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Abstract

Disgust is a prototypical type of negative affect. In animal models of excessive disgust, only a few brain sites are known in which
localized dysfunction (lesions or neural inactivations) can induce intense ‘disgust reactions’ (e.g. gapes) to a normally pleasant
sensation such as sweetness. Here, we aimed to map forebrain candidates more precisely, to identify where either local neuronal
damage (excitotoxin lesions) or local pharmacological inactivation (muscimol/baclofen microinjections) caused rats to show exces-
sive sensory disgust reactions to sucrose. Our study compared subregions of the nucleus accumbens shell, ventral pallidum, lat-
eral hypothalamus, and adjacent extended amygdala. The results indicated that the posterior half of the ventral pallidum was the
only forebrain site where intense sensory disgust gapes in response to sucrose were induced by both lesions and temporary inac-
tivations (this site was previously identified as a hedonic hotspot for enhancements of sweetness ‘liking’). By comparison, for the
nucleus accumbens, temporary GABA inactivations in the caudal half of the medial shell also generated sensory disgust, but
lesions never did at any site. Furthermore, even inactivations failed to induce disgust in the rostral half of the accumbens shell
(which also contains a hedonic hotspot). In other structures, neither lesions nor inactivations induced disgust as long as the pos-
terior ventral pallidum remained spared. We conclude that the posterior ventral pallidum is an especially crucial hotspot for pro-
ducing excessive sensory disgust by local pharmacological/lesion dysfunction. By comparison, the nucleus accumbens appears
to segregate sites for pharmacological disgust induction and hedonic enhancement into separate posterior and rostral halves of
the medial shell.

Introduction

The positive hedonic impact of reward is crucial to normal daily
function. In the absence of positive hedonic impact, anhedonia (loss
of positive affect) or dysphoria (excessive negative affect) can
characterize clinical affective disorders in humans.
A prototypical form of negative affect is disgust. Excessive dis-

gust can occur in anxiety disorders, phobias, anorexia nervosa, and
obsessive-compulsive disorder (Sprengelmeyer et al., 1997; Cisler
et al., 2009; Olatunji et al., 2010; Weygandt et al., 2012). Sensory
disgust has been suggested to be the prototypical and original form
of this negative affect, but disgust is also a potentially complex neg-
ative emotion, and can occur as higher disgust, such as moral or
aesthetic disgust. Both levels have been suggested to share the same
evolutionary roots, and to have overlapping neural substrates that
arose originally to mediate the sensory disgust in response to
unpleasant tastes and smells (Rozin, 2000; Calder et al., 2001; Zald
et al., 2002; Chapman & Anderson, 2012; Rozin & Haidt, 2013;
Tybur et al., 2013).

Affective neuroscience experiments using animals have helped to
identify particular brain sites that can causally enhance the positive
hedonic impact of sensory rewards, such as sweetness (Baldo & Kel-
ley, 2007; Smith et al., 2010; Richard et al., 2013a). In particular,
two interactive ‘hedonic hotspots’ have been identified as cubic-milli-
meter subregions: one in the nucleus accumbens (NAc), in the rostro-
dorsal quadrant of the NAc medial shell), and another in the ventral
pallidum (VP), in the posterior half. In these NAc or VP hotspots,
stimulation with opioids or related neurochemicals causes increases
in the positive hedonic impact of sweetness, measured as increased
positive ‘liking’ reactions to sucrose (Peci~na & Berridge, 2005; Smith
& Berridge, 2005; Ho & Berridge, 2013; Castro & Berridge, 2014).
‘Liking’ here refers to objective orofacial expressions (e.g. lip-lick-
ing) that are typically elicited by sweet tastes, which in rats are
homologous to positive affective facial expressions elicited by sweet-
ness in human infants and other primates (Steiner, 1973; Pfaffmann
et al., 1977; Grill & Norgren, 1978a; Berridge, 2000; Steiner et al.,
2001). Conversely, negative sensory ‘disgust’ reactions are elicited
by bitter tastes (e.g. gapes, headshakes, and chin rubs).
Do hedonic hotspots also play a special role in generating the

excessive disgust that occurs under neuropathological conditions?
Conceivably, neural dysfunction in hedonic hotspots might facilitate
disgust, by impairing the capacity for opposing positive hedonic
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impact. Alternatively, disgust could arise from pathological dysfunc-
tion in separate brain sites, independently of hedonic-enhancing
hotspots.
So far, hedonic hotspots of the NAc and VP have been defined

primarily by their capacity to enhance sensory liking reactions, or to
produce a gain of function for positive hedonic impact. Here, we
conversely examined the roles of these hotspots and nearby sites in
producing a loss of positive hedonic function after brain lesion or
inactivation, and replacing ‘liking’ with excessive negative sensory
‘disgust’, and compared their roles with those of other nearby subre-
gions or structures, such as the lateral hypothalamus (LH) and
extended amygdala (Teitelbaum & Epstein, 1962; Cromwell & Ber-
ridge, 1993; Swanson, 2005; Zahm, 2006; Inui et al., 2007; Heimer
et al., 2008; Thompson & Swanson, 2010; Zahm et al., 2013).

Materials and methods

Specifically, we focused on mapping the replacement of positive
‘liking’ reactions to sweetness with intense negative ‘disgust’ reac-
tions (e.g. gapes and headshakes) produced either by local excitotox-
in lesions or by temporary pharmacological GABA inactivation of
subregional sites in those structures. The affective taste reactivity
test was used to assess affective ‘liking’ and ‘disgust’ orofacial reac-
tions (Fig. 1), and to identify which sites of damage or inactivation
in forebrain regions caused positive hedonic reactions that are nor-
mally elicited by sweet tastes to be replaced by negative reactions
such as gapes or headshakes.
Either permanent excitotoxin lesions or temporary inactivations

by GABA agonist microinjections were performed bilaterally in rats,
targeted at sites in either: (i) the VP; (ii) the medial shell of the
NAc; (iii) the LH; or (iv) the extended amygdala (e.g. the bed
nucleus of the stria terminalis). Sites were scattered across rats so as
to fill targeted brain structures sufficiently for functional mapping,
but kept as identical as possible within each rat’s bilateral place-
ments, so that each rat individually contributed symmetrical dys-
function at a particular bilateral site. Subregional sites were mapped
histologically and specifically compared for behavioral effects on

affective taste reactivity and on food intake. All experimental proce-
dures were approved by the University Committee on the Use and
Care of Animals at the University of Michigan, and were carried
out in accordance with the guidelines on animal care and use of the
National Institutes of Health of the USA.

Surgery

Rats (total, n = 113; VP, LH and extended amygdala sites, n = 94;
NAc, n = 27) were anesthetized either with ketamine for microin-
jection cannula implantation, or with methoxyflurane for excitotoxin
lesions (80 mg/kg ketamine HCl, 10 mg/kg xylazine, and 0.5 mg/
kg atropine sulfate; halothane induction in a chamber, followed by
methoxyflurane during surgery inhaled through a ventilator system).
Anesthetized rats were placed in a stereotaxic device with the
mouth bar set either to flat for VP, LH and extended amygdala rats,
or to + 5.0 mm above intra-aural zero for NAc rats. VP group coor-
dinates were: anteroposterior (AP) from 0 to �1.2 mm relative to
bregma; mediolateral (ML), � 3 mm; and dorsoventral (DV),
�5.5 mm. NAc group coordinates were: AP from + 2.4 to
+ 3.4 mm ahead of bregma; ML, � 1.0 mm; and DV from 5.7 to
6.0 mm below the skull. LH and extended amygdala (bed nucleus
of the stria terminalis) group coordinates were: AP from �1.2 to
�1.8 mm behind bregma; ML, � 2.0 mm; and DV, �8.0 to
9.1 mm. Left and right bilateral coordinates were always identical
to preserve symmetry within the same rat. Individual placements
were staggered across rats so that these placements covered the
structure or region of a structure (e.g. entire medial shell). Bilateral
sites for excitotoxin infusions were always directly in the brain tar-
get, whereas sites for drug guide cannulae were always 2.5 mm
above the target (23-gauge, for subsequent inactivations).

Lesions

To induce permanent neuronal lesions while sparing fibers of pas-
sage, or axons passing through, excitotoxin microinfusions were
made during surgery of either ibotenic acid [15 lg in 1 lL of 0.1 M
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Fig. 1. Summary of the experimental design. Excitotoxin lesion and temporary GABAergic inactivation effects for the NAc and VP were tested in separate
groups of rats (VP groups are shown). Also, additional groups were used to assess the maximal Fos plume size anatomically induced by GABAergic inactiva-
tion microinjections. Measurements of Fos plume radius and excitotoxin lesion radius were used to assign the respective symbol sizes in maps. Histologically
identified sites where ‘disgust’ was produced by either lesions or inactivations were assessed on the basis of brains from behaviorally tested rats, and those sites
were used to construct the respective maps of excessive ‘disgust’ reactions to sucrose.
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phosphate buffer (PB); in half of the lesion group; randomly
assigned], quinolinic acid (10 lg in 1 lL of 0.1 M PB; the remain-
ing half of the lesion group), or PB vehicle alone as the intact con-
trol condition (1 lL of PB in control rats). Excitotoxin type was
randomly assigned to rats, but functional effects turned out not to
differ between ibotenic acid and quinolinic acid lesions (described
below), which allowed the eventual combination of behavioral data.
The excitotoxin solution was microinjected through a stainless-steel
injector cannula (29-gauge) connected to PE-20 tubing and a syr-
inge pump at a rate of 1 lL for a period of 3 min. Microinjectors
were left in place for an additional 5 min. After excitotoxin infu-
sion, rats were maintained under halothane anesthesia for an addi-
tional 25 min. Diazepam (8 mg/kg, intraperitoneal) was given 5 and
35 min after excitotoxin infusion, to prevent seizures. In order to
assess early effects of lesions, and therefore to make assessments
that were as comparable as possible with pharmacological inactiva-
tions, behavioral tests began 24–48 h after lesions.

Microinjection cannulae

For rats in the pharmacological GABAergic inactivation groups,
bilateral microinjection guide cannulae (23-gauge, stainless steel)
were embedded in an acrylic headcap anchored with skull screws.
Stainless-steel stylets (28-gauge) were always kept inserted, except
during drug microinjections. Behavioral testing began 1 week after
microinjection cannula implantation.

Oral cannulae

In the same operation, all rats were additionally implanted with in-
traoral cannulae (PE-100 tubing) for subsequent delivery of sucrose
or quinine solutions into the mouth for taste reactivity tests (Grill &
Norgren, 1978a). Oral cannulae bilaterally entered the mouth lateral
to the first maxillary molar, traveled beneath the zygomatic arch,
and exited the dorsal head near the skull screws, where they were
anchored to the headcap with dental cement. Oral cannulae did not
disrupt normal eating or behavior.
After surgery, rats were given at least 7 days to recover from sur-

gery before drug microinjection testing, and always had free access
to moist cereal mash (Gerber’s baby cereal mixed with water), food
pellets and a water bottle in their home cages. During recovery after
surgery, food intake was monitored by measuring the approximate
amount of mash eaten each day, and by measuring body weights
each day.

Aphagia monitoring and intubation feeding

Aphagia after lesions was defined as the failure to eat > 1 g of
chow pellets or cereal mash per day. Hypophagia was defined as the
failure to eat > 5 g per day (but > 1 g). Rats showing aphagia or
hypophagia, and that lost > 10 g of body weight after VP or LH
lesions, were nourished and hydrated with supplementary intraga-
stric intubations of a liquid diet, in amounts calibrated to body
weight. The diet consisted of 6–12 mL of sweetened condensed
milk mixed with an equal volume of water in three daily meals. The
intubation volume was gradually increased to avoid excessive gastric
distension. The first two meals consisted of 6 mL, the next two
meals consisted of 8 mL, the next two meals consisted of 10 mL,
and meals consisted of 12 mL from then on. Each aphagic/hypopha-
gic rate received one, two or three intubations per day, with the
number of meals being individually adjusted daily to prevent weight
loss.

Induction of temporary inactivations

Approximately 30 min prior to a behavioral test, temporary inactiva-
tions were induced by bilateral microinjections of a mixture of
GABAA and GABAB agonists [0.1 lg/0.2 lL of muscimol, and
0.1 lg/0.2 lL of baclofen, combined into 0.2 lL of artificial cere-
brospinal fluid (ACSF), per side], or of vehicle only as a within-sub-
ject control (0.2 lL of ACSF alone), immediately before behavioral
tests (Fig. 1). Microinjections were made through a stainless-steel
injector cannula (29-gauge) connected to PE-20 tubing and a syringe
pump at a rate of 0.2 lL/min, while the rat was gently hand-held.
Microinjector tips were kept in place for an additional 1 min after
the end of infusion, to avoid backflow. An additional group of con-
trol rats received only ACSF microinjections on all days, and never
inactivations. For a particular rat designated for inactivation, the
order of microinjections was always vehicle (ACSF) on the first
day, and muscimol/baclofen on the second day (VP and surrounding
regions, n = 35; NAc, n = 15). This vehicle/drug order was chosen
because our initial pilot observations indicated that GABA microin-
jections in the VP often caused robust disgust reactions to tastes to
persist for several days, and we did not wish to contaminate control
vehicle tests with persistent aversion induced by previous GABAer-
gic inactivations. The persistence may have been attributable to
long-lasting neurobiological effects, or may have been partly asso-
ciative, if the chamber paired with intense GABAergic disgust
induced on a recent day contributed, as a conditioned stimulus, to a
Pavlovian conditioned aversive response. However, our use of the
separate group of vehicle/vehicle control rats that received vehicle
on successive days allowed us to control for potential order effects.
Repeated vehicle microinjections never appeared to induce changes
in taste reactivity or food intake from one test day to the next. Two
minutes after microinjections were completed, stylets were inserted
back into the microinjection guide cannula, and rats were placed in
the transparent taste reactivity chamber with intraoral fluid delivery
tubing attached (described in ‘Behavioral taste reactivity testing’).

Behavioral taste reactivity testing

Prior to microinjections, rats were habituated in the taste reactivity
chamber for four consecutive days for 30 min each, and received a
mock injection of vehicle on the final habituation day.
For taste reactivity testing, on each test day, tubing (PE-50 con-

nected to a PE-10 delivery nozzle) was attached to an intraoral can-
nula to deliver solutions to the mouth. The other end of the tubing
was attached to a syringe pump, which infused solutions at a rate of
1 mL/min during the 1-min test. Rats received sucrose solution (1%,
1 mL in 1 min). Orofacial positive hedonic and negative aversive
taste reactivity responses were video-recorded via an angled mirror
placed underneath the transparent floor. Most rats also received a
quinine infusion (3 9 10�4

M, 1-min duration) ~10 min after their
sucrose infusion (VP, n = 29 rats). As the primary goal of this study
was to assess the positive hedonic impact of sucrose and its replace-
ment by disgust, sucrose was always infused before quinine, because
hedonic liking responses to sucrose are generally more vulnerable to
contamination from an immediate earlier experience, whereas aver-
sive ‘disliking’ responses to quinine are more robust.

Video scoring

Video files of neutral and aversive response patterns elicited by
tastes were stored offline for subsequent slow-motion analysis
[frame-by-frame to 1/10th speed with OBSERVER software (Noldus,
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Inc., Wageningen, The Netherlands)]. The scorer was always blind
to the drug/vehicle contents, lesion status and site placement of the
rat during scoring (Berridge, 2000). Positive hedonic responses were
rhythmic tongue protrusions, lateral tongue protrusions, and paw
licks. Aversive or disgust responses were gapes, headshakes, face
washes, forelimb flails, and chin rubs. Neutral responses (which are
less consistently linked to hedonic/aversive taste valuation) included
grooming, passive dripping of solution out of the mouth, and rhyth-
mic mouth movement. A time-bin scoring procedure was used to
ensure that various taste reactivity components contributed compara-
bly to the final affective hedonic/aversive totals, even when compo-
nents had different relative frequencies (Berridge, 2000). For
example, rhythmic mouth movements, passive dripping of solution,
paw-licking and grooming typically occur in long bouts, and were
thus scored in 5-s time bins (1–5 s equals one bout occurrence).
Tongue protrusions, which occur in shorter bouts, were scored in 2-
s time bins (0.2–2 s equals one bout occurrence). Other taste reac-
tivity components (lateral tongue protrusions, gapes, forelimb flails,
headshakes, and chin rubs) typically occur as discrete events, and
were thus scored as single occurrences each time that they occurred
(e.g. one gape equals one score). Finally, individual totals were cal-
culated for hedonic vs. aversive categories by adding all response
scores within an affective category for each rat. This total score was
the sum of scores of all positive hedonic reactions: lateral tongue
protrusions, rhythmic tongue protrusions, and paw licks. Similarly,
an aversive ‘disgust’ score was the total sum of occurrences of
gapes, headshakes, face washes, forelimb flails, and chin rubs.

Food intake test

A 1-h food intake test was performed after each taste reactivity test
in order to quantify voluntary food consumption (Fig. 1). Rats were
placed in a clean cage with bedding, chow pellets, palatable cereal
mash, and a water bottle, all freely available for 1 h. Afterwards,
the remaining amounts of water, cereal mash and chow pellets were
re-weighed and subtracted from the initial weights to compute the
amount consumed. During the test, rats were also videotaped for
subsequent offline scoring of eating, locomotion and other behaviors
that occurred spontaneously during the 1-h period.

Histology and lesion/inactivation mapping

To measure excitotoxin lesions, neuron loss was quantified and
mapped with a technique for lesion mapping in which neurons at
specified locations surrounding the lesion center are counted (Crom-
well & Berridge, 1993, 1994, 1996), modified from fractionator
techniques (Gundersen et al., 1988; Gundersen, 2002). To measure
temporary neuronal inactivation induced by combined GABAA and
GABAB agonist microinjections, suppression of Fos protein expres-
sion surrounding the microinjector tip was quantified and mapped
with a related Fos plume technique in which neurons expressing Fos
at specified sites surrounding the microinjection center are counted
(Peci~na & Berridge, 2005; Smith & Berridge, 2005; Richard &
Berridge, 2011).
All rats received an overdose of sodium pentobarbital (0.2 g/kg)

prior to being transcardially perfused. Brains from rats that had been
behaviorally tested were extracted and post-fixed with 10% formalin
in 0.1 M PB, and then transferred to 30% sucrose in 0.1 M PB, sec-
tioned with a freezing microtome into 60-lm sections, and stained
with cresyl violet. The locations of microinjection cannula tips were
identified microscopically, and mapped onto a brain atlas for use in
subsequent function mapping (Paxinos & Watson, 2008).

Mapping excitotoxin lesions via neuronal loss

Baseline control values for neuronal density were first mapped in
VP and NAc regions in normal rat brains at six levels along the AP
axis (AP 0.3–0 mm; AP 0 to �0.3 mm; AP �0.3 to �0.65 mm;
AP �0.65 to �1 mm; AP �1 to �1.6 mm; AP after �1.6 mm rela-
tive to bregma). Each AP slice section was divided into five to
seven targeted regions that included the VP, and adjacent subareas
of the LH, extended amygdala, and globus pallidus (GP) (Cromwell
& Berridge, 1993, 1994). Neuronal density was counted in contigu-
ous sampling boxes (125 9 125 lm) at points on five axes emanat-
ing away from the center of excitotoxin injection (or of vehicle
injection in control brains; Fig. 2). For lesions, the percentage neu-
ronal death at each point was calculated relative to the baseline
count at the same point in control brains. Excitotoxin lesion blocks
were deemed to have ‘intense neuronal loss’ (> 80% death) if
< 20% of the normal number of neurons remained in that block (as
compared with baseline norms for the same site obtained in control
brains). ‘Moderate neuronal loss’ was defined as 20–50% of neurons
surviving, and ‘mild neuronal loss’ was defined as > 50% of
neurons surviving.

Fos plume mapping

A separate group of rats received only one microinjection of GABA
agonists or of vehicle 90 min prior to perfusion, and were processed
for Fos plume mapping as previously described (Peci~na & Berridge,
2005; Smith & Berridge, 2005; Richard & Berridge, 2011). The use
of a separate group for Fos plume mapping avoids distortion by the
plume shrinkage that is gradually induced over a series of microin-
jections, and gives a more accurate measure of the maximal spread
of local drug impact (Richard & Berridge, 2011; Castro & Berridge,
2014). Brain slices were processed for Fos-like immunoreactivity
with normal donkey serum, goat anti-c-Fos (Santa Cruz Biotechnol-
ogy), and donkey anti-goat Alexa Fluor 488 (Invitrogen). To visual-
ize and quantify drug-induced Fos activities, Fos-labeled cells on
the tissue surface were visualized with 9 5 to 9 40 magnification
under a microscope followed by image processing (Fig. 2). Sam-
pling blocks (50 9 50 lm) were placed along seven radial arms
emanating from the center of the microinjection site (45°, 90°, 135°,
180°, 225°, 270°, and 315°) at 50-lm intervals (Richard & Berridge,
2011).

Statistical analyses

All behavioral analyses were two-tailed, and a was always set at
P < 0.05. Paired-sample t-tests or one-way ANOVAs with Bonferroni
post hoc tests were used to test microinjection drug/vehicle effects,
and between-subjects ANOVAs were used to compare lesion effects
and anatomical site effects. For significant differences in behavioral
taste reactivity scores, Cohen’s d-statistic was used to calculate
effect sizes.

Results

Overview

Our results suggest that the posterior half of the VP, which contains
its previously identified hedonic hotspot, is also uniquely necessary
for normal sucrose ‘liking’. We found that either localized lesions or
temporary inactivations in the posterior VP produced excessive dis-
gust reactions to sweetness. In contrast, for the rostral half of the
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NAc shell, although it also contains a hedonic hotspot for opioid
and related enhancements of positive ‘liking’ reactions, neither
lesions nor inactivations produced disgust. Instead, only NAc sites
in the posterior half of the medial shell produced intense ‘disgust’
(not the anterior half), and only after temporary inactivations (but
not after lesions). Finally neither lesions nor inactivation sites any-
where in basal forebrain sites, such as the LH and extended amyg-
dala, induced excessive ‘disgust’ reactions to sucrose, unless the
posterior VP was also affected.

Disgust after excitotoxin lesions

Excitotoxin lesion maps

Excitotoxin microinjections produced roughly concentric spheres
(total diameter, 1.6 mm) of neuronal death and elevated gliosis: an
inner sphere of severe neuronal loss and gliosis with a radius of
0.43 � 0.04 mm, surrounded by a middle sphere of moderate neu-
ronal loss with a radius of 0.733 � 0.041 mm, surrounded by an
outer sphere of mild neuronal loss with a radius of 0.82 � 0.03 mm
(n = 57; Fig. 2). The zone of severe neuronal loss was defined as
containing only 20% of the normal number of neurons counted at
equivalent locations in normal control brains (i.e. 80% neuronal
loss). The zone of moderate neuronal loss contained 30–50% of the
normal number of neurons (i.e. 50–70% neuronal loss). The zone of
mild neuronal loss contained 50–90% of the normal number of

neurons (i.e. 10–50% neuronal loss) (Fig. 2). Ibotenic acid lesions
and quinolinic acid lesions did not differ detectably from each other
in either radius or intensity of neuronal loss in the NAc or VP, and
nor did the two brain structures vary systematically in their lesion
sizes. As described below, the evidence indicated that a damage
threshold of approximately 65–80% neuronal loss was required to
release excessive ‘disgust’ reactions at caudal VP sites; the only
sites at which any lesion ever did.

NAc hotspot lesions: no release of sensory ‘disgust’

Excitotoxin lesions in the NAc, whether in the rostral half or the
caudal half of the medial shell, completely failed to cause detect-
able elevation of ‘disgust’ gapes, headshakes, forelimb flails or
chin rubs in response to the taste of oral sucrose infusions (Fig. 3),
or even to reduce the number of positive hedonic reactions elicited
by sucrose (P = 0.78). Not even the most intense rostral NAc shell
lesions, which destroyed 80% of neurons in the rostrodorsal quad-
rant of the medial shell, which contains the previously identified
NAc hedonic hotspot, suppressed positive hedonic reactions to
sweetness or produced gapes (Fig. 3). The taste of quinine
remained able to elicit gapes and other ‘disgust’ reactions, but only
at levels that remained comparable to those of vehicle control rats
(P = 0.36). Similarly, food and water intake were not altered by
NAc lesions.
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VP hotspot lesions induce excessive disgust reactions

The posterior half of the VP proved to be the chief site where
excitotoxin lesions could produce intense disgust (Fig. 4). Here,
lesions causing loss of 80% of neurons in the posterior VP zone
essentially eliminated all positive hedonic reactions normally elicited
by sucrose, which were replaced with negative ‘disgust’ gapes, etc.
in numbers > 400% greater than in normal control rats (F1,60 = 4.29,
P < 0.05, d = 0.72). These effects were visible within 24–48 h after
excitotoxin surgery, and persisted for several days to weeks. The
intensity threshold of neuronal loss in the posterior VP needed to pro-
duce excessive ‘disgust’ appeared to be approximately 65–80%
(severe neuronal loss: < 30% neurons remaining; Fig. 4). Rats with
65–70% neuronal loss in the posterior VP showed a few ‘disgust’
reactions to sucrose, and the number of ‘disgust’ reactions appeared
to increase further for lesions that produced neuronal loss reaching
80% (Fig. 4). As a group, rats that showed ‘disgust’ reactions to
sucrose had an average of 74 � 1% neuronal loss in their lesion cen-
ters (i.e. < 26% of neurons remaining). The threshold for ‘disgust’
induction appeared to be similar to an earlier > 70% threshold found
by a previous study of VP lesions (Cromwell & Berridge, 1993). In
contrast to sucrose reactions, no lesions (even in the posterior VP)
altered ‘disgust’ reactions to the bitter quinine taste, which were
already at high levels in control rats (gapes, headshakes, forelimb
flails, and chin rubs). This may indicate that the high levels of

quinine ‘disgust’ were already near a response ceiling even for con-
trol rats, and could not be increased further by the lesions used here.
All rats that showed ‘disgust’ gapes, chin rubs, headshakes and fore-
limb flails in response to sucrose were also completely aphagic and
adipsic at the same time (Fig. 5), neither eating nor drinking. Apha-
gia continued for at least 6 days in all rats with the most intense
lesions in the VP or LH, and for > 10 days in several rats, before
food intake gradually began to recover. Aphagic rats were therefore
maintained during this period with three intragastric intubations of
liquid diet each day, beginning at 6 mL of milk diet and increasing
gradually to 12 mL. The intragastric intubations by themselves did
not induce disgust in aphagic rats, as indicated, for example, by the
failure to produce ‘disgust’ in aphagic LH lesion rats, anterior VP
lesion rats or extended amygdala lesion rats that lacked VP damage.
However, this does not rule out the possibility that pathological dis-
gust might be capable of modulation by hunger/satiety states in future
studies. For example, starvation has been reported to reduce lesion-
induced ‘disgust’ (Fluharty & Grill, 1981), and intubation to augment
LH stimulation induced ‘disgust’ in previous studies (Hoebel &
Thompson, 1969), but we did not manipulate appetite states here.
In contrast, several rats that had less intense lesion damage, below

the 65% neuronal loss threshold, in the same posterior hotspot region
of the VP (average neuronal loss of 53%, or > 47% of neurons
remaining) never showed ‘disgust’ reactions to sucrose (Fig. 4),
although several of these rats were similarly aphagic and adipsic, and
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received similar gastric intubations to maintain body weight. There-
fore, when constructing lesion maps for causation of ‘disgust’ reac-
tions to sucrose, we specifically mapped zones containing 70–80%
neuronal loss from rats that showed disgust reactions to sucrose. This
was performed according to the premise that a shared zone of 70–
80% neuronal loss, which was common to all rats showing excessive
disgust reactions, would best capture the critical brain region where
neuronal loss induces abnormal sensory ‘disgust’ reactions to sucrose.

Disgust-release site in the posterior VP

The posterior VP ‘disgust’ site was assessed by functional mapping
to have a radius of ~0.6 mm, centered at approximately AP
�1.3 mm posterior to bregma, � 2.4 mm lateral from the midline,
and DV �8.2 mm ventral to the skull surface (Figs 4 and 6). In
terms of anatomical boundaries, the disgust lesion zone extended
posteriorly to the caudal border of the posterior VP, at an AP level
adjacent to the sublenticular extended amygdala (SLEA) (AP �1.4
to �1.8 mm). Anteriorly, the disgust-induction site extended

approximately to the middle of the VP (AP + 0.3 to 0.0 mm), but
did not appear to include the anterior half of the VP (i.e. did not
extend + 0.3 mm rostral to bregma).
Rats with 80% neuronal loss in this posterior VP ‘disgust’ lesion

zone showed far more disgust reactions to sucrose than rats with
lesions sited at other locations outside the posterior VP, even when
those other locations had comparably intense 80% neuronal loss
(F1,60 = 4.16, P < 0.05, d = �0.623). These outside lesion sites
included severe lesions in either anterior VP, LH or extended amyg-
dala sites near the VP (as well as in the NAc shell). None of these
other non-VP lesions produced intense ‘disgust’ reactions to sucrose,
even though the damaged sites contained only 20% of the normal
neuronal density for those locations.
Suppression of positive ‘liking’ reactions to sucrose (without nec-

essarily being accompanied by negative ‘disgust’ induction) was
produced by a somewhat wider range of sites in and outside the VP
(Fig. 5). ‘Liking’ suppression was produced by lesions throughout
the VP, and by lesions in other adjacent structures, including the
LH, SLEA, or substantia innominata, and extending anteriorly to the
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caudal NAc medial shell and dorsally to the ventral neostriatum.
Lesions centered in all of these structures appeared to induce a
reduction of the number of positive ‘liking’ reactions elicited by
sucrose to approximately one-tenth to one-third of normal levels
(F1,106 = 44.37, P < 0.01, d = 1.12; Fig. 5). However, as a caveat,
a number of lesions centered at these sites appeared to have wider
penumbras of mild neuronal loss that also penetrated near or into
the posterior VP. Thus, it is possible that mild VP hotspot damage
contributed to hedonic suppression, even if the damage was not
intense enough loss to induce disgust.

Contrast of disgust with aphagia

Aphagia and adipsia (without excessive ‘disgust’) was induced by
many basal forebrain lesions in a considerably larger region than the
posterior VP, extending to at least 3–5 mm3 in volume (Fig. 5).
Aphagia and adipsia followed lesions in the rostral VP as well as in
the caudal VP, and also followed all lesions in the LH, where 70–
80% neuronal loss was produced: food intake was near-zero, and far
below that of intact control rats (F2,177 = 22.91, P < 0.01, d = 1.07).
Aphagia and adipsia typically lasted from several days to a week. In
contrast, NAc lesions, either in the rostral half or the caudal half of
the medial shell, never produced aphagia or adipsia (or ‘disgust’).
Even for 80% lesions centered in the NAc hotspot of the rostrodorsal
quadrant of the medial shell, no increase in disgust reactions or
decrease in positive hedonic reactions was produced, and nor was
there any detectable impairment of intake (n = 19, not significant).

Temporary inactivations by muscimol/baclofen microinjections

Fos inhibitory plume maps surrounding GABAergic microinjection
tips

To map the brain sites responsible for the behavioral effects of tem-
porary pharmacological inhibition, local changes in Fos protein
expression (Fos plumes) were measured around the sites of microin-
jection of GABA agonists. The first inhibitory microinjections of the
muscimol/baclofen mixture in the Fos group of rats produced sup-
pression of local Fos expression in neurons surrounding the microin-
jection site, detectable as inhibitory Fos ‘antiplumes’, as compared
with levels at similar VP sites in control rats that received no micro-
injection. Inhibitory Fos antiplumes were ~0.35 mm in total radius,
which is similar what was found in a previous muscimol microinjec-
tion study (Faure et al., 2010), and contained an inner sphere of
heaviest (> 65%) Fos suppression (i.e. only < 35% of normal levels
of Fos in the VP) of radius 0.12 � 0.01 mm, surrounded by a mid-
dle zone of moderate (40–65%) suppression (i.e. 35–60% of normal
levels) of radius 0.24 � 0.02 mm, surrounded by an outer sphere of
mild (25–40%) suppression (i.e. 60–75% normal levels) of radius
0.35 � 0.15 mm (Fig. 2). The size of symbols in microinjection
causation maps for excessive ‘disgust’ was therefore assigned to be
0.35 mm in radius to represent the maximal observed spread (equal
to the outer inhibitory plume). All data in plume maps other than
plume radius reflect functional consequences of muscimol/baclofen
microinjections measured in behaviorally tested rats, and are
assigned to the microinjection site to show behavioral causation
(location, symbol color, and bar graphs).

NAc inactivation: posterior aversion, but not rostral hotspot

In the NAc, only sites located in the caudal two-thirds of the
medial shell produced excessive ‘disgust’ reactions to sucrose after

GABAergic microinjections as compared with vehicle control micro-
injections in the same rats (F1,8 = 9.232, P = 0.016, d = �1.28;
Fig. 3). In contrast, microinjections of muscimol/baclofen into the
rostral third of the medial shell (including the rostrodorsal quadrant
of the medial shell, which contains the previously identified hedonic
hotspot) failed either to release ‘disgust’ reactions to sweetness or to
significantly reduce the number of positive hedonic reactions to
sucrose (Fig. 3). This anatomical pattern followed a similar rostro-
caudal gradient for ‘disgust’ induction as previously reported for
pure muscimol microinjections in the medial shell (Reynolds & Ber-
ridge, 2001, 2002; Faure et al., 2010; Richard et al., 2013b). The
posterior zone of the NAc shell, where temporary GABA hyperpo-
larization caused excessive ‘disgust’ reactions to sucrose, stretched
approximately from AP levels + 1.2 mm to + 0.6 mm relative to
bregma. Food consumption was similarly blocked after posterior
NAc GABAergic microinjections in the caudal half of the medial
shell at sites that induced ‘disgust’ (F1,8 = 9.595, P = 0.01,
d = �1.08) (Reynolds & Berridge, 2002). In contrast, anterior NAc
microinjections of muscimol/baclofen produced, if anything, a trend
towards increased food intake, although this was not statistically sig-
nificant in the current study. Many previous studies have reported
robust increases in food intake after muscimol microinjections in the
anterior half of the NAc medial shell, including in our laboratory
(Stratford & Kelley, 1997, 1999; Basso & Kelley, 1999; Reynolds
& Berridge, 2002; Stratford, 2005; Faure et al., 2010; Wirtshafter &
Stratford, 2010; Stratford & Wirtshafter, 2012; Richard et al.,
2013b). Possibly, our failure to observe significant increases in feed-
ing after microinjections in the anterior half of the medial shell was
attributable to the temporal interpolation of taste reactivity testing
between microinjection and the intake test, or is a complication aris-
ing from the addition of baclofen to muscimol (most previous stud-
ies used one alone, usually muscimol), or is due to a relatively low
number of microinjection sites located in the rostral shell.

Inactivation of the posterior VP hotspot releases disgust

Microinjections of GABA agonists in the posterior region of the VP
caused subsequent exposure to sucrose to elicit intense ‘disgust’
reactions that reached > 200-fold of normal baseline levels assessed
in the same rats after vehicle microinjection (F1,62 = 32.141,
P = 0.001, d = �2.56; Fig. 4). The anatomical boundaries of the
‘disgust site’ in the posterior VP extended anteriorly to the middle
VP (AP �0.1 to �0.6 mm relative to bregma), and posteriorly to
the caudal edge of the VP bordering the SLEA (AP �1.5 mm rela-
tive to bregma) (Figs 4 and 6), and the total volume of the site was
estimated to be ~1.0 mm3 (which constitutes approximately one-
third of the total volume of the entire VP).
Sites within the posterior VP produced more intense increases in

‘disgust’ reactions after muscimol/baclofen microinjections than sites
in the anterior VP, or than sites in nearby outside structures, such as
the LH and SLEA (F2,30 = 9.97, P < 0.05, d = 1.0). However, sites
in the LH that were within 1 mm of the VP boundary did produce
at least intermediate levels of ‘disgust’ reactions to sucrose, but no
disgust reactions were produced by further sites in the LH, SLEA or
ventral neostriatum that were > 1 mm away from the posterior VP
(suggesting that some proximal LH ‘disgust’ impact may have been
attributable to distant muscimol/baclofen diffusion reaching the VP
slightly beyond our symbol radius, which was based on the mea-
sured suppression of Fos expression). Furthermore, many sites for
GABAergic microinjections did suppress positive ‘liking’ reactions
to sucrose even at other distant locations in the LH or SLEA, which
were > 1 mm from the VP, although they still failed to generate any
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‘disgust’ reactions to sucrose (Fig. 2). Disgust reactions to quinine,
which were already at high levels even after vehicle microinjections,
were not further increased by muscimol/baclofen microinjections at
any site (even in the posterior VP) (F1,72 = 1.038, P > 0.05,
d = �0.2). This lack of effect on quinine-evoked reactions was sim-
ilar to what was found for the lesions above, again perhaps indicat-
ing a response ceiling for already-aversive bitterness. Finally,
muscimol/baclofen at most sites in the LH and VP also suppressed
or abolished food consumption in the free intake test that followed
taste reactivity testing, as did most sites in the VP.

Comparison of inactivation site with lesion site in the VP. On
explicit comparison of excitotoxin lesions with temporary pharmaco-
logical inactivations as ways of defining the posterior VP site for
‘disgust’ release, GABAergic microinjections produced twice the
number of gapes and other disgust reactions to sucrose as excitotox-
in lesions at the same site [degrees of freedom = 24, P = 0.015,
d = �1.429; Fig. 4). However, GABAergic microinjections pro-
duced smaller radius impacts, and therefore tighter maps for the site
of ‘disgust’ induction. Overall, the anatomical site centered similarly
on the posterior VP for both lesions and inactivations, with the
lesion site map appearing larger than the GABA-inactivation site
map. The reason for the size difference between mapped disgust
sites might be that a lesion intense enough to kill at least 80% of
neurons in its center also tended to be large enough to produce sub-
stantial lesser damage at more distant sites (even if the damage to
those distant sites did not substantially contribute to disgust). Given
that the inactivation map gives the slightly smaller site, we conclude
it to be the most precise depiction, and suggest that the GABAergic
map most accurately reflects the true ‘disgust’-induction site in the
posterior VP. Finally, it is of interest to compare the VP disgust-
induction site identified here with the previously identified VP hedo-
nic hotspot where opioid/orexin microinjections in normal rats cause
enhancements of positive ‘liking’ reactions to sucrose (Smith & Ber-
ridge, 2005, 2007; Ho & Berridge, 2013). As expected, when they
are laid on top of each other, a map of the anatomical center and
boundaries of the VP ‘disgust’ site for lesions or inactivations
appears nearly identical to the map of the VP hedonic hotspot
reported in those earlier ‘liking’ enhancement studies (Fig. 6).

Discussion

Our results indicate that, for excitotoxin lesions, only the posterior
VP is able to produce intense ‘disgust’ reactions to sucrose after loss
of 65–80% of neurons within the VP hotspot. High levels of ‘disgust’
reactions to sucrose were also produced by temporary inactivation of
the posterior VP hotspot caused by microinjections of GABA agon-
ists, which presumably hyperpolarized nearby neurons via GABA
opening of membrane chloride ion gates. By comparison, for the
NAc hedonic hotspot in the rostral medial shell, neither lesions nor
inactivations caused ‘disgust’ reactions to sucrose. Instead, excessive
disgust was produced only from the posterior two-thirds of the NAc
medial shell, and only after temporary inactivations by muscimol/ba-
clofen microinjections (and never after excitotoxin lesions, even in
the posterior NAc shell). Finally, for other sites in structures such as
the LH or extended amygdala, neither lesions nor inactivations ever
caused ‘disgust’, even when they impaired food and water intake, as
long as the posterior VP hotspot was spared (remaining outside the
LH or extended amygdala excitotoxin lesion or GABAergic microin-
jection spread, as indicated by neuron counts or Fos plumes).
This pattern might be summarized by saying that the VP hotspot

is uniquely needed for normal liking levels to be generated in the

forebrain circuitry, leaving ‘disgust’ in its absence (as well as being
a site able to neurochemically enhance ‘liking’ to higher levels than
normal) (Smith & Berridge, 2005, 2007; Ho & Berridge, 2013). By
comparison, the NAc shell segregates hedonic enhancement mecha-
nisms into the rostral half of the medial shell, whereas excessive
‘disgust’ is predominantly produced more posteriorly by manipula-
tions in the caudal half of the medial shell. Within the posterior
NAc shell, the relatively phasic impairment of neuronal function
induced by temporary GABAergic inactivation (i.e. minutes to hours
after microinjection) was potent at releasing ‘disgust’.
However, posterior NAc sites did not produce the more enduring

chronic impairment induced by excitotoxin destruction of NAc neu-
rons. The difference between GABAergic microinjections and
lesions for the posterior NAc might reflect compensatory adjust-
ments occurring in the remaining affective brain circuitry occurring
over the first 24–48 h after an NAc lesion, which are not able to
occur in the shorter period of a few minutes to an hour between the
GABAergic microinjection and a taste reactivity test. The difference
may also reflect an intensity difference in the impact of the two
manipulations. That is, GABAergic microinjections more powerfully
impact on function than lesions even at a single site: for example,
GABAergic microinjections in the posterior VP produced approxi-
mately twice the number of ‘disgust’ reactions to sucrose as did
excitotoxin lesions in the same VP site. Another reason why NAc
lesions failed to produce ‘disgust’, but posterior VP lesions did,
might be the opposite neuronal polarization mechanisms posited for
the NAc and VP in reward functions, which arise from reciprocal
GABAergic interconnections between the two structures (Kelley
et al., 2005; Baldo & Kelley, 2007; Carlezon & Thomas, 2009).
That is, NAc hyperpolarization or inhibition has been proposed to
be a chief neuronal mechanism of reward (Roitman et al., 2005,
2010; Carlezon & Thomas, 2009; Krause et al., 2010), whereas VP
neuronal depolarization or excitation appears to be more directly
linked to reward functions (Tindell et al., 2004, 2006; Carlezon &
Thomas, 2009; Root et al., 2010; Smith et al., 2011). In this frame-
work, NAc may thus play a relatively permissive role in reward and
incentive motivation, via disinhibiting targets, including the VP. In
contrast, VP excitation may play a more direct role in generating
reward functions. Loss of VP neurons might therefore more dramati-
cally tilt the affective balance towards negative affects, including
disgust. However, we note as a counterpoint to this explanation that
NAc excitations (perhaps of different neuronal subpopulations) may
also participate in reward (Ambroggi et al., 2011), and NAc phar-
macological inhibitions in the caudal shell can clearly induce dis-
gust, as seen here, suggesting that NAc inhibitions are not purely
linked to reward.
Another potential basis for disgust, at least for taste disgust, is

that the VP has more extensive reciprocal projections than the NAc
with brainstem gustatory relays in rodents, such as the parabrachial
nucleus of the pons (Norgren & Leonard, 1973; Wu et al., 2012). It
may also be relevant that VP neurons more directly synapse onto
dopaminergic neurons in the ventral tegmental area, which might
especially mediate appetitive motivation, whereas NAc projections
synapse only onto non-dopaminergic neurons (Xia et al., 2011;
Hjelmstad et al., 2013). However, as a caveat to this explanation,
the GABAergic inhibitory nature of both projections does present a
puzzle for how VP excitations could drive dopamine firing, unless
additional other synapses or co-neurotransmitters are involved
(Sesack & Grace, 2010).
Whatever the neuronal mechanism for disgust production, it

seems intriguing that reciprocal projections may connect the poster-
ior half of the NAc medial shell (where ‘disgust’ is produced at
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least by GABAergic microinjections) to the posterior half of the VP
(Groenewegen et al., 1993) (where ‘disgust’ is produced by both
GABAergic microinjections and lesions), raising the possibility that
the two disgust-inducing sites in the NAc and VP may be anatomi-
cally interconnected. The NAc core also projects to the posterior
VP, whereas, by comparison, the rostral medial shell of the NAc
may connect more predominantly with the anterior VP (Groenewe-
gen et al., 1993; Thompson & Swanson, 2010).

VP hotspot: unique site for normal pleasure and liking
enhancement

The ‘disgust’-releasing site in the posterior VP appeared to be essen-
tially identical in anatomical boundaries to the VP hedonic hotspot
previously identified for the enhancements of sensory pleasure via
microinjections that deliver opioid or orexin neurochemical stimula-
tion (Smith & Berridge, 2005, 2007; Ho & Berridge, 2013) (Fig. 6).
That same VP hotspot also contains neurons in which firing
increases code hedonic palatability of sweet, salty and bitter tastes,
and the modulation of palatability via changes in natural appetite/
satiety states or brain manipulations (Tindell et al., 2004, 2005,
2006; Smith et al., 2011).
Our results also confirm previous reports that VP lesions or

muscimol microinjections produce excessive ‘disgust’ reactions to
sweet tastes (Cromwell & Berridge, 1993; Shimura et al., 2006),
whereas the same manipulations of the LH or extended amygdala
do not (if the VP remains spared) (Cromwell & Berridge, 1993).
Our results additionally reveal that the VP subregion that is most
responsible for ‘disgust’ appears to be limited to the posterior half
of the VP. In contrast, only mere passive aphagia or hypophagia
(without active disgust reactions to sucrose, although often with sup-
pression of positive hedonic ‘liking’ reactions) was produced by
damage in a larger, surrounding 5-mm3 area, including the anterior
VP, LH and SLEA (Schallert & Whishaw, 1978). The large region
for induction of aphagia and adipsia is also consistent with previous
reports on diverse LH or GP lesions (Morgane, 1961; Teitelbaum &
Epstein, 1962; Schallert & Whishaw, 1978; Cromwell & Berridge,
1993, 1994).
Regarding differences in function between the anterior VP and

the posterior VP, further support is provided by reports that tempo-
rary inactivation of the posterior VP in rats reduces reinstatement of
cocaine reward pursuit primed by either cocaine administration or
by aversive stress, whereas inactivation of the anterior VP more
effectively reduces priming of cocaine pursuit by learned drug-pre-
dicting cues (McFarland & Kalivas, 2001; McFarland et al., 2004;
Mahler et al., 2014). Furthermore, opioid microinjections in the pos-
terior VP increase the unconditioned consumption of food, enhance
‘liking’ orofacial reactions to sucrose hedonic impact, and increase
instrumental responses to earn electrode self-stimulation in the LH
(in addition to increasing ‘liking’ reactions to sucrose), whereas the
same opioid microinjections in the anterior VP suppress eating and
self-stimulation (in addition to suppressing sucrose liking) (Johnson
et al., 1993; Smith & Berridge, 2005). Conversely, opioid antagonist
microinjection in the posterior VP blocks the hedonic alliesthesia or
palatability enhancement normally produced by hunger or by NAc
opioid stimulation (Smith & Berridge, 2007; Wassum et al., 2009).
Thus, the VP appears to have strong localization of function differ-
ences between the rostral and caudal subregions.
The neurobiological basis of why the posterior VP hotspot is

more important than the anterior half of the VP to disgust induction
remains unknown, but there are several special neurobiological fea-
tures of the posterior VP that might be important to localization of

hedonic/disgust function. For example, the posterior VP has been
reported to have higher levels of enkephalin neurotransmitter expres-
sion than the anterior VP (accompanied by a lower density of
presynaptic l-opioid receptors), and also a higher ratio of non-cho-
linergic neurons to cholinergic neurons (Maidment et al., 1989;
Bengtson & Osborne, 2000). There are also important connectivity
differences between the posterior VP and the anterior VP, involving
projections to the NAc, medial prefrontal cortex, insular cortex, and
somatosensory cortex (Zahm & Heimer, 1990; Groenewegen et al.,
1993; Zahm et al., 1996, 2013).

NAc: segregation of rostral pleasure enhancement and caudal
disgust induction

In contrast to the VP hotspot, our results indicate that, for the
NAc, the rostrodorsal quadrant of the medial shell is not a site for
disgust induction, despite containing another hotspot for hedonic
enhancement by opioid or endocannabinoid stimulation (Peci~na &
Berridge, 2005; Mahler et al., 2007; Smith & Berridge, 2007;
Smith et al., 2011; Castro & Berridge, 2014). Neither permanent
excitotoxin lesions nor temporary GABAergic inactivations in the
anterior half of the NAc medial shell were able to increase ‘dis-
gust’ reactions to sucrose, or even to suppress positive liking reac-
tions to sucrose.
For the NAc, ‘disgust’ was induced only by GABAergic microin-

jections, and only at sites in the posterior two-thirds of the medial
shell. This NAc caudal bias for temporary inactivation ‘disgust’ may
also fit within a larger rostrocaudal affective keyboard pattern of
anatomical organization of valence function previously found for the
NAc shell. For example, GABAergic muscimol microinjections in
the posterior medial shell also produce actively coping ‘fear’ (e.g.
defensive anti-predator reactions such as directional treading/bury-
ing) and establish conditioned place avoidance, whereas rostral NAc
shell sites produce appetitive increases in eating and food-seeking
behavior and sometimes even ‘liking’ enhancements (Stratford &
Kelley, 1997; Reynolds & Berridge, 2002; Faure et al., 2010;
Wirtshafter & Stratford, 2010; Richard et al., 2013b). Localization
of function across different rostrocaudal subregions of the NAc med-
ial shell might be viewed as simply extending the principle of ana-
tomical heterogeneity for reward motivation that is already well
recognized for the larger shell vs. the core components of the NAc
(Meredith et al., 2008; Besson et al., 2010; Rocha & Kalivas, 2010;
Ambroggi et al., 2011; Cacciapaglia et al., 2012; Resendez et al.,
2013).

Disgust release in a historical context

Over a century ago, the neurologist John Hughlings Jackson pro-
posed that active behavioral symptoms caused by brain damage
might be understood as ‘release phenomena’ (Hughlings Jackson,
1958). Jackson wrote: ‘We must never speak of destructive lesions
causing positive symptoms. It is erroneous, I submit to say that any
sort of disease causes elaborate positive mental symptoms illusions,
hallucinations, etc.’ Instead, ‘it causes a negative mental condition,
the elaborate positive mental symptoms are permitted’ (italics in ori-
ginal, p. 192, 1958; originally published 1879). By ‘negative’ men-
tal condition, Jackson meant a loss of some particular function (e.g.
loss of pleasure or liking reactions here), and by ‘positive’ symptom
he meant any intense new and pathologically intense process (e.g.
disgust). Applied here, Jackson’s term ‘positive mental symptom’

would not refer to positive-valence ‘liking’, but rather to intense
negative-valence ‘disgust’.
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In this Jacksonian view, a VP lesion causes a release phenome-
non: the sudden removal of inhibitory influences that are normally
exerted over other circuitry, producing disinhibition and apparent
excitation of the dramatic new symptoms. Arguably, this release
phenomenon framework applies to the induction of intense sensory
disgust by our posterior VP lesions/inactivations or by posterior
NAc shell inactivations. This would mean that lesions of the VP did
not quite ‘cause’ the excessive disgust. Instead, VP lesions removed
either antagonistic opposition by ‘liking’ (via impairing a positive
hedonic mechanism) and/or removed descending inhibitory control
(via impairing the hierarchical modulation that normally suppresses
disgust). In either case, the removal freed the remaining negative-
affect circuitry elsewhere to generate excessive disgust. A release
interpretation is also consistent with observations that the excessive
disgust reactions to sweetness released by lesions gradually fade
over days to weeks, suggesting that hyper-reactivity of the remain-
ing disgust circuitry eventually declines, resulting in restoration of
the affective balance (Teitelbaum & Epstein, 1962; Cromwell &
Berridge, 1993). The identity of the remaining negative-valenced
circuitry that generates disgust in the absence of the posterior VP
has yet to be identified, but it plausibly involves the anterior VP
and regions of the hypothalamus, as well as the striatum, amygdala,
and insula cortex (Calder et al., 2001, 2007; Heining et al., 2003;
Murphy et al., 2003; Sambataro et al., 2006; Hayes et al., 2007;
Johnson et al., 2007; Mataix-Cols et al., 2008; Chapman &
Anderson, 2012; Klucken et al., 2012).
Historically, only a few subcortical forebrain ablations or lesions

have produced intense negative emotional reactions in the forms of
excessive disgust, fear, or rage. In transection studies, disgust reac-
tions to sweetness and irritable aggressive reactions to handling
were reported by Grill and Norgren in so-called ‘thalamic rats’,
which possessed a thalamus and brainstem, but had suction abla-
tion of all telencephalic structures: the basal ganglia (including the
neostriatum, the NAc, and probably the GP and VP), septum, hip-
pocampus, and neocortex (Grill & Norgren, 1978a). Similarly, ear-
lier transection studies of cats by Bard and Cannon found intense
negative affective reactions in the form of ‘thalamic rage’ after
ablations of telencephalic structures either above the thalamus or
above the hypothalamus (and including the thalamus) (Cannon,
1927; Bard, 1934). Conceivably, all of those ablations may have
eliminated the posterior VP if they succeeded in destroying all
structures rostral to the anterior edge of the hypothalamus and thal-
amus. In contrast to the intense negative affect produced by such
thalamic/hypothalamic ablations, neither rage nor disgust is pro-
duced when transections are made more anterior to the thalamic
level, such as removing the neocortex alone but leaving intact the
striato-pallidal circuitry and other telencephalic subcortical struc-
tures (Sorenson & Ellison, 1970; Warren et al., 1972; Vanderwolf
et al., 1978; Wirsig & Grill, 1982). Similarly, no excessive rage or
disgust is caused by transections more posterior to the hypothala-
mus, such as mesencephalic decerebration in rats or cats, which
effectively removes the entire diencephalon, including the hypothal-
amus and rostral structures, and rebalances the ratio of taste-elicited
positive and negative affective reactions remaining as reflexes
(Sherrington, 1906; Miller & Sherrington, 1915; Grill & Norgren,
1978b; Grill, 2006).
A few early specific lesion studies in the 1920s to 1940s simi-

larly found ‘chronic rage’ in cats and dogs after localized lesions
in rostral regions of the basal forebrain (which it is tempting to
speculate might also have damaged the VP) (Fulton & Ingraham,
1929; Spiegel et al., 1940). By the 1960s, the rough outline of a
specific site for disgust induction began to emerge in the results

obtained with large electrolytic lesions of the ventral forebrain
region containing the LH and GP (which also probably damaged
the VP) (Morgane, 1961; Teitelbaum & Epstein, 1962). As Teitel-
baum and Epstein wrote, after those large LH lesions (which prob-
ably intruded into the VP), a rat ‘actively resists having milk
placed in its mouth by a medicine dropper, and it does not swal-
low the milk once it is there’, but instead ‘does engage in the
same paw-waving and wiping, chin-rubbing, poor grooming and
rejection (as) when very bitter quinine (1% weight/volume is put
in its mouth. This suggests that mouth contact with food and water
is highly aversive to a rat with lateral (hypothalamic) lesions
during this stage’ (Teitelbaum & Epstein, 1962). However, subse-
quent studies using smaller and more precise lesions suggested fur-
ther that disgust was only produced by damage to the anterior part
of the greater LH region (i.e. the portion of the LH that borders
upon the posterior half of the VP identified here), which again
possibly intruded into the VP (Schallert & Whishaw, 1978; Stellar
et al., 1979). The same rats with anterior lesions that showed dis-
gust reactions to food also showed antisocial behavior towards
other rats; they ‘actively rejected the normal (other rat) by pushing
it away or by kicking it away in a stereotyped manner’ (p.733),
rather than approaching and positively engaging as control rats did.
In contrast, damage to the posterior portion of the LH failed to
produce disgust (producing only aphagia without aversion to tastes,
similarly to LH lesions here) or antisocial behavior (Schallert &
Whishaw, 1978).
The disgust lesion site was moved entirely out of the LH proper,

and more anterolaterally towards the VP, on the basis of the results
of an earlier study in our laboratory by Cromwell (Cromwell & Ber-
ridge, 1993). Cromwell mapped excitotoxin lesions that released
negative disgust reactions to sucrose, and was the first to report that
the disgust release site was actually not in the LH at all, but rather
more anteriorly and laterally in the VP or substantia innominata
(Cromwell & Berridge, 1993). The VP was further highlighted for
disgust pharmacologically by Shimura et al. (2006), who reported
that GABA agonist microinjections in unspecified regions of the VP
similarly produced excessive gape reactions to sucrose. Finally, our
present results suggest that the disgust release site for both pharma-
cological microinjections and excitotoxin lesions can be narrowed
further to the posterior half of the VP, and is essentially identical to
the VP hedonic hotspot for liking enhancements. In retrospect, it
seems reasonable to entertain the explanatory hypothesis that all of
the earlier ablation, lesion and pharmacological studies described
above that induced intense disgust or rage reactions may have
released negative affects by impinging on the same site: the hotspot
in the posterior half of the VP.
In contrast, lesions in the NAc have never been reported to

induce either eating deficits or a major shift towards negative affect
(Koob et al., 1978; Kelley & Stinus, 1985; Ramaswamy et al.,
1998). Instead, only mild, or no, alterations in eating patterns or
sucrose preference have been found (Koob et al., 1978; Kelley &
Stinus, 1985; Ramaswamy et al., 1998). Although NAc lesions may
effectively impair the rewarding impact of some drugs of abuse
(Koob et al., 1978; Zito et al., 1985; Bardo, 1998), NAc damage
has remarkably little impact on the capacity for natural sensory plea-
sures, such as food, or on motivation to consume natural rewards.
Our results confirm reports that NAc lesions do not induce intense
negative affect or even suppress the positive hedonic impact of
sucrose. We show that this conclusion applies even to lesions that
specifically target the hedonic hotspot in the rostrodorsal quadrant of
the medial shell, which is capable of generating opioid/endocannabi-
noid hedonic enhancements.
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Relationship with theories of positive vs. negative affect: one
or two dimensions?

Two major views exist in psychology regarding whether affect is
best described as a single dimension (e.g. a line from a positive pole
to a negative pole) or as two separate dimensions (one dimension
for positive affect and an independent dimension for negative affect)
(Norris et al., 2010). The one-dimensional view posits every affec-
tive reaction to be a point along a single line: intense pleasant reac-
tions are at one end, intense unpleasant reactions are at the opposite
end, and neutrality is in the middle (Wundt, 1904; Young, 1918;
Cacioppo et al., 1997; Feldman Barrett & Russell, 1999; Russell &
Carroll, 1999; Kuppens et al., 2013). An implication for the brain
of the one-dimensional view is that a single affective brain mecha-
nism or circuit could, in principle, generate all pleasant or unpleas-
ant reactions via particular neural activation intensities or states. The
two-dimensional view suggests instead that the positive affect
dimension is separate and orthogonal to the negative affect dimen-
sion, so that the two could be depicted as a positive x-axis vs. a
negative y-axis forming a plane of intersection, in which all affective
reactions are placed as two-dimensional points (Gray, 1982;
Berridge & Grill, 1984; Lang, 1995; Gray & McNaughton, 1996;
Cacioppo et al., 1997; Larsen et al., 2001; Norris et al., 2010). A
brain-related implication of the two-dimensional view is that neural
mechanisms for positive affect are different from those for negative
affect.
How do our current results on sensory disgust relate to these

views? Our finding that particular VP hotspot lesions, VP inhibitions
and NAc inhibitions producing intense disgust reactions also simul-
taneously reduced positive liking reactions to sucrose fits best, at
first sight, with the one-dimensional view. According to the one-
dimensional view, any increase in negative affect is necessarily also
a decrease in positive affect. On the other hand, reciprocal inhibition
between positive and negative mechanisms has also been posited
by several advocates of the two-dimensional view (Gray, 1982;
Berridge & Grill, 1984; Lang, 1995; Gray & McNaughton, 1996;
Cacioppo et al., 1997; Larsen et al., 2001; Norris et al., 2010). If
reciprocal inhibition is allowed between the two dimensions, then
our reciprocal change results become more ambiguous. They could
fit with the two-dimensional view, on the assumption that excessive
disgust activation results in activation of the negative dimension that
is intense enough to produce reciprocal inhibition of the positive
dimension’s expression.
According to the two-dimensional view, negative affect can

change independently of positive affect, and both positive and
negative affect could exist at the same time. Our results did show
a relatively univalent non-reciprocal or two-dimensional change in
affect after damage to a larger region of the VP outside the hot-
spot, LH, and/or extended amygdala. Those lesions reduced the
number of positive ‘liking’ reactions elicited by sucrose (often
producing aphagia too), but did not produce detectable ‘disgust’
reactions. However, according to the one-dimensional view, those
lesions could have produced a mild change along a universal
dimension sufficient to reduce positive hedonic impact but not to
cross the neutrality midpoint into negative territory. In either case,
it remains unclear mechanistically whether this selective positive
suppression was truly caused by damage to anatomical zones out-
side the VP, or was caused by the spread of milder damage into
the VP hotspot (i.e. < 65%). Finally, a two-dimensional view
probably best fits the Jacksonian-style interpretation described
above, in which posterior VP damage is conceived to disrupt a
mechanism of positive affect, so releasing a separate negative

disgust mechanism from reciprocal inhibition or hierarchical
suppression.
In the end, our current results are not conclusive for the one-

dimensional vs. two-dimensional debate. Future identification of a
separate forebrain generator for negative disgust would support a
two-dimensional or two-mechanism view, whereas a potential future
finding that the posterior VP generates both liking and disgust via
different modes would better support a one-dimensional or single-
mechanism view.

Relationship with other forms of disgust

Human disgust spans several levels of psychological complexity,
from simple sensory disgust in reaction to a nasty taste or smell as
studied here, to contamination disgust in reaction to the sight of
excrement, bloody bodily wounds, or particular sexual acts, to moral
disgust in reaction to horrific unfairness or atrocity (Rozin & Fallon,
1987; Schnall et al., 2008; Chapman & Anderson, 2012). Sensory
and higher levels of disgust are distinguishable psychologically and
perhaps even in facial expressions (Rozin et al., 1994). However,
the facial expressions do overlap between sensory and higher levels
of disgust.
Most strikingly, both sensory and higher levels of disgust have

been shown to activate overlapping patterns of brain circuitry in
functional magnetic resonance imaging studies (Small et al., 1999;
Zald & Pardo, 2000; Zald et al., 2002; Calder, 2003; Zald, 2003;
Calder et al., 2007; Mataix-Cols et al., 2008; von dem Hagen et al.,
2009). Neuroimaging and electrophysiological studies have impli-
cated particular roles in disgust for the subcortical VP and GP, the
neostriatum and NAc, and the anterior insula cortex and cingulate
cortex (Calder et al., 2001, 2007; Heining et al., 2003; Mataix-Cols
et al., 2008; Shabel et al., 2011; Borg et al., 2012, 2014; Chapman
& Anderson, 2012; Klucken et al., 2012). Within the VP in particu-
lar, the rostral half has been reported to be activated by disgusting
images of food, whereas the caudal half has been reported to be
activated by pleasant food images, a difference that seems to be
compatible with the notion that caudal VP dysfunction might impair
positive hedonic reactions to release negative disgust generated else-
where (and perhaps involving the rostral VP) (Beaver et al., 2006;
Calder et al., 2007).
Sensory disgust in response to taste has been suggested to be the

prototypical form and evolutionary origin of disgust, emerging first
as a preadaptation to ovoid oral pathogens, and later becoming co-
opted into more complex levels by biological and cultural evolution,
resulting in higher forms of disgust (Rozin, 2000; Rozin et al.,
2008; Chapman et al., 2009; Tybur et al., 2013). Cross-talk between
levels may also still occur psychologically, as when experience of a
bad taste potentiates or primes subsequent judgements about moral
disgust (Eskine et al., 2011; Herz, 2014).
Although it is speculative, application of our results to human

psychopathology would suggest special roles for the posterior shell
of the NAc and for the posterior regions of the VP as sites where
localized neural dysfunctions might induce excessive sensory dis-
gust, and even conceivably higher levels, such as contamination dis-
gust or moral disgust. To the degree that neural circuitry overlaps to
generate different levels of disgust, our findings at least pose the
hypothesis that these subregions of the NAc and VP might deserve
special scrutiny when more complex forms of excessive disgust
occur in humans.
Some clinical evidence from human studies supports the idea that

the VP may be needed for positive hedonic liking in humans, and
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that normal pleasure is replaced by anhedonia or by negative affect
after VP damage. Although it is rare for a human clinical brain
lesion to destroy the VP on both the left and the right sides of the
brain without also destroying so much other ventral forebrain tissue
that the patient becomes unable to communicate affective status, a
few cases of relatively specific VP lesions do exist. For example,
one patient with VP damage on both sides resulting from hypoxia
was reported to become dominated by depression, hopelessness,
guilt, and anhedonia (Miller et al., 2006). Drinking alcohol, which
was previously abused, lost its pleasure for him, and he no longer
craved other drugs of abuse that he had previously avidly consumed.
However, this lesion probably did not fully destroy his VP, and per-
haps this is why he was not as strongly seized by disgust as our rats
seemed to be here. Instead, the patient still continued to eat and
drink normally after his lesion, and even gained weight. However,
affectively, as mentioned above, he was reported to become domi-
nated by feelings of depression, hopelessness, guilt, and anhedonia
(Miller et al., 2006). Another patient with GP lesions that were
described as possibly extending into the VP reported an ‘inability to
feel emotions’, and was described by analysts as having flat affect
and ‘a profound lack of motivation’ (Vijayaraghavan et al., 2008).
Furthermore, the patient was less motivated and less aroused by
rewards such as pleasant food images, although still being motivated
to avoid unpleasant stimuli (Vijayaraghavan et al., 2008). Although
more evidence is needed, these clinical case studies seem at least to
be consistent with the idea that damage to the VP impairs both posi-
tive affect and motivation for rewards in humans, and possibly
releases excessive negative affect.

Conclusion

Overall, our data suggest that the NAc segregates the medial shell
into separate zones for generating positive hedonic enhancement
(rostral half of the medial shell) and release of excessive negative
disgust or fear induced by temporary pharmacological GABA inacti-
vations (caudal half of the medial shell). In contrast, the VP seems
to combine excessive disgust release and positive enhancement of
pleasure in the same caudal hotspot in the posterior VP. Further-
more, the VP posterior site appears to be unique as the only brain
site where lesions that destroy neurons (as well as GABAergic inac-
tivation of neurons) produce intense disgust. That same VP site is
also a hotspot for hedonic enhancement. These results help to
advance our understanding of how excessive negative affect, in the
form of an abnormally intense sensory disgust reaction, is produced
by localized brain dysfunction.
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