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Opioid Hedonic Hotspot in Nucleus Accumbens Shell: Mu,
Delta, and Kappa Maps for Enhancement of Sweetness
“Liking” and “Wanting”

Daniel C. Castro and Kent C. Berridge
Department of Psychology, University of Michigan, Ann Arbor, Michigan 48109

A specialized cubic-millimeter hotspot in the rostrodorsal quadrant of medial shell in nucleus accumbens (NAc) of rats may mediate
opioid enhancement of gustatory hedonic impact or “liking”. Here, we selectively stimulated the three major subtypes of opioid receptors
via agonist microinjections [mu (DAMGO), delta (DPDPE), or kappa (U50488H)] and constructed anatomical maps for functional
localizations of consequent changes in hedonic “liking” (assessed by affective orofacial reactions to sucrose taste) versus “wanting”
(assessed by changes in food intake). Results indicated that the NAc rostrodorsal quadrant contains a shared opioid hedonic hotspot that
similarly mediates enhancements of sucrose “liking” for mu, delta, and kappa stimulations. Within the rostrodorsal hotspot boundaries
each type of stimulation generated at least a doubling or higher enhancement of hedonic reactions, with comparable intensities for all
three types of opioid stimulation. By contrast, a negative hedonic coldspot was mapped in the caudal half of medial shell, where all three
types of opioid stimulation suppressed “liking” reactions to approximately one-half normal levels. Different anatomical patterns were
produced for stimulation of food “wanting”, reflected in food intake. Altogether, these results indicate that the rostrodorsal hotspot in
medial shell is unique for generating opioid-induced hedonic enhancement, and add delta and kappa signals to mu as hedonic generators
within the hotspot. Also, the identification of a separable NAc caudal coldspot for hedonic suppression, and separate NAc opioid
mechanisms for controlling food “liking” versus “wanting” further highlights NAc anatomical heterogeneity and localizations of func-
tion within subregions of medial shell.
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Introduction
The medial shell of nucleus accumbens (NAc) contributes to the
hedonic impact of sensory pleasures (e.g., “liking” reactions to
sweetness), as well as incentive motivation to consume foods,
drugs, and other rewards (e.g., “wanting”; Zhang et al., 2003;
Grueter et al., 2012; Michaelides et al., 2013; Resendez et al.,
2013). Disorders, such as drug addiction, binge eating, or depres-
sion, may involve mesocorticolimbic dysfunction of “liking” or
“wanting” processes (Koob, 2000; Ito et al., 2004; Nathan and
Bullmore, 2009; Berridge et al., 2010; Berner et al., 2011).

An anatomically localized “hedonic hotspot” has been found
within the rostrodorsal quadrant of NAc medial shell: an approx-
imately cubic-millimeter sized subregion where mu opioid stim-
ulation via microinjection of DAMGO can double the hedonic
impact of sweet tastes (Peciña and Berridge, 2005; Smith and

Berridge, 2005, 2007; Smith et al., 2011). By contrast, the same
�-opioid stimulation in other subregions of medial shell fails to
enhance “liking” reactions to sucrose (Peciña and Berridge,
2005). As part of a larger functional circuit, the NAc hotspot
interacts with a second anatomical hotspot in the ventral palli-
dum to amplify “liking” reactions to sweetness (Smith and Ber-
ridge, 2007; Smith et al., 2011).

Separable from hedonic impact, �-opioid stimulation also
increases the motivation to eat (“wanting”) both in the shell hot-
spot and at many additional sites distributed throughout the en-
tire NAc, and in several limbic or striatal structures beyond (with
or without also enhancing “liking”; Gosnell et al., 1986; Ragnauth
et al., 2000a; Zhang and Kelley, 2000; Peciña and Berridge, 2005;
Woolley et al., 2006; Katsuura and Taha, 2010; Zheng et al., 2010;
Mena et al., 2011; Smith et al., 2011; DiFeliceantonio et al., 2012;
Mahler and Berridge, 2012; Peciña and Berridge, 2013).

In contrast to mu (�) stimulation, delta (�) or kappa (�)
stimulation in NAc has mixed or negative effects on food intake.
For delta stimulation, several studies reported increases in con-
sumption (Majeed et al., 1986; Bakshi and Kelley, 1993; Zhang
and Kelley, 1997; Ragnauth et al., 2000b), whereas other studies
reported no change (Katsuura and Taha, 2010). For kappa stim-
ulation in NAc, most studies report no change in intake, (Bakshi
and Kelley, 1993; Zhang and Kelley, 1997) although a few early
systemic administration studies reported increased intake (Coo-
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per et al., 1985; Jackson and Cooper, 1985), and dynorphin/�
stimulation at most sites in the brain is generally associated with
aversive effects (Bals-Kubik et al., 1993; Land et al., 2008; Knoll
and Carlezon, 2010; Wee and Koob, 2010).

Here we aimed to better identify and map mu, delta or kappa
stimulation effects in NAc medial shell, and to compare potential
localizations of function for sensory pleasure versus motivation
to eat, as well as the inducement of a conditioned place
preference.

Materials and Methods
Subjects. Male Sprague-Dawley rats, weighing 300 – 450 g at surgery (to-
tal, n � 84; behavioral taste reactivity and intake groups, n � 21; behav-
ioral conditioned place preference test groups, n � 39; dedicated Fos
plume radius groups, n � 24) were housed in pairs at �21°C on a reverse
12 h light/dark cycle. All rats had ad libitum access to both food and water
in their home cage. All experimental procedures were approved by the
University Committee on the Use and Care of Animals at the University
of Michigan.

Surgery. Rats were anesthetized with ketamine hydrochloride (80 mg/
kg, i.p.) and xylazine (5 mg/kg, i.p.), pretreated with atropine (0.05 mg/
kg, i.p.) to prevent respiratory distress, and placed in a stereotaxic
apparatus (David Kopf Instruments), with the incisor bar set at 5.0 mm
above intra-aural zero to avoid cannula penetration of lateral ventricles.
Rats received bilateral NAc implantation of permanent microinjection
guide cannulae (14 mm, 23 gauge, stainless steel) individually aimed at
sites staggered throughout the rostrocaudal extent of medial shell. Sites
were located between �3.1 and �2.7 mm anterior from bregma (AP),
bilateral �0.9 mm mediolateral (ML), and between �5.7 and �6.2 mm
dorsoventral (DV). Site coordinates were staggered across individuals so
that targets for the group as a whole filled the entire dorsal two-thirds of
NAc medial shell, but for a given rat, coordinates were bilaterally sym-
metrical and as nearly identical as possible in placement on both sides.
Microinjection guide cannulae were anchored to the skull using surgical
screws and dental acrylic, and stainless steel obturators (28 gauge) were
inserted to avoid occlusion except for during behavioral tests.

For rats in the taste reactivity testing group, bilateral oral cannulae
were additionally implanted in the same surgery to permit oral infusions
of sucrose solutions [polyethylene (PE)-100 tubing]. Oral cannulae en-
tered the mouth in the upper cheek pouch lateral to the first maxillary
molar, ascended beneath the zygomatic arch, and exited the skin at the
dorsal head cap (Grill and Norgren, 1978). Oral cannulae did not disrupt
normal eating. After surgery, each rat received subcutaneous injections
of chloramphenicol sodium succinate (60 mg/kg) to prevent infection
and carpofen (5 mg/kg) for pain relief. Rats received carpofen again 24 h
later and were allowed to recover for 1 week before any behavioral testing
occurred.

Drugs and NAc microinjections. Rats were gently cradled by hand in the
experimenter’s lap during NAc microinjections. PE-20 polyethylene tub-
ing was connected to stainless steel microinjection cannulae (16 mm, 29
gauge) extending 2 mm beyond the guide cannulae to reach NAc targets.
On test days, drug or vehicle solutions were brought to room tempera-
ture (�21°C), and inspected to confirm the absence of precipitation
before microinjection. Drugs were prepared at the beginning of each test
series, and then either frozen [artificial CSF (ACSF), DAMGO (mu),
DPDPE (delta)] or kept refrigerated [U50488H (kappa)] across consec-
utive test days. All drugs were dissolved in a vehicle of ACSF and micro-
injected over a 1 min period at a volume of 0.2 �l per side at a speed of 0.2
�l/min by syringe pump. Injectors were left in place for 1 min following
microinjection to allow drug diffusion, after which obturators were re-
placed, and rats were immediately placed in the testing chamber. Micro-
injection solutions contained one of the following: (1) DAMGO, a
selective � receptor agonist at a dose of 0.05 �g/0.2 �l per side; (2)
DPDPE, a selective � receptor agonist at a dose of 3.1 �g/0.2 �l per side;
(3) U50488H, a selective � receptor agonist at a dose of 0.186 �g/0.2 �l
per side, or (4) ACSF vehicle alone in a volume of 0.2 �l per side (vehicle
control condition). Order of drugs and vehicle were counterbalanced
across rats. Rats received only one drug or vehicle microinjection per day.

Drug doses were chosen based on previous studies by Bakshi and Kelley
(1993) and by Smith et al., 2011.

Taste reactivity testing. The taste reactivity test (Steiner, 1973; Grill and
Norgren, 1978; Steiner et al., 2001) was used to measure affective orofa-
cial reactions of rats to a 1 ml volume of sucrose solution infused into the
mouth via oral cannula. Tests occurred during 1 min infusions adminis-
tered at times when peak pharmacological effects could be expected (25
min for vehicle, DAMGO, U50488H, or 15 min for DPDPE) after drug
microinjection (Bakshi and Kelley, 1993). To infuse sucrose solution into
the mouth, a syringe containing sucrose in a syringe pump (1.0%; 0.029
M; 1 ml per test) was attached via hollow tubing (PE-50 connected to a
PE-10 delivery nozzle) to a rat’s oral cannula. A 1 ml volume of sucrose
was infused evenly over a period of 1 min duration. Orofacial taste reac-
tivity responses were video-recorded via close-up lens and an angled
mirror placed underneath the transparent floor for subsequent slow-
motion video analysis.

Taste reactivity video scoring. Hedonic, aversive, and neutral taste reac-
tivity patters were scored off-line in slow motion (1/30 s frame-by-frame
to 1/10th actual speed). Hedonic responses were classified as rhythmic
midline tongue protrusions, lateral tongue protrusions, and paw licks
(Berridge, 2000). Aversive responses were classified as gapes, head
shakes, face washes, forelimb flails, and chin rubs. Neutral responses were
classified as passive dripping of solution out of the mouth, ordinary
grooming, and rhythmic mouth movements. A time-bin scoring proce-
dure was used to ensure that taste reactivity components of different
relative frequencies still contribute equally to final affective hedonic/
aversive totals, and that frequent components such as rhythmic tongue
protrusions do not swamp rare but equally informative components,
such as lateral tongue protrusions (Berridge, 2000). Specifically, rhyth-
mic mouth movements, passive dripping, and paw licking reactions,
which occur in long bouts, were scored in 5 s time bins (e.g., 5 s contin-
uous paw licking behavior equals one bout occurrence). Rhythmic mid-
line tongue protrusions and chin rubs, which occur in shorter bouts,
were scored in 2 s time bins. Lateral tongue protrusions, gapes, forelimb
flails, and head shakes, which typically occur as discrete events, were
scored as single occurrences each time they occurred (e.g., one gape
equals one occurrence). Individual totals were calculated for hedonic and
aversive categories. A hedonic reaction total was quantified as the sum of
scores for lateral tongue protrusion, rhythmic tongue protrusion, and
paw lick scores. An aversive reaction total was quantified as the sum of
gape, head shake, face wash, forelimb flail, and chin rub scores.

Food intake testing. Spontaneous eating behavior was video-
recorded and voluntary food consumption measured in a 1 h free-
intake test that began 1 min after the taste reactivity test on each
microinjection day. Rats were habituated to the food-intake testing
chamber for three daily 1 h sessions before the first microinjection
day. Each food intake chamber (23 � 20 � 45 cm) contained 1 cm
depth of corncob bedding, and piles of two foods: palatable choco-
lates (M&Ms, �20 g) and standard chow pellets (Purina, �20 g); a
water bottle was also always available. Amounts of M&Ms and chow
were weighed before each test and again after the test to calculate
amount eaten (chamber was inspected for spillage, and incorporated
into amount remaining). All behavior in the chamber was also video-
recorded during the 60 min test, and scored later offline for video
analysis by a researcher blind to the drug microinjection condition.
Videos were scored for eating behavior (duration in seconds), water
drinking behavior (in seconds), grooming behavior (in seconds), and
for number of bouts of food sniffs, food carrying (grasping and trans-
port of food by 2 or more steps), cage crosses, and rears (each counted
separately).

Conditioned place preference test. Conditioned place preference/avoid-
ance was trained and tested using a three-compartment apparatus (Tz-
schentke, 1998; Bardo and Bevins, 2000; Reynolds and Berridge, 2002).
Two large side chambers (28 � 21 � 21 cm) surrounded a smaller central
compartment (12 � 21 � 21 cm). To allow distinctive sensory cues, one
side compartment had an overhead light, black-colored walls, a wire grid
floor (�1 cm spacing), and scent of soap, whereas the other side com-
partment had no extra lighting, white walls, a wire mesh floor (� 2 mm
spacing), and scent of 70% ethanol.
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To first assess any pre-existing preference, rats were pretested by being
placed in the center compartment and allowed to freely explore all three
chambers for 30 m while behavior was video-recorded. Preference was
calculated by the ratio of cumulative time spent in each side compart-
ment. Whichever compartment an individual rat spent more time in was
designated its originally preferred compartment. Opioid agonist micro-
injections were paired against each rat’s original preference (biased pro-
cedure), so that DAMGO (0.05 mg/0.2 �l per side), U50488H (0.186
mg/0.2 �l per side), or DPDPE (3.1 mg/0.2 �l per side) microinjections
were paired with a rat’s unpreferred compartment, and vehicle microin-
jections were paired with the originally preferred compartment (Tz-
schentke, 1998; Guo et al., 2008; Wang et al., 2012). Each rat received only
one type of opioid agonist, which was paired twice with the same cham-
ber (and vehicle paired twice with the other chamber) in counter-
balanced order. Between-group comparisons were made to compare
strength of conditioned preferences across the three types of opioid
agonist.

On the preference test day (sixth day), rats did not receive any micro-
injection, and instead were placed directly into the central compartment
and allowed to freely explore the entire apparatus for 30 min. Animal
behavior during test sessions was videotaped and subsequently scored for
cumulative time (seconds) spent in each compartment location. A rat
was scored as being inside a particular compartment whenever its head
and both forelimbs were within the boundary.

Histology and Fos-like protein immunohistochemistry. Following be-
havioral testing, rats were deeply anesthetized with an overdose of so-
dium pentobarbital. Rats in which Fos plumes were measured were
perfused and brains treated as described previously (Reynolds and Ber-
ridge, 2008; Richard and Berridge, 2011). Fos plumes surrounding mi-
croinjection tips were assessed in rats that had been behaviorally tested in
taste reactivity and food intake (n � 10), and additionally in a separate
dedicated Fos group (n � 14) that was included to detect the maximal
spread of neuronal impact after a single drug microinjection (Richard
and Berridge, 2011). In the behavioral group, Fos was assessed after a
final (sixth) drug or vehicle microinjection. A dedicated group was also
used for Fos because previous results suggested that repetition of up to six
serial microinjections during behavioral tests can lead to gradual plume
shrinkage by the seventh microinjection, possibly due to gliosis or necro-
sis around the microinjection tip (Richard and Berridge, 2011). If used
alone, shrunken plumes could give rise to overly precise estimates of
localization of function in brain maps (due to underestimation of the
spread of drug impact). In the dedicated group, which could be expected
to have maximum drug spread, a single drug or vehicle microinjection in
NAc medial shell was administered under conditions identical to the first
day of testing for behavioral rats. Rats were then anesthetized and tran-
scardially perfused 90 min after their final or sole bilateral microinjection
of vehicle (n � 4), DAMGO (n � 6), U50488H (n � 6), or 80 min after
their final or sole bilateral microinjection of DPDPE (n � 6). Rats with
no surgery were also included in a “normal” group (n � 2) to assess
counts in naive brains. Brain slices were processed for Fos-like immuno-
reactivity using normal donkey serum, goat anti-c-fos (Santa Cruz Bio-
technology), and donkey anti-goat AlexaFluor 488 (Invitrogen). Sections
were mounted, air-dried, and coverslipped with Prolong Gold antifade
reagent (Invitrogen). Zones where the local expression of fluorescent
Fos was elevated in neurons surrounding microinjection sites (“Fos
plumes”) were assessed via microscope as described previously (Reyn-
olds and Berridge, 2008). Behaviorally tested rats had brains removed
and fixed in 10% paraformaldehyde for 1–2 d and in 25% sucrose solu-
tion (0.1 M NaPb) for 3 d for assessment of microinjection site locations.
Brains were sliced at 60 �m on a freezing microtome, mounted, air-
dried, and stained with cresyl violet for verification of microinjection
sites. Bilateral microinjection sites for each rat were placed on coronal
slices from a rat brain atlas (Paxinos and Watson, 2007), which were used
to extrapolate the position of each site on a sagittal map of medial shell.

Mapping behavioral effects of NAc shell microinjections in the sagittal
plane allows for the presentation of all sites on the same map of the entire
rostrocaudal and dorsoventral extents of NAc medial shell. Functional
effects on hedonic and motivated behaviors were mapped using color-
coding to express the intensity changes in affective and motivated behav-

iors for individual behaviorally tested rats. Map symbols were sized to
match the maximal diameter of Fos plumes measure as described below.
For statistical comparison of rostral versus caudal behavioral effects, NAc
sites were classified as being in rostral half of shell if located more anterior
than �1.5 mm ahead of bregma (between �1.5 to �2.4), and as in caudal
half of shell if located posterior to �1.5 (i.e., between �0.4 to �1.5
bregma).

Regions for statistical analysis. Anatomical regions of interest in medial
shell were defined a priori for statistical comparisons. For each behav-
ioral effect, first, rostral versus caudal halves of medial shell were con-
trasted. This was followed by a finer-grained contrast of dorsal versus
ventral quadrants within each half, to separately compare all four quad-
rants (e.g., rostrodorsal, rostroventral, caudodorsal, caudoventral quad-
rants). Nonparametric comparisons were made using Friedman’s
two-way ANOVA or Kruskal–Wallis ANOVA, followed by appropriate
Wilcoxon or Mann–Whitney U tests to make paired comparisons.

Results
Overview
Overall, each of the three opioid agonists produced enhance-
ments of 200 – 400% for positive orofacial reactions elicited by
the hedonic impact of sucrose taste infusions when microinjec-
tions were made at NAc sites within the rostrodorsal hotspot of
medial shell. But none of the opioid agonists enhanced hedonic
reactions at any other medial shell sites that were outside the
hotspot (e.g., anywhere in caudal shell; see Figs. 2, 4). When
microinjection sites were located within the rostrodorsal quad-
rant of medial shell, the number of positive hedonic orofacial
reactions elicited by the taste of sucrose was doubled to quadru-
pled by microinjections of mu, delta, or even kappa opioid ago-
nists (DAMGO, DPDPE, or U50488H) compared with within-
subject control levels measured after vehicle microinjections in
the same rats (Friedman’s two-way ANOVA, X 2 � 12.573, p �
0.006). No change was statistically detectable for sites in the ven-
tral half of the rostral shell (i.e., rostroventral quadrant; Fried-
man’s two-way ANOVA, X 2 � 5.57, p � 0.134). In contrast,
when microinjection sites were located more posteriorly in the
caudal half of NAc medial shell, each of the three agonists sup-
pressed hedonic reactions to sucrose, cutting levels to approxi-
mately one-half of vehicle control levels. The hedonic
suppression sites in posterior medial shell were anatomically
clustered together sufficiently to reveal a caudal “hedonic cold-
spot” for reducing positive hedonic impact (Friedman’s two-way
ANOVA, X 2 � 10.675, p � 0.014).

Conditioned place preference results confirmed that rostro-
dorsal hotspot sites induced positive reward effects for both mu
and kappa agonists (Kruskal–Wallis Test, X2 � 16.599, p �
0.0001), and a similar trend toward a positive rostrodorsal cluster
for the � agonist (see Fig. 3). Sites in the caudal half of medial shell
tended to produce a trend toward place avoidance for kappa
stimulation, and no consistent place preference effects for mu or
delta stimulation.

Finally, opioid stimulations had varied effects on food intake
depending on agonist and location, described below (X2 �
11.796, p � 0.008).

Fos plume measures: anatomical spread of local drug impact
Measurements of Fos plume sizes indicated first, that repeti-
tion of several serial microinjections for behavioral induced
shrinkage in the diameter of final Fos plume produced by a
drug in the same rat (i.e., a rat’s sixth drug microinjection)
compared with a first microinjection diameter for that drug in
naive rats. For all three opioid agonists, the spread of impact
shrunk by 15–75% in rats that had been previously behavior-
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ally tested, compared with the diameter
of plumes induced by the same drug in
the dedicated Fos groups, which received
only a single microinjection (Fig. 1;
DAMGO (mu) � 33% shrinkage, F(1,585) �
8.251, p � 0.004; DPDPE (delta) � 75%
shrinkage, F(1,781) � 120.437, p � 0.0004;
U50488H (kappa) � 15%, F(1,821) � 7.877,
p � 0.005). Shrinkage induced by serial
repetition confirmed our supposition
that a dedicated Fos group provides
more accurate measures of the maxi-
mum spread of drug impact, induced by
each opioid agonist at the doses and vol-
umes used here, than measuring final-
microinjection plumes in a previously
tested behavioral group. For this reason,
all plume sizes described below and used
for mapping symbols come from the
dedicated Fos groups that were histo-
logically assessed after receiving a single
microinjection of their drug or vehicle,
and which had the maximum Fos plume
diameters.

The functional spread of each opioid
agonist microinjection had a radius be-
tween 0.15 and 0.2 mm, and a total local
volume between 0.014 and 0.034 mm 3, as
assessed by Fos plumes (Fig. 1). Fos ex-
pression was elevated by opioid agonist
microinjections within those zones com-
pared with expression levels after vehicle
microinjections, or compared with simi-
lar sites in normal control brains. Micro-
injections of the mu agonist DAMGO
generated Fos plumes with a total radius
of 0.15 mm (0.014 mm 3 volume), defined
as an elevation �150% over normal tissue
in the number of neurons expressing Fos
protein at points surrounding the micro-
injector tip (F(4,2776) � 28.193, p �
0.0001). These contained a smaller central
plume with a radius of 0.08 mm (0.002
mm 3 volume), defined as �150% eleva-
tion over vehicle microinjection levels at
corresponding points. Vehicle microin-
jections and cannula implants evoke
modest Fos elevations on their own, and
therefore a higher drug-induced elevation
is required to exceed 150% of vehicle-
control levels than is required to exceed
150% of normal control levels measured
in unoperated tissue. For that reason, the
inner intense zone of �150% vehicle ele-
vation in Fos is smaller than the outer
zone of �150% elevation over normal spontaneous levels of Fos
expression. Delta agonist DPDPE microinjections produced
�150% normal radius of 0.20 mm (0.034 mm 3 volume), and
again a slightly smaller radius of 0.15 mm compared with vehicle
control levels. Kappa agonist U50488H microinjections pro-
duced a radius of 0.15 mm (0.014 mm 3 volume) �150% eleva-
tion over normal tissue, and a slightly smaller radius of 0.13 mm
compared with control vehicle plumes. The averaged diameters

of Fos plumes measured for each agonist were used to set its
symbol size for maximal impact spread in functional maps (see
Figs. 2– 4). These measurements were also used therefore to cal-
culate the volume of rostrodorsal hedonic hotspot and caudal
hedonic coldspot derived from the functional maps. All other
information in function maps shows behavioral effects of drug
microinjections on taste reactivity and food intake at depicted
sites (symbol colors depict effect intensities; symbol placements

Figure 1. Fos plume maps for drug microinjections. Local Fos plumes reflect impact spread of a microinjected drug. Photomi-
crographs (top) show Fos expression in NAc shell of a normal (unoperated) control brain, a control brain that received a vehicle
microinjection, and a brain that received a microinjection of U50488 (kappa �). Each photo also depicts a sample bar showing
Fos-expressing neuron counts at points along a radial axis emanating from center of microinjection (or equivalent bar for normal
control brain). Numbers reflect the number of neurons in a box that expressed Fos. For microinjections, the average count for the
corresponding box in the entire vehicle-microinjection group (n � 4 ) or U50488H (n � 6 ) group is also shown below. Such counts
were used to compute elevations of drug-induced Fos compared with normal brains or vehicle brains for the corresponding
location. The kappa plume shows the outer limits of where U50488H stimulated Fos expression �150% above vehicle microin-
jection levels (orange dashed line), and slightly larger region where Fos was stimulated �150% at least above normal control
levels (yellow dashed line). Equivalent plumes are shown in photomicrographs at bottom for microinjections of DAMGO (n�6; mu
(�) agonist) and of DPDPE (n � 6; delta (�) agonist). The center row show illustrates the magnitude of shrinkage due to serial
repetition, from maximal plumes measured after first-time microinjections in the dedicated Fos groups (shown in photomicro-
graphs) to the sixth microinjection in rats that were tested 5 times behaviorally before a final Fos microinjection. Fos-positive
labeled cells were individually counted in 50 � 50 �m squares along radial arms extending from the center of the microinjection
site at 10� magnification. Such shrinkage implies that dedicated Fos groups may provide more accurate measures of maximal
plume diameter than groups previously tested for behavioral effects.

4242 • J. Neurosci., March 19, 2014 • 34(12):4239 – 4250 Castro and Berridge • Nucleus Accumbens Opioid Hotspot



depict site locations; bar graphs depict behavioral intensities at
AP or DV stereotactic levels).

Rostrodorsal localization of hedonic enhancement in
medial shell
At sites in the rostrodorsal quadrant of medial shell, the number
of positive hedonic reactions elicited by the taste of sucrose was
more than doubled by DAMGO, DPDPE, or U50488H microin-
jections (Fig. 2; Friedman’s two-way ANOVA, X 2 � 12.573, p �
0.006; described separately below). Hedonic enhancements pro-
duced within the rostrodorsal quadrant were always greater than
produced by the same drugs in any of the other three quadrants of
medial shell (X2 � 24.723, p � 0.0001), which all failed to pro-
duce any increase over vehicle levels in the number of positive
reactions elicited by sucrose (X2 � 5.57, p � 0.134).

Mu localization in rostral hotspot
Mu receptor stimulation by DAMGO microinjections at sites
within the rostrodorsal quadrant nearly quadrupled the number
of hedonic reactions elicited by sucrose taste (median � 400%,
Z � �3.059, p � 0.002). The rostrodorsal localization of mu
enhancement was significantly greater compared with the other
three quadrants of medial shell (Z � �3.114, p � 0.001).

Delta localization in rostral hotspot
Delta stimulation by DPDPE microinjections in the rostrodorsal
quadrant nearly tripled hedonic reactions elicited by the taste of
sucrose compared with vehicle levels in the same rats (median �
292%; Z � �2.346, p � 0.019). Again, the rostrodorsal delta
enhancement was significantly higher compared with the other
three quadrants of medial shell (Z � �2.926, p � 0.002).

Kappa localization in rostral hotspot
Perhaps most surprisingly, even kappa stimulation by U50488H
microinjections inside the rostrodorsal quadrant more than dou-
bled positive hedonic reactions to sucrose (median � 225%, Z �
�2.703, p � 0.007). Kappa enhancement in the rostrodorsal
quadrant was significantly higher compared with the other three
quadrants (Z � �2.744, p � 0.004). Although this is the first
report to our knowledge that kappa opioid stimulation can en-
hance sensory pleasure impact in any brain region, we emphasize
that kappa hedonic enhancement was observed only for sites
within the rostrodorsal hotspot.

Thus, within the rostrodorsal quadrant, all three opioid ago-
nists produced increases that were valence-specific to positive
hedonic orofacial reactions to sucrose (e.g., rhythmic and lateral
tongue protrusions, and paw licks). The number of aversive re-
actions (e.g., gapes) remained near zero and never was altered,
even by opioid agonist microinjections in the rostrodorsal quad-
rant (Friedman’s two-way ANOVA, X2 � 5.567, p � 0.135).
Finally, although the magnitude of hedonic enhancement nom-
inally varied from twofold for kappa to threefold for delta and up
to fourfold for mu within the rostrodorsal hotspot, those magni-
tudes of increase did not differ statistically from each other across
agonists (Friedman’s two-way ANOVA, X 2 � 3.455, p � 0.178),
suggesting that within the hotspot boundaries all three types of
opioid stimulation produce hedonic enhancements of compara-
ble intensity.

Defining anatomical boundaries for opioid hedonic
enhancement and suppression
To more precisely map its anatomical boundaries, we operation-
ally defined the hotspot as a spatial region containing contiguous
plume-diameter sites which produced hedonic reaction eleva-

tions of at least 150% (compared with vehicle control levels in the
same rat). Defined that way, the rostrodorsal hotspot extended
dorsally to the top of NAc shell and was anatomically bounded by
lateral septum and the lateral ventricles. Ventrally, the hotspot
extended just past the dorsoventral midpoint in medial shell, and
touched the islands of Calleja. Medially, the hotspot extended to
the medial edge of shell, and laterally extended to the edge of the
NAc core. Relative to stereotaxic placements, the entire rostro-
caudal extent of the hotspot ran approximately from �2.20 mm
anterior to bregma (none of our sites hit further rostral portions
of NAc) posteriorly to �1.5 mm bregma, or almost to the AP
midpoint of the medial shell. The ventral boundary of the hotspot
in our map was not as clear as we would have wished because our
microinjection sites the most ventral strip of the medial shell. The
sparseness of ventral sites makes it more difficult to have full
confidence in the exact placement of the ventral boundary for the
hedonic hotspot. However, there appeared to be a trend in the
rostral bar graphs of Figure 2, suggesting a decline in the intensity
of DAMGO hedonic enhancement as hotspot sites moved ven-
trally in shell, potentially matching the ventral boundary origi-
nally outlined for the mu hotspot (Peciña and Berridge, 2005).
The centers of microinjection sites within the hotspot ranged
within �1.1 mm DV � 0.5 mm ML � 0.8 mm AP (DV: �6.2 to
�7.3 mm; ML: �0.4 to �0.9 mm; AP: �2.4 to �1.6 mm). Given
that DAMGO produced Fos plumes with radii extending to 0.15
mm at its maximum extent (defined as �150% elevation over
normal unoperated NAc tissue), that implies that the range of Fos
elevation produced by those microinjection sites would extend
along a DV axis of 1.4 mm, ML of 0.8 mm, and AP of 1.1 mm.

Regarding cubic volume, the coordinates above were used to
calculate a total volume of �1.2 mm 3 for the mu hotspot where
�150% enhancements in hedonic reactions were produced. Us-
ing a smaller Fos plume based on Fos elevation �150% over Fos
levels produced by vehicle microinjections (for the same points
surrounding the microinjection tip) as a more conservative esti-
mate of DAMGO spread of impact, the mu hotspot volume
would decline slightly to �0.8 mm 3. These values of 1.2 and 0.8
mm 3 essentially bracket the original 1.0 mm 3 estimate of the
volume of the NAc mu hotspot (Peciña and Berridge, 2005). For
DPDPE enhancements, the delta hotspot volume was estimated
between 1.2 and 1.62 mm 3. For U50488H enhancements, the
kappa hotspot volume was estimated between 1.2 and 1.1
mm 3. Altogether, these values indicate that the entire opioid
NAc hedonic hotspot has a total volume of �1 mm 3 or slightly
larger. By comparison, the volume of the entire medial shell is
�3 mm 3 and the volume of the entire NAc is �10 mm 3 (shell
and core combined).

Posterior coldspot for hedonic suppression
In contrast to rostral enhancements above, a suppressive cold-
spot was observed for all three opioid agonists in the caudal half
of medial shell. In the posterior half of medial shell microinjec-
tions of DAMGO, DPDPE, or U50488H generally reduced posi-
tive hedonic reactions to sucrose taste to approximately one-half
of vehicle control levels (Friedman’s two-way ANOVA, X 2 �
10.675, p � 0.014). A rostral versus caudal comparison for hedo-
nic effects in medial shell shows that mu, delta, or kappa stimu-
lation all had opposite effects in anterior versus posterior halves
(X2 � 37.899, p � 0.0001).

However, the magnitude of suppression produced at caudal
sites differed somewhat across the three drugs (X2 � 6.867, p �
0.032).
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Figure 2. Causation maps for localization of “liking” versus “wanting” enhancements. Sagittal maps of NAc medial shell show changes that each type of opioid agonist microinjection induced in
hedonic reactions to sucrose taste (left column) and in food intake (right column) within the same individual rat (compared with taste reactions and food intake after vehicle microinjection; n � 21).
Rows show mu (DAMGO; A), delta (DPDPE; B), or kappa (U50488H; C) effects. Behavioral changes are displayed as percentage changes from vehicle control levels, and both bilateral microinjection
sites are plotted on the single sagittal map. Bars show mean intensity of behavioral changes produced at each stereotaxic level (anterior–posterior and dorsal–ventral levels). Colors also show
intensity of behavioral changes (percentage change from within-subject vehicle control levels) induced at each site. Enhancements of “liking” in the left column are depicted in yellow, orange, and
red, whereas suppression of “liking” reactions is depicted by blue. In the right column, eating enhancement is displayed by green, and suppression of eating by blue. (Figure legend continues.)
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Delta caudal coldspot
DPDPE in the caudal half of medial shell suppressed positive
reactions to only 40% of control vehicle levels (Z � �2.380,
p � 0.017). This posterior suppression was again opposite
from anterior enhancements caused by DPDPE microinjec-
tions (Z � �3.514, p � 0.0001).

Kappa caudal hotspot
Kappa stimulation suppressed hedonic reactions to sucrose in
caudomedial shell by �50% compared with vehicle controls
(Z � �2.035, p � 0.042). This kappa suppressive hedonic effect
seems compatible with previous reports on kappa function in
reward. For example, Land et al. (2008) reported that kappa re-
ceptor activation in NAc and basolateral amygdala encodes the
dysphoric component of a stressful event. Similarly, Wee and
Koob (2010) suggested that kappa activation may be responsible
for the aversive or dysphoric component of drug withdrawal. Our
results suggest that kappa suppression of positive hedonic impact
may be localized in medial shell to primarily the caudal half,
similarly to the localization of hedonic suppression effects for mu
and delta stimulation found here.

Mu caudal coldspot
In the caudal half of medial shell, mu stimulation only nonsig-
nificantly suppressed “liking” reactions elicited by sucrose to
66% of control levels (Z � �1.863, p � 0.063). Still, this trend
toward posterior suppression was significantly different from the
anterior enhancements caused by microinjections of the same
DAMGO drug in the rostrodorsal shell (Z � �3.626, p �
0.0001).

Anatomical borders and volume of caudal
suppressive coldspot
The caudal coldspot penetrated both the dorsal and ventral quad-
rants of the caudal half of medial shell. Like the hotspot, the
dorsal border appeared to touch the lateral septum and the lateral
ventricles. The medial border changes based on the anteroposte-
rior plane, beginning with the island of Calleja (AP �1.56) at the
rostral edge of the caudal coldspot, then lateral septum (AP
�0.96), and finally rostral ventral pallidum at the most caudal
edge of the coldspot (AP �0.72). The ventral border appeared to
extend to rostral ventral pallidum (raising the possibility that the
NAc coldspot may be continuous with another opioid hedonic
coldspot previously mapped within the rostral half of the ventral
pallidum itself; Smith and Berridge, 2005). The lateral border
touched predominantly the NAc core at most points, but poste-
riorly transitions to bed nucleus of the stria terminalis at is most
caudal points.

Mapping the coldspot borders with the same technique as for
the hotspot, the caudal hedonic coldspot (sites producing 30% or
greater suppression of hedonic reactions) extended from AP
�1.5 to �0.8 mm, ML �0.4 to �0.9 mm, and DV �6.3 to �7.9
mm (caudal medial shell shrinks in the dorsoventral plane as it
becomes posterior). For the mu coldspot, the trapezoidal volume
was �1.3 to �0.9 mm 3. For the delta hedonic coldspot, the cor-
responding volume was between �1.8 and �1.3 mm 3. For the

kappa coldspot, the volume of was between �1.3 and �1.2 mm 3.
Altogether, these overlapping results suggest that the anatomi-
cally localized hedonic coldspot in caudal accumbens slightly ex-
ceeds 1 mm 3 in volume, and is therefore comparable in size to the
rostrodorsal hedonic hotspot.

Food intake and eating behavior
In 1 h free-intake tests conducted immediately after taste reactiv-
ity tests with sweet M&M chocolates and ordinary chow avail-
able, opioid stimulations significantly altered the total amount
eaten in ways that depended on the particular agonist and precise
site (Fig. 2; Friedman’s two-way ANOVA, X 2 � 11.796, p �
0.008). In all cases, consumption was almost exclusively of palat-
able M&Ms.

The three agonists produced very different NAc anatomical pat-
terns within medial shell of effects on food intake. For mu stimula-
tion, DAMGO microinjections at all sites throughout the entire
medial shell homogeneously enhanced the consumption of food by
nearly 140% above vehicle (Z � �3.250, p � 0.001). Consumption
of palatable chocolate M&Ms rose from �6.5 g after vehicle micro-
injection to 8.0 g after DAMGO (Z � �2.698, p � 0.007). The mu
increase in consumption was comparable in magnitude at all sites
throughout the entire medial shell, and did not differ between rostral
and caudal halves (Z � �0.362, p � 0.750). This broad anatomical
distribution for mu-stimulated sites of hyperphagia is consistent
with earlier reports that DAMGO throughout entire NAc, as well as
in other structures, including central amygdala and parts of neostria-
tum, can increase consumption of palatable food (Ragnauth et al.,
2000a; Zhang and Kelley, 2000; Peciña and Berridge, 2005; Mena et
al., 2011; DiFeliceantonio et al., 2012).

For delta stimulation of intake, DPDPE microinjections also en-
hanced eating in medial shell, specifically enhancing consumption of
palatable M&M chocolates (Z � �2.129, p � 0.033). However, an
anatomical analysis revealed that sites for the observed delta increase
in eating were not broadly distributed across medial shell, but rather
were confined within the rostrodorsal hotspot (Z � �2.866, p �
0.004, median � 125% compared with vehicle). By comparison, in
the posterior half of medial shell, delta stimulation had no detectable
effect on intake (total eaten: Z � �0.070, p � 0.944), and the eleva-
tion of eating behavior in the rostrodorsal hotspot quadrant was
larger than produced in the other three quadrants (Z � �2.034, p �
0.044). Thus, delta stimulation enhanced eating, but only within the
rostrodorsal hotspot.

By contrast, kappa receptor stimulation did not produce a clear
enhancement of intake at any anatomical site in medial shell (Z �
�1.064, p � 0.287, median � 110%), although there was a nonsig-
nificant trend toward �150% increase in several sites concentrated
in the rostrodorsal hotspot (Z ��1.824, p � 0.68). An inspection of
kappa stimulation in rostral hotspot versus caudal coldspot effects
on eating showed no difference between anterior versus posterior
halves of medial shell (Z � �0.926, p � 0.384). However, we did
observe a strikingly large individual variance in kappa-stimulated
eating, which was nearly three times as large as vehicle variance and
twice as large as any other opioid agonist type (vehicle variance,
8.799; DAMGO variance, 12.7; DPDPE, 10.882; U50488H, 23.473).
That is, some rats intensely increased their consumption after
U50488H microinjection (�10 g above vehicle), but other rats were
either not affected at all or even ate �30% less compared with after
vehicle (�1.5 g less). The lack of a consistent kappa change in intake
seems consistent with previous reports of no overall change in food
consumption after kappa stimulation in NAc medial shell (Bakshi
and Kelley, 1993; Zhang and Kelley, 1997).

4

(Figure legend continued.) In both columns, gray indicates no change from vehicle control
level. The size of sagittal map symbols is scaled to measured Fos plume diameters for each drug.
The dashed circle in rostral accumbens shows the anatomical outline of the mu hotspot origi-
nally described by Peciña and Berridge (2005) for comparison to present data, and the caudal
dashed circle represents their original mu coldspot.

Castro and Berridge • Nucleus Accumbens Opioid Hotspot J. Neurosci., March 19, 2014 • 34(12):4239 – 4250 • 4245



Conditioned place preference
Conditioned place preference results indi-
cated that the rostral NAc hotspot more
effectively supported establishment of a
positive conditioned place preference for
all three types of opioid stimulation than
other regions of medial shell (Friedman
two-way ANOVA, X2 � 9.80, p � 0.002).
Within the rostral half of medial shell, mi-
croinjection sites in the dorsal two-thirds
induced a conditioned place preference of
216% for mu stimulation (Z � �2.201,
p � 0.28), a 168% preference for kappa
stimulation (Z � �2.197, p � 0.028), and
a 139% trend toward preference for delta
stimulation, although the last did not
reach statistical significance. However,
the strength of delta conditioned prefer-
ence was not statistically lower than either
mu or kappa preference (Z � �1.387, p �
0.183), consistent with the possibility of a
delta preference. (Z � 1.69, p � 0.091).
Inside the rostrodorsal hotspot, mu and
kappa stimulations produced comparable
magnitudes of positive place preference of
�170 to �215%, and did not differ from
each other (Z � �1.359, p � 0.181).

Anatomical comparison of sites
across medial shell indicated that only
inside the rostrodorsal hotspot did kappa
or mu microinjections produce positive
place preferences, whereas the same drug
microinjections in other regions of medial shell outside the hot-
spot failed to produce any significant preference (e.g., no prefer-
ence induced in the entire caudal half of medial shell; Fig. 3;
U5088H, Z� �2.714, p � 0.005; DAMGO, Z � �2.429, p �
0.014). That is, even for mu stimulation, DAMGO microinjec-
tions in the posterior half of medial shell failed to establish a
significant preference (Z � �0.507, p � 0.612). These results
appear similar to a previous report of failure to produce a condi-
tioned place preference by DAMGO microinjections into NAc
core, lateral hypothalamus, or medial prefrontal cortex (Bals-
Kubik et al., 1993). However, as a caveat, our data were inade-
quate to draw a strong conclusion about mu stimulation in the
most ventral one-third of medial shell, leaving some uncertainty
for mu stimulation in that subregion. For � sites outside the
hotspot, we found a trend toward establishing negative place
avoidance of 33% (Z � �1.782, p � 0.075). A conditioned place
avoidance for most of shell would be similar to reports that kappa
stimulation in the adjacent core of NAc produced a conditioned
place avoidance (Bals-Kubik et al., 1993).

Discussion
Our results confirm that the rostrodorsal quadrant of medial
shell in NAc contains a specialized opioid hedonic hotspot, �1
mm 3 in volume, where mu (�) stimulation generates 200 – 400%
enhancements of “liking” reactions to sweetness. We report that
delta (�) and kappa (�) stimulations also amplify hedonic impact
similarly within the hotspot. The functional uniqueness of the
hotspot in rostrodorsal shell contrasts to lack of capacity to gen-
erate comparable hedonic enhancement observed for at least all
sites in the remaining two-thirds of medial shell mapped here
(caudal and rostroventral), and potentially in the remaining 90%

of entire NAc (shell and core combined). Our results also
mapped a separate suppressive coldspot in the caudal half of shell,
�1.3 mm3 in volume, where each opioid stimulation oppositely
reduced sucrose positive “liking” reactions to approximately one-
half normal levels. Confirming a unique reward-related role for the
rostrodorsal quadrant, we further showed that mu or kappa stimu-
lations produced positive conditioned place preference at sites spe-
cifically within the hotspot (and a positive trend for delta), but not at
outside sites in other subregions. Finally, we identified several ana-
tomical differences between NAc opioid controls of “liking” versus
“wanting” to eat. These results highlight NAc anatomical heteroge-
neity and localization of opioid reward-related functions within me-
dial shell.

Neurobiological sources for endogenous opioid ligands in
NAc include dynorphin (kappa ligand) released from medium
spiny neurons (MSNs) that express D1 receptors, and enkephalin
(delta and mu ligand) from D2-expressing MSNs (Ghazarossian
et al., 1980; Raynor et al., 1994). Dynorphin and enkephalin are
also released by input projections from other structures, includ-
ing ventral pallidum and lateral hypothalamus (Haber et al.,
1985; Peyron et al., 1998; Groenewegen et al., 1999; Baldo et al.,
2003). In addition, �-endorphin (potent mu ligand) may reach
NAc medial shell via projections from the arcuate nucleus of
hypothalamus (Khachaturian et al., 1984; Raynor et al., 1994).

Postsynaptic receptors for mu, delta, and kappa in NAc are
reported on dendrites of most MSNs (Gracy et al., 1997; Svingos
et al., 1999a,b, 2001b). Mu receptors likely predominate on D1
MSNs (e.g., direct path), but can also occur on D2 MSNs (indi-
rect path) as well as on acetylcholine interneurons (Svingos et al.,
1996, 2001a). In contrast, delta and kappa receptors may pre-
dominate on D2 MSNs (Svingos et al., 1996, 1998, 1999b), and

Figure 3. Causation maps for conditioned place preference. Sagittal maps and overall effects for establishment of conditioned place
preference or avoidance is shown for mu (n�13), delta (n�13), and kappa (n�13) agonist microinjections. Bars extending above the
axis represent an overall conditioned place preference for a NAc region; bars below the axis represent a conditioned place avoidance.
Regions are the rostrodorsal hotspot (left bar of each pair) versus the entire remaining three-quarters of medial shell outside the hotspot
(rostroventral 1/3 of medial shell plus entire caudal half; right bar of each pair). Sagittal maps are similar to Figure 2. Red and orange
indicates establishment of a positive place preference, and blue indicates a negative place avoidance. The dotted outline in the rostrodorsal
portion of large slices indicate the original mu hotspot as originally defined by Peciña and Berridge (2005).
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also exist on presynaptic terminals of glutamate and dopamine
projections into NAc (Svingos et al., 1999a,b; Hjelmstad and
Fields, 2001). All three opioid receptors are G-protein-coupled
receptors that can recruit ERK 1/2 inside neurons in a Ras-
dependent manner via the G�� subunit, though through differ-
ent intracellular pathways (Belcheva et al., 1998). For example,
mu activation recruits ERK via PKC�, whereas kappa stimulation
recruits PLC3 (Belcheva et al., 2005). These neurobiological dis-
tributions may be relevant to the functional pattern of effects
described here.

Potential neurobiological basis for the rostrodorsal hotspot
Several distinctive neurobiological features exist for the
hotspot’s rostrodorsal quadrant of medial shell that may be
relevant to its unique hedonic function (Fig. 4; Thompson and
Swanson, 2010; Zahm et al., 2013). For example, Thompson
and Swanson (2010) anatomically traced a unique closed-loop
corticolimbic-thalamocortical circuit through the NAc hotspot
in the rostrodorsal quadrant of medial shell, potentially in paral-
lel to other segregated loops involving different shell subregions.
They reported that the rostrodorsal quadrant received cortico-
limbic inputs from one particular subregion of prefrontal infra-
limbic cortex (homologous to Brodmanns area 25 in humans),
and sent unique output projections to distinct subregions of lat-
eral hypothalamus and ventral pallidum. From there, pallido-
thalamic and hypothalamo-thalamic projections were relayed via
thalamus to the original infralimbic subregion, thereby complet-
ing a segregated corticolimbic–thalamocortical loop (Thompson
and Swanson, 2010).

Separately, Zahm et al. (2013) reported additional distin-
guishing features of the rostral subregion containing the me-
dial shell hotspot, suggesting that the rostral shell constitutes a
distinct anatomical NAc-septal transition zone related to lat-
eral septum. By contrast, they suggested that the caudal half of
medial shell constitutes a different transition zone related to
structures of extended amygdala. Further neurochemical and
cellular specializations may additionally distinguish the ros-
trodorsal quadrant or rostral half from other subregions of
medial shell (Hanlon et al., 2004; Britt and McGehee, 2008;
Park et al., 2010). Such features may eventually help explain
the rostrodorsal hotspot’s unique opioid ability to robustly
generate hedonic enhancements.

Comparison to neuroimaging measures
Human neuroimaging studies also implicate NAc circuitry
and opioid activation in both reward and pain modulation
(Zubieta et al., 2005; Zubieta and Stohler, 2009; Leknes et al.,
2011; Wanigasekera et al., 2012). However, it is difficult to
compare such neuroimaging results to our localization of a
NAc hedonic hotspot until future refinements in anatomical
resolution permit better contrast of the rostrodorsal quadrant
to other subregions of medial shell. Even then, a potentially
important difference may remain; our opioid hotspot local-
ization applies particularly to opioid causation (i.e., magnifi-
cation of sucrose “liking”), whereas neuroimaging (and even
anatomically precise electrophysiological and neurochemical
measures of neural activation) assess regional coding that oc-
curs in correlation with hedonic events. It remains for now an
open question whether the same localization rules will apply
to opioid causation and to coding of the same hedonic func-
tions (especially because some coding sites may reflect
hedonic-guided causation of other learning, cognition, etc.

functions distinct from “liking”; Berridge and Kringelbach,
2013).

Paradoxical kappa hedonic enhancement in rostral hotspot
Perhaps our most surprising finding was that kappa stimula-
tion produced any positive enhancements at all for “liking”
and conditioned place preference; even though only at sites
limited to the rostrodorsal hotspot. No other NAc study to our
knowledge has previously reported positive reward effects for
kappa stimulation. Instead, kappa stimulation is commonly
viewed to cause mostly negative effects, such as conditioned
place avoidance, at least at sites in NAc core, ventral tegmen-
tum, or prefrontal cortex (Mucha and Herz, 1985; Bals-Kubik
et al., 1989; Bals-Kubik et al., 1993; Kim et al., 2004; McLaugh-
lin et al., 2006). In accordance with such negative-valence
dominance, we found kappa stimulation produced place
avoidance effects at most sites in NAc medial shell: the entire
caudal half of shell (which also produced suppression of “lik-
ing” reactions to sucrose), as well as rostral sites that were
ventral to the hotspot, or that were so far anterior as to be
outside the NAc hotspot. We suggest that anatomical hetero-
geneity gates the valence of kappa effects in NAc, inducing
positive reward within the rostrodorsal shell hotspot but
mostly negative effects elsewhere.

Controlling motivation for food: “wanting”
Opioid enhancements of “wanting” to eat more food, ex-
pressed as increases in eating behavior and consumption,
differed somewhat from “liking” enhancements. Delta stimu-
lation of intake (�140%) by DPDPE microinjection was ana-
tomically limited to the rostrodorsal hotspot. At all other sites
in medial shell, delta stimulation failed to stimulate intake at
all. It seems plausible that previous positive reports of delta
stimulation inducing eating increases in NAc may have pre-
dominantly targeted the rostrodorsal zone of shell (Majeed et
al., 1986; Zhang and Kelley, 1997; Ragnauth et al., 2000a; Rich-
ard et al., 2013).

By comparison, mu and kappa stimulations produced strong
anatomical dissociations between “wanting” versus “liking” ef-
fects. For mu stimulation of eating (�140%), “wanting” sub-
strates anatomically extended additionally beyond the hotspot
and throughout the entire medial shell (remaining strong even in
caudal shell). This is consistent with previous reports that
DAMGO stimulates eating at many NAc shell and core sites, as
well as at sites of neostriatum, amygdala, etc. (Majeed et al., 1986;
Gosnell and Majchrzak, 1989; Zhang and Kelley, 1997, 2000;
Echo et al., 2002; Peciña and Berridge, 2005; Mahler and Ber-
ridge, 2009; DiFeliceantonio et al., 2012). It is also consistent with
anatomically widespread mu enhancements for other aspects of
“wanting”, as for example reflected in measures of learned seek-
ing for rewards (Zhang et al., 2003; Hanlon et al., 2004; Peciña
and Berridge, 2013).

Finally, kappa stimulation failed to consistently increase in
food intake at any shell sites. Kappa stimulation doubled intake in
some individuals but reduced intake by half in other individuals,
producing variability with no discernible anatomical pattern.
Our failure to find kappa-induced increases in intake seems con-
sistent with previous reports of no change.

Clinical applications
Deficits of positive hedonic impact (anhedonia or dysphoria)
may be involved in major depression or in bipolar disorder
(Treadway and Zald, 2011; Der-Avakian and Markou, 2012),
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whereas excessive motivational “wanting” to consume rewards
characterizes compulsive consumption disorders, such as binge
eating and addiction (Avena et al., 2008; Shin et al., 2010; Spijker
et al., 2010; Rubin, 2012). Opioid reward circuitry in NAc is
implicated in both types of dysfunction (Bruchas et al., 2010;
Giuliano et al., 2012; Katsuura and Taha, 2014; Kupchik et al.,

2014), suggesting that aberrant localizable mechanisms within
NAc shell may be relevant to understanding such disorders. Bet-
ter understanding of NAc heterogeneity, and localization of opi-
oid functions in generating intense “liking” and “wanting”, may
prove useful in unraveling such psychopathologies, and eventu-
ally aid in creating more effective treatments.

Figure 4. SummarymapsforNAcopioidhotspotsandcoldspots inmedialshellandrelevantanatomicalcircuitry. A,SagittalsummarymapsofNAcmedialshell formu,delta,orkappahedonicenhancements
(rostral hotspots) and suppressions (caudal coldspots) of sucrose “liking” observed here. Hotspot outlines are defined anatomically by contiguous groups of microinjection sites (sized to match Fos plumes) that
caused �250% enhancements of positive orofacial hedonic reactions elicited by sucrose taste, and coldspot boundaries are defined by contiguous sites that caused suppressions to below one-half of control
vehicle levels for sucrose “liking” reactions. The mu panel also shows for comparison the original hotspot and coldspot boundaries (Peciña and Berridge, 2005). The shared substrate map below is a subtraction
map showing sites that produced equivalent hotspot enhancements for all three opioid stimulations, or equivalent coldspot suppressions for all three agonist microinjections. B, Anatomical circuitry features
relevant to the hotspot of rostrodorsal medial shell, as described in text (based on Thompson and Swanson (2010) and on Zahm et al., (2013); TS symbol in orange boxes depicts unique features of rostrocaudal
quadrant of medial shell described by Thompson and Swanson; Z symbol in purple hexagons depicts features of rostral half of medial shell described by Zahm et al.). Hedonic hotspots are shown in yellow,
GABAergic projections in red, glutamatergic projections in green, and dopaminergic projections in blue. Modified from (Richard et al., 2013).
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