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Abstract
Organisms often make effort-related choices based upon assessments of motivational value and work
requirements. Nucleus accumbens dopamine is a critical component of the brain circuitry regulating
work output in reinforcement-seeking behavior. Rats with accumbens dopamine depletions reallocate
their instrumental behavior away from food-reinforced tasks that have high response requirements,
and instead they select a less-effortful type of food-seeking behavior. The ventral pallidum is a brain
area that receives substantial GABAergic input from nucleus accumbens. It was hypothesized that
stimulation of GABAA receptors in the ventral pallidum would result in behavioral effects that
resemble those produced by interference with accumbens dopamine transmission. The present studies
employed a concurrent choice lever pressing/chow intake procedure; with this task, interference with
accumbens dopamine transmission shifts choice behavior such that lever pressing for food is
decreased but chow intake is increased. In the present experiments, infusions of the GABAA agonist
muscimol (5.0–10.0 ng) into the ventral pallidum decreased lever pressing for preferred food, but
increased consumption of the less preferred chow. In contrast, ventral pallidal infusions of muscimol
(10.0 ng) had no significant effect on preference for the palatable food in free-feeding choice tests.
Furthermore, injections of muscimol into a control site dorsal to the ventral pallidum produced no
significant effects on lever pressing and chow intake. These data indicate that stimulation of GABA
receptors in ventral pallidum produces behavioral effects similar to those produced by accumbens
dopamine depletions. Ventral pallidum appears to be a component of the brain circuitry regulating
response allocation and effort-related choice behavior, and may act to convey information from
nucleus accumbens to other parts of this circuitry. This research may have implications for
understanding the brain mechanisms involved in energy-related psychiatric dysfunctions such as
psychomotor retardation in depression, anergia, and apathy.
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Organisms are separated from significant stimuli by environmental constraints or obstacles
(i.e. response or procurement “costs”), and therefore instrumental behaviors often are
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characterized by a high degree of vigor, persistence and work output (Salamone, 1992;
Salamone and Correa, 2002; Salamone et al., 2007; Niv et al., 2007). The work requirements
for obtaining reinforcing stimuli can differ substantially depending upon the instrumental task,
and these requirements can vary along several distinct dimensions (e.g. numbers of responses,
force or distance requirements; Collier and Jennings, 1969; Aberman and Salamone, 1999;
Ishiwari et al., 2004; van den Bos et al., 2006). Furthermore, organisms often make effort-
related choices based upon cost/benefit analyses; responses can be allocated in relation to
several factors, including assessments of motivational value and work requirements (Salamone
et al., 1991, 1997, 2003, 2005; Salamone and Correa, 2002; Denk et al., 2005; Rushworth et
al., 2004; Ernst and Paulus, 2005; Phillips et al., 2007). Pathologies involving effort-related
functions, such as psychomotor slowing, anergia, and apathy, are recognized as an important
feature of various psychiatric syndromes, including depression and other disorders (Tylee et
al., 1999; Stahl, 2002; Salamone et al., 2006). Considerable evidence indicates that dopamine
(DA), particularly in nucleus accumbens, regulates effort-related processes (i.e. processes
involved in overcoming work-related response costs; Salamone et al., 1991, 2003, 2005,
2007; Vezina et al., 2002; Zhang et al., 2003; Wakabayashi et al., 2004; Barbano and Cador,
2006, 2007; Cagniard et al., 2006; Denk et al., 2005; Phillips et al., 2007; Floresco et al., in
press). Food-reinforced lever pressing tasks that have minimal work requirements are generally
reported to be only minimally affected by accumbens DA depletions, while schedules that have
high work requirements (e.g. large ratio requirements) are substantially impaired by accumbens
DA depletions (Aberman and Salamone, 1999; Salamone et al., 2003; Ishiwari et al., 2004;
Mingote et al., 2005). Moreover, interference with accumbens DA transmission can profoundly
alter effort-related choice behavior. Research involving choice tasks has shown that rats given
low doses of DA receptor antagonists, and rats with accumbens DA depletions, reallocate their
behavior away from tasks that have high response requirements, and instead select less effortful
types of food-seeking behavior (Salamone et al., 1991, 1994, 2002; Cousins et al., 1993,
1996; Koch et al., 2000; Nowend et al., 2001). In several studies, a concurrent lever pressing/
chow feeding procedure has been used, in which rats have the choice to either work for a
preferred food by lever pressing on a fixed ratio 5 (FR 5) schedule, or simply to approach and
consume a less-preferred food (i.e. laboratory chow) that is concurrently available in the
chamber (Salamone et al., 1991). Under baseline or control conditions, rats typically obtain
most of their food by lever pressing, and interference with DA transmission by injections of
low doses of DA antagonists or depletions of accumbens DA causes a dramatic shift in behavior
characterized by reduced lever pressing for food accompanied by increased levels of chow
intake (Salamone et al., 1991, 2002; Cousins et al., 1993; Koch et al., 2000; Nowend et al.,
2001).

Although accumbens DA is a vital component of the brain circuitry regulating work output
and effort-related choice behavior (Salamone and Correa, 2002; Salamone et al., 2003, 2005,
2006, 2007), it is recognized that other brain areas (e.g. anterior cingulate cortex, amygdala)
and neurotransmitters (e.g. adenosine) must also be involved (Walton et al., 2002, 2003,
2006, 2007; Schweimer et al., 2005; Schweimer and Hauber, 2006; Floresco and Ghods-
Sharifi, 2007; Salamone et al., 2006, 2007; Farrar et al., 2007). One of the brain areas receiving
the greatest input from nucleus accumbens is the ventral pallidum (VP; Heimer et al., 1982;
Zahm and Brog, 1992; Kretschmer, 2000). The projections from nucleus accumbens to VP are
GABAergic (Groenewegen and Russchen, 1984; Zahm and Brog, 1992; Kalivas et al., 1993),
and these neurons also colocalize substance P or enkephalin (Groenewegen and Russchen,
1984; Zahm and Brog, 1992; Kalivas et al., 1993). The VP is very rich in GABA, and
approximately 85% of the axon terminals that form identifiable synapses in the VP are
GABAergic (Chang et al., 1995). Neurons from VP project to mediodorsal thalamus and
various brainstem motor areas (Zahm and Brog, 1992; Groenewegen et al., 1993). VP appears
to function both as a relay station for information passing through from nucleus accumbens,
and also as an integrator of information related to diverse limbic and striatal inputs (Koob and
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Swerdlow, 1988; Chrobak and Napier, 1993; Kretschmer, 2000). Previous studies have
implicated VP GABA in prepulse inhibition of startle (Swerdlow et al., 1990; Kodsi and
Swerdlow, 1995), and in functions related to drug reinforcement, including conditioned place
preference and drug self-administration (Kretschmer, 2000; June et al., 2003; Koob, 2004;
Caille and Parsons, 2004). Furthermore, several previous studies have illustrated the
importance of ventral pallidal GABAA receptors in the modulation of locomotor activity (Jones
and Mogenson, 1980; Mogenson and Nielsen, 1983; Austin and Kalivas, 1990; Hooks and
Kalivas, 1995). However, less is known about the role of VP GABAA receptors in regulating
food-reinforced instrumental behavior. VP neurons show increased firing rates in response to
sucrose reward and pavlovian cues predicting reinforcement (Tindell et al., 2004), and VP
lesions have been shown to reduce maximum rates of lever pressing reinforced by food
(Johnson et al., 1996). Injections of 100–200 ng of bicuculline into the VP increased food
intake, but did not affect hedonic responses to sucrose (Smith and Berridge, 2005).

The present studies were undertaken to investigate the role of VP GABAA receptors in
modulating response allocation in food-reinforced behavior. Experiment 1 studied the effects
of VP injections of the GABAA agonist muscimol on performance of the concurrent lever
pressing/chow feeding task. In view of data indicating that stimulation of GABAA receptors
and accumbens DA depletions can produce similar effects on locomotion and prepulse
inhibition of startle, it was hypothesized that stimulation of GABAA receptors by local infusion
of muscimol into VP should produce the same effect as accumbens DA depletions (i.e.
decreases in lever pressing should be accompanied by increases in chow intake). Based upon
the results of experiment 1, additional control studies were performed. Experiment 2 studied
the effect of VP injections of muscimol on free consumption and choice of the same two foods
used in experiment 1. Experiment 3 assessed the behavioral effects of injections of muscimol
into a control site dorsal to the VP. The 4th and final experiment involved injections of a
retrograde tracer into VP or a dorsal control site in order to verify that the behaviorally active
VP site received projections from the nucleus accumbens.

EXPERIMENTAL PROCEDURES
Animals

Male Sprague–Dawley rats (Harlan Sprague Dawley; Indianapolis, IN, USA), weighing 275–
300 g at the beginning of the experiments, were used for these studies (total n=62). All animals
were housed in a colony with a 12-h light/dark cycle with lights on at 07:00 h, and temperature
maintained at approximately 23 °C. Animals were initially food-deprived to 85% of their free
feeding body weight, but then allowed modest growth over the course of the study (i.e. up to
95% of original weight) because the rats receive enough food in the operant chamber to allow
for modest growth. Water was available ad libitum in the home cages at all times. Prior to
surgery, animals were housed in pairs, and after surgery all animals were housed separately.
Animal protocols were approved by the institutional animal care and use committee of the
University of Connecticut, and the methods were in accord with the Guide for the Care and
Use of Laboratory Animals. These experiments were conducted so as to minimize the number
of animals used and any potential suffering.

Concurrent lever pressing/feeding behavioral procedures
Behavioral sessions were conducted in operant conditioning chambers (28 cm×23 cm×23 cm;
Med Associates, Georgia, VT, USA) during the light period. Animals were trained in 30 min
sessions, 5 days per week. In the first week of training, all rats were trained to lever press for
45 mg pellets (Research Diets, Inc., New Brunswick, NJ, USA) on a FR 1 schedule. In the
second week, animals were shifted to a FR 5 schedule, which was maintained for 3–4 weeks
to ensure stable performance. Subsequently, all rats were trained on the concurrent FR 5/chow
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feeding procedure. For this procedure, weighed amounts of laboratory chow (Prolab,
Laboratory Diet, Brentwood, MO, USA; typically 15–20 g, three large pieces) were
concurrently available on the floor of the chamber during the 30 min FR 5 sessions. At the end
of the session, rats were immediately removed from the chambers. Food intake was determined
by weighing the remaining food, including spillage, while lever pressing was recorded by a
computer program.

Operant pellet/laboratory chow food consumption task
Free feeding choice sessions were conducted in plastic tub cages (45 cm×24 cm×20 cm).
Animals were trained in 30-min sessions, 5 days per week, during the light period. For the
initial training, animals had free access to weighed amounts (20 g) of 45 mg sucrose operant
pellets. After 4 weeks of training with only the operant pellets, weighed amounts of laboratory
chow (15–20 g) were introduced to the apparatus. For this phase of the training, rats were
allowed to choose between the operant pellets and the laboratory chow. Food consumption was
determined by weighing each type of food separately both before and after the sessions.

Pharmacological agents
Muscimol hydrobromide was purchased from Sigma Chemical (St. Louis, MO, USA) and
dissolved in 0.9% saline. Experiments 1 and 2 used three drug treatment conditions (saline
vehicle, 5.0 ng, and 10.0 ng muscimol) in each of the two sites. Experiment 3 used two treatment
conditions (saline vehicle and 10.0 ng muscimol). The doses of muscimol used were based
upon pilot studies, and were intended to be very low so they did not have non-specific effects
on a wide variety of behaviors.

Surgical and intracranial injection procedures
Rats were anesthetized with a solution (1.0 ml/kg, i.p.) that contained ketamine (100 mg/ml)
and xylazine (0.75 ml of a 20 mg/ml solution added to 10.0 ml of ketamine solution), and
placed in a stereotax. The incisor bar on the stereotax was set to 5.0 mm above the interaural
line. All animals received bilateral implantations of stainless steel guide cannulae (25 gauge,
extra-thin wall). For the VP site, guide cannulae were implanted 1.0 mm dorsal to target at the
following coordinates: AP +0.8 mm (from bregma), ML ±2.5 mm (from midline), and DV
−7.5 mm (from the skull surface). For the dorsal control site, guide cannulae were implanted
at the following coordinates: AP +0.8 mm (from bregma), ML ±2.5 mm (from midline), and
DV −5.0 mm (from the skull surface). The guide cannulae were secured to the skull with
stainless steel screws and cranioplastic cement. To maintain patency of the cannulae prior to
injection, stainless steel stylets were inserted. All animals were housed in separate cages after
surgery, and were allowed 7–10 days to recover. After recovering from cannulae implantation
surgery, rats in experiments 1 and 3 resumed training on the concurrent FR 5/chow feeding
procedure for two additional weeks. Rats in experiment 2 resumed training on the free feeding
choice procedure to two additional weeks. For bilateral intracranial (IC) injections through the
cannulae, 30 gauge stainless steel injectors were used. The injectors were set to extend 1.0 mm
beyond the tip of the guide cannulae. The injectors were connected to 10.0 μl Hamilton syringes
with PE-10 tubing, and the injections were driven by a syringe pump (Harvard Apparatus) at
a rate of 0.5 μl/min. Each side received 0.5 μl total volume, and the injectors were left in place
for an additional 1 min to allow diffusion of the drug. Each animal received an injection of
only one drug treatment condition.

Experiments
Four experiments were conducted.
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Experiment 1: Effect of VP muscimol on concurrent FR 5/chow feeding
procedure—Rats (n=25) were trained on the concurrent FR 5/chow feeding procedure as
described above. After training, rats were implanted with cannulae in the VP, and training
resumed after the postsurgical recovery period. Drug testing was conducted using a between-
groups design, with each rat receiving only one drug treatment. Rats were randomly assigned
to receive intracranial injections of saline vehicle, 5.0 ng muscimol, or 10.0 ng muscimol per
side, in 0.5 μl total volume (see above). Directly following the injection procedure, the animals
were placed in the operant chambers for a 30-min FR 5/chow feeding session. Behavioral
measures included the total number of lever presses and the total amount of chow consumed.

Experiment 2: Effect of VP muscimol on consumption of operant pellets and
laboratory chow—Rats (n=13) were trained on the operant pellet/chow feeding procedure,
and then were implanted with cannulae in the VP. Behavioral training resumed after the
postsurgical recovery period. Rats were randomly assigned to receive intracranial injections
of either saline vehicle or 10.0 ng muscimol per side, in 0.5 μl total volume, with each rat
receiving only one drug treatment, as described above. Immediately following the injection
procedure, rats were placed in the feeding chambers and allowed to choose freely between
operant pellets and the laboratory chow. Food consumption was determined by weighing each
type of food separately both before and after the testing session.

Experiment 3: Effect of muscimol injections into the dorsal control site:
Concurrent FR 5/chow feeding procedure—Rats (n=22) were trained on the concurrent
FR 5/chow feeding procedure. After training, rats were implanted with cannulae in the dorsal
control site, and training resumed after post surgical recovery. The drug injections, behavioral
procedures and measures for this experiment were identical to those used in experiment 1.

Experiment 4: Retrograde tracer studies—The retrograde tracer cholera toxin B subunit
(CTB 488, Molecular Probes, Invitrogen Corporation, Carlsbad, CA, USA) was injected into
the VP (n=1) or a dorsal control site (n=1) of two different rats 1 week before perfusion. The
injections of CTB were made with a glass micropipette and injected into the VP (AP: −0.8 mm,
ML: ±2.6 mm, DV: −7 mm from dura; incisor bar on the stereotax was set between 3.2 and 4
mm below the interaural line) or the control site 2.0 mm dorsal to the VP. One week after tracer
delivery, animals were anesthetized with CO2 and perfused with physiological saline followed
by 3.7% formaldehyde. Tissue sections (40 μm) were sliced on a vibratome and stored in
phosphate-buffered saline (PBS) at 4 °C until histological processing.

CTB visualization
Transported CTB was visualized using a standard immunohistochemistry protocol modified
for the detection of CTB in free-floating sections. A series of free floating sections was rinsed
for 30 min in 0.1 M PBS and endogenous peroxidase activity was quenched with a 20 min
incubation in 0.5% hydrogen peroxide (H2O2)+1% methanol (MEOH) solution in 0.1 M PBS.
Sections were rinsed in 0.1 M PBS (30 min) and permeablized and blocked for 1 h in a PBS
solution containing 0.2% Triton+2.5% normal goat serum (NGS; Vector Laboratories Inc;
Burlingame, CA, USA). Sections were then incubated in a solution of primary antibody rabbit
anti-CTB (1:5000 Sigma-Aldrich)+2.5% NGS in 0.1 M PBS overnight at 4 °C. Following a
30 min rinse in 0.1 M PBS, the sections were incubated in secondary antibody biotinylated
goat-anti-rabbit (1:200 Vector Laboratories Inc.)+2.5% NGS in 0.1 M PBS for 2 h at room
temperature. After another 30 min rinse, the sections were then incubated in an avidin– biotin
solution+0.1% Triton in 0.1 M PBS (ABC kit; Vector Laboratories Inc.) for 1 h at 20 °C
followed by a 30 min rinse in 0.1 M PBS. Sections were then processed for immunoperoxidase
reactivity using a diaminobenzidine (DAB) solution. The final reaction product was obtained
using a DAB substrate kit for peroxidase with nickel (Vector Laboratories Inc.), using a 2–10

FARRAR et al. Page 5

Neuroscience. Author manuscript; available in PMC 2009 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



min processing at room temperature. Tissue was rinsed a final time for 30 min in 0.1 M PBS
and mounted on slides to dry overnight. The mounted tissue was then cleared with Citrisolv
and coverslipped using DPX (VWR International Ltd., Poole, UK).

Nissl staining procedures
After experiments 1–3 were completed, each animal was anesthetized with CO2 and
transcardially perfused with physiological saline followed by a 3.7% formaldehyde solution.
The brains were removed and stored in formaldehyde for several days (for post-fixation) and
were then sliced and mounted on slides. Following slicing and mounting, slides were stained
with Cresyl Violet, and cannula placements were determined using a microscope. All animals
used for statistical analyses in the present experiments had verified cannula placements (14.9%
of all implantations were rejected). Cannula placements for all animals receiving the 10 ng
dose in experiments 1 and 3 are shown in Fig. 1 (see Pellegrino et al., 1979 for atlas reference
pages).

Statistical analyses
Data for experiments 1 and 3, including total lever presses and chow intake quantities, were
analyzed using a one-factor (drug dose, three levels) between subjects analysis of variance
(ANOVA). If the overall ANOVA revealed a significant difference between treatment
conditions, post hoc Dunnett tests were used to determine the source of the difference, with
the vehicle-treated rats designated as the control group. Additionally, correlational analyses
were used to measure the relationship between lever pressing and chow consumption. For
experiment 2, pellet and chow consumption were separately analyzed using independent-
sample t-tests and non-parametric analyses.

RESULTS
Experiment 1: Effect of VP muscimol on concurrent FR 5/chow feeding procedure

The results of experiment 1 are shown in Fig. 2. Infusion of muscimol into the VP dose-
dependently reduced lever pressing [F(2, 24)=25.537; P<0.05] and increased chow
consumption [F(2, 24)=10.484; P<0.05]. Dunnett tests revealed that both the 5.0 and 10.0 ng
doses of muscimol reduced lever pressing and increased chow consumption. Furthermore, there
was a significant inverse correlation between lever pressing and chow consumption in rats that
received 5.0 and 10.0 ng muscimol (r=−0.620, df=14; P<0.05).

Experiment 2: Effect of VP muscimol on consumption of operant pellets and laboratory chow
Animals treated with saline vehicle (n=8) consumed 18.15±0.40 g (mean±S.E.M.) of operant
pellets and 0.59±0.23 g of laboratory chow, whereas animals that received 10.0 ng muscimol
in the VP consumed 14.34±1.98 g of operant pellets and 0.12±0.08 g of laboratory chow.
Although there was a tendency for animals treated with 10.0 ng muscimol into the VP to show
a slight suppression of both operant pellet and chow intake relative to those that received vehicle
treatment, analyses with either parametric (t-test, separate variances) or non-parametric (Mann-
Whitney U) tests indicated that there was not a statistically significant difference between
groups (P>0.05).

Experiment 3: Effect of muscimol injections into the dorsal control site: Concurrent FR 5/
chow feeding procedure

The results of experiment 3 are presented in Fig. 3. Infusion of muscimol into a dorsal control
site failed to produce a statistically significant effect on the total number of lever presses [F
(2, 21)=0.69; P=0.5] or chow consumption [F(2, 21)=1.47; P=0.25 Furthermore, there was no
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significant inverse correlation between lever presses and chow consumption (r=−.049, df=14;
P=0.8) in rats that received 5.0 and 10.0 ng muscimol.

Experiment 4: Retrograde tracer studies
As shown in Fig. 4, injections of CTB into the VP resulted in retrograde labeling of neurons
in ventral striatal areas surrounding the anterior commissure, including nucleus accumbens
core and adjacent areas of anteroventromedial neostriatum. In contrast, injections of CTB
dorsal to the VP, in the vicinity of the globus pallidus and overlying neostriatum, failed to label
the nucleus accumbens, and instead labeled cells in the dorsomedial neostriatum.

DISCUSSION
The present results indicate that VP GABA is involved in modulating response allocation in
food-seeking behavior. Injections of the GABAA agonist muscimol into the VP produced
behavioral effects similar to those previously shown to be induced by interference with DA
transmission in nucleus accumbens. With animals responding on a concurrent lever pressing/
chow feeding task, muscimol produced a dose-related decrease in lever pressing that was
accompanied by an increase in chow intake. In muscimol-treated rats, there was a robust inverse
correlation between lever pressing and chow intake. These effects were not produced by
injections of muscimol into a control site dorsal to VP. Moreover, VP injections of muscimol
did not alter preference between operant pellets and chow in free-feeding choice tests. In view
of data indicating that VP receives projections from nucleus accumbens, the present findings,
together with other studies, indicate that nucleus accumbens and VP are components of the
brain circuitry regulating response allocation in food-seeking and effort-related choice
behavior.

The results of experiment 1 clearly show that VP injections of muscimol produce a dose-
dependent decrease in lever pressing and a corresponding increase in chow consumption in the
operant concurrent choice procedure. Importantly, this pattern of results closely resembles the
effects of both nucleus accumbens DA depletions and intra-nucleus accumbens administration
of DA antagonists, in that stimulation of GABAA receptors in the VP, as well as interference
with nucleus accumbens DA transmission, both shift behavior from lever pressing to chow
intake with animals performing on this task (Cousins and Salamone, 1994; Cousins et al.,
1993; Koch et al., 2000; Nowend et al., 2001; Salamone et al., 1991; Sokolowski and Salamone,
1998). The shift from lever pressing to chow intake seen after administration of muscimol into
the VP does not appear to be dependent upon a drug-induced alteration of food preference,
because experiment 2 showed that muscimol injections did not alter preference between
operant pellets and laboratory chow. Thus, consistent with the observations made in previous
studies with dopaminergic manipulations, the present results indicate that rats treated with a
low dose (i.e. 5.0–10.0 ng) of muscimol in the VP remain directed toward the acquisition and
consumption of food. Although lever pressing is reduced by stimulation of VP GABAA
receptors, muscimol-treated rats show alterations in the allocation of their instrumental
responding, and select a new path to an alternative food source (i.e. the concurrently available
chow). This pattern of results suggests that rats injected with muscimol into the VP, like rats
with impaired accumbens DA transmission, show alterations in their effort-related choice
behavior. Additional studies involving other behavioral tasks (e.g. T-maze; Salamone et al.,
1994; Cousins et al., 1996; ratio schedules, Salamone et al., 2001; Correa et al., 2002; Mingote
et al., 2005) will be necessary to provide a more complete characterization of the effort-related
functions of VP GABA.

In addition to the operant concurrent choice procedure, the relationship between nucleus
accumbens DA transmission and VP GABA transmission has been observed using other
behavioral procedures. For example, prepulse inhibition of the acoustic startle response, which
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is known to be affected by dopaminergic manipulations of the nucleus accumbens, also is
modulated by VP GABA transmission. Deficits in prepulse inhibition were produced by VP
infusions of the GABAA antagonist picrotoxin, but not by the GABAB antagonist saclofen
(Swerdlow et al., 1990; Kodsi and Swerdlow, 1995). In addition, the deficits in prepulse
inhibition that were induced by stimulation of DA receptors in accumbens were reversed by
VP infusions of the GABAA agonist muscimol (Swerdlow et al., 1990; Kodsi and Swerdlow,
1995). Novelty-induced locomotion was reduced by VP injections of the GABAA agonist
muscimol (Austin and Kalivas, 1990; Hooks and Kalivas, 1995). Conversely, blockade of
GABAA receptors with either the competitive inhibitor bicuculline or the non-competitive
inhibitor picrotoxin stimulated locomotor activity (Mogenson and Nielsen, 1983; Austin and
Kalivas, 1990). Inactivation of the VP also has been shown to affect working memory and
foraging choice (Floresco et al., 1999). In summary, the present results are consistent with
previously reported findings that describe the functional relationship between nucleus
accumbens and VP.

In addition to studying prepulse inhibition and locomotion, other studies have examined the
function of VP GABAA transmission in aspects of feeding behavior. It has been reported that
VP infusions of the GABAA antagonist, bicuculline, can increase feeding in rats (Smith and
Berridge, 2005; Stratford et al., 1999). More recently, Shimura et al. (2006) reported that
bicuculline injections in the VP produced a substantial and selective increase in consumption
of a saccharin solution compared with water or quinine solutions. The behavioral processes
involved in these effects are uncertain, and the notion that GABAA blockade in the VP could
be mediating hedonic reactivity remains somewhat unclear; neither Smith and Berridge
(2005) nor Shimura et al. (2006) reported a bicuculline-induced increase in hedonic taste
reactivity. Nevertheless, it was reported that VP muscimol injections not only significantly
suppressed consumption of saccharin, water, and quinine solution, but that muscimol treatment
also significantly increased aversive taste reactivity responses to all solutions tested (Shimura
et al., 2006). In light of the findings described above, it has been argued that facilitation of
GABAA neurotransmission in the VP regulates feeding behavior through a mechanism
involved in mediating aversive responses to food, but blockade of GABAA receptors in the VP
does not produce the opposite (i.e. hedonic) response. In experiment 2 of the present study,
there was a tendency for consumption of both types of food to be slightly suppressed in rats
treated with 10.0 ng muscimol; however, this effect was not statistically significant. Moreover,
this dose of muscimol did not produce a shift in food preference in the free choice procedure
(experiment 2), suggesting that the shift in behavior observed in experiment 1 was not due to
increased aversive taste reactivity. Also, it seems unlikely that producing a general food
aversion effect would lead to an increase in chow intake. Recent studies from our laboratory
have shown that the cannabinoid CB1 inverse agonist AM251, which is known to produce
food aversions (McLaughlin et al., 2005), does not produce a shift from lever pressing to chow
intake with rats responding on the concurrent choice task (Sink et al., 2007). Rats treated with
doses of AM251 that induced conditioned gaping, which is a sign of nausea or malaise in rats,
showed suppressed lever pressing but no corresponding increase in chow intake when tested
in the concurrent choice task (Sink et al., 2007). Finally, in considering the relation between
the present results and those of Shimura et al. (2006), it is worthwhile to emphasize the fact
that the highest dose of muscimol used in the present studies was 10.0 ng, while the dose that
produced aversive responses in the Shimura et al. (2006) study was 10 times higher (i.e. 100.0
ng).

Experiment 3 demonstrated that the shift in choice behavior observed in experiment 1 was due
to stimulation of GABAA receptors in the VP, but not in sites dorsal to the VP, including globus
pallidus and caudate-putamen. This type of control experiment is important, because it
demonstrates some degree of site specificity, and emphasizes that the results of experiment 1
were not due to non-specific consequences of simply injecting muscimol into the forebrain. In
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accordance with the results of experiment 3, experiment 4 demonstrated that the behaviorally
active site, at which muscimol produced the shift in choice, receives projections from nucleus
accumbens, whereas the dorsal control site used in experiment 3 receives projections from
neostriatal regions dorsal to the accumbens. Although the present studies indicate some degree
of site specificity in the effects of VP muscimol injections, they do not provide a comprehensive
map of the effective brain region, and future experiments need to explore both the medial–
lateral and dorsal–ventral extent dimensions in order to provide a more precise mapping of this
effect.

CONCLUSIONS
In summary, the present findings serve to support the hypothesis that nucleus accumbens DA
transmission and VP GABA transmission form part of functional circuit that underlies various
behavioral processes, including prepulse inhibition, locomotion, and effort-related choice. The
brain circuitry regulating effort-related choice also appears to include several additional
structures, including prefrontal/anterior cingulate cortex and basolateral amygdala (Walton et
al., 2002, 2003; Schweimer et al., 2005; Schweimer and Hauber, 2006; Floresco and Ghods-
Sharifi, 2007; Salamone et al., 2006, 2007). Further experimentation will be needed to
characterize more completely the contribution that these structures make to effort-related
processes, and to understand the relation between the basic neuroscience research in this area
and clinical studies of energy-related disorders such as psychomotor slowing, anergia and
fatigue (Salamone et al., 2006, 2007).
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Fig. 1.
Left: Drawings indicating cannula placements for all animals that received 10.0 ng muscimol
in the VP in experiment 1 (gray circles), and in the dorsal control site in experiment 3 (open
triangles). For each animal, placements are only shown for one hemisphere. Figure is adapted
from Pellegrino et al. (1979). Right: Composite photomicrograph of Nissl-stained section
indicating representative VP cannula placement. CC =corpus callosum, CPU=caudate
putamen, AC=anterior commissure, GP=globus pallidus.
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Fig. 2.
The effects of VP injections of muscimol on performance of the concurrent lever pressing/
chow feeding choice procedure. Rats received treatment with either saline vehicle, 5.0 ng or
10.0 ng muscimol. (A) Mean (±S.E.M.) number of lever presses (FR 5 schedule) during the
30 min session. (B) Mean (±S.E.M.) gram quantity of chow intake. (* P<0.05, different from
vehicle.)
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Fig. 3.
The effects of injections of muscimol into the dorsal control site on performance of the
concurrent lever pressing/chow feeding choice procedure. Rats received treatment with either
saline vehicle, 5.0 ng or 10.0 ng muscimol. (A Mean (± S.E.M.) number of lever presses (FR
5 schedule) during the 30 min session. (B) Mean (±S.E.M.) gram quantity of chow intake.
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Fig. 4.
Results of the retrograde tracing experiment, showing retrograde labeling following injections
of CTB into the VP and control areas dorsal to the VP. (A–C) Labeling of dorsomedial
neostriatum after injection into globus pallidus and neighboring neostriatum. (A) Low
magnification photomicrograph of labeled region in neostriatum. (B) High magnification
photomicrograph, showing CTB-positive cell bodies. (C) Injection site (gray oval). (D–F)
Labeling of ventral striatal regions after injection into VP. (D) Low magnification
photomicrograph of labeled region in ventral striatal areas surrounding the anterior
commissure, including nucleus accumbens core and adjacent areas of anteroventromedial
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neostriatum. (E) High magnification photomicrograph, showing CTB-positive cell bodies. (F)
Injection site (gray oval). C and F were modified from Pellegrino et al. (1979).
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