment on the licking of ethanol and sucrose. Similarly, evidence linking the accumbens
to “reward” mechanisms immediately suggests the possibility that AcbSh-mediated
hyperphagia might result from an increase in the “reward value” of ingestants. However, it
is again difficult to see how such an action could produce opposite effects on the intakes of
sucrose and ethanol solutions, given that both solutions are presumably “rewarding”, as
indexed by voluntary ingestion. Indeed, the fact that inhibiting AcbSh neurons increases
intake of food, but not of water, even when rats are water deprived (Stratford, 2007;
Stratford et al., 1998), strongly suggests that muscimol-induced hyperphagia cannot simply
be the result of alterations in the general processing of “reward value”.

The present data present an interesting paradox in that muscimol injections into the AcbSh
elicit opposite effects on the ingestion of two solutions that rats consume voluntarily.
Sucrose and ethanol solutions differ in a number of properties with the most salient relating
to the unique pharmacological properties of ethanol and to the differing tastes of the
solutions. Therefore, it is reasonable to expect that the differential effects on intake may be
related to involvement of the AcbSh in the response to one, or both, of these factors.

The mean baseline intake of 10% ethanol in the current study was 0.84 g/kg (Fig. 3b), a
magnitude shown to result in blood alcohol levels sufficient to alter brain glucose utilization
(Porrino et al., 1998) and motor activity (Gill et al., 1986;Linseman, 1987), indicating that
even the relatively small amounts consumed here can exert direct effects on the brain. It is
possible that the suppressive effects of intra-AcbSh muscimol on ethanol intake may have
resulted from an alteration of these effects, but two considerations argue against this view.
First, muscimol administration reduced intake of the 10% ethanol solution to such low levels
that it is likely ingestion terminated in most rats before enough ethanol was consumed to
exert a postingestive pharmacological effect. Secondly, the addition of ethanol to the sucrose
solution did not attenuate the ability of muscimol to increase intake, even though under these
conditions animals consumed much more ethanol than they did when presented with the
unsweetened ethanol solution. If inactivation of the AcbSh exaggerated some postingestive
effect of ethanol, one would expect muscimol would differentially alter the intake of the
sweetened ethanol and the sucrose solutions. In fact, muscimol produced almost identical
increases in the intakes of both solutions, even though muscimol treated rats consuming the
ethanol/sucrose mixture ingested considerably more ethanol (mean = 5.02 g/kg, Fig. 3b)
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than is required to induce a conditioned taste aversion (Thiele et al., 1996). These results
also suggest that even though ethanol ingestion alters transmitter release (Doyon et al.,
2005;Marinelli et al., 2005;Marinelli et al., 2006;Marinelli et al., 2003;Piepponen et al.,
2002) and neuronal activity (Crankshaw et al., 2003;Herring et al., 2004;Janak et al.,
1999;Porrino et al., 1998) in the AcbSh, AcbSh-mediated changes in ethanol intake cannot
be explained by a simple feedback mechanism based on such physiological effects.

Although the magnitude of the muscimol response was not altered, addition of ethanol to the
sucrose solution did result in very small, but statistically significant, reductions in intake
following intra-AcbSh injections of either saline or muscimol. These decreases may have
reflected alterations in either the taste of the solution or in the number of calories it
contained. The inability of ethanol to modify the effects of muscimol on sucrose intake,
despite a near tripling of the caloric density of the solution, suggests that the caloric
contribution of the ethanol does not play a role in determining the magnitude of the
muscimol response under these test conditions. This observation poses difficulties for the
theory that GABA receptors in the accumbens are involved primarily in mediating the
effects of calories on ingestion (Basso and Kelley, 1999). It is worth noting in this context
that the 10% ethanol solution examined here is the only caloric diet tested to date that is not
consumed more avidly after muscimol injections in the AcbSh. It is possible that although
rats in long-term studies can respond to the calories obtained from ethanol (Richter, 1941),
the relatively low baseline intakes in the current experiments may have limited the ability of
the animals to learn to identify the ethanol solutions as a significant source of calories.

A possible explanation for the differential effects of AcbSh muscimol on sucrose and
ethanol intakes might be that intra-AcbSh muscimol increases the effects of taste on intake
regardless of the valence of these effects. In other words, muscimol might amplify both the
appetitive and aversive properties of the tastes and thereby increase the intakes of sweet
solutions while reducing the intakes of bitter solutions. A 10% ethanol solution has both
sweet and bitter taste components (Di Lorenzo et al., 1986; Kiefer et al., 1990; Lawrence
and Kiefer, 1987) and the bitter taste of ethanol appears to be an important contributing
factor in determining how much an animal will ingest (Hyytia and Sinclair, 1993; Sinclair et
al., 1992). The idea that intra-AcbSh muscimol sensitizes rats to bitter tastes is supported by
our observation that this treatment also decreases intake of concentrated saccharin solutions
(Stratford and Wirtshafter, 2007) which, like ethanol solutions, have both sweet and bitter
taste components (Dess, 1993). Our current finding that muscimol increases intakes of an
ethanol/sucrose mixture may then reflect the ability of sucrose to mask the aversive
components of ethanol’s flavor.

In fact, the nucleus accumbens appears to be well suited for processing taste information
with sucrose- and quinine-sensitive neurons found in both the core and the shell subregions
of the nucleus (Roitman et al., 2005). In addition, electrophysiological data obtained from
rats voluntarily consuming a sucrose solution shows that taste is encoded in one population
of accumbens neurons, while activity in a separate population is related to the initiation, and
perhaps maintenance, of feeding (Taha and Fields, 2005). The presence of both taste-
sensitive cells and cells related to the initiation of feeding suggests that one of the functions
of the Acb may be to integrate taste detection and feeding behavior. Taken together, the
results of these studies are consistent with the hypothesis that inhibiting AcbSh output
neurons drives feeding behavior (Stratford and Kelley, 1997) and recommends the AcbSh as
a candidate substrate through which both sweet and bitter tastes are able to influence
consumption.

In contrast to the present findings, injections of the μ-opioid agonist [D-Ala2, N-MePhe4,
Gly-ol]-enkephalin (DAMGO) into shell/core boundary region have been reported to
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increase intakes of both food and ethanol (Zhang and Kelley, 2002), suggesting that
DAMGO and muscimol may be producing their effects in the Acb through actions on
distinct cell populations. The notion that the nucleus accumbens may contain several circuits
that differentially influence intake of ethanol and other foods is supported by several other
observations. For example, intra-Acb injections of orexin have been reported to increase
intake of food, but not ethanol (Schneider et al., 2007), whereas the opposite pattern has
been seen following injections of sulpiride (Levy et al., 1991).

The downstream pathways through which the AcbSh may alter alcohol ingestion have yet to
be identified. However, it has been shown that the AcbSh mediates activity in several brain
regions that have been implicated in the control of ethanol intake (Stratford, 2005; Stratford
and Kelley, 1999), including the ventral pallidum (Harvey et al., 2002), central nucleus of
the amygdala (McBride, 2002), and the paraventricular hypothalamic nucleus (Hodge et al.,
1996; Schneider et al., 2007). Furthermore, the AcbSh controls food intake, in part, by
mediating activity in the lateral hypothalamus (Maldonado-Irizarry et al., 1995; Stratford,
2005; Stratford and Kelley, 1999), another brain region known to participate in the control
of ethanol intake (Schneider et al., 2007; Wayner, 2002; Wayner et al., 1971). The ability of
the AcbSh to control activity in these brain regions makes them likely candidates as
components in the functional circuit through which the AcbSh effects changes in ethanol
intake.
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Fig. 1.
Schematic representation of a typical bilateral AcbSh injection site. (AcbC: nucleus
accumbens core; CPu: caudate-putamen)
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Fig. 2.
Experiment 1: Effects of intra-AcbSh injections of saline or muscimol (100 ng/side) on the
mean 60 min intakes of a 10% ethanol solution, a 10% sucrose solution, or lab chow. * = p
< .001 vs. saline injections
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Fig. 3.
Experiment 2: Effects of intra-AcbSh injections of saline or muscimol (100 ng/side) on the
60 min consumption of a 10% ethanol solution, a 10% sucrose solution, or a solution
containing 10% ethanol and 10% sucrose expressed as a) mean total volume ingested, b)
mean dose of ethanol ingested, and c) mean total caloric intake. * = p < .001 vs. saline
injections.
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