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Abstract

Pavlovian cues [conditioned stimulus (CS+)] often trigger intense motivation to pursue and consume related reward [uncondi-
tioned stimulus (UCS)]. But cues do not always trigger the same intensity of motivation. Encountering a reward cue can be more
tempting on some occasions than on others. What makes the same cue trigger more intense motivation to pursue reward on a
particular encounter? The answer may be the level of incentive salience (‘wanting’) that is dynamically generated by mesocortico-
limbic brain systems, influenced especially by dopamine and opioid neurotransmission in the nucleus accumbens (NAc) at that
moment. We tested the ability of dopamine stimulation (by amphetamine microinjection) vs. mu opioid stimulation [by d-Ala, nMe-
Phe, Glyol-enkephalin (DAMGO) microinjection] of either the core or shell of the NAc to amplify cue-triggered levels of motivation
to pursue sucrose reward, measured with a Pavlovian-Instrumental Transfer (PIT) procedure, a relatively pure assay of incentive
salience. Cue-triggered ‘wanting’ in PIT was enhanced by amphetamine or DAMGO microinjections equally, and also equally at
nearly all sites throughout the entire core and medial shell (except for a small far-rostral strip of shell). NAc dopamine/opioid stim-
ulations specifically enhanced CS+ ability to trigger phasic peaks of ‘wanting’ to obtain UCS, without altering baseline efforts when
CS+ was absent. We conclude that dopamine/opioid stimulation throughout nearly the entire NAc can causally amplify the reactiv-
ity of mesocorticolimbic circuits, and so magnify incentive salience or phasic UCS ‘wanting’ peaks triggered by a CS+. Mesolimbic
amplification of incentive salience may explain why a particular cue encounter can become irresistibly tempting, even when previ-

ous encounters were successfully resisted before.

Introduction

In drug addiction, binge eating and other compulsive reward-seeking
disorders, encounters with learned cues (Pavlovian conditioned stim-
ulus or CS+) can trigger intense urges to obtain an associated
reward (unconditioned stimulus or UCS). However, the motivational
power of cues fluctuates across encounters. A cue may be success-
fully resisted many times, yet on another occasion trigger irresistible
temptation and relapse. What underlies a sudden surge in Pavlovian
motivational power?

Fluctuations in the level of motivation elicited by reward cues
(i.e. changes cue-triggered ‘wanting’) may be mediated by changes
in reactivity of mesocorticolimbic brain circuits involving the
nucleus accumbens (NAc), which dynamically compute incentive
salience for a cue (Everitt & Robbins, 2005; Smith et al., 2011;
Wassum et al., 2011; Berridge, 2012; Saunders & Robinson, 2012).
The level of ‘wanting’ depends on the brain’s mesocorticolimbic
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reactivity state at the moment, as well as on the stable learned asso-
ciation value of the CS+.

In animal studies, cue-triggered ‘wanting’ for reward can be
modeled using Pavlovian-Instrumental Transfer (PIT) procedures
(Walker, 1942; Estes, 1943; Dickinson et al., 2000; Corbit et al.,
2007; Bray et al., 2008; Crombag et al., 2008; Talmi ez al., 2008;
O’Connor et al., 2010), which is a relatively pure measure of
incentive salience. PIT can help answer if neurochemical stimula-
tions of mesocorticolimbic circuits directly enhance the ability of a
CS+ to trigger stronger peaks of motivation to obtain its UCS
reward. The experimental design and patterns of behavioral eleva-
tion in PIT help isolate incentive salience by excluding alternative
explanations based on enhancements of other psychological pro-
cesses (e.g. of primary UCS hedonic impact, Pavlovian S—R habits
between CS+ and responses, etc.). Previous studies showed that
dopamine and some other manipulations of the NAc can alter the
magnitude of PIT in ways that reflect changes in cue-triggered
‘wanting’ (Dickinson et al., 2000; Wyvell & Berridge, 2000, 2001;
Holland & Gallagher, 2003; Corbit & Balleine, 2005; Pecina et al.,
2006; Lex & Hauber, 2008; Mahler & Berridge, 2009; Pielock
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et al., 2011; Wassum et al., 2011; Laurent et al., 2012; Ostlund &
Maidment, 2012).

Beyond dopamine, mu opioid stimulation in the NAc may simi-
larly enhance incentive motivation for reward, at least as measured
in other behavioral tests, such as food intake, instrumental perfor-
mance, etc. (Mucha & Iversen, 1986; Bakshi & Kelley, 1993; Van
Ree et al., 2000; Zhang et al., 2003; Bodnar, 2004; Levine & Bil-
lington, 2004; Pecina & Berridge, 2005; Baldo & Kelley, 2007;
Barbano et al., 2009; Taha et al., 2009; Smith et al., 2011). Does
this imply that opioid stimulation of the NAc would enhance PIT as
well as dopamine stimulation? Here we mapped NAc substrates for
magnifying incentive salience as measured by PIT. We compared
dopamine and mu opioid forms of neurochemical stimulation in
enhancing cue-triggered ‘wanting’ for reward. The results show that
nearly the entire medial shell and the entire core can similarly medi-
ate dopamine and opioid enhancements of incentive salience, and
that dopamine and opioid enhancements are comparable in their
magnitude at most NAc sites.

Materials and methods
Overview

We aimed to compare the effects of mu opioid [via d-Ala, nMe-Phe,
Glyol-enkephalin (DAMGO) microinjections] vs. dopamine (via
amphetamine microinjections) stimulations in the NAc at localized
microinjection sites approximately in either NAc core or NAc med-
ial shell. These anatomical sites and neurochemical stimulations
were compared for ability to specifically amplify CS+-triggered
pulses of incentive salience attributed to a central UCS representa-
tion, as measured through a PIT test designed to isolate temporal
peaks of cue-triggered ‘wanting’ to obtain a sweet reward.

In a PIT test, rats press instrumentally but in extinction on a lever
that they previously learned would earn sucrose pellets. A 30-s audi-
tory Pavlovian CS+, which rats previously learned in separate Pav-
lovian CS—UCS training sessions would predict sucrose as the UCS,
is presented intermittently. The short CS+ is presented every few
minutes, in alternation with a different control CS— sound that pre-
dicts nothing. It is important to note that rats have never experi-
enced the CS+ while they were lever pressing before the PIT test
(because Pavlovian and instrumental training sessions were always
separate). At all other periods, no CS is present (baseline instrumen-
tal performance). To be interpreted as incentive salience enhance-
ment, magnifications of motivated behavior by NAc stimulation
must be expressed as phasic pulses that come and go with the pres-
ence of the CS+ cue, even though the drug remains in the NAc
more constantly during the test session. This PIT design precludes a
potentiated S—R habit explanation of drug-induced enhancements of
lever pressing during a CS+, because the response of lever pressing
has never been a habit associated with the CS+ as a stimulus (that
is, the lever was never pressed in the presence of a CS+ during
training). The phasic temporal pattern of PIT enhancements pre-
cludes explanations as stable drug-induced elevations of stress,
motor arousal or cognitive expectations of future reward, because all
of those would be relatively constant throughout the session,
whereas the enhancements last only 1 min and are bound to the
30-s presence of each CS+. Hedonic reward enhancement by opioid/
dopamine microinjections is additionally precluded as an explanation
for enhanced pursuit of sucrose (i.e. ‘wanting’ more because of
‘liking” more) because the PIT test is held in extinction, without any
delivery of sucrose reward or UCS, so that sucrose is never received
during the test while a drug is in the brain.

Subjects

Experimentally naive Sprague-Dawley rats (n = 55 males born at
the University of Michigan; weight = 250-350 g at the beginning
of the experiment; maintained on 15-20 g of daily chow and ad lib-
itum water throughout the experiment) were housed in pairs in plas-
tic tub cages under a reverse 12-h light cycle (lights off at 07:00 h).
All of the following experimental procedures were approved by the
University Committee on the Use and Care of Animals at the Uni-
versity of Michigan, and were carried out according to the Guide-
lines laid down by the NIH in the USA.

Training and testing were conducted during the dark phase when
rats were active. Rats received surgery for implantation of microin-
jection cannulae in the NAc, and one group (n = 45) was used for
behavioral testing. To help map localization of function, we addi-
tionally obtained Fos plume measurements of the maximum local
diameter spread of amphetamine or DAMGO impact on neurons
surrounding the microinjection site. Fos plumes were measured in a
separate group after a single drug microinjection under similar test
conditions (n = 10). A separate group was used because Fos plumes
shrink over successive microinjection repetitions, meaning that the
maximal diameter of drug impact can most accurately be measured
after a rat’s first and only drug microinjection (Richard & Berridge,
2011). Fos plume diameter data were integrated with behavioral
effect data produced at microinjection sites to create function maps
similarly to our previous studies (Pecina & Berridge, 2000, 2005;
Smith & Berridge, 2005; Reynolds & Berridge, 2008; Richard &
Berridge, 2011).

Test chambers

Training and testing took place in computerized operant chambers
(Med Associates, St Albans, VT, USA). Each chamber contained a
sucrose cup (with photobeam entry detector), two automated levers
that could be inserted through the wall into the chamber and audio
speaker modules (clicker and tone). A 3-W, 24-V house-light
mounted on the top-center of the wall opposite the magazine pro-
vided illumination. Sound-attenuating boxes equipped with ventila-
tion fans masked external noise. A computer equipped with MED-
PC software (Med Associates) recorded the number of active and
inactive lever presses and food cup entries.

PIT training procedures: instrumental training (days
1-19)

Rats were initially trained on a variable interval (VI) schedule (with
ascending levels of responding demand) to press one lever for
sucrose pellet reward. Daily instrumental training sessions (30 min)
began with the illumination of a red house-light and extension of a
lever, and ended with the retraction of the levers and dimming of
the house-light. Two days before tests, rats were twice given 20
sucrose pellets overnight in their home cages to familiarize them
with the reward and overcome neophobia (days 1 and 2). To begin
training, all rats initially received two sessions of magazine training
(days 3 and 4) in which 20 deliveries of a single 45-mg sucrose pel-
let (Formula F; P.J. Noyes, Lancaster, PA, USA) were dispensed on
a fixed time (FT) 1-min schedule of reinforcement. Rats were then
shifted to a VI-1 instrumental reinforcement schedule (each reward
was delivered on average every 1 s after at least one lever press on
the active lever; days 5-7). A discriminative contingency ensured
that presses on one lever in the operant chamber produced sucrose
pellets (active lever), whereas presses on the other lever did not
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(control lever, which served as a control measure for any indiscrimi-
nate increase in pressing due to general sensorimotor activation).
Active and inactive lever assignments were balanced across rats.
The schedule of reinforcement for the active lever was progressively
increased to VI-5 (days 8-10), VI-10 (days 11-13), VI-30 (days 14—
16) and VI-45 (days 17-19; Fig. 1).

Pavlovian training (days 20-34)

Pavlovian conditioning took place after instrumental training was
finished. Both levers were absent from the chambers during Pavlov-
ian conditioning to prevent adventitious instrumental reinforcement
of lever pressing during the cue, and to prevent any stimulus—
response habit formation between cue and instrumental response
(i.e. avoiding pairing of CS+ with a response of lever pressing).
Either an auditory pulsed tone (2.9 kHz, 60 dB, 0.5 s on/off) or a
clicker sound (60 dB), each presented in a block lasting 30 s, was
arbitrarily designated as CS+; the other sound was designated as
CS— for that individual rat. Assignment of CS+ and CS— was bal-
anced across rats.

During 14 daily Pavlovian training sessions, rats received 10 pair-
ings of the CS+ (30-s duration) followed by immediate delivery of
three sucrose pellets (UCS). Similar to previous PIT studies, the
CS— was to serve as a control stimulus that was essentially
irrelevant to reward rather than to become either a CS+ or a strong
conditioned inhibitor of responding (Holland, 2004). Therefore, the
CS— (30-s duration) was presented twice during the last three Pav-
lovian sessions (at the middle and end of each session) and was
never followed by sucrose pellets. Nose entries into the sucrose dish
were monitored by photobeam detector, and all rats developed a dis-
criminative Pavlovian approach conditioned response (CR) toward
the sucrose dish, elicited by the CS+ during training but not by the
CS— (CR difference scores were calculated to verify acquisition as
approaches during 30-s CS minus approaches during 30-s baseline
immediately before that CS). All behavior was videorecorded by a
camera beneath the transparent floor of the chamber for subsequent
slow motion analysis.

Microinjection cannula surgery

Surgery was carried out after training was finished. Rats were pre-
treated with 0.1 mL of atropine sulfate, anesthetized with a mixture
of ketamine HCI1 (80 mg/kg, i.p.) and xylazine (5 mg/kg), and ste-
reotaxically implanted with bilateral 23-gage guide cannulae targeted
at different rostrocaudal and dorsoventral levels of the NAc.
A slanted skull position was used, with the incisor bar set at +5 mm
above interaural zero to achieve a slanted cannula angle and avoid
penetrating the lateral ventricles.

Cannulae coordinates were staggered across rats so that as a
whole the group’s placements filled both the medial shell (n = 23)
and the core (n = 15) of the NAc. For each individual rat, the left
and right coordinates bilaterally targeted the same site in either the
core or shell, and were symmetrical for that point on both sides of
the brain. NAc shell coordinates ranged from AP +3.3 to +1.8 mm
anterior to bregma, all + 0.9 mm lateral to the midline, and from
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—5.5 to —7.0 mm ventral to the skull surface (2.0 mm above the
injection site). NAc core coordinates ranged from AP +3.3 to
+1.8 mm anterior to bregma, + 1.9 mm lateral to the midline, and
from —5.5 to —6.5 mm ventral to the skull surface (2.0 mm above
the injection site; Paxinos & Watson, 1996). Microinjection guide
cannulae were anchored with skull screws and cranial cement, and
wire stylets were used to prevent cannula occlusion. Rats were
allowed to recover for 7 days before testing. To serve as anatomical
controls for diffusion, seven additional rats were implanted in sites
outside the NAc core or medial shell, either in the neostriatum dor-
sal to the NAc (n = 2), lateral shell (lateral to the most ventral part
of the medial shell and ventral to the core; n = 2) or lateral olfac-
tory tubercle (ventral to the medial shell; n = 3).

Pre-test instrumental retraining and extinction pre-
exposure (days 42-45)

After 1-week recovery from surgery, rats were given two additional
instrumental training sessions (days 42 and 43) prior to testing to re-
establish instrumental lever pressing (VI 45-s schedule), followed by
two instrumental extinction days (days 44 and 45) with levers pres-
ent but no sucrose to habituate animals to the extinction condition
(Corbit & Balleine, 2005).

Drugs and microinjections (days 46-50)

On test days, rats received bilateral microinjections of vehicle (ster-
ile isotonic saline, 0.2 pL per side), DAMGO (0.05 pg/0.2 pL per
side; Sigma, St Louis, MO, USA) or amphetamine sulfate (20 pg/
0.2 pL per side; Sigma). Every rat received all three microinjection
conditions, on separate days in a counterbalanced order. Doses were
chosen based on previous studies (Wyvell & Berridge, 2000, 2001;
Pecina & Berridge, 2005; Pecina er al., 2006). Microinjections were
made with a stainless-steel injector cannula (29-gage), extending
2.0 mm beyond the ventral tip of the guide, and attached to a syr-
inge pump via PE-20 tubing. Rats were gently hand-held during the
bilateral microinjections of drugs or vehicle into the NAc (0.2 pL at
a rate of 0.2 pL/min via syringe pump). After infusion, the injectors
remained in place for an additional 60 s to allow for drug diffusion
before the obturators were replaced. We note in passing that our
amphetamine microinjections in the rostral shell were most likely to
have produced selective elevation in synaptic dopamine (and not
norepinephrine), whereas caudal sites may have elevated both,
because dopamine terminals reach throughout the NAc to sites in
the rostral and caudal shell and core (whereas norepinephrine termi-
nals are more restricted to the caudal medial shell; Berridge et al.,
1997; Ikemoto, 2007). Rats always remained in their home cages
during the 48-h intervals between tests.

PIT test of cue-triggered incentive motivation (days
46-50)

Phasic peaks in lever pressing that were triggered by sudden presen-
tations of the associated CS+ (cue-triggered incentive motivation)
were measured in the pure conditioned incentive paradigm based on

Magazine Instrumental Pavlovian Surgery/  Retraining/ [T;;y‘ TDZS; TDe:yt
training training training recovery extinction 1 2 3

o w -

T — —+ — =
Days 1 4 5 19 20 3435 42 43 44 45 46 48 50

Fi1G. 1. Experimental timeline for the PIT paradigm. The PIT paradigm included habituation, Pavlovian and instrumental learning, extinction and testing.

© 2013 Federation of European Neuroscience Societies and John Wiley & Sons Ltd

European Journal of Neuroscience, 37, 1529-1540



1532 S. Pecina and K. C. Berridge

general PIT designed to isolate incentive salience that is triggered
by a CS+ and attributed to a central representation of its UCS
reward (Wyvell & Berridge, 2000, 2001; Pecina et al., 2006). On
PIT test days, lever pressing was tested with both levers present: the
active lever that was previously associated with sucrose reward; and
the non-active lever (as control measure for general motor activa-
tion). Testing was conducted under extinction conditions in the
absence of any sucrose reward. In each test session, the CS+ and
CS— were each presented four times for 30 s each presentation (first
CS+ or CS— presented at 2.5 min; FT 4-min interval; alternating
CS+/CS— order).

On each of three test days rats were given bilateral microinjections
of vehicle (0.2 pL), DAMGO (0.5 pg/0.2 pL) or amphetamine
(20 pg/0.2 pL). The order of microinjection was counterbalanced
across rats, and test days were spaced 48 h apart. Immediately after
drug microinjections, rats were placed in the instrumental chambers.
Instrumental performance was assessed under extinction conditions,
so no sucrose pellets were given at any time during the test. Presses
on both previously-active and previously-inactive levers were
recorded automatically during each 30-s CS+ and CS— presentation,
during the 30-s period immediately preceding each CS+/CS— (base-
line) and during the 30-s period immediately after each cue presenta-
tion. Sucrose dish entries were also recorded during these periods. All
behavior was videotaped for subsequent confirmation and analysis.

Fos plume identification and mapping procedures

A split-and-recombine design similar to previous studies was used
to integrate Fos plume data on diameter with behavioral data on the
causal effects of drug microinjections on PIT responding (Pecina &
Berridge, 2000, 2005; Smith & Berridge, 2005). This procedure
avoids overly precise localization of function mistakes that would
result from underestimation of drug spread based on plumes shrunk
by consequences of previous microinjections (e.g. gliosis), because
impact is measured in Fos plumes induced by the very first drug
microinjection when impact is maximal (Richard & Berridge, 2011).
Ninety minutes after DAMGO, amphetamine or vehicle microinjec-
tion, rats were deeply anesthetized with sodium pentobarbital prior
to transcardial perfusion. Brains were removed, fixed, sliced and
processed for Fos immunofluorescence or Cresyl violet using proce-
dures previously described. DAMGO-induced Fos plumes were
identified by comparison with equivalent control sites after vehicle
or no microinjections. Maps were created based on the radius of Fos
elevation zones, which determined the size of each map symbol.
The color of each symbol was determined by the behavioral conse-
quences of drug microinjections at that site measured in PIT.

Statistical analysis of PIT effects

Repeated-measures ANovas were used to determine amphetamine
and DAMGO effects on PIT. aNovas were used to examine the
effects of amphetamine (20 mg) and DAMGO (0.05 pg) on
increases from baseline levels of lever pressing for sucrose during
CS+ and CS— presentations. Additional repeated-measures ANOVAS
were employed to examine the specificity of PIT enhancements to
cue periods (cue vs. baseline): to the CS+ cue in particular (CS+ vs.
CS—) and to the sucrose lever (sucrose vs. control lever). The
effects of amphetamine and DAMGO in the NAc core, shell and
control structures were analysed separately. When significant differ-
ences were found, data were further analysed with one-way ANova
or by Kruskal-Wallis one-way aNova on the ranks if data were not
normal, followed by Bonferroni post hoc tests.

Results
Fos plume identification of local impact spread

DAMGO microinjections (0.05 pg/0.2 pL) produced elevated Fos
plumes of approximately 0.5 mm® volume around the microinjec-
tion tip. The plumes contained small centers of 0.03 mm® volume
(0.2 £ 0.03 mm radius), where Fos expression was intensely ele-
vated > 5 times over control levels (compared with vehicle micro-
injection levels), surrounded by a larger halo of 0.5 mm® volume
where Fos was merely doubled over vehicle control levels
(0.5 mm radius; Fig. 2). Amphetamine microinjections (20 pg/
0.2 pL) produced similar approximately 0.6 mm® Fos plumes, con-
taining  slightly ~smaller centers of 0.004 mm®  volume
(0.1 & 0.05 mm radius) for > 4 times Fos elevations, surrounded
by a comparable halo of approximately 0.6 mm> (0.6 4+ 0.04 mm
radius; Fig. 2) of doubled Fos expression. These measurements for
Fos plume diameters were used to set the size of symbols for
microinjection site effects on PIT enhancement shown in all func-
tion maps. All other data (e.g. symbol color reflecting behavioral
PIT increase) shown in function maps were obtained from the
behavioral PIT tests, and reflect enhancements produced by
amphetamine/DAMGO microinjection (relative to control vehicle
levels measured in the same rat).

Above vehicle control

Vehicle microinjection I

> 400%

> 300%
> 200%
OTTTT % JENENE]

500 um E

DAMGO microinjection

Amphetamine microinjection

ﬁ

FI1G. 2. Fos plume diameters show the spread of drug impact on local NAc
neurons. Plumes of elevated Fos expression surrounded microinjections of
amphetamine or DAMGO. The average diameter of Fos plumes measured
after a single microinjection of each drug was used to set the diameters of
site symbols used in function maps.
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FI1G. 3. Amphetamine maps of functional localization for cue-triggered ‘wanting’. Fos plume maps show behavioral consequences of amphetamine microinjec-
tions specifically on CS+ triggered increases in lever pressing. The color intensity of the blue symbol depicts the behavioral intensity of PIT amplifications pro-
duced by amphetamine microinjection at that nucleus accumbens (NAc) site. Symbol size and color spread reflect the measured average diameter of
microinjection Fos plumes produced by each drug. Maps are shown in sagittal planes (separate maps for shell and core) and coronal planes (top), and in three

horizontal planes (to depict the maximum number of sites simultaneously in both the shell and core; bottom). The numerals in the bars depict the number of rats
with sites at each stereotactic level.
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F1G. 4. DAMGO maps of functional localization for cue-triggered ‘wanting’. Fos plume maps show behavioral consequences of DAMGO microinjections spe-
cifically on CS+ triggered increases in lever pressing. The color intensity of the blue symbol depicts the behavioral intensity of PIT amplifications produced by
DAMGO microinjection at that nucleus accumbens (NAc) site. Symbol size and color spread reflect the measured average diameter of microinjection Fos
plumes produced by each drug. Maps are shown in sagittal planes (separate maps for shell and core) and coronal planes (top), and in three horizontal planes (to
depict the maximum number of sites simultaneously in both the shell and core; bottom). The numerals in the bars depict the number of rats with sites at each
stereotactic level.
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FiG. 5. Cue-by-cue pattern of lever pressing during the PIT test. The time course of pressing is shown during an entire 30-min extinction test session. The
symbols show baseline lever pressing [pre-conditioned stimulus (CS) and post-CS 30-s bins], intense cue-triggered surges of lever pressing induced during the
CS+ (sucrose cue; red) and in the immediately following 30-s bin (red), and the relative lack of effect of CS—. Amphetamine (top) or DAMGO (middle row)
microinjections in the core (left) or medial shell (right) all dramatically amplified cue-triggered surges far above control vehicle levels (bottom).

Amphetamine and DAMGO microinjections in the NAc shell
and core increased PIT: cue-triggered elevations of lever
pressing for sucrose in extinction

Neurochemically in PIT effects, both amphetamine microinjections
(20 png/0.2 pL) and DAMGO microinjections (0.05 pg/0.2 pL) in
the NAc comparably magnified the intensity of CS+-triggered
pulses of increased pressing on the lever that had previously
earned sucrose pellets, compared with vehicle levels. Neuroanatom-
ically, sites throughout the NAc core and NAc medial shell were
nearly all effective at generating drug-induced enhancements of
PIT to levels between 200% and 250% (100% = normal vehicle
PIT magnitude; amphetamine shell: F;gs = 4.19, P < 0.05; core:
Fi6 =927, P <0.05 Fig.3; DAMGO shell: F,gy= 10.52,
P < 0.05; core: Fy g4 = 7.40, P <0.05; Fig. 4), and the magnitude
of enhancement did not differ across sites when compared statisti-
cally between the core and shell (P = 0.31, n.s.). PIT enhance-
ments were temporally expressed as phasic and temporary pulses
of increased pressing on the active lever triggered by CS+ presen-
tations, similar to normal PIT, but just with magnitudes approxi-
mately twice as high as normal. Each pulse of DAMGO/
amphetamine-induced amplification lasted approximately 1 min, ris-
ing within seconds once the CS+ sound began, remaining high
during its 30-s auditory presentation, and persisting for about 30 s
afterward while gradually decaying back to the baseline level
(Fig. 5). That is, each drug produced comparable doubling of cue-
triggered ‘wanting’ peaks at most NAc sites, but neither drug
increased lever pressing at other baseline times during the session
(when CS+ was absent), nor during presentations of the CS—
sound that predicted nothing (interaction of cue presence x amph:
Fi86 = 17.83, P <0.001; baseline: shell: F;gs = 2.35, P =0.27,
n.s.; core: Fygs = 1.86, P = 0.18, n.s.; Fig 3; CS— presentations:
shell DAMGO: F,;g¢=1.27, P=0.65 ns.; core DAMGO:
Fi6> =153, P=0.85, n.s.; Fig. 4). Finally, neither amphetamine
nor DAMGO altered pressing on the control lever at any time [i.e.
the lever that had never earned sucrose (though both levers were
inactive in extinction during PIT tests)].

Transfer score confirmation

Another useful way of assessing PIT effects is to calculate transfer
scores between lever pressing during the presentation of the Pavlov-

ian cue (CS+) and during the baseline period. The transfer score is
obtained by subtracting baseline pressing from CS+ pressing on a
within-subject basis, so that the remainder shows the enhancement
during CS+ for each rat as a difference score. Transfer score results
confirmed that amphetamine and DAMGO microinjections in the
NAc shell and core produced similar amplifications in cue-triggered
peaks of pressing (shell: Fy 49 = 8.61, P < 0.01; core: Fy3, = 7.25,
P < 0.05; Fig. 6). Shell microinjections of amphetamine increased
cue-triggered peaks of lever pressing by 162% over vehicle levels,
and core microinjections increased cue-triggered peaks by 179%.
Likewise, DAMGO microinjections in the NAc shell and core spe-
cifically amplified the incentive effect of the CS+ on pressing the
sucrose-associated lever (shell: F; 40 = 8.61, P <0.01; core:
F3, =5.62, P <0.05; Fig. 6).

Anatomical detail on widespread enhancement network in medial
shell and core

Mapping localization of function within the NAc in behavioral cau-
sation maps confirmed that essentially all NAc sites successfully
supported amphetamine amplifications in cue-triggered incentive
salience (Fig. 3). That is, all individual microinjection sites between
2.5 mm and 0.7 mm anterior to bregma in the medial shell or core
were equally effective at amplifying incentive salience. There was
no evidence of localization for incentive salience enhancement in
the form of discrete hotspots, anatomical rostrocaudal gradients or
other localization patterns. The only exception to NAc site equipo-
tentiality was the farthest most rostral edge of the medial shell and
core where DAMGO failed to increase lever pressing peaks (+2.0
to +2.5 mm from bregma; F, = 1.12, P = 0.25, n.s.; Fig. 4). Dif-
ferences in function have also been previously reported for the far-
thest rostral strip (0.5 mm wide) compared with the rest of the
medial shell (Pecina & Berridge, 2000, 2005; Reynolds & Berridge,
2002). We conclude that this far-rostral 0.5 mm edge of the NAc
may be less effective at enhancing PIT, but that the remaining 85%
of the NAc, both shell and core, are highly and equally able to
magnify cue-triggered peaks of ‘wanting’ for reward in response to
mu opioid or dopamine stimulation.

Of course, all these conclusions apply to the particular doses
tested here, and differences might emerge between dopamine and
opioid stimulation of PIT in future tests of full dose-response
curves. However, at these doses, the similarity of the doubling
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enhancement pattern produced by amphetamine and DAMGO at
most NAc sites in the shell or core is quite striking.

Anatomical control sites

At anatomical control sites in the olfactory tubercle, neostriatum
(caudate/putatmen) or lateral shell, enhancements were largely
absent. For example, in the olfactory tubercle, no enhancements in
cue-triggered lever pressing were produced by microinjections of
either amphetamine or DAMGO (F; 4 = 4.23, P = 0.82, n.s.; DAM-
GO: Fy4 = 3.58, P = 0.35, n.s.). Similarly, amphetamine or DAM-
GO microinjections at most sites of the lateral shell also failed to
increase  cue-triggered  pressing  (amphetamine: Fyg = 3.54,
P =0.23, n.s.; DAMGO: F, g = 2.56, P = 0.42, n.s.). Thus, we con-
clude that virtually all of the core and medial shell, but perhaps not
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the lateral shell or olfactory tubercle, may be able to mediate opioid
or dopamine amplification of cue-triggered ‘wanting’ as assessed by
PIT.

Discussion

Our results show that microinjections causing either dopamine
(amphetamine) or mu opioid (DAMGO) stimulation of the NAc pro-
duce intense and equal amplifications of incentive salience in PIT,
expressed as cue-triggered phasic peaks of increased efforts to
obtain sucrose reward. Our results also show that most microinjec-
tion sites (each affecting about 0.5 mm volume of the NAc, as
reflected by Fos plume radii) throughout the medial shell and core
of the NAc can mediate these amplifications of cue-triggered incen-
tive motivation, again to approximately equal degrees. Amphetamine
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FiG. 6. Amplification of cue-triggered ‘wanting’. Quantitative comparison of amphetamine and DAMGO for each microinjection and stimulus condition shows
that only conditioned stimulus (CS)+ moments were significantly amplified by shell or core microinjections. The relative magnitudes of CS+ enhancements were

roughly comparable for both drugs and sites.
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and DAMGO microinjections at nearly all sites within the entire
core or within 90% of the medial shell directly and selectively mag-
nified PIT peaks by > 150% (compared with vehicle control levels
measured in the same individuals).

Amplification was always phasic, and restricted to the 1-min
pulses of cue-triggered increase in motivation, evident behaviorally
as temporary peaks of instrumental pressing whenever the 30-s CS+
cue was presented. This increase in reward-seeking behavior was
always specifically directed to the lever that had previously earned
sucrose pellets. Opioid and dopamine amplifications were dramatic
whenever the CS+ was actually present and for about 30 s after-
wards, but vanished during baseline and CS— periods when CS+
was absent. Once the CS+ ended, the amplified level of instrumental
pressing quickly decayed back down to baseline levels no higher
than vehicle levels (only to reappear again as drug-induced amplifi-
cation on the next CS+ re-encounter). That phasic nature of drug-
induced amplification demonstrates the synergistic interaction in
incentive salience generation that exists between a Pavlovian CS+
and the neurobiological state of mesocorticolimbic systems at
re-encounter (Zhang et al., 2009; Berridge, 2012).

Equivalence of dopamine and opioid stimulation
for cue-triggered ‘wanting’

The difference between dopamine and mu opioid effects in the NAc
is not that opioids always cause increased ‘liking’ but not ‘wanting’,
whereas dopamine causes ‘wanting’ but not ‘liking’. As demon-
strated here, opioid stimulation directly causes increased cue-trig-
gered ‘wanting’ as well as dopamine stimulation, and at nearly all
NAc sites. The pattern is not so simple as mutual exclusivity. The
difference is that NAc opioid signals can additionally cause ‘liking’
as well as ‘wanting’ — but only if the opioid stimulation occurs in
the mm?® hedonic hotspot located in the rostrocaudal quadrant of the
medial shell (constituting about 10% of total NAc volume including
core + shell; Pecina & Berridge, 2005; Smith et al., 2011). ‘Liking’
enhancement does not occur at other subregions in the shell or at
any known sites in the core (Pecina & Berridge, 2005). The rostro-
dorsal quadrant of the medial shell has unique patterns of anatomical
connectivity compared with other subregions of medial shell as well
as the core, which might underlie its hedonic uniqueness (Pecina &
Berridge, 2005; Thompson & Swanson, 2010; Zahm et al., 2012).
Our results suggest that in nearly all the remainder of the NAc, mu
opioid stimulation may have effects functionally identical to dopa-
mine stimulation: both elevate ‘wanting’ (without needing to elevate
‘liking’). By contrast, dopamine stimulation simply enhances ‘want-
ing’ without ‘liking’ at all NAc sites. Even in the NAc hotspot,
dopamine behaves like mu opioid stimulation outside the hotspot.

Regarding anatomical localization, cue-triggered ‘wanting’ was
doubled in magnitude here by opioid as well as by dopamine stimu-
lation at nearly all sites within the core and the entire medial shell
[with the opioid exception only of a narrow vertical 0.5-mm strip
located at the farthest-rostral edge of the NAc (shell and core),
located at an A—P level that is actually anterior to the rostral border
of the mid-rostral hotspot]. The far-rostral 15% strip of medial shell
has produced unique behavioral results, different from those of the
mid-rostral hotspot, in our previous microinjection studies too (Rey-
nolds & Berridge, 2002; Pecina & Berridge, 2005; Faure et al.,
2010), suggesting the far-rostral strip may also be somewhat unique
in function compared with the rest of the NAc.

The ability of mu opioid stimulation to amplify incentive motiva-
tion largely throughout the NAc is consistent with reports that
DAMGO microinjections at most sites in the core or medial shell
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(and even some sites in the neostriatum and central amygdala) stim-
ulate increases in eating behavior and food intake, that core as well
as shell sites support, as well as in Pavlovian approach and instru-
mental breakpoints in efforts to obtain food rewards (Mucha & Iver-
sen, 1986; Bakshi & Kelley, 1993; Pecina & Berridge, 2000;
Ragnauth et al., 2000; Zhang & Kelley, 2002; Zhang et al., 2003;
Kim et al., 2004; Mahler & Berridge, 2009; Taha et al., 2009; Ka-
tsuura et al., 2011; DiFeliceantonio & Berridge, 2012). Similarly,
dopamine ability to amplify PIT at most NAc sites is consistent with
reports of dopamine involvement in both NAc core and shell, and in
the neostriatum for similar behaviors (Volkow er al., 2004; Kelley
et al., 2005; Pecina & Berridge, 2005; Palmiter, 2007; Shiflett &
Balleine, 2010; Flagel ef al., 2011; Saddoris et al., 2011).

However, we note that many previous lesion or blockade studies
have reported differences between NAc core and medial shell
manipulations regarding reward learning or Pavlovian-evoked moti-
vation, including NAc lesion/blockade studies that produced PIT
impairments (Voorn et al., 1989; Zahm & Brog, 1992; Cardinal
et al., 2002; Everitt & Wolf, 2002; Di Chiara et al., 2004; Ikemoto
& Wise, 2004; Kelley, 2004; Shiflett & Balleine, 2010; Ambroggi
et al., 2011; Saddoris et al., 2011; Cacciapaglia et al., 2012; Chau-
dhri et al., 2012). With such previous reports of core vs. shell dif-
ferences in mind, we emphasize that our ‘widespread network’
conclusion pertains only to neurochemical stimulation effects, and
specifically to the amplification of incentive salience to higher-than-
normal intensities (expressed here in PIT as elevated peak surges of
cue-triggered ‘wanting’ for UCS). Regarding amplification of incen-
tive salience, both the core and medial shell seem to contain sub-
strates able to boost Pavlovian motivation. This conclusion may be
compatible with evidence from previous lesion and pharmacological
blockade studies showing that both the core and shell are required
for at least some aspects of normal lower levels of PIT, even if con-
ceivably in different aspects (Dickinson et al., 2000; Corbit et al.,
2001; Hall et al., 2001; Lex & Hauber, 2008; Shiflett & Balleine,
2010; Saddoris et al., 2011). In short, we find widespread equipo-
tentiality of NAc core and shell subregions for neurochemical
enhancements of PIT, without evidence for hotspots or other locali-
zation of function.

Modeling the synergy between CS+ and NAc state for
incentive salience

A mechanistic synergy in generating intense incentive salience is
reflected in our observation of a need for simultaneous presence of
physical CS+ and elevated NAc dopamine/opioid stimulation levels
(which lasted at least for about 30 min after microinjection). In
other words, neither by itself was sufficient for maximum peaks of
‘wanting’. When the CS+ disappeared, the level of incentive sal-
ience declined within 1 min back to normal levels similar vehicle-
control baselines, even when DAMGO or amphetamine stimulation
remained in the brain. And while the CS+ always elicited phasic
surges in ‘wanting’, the surges only attained maximal peak levels
(> 150% vehicle control peaks) when additional dopamine/opioid
stimulation was simultaneously provided. Together the neurochemi-
cal-plus-CS+ combinations were greater than the sum of their parts.
A computational model for describing such synergistic interaction
in generating incentive salience was by suggested Zhang and col-
leagues as V(S;) = i(x @ r;) +7V(S,41) (Zhang et al., 2009). That
model captures well the synergy observed here. In the Zhang syner-
gistic model V(S,) is the momentary intensity of incentive salience
triggered at the time 7 of encounter with the Pavlovian auditory CS+
or cue stimulus (S). The Pavlovian association (r,) is based on
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previous pairings of CS+ with UCS (supplied in the Zhang model
by a prediction error algorithm as a cached memory accumulation of
previous UCS reward values), and the y factor is simply a temporal
discounting parameter. Most important here is that the current neu-
robiological state of NAc circuitry, represented by the mesocortico-
limbic gain factor (k) (i.e. kappa), reflects the effects of dopamine/
opioid receptor stimulation. The value of x essentially multiplies the
previously learned r, value to generate incentive salience during the
PIT test at the moment of CS+ re-encounter: V(S,). That motivation
value was reflected in the phasic peak of cue-triggered ‘wanting’.

To put our results in context, normal x was equal to 1 in our
study as long as the NAc state during the test remained similar to
states during previous training (i.e. in control test conditions after
vehicle microinjection). By comparison, neurochemical stimulation
of the NAc by amphetamine or DAMGO microinjections raised x
during PIT tests to a quantity > 1. That elevation in mesocorticolim-
bic reactivity raised the multiplicative product (x * r,) of the interac-
tion specifically at moments when CS+ was physically present,
elevating phasic peaks of PIT above normal levels.

Thus, incentive salience as V(S,) was specifically amplified selec-
tively during CS+ moments in the PIT tests after NAc drug microin-
jections. The pulses of amplified motivation came and went as
phasic surges of cue triggered for UCS, coming and going with the
physical CS+ stimulus, reflecting the synergistic interaction between
the simultaneous presence of neurochemical stimulation and CS+
presence.

Applications and origins

Reward cues often pose potent temptations, yet not always. The
power of a reward CS+ to elicit motivated behavior varies from
encounter to encounter. For example, an individual may successfully
resist cue-triggered temptations on many occasions, yet still give in
and fail to resist on another occasion. Fluctuation in cue motivation
strength implies that the variation in temptation power lies in the
dynamic reaction of brain mesocorticolimbic systems that interact
with the cue, and not simply in the cue itself or in any stable
learned association the CS+ has with its UCS. Our results indicate
that dopamine or opioid stimulation of nearly any site in the medial
shell and core can amplify this dynamic reaction, raising the inten-
sity of incentive salience to generate a temporary cue-bound peak of
maximal temptation.

The capacity for dynamic brain modulations of cue-triggered
‘wanting’ may have evolved originally as an adaption that let natu-
ral hunger or satiety states, which physiologically modulate meso-
corticolimbic circuit reactivity, alter the level of cue-triggered
incentive salience for relevant biological rewards, such as food,
water, salt, mates, etc. (Kelley, 2004; Farooqi et al., 2007; Berthoud
& Morrison, 2008; Farooqi & O’Rahilly, 2009; Kessler, 2009; Tin-
dell et al., 2009; Zhang et al., 2009; Shin et al., 2010). However,
once mesocorticolimbic circuits evolved to have capacities for syner-
gistic interaction, such flexible capacity opens windows of vulnera-
bility to addictive drugs and long-term changes involved in
addiction to create compulsive levels of ‘wanting’ for particular
incentives, such as drug-induced sensitization (Robinson & Ber-
ridge, 1993, 2003, 2008; Volkow et al., 2004; Everitt & Robbins,
2005; Berridge, 2012; Vanderschuren & Pierce, 2010). This syner-
gistic interaction allows higher peaks of temptation to be produced
than would otherwise naturally occur.

We suggest that such motivation synergies as demonstrated here
may help explain why the intensity of motivation elicited by a
reward cue can fluctuate across time, and why addictive cues more

potently trigger relapse on some encounters but not others. For
example, an addict attempting to quit might successfully resist a
drug cue many times again and even escape withdrawal — only to
finally succumb to temptation and relapse on yet another cata-
strophic encounter. Our results suggest that potentiation of dopa-
mine/opioid neurotransmission across a relatively wide region of the
NAc might amplify incentive salience in this way (by any presence
of drug on board or perhaps via endogenous emotional activation or
stress states, etc.). In particular, the presence of any drug-on-board
in a recovering addict who intended to take ‘just one hit’ could dan-
gerously amplify cue-triggered ‘wanting’ to take more drugs. Syner-
gistic generation of incentive salience by the NAc may thus be a
potent mechanism to fuel the pathological pursuit of rewards at par-
ticular moments of most intense temptation.
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