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Abstract
Previous studies have shown that infusion of a GABAA receptor antagonist, such as bicuculline (bic), into the ventral (pal-
lidum VP) of rats elicits vigorous ingestion in sated subjects and abnormal pivoting movements. Here, we assessed if the 
ingestive effects generalize to the lateral preoptic area (LPO) and tested both effects for modulation by dopamine receptor 
signaling. Groups of rats received injections of the dopamine D2 receptor antagonist, haloperidol (hal), the D1 antagonist, 
SCH-23390 (SCH), or vehicle (veh) followed by infusions of bic or veh into the VP or LPO. Ingestion effects were not 
observed following LPO bic infusions. Compulsive ingestion associated with VP activation was attenuated by hal, but not 
SCH. VP bic-elicited pivoting was attenuated by neither hal, nor SCH.
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Introduction

Dopamine signaling and the ventral striatopallidal circuitry 
modulate ingestive behaviors (Kelley et al. 1996, 2005). Sys-
temic administration of L-DOPA and amphetamine, both of 
which increase extracellular levels of dopamine, decrease 
feeding in food-deprived rats (Sangvi et al. 1975; Blundell 
and Latham 1980; Winn et al. 1982). Infusions of GABAA 
and delta opioid receptor antagonists (Stratford et al. 1999; 
Smith and Berridge 2005; Stratford and Wirtshafter 2012; 
Inui and Shimura 2014; Covelo et al. 2014) and mu opioid 
receptor agonists (Smith and Berridge 2005) into the ventral 
pallidum (VP) produce vigorous ingestion in sated subjects. 
Interestingly, infusions of GABAA antagonists into the VP 
also produce abnormal postures and pivoting movements 

(Zahm et al. 2014; Subramanian et al. 2018; Reichard et al. 
2019). The lateral preoptic area (LPO) lies adjacent to the 
VP and modulates locomotor activation (Zahm et al. 2014) 
as well as thirst and drinking (Coburn and Striker 1978; 
Saad et al. 1996). While pivoting is not seen following infu-
sion of GABAA antagonist into the LPO (Zahm et al. 2014; 
Subramanian et al. 2018), the extent to which the VP-pro-
voked ingestion generalizes to the LPO is unknown. Nor is 
it known if VP-elicited ingestion requires dopamine recep-
tor signaling. To address these concerns, groups of sated 
rats were given injections of the dopamine D2 antagonist, 
haloperidol (hal), the D1 antagonist, SCH-23390 (SCH), or 
vehicle (veh) followed by forebrain infusions of bicuculline 
(bic) or veh and immediately thereafter scored for open-field 
movements and ingestion in a free-feeding paradigm.

Methods and materials

Subjects

Male Sprague Dawley rats (250–320 g), housed in groups of 
3–4 before and singly after surgeries, were maintained on a 
12 h light–dark cycle in a temperature- and humidity-con-
trolled vivarium with chow and water available ad libitum. 
All protocols were approved by the Saint Louis University 
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Institutional Animal Care and Use Committee in accordance 
with guidelines provided in the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals.

Drugs

All chemicals and drugs, except as noted, were acquired 
from the Sigma Chemical Company (St. Louis, MO, USA). 
The gamma-aminobutyric acid A (GABAA) receptor antago-
nist, 9(R)-(−)-bicuculline methbromide (bic) was dissolved 
in sterile 0.9% saline (veh, Hospira Inc., Lake Forest, IL). 
Haloperidol (hal) was prepared in a mixture of 20% ethanol, 
50% propylene glycol and 30% distilled water as a stock 
solution, which was diluted with veh for intraperitoneal 
injections. Hal preferentially binds dopamine D2–D3 rela-
tive to D1-class dopamine receptors, whereas SCH prefer-
entially binds D1 (Christensen et al. 1984; Hall et al. 1985; 
Leslie et al. 1987a, b; Sokoloff et al. 1990; Bourne 2001).

Guide cannula placement

Rats were deeply anesthetized with a mixture of ketamine 
(72 mg/kg) and xylazine (11.2 mg/kg) injected intraperito-
neally as a cocktail consisting of 45% ketamine (100 mg/
ml), 35% xylazine (20 mg/ml) and 20% saline at a dose 
of 0.16 ml/100 g of body weight. Anesthetized rats were 
mounted in a Kopf stereotaxic instrument and incisions 
were made to expose the skulls, in which small burr holes 
were made over targeted sites. Stainless steel guide cannulae 
(22 gauge) 13 mm in length were inserted to a depth 2 mm 
above the centers of the targets and fixed with dental cement 
anchored to stainless steel screws set in the skull. Stainless 
steel wire obturators were inserted into the guide cannulae 
to maintain patency. The incisions were closed with wound 
clips and the rats were given i.p. injections of buprenorphine 
SR (1 mg/kg) and kept warm until they awoke. Consist-
ent with previous reports that unilateral and bilateral LPO 
infusions generate the same behavioral response, whereas 
bilateral VP infusions are required to generate a behavioral 
response (Zahm et al. 2014; Subramanian et al. 2018), can-
nulae were implanted unilaterally in the LPO (n = 7) and 
bilaterally in the VP (n = 10).

Apparatus

The tests were performed in activity monitoring chambers, 
each comprising a square, white, 43.2 × 43.2 cm floor and 
clear, 30.5 cm high plexiglass walls (Med Associates, St. 
Albans, VT). Fixtures containing horizontal rows of 16 
point-source infrared illuminators equispaced at 2.54 cm 
were affixed to the wall on one side of the chambers at 
heights of 2.54 and 12.7 cm from the floor. Photodetec-
tors were placed on the opposing walls. The lower bank 

comprised two sets of illuminators and detectors mounted 
on adjacent walls at a right angle to each other so as to form 
a grid of 16 × 16 intersecting light beams for measurement 
of horizontal (forward) locomotion, whereas the upper con-
sisted of a single illuminator/detector pair to reveal rearing. 
Beam breaks were evaluated with the aid of Activity Moni-
tor software (Med Associates). The monitoring chambers 
were housed inside dimly illuminated sound-attenuating 
chambers with exhaust fans running (Med Associates).

Effects of dopamine antagonists on ingestion 
and movements following infusions of bic 
into the VP

Five days after cannulae were implanted, the rats were 
brought to the behavior-testing room where they were 
habituated to the apparatus containing the sweet and chow 
pellets for 20 m on 3 successive days without receiving 
injections or infusions. On the fourth day, the rats received 
an i.p. injection of veh and thereafter either veh, 0.1 mg/kg 
hal or 0.01 mg/kg SCH, alternated on successive days for 
the duration of the experiments. Thirty minutes after each 
injection they received bilateral infusions of bic into the VP 
and were placed immediately in the activity monitors with 
ad lib access to the sweet and chow pellets.

Intracranial infusions were carried out by removing the 
obturators from the guides and inserting stainless steel 
injector cannulae (28 gauge) 15 mm in length, connected 
by a short length of polyethylene tubing (PE 20 0.38/1.09, 
Stoelting, Wood Dale, IL, cat. #51155) to the Luer needle 
of a 1.0 μl Hamilton syringe, through and to a depth 2 mm 
past the tips of the guide cannulae. Infusate was propelled 
through the injectors at a rate of 0.25 μl/min by a syringe 
pump (Harvard Apparatus, Holliston, MA, model ‘11’ plus) 
for a duration of 1 min, resulting in infusions of 0.25 μl. Bic 
was prepared at a dilution of 1 mg/3 ml, which resulted in 
delivery of 67 ng/0.25 µl. This concentration and rate of 
delivery produced robust locomotor activation in previous 
studies (Reynolds et al. 2006; Zahm et al. 2014; Subrama-
nian et al. 2018). At completion of the infusions, the injec-
tors were removed and the rats were placed in the activity 
monitor with two plastic Petri dishes, one containing 45 mg 
chocolate-flavored sucrose (sweet) pellets, and the other con-
taining MLab rodent chow pellets (TestDiet, Richmond, IN).

Numbers of ingested pellets were calculated by divid-
ing the difference between the total weight of the pellets 
provided before each experiment and the weight remaining, 
including crumbs, at the conclusion of the experiment by 
the average pellet weight, which was 49 mg. Experiments 
were begun during the second hour of the light period, after 
the rats had fed ad libitum during the preceding dark period. 
The number, duration and direction of pivots and pivoting 
episodes were monitored visually. A 360° revolution counted 
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as one pivot. A pivoting episode was defined as at least three 
pivots in succession without interruption.

Localization of injections

The rats were deeply anesthetized as described and perfused 
trans-aortically with 0.01 M Sorenson’s phosphate buffer 
(SPB; pH 7.4) containing 0.9% sodium chloride and 2.5% 
sucrose, followed by 0.1 M SPB (pH 7.4) containing 4% 
paraformaldehyde and 2.5% sucrose. The perfused brains 
were removed and placed in the same fixative for 4 h and 
then in a 30% sucrose solution overnight. Parts of the brains 
containing infusion sites were sectioned with a cryostat into 
three adjacent series of 50 μm-thick sections. The first series 
was thaw-mounted onto subbed glass slides and the rest were 
stored in glass vials containing 0.1 M SPB. The mounted 
sections were defatted overnight in a 1:1 solution of chlo-
roform and methanol and, after rehydration in decreasing 
concentrations of methanol in water (100%, 95%, 90%, 80%, 
70%, and 50%), placed in a filtered solution of 0.1% cresyl 
violet acetate in 0.3% glacial acetic acid for 10 min. The 
stained sections were dehydrated in increasing concentra-
tions of MeOH and then placed in xylene prior to coverslip-
ping with Permount. Sections were viewed with brightfield 
optics with an Olympus BX51 microscope and the locations 
of the injector tips were mapped with the aid of the Neurolu-
cida hardware/software platform (MBF Bioscience, version 
4.70.3). The maps were exported to Adobe Illustrator CS2 
for preparation of illustrations.

Statistics

The mean values of beam breaks and pellets ingested per 
session following veh vs bic infusions into the LPO or VP 
were statistically compared using paired t tests with the criti-
cal limit set at p < 0.05. To determine the effects of dopa-
mine antagonists, the mean values of pellets ingested, piv-
oting episodes and pivots per episode from each treatment 
group were statistically compared with a one-way ANOVA 
and a post-hoc Holm–Sidak test with the critical limit set 
at p < 0.05.

Results

Bic infusions into the VP but not LPO elicit 
compulsive ingestion

Locomotor counts were significantly more numerous after 
bic than veh infusions into the LPO [LPO bic: 6467 ± 361 
vs LPO sal: 1815 ± 248; t (18) = 10.612, p < 0.000001] 
and bic infusions into the VP [VP bic: 1850 ± 345; t 
(17) = 9.186, p < 0.000001] (Fig. 1a). Alternatively, VP bic 

infusions produced locomotor counts not significantly dif-
ferent from veh infusions into the VP [VP sal: 1801 ± 255; 
t (14) = 0.107, p = 0.916] or LPO. In contrast, following VP 
bic infusions, significantly more sweet pellets were ingested 
than after VP veh or LPO bic infusions (Fig. 1b) [VP bic: 
133 ± 18.7 vs VP sal: 5.3 ± 1.4; t (7) = 6.579, p = 0.0003; 

Fig. 1   Bic infusions into VP but not LPO elicit ingestion in sated rats. 
a Total distance travelled, assessed by the number of horizontal beam 
breaks, was significantly greater following LPO bic infusions (black 
bar, left) compared to VP bic infusions (black bar, right) and vehicle 
infusions (gray bars). VP but not LPO bic infusions (black bars) elic-
ited compulsive ingestion of sweet (b) and chow (c) pellets. Signifi-
cant differences are indicated on the graph
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LPO bic: 7.8 ± 3.3; t (16) = 7.347, p < 0.000001], whereas 
pellets ingested following LPO veh and bic infusions were 
not different [LPO sal: 2.0 ± 0.8; t (9) = 1.935, p = 0.08]. 
Likewise, VP bic, as compared to VP veh or LPO infusions, 
significantly increased the number of chow pellets (Fig. 1c) 
ingested [VP bic: 14.0 ± 5.0 vs VP sal: 1.2 ± 0.5; t (7) = 2.6, 
p = 0.03; LPO bic: 0.8 ± 0.3; t (16) = 2.929, p = 0.009; LPO 
sal: 0.4 ± 0.1; t (16) = 3.035, p = 0.008], whereas numbers 
of chow pellets ingested by the latter three groups did not 
differ. Caudal placements of VP infusion sites resulted in 
greater numbers of sweet pellets being ingested (Fig. 2). In 
cases in which the injection cannulae hit the VP on only one 
side of the midline, compulsive ingestion was not elicited 
(Fig. 2, asterisks). The groups displayed significant prefer-
ence for sweet over chow pellets [t (7) = 6.274, p = 0.0004], 
although one subject (Fig. 2, double asterisks) preferentially 

ingested chow over sweet pellets (chow: 73.2 ± 18.0 vs 
sweet: 0.6 ± 0.6).

VP bic‑elicited ingestion requires D2 but not D1 
receptor signaling

Pretreatment with 0.1 mg/kg hal, as compared to veh, sig-
nificantly reduced the number of ingested sweet pellets 
(Fig. 3a) [hal: 19.2 ± 4.8 vs veh: 158 ± 15.7; t (18) = 5.62, 
p < 0.001], whereas pretreatment with 0.01 mg/kg SCH did 
not [SCH: 183.0 ± 17.7; t (22) = 1.10, p = 0.3]. Pretreatment 

Fig. 2   Map depicting a series of sections a–d through forebrain in 
rostral to caudal sequence showing the locations of the injector can-
nula tips. The ventral pallidum (VP) is outlined in a–d and the lat-
eral preoptic area (LPO) indicated in b–d. Colors depict the average 
number of sweet pellets ingested following bic infusions as indicated 
on the graph. Dots depict infusion sites and connected dots indicate 
bilateral infusions. Cases in which at least one infusion missed the 
VP and thus were not included in analysis are indicated with an aster-
isk. The single case in which chow pellets were preferred over sweet 
pellets is indicated by two asterisks

Fig. 3   VP bic-elicited ingestion requires D2 but not D1 receptor sign-
aling. VP bic infusion elicited compulsive ingestion of sweet (a) and 
chow (b) pellets when animals received i.p. injections of haloperidol 
or SCH 23390 vehicle prior to VP bic infusions (black bars). Inges-
tion was attenuated by pretreatment with 0.1  mg/kg hal (blue bars) 
but not 0.01  mg/kg SCH (orange bars). Preference for sweet over 
chow pellets was not significantly altered by pretreatment with either 
antagonist (c)



1929Brain Structure and Function (2019) 224:1925–1932	

1 3

with hal also significantly reduced the numbers of chow 
pellets eaten (Fig. 3b) [hal: 2.1 ± 0.7 vs veh: 12.5 ± 1.9; t 
(18) = 3.023, p = 0.01], whereas pretreatment with 0.01 mg/
kg SCH did not [SCH: 13.2 ± 2.5; t (22) = 0.2310, p = 0.8]. 
There were no significant differences in any parameter tested 
between the hal veh and SCH veh sessions thereby allow-
ing data from those groups to be combined. Taken together, 
the results show that VP bic-elicited ingestion of sweet and 
chow pellets requires signaling through D2 but not D1 recep-
tors. Preference for sweet over chow pellets was affected by 
neither antagonist, insofar as the ratio of ingested sweet to 
chow pellets did not differ significantly (Fig. 3c) between 
treatment groups [veh: 21.9 ± 6.2, hal: 9.4 ± 3.5, SCH 
12.4 ± 2.7; F (2,25) = 1.358, p = 0.3]. The antagonist-associ-
ated reduction in ingestion also was not attributable to motor 
deficits, insofar as movement counts, but not ingestion, were 
significantly reduced by pretreatment with SCH (Fig. 4a) 
as compared to veh [SCH: 1498 ± 93 vs veh: 1998 ± 136; t 
(22) = 2.684, p = 0.04], whereas, hal reduced ingestion, but 
not movement [hal: 2078 ± 195; t (18) = 0.351, p = 0.8].

VP bic‑elicited pivoting dyskinesias were not altered 
by dopamine receptor antagonists

Neither antagonist significantly altered the number of piv-
oting episodes (Fig. 4b) elicited by infusions into the VP 
of bic as compared to veh [hal: 10.8 ± 1.8, veh: 6.6 ± 1.2, 
SCH: 5.7 ± 1.1; F (2,25) = 2.649, p = 0.09]. Likewise, pre-
treatment with neither antagonist as compared to veh sig-
nificantly affected the mean number of pivots per episode 
(Fig. 4c) [hal: 6.0 ± 1.9, veh: 4.4 ± 0.8, SCH: 3.3 ± 0.3; F 
(2,25) = 1.469, p = 0.25]. These results argue that the effects 
of hal and SCH on VP-elicited feeding and movement were 
not confounded by systematic differences in pivoting.

Discussion

Consistent with previous studies (Zahm et al. 2014; Sub-
ramanian et al. 2018; Reichard et al. 2019), the present 
experiments indicate that LPO and VP have different roles 
in the modulation of ingestion and movement. Here, the rats 
were regarded as sated insofar as they were tested imme-
diately after the dark period, when they feed, and they did 
not eat following veh infusions into either the LPO or VP. 
Despite robustly increasing locomotion, disinhibiting the 
LPO provided no drive to consume in sated animals. The 
rats displayed fluid movements following LPO bic infusions 
and rarely stopped to investigate the dishes containing food 
pellets. Conversely, VP bic produced compulsive inges-
tion of sweet and chow pellets in the absence of increased 
locomotion. Between pivots and bouts of pivoting, VP bic-
infused rats moved around the apparatus freely, displaying 

heightened interest in the food dishes and all the while sniff-
ing the walls and floors, gaping, grasping, and gnawing.

Dopamine antagonists revealed distinct roles for D1 and 
D2 receptor signaling in VP bic-elicited behaviors. Signaling 
through D2 receptors was required for VP bic-elicited inges-
tion, but not movements, whereas D1 receptor signaling was 
required for movements, but not ingestion. Interestingly, the 
preference for sweet over chow pellets was maintained in the 
presence of the D2 antagonist, suggesting that preference is 
independent of dopamine and may be mediated downstream 
(Norgren et al. 2006). SCH at 0.01 mg/kg significantly 

Fig. 4   VP bic-elicited locomotion requires D1 but not D2 recep-
tor signaling. a VP-elicited locomotion (black bar) was reduced by 
pretreatment with SCH (orange bar) but not hal (blue bar). Neither 
antagonist significantly altered the number (b) or duration c of the 
VP-bic elicited pivots. The data represent group averages (0.1 mg/kg 
hal n = 6, 0.001 mg/kg SCH n = 5). The depicted significance reflects 
Holm–Sidak post-hoc analysis after an ANOVA
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reduced locomotion, but not pellet ingestion, nor the pref-
erence for sweet pellets. We did not follow this up with a 
greater dose of SCH, reasoning that if an increased dose of 
SCH reduced pellet ingestion, the interpretation would be 
confounded by the greater motor deficit. Conversely, 0.1 mg/
kg hal effectively suppressed ingestion in VP bic-infused 
rats in the absence of impaired locomotion. The preserva-
tion of locomotion is explicated by the observation that 
VP bic restores locomotion to baseline levels even in the 
presence of doses of hal up to 2 mg/kg (Subramanian et al. 
2018), presumably by surmounting the potentiation, medi-
ated by hal acting at D2 receptors in the Acb, of the strongly 
inhibitory action of the GABAergic ventral striatopallidal 
pathway (Heimer and Wilson 1975; Mogenson et al. 1980; 
Mogenson and Nielsen 1983; Zahm et al. 1985; Zahm and 
Heimer 1990; Robertson and Jian 1995; Shreve and Uretsky 
1988; Austin and Kalivas 1989, 1990, 1991; Lu et al. 1998; 
Kupchik et al. 2015; Root et al. 2015; Subramanian et al. 
2018). To the contrary, insofar as the antagonists were given 
systemically in the present study, it cannot be presumed that 
the attenuation of VP bic-elicited ingestion by hal is due to 
an action in the striatopallidal pathway over numerous other 
potentially effective sites in the brain (Wise 1974).

That compulsive ingestion requires signaling through 
dopamine D2 receptors whereas pivoting appears to be 
independent of D2 receptor signaling indicates that the VP 
can activate certain behavioral programs despite reduced, 
perhaps absent, dopamine signaling (but see Kitamura et al. 
2001). Indeed, pivots persist following VP bic infusions even 
in the presence of 2 mg/kg hal, a very high dose (Subra-
manian et al. 2018). That hal blocks compulsive ingestion 
could be attributable to a hal-mediated silencing of a projec-
tion from the VP to lateral hypothalamus that is more D2 
receptor-dependent (Wise 1974; Stratford and Wirtshafter 
2012). Another possibility is that VP bic-elicited ingestion, 
like pivoting, is a distinct, obligatory fixed action response, 
triggered by bic-mediated dysregulation of downstream 
projections from the VP to motor effectors (Zahm et al. 
2014; Subramanian et al. 2018; Reichard et al. 2019). Dif-
ferent specific effects of dopamine D2 receptor blockade on 
different behaviors may owe to differences in the relative 
strengths with which various effector pathways from the VP 
are restrained by D2 receptor-gated striatopallidal inhibition 
(see above), but this requires additional study.

Pivoting also persisted in the presence of 0.01 mg/kg 
SCH, which is a dose that, despite significantly suppressing 
locomotion, may nevertheless suppress it insufficiently to 
quell VP bic-elicited pivoting. Given at 5 mg/kg, however, 
SCH suppressed VP bic-elicited pivoting and general loco-
motion to such a profound degree as to likely also preclude 
ingestion (Subramanian et al. 2018).

The observed (apparently) random cycling between pivot-
ing, ingestion, gnawing, gaping and so on suggests that the 

disinhibited ventral pallidum activates behavior programs 
intrinsic to the spinal cord and brainstem. Sherrington (1910) 
and Brown (1911) independently demonstrated that neural cir-
cuitry sufficient for basic locomotion exists in the spinal cord. 
Complex behaviors such as eating, drinking, grooming and 
attack can be elicited by electrical stimulation of comparatively 
rostral structures in the midbrain of cats (Magoun et al. 1937; 
Wyrwicka and Doty 1966; Sheard and Flynn 1967; Berntson 
1973) and rats (Chaurand et al. 1974; Micco 1974; Waldbil-
lig 1975). Rats with transections at the rostral boundary of 
the superior colliculus display complex grooming, eating and 
defensive behaviors (Woods 1964) and classical conditioning 
(Lovick and Zbrozyna 1975). We like to speculate that activa-
tion of the VP engages these behavior programs, but additional 
objective data to further substantiate this idea are needed. The 
circuitry and mechanisms underlying such behavioral activa-
tion continue to be of great interest (Subramanian et al. 2018; 
Reichard et al. 2019).

The present results further distinguish the VP and LPO 
as distinct output structures that cooperatively and competi-
tively contribute to the physical synthesis of adaptive behav-
iors (Zahm et al. 2014; Subramanian et al. 2018). Here we 
show that activation of the VP, but not LPO elicits compulsive 
ingestion, which is attenuated by blockade of D2, but not D1, 
receptors. Further, this study together with an accompanying 
one showing that stimulation of the VP emboldens behavior 
(Reichard et al. 2019) makes evolutionary sense in that organ-
isms often must discount threat to eat.
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