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The nucleus accumbens is a brain region considered to be
important in the regulation of appetitive behavior and re-
inforcement. The accumbens receives afferent input from
corticolimbic and thalamic structures, which is primarily

coded by excitatory amino acids (EAAs). The present stud-

ies investigated the role of EAA input to the nucleus ac-
cumbens in feeding behavior in rats, in two recently char-
acterized subregions of the accumbens, the “core” and
“shell.” In the first series of experiments, it was shown that
blockade of «a-amino-3-hydroxy-5-methylisoxazole-4-pro-
pionic acid (AMPA) and kainate glutamate receptors in the
medial part of the accumbens, corresponding to the medial
shell subregion, resulted in a pronounced feeding re-
sponse. Bilateral microinfusion of 6,7-dinitroquinoxaline-
2,3-dione (DNQX, 0.25-0.75 ng/0.5 pl), 6-cyano-7-nitroqui-
noxaline (CNQX, 0.75-1.5 pg), and 2,3-dihydroxy-6-nitro-7-
sulfamoylbenzo-(F) quinoxaline (NBQX, 0.2-1.0 ng) mark-
edly stimulated food intake immediately following infusion,
in a dose-dependent manner. Infusion of DNQX into the
central accumbens region, corresponding to the core, did
not elicit feeding. Infusion of the NMDA antagonists 2-ami-
no-5-phosphonopentanoic acid (AP-5) and MK-801 (dizocil-
pine maleate) did not elicit feeding in either region. The
feeding response to DNQX was blocked by local coinfusion
of AMPA. Systemic pretreatment with naltrexone (5 mg/kg)
had no effect on the DNQX-feeding response; however, pri-
or systemic administration of both D-1 and D-2 antagonists
reduced the response by half, suggesting a modulatory
role for dopamine in the response. Moreover, the feeding
response was completely inhibited by concurrent infusion
of the GABA, agonist muscimol (10, 25 ng) into the lateral
hypothalamus, a major projection area of the accumbens
shell. These findings demonstrate a selective role for non-
NMDA receptors in the nucleus accumbens shell in inges-
tive behavior, and suggest an important functional link be-
tween two major brain regions involved in reward, the nu-
cleus accumbens and lateral hypothalamus.
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The nucleus accumbens, located within the ventromedial striatum,
is a critical neural substrate for reinforcement processes and ap-
petitive behavior. Empirical findings implicate this structure in the
rewarding and euphoriant effects of drugs of abuse, such as psy-
chostimulant drugs, opiates and alcohol (Wise and Bozarth, 1987;
Koob and Bloom, 1988; Weiss et al., 1993). Moreover, a common
theme of many psychological theories pertaining to the nucleus
accumbens, and in particular to its dopaminergic innervation, is
that this neural system plays a key role in instrumental behavior
elicited by incentive (reward-related) stimuli (Beninger, 1983; Fi-
biger and Phillips, 1986; Robbins et al., 1989). The anatomical
organijzation of the nucleus accumbens is well-suited to this role.
Within this area there is a convergence of information related to
affective and motivational states, arising from limbic structures
such as amygdala, hippocampus, prefrontal cortex, and brainstem
autonomic centers (Heimer and Wilson, 1975; Kelley et al., 1982;
Groenewegen and Russchen, 1984). Further, it has extensive con-
nections to motor output systems (Groenewegen et al., 1980).
Thus, the nucleus accumbens has been viewed as an interface
between the corticolimbic and motor systems, where processing
of affective information is translated into motor actions (Mogen-
son et al., 1980).

Although the nucleus accumbens has long been considered a
ventral striatal territory with prominent similarities to the over-
lying caudate-putamen, in recent years there has been a major
anatomical re-conceptualization of this structure. Analysis of
connectivity as well as its histochemical profile indicates that
the nucleus accumbens is composed of three major subterrito-
ries, which have been termed the core, shell, and rostral pole.
The core and shell subregions, which have been most exten-
sively studied, show striking differences in their efferent projec-
tions (Heimer et al., 1991; Zahm and Brog, 1992; Brog et al.,
1993). The core subregion connects extensively to classic basal
ganglia output structures, such as the ventral pallidum, subtha-
lamic nucleus, and substantia nigra. The shell subregion, in con-
trast, projects most heavily to subcortical limbic regions, such
as the lateral hypothalamus and ventral tegmental area. On the
basis of these distinctive anatomical profiles, it has been pro-
posed that there may be significant functional specializations of
these two subregions and their associated circuitry (Alheid and
Heimer, 1988; Deutch and Cameron, 1992; Deutch et al., 1993).

Our studies were conducted utilizing local microinfusions of
excitatory amino acid (EAA) antagonists. The majority of cor-
ticolimbic inputs to the striatum and nucleus accumbens utilize
EAAs as their neurotransmitter, and high concentrations of all
subtypes of EAA receptors are found in the accumbens (Mc-
Geert et al., 1977; Walaas and Fonnum, 1979; Fuller et al., 1987;
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Robinson and Beart, 1988; Albin et al., 1992). Moreover, a sub-
stantial proportion of all subtypes of EAA receptors within the
striatum, including AMPA, kainate, and NMDA receptors, have
been demonstrated to be localized on striatonigral output neu-
rons (Tallaksen-Green et al., 1992). A number of studies utiliz-
ing intra-accumbens injections of EAA antagonists have sug-
gested that these receptors play in important role in behavior
and in dopaminergic regulation. For example, pretreatment of
the accumbens with NMDA or non-NMDA antagonists reduces
the locomotor and rewarding effects of psychostimulant drugs
(Kelley and Throne, 1992; Pulvirenti et al., 1992; Kaddis et al.,
1993; Bums et al., 1994), and accumbens infusion of NMDA
antagonists disrupts exploratory and spatial behavior (Schacter
et al., 1989; Maldonado and Kelley, 1994, 1995).

As part of a project evaluating the behavioral effects of block-
ade of excitatory amino acid receptors in the nucleus accumbens,
we made the serendipitous observation that animals that had
been injected with 6,7-dinitroquinoxaline-2,3-dione (DNQX),
which blocks both AMPA and kainate receptors, exhibited pro-
nounced feeding when placed back in their home cage. Only
animals injected into a medial accumbens region, corresponding
to the medial shell, showed this effect. A series of experiments
was then conducted that examined this phenomenon in detail.
We report here complete behavioral dissociation between these
two regions, as well as evidence of a functional pathway be-
tween accumbens shell and lateral hypothalamus.

Materials and Methods

Animals and surgery. A total of sixty-nine male Sprague-Dawley rats
(Harlan Sprague-Dawley, Wisconsin) were maintained with food and
water ad libitum throughout the experiments. Animals were housed in
groups and were handled daily to minimize stress. Care of animals was
in accordance with institutional guidelines. For implantation of chronic
indwelling guide cannulae (23 gauge), animals were anesthetized with
sodium pentobarbital (50 mg/kg, i.p.). Standard stereotaxic procedures,
described in detail elsewhere (Maldonado-Irizzarry and Kelley, 1994),
were used. (It should be noted that the core and shell subregions cannot
easily be distinguished in Nissl-stained sections; placements referred to
as “central” and “medial” are meant to approximate the areas desig-
nated as “‘core” and ‘‘shell” in immunchistochemically stained mate-
rial). Coordinates for the medial accumbens placement were (in mm,
with toothbar 5.0 mm above interaural zero): A-P, +3.5 from bregma;
M-L, *1.1 from midline; D-V, —5.3 from skull surface. Coordinates
for the central accumbens placement were: A-P, +3.5; M-L, +1.8; and
D-V, —5.3. In one experiment two sets of bilateral cannulae were im-
planted aimed at the medial accumbens and the lateral hypothalamus
(LH) in the same rats. The coordinates for the LH were: A-P, 0 from
bregma; M-L, +2.0 from midline; and D-V, —6.2 from skull. A recov-
ery period of several days was allowed before behavioral testing.

Drugs and microinfusion. DNQX, 6-cyano-7-nitroquinoxaline-2,3-di-
one (CNQX), 2-amino-5-phosphonopentanoic acid (AP-5), MK-801 (di-
zocilpine maleate), AMPA, muscimol, naltrexone, and SCH 23390 were
obtained from Research Biochemicals International, Natick, MA. 2,3-
Dihydroxy-6-nitro-7-sulfamoyl-benzo (f) quinoxaline (NBQX) was ob-
tained from Tocris Neuramin, Bristol, England. Haloperidol (injectable
form) was obtained from LyphoMed, Rosemont, IL. DNQX, CNQX,
and NBQX were dissolved in a 50% solution of dimethylsulfoxide
(DMSO) and distilled water. The vehicle for the non-NMDA antagonists
was 50% DMSO and distilled water. All other drugs were dissolved in
isotonic sterile saline. Intracerebral (i.c.) microinfusions were always
bilateral in a volume of 0.5 pl. After removal of the occluding stylets,
infusions of drug or vehicle were given by lowering a 30 gauge injector
cannulae to the site of infusion (—7.8 from skull for N. Acc., —8.7 for
the LH). A microdrive pump (Harvard Apparatus) was used to admin-
ister drug infusions to the site with an infusion time of 1 min 33 sec
followed by 1 min of diffusion time. After this step, the injectors were
removed, the stylets were replaced and the animals were tested, begin-
ning 5 min following the end of infusion.

Experimental design. In the first experiment, there were two groups

of rats implanted with cannulae aimed at either the medial accumbens
(shell group, n = 7) or the central accumbens (core group, n = 11),
that each received DNQX (shell group, 0, 0.25, 0.75 pg; core group,
0, 0.75 pg). In the second experiment, two groups implanted in the
medial accumbens were infused with either NBQX (n = 9; 0, 0.2, 1.0
pg), or CNQX (rn = 6; 0, 0.75, 1.5 ng). Three further groups of rats
were treated with AP-5 in the medial accumbens (n = 6; 0, 0.2, 1.0
pg), AP-5 in the central accumbens (n = 6; 0, 0.2, 1.0 pg) or MK-801
in the medial accumbens (n = 7; 0, 1.0 pg). In a third experiment, a
group (n = 4) whs implanted with a unilateral cannulae at an angle of
2.5° 50 as to avoid penetration of the ventricle, and injected with DNQX
(0.75 pg). In the fourth experiment, a group of rats (n = 6) was im-
planted in the medial accumbens and given either AMPA (1 pg) or
AMPA plus DNQX (0.75 pg). In the fifth experiment, a group of rats
(n = 7) implanted in the medial accumbens and given DNQX (0.75
11g) in combination with various systemic treatments: i.p saline, SCH-
23390 (0.1 mg/kg), haloperidol (0.25 mg/kg), or naltrexone (5 mg/kg).
In the last experiment, a group of rats was implanted with cannulae in
both the medial accumbens and lateral hypothalamus (n = 6). These
rats were infused with combinations of DNQX (0.75 ng) or vehicle in
the accumbens, and muscimol (0, 10, 25 ng) or vehicle in the lateral
hypothalamus. All experiments utilized a within-subjects design such
that for each group, each animal received all doses or treatments. All
drug treatments were administered in a counterbalanced order, with at
least 2 d between each injection. For all experiments except that with
systemic injections, animals never received more than three i.c. injec-
tions. For the experiments with systemic injections, animals received a
total of four i.c. injections. In that experiment, naltrexone was admin-
istered 15 min prior to i.c. infusions, and DA antagonists were admin-
istered 30 min prior to i.c. infusions.

Behavioral testing and data analysis. Prior to behavioral testing, rats
were adapted to handling and to the testing room and cages. On the
test day, a premeasured amount of food was placed in the test cage,
and a paper was placed beneath the cage in order to measure food
spillage. Water was available at all times. During a 30 min observation
period following microinfusion, feeding behavior was recorded by an
observer blind to treatment, with an electronic counter interfaced to a
microcomputer (Paul Fray Ltd., Cambridge, England). Behavioral pa-
rameters recorded were feeding duration and bouts, drinking duration
and bouts, latency to feed and drink, locomotion (crossings over the
midline of the cage), and rearing. At the end of each test session, total
food intake (grams) was calculated. All data were analyzed by multi-
factorial analysis of variance, with repeated measures and posthoc con-
trasts where appropriate.

Histology. Following the completion of experiments, animals were
overdosed with sodium pentobarbital and perfused transcardially with
saline following by 10% formalin. The brains were removed and stored
in 10% sucrose formalin solution for several days before sectioning. For
histological preparation, brains were cut into 60 wm sections, mounted,
and stained with cresyl violet. Sections were then examined under a
light microscope for verification of cannula placement and assessment
of the injection site. Animals that did not have both cannula tips clearly
in either the central or medial nucleus accumbens were excluded from
analysis. Some sections were photographed; drawn reconstructions of
injection sites were also made.

Results

Effect of EAA antagonists on feeding

In the group with cannulae aimed at the medial accumbens (cor-
responding to the shell subregion), DNQX induced robust, dose-
dependent feeding that was immediate in onset and long-lasting
(Fig. 1 and Table 1). There was a significant dose effect for food
intake [F(2, 12) = 35.1, p < 0.001]; both doses significantly
increased food intake above baseline. When placed back in the
test cage at the end of the microinfusion, animals went imme-
diately to a food pellet and began feeding. Feeding behavior was
nearly constant in the first ten minutes and gradually subsided
towards the end of the test session. For feeding duration, a sig-
nificant dose effect [F(2, 12) = 7.1, p < 0.01] and dose X time
interaction [F(4, 24) = 4.18, p < 0.01] was found. Post-hoc
analysis (simple main effects) of feeding duration scores re-
vealed this interaction to be due to differences between both
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Figure 1. Food intake and feeding duration scores following infusion of non-NMDA antagonists into the medial nucleus accumbens, corresponding
to the medial shell subregion. 4, Effects of DNQX (r» = 7); B, Effects of NBQX (n = 9); C, Effects of CNQX (n = 6). *, p < 0.05; **, p <

0.01; ***, p < 0.001 (for complete statistical analysis, see Results).

dose groups and vehicle. General motor activity followed a pat-
tern that was inverse to feeding; activity levels were low in the
initial part of the test session, when animals were constantly
feeding, and became higher toward the end of the session, when
some animals ceased feeding. [For example, the locomotor ac-
tivity scores (means * SEM) at the 10, 20, and 30 min time

points were, following DNQX injection into medial accumbens
(high dose): 8 * 2, 30 = 10, 41 * 10, respectively; following
vehicle injection they were 17 * 3, 6 + 2, 2 * 1; significant
interaction, F(2, 24) = 13.9, p < 0.001.] In contrast, DNQX
injections into the central accumbens, corresponding to the core
subregion, did not significantly affect feeding (Table 2).
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Table 1. Effect of EAA antagonists infused into the medial
accumbens on latency to eat

Treatment Latency to eat
(pg/0.5 pl) (sec)
DNQX, medial accumbens
0 416.7
0.25 100.7
0.75 20
NBQX, medial accumbens
0 *
0.2 493
1.0 9.6
CNQX, medial accumbens
0 893.3
0.75 362.6
1.5 9

DNQX, medial accumbens,
+ AMPA (n = 6)
AMPA (1 pg) + saline *

AMPA (1 pg) + DNQX (0.75 pg) 8044
DNQX, medial accumbens, + muscimol, LH

DNQX (0.75 pg) + saline 49
DNQX + 10 ng muscimol 1050.5
DNQX + 25 ng muscimol *

Values in the latency column represent the median latency. An asterisk in the
place of a latency score indicates that no animals fed in that treatment group.
Total duration of test session was 1800 sec.

In order to test the pharmacological specificity of this behav-
ioral effect, several further experiments were carried out. In new
groups of animals, two further compounds selective for blocking
AMPA and kainate receptors, NBQX and CNQX, were injected
into the medial region of accumbens. Both these compounds
induced a marked feeding response, reflected both in increased
gram intake and feeding duration (Fig. 2), and extremely short
feeding latencies (Table 1). NBQX induced a significant dose
effect for food intake [F(2, 16) = 40.5, p < 0.001]; posthoc
contrast tests indicated that both the low and high dose contrib-
uted to this effect. For feeding duration, a significant dose effect
[F(2, 16) = 31.1, p < 0.001] and dose X time interaction [F(4,
32) = 5.5, p < 0.01] were found. Analysis of simple main
effects indicated this interaction to be due to a difference be-
tween the high dose group and vehicle [F(2, 32) = 109, p <
0.01]. CNQX induced a significant effect on food intake [F(2,
10) = 7.3, p < 0.01], with both doses significantly increasing
intake. For feeding duration, a significant dose effect [F(2, 10)
= 6.4, p < 0.05] and significant dose X time interaction [F(4,
20) = 8.4, p < 0.001] was found. This interaction was due to
a difference between the high dose group and vehicle [F(2, 20)
= 12.5, p < 0.01].

Since there are high levels of NMDA receptors in the nucleus
accumbens, it was also of interest to ascertain whether blockade
of these receptors would also elicit feeding. The selective, com-
petitive NMDA antagonist AP-5 did not elicit feeding in either
the medial or central region (Table 2). Infusion of MK-801, a
noncompetitive NMDA antagonist, also did not affect feeding
when infused into the medial accumbens site.

Table 2. Effect of EAA antagonists infused into the nucleus accumbens on feeding parameters

Latency

Treatment Food intake Feeding duration to eat

(ng/0.5 pby (gm) (sec) (sec)

DNQX, central accumbens (n = 11)

0 04 =03 122+ 79 *
0.75 07 +04 1197 = 82.4 614.7

AP-5, central accumbens (n = 6)

0 0.06 + 0.05 16.5 = 10.6 817.2
0.2 0.03 = 0.01 * *
1.0 0.02 = 0.02 * *

AP-5, medial accumbens (n = 6)

0 0.1 0.1 * *
0.2 0.08 + 0.1 22 + 18.1 *
1.0 0.01 = 0.0 * *

MK-801, medial accumbens (n = 7)

0 0.05 = 04 95 59 686.2

1.0 0.04 = 0.2 14 09 *
DNQX, medial accumbens (n = 7),

+ systemic treatment (i.p.)

DNQX (0.75 pg) + saline 5507 964.3 = 124.1 6.9
+ Naltrexone (5 mg/kg) 50* 1.0 861.5 + 154.8 7.1
+ Haloperidol (0.25 mg/kg) 2.0 = L1+HT 486.7 * 205.3t 6.5
+ SCH-23390 (0.1 mg/kg) 2.8 = 0.7t 4423 + 126.5% 53

Values in latency column are medians; asterisk indicates no animals fed in that treatment group. {11, p < 0.001; 1,
p < 0.05 (treatment effects compared with systemic saline condition).
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Figure 2. Food intake (left side, A) and feeding duration (right side, B) following DNQX infusion into the medial nucleus accumbens, in
combination with muscimol or vehicle infusion into the lateral hypothalmus (» = 6). There was a significant overall treatment effect for both food

intake and feeding duration. **, p < 0.01; *** p < 0.001.

A further experiment was carried out as a control for diffusion
to the lateral ventricle. Since the medial placement appears to
sometimes penetrate the ventricle, it is possible that behavioral
effects observed might be due to drug diffusion to the ventricle,
and activity at a site other than the shell. An experiment was
carried out in which animals had unilateral cannulae aimed at
the medial shell, angled 2.5° so as to avoid penetration of the
ventricle (see Fig. 4). In these animals, a feeding response was
also obtained following infusion of 0.75 pg DNQX, although it
was less than that normally observed following bilateral infu-
sion. The mean intake following drug was 2.2 = 1.2 gm, and
mean feeding duration was 265 * 13 sec. A ¢ test comparing
these scores with those following unilateral saline infusion re-
vealed statistical significance (p < 0.03).

Role of various receptors in DNQX-induced feeding

Several additional experiments evaluated the role of various re-
ceptors in the DNQX-induced feeding effect. First, the effect of
DNQX was tested in the presence of AMPA, which would be
expected to compete with DNQX and reduce its behavioral ef-
fects. In this experiment, AMPA was infused into the medial
accumbens just prior to the DNQX infusion. In these animals,
DNQX had no effect on feeding behavior (food intake for the
AMPA + DNQX condition was 1.2 £ 0.7 gm); AMPA infused
alone also did not affect feeding (Table 1). In the next experi-
ment, the effects of prior systemic pretreatment with either opi-
ate or dopamine antagonists were analyzed. It was reasoned that
opiate receptors might be involved, since high levels of opiate
receptors are found in the shell of the accumbens, and since
opiates are well known to enhance ingestive behavior (Mansour
et al., 1987; Cooper and Kirkham, 1993). However, a dose of
systemic naltrexone that could be expected to easily antagonize
opiate-mediated effects (5 mg/kg) had no effect on DNQX-in-
duced feeding (Table 2). Food intake, feeding duration, and me-
dian latencies to feed following DNQX infusions were similar
in both naltrexone and saline-pretreated animals. Since dopa-
minergic receptors in the nucleus accumbens may play an im-
portant role in motivated behavior, the effects of prior treatment

with a D-1 receptor antagonist (SCH-23390, 0.1 mg/kg, i.p.) and
a D-2 antagonist (haloperidol, 0.25 mg/kg) were also tested. In
contrast to naltrexone, the dopamine antagonists both signifi-
cantly reduced the DNQX-induced feeding (Table 2). There was
a significant overall effect of pretreatment on food intake [F(2,
16) = 18.93, p < 0.001], due to effects of both the D-1 and
D-2 antagonist. Duration of DNQX-induced feeding was also
attentuated by both dopamine antagonists [F(2, 16) = 4.74, p
< 0.05]. This reduction was not due to general motoric impair-
ment, since the locomotion scores in animals treated with the
antagonists were the same or higher than in the control condi-
tion, and since latencies to feed were not affected by neuroleptic
treatment (see Table 2). For the experiment with neuroleptics,
motor activity scores were (total/30 min): DNQX-vehicle, 40 =
10, DNQX-haloperiodol, 75 = 26, DNQX-SCH 23390, 34 *
11 (no significant difference).

Involvement of the lateral hypothalamus in DNQX-induced
Jeeding

We noted that the intensity, rapid onset, and general profile of
feeding following medial accumbens DNQX infusions bore a
striking resemblance to the ingestive behavior observed follow-
ing electrical stimulation of the lateral hypothalamus (Valen-
stein, 1969; Wise, 1974; Stellar et al., 1979; Berridge and Val-
enstein, 1991). Since an extensive lateral hypothalamic projec-
tion is one of the major features that distinguishes the shell from
the core (Heimer et al., 1991), it was hypothesized that DNQX-
induced feeding was mediated via the lateral hypothalamus. In
order to test this hypothesis, rats were bilaterally cannulated in
two sites, the medial accumbens and lateral hypothalamus. We
chose to inactivate lateral hypothalamic neurons with infusions
of the GABA, agonist muscimol (Krupa et al., 1993). Muscimol
causes hyperpolarization of neurons by binding to the GABA,
receptor and increasing chloride conductance; moreover, there is
an abundance of GABA, receptors in the hypothalamus (Mat-
sumoto, 1989). All animals received DNQX (0.75 .g) infusions
into the medial nucleus accumbens in conjunction with three
different lateral hypothalamic infusions: 0 (saline), 10 ng, and
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25 ng muscimol (treatments were counterbalanced across test
days). Muscimol infused into the lateral hypothalamus just prior
to administration of DNQX into the medial accumbens dose-
dependently attenuated the DNQX feeding response (Fig. 2),
with the higher dose completely antagonizing the behavioral re-
sponse. Analysis of variance indicated that there was an overall
treatment effect for food intake [F(2, 10) = 14.2, p < 0.001];
DNQX-induced intake was reduced by both doses of muscimol.
Feeding duration was also decreased by concurrent injection of
mescimol [F(2, 10) = 6.7, p < 0.01), with the higher dose
significantly reducing feeding duration. It is unlikely that general
motor inhibition was responsible for the blockade of feeding,
since the locomotor scores for the muscimol conditions during
the first 10 min were not significantly different from those fol-
lowing the saline-lateral hypothalamus condition, and muscimol-
treated animals sniffed and made contact with the food but did
not consume it. The locomotor score for the first 10 min for the
DNQX/25 ng muscimol treatment group was 4 = 2; for the
DNQX/vehicle treatment group it was 10 = 3 (no significant
difference).

Histology

Representative examples of histological analysis are shown in
Figure 3. Although there was some normal surgical variation in
the placements of the injection cannulae within the accumbens,
particularly in the anterior-posterior plane, injection sites were
consistently in the desired central or medial accumbens regions.
Also shown in Figure 3 is an example of lateral hypothalamic
placements. Figure 4 shows histology from one animal in the
unilateral angled cannula experiment.

Discussion

The present findings provide evidence that the core and shell
subregions of the nucleus accumbens may have fundamentally
different behavioral roles, particularly with regard to the gluta-
matergic input. A pronounced feeding response was observed
following blockade of non-NMDA receptors in the medial shell
region of the nucleus accumbens. This response was pharma-
cologically selective; infusion of NMDA antagonists did not af-
fect ingestive behavior, suggesting that AMPA and/or kainate
receptors in the shell region may play a unique role in the control
of feeding behavior. Moreover, the response was found to be
remarkably anatomically specific, in that infusions of DNQX
into the core, just 0.8 mm lateral to the shell, did not produce
feeding. These findings, together with the evidence for involve-
ment of the lateral hypothalamus, suggest an important role for
the medial aspects of accumbens in motivated behavior.

In recent years, much attention has been given to the notion
of parallel, functionally segregated circuits linking cortex, basal
ganglia, and thalamus (Alexander and Crutcher, 1990). The pat-
tern of connectivity between these structures, as well as behav-
ioral and electrophysiological data, suggests that the functional
specialization that occurs in cortex is conserved within multiple
output structures. This notion has been furthet refined by evi-
dence that within the “limbic” circuit there is additional func-
tional specificity, reflected in the histochemically distinct core
and shell subterritories of the nucleus accumbens, as well as in
quite distinct differences in their afferent and efferent connec-
tivity (Alheid and Heimer, 1988; Zahm and Brog, 1992; Deutch
et al., 1993). The core region of accumbens has direct access to
motor output systems by virtue of its close connections to basal
ganglia pathways, and is postulated to influence voluntary motor

activity. The shell region, in contrast, is traversed by neural path-
ways closely associated with affective processing and regulation
of viscero-endocrine responses. For example, in addition to re-
ciprocal connections with the lateral hypothalamus, the shell re-
ceives input from brainstem autonomic centers such as the par-
abrachial nucleus and nucleus of the solitary tract, both directly
and via projections from aganular insular (“‘visceral”) cortex
(Brog et al., 1993). Although the vast majority of behavioral
studies of the nucleus accumbens have considered it as a ho-
mogenous structure, several recent investigations that have spe-
cifically examined core-shell differences support the suggestion
of a dichotomous nature. A recent study reported that blockade
of NMDA receptors in the core, but not the shell, reduces co-
caine-elicited motor activity (Pulvirenti et al., 1994). Blockade
of NMDA receptors in the core, but not the shell, reduces motor
activity in an open field, exploration of novel objects, novelty-
elicited locomotion, and disrupts spatial learning and perfor-
mance in a foraging task (Maldonado-Irizarry and Kelley, 1994,
1995), suggesting that the core is relatively more involved in
locomotor functions than the shell. Although little work has been
aimed at ascertaining the functions of the shell region of accum-
bens, evidence that it processes affective information is provided
by the finding that the shell region, compared with the core, is
particularly susceptible to activation by stress (Deutch and Cam-
eron, 1992). That finding, together with the present results, sug-
gests that the accumbens shell subterritory plays a role in both
appetitive and aversive motivation.

The feeding response described here was completely abol-
ished by concurrent inactivation of the lateral hypothalamus.
Both the nucleus accumbens and lateral hypothalamus have long
been considered to play a critical role in brain mechanisms of
reinforcement and goal-directed behaviors. The nucleus accum-
bens is thought to play a key role in the facilitation of behavioral
responses to natural and conditioned incentive stimuli; drugs that
artificially activate this system, such as cocaine, produce intense
euphoriant effects (Wise and Bozarth, 1987). Electrical stimu-
lation of the lateral hypothalamus results in evoked goal-directed
behaviors such as eating, drinking, locomotion, and sexual be-
havior, that is, behaviors critical for biological adaptation and
survival (Valenstein, 1969; Devor et al., 1970; Wise, 1974; Hoe-
bel, 1975). Damage to lateral hypothalamic neurons results in
profound disruption of ingestive behaviors in the absence of mo-
tor deficits (Dunnett et al., 1985; Winn et al.,, 1990); neurons
responsive to reward and stimuli associated with reward are
present in both the accumbens and lateral hypothalamus (Ono
et al., 1981; Rolls, 1984). The present findings demonstrate a
functional link between these two brain regions, and suggest that
the shell subregion, in particular, exerts an important modulating
influence on lateral hypothalamic neurons. Although direct re-
ciprocal connections between the medial nucleus accumbens and
lateral hypothalamus have been described previously (Zahm and
Brog, 1992), until now there has been little information about
the behavioral correlates of this connection.

A tentative model regarding the mechanisms underlying the
feeding response is diagrammed in Figure 5. Certain neural in-
puts may normally exert a tonic excitatory effect on shell neu-
rons, via non-NMDA (most likely AMPA and/or kainate) recep-
tors. Temporary removal of this excitation with DNQX causes
shell-hypothalamic neurons to become inactive, thereby disin-
hibiting intrinsic lateral hypothalamic neurons. This disinhibition
resembles electrical stimulation and causes the animals to eat.
A basic assumption of the model is that neurons arising in the
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Figure 3. Representative reconstructions of serial coronal sections (from the animals in the DNQX experiment, for which data is shown in Fig.
1) provided on left side of figure. Drawings were made from a hand-drawn atlas derived from serial coronal sections of a normal rat brain (head
orientation: nose bar 5 mm above interaural zero). Each pair of symbols indicates the approximate location of the bilateral injection site in each
animal. Dots represent central accumbens (core) placements; triangles represent medial accumbens (medial shell) placements. Numbers to the left
of drawings indicate mm from bregma. Photomicrographs of Nissl-stained sections on the right show representative cannula tracks for the medial
accumbens (A), central accumbens (B), and lateral hypothalamus (C). Abbreviations: CPu, caudate-putamen; Ach, accumbens; LS, lateral septum;

ac, anterior commissure.

shell exert an inhibitory influence on lateral hypothalamic neu-
rons, via a GABAergic mechanism. Evidence for an inhibitory
pathway from medial accumbens to lateral hypothalamus has
been demonstrated (Mogenson et al., 1983). Although the neu-

rotransmitter content of this pathway has not yet been identified,
most other identified basal ganglia outputs inhibit their target
structures via a GABAergic mechanism, including fibers pro-
jecting to the ventral tegmental area originating in the shell
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Figure 4. Photomicrograph of can-
nula track placement in the unilateral,
angled control experiment. It can be
observed that the track from the guide
and injector does not penetrate the ven-
tricle. This rat consumed 4 gm in 30
min (feeding duration was 448 sec) fol-
lowing infusion of 0.75 pg of DNQX.

(Chevalier and Deniau, 1987; Kalivas et al., 1993). Moreover,
there is substantial evidence that GABA receptors in the hypo-
thalamus are involved in regulation of feeding (Matsumoto,
1989). GABA or GABA, agonists infused into the lateral hy-
pothamus decrease feeding, while infusion of the GABA, an-

 Corticolimbic/

+ ,— DNQX
IAMPNK]

| chel

A

i / muscimol

Figure 5. Schematic illustration of hypothesized mechanisms under-
lying DNQX-induced feeding, as described in Discussion. Abbrevia-
tions: VTA, ventral tegmental area; DA, dopamine; AMPA/K, AMPA
and kainate receptors. For other abbreviations, see text.

tagonists bicuculline or picrotoxin increases this behavior (Kelly
et al., 1977, 1979; Tsujii and Bray, 1991). Excitation of lateral
hypothalamic neurons with infusion of excitatory amino acids
results in a rapid-onset, intense feeding response that appears
highly localized to this particular hypothalamic site (Stanley et
al., 1993).

The results with dopamine antagonists suggest that dopamine
may play a modulatory role in DNQX-elicited feeding. Both the
D-1 and D-2 antagonists reduced DNQX-induced feeding by
about half. This result is in accordance with the theory that do-
pamine is a critical modulator of the behavioral effects evoked
by electrical stimulation of the lateral hypothalamus. Feeding
evoked by lateral hypothalamic electrical stimulation is reduced
by neuroleptic treatment, and lateral hypothalamic stimulation is
associated with increased release of dopamine in the nucleus
accumbens (Phillips and Nikaido, 1975; Mogenson and Wu,
1982; Hernandez and Hoebel, 1988). Feeding can also be elic-
ited with low doses of amphetamine injected into the nucleus
accumbens (Evans and Vaccarino, 1986). Further, the rewarding
effects of lateral hypothalamus stimulation are dependent on in-
tact forebrain dopamine systems (Wise and Rompré, 1989).

Electrophysiological experiments further support the model
noted above. Intracellular recordings from medial accumbens
output neurons, during stimulation of corticolimbic inputs, re-
sults in excitatory responses that are depressed by application
of dopamine (Pennartz et al., 1992, 1993). In a related study,
the postsynaptic response of accumbens output neurons was
found to be primarily mediated by quisqualate/kainate receptors,
while the contribution of NMDA receptors was very small (Pen-
nartz et al.,, 1991). These findings support the hypothesis that
corticolimbic (or thalamic) inputs normally exert a tonic excit-
atory influence on accumbens shell efferent neurons. When this
influence is attenuated either via application of a non-NMDA
antagonist or activation of dopamine, appetitive behavior is fa-
cilitated. Moreover, the present findings may explain why ani-
mals show oral motor behaviors, such as chewing, when this




region is stimulated with a dopaminergic agonist (Prinssen et al.,
1994).

In summary, the present experimental findings suggest that
the accumbens shell subterritory is part of a functionally spe-
cialized circuit mediating motivational processes. It should be
noted that much further work is needed to adequately charac-
terize the role of the shell, its inputs and outputs, and various
neurotransmitter interactions within this area in the control of
ingestive behavior. For example, the model described above as-
sumes that certain EAA-coded inputs exert a tonic excitatory
influence on shell neurons, but the source of this influence re-
mains an open question. Similarly, although dopamine in the
accumbens has been linked to modulation of feeding, there has
been little investigation of core-shell differences in the response
to dopaminergic stimulation, nor of the role of different DA
receptor subtypes in these subregions. Finally, knowledge of the
precise borders of the zone sensitive to EAA antagonists remains
to be elucidated, as well as whether other output areas, such as
ventral pallidum and ventral tegmental area, may also play a
role.
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