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We have demonstrated previously that injections of 6,7-
dinitroquinoxaline-2,3-dione into the nucleus accumbens shell
(AcbSh) elicits pronounced feeding in satiated rats. This gluta-
mate antagonist blocks AMPA and kainate receptors and most
likely increases food intake by disrupting a tonic excitatory
input to the AcbSh, thus decreasing the firing rate of a popu-
lation of local neurons. Because the application of GABA ago-
nists also decreases neuronal activity, we hypothesized that
administration of GABA agonists into the AcbSh would stimu-
late feeding in satiated rats. We found that acute inhibition of
cells in the AcbSh via administration of the GABAA receptor
agonist muscimol or the GABAB receptor agonist baclofen
elicited intense, dose-related feeding without altering water
intake. Muscimol-induced feeding was blocked by coadminis-
tration of the selective GABAA receptor blocker bicuculline, but
not by the GABAB receptor blocker saclofen. Conversely,

baclofen-induced feeding was blocked by coadministration of
saclofen, but was not affected by bicuculline. Furthermore, we
found that increasing local levels of GABA by administration of
a selective GABA-transaminase inhibitor, g-vinyl-GABA, elic-
ited robust feeding in satiated rats, suggesting a physiological
role for endogenous AcbSh GABA in the control of feeding. A
mapping study showed that although some feeding can be
elicited by muscimol injections near the lateral ventricles, the
ventromedial AcbSh is the most sensitive site for eliciting feed-
ing. These findings demonstrate that manipulation of GABA-
sensitive cells in the AcbSh can have a pronounced, but spe-
cific, effect on feeding behavior in rats. They also constitute the
initial description of a novel and potentially important compo-
nent of the central mechanisms controlling food intake.
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The nucleus accumbens is a basal forebrain structure that is
perhaps best known for being an important constituent of the
neural systems mediating reward and reinforcement (Koob and
Bloom, 1988; Salamone, 1996). Although the nucleus accumbens
was viewed originally as a unitary structure, a convergent body of
data indicates that it consists of at least two distinct components
that can be differentiated in a number of ways. The relatively
narrow band of tissue forming the medial and ventral borders of
the classically identified accumbens has been termed the nucleus
accumbens shell (AcbSh) (Zaborszky et al., 1985) and can be
distinguished from the tissue immediately surrounding the ante-
rior commissure, known as the nucleus accumbens core (AcbC),
on the basis of histochemical (Voorn et al., 1989; Jongen-Relo et
al., 1994), cytoarchitectonic (Meredith et al., 1992), and hodologi-
cal (Heimer et al., 1991; Brog et al., 1993; Wright and Groenewe-
gen, 1995) profiles. Further support for distinctive subregions is
provided by evidence of differential changes in neurotransmitter
release or metabolism (Deutch and Cameron, 1992; Ladurelle et
al., 1994; Pontieri et al., 1995; Sorg et al., 1995; Jones et al., 1996),
glucose utilization (Pontieri et al., 1994), and gene expression
(Dilts et al., 1993; Beck and Fibiger, 1995; Chergui et al., 1996) in
response to various stimuli. Therefore, it is not surprising that the
AcbSh and AcbC also have been dissociated on the basis of
differential behavioral responses to comparable manipulations

(Maldonado-Irizarry and Kelley, 1994; Pulvirenti et al., 1994;
Johnson et al., 1995).

Although numerous studies have investigated the role of the
nucleus accumbens in the control of food intake (Majeed et al.,
1986; Wise et al., 1989; Fletcher, 1991a,b; Bakshi and Kelley,
1993a; Bodnar et al., 1995; Gilbert and Cooper, 1995; Sills and
Vaccarino, 1996), they usually have been limited to the involve-
ment of dopamine or opioids. Furthermore, because the distinc-
tion between the AcbSh and AcbC has been appreciated only
recently, most studies of accumbens function that used intra-
accumbens manipulations targeted the pericommissural center of
the entire structure, which generally yields lesions or injection
sites confined to the AcbC. Therefore, the relevance of much of
the “accumbens” literature to specific AcbSh function is in ques-
tion. Few studies have restricted injections of neuroactive com-
pounds to the AcbSh, leaving the behavioral effects of pharmaco-
logical manipulations of this region relatively unknown.

Recent work in this laboratory has involved an attempt to
elucidate the function of glutamate in the AcbSh. We have found
that blockade of AMPA and kainate receptors in the AcbSh, but
not the AcbC, elicits a strong feeding response in satiated rats
(Maldonado-Irizarry et al., 1995). Blockade of AcbSh glutamate
receptors most likely increases food intake by disrupting tonically
active excitatory afferents, thus inhibiting a local population of
neurons. The AcbSh contains a well characterized GABAergic
system consisting primarily of medium-sized, spiny projection
neurons (Meredith et al., 1993), and it is likely that inhibition of
some subset of this neuronal population is the relevant cellular
event leading to feeding. Because neuronal activity can also be
inhibited by the application of GABA agonists, it is possible that
injections of these compounds into the AcbSh would also stimu-
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late food intake. To test this hypothesis, feeding behavior was
observed in satiated rats after microinjections of various direct
and indirect GABA agonists into the AcbSh.

MATERIALS AND METHODS
Subjects. Male Sprague Dawley rats (Harlan Sprague Dawley, Indianap-
olis, IN) weighing between 280 and 300 gm at the time of surgery were
group-housed in acrylic cages and maintained in a temperature-
controlled (;21°C) and light-controlled (12 hr light/dark) environment
with food (Harlan Teklad Rat Diet 7001) and acidified tap water avail-
able ad libitum.

Surgery. The rats were anesthetized with a mixture of ketamine HCl
and xylazine (100 mg/kg and 10 mg/kg, respectively) (Sigma, St. Louis,
MO), and bilateral 23-gauge stainless steel guide cannulae were im-
planted using standard, flat-skull stereotaxic techniques (Paxinos and
Watson, 1986). For each experimental group in Experiments 1–4, 8–10
rats received guide cannulae aimed at the AcbSh using the following
coordinates: anteroposterior (AP), 1.4; lateral (L), 60.8; dorsoventral
(DV), 25.5 mm from bregma. For Experiment 5, six rats were implanted
with guide cannulae aimed at the AcbC (AP, 1.4; L, 6 2.0; DV, 25.2 mm
from bregma), and five rats received guide cannulae aimed at the AcbSh
using the same coordinates as in Experiments 1–4. Three other groups of
five rats received guide cannulae placed 1.0 mm rostral (AP: 2.4), 1.0 mm
caudal (AP: 0.4), or 2.0 mm caudal (AP: 20.6) to the standard placement.
The guide cannulae were held in place with 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 received a
prophylactic intramuscular injection of sterile penicillin (Flo-Cillin; Fort
Dodge Laboratories, Fort Dodge, IA) (;100,000 U) after surgery and
was allowed to recover at least 7 d before the start of behavioral testing.

Intracerebral injections. To acclimate the rats to the test procedure, they
were restrained, the obturators were removed, and a 30-gauge injection
cannula, extending 2.5 mm beyond the ventral tip of the guide, was
inserted into each guide cannula on 3 consecutive days. The obturators
were replaced, and the rats were placed in the test cages for either 30 or
120 min. On the final acclimation day, each rat received a 0.5 ml intra-
cerebral injection of 0.15 M saline. On test days, each rat received
simultaneous bilateral injections of 0.5 ml of drug or the 0.15 M saline
vehicle at a rate of 0.32 ml/min. After the infusion, the injection cannulae
were left in place for an additional 60 sec to minimize leakage up the
cannula track. At least 48 hr were allowed between injections.

Drugs. Muscimol and baclofen were obtained from Sigma. All other
drugs were obtained from Research Biochemicals International (Natick,
MA). All drugs were dissolved in 0.15 M saline. Where group numbers
permitted, drug doses were administered in a counterbalanced order.
Where full counterbalancing was not possible, a semi-counterbalanced
order was used, with individual exceptions noted below.

Experimental design. In Experiment 1 we examined the effects of
intra-AcbSh infusions of equimolar doses of the GABAA agonist musci-
mol and the GABAB agonist baclofen on short-term food and water
intake in satiated rats. One group of rats received bilateral injections of
0, 10, 20, 50, or 100 ng (0, 88, 175, 438, or 876 pmol) of muscimol. The
second group of rats received equimolar doses (0, 19, 37, 94, or 188 ng)
of baclofen. The rats were placed in test cages (42 3 20 cm) with a
preweighed quantity of food and a bottle containing tap water available.
During the 30 min test, various behavioral parameters were recorded
using a computer-based multi-channel event recording system (Paul Fray
Ltd.). These behavioral measurements included latency to begin feeding,
total time spent feeding, locomotor activity (as indicated by number of
cage crossings), and total time spent rearing. At the end of the test, food
intake (corrected for spillage) and water intake were calculated.

In Experiment 2 we attempted to determine whether the behavioral
effects of muscimol and baclofen were being mediated solely through
local GABAA and GABAB receptors, respectively. In this study, the
feeding response of one group of rats was tested after injections of 0 or
50 ng of muscimol. After each rat had been tested under the drug and
vehicle conditions, it received injections a mixture of either 50 ng of
muscimol and 75 ng of the specific GABAA receptor antagonist (2)-
bicuculline methylbromide or 50 ng of muscimol and 500 ng of the
specific GABAB receptor antagonist saclofen. A second group of rats was
tested in a similar fashion with 188 ng of baclofen being substituted for
the muscimol at each stage of testing. After the injections, the rats were
placed in test cages containing a preweighed quantity of food and a
graduated drinking tube containing tap water. At the end of the test, food
intake (corrected for spillage) and water intake were calculated.

Experiment 3 was a study of the effects of various doses of muscimol on
2 hr food and water intake. Rats in this group were tested after 0, 10, 20,
50, 100, or 200 ng of muscimol. After the microinjections, the rats were
placed in test cages with food and tap water available. Food intake
(corrected for spillage) was calculated at 30, 60, and 120 min. Total water
intake was determined at the end of the 120 min test.

Because the preceding experiments all concerned the administration of
exogenous GABA agonists, we sought to determine whether endogenous
GABA played a role in the central control of feeding behavior. Experi-
ment 4 examined this question by attempting to increase local levels of
GABA through the administration of (6)-nipecotic acid, a GABA uptake
inhibitor, or (6)-g-vinyl-GABA (GVG), a selective inhibitor of the
metabolic enzyme GABA transaminase (GABA-T). In this experiment,
rats received injections of either 0 or 20 mg of GVG followed by an
injection of 10 mg GVG, and then an injection of 3 mg of nipecotic acid.
An interinjection interval of at least 96 hr was allowed in this experiment,
and behavioral testing was performed as described in Experiment 3.

The fifth experiment was designed to identify the most sensitive site in
the medial basal forebrain for eliciting feeding with muscimol. One group
of six rats was implanted with guide cannulae aimed at the AcbC and was
tested as described in Experiment 1 after bilateral injections of the saline
vehicle, 50 ng of muscimol, or 94 ng of baclofen. To determine the
response gradient along the rostral-caudal axis, separate groups of rats
were prepared with guide cannulae positioned at either our standard
placement or 1 mm rostral, 1 mm caudal, or 2 mm caudal to it (as detailed
under Surgery). The rats received injections of either 0 or 50 ng of
muscimol through injection cannulae terminating 1 mm below the guide.
After this series of tests was completed, rats were given another series of
tests with drugs injected through cannulae terminating 2.5 mm below the
guide. Thus, rats in this study each received saline and muscimol injec-
tions at two sites, one 1.5 mm above the other. After each treatment, the
rats were tested as described in Experiment 3.

Histology. After behavioral testing, all of the animals were anesthetized
deeply with 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 1 week. The brains were then frozen, and 60 mm
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 excessive damage. Data from rats
with misplaced cannulae were not included in the analyses.

Statistical analyses. In Experiment 1, food and water intake and each of
the behavioral parameters collected were analyzed using two-way
ANOVA (drug 3 dose; ANOVA) with repeated measures on the dose
factor. In addition to the overall analysis, the method of linear contrast
was used to compare the effects of each dose of drug with the saline-
injected control trial. In Experiment 3, data were analyzed across doses
using a one-way ANOVA with repeated measures. Where an overall
significant effect of dose was found, individual comparisons with the
vehicle treatment were examined using Dunnett’s method. Food and
water intake data from Experiments 2 and 4 were analyzed the same way,
with individual treatments being handled as levels for the sake of statis-
tical analysis.

In Experiment 5, data from the AcbC group were analyzed using a
repeated-measures one-factor ANOVA. Data from the remaining sites
were analyzed with a one-factor ANOVA followed by planned compar-
isons of the saline and drug treatments at each site using a Bonferroni
adjustment to determine significance.

RESULTS
Experiment 1
Bilateral activation of AcbSh GABAA receptors with muscimol
significantly increased food intake at all doses above 88 pmol
(probability values for individual comparisons are given in Fig.
1a). Similarly, activation of GABAB receptors with baclofen sig-
nificantly increased feeding at all doses tested (Fig. 1a). Equimo-
lar doses of muscimol and baclofen were equipotent at eliciting
feeding. All doses tested of both drugs significantly decreased
latency to begin feeding and increased feeding duration without
affecting water intake or locomotor activity (probability values for
individual comparisons are given in Table 1). The amount of time
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spent rearing tended to be reduced at the higher doses of both
drugs.

Experiment 2
As demonstrated in the previous experiment, 188 ng of baclofen
significantly increased food intake as compared with the saline
treatment ( p , 0.01; Fig. 1b). The baclofen-induced feeding was
eliminated by coadministration of 500 ng of the selective GABAB

antagonist saclofen ( p , 0.01), but was not affected by 75 ng of
the GABAA antagonist bicuculline methbromide. In a separate
group of rats, injection of 50 ng of muscimol significantly in-
creased food intake ( p , 0.01; Fig. 1c). This increase was abol-
ished by coadministration of 75 ng of bicuculline methbromide
( p , 0.01). Coadministration of 500 ng of saclofen had no effect
on the feeding elicited by muscimol.

Experiment 3
The overall effect of bilateral muscimol injections into the AcbSh
on 2 hr food intake was highly significant (F(5,20) 5 15.8; p ,
0.0001). Muscimol increased food intake in a dose-dependent
manner with a maximal effect at 100 ng (Fig. 2). Planned com-
parisons showed that the effect was significant at every dose above
10 ng; however, muscimol injections had no effect on water intake.

Experiment 4
Food intake was increased dramatically by bilateral injection of
either 10 or 20 mg of the specific GABA-T inhibitor GVG into the
AcbSh ( p , 0.01 in both cases) (Fig. 3). Water intake was not

Figure 1. Mean (6SEM) 30 min food intake after bilateral microinjec-
tions of various doses of GABA agonists and antagonists into the AcbSh.
a, Intake was increased significantly with all doses of baclofen tested and
with all doses of muscimol over 88 pmol. b, As demonstrated in the
previous experiment, injection of 188 ng of baclofen significantly increased
food intake ( p , 0.01). The baclofen-induced feeding was eliminated by
coadministration of 500 ng of the selective GABAB antagonist saclofen,
but was not affected by 75 ng of the GABAA antagonist bicuculline. c, In
a separate group of rats, 50 ng of muscimol significantly increased food
intake ( p , 0.01), and this increase was abolished by coadministration of
75 ng of bicuculline. Coadministration of 500 ng saclofen had no effect
on the feeding elicited by muscimol. Symbols denote significant increases
in intake as compared with saline treatment. *p , 0.05; †p , 0.01;
‡p , 0.001.

Figure 2. Mean (6SEM) food and water intake after injection of various
doses of muscimol into the AcbSh. Muscimol dose-dependently increased
food intake at all doses .10 ng, with 60–70% of the feeding occurring in
the initial 30 min. Muscimol had no effect on 120 min water intake at any
dose. *p , 0.05; †p , 0.01.

Figure 3. Mean (6SEM) food intake after injections of the GABA-T
inhibitor GVG or the GABA reuptake inhibitor nipecotic acid into the
AcbSh. Although GVG significantly increased food intake at both doses
tested (†p , 0.01), nipecotic acid had no effect on feeding behavior.
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altered by either dose. Administration of 3 mg of the GABA
uptake inhibitor nipecotic acid did not affect food or water intake.

Experiment 5
Injections of muscimol or baclofen into the AcbC did not signif-
icantly affect food intake (30 min intake: saline, 0.2 6 0.08;
muscimol, 0.2 6 0.04; baclofen, 0.9 6 0.50). Although bilateral
injections of muscimol into the AcbSh increased food intake
significantly ( p , 0.001), injections rostral, dorsal, or caudal to
this region did not significantly affect feeding behavior (Fig. 4).
Injections dorsocaudal to the AcbSh that involved the lateral
ventricles did increase food intake ( p , 0.01), although the mean
intake was approximately half as great as that seen after injections
into the AcbSh. Water intake was not altered by muscimol injec-
tions into any of the sites.

DISCUSSION
The results obtained in this series of experiments demonstrate
that manipulations of the AcbSh GABAergic system can have
profound, but specific, effects on feeding behavior in rats. This
system has not been described previously and is potentially an
important component of the central mechanisms controlling food
intake.

We have demonstrated that activation of either GABAA or
GABAB receptors is sufficient to increase food intake. Further-
more, equimolar doses of the two GABA agonists are equipotent
at increasing food intake (Fig. 1a), and the behavioral profile for
animals receiving muscimol or baclofen is similar (Table 1). After
either treatment, rats show a dose-dependent increase in food
intake, with a corresponding decrease in latency to begin feeding.
GABA agonists seem to act selectively on a feeding system,
because they do not significantly alter water intake or locomotor
activity. There is a tendency, however, for rearing duration to be
decreased, especially after administration of high doses of ba-
clofen or muscimol. Rearing behavior is often used as an index of
exploratory activity, and this is most likely a concomitant of the
large increase in the proportion of time the animal spends either
feeding or in a period of post-ingestive quiescence.

Although not investigated in the AcbSh, baclofen has been
shown to inhibit glutamate release in the AcbC (Uchimura and
North, 1991). Furthermore, it has been demonstrated that in
striatal spiny neurons (similar to those comprising the primary
population of efferent neurons found in the AcbSh), activation of

GABAB receptors with baclofen will depress stimulation-induced
excitatory postsynaptic potentials without affecting resting mem-
brane potential, again indicating a presynaptic GABAB-mediated
inhibition of glutamate release (Nisenbaum et al., 1992, 1993).
Application of muscimol does hyperpolarize these neurons, how-
ever, suggesting that although GABAA receptors are located on
the dendrites and perikarya of striatal spiny neurons, functional
GABAB receptors are limited to the presynaptic terminals. Thus,
it seems likely that muscimol elicits an increase in food intake via
a direct inhibition of a population of AcbSh neurons, whereas
baclofen does so via a presynaptic inhibition of glutamate release.

Further evidence that muscimol and baclofen are acting exclu-
sively through activation of GABAA and GABAB receptors, re-
spectively, was obtained by the coadministration of receptor-
selective GABA antagonists. Feeding elicited by muscimol
injections was completely suppressed by coadministration of 75 ng
of the GABAA receptor antagonist bicuculline, but was not af-
fected by 500 ng of the GABAB antagonist saclofen (Fig. 1c).
Conversely, baclofen-induced feeding was eliminated by coadmin-
istration of saclofen, but was unaffected by bicuculline (Fig. 1b).
Pilot studies showed that coadministration of 50 ng of muscimol
and doses of bicuculline .100 ng often precipitated seizures in
our rats. These were not apparent with the 75 ng dose of bicu-
culline used in this experiment, and the fact that baclofen-induced
feeding was not affected by coadministration of this dose of
bicuculline suggests that the rats were not nonspecifically im-
paired to any significant degree and were still fully capable of
normal ingestion. No seizure activity or other abnormal behavior
was observed after coadministration of saclofen.

The feeding elicited by microinjections of muscimol into the
AcbSh was dose-related and relatively long lasting (Fig. 2). Two
hour food intake was significantly increased at every dose .10 ng,
with 100 ng eliciting the largest increase. With each dose of
muscimol tested, 60–70% of the food was consumed during the
initial 30 min of the test. Intake was not as great after 200 ng of
muscimol, but this was attributable largely to a reduction in the
amount of feeding performed during the second hour of the test.
This may suggest that the muscimol was diffusing to a site medi-
ating a competing behavior and that expression of this behavior
during the second hour of the test interfered with the feeding.

It seems that endogenous GABA in the AcbSh plays a role in
the regulation of food intake. Microinjections of the GABA-T

Table 1. Behavioral parameters recorded (in addition to food intake illustrated in Figure 1a) during the 30 min subsequent to injections of various
doses of baclofen or muscimol into the AcbSh

Baclofen (pmol) Muscimol (pmol)

0 88 175 438 876 0 88 175 438 876

Latency to 1212 106†† 509† 78†† 152†† 1610 623† 324†† 338†† 205††

feed (sec) 6 211 6 59 6 264 6 37 6 115 6 110 6 229 6 140 6 143 6 121
Feeding 65 409†† 410† 622†† 895†† 32 265* 453†† 735†† 1295††

duration (sec) 6 28 6 66 6 106 6 76 6 96 6 18 6 98 6 65 6 65 6 174
Water 0.4 1.1 1.5 0.2 0.2 1.7 1.8 1.4 2.2 0.4

intake (ml) 6 0.2 6 0.6 6 0.6 6 0.2 6 0.1 6 0.5 6 0.7 6 0.6 6 0.8 6 0.4
Locomotor 30 32 22 29 18 22 19 21 21 24

activity 6 3.4 6 6.1 6 4.2 6 10.0 6 8.1 6 2.5 6 3.0 6 2.7 6 2.4 6 7.1
Rearing 190 154 85† 62† 27†† 136 75 45* 57 37*

duration (sec) 6 36 6 17 6 16 6 24 6 11 6 28 6 18 6 8 6 14 6 21

All doses of baclofen and muscimol tested significantly decreased latency to feed and increased feeding duration without affecting water intake or locomotor activity. Values
given are means 6 SEM. *p , 0.05; †p , 0.01; ††p , 0.001.
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inhibitor GVG elicited intense, dose-related feeding (Fig. 3). By
blocking the metabolism of GABA, this pharmacological inter-
vention increases levels of endogenous GABA (Halonen et al.,
1991) (although probably to supraphysiological levels). The fact
that feeding was induced by inhibiting GABA metabolism sug-
gests that there is a certain GABA tone in the AcbSh maintained,
in part, by GABA-T in satiated rats. Interestingly, administration
of the GABA reuptake blocker nipecotic acid did not affect food
intake. Although the single dose tested (3 mg) is higher than that

shown to be necessary to elicit behavioral effects when injected
into the ventral forebrain (Yang and Mogenson, 1987), it is
possible that it falls outside the dose range that is required to elicit
behavioral effects in this system. Alternatively, it may suggest that
reuptake of GABA into the presynaptic terminal does not play a
major role in deactivating GABA in this system. Rather, it seems
that this may be the domain of GABA-T.

Food intake was not affected by injections of GABA agonists
into the AcbC. Instead, the ventromedial AcbSh was the most

Figure 4. Mean (6SEM) food intake after injections of saline or 50 ng of muscimol into the AcbSh and several surrounding sites. Although muscimol
injections near the lateral ventricles increased food intake, the ventromedial AcbSh was the most sensitive site for eliciting feeding. †p , 0.01; ‡p , 0.001.
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sensitive site tested for eliciting feeding behavior with injections of
muscimol (Fig. 4). Although injections placed immediately ros-
tral, lateral, or caudal to this region did not affect food intake,
there was a trend for injections near the ventricles to increase
feeding that became significant with the most caudal placement.
Intracerebroventricular administration of muscimol has been re-
ported previously to increase food intake (Olgiati et al., 1980;
Morley et al., 1981) and suggests the involvement of a paraven-
tricular structure, possibly the ventromedial hypothalamic nu-
cleus, in the expression of some GABA-mediated feeding syn-
dromes. The fact that food intake was not increased by injections
dorsal to the AcbSh, a site that involved the rostral aspect of the
lateral ventricle, demonstrates that the primary locus of action in
the present study is the ventromedial AcbSh. Furthermore, this
conclusion is supported by the observation that the maximal
increase in food intake observed after injections near the ventri-
cles was less than half that seen after injections into the AcbSh.

Although the ventromedial AcbSh proved to be the most sen-
sitive site tested for eliciting feeding, little can be said regarding
the distribution of this system throughout the AcbSh. The dorsal
and lateral poles of the AcbSh remain uninvestigated, and injec-
tions involving the rostral aspect of the AcbSh did not increase
food intake, suggesting that the relevant cells may be distributed
heterogeneously within this nucleus. A further caveat deserves
mention. Embedded in the ventromedial AcbSh are other neuro-
nal structures, most notably the islands of Calleja and rostral
extensions of the ventral pallidum. Although our injections in-
volved primarily the AcbSh, the possibility that one of these other
structures plays a role in the mediation of feeding behavior by
GABA agonists cannot be discounted.

Our results suggest strongly that food intake is regulated, in
part, by a population of neurons located in the ventromedial
AcbSh and that inhibition of these neurons is the cellular event
that leads to the observed feeding response. These neurons are
probably GABAergic, medium-sized, spiny projection neurons.
On the basis of data obtained in a previous study showing that
feeding can be induced by blocking AMPA and kainate receptors
in this region (Maldonado-Irizarry et al., 1995), we propose that
these neurons are chronically activated by glutamatergic afferents
in satiated animals. These neurons can be hyperpolarized in a
number of ways, including (1) activation of membrane GABAA

receptors with muscimol, (2) an increase in local levels of GABA
with GVG, (3) presynaptic inhibition of glutamate release via
activation of GABAB receptors with baclofen, or (4) disruption of
glutamate transmission from the excitatory afferents with AMPA/
kainate receptor blockers. All of these manipulations lead to an
intense feeding response. At this point it is difficult to say what
AcbSh projections may be relevant to this feeding system. The
AcbSh receives afferent projections from a number of cortical and
subcortical regions that have been implicated previously in the
control of ingestive behavior. Among these are the infralimbic and
piriform cortices, basolateral amygdala, ventral pallidum, lateral
septum, lateral hypothalamus, ventral tegmental area, dorsal and
median raphe nuclei, medial and lateral parabrachial nuclei, and
nucleus of the solitary tract (Brog et al., 1993; Churchill and
Kalivas, 1994; Wright and Groenewegen, 1995). Similarly, neu-
rons in the AcbSh project to a number of brain regions that have
been associated with the control of feeding behavior, including the
ventral pallidum, centromedial amygdala, lateral hypothalamus,
ventral tegmental area, and median raphe nucleus (Heimer et al.,
1991). After inhibition of GABAergic AcbSh projection neurons
by any of the aforementioned methods, the immediately subse-

quent postsynaptic event should be a disinhibition of neurons
located in terminal fields of this projection. Although we have not
yet identified the relevant projections, we have some data sug-
gesting the involvement of the lateral hypothalamus. We have
demonstrated previously that injections of muscimol into the
lateral hypothalamus can suppress the feeding induced by block-
ade of AcbSh AMPA and kainate receptors (Maldonado-Irizarry
et al., 1995). In addition, we have found recently that simulta-
neous blockade of lateral hypothalamic NMDA receptors blocks
feeding induced by muscimol injections into the AcbSh (unpub-
lished observations). These results indicate that activation of
neurons in the lateral hypothalamus is necessary for the expres-
sion of AcbSh-mediated feeding. Whether this involves the im-
mediate control of lateral hypothalamic neurons by a direct or an
indirect AcbSh projection remains to be seen.

It is interesting to consider the present findings in relation to
other functional attributes of the nucleus accumbens. Tradition-
ally, the nucleus accumbens has been considered a structure that
plays a key role in central reinforcement and reward mechanisms.
It is well established that this region subserves the reinforcing
effects of self-administered drugs (Roberts et al., 1980; Hoebel et
al., 1983; Vaccarino et al., 1985), and activation of opiate or
dopamine receptors in the accumbens results in positive place
conditioning (Van der Kooy et al., 1982; Carr and White, 1983).
Moreover, many studies have suggested that both dopamine and
opioid peptides in the accumbens are associated with feeding
behavior and the incentive–motivational properties of food (Hef-
fner et al., 1980; Hernandez and Hoebel, 1988; Blackburn et al.,
1989; Bakshi and Kelley, 1993b; Salamone et al., 1994; Wilson et
al., 1995). The finding that a restricted subregion of the nucleus
accumbens plays a specific role in the control of a basic motiva-
tional state critical for survival lends support to the notion that the
accumbens subserves reward and appetitive behavior.

In summary, our results indicate that GABA-sensitive neurons
located in the ventromedial AcbSh have the ability to mediate
feeding behavior in rats. Furthermore, we have shown that an
increase in levels of endogenous GABA in the AcbSh induces
feeding, suggesting that this system may participate in the physi-
ological regulation of food intake. The magnitude and behavioral
specificity of these effects suggest that the AcbSh is potentially an
important component of the neural systems controlling feeding
behavior in the rat.
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