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Behavioral/Cognitive

Optogenetic Excitation of Central Amygdala Amplifies and
Narrows Incentive Motivation to Pursue One Reward Above
Another

Mike J.F. Robinson,"? “Shelley M. Warlow,' and “Kent C. Berridge'

'Psychology Department, University of Michigan, Ann Arbor, Michigan 48109, and 2Psychology Department, Wesleyan University, Middletown,
Connecticut 06459

Choosing one reward above another is important for achieving adaptive life goals. Yet hijacked into excessive intensity in disorders such
asaddiction, single-minded pursuit becomes maladaptive. Here, we report that optogenetic channelrhodopsin stimulation of neurons in
central nucleus of amygdala (CeA), paired with earning a particular sucrose reward in rats, amplified and narrowed incentive motivation
to that single reward target. Therefore, CeA rats chose and intensely pursued only the laser-paired sucrose reward while ignoring an
equally good sucrose alternative. In contrast, reward-paired stimulation of basolateral amygdala did not hijack choice. In a separate
measure of incentive motivation, CeA stimulation also increased the progressive ratio breakpoint or level of effort exerted to obtain
sucrose reward. However, CeA stimulation by itself failed to support behavioral self-stimulation in the absence of any paired external food
reward, suggesting that CeA photo-excitation specifically transformed the value of its external reward (rather than adding an internal
reinforcement state). Nor did CeA stimulation by itself induce any aversive state that motivated escape. Finally, CeA stimulation also
failed to enhance liking’ reactions elicited by sucrose taste and did not simply increase the general motivation to eat. This pattern
suggests that CeA photo-excitation specifically enhances and narrows incentive motivation to pursue an associated external reward at the

expense of another comparable reward.
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Introduction

Amygdala-related circuitry plays an important role in motivation
and learning, including incentive motivation for rewards as well
as fear of threats (Baxter and Murray, 2002; Will et al., 2004;
Balleine and Killcross, 2006; LeDoux, 2007; Mahler and Berridge,
2009; DiFeliceantonio and Berridge, 2012; Pelloux et al., 2013).
Learning a preference for one particular reward is often adaptive
in guiding normal choice and pursuit. However, pathological
amplification and narrowing in the focus of incentive motivation
may produce drug addiction, binge eating, gambling, or related
compulsive pursuit disorders. When single-minded pursuit of an
addictive reward occurs at the expense of other life goals, such a
winner-take-all narrowing of motivation preference may involve
dysfunction in brain circuitry involving the amygdala (Schneider
et al., 2001; Makris et al., 2004; Wrase et al., 2008; Lesscher and
Vanderschuren, 2012).
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Within the amygdala, the basolateral nucleus (BLA) and cen-
tral nucleus (CeA) are arranged partly in series, but also each
possess independent inputs and outputs that allow the two nuclei
to actin parallel (Killcross et al., 1997; Parkinson et al., 2000; Will
et al., 2004; Corbit and Balleine, 2005; Balleine and Killcross,
2006; LeDoux, 2007; Mahler and Berridge, 2009; DiFeliceantonio
and Berridge, 2012; Lingawi and Balleine, 2012; Roesch et al.,
2012). Here, we used optogenetic stimulation in CeA versus BLA
to compare their roles (Tye et al., 2011) and reveal new aspects of
amygdala-related control of incentive motivation and focused
pursuit. Our results reveal a CeA mechanism able to both narrow
and amplify learned incentive motivation in an addictive-like
fashion. ‘Wanting’ to pursue one reward that is associatively
paired with CeA stimulation becomes specifically amplified, even
at the expense of earning another alternative reward of compara-
ble value.

Materials and Methods

Animals

Female Sprague Dawley rats (250-325 g, n = 31) were housed in a reverse
12 h light/dark cycle at 21°C constant temperature. Purina chow pellets
(15-20 g per day) and ad libitum water were provided. The University
Committee on the Use and Care of Animals of the University of Michigan
approved all experimental methods performed in this research.

Surgery
Rats were anesthetized with ketamine (100 mg/kg, i.p.) and xylazine (7
mg/kg, i.p.), and given atropine (0.04 mg/kg, i.p.) to protect respiration.
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Each rat was surgically infused bilaterally into
the central nucleus of amygdala (CeA rats; n =
14) or the basolateral nucleus of amygdala
(BLA rats; n = 8) with 2 ul of a CAG channel-
rhodopsin virus (AAV5-CAG-ChR2-GFP) or
with an optically inactive control virus lacking
ChR2 as inactive-virus control rats (AAV5-
CAG-GFP; n = 5). Finally, an additional set of
control rats received no virus microinjection to
serve as a baseline control group (n = 4). Bilat-
eral infusions were made through microinjec-
tion cannula stereotaxically aimed at CeA: A/P:
—2.4; M/L: 4; D/V: —7.6 (with mouth bar set
at —3.3) or at BLA: A/P: —1.6; M/L: 4.9; D/V:
—7.8, infused over 10 min at constant rate (0.2
ul/min), followed by an additional 10 min in
place for diffusion. Bilateral optic fibers (200
um) were also implanted in either central
amygdala or basolateral amygdala during the
same surgery, aimed 0.2 mm dorsal to the
location of virus injection. Rats were postoper-
atively treated with the antibiotic chloram-
phenicol (60 mg/kg, s.c.) and carprofen (5 mg/
kg, s.c.) as an analgesic and given at least 3
weeks to recover and to allow for optimal virus

expression. .
P Figure 1.

Apparatus

Instrumental training in the two-sucrose
choice test and in the progressive ratio one-
choice test was performed in Med-Associates
chambers (30.5 X 24.1 X 21.0 cm) with clear
Plexiglas floors (Fig. 1). The chamber walls were equipped with 4 illumi-
nated retractable levers (4.5 X 2 cm), auditory speakers (for tone/white
noise components of CSs), and a magazine for sucrose pellet delivery.
Two contact liquid sippers (located on the back wall) and a grid floor
were inserted into the chambers for self-stimulation tests and removed
when not in use. A video camera placed below the transparent chamber
floor recorded the animal’s behavior.

Optogenetic self-stimulation tests (without sucrose or other food re-
wards) were conducted in separate chambers. The first self-stimulation
test used a novel place-preference versus place-avoidance measure using
a Sensorat apparatus designed in-house, which allowed rats to self-
administer CeA laser illumination by going to a particular place (consti-
tuting %4 of the chamber area) or to avoid illumination by remaining in
any other place within the chamber (i.e., % of the chamber). The appa-
ratus consisted of a 4-corner square Plexiglas chamber with bedding on
the floor (38 X 38 cm) and a Plexiglas cylinder that occluded the center
(20 cm diameter) so that rats could be only in the periphery or corners.
Each of the four corners contained its own motion detector 46 cm above
the floor to sense if the rat entered its location below, with all data re-
corded by a Matlab computer program. Laser illumination was always
paired with entry into one corner (either a 3 s pulse or 8 s pulse for
different rats; 25 Hz; 8—10 mW) serially reactivated by any continuing
movement within that corner and terminated by exit from that corner.
The same corner was always used for a given individual rat, but different
rats were each assigned to their own arbitrarily chosen corners.

The second self-stimulation test allowed rats to self-administer CeA
laser stimulation by simply touching a particular object (an empty water
spout). The apparatus used 2 metal spouts that protruded from the wall
~5 cm apart, both empty but physically identical to drinking spouts
familiar to rats from their home cage. Touching of 1 designated spout
earned brief laser illumination of the rat’s amygdala (either a 1 s or 8 s
pulse for different rats; 25 Hz; 8—10 mW) on an FR1 schedule. Touching
of the other spout earned nothing. Assignment of spouts as laser paired
or inactive control was balanced across different rats.

Taste reactivity testing was performed in a square Plexiglas chamber
(26 X 27 X 41 cm) with a transparent Plexiglas floor mounted above a
tilted mirror to allow video recording of the animal’s orofacial reactions.

Robinson et al. @ CeA Laser Focuses Motivation for Reward

L Instrumental choice of
Laser + Sucrose vs. Sucrose Alone

Sucrose
pellet
Cs-Tone|
Sucrose o ‘n

S

Alone ;
] Timeout|(8 sec)

Final Lever Press Sucrose

pe"etLaser

l CS+ Tone
\_

seconds

Final Lever Press

Time (sec)

Procedure for enhancement of laser-paired sucrose in two-sucrose choice test. Schematic shows apparatus and event
timeline for simultaneous choice tests. Two levers protruded on either side of sucrose dish in center. Pressing either lever earned an
equivalent sucrose pellet and a distinctive 8 s sound which marked that lever's identity, but only one lever’s pellet and sound was
also paired simultaneously with onset of 8 s laser pulse (473 nm; 25 Hz; 810 mW).

Sucrose pellets were delivered slowly one at a time while positive hedonic
orofacial reactions were recorded during voluntary consumption.

Procedure

Making an equal choice unequal: instrumental choice of laser + sucrose
versus sucrose alone. During instrumental training, rats (CeA: n = 14;
BLA: n = 8; control virus: n = 5) were presented two illuminated levers,
one on either side of the magazine (Fig. 1). Depressions of one lever
(Laser + Sucrose lever) led to instrumental delivery of a sucrose pellet
plus 8 s of 25 Hz (15 ms ON, 25 ms OFF) blue (473 nm) laser stimulation
at 8—10 mW, accompanied by a distinctive 8 s auditory cue (white noise
or tone; always the same paired with this outcome for a particular rat, but
counterbalanced assignments across rats). In contrast, pressing the other
lever (Sucrose Alone lever) delivered a single sucrose pellet accompanied
by its own distinct 8 s auditory cue (tone or white noise; whichever was
not paired with laser-sucrose), but no laser illumination. For both levers,
presses during the 8 s after sucrose delivery had no further consequence.
After 2 d of initial acquisition, each daily session began with a single lever
presented alone to allow opportunity to earn its associated reward (either
Laser + Sucrose or Sucrose Alone), after which the lever was retracted.
Then, the alternative lever was presented by itself to allow opportunity to
earn the other reward. Each lever was presented again alone for a second
cycle to ensure that the rat sampled both reward outcomes. Those single-
choice exposures were intended to help the rat learn the association
between each lever and its particular outcome. Finally, both levers to-
gether were extended for the remainder of the session (30 min total),
allowing the rat to freely choose between the two levers and to earn
respective rewards in any ratio it chose. In addition, a third lever (inactive
control) was constantly extended from the opposite back wall, on which
presses earned nothing and simply served as a control measure of general
activity that resulted in lever responses. Whenever the number of lever
presses required by a day’s schedule was completed on either lever (FR1,
FR4, RR4, RR6), its sucrose pellet was immediately delivered, accompa-
nied by 8 s of the appropriate auditory cue that labeled the particular lever
and its outcome (white noise or tone). For the Laser + Sucrose lever,
delivery of the sucrose pellet was also accompanied by additional simul-
taneous laser stimulation (8 s pulse; 25 Hz; 8—10 mW). During those 8 s,
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animals typically rapidly retrieved the sucrose pellet and then resumed
responding on either of the two active levers.

Two separate groups of rats were trained either in this way: one on an
increasing schedule of responding effort (FR1—RR6; CeA: n = 10; BLA:
n = 8) and the second simply maintained on a minimal FR1 effort re-
quirements (n = 4) for the same number of days to assess the contribu-
tion of effort versus accumulating days of experience in the development
of a laser preference.

Progressive ratio: Laser + Sucrose versus Sucrose Alone. On day 9, a
progressive ratio test was given with either the Laser + Sucrose instru-
mental lever together with CeA illumination or with the Sucrose Alone
instrumental lever without any laser (order of test conditions was bal-
anced across rats). On day 10, the progressive ratio test was repeated for
each rat with its other lever and other laser condition (CeA: n = 7; control
virus: n = 5). The number of presses required to produce the next reward
delivery increased after each reward, according to an exponential pro-
gression (progressive ratio schedule = 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40,
50,62,77,95,118,145,178,219,268,. . .) derived from the formula PR =
[5elreward number<0.27 — 5 and rounded to the nearest integer (Richardson
and Roberts, 1996; Saunders and Robinson, 2011). To determine
whether any preference in responding was the result of increased work-
load, animals were given a final FR1 session on day 11, identical to the
initial day of training.

Making an unequal choice equal: Laser + Salt versus Sucrose or Salt
Alone. To further examine the control of instrumental choice, we inves-
tigated whether CeA laser stimulation could make a normally less pre-
ferred outcome (salty food pellet adulterated with 3% NaCl) become
equally chosen as a normally more preferred outcome (sucrose pellet).
Rats were given a choice between two instrumental levers on contiguous
days between days 24 and 36. One lever earned a sucrose pellet alone
(Sucrose Alone), as above (RR6). The other lever earned simultaneous
CeA laser stimulation (Laser + Salt) plus a normally less-preferred salty
pellet (3% NaCl). These 30 min sessions were repeated daily for 6 con-
secutive days. On the seventh day, the remaining sucrose reward was also
replaced by another 3% NaCl pellet (but alone, without laser; Salt Alone),
so that rats were asked to choose between earning two equally salty pel-
lets, one with CeA stimulation and one without (Laser + Salt vs Salt
Alone). This was repeated for 5 d and followed by 2 d of the initial Sucrose
Alone versus Laser + Sucrose choice to confirm reliability of pattern.
Finally, to assess the role of laser stimulation on the less preferred salty
pellet outcome, rats were given 6 d of the same initial instrumental choice
(salty pellet vs sucrose pellet), but this time in the absence of any CeA
laser stimulation (Salt Alone vs Sucrose Alone). This was followed by at
least two days of the initial Sucrose Alone versus Laser + Sucrose instru-
mental choice, with laser returned to its associated lever/outcome.

Persistence of choice preference in the absence of CeA laser stimulation. In
a test of the persistence of CeA ChR2 laser-induced pursuit, we investi-
gated whether it would decay or persist if laser were suddenly turned off
after it was well established. Rats that had received 2 d refresher training
with Laser + Sucrose versus Sucrose Alone above were therefore given
another 4 consecutive days of laser-extinction testing between days 44
and 47, where outcomes for both levers consisted of a sucrose pellet with
its lever-appropriate auditory cue, but no laser stimulation was admin-
istered even for the lever-sound option that had earlier been paired with
CeA illumination (Sucrose NO Laser vs Sucrose Alone).

Lever self-stimulation in the absence of sucrose: Laser Alone versus No
Reward. To conversely assess whether laser stimulation alone could
maintain responding on a sucrose-laser-associated lever when actual su-
crose reward was discontinued, rats were given the opportunity to earn
the same levers but without sucrose (Sucrose Extinction) between days
12 and 18. In a sense, this was a third form of laser self-stimulation test,
but using an already established instrumental response that had been
learned to earn Laser + Sucrose combinations. It simply investigated
whether central amygdala laser alone was sufficient to maintain that
acquired response when sucrose was discontinued. Each completed trial
(RR4) on the laser lever resulted in delivery of laser stimulation and the
previously paired auditory cue but no sucrose pellet delivery (Laser—-No
Sucrose). Each completed trial on the other lever (previously Sucrose
Alone) resulted in delivery of its auditory cue (again without sucrose: No
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Sucrose, No Laser). Lever test sessions lasted for 30 min and were re-
peated for 7 consecutive days. A separate group of rats was run on Laser
+ Sucrose extinction, where responses on either lever resulted in delivery
of its auditory cue alone (No Laser—No Sucrose versus No Sucrose) to
determine whether laser stimulation was responsible for maintaining a
preference or any amount of responding.

Laser self-stimulation (CeA laser self-administration without sucrose).
Rats that had shown CeA ChR2 incentive facilitation (plus control CeA
inactive-virus rats) were allowed to self-administer laser illumination by
performing a simple new response in two situations. In the first, by going
to a particular corner location in a 4-corner chamber, the rat could earn
pulses of CeA laser illumination: an easy way to gain photo-excitation
that requires no additional active behavioral responses, which was mod-
eled on the original Olds and Milner demonstration of electrode self-
stimulation by going to a location (Olds and Milner, 1954). Rats were
placed in a Plexiglas arena (38 cm X 38 cm; height: 47 cm) in which they
could wander the periphery and enter any of 4 corners. The center of the
arena was occluded by a Plexiglas cylinder (20 cm diameter X 30 cm
height) to restrict rats to the outer rim. Each corner of the chamber had
its own motion detector (Visonic) placed above to detect entries. One of
the four corners was assigned for self-stimulation (assignment balanced
across rats): entries into that corner triggered laser stimulation each time
the motion sensor detected movement (25 Hz; 15 ms ON 8—-10 mW, 25
ms OFF; either a 3 s pulse (n = 5) ora 8 s pulse (n = 4) for different rats).
The 30 min session was repeated with the same corner assignment on 3
consecutive days.

In a second self-stimulation situation, Med Associates operant cham-
bers were equipped with two empty liquid sippers on the back wall of the
chamber and with grid floors wired to detect body contacts that closed a
circuit with the floor. Contacts on 1 of the 2 sippers (assignment coun-
terbalanced between rats) delivered a brief CeA laser stimulation (25 Hz;
15 ms ON, 25 ms OFF; either a 1 s train for 10 rats, similar to other
optogenetic self-stimulation studies such as Witten et al., 2011) oran 8 s
train for 4 rats (similar to duration in sucrose/salt experiments above).
Contacts on the other sipper produced no consequence and served as a
control measure for exploration touching or habitual spout approach.
Physical contacts with the 2 empty sipper tubes were recorded over a 30
min session, and repeated for 3 d. A separate group of rats received
similar 1 s pulse training with the only additional feature being that
contact with each sipper was accompanied by its distinctive 1 s sound to
serve as an auditory label that contact had been achieved in case that
sensory label was helpful to learn the laser versus non-laser discrimina-
tion (tone or white noise counterbalanced across spouts).

Food ‘wanting’: laser stimulation and general motivation to eat. We
examined the effect of laser stimulation on voluntary food consumption
in a 90 min free-intake test to determine whether the above incentive-
enhancing effects of CeA stimulation on sucrose pursuit were mediated
by increased appetite or general motivation to consume food rewards.
Intake tests were conducted in a familiar chamber containing bedding on
the floor (38 cm X 38 cm) in which they had serial access to preweighed
quantities of regular Purina chow pellets (20 g) and palatable chocolate
M&M’s candies (20-25 g) while also having constant access to water.
Each food intake session consisted of 30 min access to 20 g of regular
chow followed by 60 min of access to 20-25 g of M&M’s candies and
chow. An 8 s pulse of CeA laser stimulation was given once each 30 s
period (25 Hz; 15 ms ON, 25 ms OFF; 8—10 mW; 8 s ON pulse duration,
22 s OFF; repeating 180 times). Intake tests were repeated on 3 consecu-
tive days. Laser stimulation was administered only on 1 day, which oc-
curred on either day 2 or 3 (counterbalanced across rats). Control intake
was measured in the absence of any laser stimulation on the 2 remaining
days (day 1 and either day 2 or 3, averaged together to form a baseline
measurement). Chow and M&M'’s were reweighed at the end of the test
to calculate the amount consumed.

Sucrose ‘liking’: laser stimulation and hedonic impact (taste reactivity).
Hedonic impact was measured using a voluntary-intake taste reactivity
paradigm for the taste of 45 mg sucrose pellets (same as used for operant
and Pavlovian training). Orofacial reactions elicited by sucrose pellets
were video recorded using a modified voluntary ingestion model of the
taste reactivity paradigm (DiFeliceantonio et al., 2012). Testing consisted
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of a single session on 2 separate days (order 12001 pmedial Lateral
counterbalanced) with or without laser stimu- —_— CeA Laser + Sucrose
lation (25 Hz; 15 ms ON, 25 ms OFF). Each 10004

animal was presented with one sucrose pellet at
a time (45 mg), repeated every 5 s for 40 times.
Rats were allowed to eat voluntarily and emit
postprandial hedonic reactions after each su-
crose pellet. A close-up video camera beneath
the transparent floor captured the image of the
rat’s face, mouth and paws (scoring was con-
trolled for facial visibility). All behaviors were
scored offline in slow motion (frame by frame)
by an observer blinded to the conditions.

Responses
(2]
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i
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b

2007
Taste reactivity behaviors
Positive hedonic ‘liking’ responses consisted of

Control Laser + Sucrose

l BLAucrose ione
. ~ BLA Laser + Sucrose

one

CeA Sucrose Alone

lateral tongue protrusions (large protrusions of
the tongue extending away from the midline)
and midline tongue protrusions (smaller
rhythmic midline protrusions) as well as paw
licking. Taste reactivity components such as
tongue protrusions were scored as individual
actions, whereas continuous behaviors such as
paw licking were given one count for each 5 s
bout (Berridge, 2000). Hedonic reactions were
summed into affective categories to form an
overall positive ‘liking’ score.

Figure 2.

Fos immunofluorescence and

viral expression

After training, animals were returned to the
training context and given a final 30 min train-
ing session (RR6) in the presence or absence of
laser stimulation. After behavioral testing, rats were deeply anesthetized
with an overdose of sodium pentobarbital and perfused. Brains were then
subsequently stored in 4% paraformaldehyde, cryoprotected in 30% su-
crose, and then sliced at 40 wm. Slices were blocked in 5% normal donkey
serum/0.2% Triton-X solution for 30 min before being incubated for
24 h in a polyclonal goat anti-c-fos IgG primary antibody (Santa Cruz
Biotechnology), followed 2 d later by 2 h in Alexa Fluor 594 donkey-anti-
goat IgG (Invitrogen) (Paxinos and Watson, 2007; Faure et al., 2008).
Sections were mounted, air-dried, and coverslipped with ProLong Gold
antifade reagent (Invitrogen). To identify fiber tip locations and assess
viral spread, relevant sections were examined using a Leica microscope
and results were marked on a coronal schematic in Adobe Illustrator
using the rat brain atlas (Paxinos and Watson, 2007). Images were also
taken using a color camera coupled to the Leica microscope at 10X and
40X magnification for Fos protein analysis. Nine images were compiled
using MCID Core 7 software (3 X 3; 10X magnification) into one single
image centered on the fiber tip. The procedure used for measuring Fos
plumes surrounding a fiberoptic site that are induced by light stimula-
tion was modified slightly from one described previously for counting
around the site of drug microinfusion (Pecifia and Berridge, 2000). Im-
munoreactivity for Fos-like protein was visualized using a fluorescent
microscopy filter with an excitation band at 515-545 nm for Fos-positive
cells. For analysis of laser stimulation spread, Fos plume images were
taken in the areas surrounding the fiber optic tip. Fos-labeled cells were
individually counted within successive blocks (50 X 50 wm) along eight
radial arms emanating from just under the fiber optic tip at 10X magni-
fication. Ifat least two sequential blocks lacked any Fos-labeled cells, then
no subsequent blocks further along the arm were counted. Zones of Fos
elevation in neurons surrounding fiber optic sites (or “plumes”) were
assessed as described previously (Reynolds and Berridge, 2008).

Statistical analysis

Results were analyzed using repeated-measures ANOVAs to examine the
response preference for either lever, followed by ¢ tests for individual
comparisons. Effect sizes were calculated using Cohen’s d. When neces-
sary, a Wilcoxon sign-ranked test was run for nonparametric tests. For all
analyses, the significance level was set at p = 0.05, two-tailed.

il i e o
2 3 4 5 6 7 8
FR1 FR4 | RR4 RR6

Training Day/Schedule

Optogenetic stimulation of the central amygdala focuses choice on laser-paired sucrose reward. Rats (CeA: n = 7)
developed a powerfully distorted choice toward one of two equivalent sucrose rewards over 8 d when its delivery was associated
with CeA ChR2 laser stimulation (8 5; 25 Hz). A strong preference developed across 8 d of training (30 min sessions) with increasing
effort requirements (FR1 — RR6) showing a sharp increase in responding (lever presses) for the laser-paired sucrose reward (CeA
Laser + Sucrose; blue solid line and squares) over an otherwise equivalent sucrose reward (CeA Sucrose Alone; blue dashed line
and squares) for CeA ChR2 rats. Control CeA rats (n = 5) with inactive virusin CeA showed a much lower preference for laser-paired
sucrose (Control Laser + Sucrose; gray solid line and circles) over Sucrose Alone (Control Sucrose Alone; gray dashed line and
circles). In contrast, in BLA ChR2 rats, BLA sites produced no preference for paired Laser + Sucrose (red solid line and triangles), and
if anything instead a nonsignificant trend toward choosing the Sucrose Alone option (red dashed line and triangles). Data are
shown as mean = SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

Results

Two-choice instrumental task

When presented with a choice of two levers that each earned a
sucrose pellet, rats trained without any amygdala laser illumina-
tion showed essentially an equal preference between the two le-
vers and essentially selected randomly (mean 53%: 47%
preference ratio; n = 4; F(, 5y = 0.02; p > 0.05). However, adding
CeA photo-excitation associatively to the final press of one lever
and to its sucrose delivery in rats with CeA channelrhodopsin
(CeA ChR2 rats) caused those rats to become narrowly focused
on the particular laser-associated lever by the fifth day of training,
choosing and intensely pressing and nibbling on the Laser +
Sucrose lever while ignoring the alternative Sucrose Alone lever
that was not paired with laser (¢, 5, = 3.01, p < 0.05, Cohen’s d =
1.78; Fig. 2). By the eighth day, when effort levels were highest
(requiring ~6 presses for each reward), CeA ChR?2 rats reached
over a 24:1 preference ratio to favor the laser-paired lever/reward
combination over the no-laser alternative (F(, 5y = 12.86, p <
0.05; Fig. 2). CeA ChR2 rats also showed numerous intense con-
summatory actions directed specifically toward the laser-paired
lever: rapidly sniffing, nibbling, and biting that particular metal
object as though the laser pairing had strengthened its incentive
salience properties as an attractive Pavlovian food-related cue
(Video 1). Even when CeA ChR?2 rats actually received their su-
crose reward, they typically paused pressing and nibbling the
CeA-associated lever only momentarily, just long enough to re-
cover and consume the sucrose pellet (i.e., 1-2 s) before then
immediately returning to the laser-paired lever again and resum-
ing a frenzied bout of pressing and nibbling of the metal lever
(even though no further sucrose could be earned for at least the
8 s timeout period while the laser was still illuminated). There-
fore, CeA ChR2 rats worked 50% harder than needed for each
sucrose reward earned by the laser-paired lever (compared with
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Movie 1. Example of CeA ChR2 stimulation: narrowly focused preference and amplified
motivation for laser-paired sucrose reward (over equivalent sucrose reward without laser). This
rathas learned to instrumentally press on two different levers, which each earned an equivalent
sucrose pellet as reward. Here, CeA ChR2 laser stimulation is also paired with final press on the
left lever and its sucrose reward (but not the right lever or its sucrose reward). When each lever
is presented one at a time, the rat approaches, presses and nibbles both to earn rewards. Next,
asimultaneous choice is offered to the rat. When both levers are presented at the same time, the
rat exclusively focuses on the CeA laser-paired option (left lever). The rat returns persistently to
its laser-paired lever after retrieving sucrose pellets, while ignoring the alternative right lever.
This video was made after 8 d of discriminative training. The blue laser is visible for demonstra-
tion purposes, but equivalent CeA ChR2 behavioral effects have been observed when the laser-
headcap connection is shielded from external view.

JOURNAL OF NEURD

sucrose alone reward: F(, ,) = 7.34, p < 0.05) and exerted nearly
all of that extra effort in the few seconds while still receiving CeA
illumination. In contrast, CeA ChR2 rats typically ignored the
non-laser lever that earned sucrose alone, leaving it alone for up
to 5-10 min at a time. Therefore, CeA ChR2 rats earned >90
pellet rewards on the CeA Laser + Sucrose lever during the 30
min session (95% preference), compared with earning only 3
sucrose rewards (only 5% of total rewards) on the Sucrose Alone
lever (¢, oy = 9.88, p = 0.001, d = 4.46). The skewing of prefer-
ence toward the laser-paired lever and its outcome when a simul-
taneous choice was given, and consequent dramatic slowing of
approach to the non-laser lever, indicates that increased attrac-
tion to the Laser + Sucrose choice situation was at the expense of
reduced attraction to the Sucrose Alone lever (Sucrose Alone for
laser-trained vs no-laser controls: #, 4y = 3.22, p < 0.01,d =
1.99). Further, even during the initial forced choice phase, when
only one lever at a time was presented in alternating sequence, a
stronger motivation to pursue the Laser + Sucrose option was
evident: CeA ChR2 rats pressed 5 times faster when the Laser +
Sucrose lever was available than they did when the Sucrose Alone
lever was available (taking only 4 s to complete the required num-
ber of responses on the laser-paired lever versus averaging 21 s on
the alternative lever; ¢, ,,, = 2.26, p < 0.05, d = 1.84). This
difference occurred despite always initially approaching each of
the two levers equally rapidly (¢, ,;) = 0.35, p > 0.05) within ~4
s of lever appearance in the chamber.

The CeA ChR2 laser-induced bias grew over 8 consecutive
days, from an initial 62% on the first day to a 94% preference by
the eighth day (Fig. 2). Preference strengthened even though the
effort requirement also grew from 1 press per outcome (FR1) to a
random average of 6 presses per outcome during those days
(RR6; range 4-8 presses; F(; 4,y = 9.86, p < 0.001). Preference
growth probably was due primarily to time and increasing expe-
rience with Laser + Sucrose choices rather than to the additional
effort requirement, because a second group (n = 4) of separate
CeA rats kept at a lower FR1 effort demand for all 8 d also showed
a pronounced growth in preference over days leading to at least a
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5:1 preference ratio (day X laser: F(, ,,, = 6.03, p < 0.01; group:
F(1 12 = 1.81, p > 0.05). However on day 8, this group’s ceiling
preference of 82% was still slightly lower than the 94% ceiling of
the rising effort group (, ;,, = 2.59, p < 0.05,d = 1.63). Overall,
all CeA ChR2 rats in both groups virtually ignored their Sucrose
Alone alternative choice by the final day, suggesting an intense
degree of preference and motivation focused on the laser-paired
lever.

In comparison, inactive-virus control rats that similarly re-
ceived CeA virus microinjections and CeA laser, but with virus
that contained only the GFP gene while lacking the ChR2 gene for
photoreceptors, emitted only half the number of presses on the
Laser + Sucrose lever as CeA ChR2 rats (F(, 5y = 2.63, p < 0.05;
Fig. 2). Inactive-virus rats showed a modest preference for their
CeA laser-paired lever over their no-laser lever, suggesting either
that slight reinforcing effects were exerted by light reaching the
retina from external reflection or from intracranial diffusion or
by other local effects of CeA illumination that did not depend on
ChR2 photoreceptor expression. However, control rats with
inactive-virus in CeA never pressed with the avid intensity de-
scribed above for CeA ChR2 rats and instead dramatically fell
below the levels of CeA ChR2 rats, especially during the last 3 d of
testing as effort requirement rose from 4 presses on average to 6
presses on average for each reward (t, 5,y = 2.91,p < 0.01,d =
1.04). Therefore, by the final day, inactive-virus CeA rats had only
a 3:1 preference for the laser-paired lever, whereas CeA ChR2 rats
had reached an ~24:1 preference (¢, 4y = 5.74, p < 0.001, d =
3.31).

Indicating localization of function, BLA ChR2 rats completely
failed to prefer their laser-paired lever over the Sucrose Alone
lever that lacked laser illumination (¢, ;) = 0.79, p > 0.05; Fig. 2).
If anything, the reverse: BLA ChR2 rats tended by 3:2 to prefer the
non-laser lever that earned Sucrose Alone over the lever that
earned Sucrose + BLA Laser. However, the BLA ChR2 preference
for non-laser outcome did not reach statistical significance
(F7.49) = 0.57, p > 0.05), so future work would be required to
assess whether BLA ChR2 rats express a preference or simply
choose randomly. In any case, BLA ChR2 rats were far below CeA
ChR2 rats in effort on the laser-paired lever, especially by the final
days (F(; 16y = 21.92, p < 0.001). BLA ChR2 rats did not differ
from inactive-virus CeA control rats that received illumination
(Faany = 1.72, p > 0.05), suggesting that both groups were
similarly weak in laser effects on preference among sucrose out-
comes. In contrast, CeA ChR2 rats pressed far more on the laser-
paired lever by the final days than either BLA ChR2 rats (¢, 43, =
5.13, p < 0.001, d = 1.57) or CeA inactive-virus rats that also
received illuminations (, 54y = 2.91, p < 0.01, d = 1.03). That
pattern indicates it was the combination of ChR2 photoreceptor-
mediated excitation plus the CeA site for location of laser illumi-
nation that was especially crucial to produce such an intense 24:1
preference for laser-paired lever and sucrose outcome.

Finally, a narrowing in the focus of preference by CeA ChR2
laser was also evident by comparing groups’ presses on the non-
laser-paired lever that earned only Sucrose Alone. By the final
day, CeA ChR2 rats were actually pressing less on the non-laser
lever than either CeA inactive virus control rats (¢, ;o) = 3.18,
p<<0.01,d = 1.83) or BLA ChR2 rats (¢, ,5, = 4.02,p <0.01,d =
2.37) despite the generally much higher and more frenzied level
of effort overall by CeA ChR2 rats. Therefore, CeA ChR2 laser-
pairing appeared not only to magnify but also narrowly focus all
effort nearly exclusively on the sole Laser + Sucrose option at the
expense of less effort being directed toward earning the alterna-
tive Sucrose Alone option.
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The failure of BLA sites to control pref-
erence or amount of lever pressing also
indicates that the success of CeA sites was
not due to extraneous features of the op-
togenetic test procedure that would have
been shared by both sites (e.g., reinforce-
ment by visible blue light diffusion from
laser), but rather was specifically due to
CeA optogenetic stimulation.

Medial

Anatomical localization of function:

CeA enhancement versus BLA failure
Histological analysis indicated that virus
expression for the rats showing the incen- B
tive enhancement effects described above
filled most of the medial-lateral extent of
CeA (see Fig. 4). Optic fibers were placed
in approximately equal proportions in
medial and lateral divisions of CeA across
individual rats (see Fig. 4), with the tips of
fibers placed mostly in the dorsal half of
CeA and primarily in the rostral half of the
central nucleus. Observations of Fos
plumes, expressed as elevations of protein
in neurons surrounding an optic fiber tip
after ChR2 infection, suggested that laser
illumination (beginning 75 min before
brains were extracted) activated Fos ex-
pression in surrounding neurons, primar-
ily placed immediately below the fiber tip
and extending ~0.3 mm in radius from
the fiber tip (e.g., 150% elevation com-
pared with 100% Fos levels observed sur-
rounding a fiber tip in control rats that
had received inactive virus but also re-
ceived laser illumination; Fig. 3). The de-
scending shape of observed Fos plumes
below the tip of optic fiber in CeA rats
seemed consistent with the possibility that neuronal activation
might have reached into the ventral half of CeA. However, further
analyses of Fos plume comparisons with other control conditions
would be useful in future to confirm how deeply neuronal acti-
vation extends below a fiber tip. In any case, in CeA ChR?2 rats,
Fos was observed both in neurons that coexpressed virus GFP and
in other neurons that were not infected by virus and which pre-
sumably were indirectly modulated across synapses via local cir-
cuit interaction. The anatomical extent of Fos spread suggested
that optogenetic stimulation in CeA rats probably modulated
neurons filling most of the rostral half of the CeA. Optic fiber sites
were distributed in both the medial division and the lateral divi-
sion of CeA and the spread of activation suggested that there also
may have been some cross-division spillover; that is, a fiber in one
division may have induced activation that extended also into the
other division.

Given that neurons in both medial and lateral divisions of CeA
were likely to be affected by many of our sites, it seems plausible
to conclude that these CeA behavioral effects were primarily
driven by activation of output projection neurons located in the
medial division of CeA. This is because the medial division is the
final common path for CeA outputs. Behavioral effects were sim-
ilar across CeA rats regardless of division placement as far as
could be told, and any coactivation of both lateral and medial
divisions together would presumably be dominated behaviorally

Figure 3.
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Viral expression and laser-induced Fos plume maps. Photomicrographs show double-label immunohistochemistry
results depicting neuronal viral infection (green fluorescent protein; GFP) and Fos protein elevation (red; Fos ™) induced by
photo-excitation in CeA ChR2 (4) and inactive virus rats (C; laser illumination of optic fiber conducted 75 min before kill, using
stimulation parameters identical to behavioral choice tests), and in the absence of photo-excitation (D). A 150% elevation of Fos
protein-expressing neurons was observed and extended 0.3 mm away from the implanted fiber optic tip in CeA ChR2 rats that
received laser illumination compared with rats expressing inactive control virus that received laser illumination whereas a 200%
elevation extended ~0.2 mm (B).

by the neuronal contribution originating in the medial division.
In comparison, BLA sites of virus and optic fiber were located
similarly dorsally, in the dorsal half of BLA, but more laterally,
ventrally, and posterior to CeA sites, with BLA fiber tips clustered
together in the dorsal half and caudal two-thirds of the BLA (Fig.
4). This pattern of placements suggested that BLA stimulations
here may have excited neurons mostly contained in the posterior
two-thirds of the BLA.

CeA ChR2 laser increases breakpoint: working harder for a
single outcome

To assess independently whether CeA stimulation amplified the
intensity of motivation to work on its paired lever/sucrose com-
bination, we turned to an instrumental breakpoint or progressive
ratio test of incentive motivation in which a rat faced only a single
lever (Fig. 5). This test measures the breakpoint or the maximum
effort price rats are willing to pay for an outcome, when the price
grows progressively over a session. On one day, the available
outcome was Laser + Sucrose (using the particular lever with
sound label previously associated with Laser + Sucrose in the
two-choice task); on another day, the outcome was Sucrose
Alone without any laser (using the other lever location plus dif-
ferent sound previously associated with Sucrose Alone). This al-
lowed the effect of adding CeA laser to sucrose to be assessed by
comparing a rat’s effort levels across the 2 d (order was counter-
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earned rose less than effort because the
progressive ratio schedule demanded
many more presses for later rewards). The
CeA ChR2 laser magnification of effort
actually grew in percentage terms over the
30 min session as effort demands in-
creased, from 283% elevation in the first
minutes during low initial effort (1:1 to
12:1 press: reward ratio) to 1720% eleva-
tion at the end of the session for higher
effort ratios (77:1 to 200:1; interaction:
F113) = 14.75, p < 0.001). Facilitation of
breakpoint by CeA ChR2 laser was spe-
cific to the day it was actually illuminated:
even those ChR2 rats that were tested on a
first day with CeA illumination and on a
subsequent day without laser illumina-
tion showed the enhancement only on the
first day (¢, ,) = 4.5 p < 0.05, d = 2.67)
and were no longer elevated on the second
day (which remained comparable to the
no-laser day of other rats that were tested
first in that no-laser condition; #, 5, =
1.02, p > 0.05).

In contrast, in inactive-virus control
rats, CeA laser illumination failed to in-
crease the breakpoint price and the 2 d did
not differ in effort for sucrose (¢, 4 =
0.75, p > 0.05). Directly comparing across
groups, CeA ChR2 rats pressed nearly
twice as much as control CeA inactive-

(&
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virus rats on their respective CeA laser day
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Figure 4.

balanced across rats). During each 30 min session, the effort re-
quirement escalated systematically from 1 press per sucrose pellet
to >200 presses per pellet. On the laser day, CeA laser stimulation
onset began with each final instrumental press that earned a su-
crose pellet and continued for 8 s while the sucrose was retrieved
and consumed, similarly to above (Laser + Sucrose). On the
non-laser day, to allow comparison with a non-laser control or
baseline condition, each CeA ChR2 rat or CeA inactive-virus
control rat was tested while earning sucrose pellets alone without
any laser following the same progressive ratio schedule.
Breakpoint results showed that CeA ChR2 laser amplified ef-
fort to earn sucrose by >250% compared with the same rats’
performance in the baseline day that earned sucrose pellets with-
outany laser (¢, ;,, = 3.85,p < 0.01,d = 2.21; Fig. 5). CeA-ChR2
rats pressed on average up to 133 times for a single laser-paired
sucrose pellet on the CeA laser day, in contrast to only 57 times
for sucrose alone on the non-laser day. That is, CeA-ChR2 laser
stimulation made rats press more than twice as much (¢, ;,, =
3.17, p < 0.01, d = 1.74) and therefore earned >140% more
sucrose pellets than the same rats did in their Sucrose Alone
session (t(; 1, = 3.71, p < 0.01, d = 1.95; the number of pellets

Localization of function maps for incentive enhancement. Maps show sites in CeA and BLA corresponding to data in
Figure 2 for ChR2 enhancement of sucrose choice. Color of each symbol in map depicts the behavioral consequence of ChR2 laser
stimulation at that site in the 2-sucrose choice test (% laser preference for the Laser + Sucrose lever over the Sucrose Alone lever).
Sizes of symbols from both CeA ChR2 and BLA ChR2 rats are scaled to represent the average Fos plume observations of CeA ChR2 rats
who received laser, shown in Figure 3 (.25 mm). White triangles depict placements of inactive virus controls.

(thno) = 322, p < 0.01, d = 2.042).
Therefore, CeA laser illumination made
CeA ChR2 rats earn approximately twice
as many sucrose pellets as control rats
with CeA inactive-virus on the laser-
paired day (¢, = 3.42,p < 0.01,d =
2.0). Finally, an additional control group
of no-laser rats was tested on both days
without CeA laser to assess between-
session breakpoint stability. These no-
laser control rats were willing to pay on average only half (70
presses) the laser-induced CeA ChR2 breakpoint price (133
presses; £, oy = 2.87,p < 0.05), which was only as much as control
CeA inactive-virus rats paid on their laser day and as the CeA-
ChR2 rats paid on their non-laser day (64-76 presses; t, 4y =
0.50, p > 0.05).

Reconfirmation of CeA two-choice preference

All CeA rats were subsequently returned to the original simulta-
neous two-choice task in which both levers in this case easily
earned the same sucrose reward (FR1) to assess the stability of
their earlier CeA laser effects on choice (Laser + Sucrose vs Su-
crose Alone). Illumination of the CeA laser was again paired with
a final press on whichever lever it had originally been paired for
each rat, and overlapped with consumption of sucrose earned on
that lever (8 s duration). Under these reinstated conditions for
simultaneous choice, CeA ChR2 rats still preferred their Laser +
Sucrose lever/outcome option by 20:1 over the alternative of Su-
crose Alone (93.9% preference on FR1; ¢, 4y = 5.16,p < 0.01,d =
11.17). This confirmed that the earlier optogenetic magnification
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of preference endured and recurred again
whenever the choice was available.
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Making an unequal choice more equal:
salt versus sucrose

Is the power of CeA ChR2 stimulation on
preference strong enough to make a rela-
tively unattractive outcome become as at-
tractive as an already attractive alternative
option? This question was answered by re-
training CeA ChR2 rats and control CeA
inactive-virus rats on a new two-choice
comparison between earning either a salt-
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and assigning CeA laser pairings to the less-
preferred option. Normally, without any la-
ser stimulation, rats preferred to earn

R 25

sucrose-flavored pellets over salt-flavored 0
pellets by a 4:1 ratio (£, 4 = 9.91, p < 0.001;
Fig. 6). We therefore designated the salt-
flavored pellets as the target for CeA pairing.
One lever earned a 3% salt pellet plus laser
stimulation of CeA, which began with final
press and continued 8 s while the salt pellet
was consumed (Laser + Salt; 8 s illumina-
tion) similar to above. The other lever
earned a sucrose pellet reward without any
laser (Sucrose Alone).

Salt/sucrose results showed that associative pairing of CeA ChR2
stimulation with the earning and eating of salt-adulterated pellets
magnified the incentive value and pursuit of the salt lever/outcome
to make it become as attractive as sucrose by the second day, so that
CeA ChR2 rats chose nearly 1:1 between the two options (53% Su-
crose Alone, 47% Laser + Salt; t, 4, = 1.37, p > 0.05; Fig. 6, rather
than 4:1 sucrose over salt as occurred when tested without laser. In
contrast, control rats with CeA inactive-virus failed to alter prefer-
ence under laser illumination and still preferred to press the Sucrose
Alone lever by 5:1 over the Laser + Salt lever (¢, ,) = 13.52, p <
0.001, d = 10.95). Directly comparing the two groups, CeA laser
pairing raised pressing on the salt-associated lever for salt pellets
more than 8X higher in CeA Chr2 rats than in control rats with
inactive-virus in CeA (F, gy = 10.78, p < 0.05). In the CeA ChR2
rats, addition of CeA stimulation nearly doubled their number of
lever presses for salt pellets compared with in the absence of CeA
stimulation (185% elevation; F, ,) = 68.93, p < 0.001). Finally,
when the choice was switched once more so that both levers now
earned salt-adulterated pellets, but one salty outcome also earned
simultaneous CeA laser stimulation (Laser + Salt), whereas the
other did not (Salt Alone), preference by CeA ChR2 rats for the
laser-paired salty outcome rose to become nearly 4:1 in favor of Laser
+ Salt over the alternative Salt Alone outcome within 3 d (79% Laser
+ Salt; 21% Salt Alone; ¢, 4) = 3.5, p < 0.05, d = 2.59), whereas no
preference emerged for control CeA inactive-virus rats that chose
randomly, and distributed presses equally across the two levers (41%
Laser + Salt; 59% Salt Alone; ¢, 4) = 2.38, p > 0.05).

Figure5.

Associative preference endures after CeA laser extinction

The associative specificity described so far suggested that laser
pairings made rats learn a specific preference for the desig-
nated external reward (e.g., sucrose or salt). If this preference
was truly learned via associative pairings, then a CeA-induced
bias should be expected to persist for some time even when the
CeA laser itself was removed from the designated food out-

10 15 20 25 30
Time (min)

Breakpoint enhancement of motivation intensity. CeA ChR2 Laser increases breakpoint and makes rats work harder to
earn sucrose. Laser stimulation of CeA made CeA ChR2 rats (n = 7) press more as effort requirement increased over the session,
compared with baseline pressing by the same rats on a different day when laser was not illuminated. The “breakpoint” or highest
effort price that rats were willing to pay for another sucrose pellet was accordingly increased on the day of CeA ChR2 photo-
excitation, compared with all other conditions (No laser day, or control virus animals (n = 5) depicted by inset figure: CeA
Breakpoints). Data are shown as mean == SEM. *p << 0.05; **p < 0.01; ***p < 0.001.

come (i.e., imposing associative extinction conditions for laser
photostimulation). To assess persistence after laser extinction,
rats were returned to their originally trained choice between
two sucrose options, where only one also earned CeA photo-
stimulation (Laser + Sucrose vs Sucrose Alone) as described
above, given 2 d retraining with additional CeA laser pairings
with the rat’s previously designated sucrose lever, and then put
into a laser-extinction condition for the following 4 daily ses-
sions. That is, CeA photo-excitation was removed from the
previous Laser + Sucrose option, so that both levers now
earned merely sucrose without laser. Results showed that CeA
ChR2 rats in extinction trials continued to prefer their lever
previously associated with laser by a >20:1 ratio (98% prefer-
ence) over the alternative sucrose for 4 d, even though both
sucrose outcomes were now physically equal (F, 5, = 64.21,
p <0.01). They continued to press as much on their previously
laser-paired lever as they had on the previous 2 d when CeA
stimulation was still delivered (F; o) = 0.76, p > 0.05) without
any decrease in preference or reduction of effort in extinction
(F(3,9) = 1.47, p > 0.05). This persistence suggests that paired
CeA stimulations had caused rats to acquire a quite robust and
stable learned preference or incentive enhancement, which
enduringly magnified their representation of the value of its
designated lever/outcome and its pursuit.

Whether this CeA ChR2 laser-induced preference is more per-
sistent than any other comparably strong preference induced by
non-optogenetic means remains an open question. However, we
surmised at least from the persistence in extinction that obtaining
CeA laser stimulation itself might possibly not be the primary
goal of the rats when working for an associated food reward (be-
cause laser removal produced no detectable decrement in seeking
the previously designated food reward, even across 4 successive
days). This possibility was tested further by investigating whether
CeA ChR?2 rats would work for laser stimulation in the absence of
sucrose in the next experiment.
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equally simple self-administration task
(designated spout-touch), which has
been shown to reveal optogenetic self-
stimulation of other brain systems

Sucrose vs. Salt

equal to sucrose

* ns.

1400/ % : : (Kravitz et al., 2012). In this spout-
1200 | | touch task, rats could earn CeA laser
2 10001 I | stimulation by merely approaching and
o I | % touching a particular empty metal
& 800 . . .

5 I % I sipper-spout inserted through a side wall
3 8001 ' I 5 of the chamber (Kravitz et al., 2012). The
400 | ' : laser-delivering spout was always available
200 N : : : for self-stimulation throughout the entire
NEESS : =, V00, / % 77\ | 30 min session and was empty though
Suc.  Suc. L;Jssr Suc. Salt  Salt Lgszr Salt Salt  Suc. LaSISTtr Suc. similar in appearance to water spouts in

] al al
Without With Without With  Without With the home cage. A second empty spout was
laser laser laser laser laser laser also present but earned no laser, serving as
Baseline ~ On1sucrose Baseline On1salt  Baseline On salt a control object for contact comparison.
Each physical contact with the laser-
Figure 6.  CeA laser enhances the relative value of its paired reward. Laser stimulation of the central amygdala transforms  delivering spout closed a circuit that deliv-

responding for otherwise equal rewards: sucrose versus sucrose (n = 7), or salt versus salt (n

laser-paired reward becomes strongly preferred over the reward not associated with laser stimulation. Laser stimulation of the CeA
(n = 5) also transforms an otherwise unequal choice (sucrose vs salt) into an equal choice,

adulterated pellet ‘wanted’ to the same degree as a sucrose pellet. Data are shown as mean
*06p < 0,001,

Absence of pure self-stimulation of CeA

To further assess whether CeA ChR2 photo-excitation itself was a
goal or an independent reward or reinforcer that rats would work
to gain (i.e., self-stimulate their CeA laser), we used two simple
self-stimulation tasks. In these self-stimulation tasks, a rat could
earn CeA photo-excitation by performing an easily acquired new
action: either approaching a particular location or contacting a
particular object. First, our location-approach task was similar to
the original procedure used by Olds and Milner to discover the
phenomenon of deep brain electrode self-stimulation reward
(Olds and Milner, 1954; Milner, 1989): a rat could earn CeA
ChR?2 laser illumination every time it approached 1 designated
corner of a 4-corner chamber. In the location-approach task, rats
could obtain brief pulses of CeA laser stimulation (8 s for some
rats; 3 s for other rats) simply by entering 1 arbitrarily designated
corner of a 4-cornered square chamber in which the circular
center of the chamber was occluded to encourage visiting of cor-
ners (corner assignment for CeA self-stimulation was balanced
across rats, but remained consistent for each rat during testing).
A pulse of CeA illumination (3 or 8 s; 25 Hz; 8—10 mW) was
triggered by entry into that corner, activating a positioned infra-
red motion detector and additional illumination pulses were
earned by any further movements that activated the detector
while the rat remained in that corner.

Results showed that CeA ChR2 laser stimulation failed to
produce any self-stimulation or induce any preference (nor
avoidance) for the paired corner on this location task
(F(3,12) = 0.53, p > 0.05; Fig. 7A). No preference for the laser-
delivering corner or avoidance of that corner was observed in
either CeA inactive-virus rats (F 54, = 0.26, p > 0.05) or CeA
ChR2 rats (F3 1,y = 0.08, p > 0.05) regardless of whether they
earned a 3 or 8 s pulse of laser illumination (F; ,, = 0.49, p >
0.05). Even CeA ChR 2 rats that had earlier robustly worked
for CeA-paired sucrose ata 20:1 preference ratio failed to show
any preference for their laser corner, even after 3 repeated days
of testing (Fs,4) = 0.66, p > 0.05; Fig. 7A).

To confirm the lack of support for self-stimulation by CeA
illumination, rats were also tested in another independent and

= 5)into an unequal choice. The  ered a short pulse (either 1 or 8 s in

separate rats; 25 Hz; 8—10 mW) of laser
stimulation to bilateral CeA (instrumen-
tal FR1 schedule). For some rats, each
touch of the laser-designated spout was
additionally tagged with a distinctive 1 s
auditory cue to provide a further sensory label that CeA stimula-
tion was being administered (for these rats, the other spout pro-
duced a different sound, tone, or white noise counterbalanced
across rats). For rats in the no-tone condition, both spouts re-
mained silent even when laser was delivered. All groups received
3 consecutive days of daily 30 min training/test sessions. Results
again indicated failure to establish any self-stimulation for CeA
ChR2 laser illumination (nor, conversely, any specific avoidance
of CeA illumination). CeA ChR2 rats touched each spout ~17
times per session (33 times in the presence of tones), but failed to
specifically touch the laser-earning spout any more or less than
the alternative spout, even after three days of repeated experi-
ences (all F << 1.38, all p > 0.05; Fig. 7B) regardless of whether rats
were additionally informed of internal CeA ChR2 stimulation by
a distinct external auditory label (F, 5y = 1.61, p > 0.05) and
whether they earned a 1 s pulse or an 8 s pulse of laser illumina-
tion (F, o) = 0.32, p > 0.05). Control rats with CeA inactive-
virus similarly failed to show any preference or avoidance for the
laser-delivering spout compared with the other spout (F, ,5) =
0.001, p > 0.05).

making a less-preferred 3% salt
=+ SEM. *p < 0.05; **p < 0.01;

CeA laser by itself fails to maintain Laser + Sucrose lever
pressing when sucrose is removed

However, it still remained possible that CeA stimulation might have
acquired some residual independent reinforcement value or habit-
like pursuit in the original simultaneous two-sucrose choice task in
which one sucrose option also earned CeA laser (e.g., via association
of CeA photo-excitation with its particular lever/sucrose reward; or
by more extensive experience that allowed better appreciation of
CeA stimulation; etc.). To answer this, we investigated whether rats
which had previously learned to lever press to earn Laser + Sucrose
by at least a 24:1 ratio over Sucrose Alone, would continue to work
for Laser Alone on its associated lever if sucrose was removed from
both levers (i.e., creating a sucrose-specific extinction condition)
because they had continued when only the laser was removed. This
sucrose extinction would assess whether CeA photo-excitation had
any residual reward value on its own for these already-preferring rats
that could at least maintain instrumental responding in an already
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well trained individual. Therefore, after es-
tablishing 2 more days of 20:1 stable re-

A No preference for laser corner
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B No self-stimulation with Sippers
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sponding for Laser + Sucrose versus
Sucrose Alone, a sucrose extinction condi-
tion was imposed. Now, pressing on the
previous Laser + Sucrose lever earned only
laser alone (accompanied by its previous au-
ditory cue), but no sucrose. Pressing on the
previous Sucrose Alone lever now earned
nothing (except its own previous auditory
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discriminative labels and/or conditioned re- C
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could be earned: no laser, no sucrose and no
combination, although responses were still
accompanied by previous auditory cues).
Sucrose-extinction results showed that
already-preferring rats failed to maintain le-
ver pressing or self-stimulate at all for pure
CeA photo-excitation when their associated
external sucrose rewards were removed. Instead, rats reduced press-
ing by 2/3 to a 33% level of their previous sucrose-rewarded efforts
after only one session pressing for CeA stimulation alone (¢, =
3.75,p < 0.01,d = 1.88). That low effort level for CeA laser alone was
equally low to the complete-extinction group’s level, in which nei-
ther laser nor sucrose was earned any longer (t,, = 0.91, p > 0.05).
In other words, CeA laser-alone still appeared to be worth no more
to rats than nothing at all. Both extinction groups still pressed more
on their lever that had previously earned Laser + Sucrose than the
alternative lever by 4:1 (t's = 4.67, p = 0.01) and continued to do so
over the next 7 d of repeated extinction (F, 5, = 24.29, p < 0.01),
indicating that their earlier-learned relative preference was highly
persistent to at least a degree. However, that relative preference was
not detectably influenced by whether CeA laser or nothing was ac-
tually earned during extinction and absolute effort levels were only
1/3 of previous reinforced levels. Overall, these results suggest that
CeA ChR2 laser by itself became essentially ineffective in further
controlling behavior or choice once its associated external sucrose
target was removed and that CeA photostimulation added no value
of its own without an external incentive target.

Figure7.

CeA laser stimulation fails to enhance spontaneous intake

of food

Given the apparent importance of the presence of an external su-
crose reward in gating CeA amplification of incentive motivation, it
seemed of interest to assess the nature of how CeA ChR2 excitation
enhanced the external sucrose reward. One possibility is that CeA
ChR2 stimulation might simply enhance the motivation to eat foods
as unconditioned stimuli, making sucrose more attractive as an ob-
ject of ingestion (i.e., ‘wanting’ to eat more). That is, does CeA ChR2
photo-excitation increase appetite or any direct drive to eat (whether
the drive is appetitive or aversive)? A second possibility is that CeA
stimulation might enhance the hedonic impact of sucrose taste. That

No self-stimulation for CeA ChR2 laser by itself. Rats would not perform easy responses to earn laser stimulation of CeA
when laser occurred in the absence of any external food reward. 4, In a place self-administration test, rats neither preferred the
particular corner location where CeA ChR2 excitation was delivered. either 3 s (n = 5) or 8 s (n = 5), nor avoided that location
compared with the other corners. B, Ina spout-touch self-administration test, rats did not touch the empty metal spout that earned
abrief pulse of CeA ChR2 excitation, either s (n = 10) or 85 (n = 4), any more than the other metal spout that delivered nothing.

is, CeA ChR2 photostimulation might make sweetness more ‘liked,’
which in turn might promote further ‘wanting’ to obtain and eat the
associated reward. To assess these possibilities, first, CeA ChR2 ef-
fects on motivation to eat were assessed via a free intake test in which
rats could eat as much as they wished of either of two available foods:
sweet/fatty chocolate M&M:s (each ~1 g) or ordinary Purina chow
pellets during 90 min. Each rat was tested once with CeA laser and
again without laser on separate days, with order of tests balanced
across rats (laser stimulation on either day 2 or 3). On the laser-test
day, CeA laser illumination was delivered twice per min in 8 s bins,
repeated every min for 90 min (25 Hz; 8 s ON, 22 s OFF per half
min). Results showed that CeA ChR2 laser stimulation failed to in-
crease or otherwise detectably alter the intake of either chocolates or
chow pellets (chow F(, ,, = 0.07,p > 0.05; M&M’s F, 4,y = 0.31,p >
0.05; Figure 8A). Rats always ate sweetened chocolate M&M’s more
than standard laboratory chow by a 9:1 ratio (F(, 4y = 49.06, p <
0.01), but CeA illumination failed to alter amounts eaten of either
food. Therefore, CeA ChR2 stimulation did not simply enhance a
general motivation to eat as reflected by amount consumed nor spe-
cifically to eat sweet foods.

CeA ChR2 laser stimulation fails to enhance ‘liking’ reactions
to sucrose taste

To finally assess whether CeA influenced the hedonic impact (‘lik-
ing’) for sucrose taste, we measured CeA ChR2 photostimulation
effects on hedonic orofacial patterns of taste reactivity elicited while
eating sucrose (e.g., ‘liking’ reactions such as lateral tongue protru-
sions). We recorded orofacial reactions through a close-up video
camera under the transparent floor while rats voluntarily ingested a
series of 45 mg sucrose pellets presented one at a time (40 pellets
total; DiFeliceantonio et al., 2012). Each CeA ChR2 rat was tested
once with CeA laser and again without laser on separate days, with
order of tests balanced across rats. On the laser day, CeA optogenetic
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In short, pairing with laser stimulation
of the CeA seemed to have specifically am-
plified the motivational attractiveness or
incentive value of its associatively paired
reward representation (or act of earning
it), raising that incentive value by at least
several times. Such intense but narrow en-
hancement of learned motivation for a
single associated target by CeA stimula-
tion complements previous demonstra-
tions of broader motivation effects, such
as reduction of anxiety by optogenetic ex-
citation of glutamate terminals in CeA

Figure 8.

rats ate sucrose pellets (n = 9).

stimulation was administered throughout the session while sucrose
pellets were being eaten (25 Hz; 15 ms ON, 25 ms OFF), following a
temporal pattern previously used for assessing increases of eating
behavior induced by lateral hypothalamic electrode stimulation
(Berridge and Valenstein, 1991). On the non-laser day, sucrose pel-
lets were consumed similarly, but no CeA illumination was given.
Results showed that eating of sucrose pellets was always accompa-
nied by positive hedonic reactions (rhythmic tongue protrusions,
lateral tongue protrusions or paw licking), but that CeA laser stim-
ulation failed to enhance hedonic reactions or alter taste reactivity in
any detectable way during voluntary sucrose ingestion (F, g = 0.16,
p > 0.05; Fig. 8B). CeA laser stimulation similarly failed to induce
any negative aversive reactions such as gapes or headshakes, which
always remained zero. Therefore, we conclude CeA ChR2 stimula-
tion at these parameters does not strongly enhance the palatability or
hedonicimpact of its sweet taste, and that therefore enhanced ‘liking’
for sucrose reward was not the primary reason that CeA stimulation
made rats ‘want’ to earn sucrose reward more in earlier choice and
breakpoint tests of incentive motivation.

Discussion
Optogenetic (ChR2) stimulation of the CeA amplified the intensity
of incentive motivation to pursue a paired external food reward.
Simultaneously, CeA ChR2 stimulation narrowed the focus of that
motivation to the particular act of earning sucrose that had been
associatively paired with CeA photo-excitation, pulling motivation
away from the alternative lever that earned comparable sucrose but
lacked CeA laser. CeA ChR2 rats preferred their CeA laser-paired
lever earning sucrose by 24:1 over their alternative, but otherwise-
identical Sucrose-Alone lever. When a lesser food reward (salt pellet)
was paired with CeA laser to compete with a higher-value sweet
reward (sucrose pellet) that lacked laser association, the laser-paired
salt pellets rose to become equal in attractiveness to sucrose.
Similarly, in a separate breakpoint test of incentive motivation
intensity, CeA ChR2 stimulation made rats willing to pay up to a
17-fold higher price for their sucrose reward on a progressive
ratio task that required increasingly higher levels of effort as the
session continued. These findings demonstrate that associative
pairing of CeA photo-excitation can hijack learned choice and
amplify motivation mechanisms to create a single-minded in-
tense pursuit of the designated target.

Baseline CeA ChR2

CeA ChR2 does not increase motivation (‘wanting’) to eat or the hedonicimpact ('liking’) of a sweet sucrose reward.
A, CeA ChR2 laser stimulation (n = 5) produced no increase in the amount consumed of either chow or palatable M&MW’s candies.
B, CeA ChR2 laser stimulation failed to cause any increase in positive hedonic taste reactivity (taste ‘liking’ reactions) emitted while

(Tye et al., 2011) or reward-related self-
stimulation and associative unblocking by
optogenetic excitation of mesolimbic do-
pamine neurons (Kim et al., 2012; Kravitz
etal., 2012; Rossi et al., 2013; Steinberg et
al., 2013). Our observation of CeA ChR2
focusing of intense food-related consum-
matory actions, such as avid nibbling and
sniffing of the associated metal lever, is
also reminiscent of similar enhancements
of metal Pavlovian cues into intense motivational magnets, which
elicit consummatory nibbling as well as approach, by CeA opioid
stimulation induced by DAMGO microinjection (Mahler and
Berridge, 2009; DiFeliceantonio and Berridge, 2012). However,
those pharmacological manipulations acted to intensify motiva-
tion for a previously learned reward, after learning was com-
pleted, whereas the present study used associative pairings during
training to intensify learned motivation for a particular reward.
Future studies will be needed to further disentangle the roles of
learning versus post-learning enhancements of motivation in
CeA ChR2 effects. Further studies will also be needed to identify
whether it is a central representation of the paired sucrose out-
come, the associated metal lever as object, or the act of earning the
outcome that is the chief target for incentive enhancement by
CeA ChR2 stimulation.

Laser

CeA versus BLA localization of function
Only sites within CeA for ChR2 stimulation were highly effective
here in intensely enhancing incentive motivation. In contrast,
ChR?2 sites in BLA completely failed to have any detectable en-
hancement effect at all. That anatomical site difference within
amygdala indicates potential localization of function to CeA for
incentive motivation enhancement achieved in this way. Al-
though BLA and CeA are serially connected and sometimes play
similar roles in learned incentive motivation (Ahn and Phillips,
2003; Phillips et al., 2008; Stuber et al., 2011; Wassum et al.,
2011), the two nuclei also have their own separate inputs and
outputs and often play different or parallel roles (Killcross et al.,
1997; Parkinson et al., 2000; Corbit and Balleine, 2005; Di Ciano
and Everitt, 2005; Balleine and Killcross, 2006). Further, because
sites in the medial division of CeA, which serves as origin for CeA
outputs, were as effective here as sites in the lateral CeA that
projects to medial CeA, it appears plausible that activation of
medial CeA output projection neurons may have been especially
important in enhancing learning and incentive motivation (Cio-
cchi et al., 2010). This anatomical hypothesis would be valuable
to test further in future studies.

Overall, our results appear consistent with suggestions that
BLA and CeA can mediate qualitatively different roles in
learning and motivation via parallel networks of connectivity



16578 - ). Neurosci., December 10, 2014 - 34(50):16567—16580

(Balleine and Killcross, 2006). Similarly, macrosystem ana-
tomical perspectives have suggested that CeA occupies a
unique striatal-level within cortical-striatal-pallidal levels of
forebrain organization, whereas BLA occupies a more
cortical-level role (Swanson, 2005; Heimer et al., 2008).
Striatal-level status may be particularly relevant to the gener-
ation of intense motivation states by the CeA site of stimula-
tion (e.g., food-related nibbling on the laser-associated metal
lever in the sucrose task; laser-specific enhancement of incen-
tive motivation on the progressive ratio task), given that other
striatal-level structures are well known to generate intense
incentive motivation states (e.g., nucleus accumbens and
some regions of neostriatum; Baldo and Kelley, 2007; Everitt
et al., 2008; DiFeliceantonio et al., 2012; Kim et al., 2012;
Pecifia and Berridge, 2013; Richard et al., 2013). Other studies
have similarly suggested that the CeA may contribute more
than BLA to the generation of intense motivation states (Cor-
bit and Balleine, 2005; Balleine and Killcross, 2006; Mahler
and Berridge, 2009; Lee et al., 2010; DiFeliceantonio and Ber-
ridge, 2012).

Our observations of local Fos plumes surrounding the
ChR2 laser sites indicated that photo-excitation in CeA suc-
ceeded in stimulating neurons located within an ~0.3 mm
radius of the optic fiber tip, perhaps especially in a ventral
direction. CeA neurons within the 0.3 mm radius appeared to
include both those directly stimulated (also expressing GFP
virus, reflecting ChR2 infection) and indirectly stimulated
(showing Fos but not GFP/ChR2 virus). This suggests that
ChR2 directly stimulated a subset of CeA neurons that became
infected by virus and that additional neurons were also re-
cruited by laser to express Fos, such as through local synaptic
circuitry interactions. Although the fiber optic tips were
placed dorsally within CeA and BLA (Fig. 4), it is conceivable
that the laser illumination at each tip extended more ventrally,
as is consistent with our initial Fos plume analysis (Fig. 3), and
is an issue that can be given future attention. The general CAG
promoter used here might also have led to virus infection of
other cells in CeA, including glia, so it will be of interest for
future studies to more specifically examine the roles of partic-
ular CeA neuron subtypes in incentive motivation, as well as of
particular anatomical point-to-point connections of CeA with
other structures.

CeA enhancement needs an external target (sensory reward)
It may be an important observation that CeA ChR2 enhance-
ment of incentive learning and motivation required the pres-
ence of an external target here (i.e., earning a sweet or salty
food as sensory reward, paired with CeA stimulation). As an
internal state by itself, CeA photo-excitation failed to establish
any self-stimulation behavior or even to maintain the high
levels of instrumental responding previously established by
the combination of CeA stimulation with a designated exter-
nal sucrose reward (when sucrose delivery was discontinued).
Conversely, it seems noteworthy that CeA stimulation by itself
was never avoided by rats in the self-stimulation test which
allowed assessment of both appetitive and aversive effects
(e.g., no avoidance of laser-location compared with non-laser
alternatives in the place test). That suggests further that CeA
stimulation here did not simply produce a strongly aversive or
stressful type of internal state that motivated food seeking as
an escape from distress.

Overall, our pattern of results suggests that the role of CeA
photo-excitation was to selectively magnify the pursuit of the
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particular associated external reward. It was striking that CeA
excitation produced such intense and focused enhancement of
its paired sucrose or salt incentive, yet completely failed to
reinforce self-stimulation to obtain the laser by itself. Al-
though self-stimulation states can certainly be produced by
optogenetic excitation of other brain structures (Rossi et al.,
2013; Steinberg et al., 2014), we surmise that a function of
CeA-related circuitry revealed here specifically relates to ex-
ternal targets (perceptual cues and associative representations
of external rewards and actions). That is, CeA excitation con-
trolled learning to ‘want’ particular rewards as external incen-
tives. This does not necessarily rule out the possibility that
self-stimulation someday might be produced by different CeA
excitation parameters than used here, but it shows that the
enhancement of food incentive value found here was not sim-
ply due to pursuit of internal CeA excitation as an independent
target. Instead, our results reveal a CeA bias toward external events in
the world that may be important for understanding amygdala-
related function in learning and motivation.

Enhanced ‘wanting’, but not ‘liking’

Despite being directed at earning external rewards, such as a
sucrose pellet, the CeA enhancement was limited to the incen-
tive motivation value aspect (e.g., ‘wanting’ or incentive sa-
lience) of the learned reward, and did not extend to the
hedonic value (e.g., ‘liking’ or hedonic impact) of eating actual
sucrose pellets. CeA photo-excitation failed to increase the
number of positive hedonic orofacial ‘liking’ reactions emit-
ted as rats ate sucrose pellets. Neither did CeA stimulation
simply seem to enhance food as a target of unconditioned
eating, in the sense of broadly increasing appetite or the mo-
tivation to ingest. CeA ChR2 excitation failed to make rats eat
any more of either a sweet food (chocolates) or regular food
(chow pellets). Lack of eating facilitation contrasts with the
enhancements of incentive salience previously reported for
pharmacological opioid stimulation of the CeA by microinjec-
tions of a mu opioid agonist, which not only increase the incen-
tive salience of a Pavlovian CS+ for food reward, but actually
increase intake of the unconditioned food too (Gosnell, 1988;
Will et al., 2004; Mahler and Berridge, 2009; DiFeliceantonio and
Berridge, 2012). This CeA intake difference remains to be fully
explained, but might be related to the recent identification of a
subpopulation of CeA GABA-ergic neurons expressing protein
kinase C that exert hypophagic effects when activated, which may
have been stimulated by CeA ChR2 photo-excitation here (Cai et
al., 2014). Finally, our failure to find increases in hedonic impact
or food intake does not necessarily rule out the possibility that
future optogenetic studies might find enhancement of ‘liking’ or
‘wanting’ to eat by different CeA optogenetic parameters, but
does indicate again that neither of those functions explains the
dramatic elevation of learned external incentive seeking and hi-
jacking of choice demonstrated here (and we note that lack of
hedonic enhancement is also consistent with previous reports
that CeA pharmacological stimulations that enhance ‘wanting’
do so without necessarily altering ‘liking,” even for mu opioid
agonist microinjections, and conversely that CeA lesions that dis-
rupt ‘wanting’ need not impair ‘liking’ for the same ingestive
reward (Seeley et al., 1993; Mahler and Berridge, 2009; Riley and
King, 2013).

Conclusion
CeA-induced amplification and focusing of intense incentive
motivation in a narrow concentration upon one particular
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reward made the associated external target become avidly de-
sired in a winner-take-all manner. Exclusivity of intense
learned ‘wanting’ can be adaptive when appropriately regu-
lated (e.g., by hunger versus thirst), but also is a signature
feature of pathological drug addiction, binge eating, gambling,
and related disorders in which similarly intense motivation to
pursue one individualized reward (e.g., a drug of abuse) oc-
curs at the expense of pursuing alternative life goals (e.g.,
family, health, or career). Our findings suggest that activating
CeA-related circuitry in paired association with a particular
reward may be a potential mechanism that boosts the intensity
and narrowness of a learned preference into the pathological
range, potentially relevant to addictions (Lu et al., 2005; Wrase
et al., 2008; Lesscher and Vanderschuren, 2012).
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