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Abstract

The central nucleus of amygdala (CeA) mediates positively-valenced reward motivation as well as
negatively-valenced fear. Optogenetic or neurochemical stimulation of CeA circuitry can generate
intense incentive motivation to pursue and consume a paired natural food, sex, or addictive drug
reward, and even create maladaptive ‘wanting what hurts’ such as attraction to a shock rod.
Evidence indicates CeA stimulations selectively amplify incentive motivation (‘wanting”) but not
hedonic impact (‘liking’) of the same reward. Further, valence flips can occur for CeA
contributions to motivational salience. That is, CeA stimulation can promote either incentive
motivation or fearful motivation, even in the same individual, depending on situation. These
findings may carry implications for understanding CeA roles in neuropsychiatric disorders
involving aberrant motivational salience, ranging from addiction to paranoia and anxiety disorders.
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1. Introduction

The importance of the amygdala in emotion and motivation has been recognized ever since
early observations that amygdala lesions in monkeys produced Kluver-Bucy syndrome [1-
6]. Those amygdala lesions reduced the ability of ordinarily-threatening stimuli to evoke fear
and aggressive responses, and conversely released increased exploratory sniffing of familiar
stimuli as though they were unfamiliar. Notably, amygdala lesions also produced attempts to
eat inedible stimuli such as rocks or metal objects, and increased sexual behaviors towards
inappropriate partners, such as juvenile monkeys or human experimenters (or, in cats,
attempts to copulate with chickens) [2,7]. As Weiskrantz aptly proposed in his early 1950s
study of amygdala lesions in monkeys, “It is suggested that the effect of amygdalectomy is
to make it difficult for animals to identify reinforcing stimuli”, noting further that “This idea
has features in common with the unpublished suggestion of Olds that amygdalectomy
produces lack of discrimination of ‘motivationally relevant stimuli’” [3].
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Indeed, amygdala neurons are activated by both positively and negatively valenced stimuli
[8,9]. It has been suggested that amygdala integrates affective significance with internal
physiological state to coordinate actions [10]. Consistent with this view is that both
substance use disorder and posttraumatic stress disorder are associated with hyperreactivity
of amygdala to relevant cues, either drug-related in the former, or threat-related in the latter
[11,12].

The amygdala contains several subregions and nuclei, including on the lateral side the
basolateral nucleus (BLA), and central nucleus (CeA) connected in series. The CeA sends
outputs to the lateral division of the bed nucleus of the stria terminalis (BNST), among other
targets, and together the CeA and BNST compose the lateral extended amygdala complex.
On the medial side of amygdala, the cortical nucleus and medial nucleus of amygdala (MeA)
are similarly connected in series, and the MeA and its output target, the medial BNST,
together constitute the medial extended amygdala complex [13,14].

This review will focus particularly on the ability of CeA, when neurobiologically stimulated,
to generate intense increases in incentive motivation. Optogenetic, chemogenetic, and
pharmacological manipulations (mostly performed in rats in what follows, unless otherwise
noted) have demonstrated that localized neural stimulations in the CeA can dramatically
generate increases in incentive motivation for natural rewards and drug rewards, even
sometimes to irrational levels. Simultaneously, such opioid and optogenetic excitations of
CeA can also narrow the focus of intensified incentive motivation onto particular reward
targets, at the expense of pursuing other rewards. In cases of optogenetic stimulation, where
the temporal pattern of neuronal activation can be precisely controlled, associative pairing of
CeA stimulations with a particular reward can create exclusive pursuit for that paired sugar
or cocaine reward, or even maladaptive attraction to a stimulus that delivers aversive
outcomes, such as a stationary ‘shock rod’ [15-18].

Neuronal activation in CeA under a range of conditions can interact with associative
learning to assign intense incentive value specifically and narrowly to stimuli paired with
those neural activations. Several lines of evidence indicate that this pursuit is mediated by
the psychological process of mesolimbic incentive salience or ‘wanting’, in which
motivation value becomes attributed to Pavlovian conditioned stimuli (CSs) associated with
the emotional unconditioned stimulus (UCS), making those cues become strongly attractive
and able to trigger motivation to consume associated reward. Further, our studies have
shown that even a negatively-valenced painful UCS that is normally avoided (i. e., an
electrified shock-rod), can within limits become the target of incentive salience when paired
with optogenetic CeA stimulations, producing maladaptive ‘wanting of what hurts” [15].
Finally, we will discuss how CeA-related circuitry can switch valence ‘modes’ of
motivational salience attribution in different situations, switching from positive incentive
salience to negative fearful salience to instead magnify cue-elicited defensive reactions.
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2. Neurobiological features of central amygdala

2.1. Central amygdala vs. Basolateral amygdala circuitry
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Important amygdala subdivisions include the basolateral complex (BLA), central nucleus
(CeA), medial nucleus (MeA), as well as other subregions such as superficial cortical
nucleus (CoA), and the GABAergic intercalated nuclei (ITc) situated between BLA and CeA
[19]. The BLA consists predominantly of glutamatergic neurons (>80 %) while CeA (and
MeA) contains mostly GABAergic neurons [20,21]. Classical views of amygdala
organization have suggested BLA is a cortical-like ‘input structure’ that receives thalamo-
cortical sensory inputs (e.g., auditory) and then provides direct excitatory projections (or
feedforward inhibition via 1Tc) to CeA [22]. In turn, CeA has been viewed as an amygdala
‘output’ that projects to BNST, hypothalamus, brainstem and other structures [23,24]. This
serial processing view has often been applied to understanding acquisition and expression of
fear memories and other motivated behaviors [25,26].

Beyond simply being an output structure for BLA, CeA also receives its own unique inputs
and contains distinct neuronal populations, opening up the possibility that CeA neural events
can directly generate motivated behavior. CeA receives direct input from brainstem sensory
structures such as nucleus of solitary tract and pontine parabrachial nucleus [28], as well as
from insular cortex [29,30] and ventral tegmental area [31-33] in mice and rats.
Additionally, BLA has direct output projections that bypass CeA, such as to structures
within basal forebrain or hippocampus [34] (Fig. 1a).

Within a macrosystem framework that proposes the entire telencephalic forebrain to consist
of cortical, striatal, and pallidal level structures [35], BLA is viewed as a cortical-like
structure and CeA as a striatal-like structure [24,36,37]. For example, BLA possesses
glutamatergic neurons which are cortical-like pyramidal neurons with a minority of
parvalbumin-expressing interneurons (proportions similarly found in cortical structures), and
has been suggested to share embryological origins with other cortical structures [38]. By
contrast, CeA as a striatal-like structure contains GABAergic medium spiny-like neurons
[39], and receives rich mesolimbic dopamine projections to largely separate populations of
CeA neurons with either D1-type or D2-type dopamine receptors [31,33,40]. CeA projects
heavily to the lateral bed nucleus of the stria terminalis (BNST), which has been suggested
to be the pallidal-like structure in the macrosystem framework [14,35]. Together, the CeA
and lateral BNST also constitute the lateral extended amygdala complex [36,37]. CeA
outputs primarily target BNST, lateral hypothalamus, and brainstem structures [41] (Fig.
1b). The fact that CeA possesses striatal-like features may underlie its ability for local CeA
stimulations (e.g., opioid; optogenetic) to generate intense eating, reward seeking, or
conversely fear-related motivations, similarly to other striatal regions such as nucleus
accumbens (NAc) and several regions of neostriatum [42—-44].

2.2. Central amygdala neuronal populations

The CeA contains a rich variety of peptide- or receptor- defined neuronal subtypes. For
example, the lateral portion of CeA contains a large proportion of neurons expressing
corticotropin-releasing hormone (Crh) neurons [45], protein kinase-c delta (PKC-d),
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somatostatin (SOM), or neurotensin [21,40,46]. Dense expression of receptors for orexin,
oxytocin, serotonin 2a receptors as well as dopamine type-1 (D1r) versus type-2 (D2r) are
also present on particular neurons in CeA [40,47] (Fig. 2).

Studies using Cre-dependent manipulations of particular CeA neurons in transgenic rodents
have given rise to suggestions that specific cell types might promote opposing roles in
reward and aversion. An example is PKC-d neurons versus SOM neurons in CeA of mice,
which are largely non-overlapping populations and which, combined, constitute almost all
CeA neurons [40]. In mouse models of pain, PKC-d neurons typically promote pain, while
SOM neurons are anti-nociceptive. For example, PKC-d neurons are hyperexcitable after
pain-causing injuries and their activity is necessary for nerve injury-induced tactile and
thermal hypersensitivity. By contrast, pain-causing injuries reduce spontaneous activity of
SOM neurons [48]. Divergent roles of these populations in fear learning and expression are
also reported. Optogenetic manipulations show that PKC-d neurons are both necessary for
contextual fear conditioning and their activation is sufficient to elicit unconditioned freezing
(without any training) [40]. In contrast, SOM neurons may promote positive reinforcement
and reward seeking. For example, mice will self-stimulate SOM neurons, but not PKC-d
neurons [49]. Additionally, other manipulations that reduce SOM gene expression in the
CeA of rats via RNA interference (RNAI) also reduce incubation of methamphetamine
seeking after forced abstinence. Conversely, RNA-i mediated gene silencing of CeA PKC-d
reverses the decrease in methamphetamine seeking after social choice-induced voluntary
abstinence [50]. Thus PKC-d and SOM populations appear to mediate opposing roles at
least in several situations. Consistent with this, ex vivo electrophysiological recordings show
that PKC-d neurons can inhibit SOM neurons [51], perhaps lending to their opposing roles.
However, whether such opposing roles are always fixed and stable is not yet clear [52], and
requires more work.

Selective targeting of receptor-defined populations within CeA has also suggested other
opposing roles in motivation. For example, optogenetic stimulation of CeA neurons with D1
receptors (D1r) enhances food seeking, and even supports self-stimulation [40]. Incubation
of drug seeking is also associated with increased D1r neuron activity in CeA [53]. By
contrast, CeA D2r neuronal stimulation has been reported to suppress food seeking, and
incubation of drug craving is associated with reduced D2r activity [53]. However, CeA D2r
neurons may also support some positive self-stimulation in rats, raising some doubt about
whether the putative ‘anti-reward’ function of CeA D2r neurons is reliably stable [54].
Perhaps relevant, most D2 receptors in CeA are localized to PKC-d neurons while D1
receptors are mostly localized to SOM neurons which also express prodynorphin [40,46].
Overall, the high density of receptor populations for hormones and monoamines that are
related to emotion and motivation suggests that CeA is a hub for integrating certain
motivated states (e.g., orexin in the case of hunger) or affective moods with generating
motivations (e.g., drive to eat).

3. CeA and incentive motivation

Incentive motivation for rewards, including food, water, sex, drugs of abuse, etc. often
involves a particular psychological process known as incentive salience or ‘wanting’ (in
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quotation marks to distinguish it from the ordinary sense of wanting as a cognitive goal).
‘Wanting’ is mediated by dopamine-related mesocorticolimbic circuitry, and follows specific
rules of operation [55,56].

For example, Rule 1: Incentive salience is typically triggered by learned Pavlovian cues for
reward (CS+s or conditioned stimuli), as well as by surprising encounters with rewards
themselves (UCSs or unconditioned stimuli) [57,58].

Rule 2: Cue-triggered ‘wanting’ causes phasic surges of motivation to obtain and consume
an associated UCS reward, such as when the smell of food evokes a sudden urge to eat. In
neuroscience laboratories, cue-triggered ‘wanting’ is often assessed in Pavlovian-
Instrumental Transfer (PIT) studies, cue-triggered relapse studies, etc. [59-61]. Cue-
triggered ‘wanting’ also contributes to the ability of second-order instrumental schedules in
which CS+s accompany rewards to promote the pursuit and consumption of UCS rewards.

Rule 3: Incentive salience also makes Pavlovian cues for rewards become attractive
themselves, able to elicit approach as sign-tracking, and often to elicit consummatory
actions such as nibbling directed towards a cue, such as when a rat chews a metal lever CS+
even if it is an unconsumable object [57,62,63]. Similarly in humans, cocaine addicts are
reported to sometimes scrabble for white specks that resemble cocaine, even if they know
the specks are not cocaine, a phenomenon known as ‘chasing ghosts’ [64].

Rule 4: Pavlovian reward cues, even when absent, may still be ‘wanted’ and therefore sought
out. This can be observable as instrumental conditioned reinforcement studies, in which an
individual works to obtain cue presentations (although there are also alternative
psychological possibilities besides incentive salience that may contribute to conditioned
reinforcement) [65,66].

Rule 5: The intensity of ‘wanting’ triggered by a reward cue can be modulated by current
states of brain mesocorticolimbic circuitry, and so can be influenced by relevant
physiological states such as hunger or thirst, by stress, drugs of abuse, etc. [67-69].

3.1. CeA circuitry modulates motivation for food

Localized manipulations of CeA circuitry can powerfully magnify incentive motivation
toward food, drugs and other rewards. Pharmacological microinjections into CeA of mu-
opioid agonists, such as DAMGO (D-Ala2, N-MePhe?, Gly-ol-enkephalin), can increase
food consumption three-times above baseline consumption levels under ad libitum
conditions [61,70,71]. By contrast, DAMGO microinjections in BLA cause no changes in
food intake. Furthermore, enhancements in food intake caused by DAMGO microinjections
in NAc can be suppressed by concurrent microinjections of GABA-A agonist muscimol in
CeA [72], implying necessity of CeA in NAc-generated food motivation.

Targeted activation of genetically-defined CeA neuron types in mice have revealed cell-type
specific roles in food-directed motivation. For example, optogenetic channelrhodopsin
(ChR2) activation of CeA PKC-d neurons robustly suppresses food intake, whereas
optogenetic ChR2 activation of CeA PKC-d™ neurons (putative SOM+) promotes food
intake in the presence of anorexigenic agents such as lithium chloride [73]. PKC-d™ neurons
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tend to inhibit PKC-d* neurons which in turn inhibit projection neurons in the medial
portion of CeA [51]. Thus, increases in food intake likely occur through final disinhibition
of CeA medial projection outputs. Disinhibition of CeA output circuitry is similar to the
proposed mu-opioid mechanism of DAMGO in CeA [74]. In addition, targeting specific
receptor-defined or peptide-defined cell populations within CeA has revealed several more
populations that mediate food consumption. For example, optogenetic activation of CeA
neurotensin neurons that project to the parabrachial nucleus of the pons enhances
consumption of sweet sucrose or saccharin solutions, and chemogenetic stimulation of CeA
serotonin 2A receptor neurons promotes palatable food consumption [75,76].

CeA also appears to integrate signals about current physiological state to help modulate
incentive motivation. For example, CeA lesions disrupt the enhancement of NaCl seeking
and intake normally produced by physiological sodium depletion, but does not prevent salt
appetite-induced increases in ‘liking’ reaction to concentrated NaCl taste [77]. Similarly,
chemogenetic inhibition of CeA serotonin receptor-expressing neurons reduces chow
consumption when in a state of hunger, but not the lesser level of consumption under normal
ad libitum conditions [76].

3.2. CeA focusing of incentive motivation

Recent optogenetic studies in our lab indicate that pairing CeA stimulations with particular
stimuli can recruit mesocorticolimbic circuitry to amplify incentive motivation, and focus it
onto the laser-paired reward that becomes ‘wanted” above all other rewards in a ‘winner-
take-all’ fashion. For example, when two separate rewards are available to be earned, pairing
optogenetic CeA excitation with earning just one of them makes that laser-paired reward
become exclusively preferred, and enhances the effort to earn it while the other reward
becomes relatively ignored (Fig. 3a). For example, in an initial study using a two-choice
instrumental sucrose task, rats could press either of two different levers (with two distinct
accompanying auditory tones), both of which earned identical sucrose pellets [17]. Pairing
CeA excitation with pressing only one of those levers and with its outcome made that lever
the exclusively pursued option, even though rats could earn equal sucrose without laser
excitation by pressing the alternative lever. Furthermore, CeA-pairing also increased the
intensity of motivation to earn that particular sucrose reward, measured by effort breakpoint
in a progressive ratio test of incentive motivation: rats reached breakpoints twice as high for
sucrose paired with CeA excitation than for sucrose alone. CeA excitation paired with
sucrose raises incentive motivation to somewhat compulsive levels, as rats will choose to
endure a low-intensity footshock to earn CeA-paired sucrose when they could alternatively
earn sucrose alone without a footshock [84] (Fig. 3b). Similar optogenetic enhancements of
sucrose ‘wanting’ intensity can also be induced by selective stimulation of CRF-expressing
neurons in CeA, using Crh-Cre rats [18].

Subsequent studies in outbred rats showed that similar CeA-induced optogenetic
enhancement of incentive motivation using human synapsin promoter (hSyn) also extends to
drugs of abuse. For example, when optogenetic CeA excitation is paired with earning one of
two available intravenous cocaine options via nose-poking into two different portholes, rats
exclusively chose their CeA laser-paired cocaine option, and worked twice as hard to earn
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that cocaine reward in a breakpoint test, compared to a cocaine reward not paired with CeA
excitation [16] (Fig. 3b). By contrast to central amygdala, BLA laser-pairing failed to
enhance motivation or alter preference between two sucrose rewards, or between two
cocaine rewards. Combined, these findings suggest that CeA excitation can narrow incentive
motivation focused onto a particular laser-paired reward (at the expense of alternative
rewards), and enhance the intensity of incentive motivation above the levels that are
ordinarily evoked by the same sucrose or cocaine rewards.

What about a choice between sucrose reward versus intravenous cocaine reward? In a
different study using a two-choice instrumental task, we allowed rats to choose either to earn
sucrose pellets by nosepokes into one porthole or to earn intravenous cocaine infusions by
nosepokes into a different porthole. For one group of rats, optogenetic CeA excitation was
arbitrarily paired with earning sucrose pellets, whereas the same laser excitation was paired
with earning cocaine for a separate group of rats. When rats were able to freely choose
between either reward, CeA excitation caused exclusive preference of its paired reward. That
is, the group of CeA rats that had laser paired arbitrarily with earning sucrose became
‘sucrose addicts’ that exclusively pursued sucrose and ignored the alternative intravenous
cocaine reward. Conversely, the second group of CeA rats that had laser paired with cocaine
became ‘cocaine addicts’ that pursued only cocaine and ignored sucrose (Fig. 3c). This
pattern indicates that strongest incentive value is not inherent in either sucrose nor cocaine
as physical stimuli, but rather in the individual brain’s evaluation of those stimuli — which
here was hijacked by associative pairing with CeA excitation that recruited
mesocorticolimbic activation. In this way, CeA excitation can powerfully hijack motivation
and create exclusive preference for particular rewards, regardless of any baseline preference
of one over the other [15]. This may have implications for understanding how exclusive
pursuit develops in addiction, leading to relative neglect of alternative life rewards [85,86].

3.3. Maladaptively ‘wanting what hurts’

Another finding from our same study showed that optogenetic CeA induction of intense
incentive motivation can extend even to seemingly irrational pursuit of painful outcomes,
such as attraction to an electrified shock rod [15]. In this experiment, optogenetic CeA
excitation was paired with voluntary approaches and touching of an electrified shock rod
that delivered brief shocks when touched. After one or two initial touches out of curiosity,
normal rats will completely avoid the shock rod and stay as far away from it as possible
[87,88]. Normal rats also emit fearful anti-predator defensive burying movements with their
forepaws toward the noxious shock rod, which can sometimes bury the rod under sand or
bedding.

By contrast, when optogenetic ChR2 activation of CeA was paired with shock-rod
encounters, the CeA ChR2 rats repeatedly approached and touched the shock rod with paws
or mouth, often displaying consummatory nibbling, sniffing, and biting of the rod even
though they received multiple oral shocks on mouth or teeth [15]. Demonstrating that CeA
ChR2 rats were motivated to instrumentally reach this shock rod, they were also willing to
climb multiple times over a large physical barrier placed between them and the shock rod in
order to reach and touch it again, whereas control eYFP rats, with an optically-inactive virus
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lacking the ChR2 gene, did not. Further, another auditory Pavlovian cue associated with
shock rod encounters also became attractive and sought after by CeA ChR2 rats. For
example, unlike control eYFP rats, CeA ChR2 rats worked hard on a new instrumental
response to hear presentations of a paired auditory cue that was previously paired with rod
shocks, even more than they work to hear a sound associated with their home cage [15].

Underlying the maladaptive attraction of CeA ChR2 rats to the painful shock rod, CeA-
induced ‘wanting’ recruited activation of mesocorticolimbic incentive circuitry similarly to
the ‘sucrose addicted’ and cocaine addicted” CeA ChR2 rats described above. This was
reflected by increased Fos expression in VTA, in NAc medial shell, and orbitofrontal cortex
in all these groups. Such evidence supports a role for CeA in recruiting mesolimbic
structures to enhance and focus motivation for particular learned incentives, potentially
creating addictions to particular rewards or even irrational pursuit of a target that offers only
pain.

4. Psychological mechanisms of CeA-mediated incentive motivation

4.1. Does CeA circuitry promote action reinforcement?

The incentive motivation induced by optogenetic CeA stimulations described above involve
many different psychological components, each of which in principle could be capable of
focusing and increasing incentive motivation. One conceivable explanation for how CeA
enhances incentive motivation could have been that CeA ChR2 excitation is highly
reinforcing on its own. If so, positive laser reinforcement could cause rats to seek out the
sucrose, cocaine, or shock rod paired with CeA stimulation, because they were actually
seeking CeA stimulation itself [89]. However, in our hands ChR2 stimulation of CeA
neurons by laser is relatively weakly reinforcing for most rats on its own, even in individuals
where the laser stimulation exerted strong control of sucrose/cocaine pursuit or induced
shock-rod attraction (Fig. 3d). When given the opportunity to self-stimulate CeA laser, either
through location-based place preference assays, or through operant nose-poke or spout-touch
tasks, most CeA ChR2 rats in our studies did not robustly self-stimulate laser, even when the
same stimulation parameters caused enhanced motivation for sucrose, cocaine, or a shock
rod [15-17,90]. Indeed, some CeA ChR2 rats completely failed to self-stimulate for laser
alone, yet showed as strong attraction to laser-paired sucrose, cocaine or shock rod target as
other rats that did self-stimulate. Thus, hSyn ChR2 laser stimulation of multiple CeA
neuronal subtypes does not appear to be a very reliable or potent reward on its own,
compared to its ability to amplify and focus incentive motivation upon an affective external
stimulus that is associatively paired with laser illuminations (e.g., sucrose, cocaine or shock-
rod). Although specific neuronal subpopulations or subregions within CeA might eventually
prove to support more robust optogenetic self-stimulation [40,91,92], we conclude that
stimulation of CeA neurons under these conditions seems to intensely magnify or create the
incentive value of its laser-paired sucrose, cocaine, or shock-rod target stimulus, without
being an intense reward on its own.

Importantly, global CeA excitation also does not appear to induce an aversive state at the
same stimulation parameters that caused enhancement of sucrose, cocaine, or shock-rod
motivation [16,92]. Aversive states such as drug withdrawal that precipitate reward seeking
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behaviors is often interpreted as hedonic self-medication to reduce an aversive state, for
example by opponent-process theories [93,94]. However, CeA ChR2 rats do not avoid laser
stimulation, which suggests CeA excitation enhances incentive motivations for paired
sucrose or cocaine (or even shock-rod) that is not mediated by hedonic self-medication of
any negative affective state.

4.2. ‘Wanting’ vs ‘liking’ components of reward

Relative lack of pure reinforcement by CeA, shown by lack of laser self-stimulation, implies
that the powerful incentive motivation effects such as sucrose/cocaine pursuit or shock-rod
attraction, are facilitated by having an external target stimulus for CeA pairing that itself has
affective properties. Thus, an alternative hypothesis is that CeA enhances incentive
motivation by transforming the brain’s evaluation of targets themselves and of their
associated cues.

Reward contains multiple psychological components: ‘liking’, ‘wanting’, and learning
[95,96]. Liking refers to the reward’s hedonic impact or experienced pleasure, while wanting
refers to the motivation or desire to earn that reward. Liking and wanting can occur below
consciousness under some conditions [97,98], so subjective liking and wanting are
distinguished from objective ‘liking’ and ‘wanting’ reactions by quotation marks. Reward
‘liking’ and ‘wanting’ generally co-occur in life, with levels of ‘wanting’ being associated
with how much a reward is ‘liked’. However, under certain situations, ‘liking” and ‘wanting’
can diverge. For example, the incentive-sensitization theory posits that in drug addiction,
drug-induced mesolimbic sensitization causes incentive salience or motivation to pursue
drugs (drug ‘wanting’) to increase over time even if the pleasure derived from taking drugs
stays relatively the same or declines [99,100].

The divergence of reward ‘wanting’ from ‘liking’ likely occurs because these psychological
components are mediated by overlapping but separable brain mechanisms. ‘Liking’ can be
distinguished from ‘wanting” for food rewards using the affective taste reactivity test, which
measures orofacial ‘liking” expressions elicited by sweetness vs. ‘disgust’ elicited by
bitterness, emitted by species ranging from human infants to rats [101-103]. In the taste
reactivity test, sweet or bitter taste solutions are infused directly into the mouth of the
experimental rat via previously implanted oral cannulae, and the elicited affective orofacial
reactions are video-recorded and assessed. In this way, the taste reactivity test does not rely
on the willingness of the experimental subject to approach and consume the rewards, and
instead assesses immediate affective reactions elicited by the hedonic properties of a
controlled sensory stimulus [101,102]. Sweet sucrose solution elicits midline rhythmic
tongue protrusions and lateral tongue protrusions or lip licking, as well as bouts of paw
licking. By contrast, bitter solutions such as quinine that are ‘disgusting’ elicit mouth gapes,
headshakes, paw flails, etc. Importantly, affective reactions reflect the hedonic impact of a
taste rather than its sensory qualities. For example, ‘liking’ reactions to sweetness change to
‘disgust’ when that taste is associatively paired with nausea (such as in a conditioned taste
aversion), and decline in normal satiation or sensory satiety [104,105].

Illustrating the difference between brain mechanisms of ‘wanting’ and ‘liking’, for example,
pharmacological microinjections of opioid or dopamine agonists, can increase ‘wanting’
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nearly anywhere within NAc medial shell [106-108]. By contrast, ‘liking’ enhancement by
opioids or endocannabinoids, reflected by increased positive affective reactions to sweet
taste, are restricted to a much smaller set of sites within a *hedonic hotspot’ contained within
the rostrodorsal quadrant of medial NAc shell, and not at other NAc shell sites [106—109].
However, dopamine stimulations anywhere in NAc increase only ‘wanting’ (motivation for
reward or reward-related cues) without altering reward ‘liking’, even when the dopamine
stimulation is localized within the same rostrodorsal NAc hedonic hotspot. [108,110-112].

4.3. CeA and hedonic ‘liking’

So, it is natural to ask whether CeA ChR2 pairings that powerfully amplify motivational
‘wanting’ also enhance ‘liking’ for the target stimulus. Anatomically, the CeA has
sometimes been suggested to be ideally situated for modulating hedonic ‘liking” of foods.
This is because the CeA contains dense reciprocal connections with brainstem gustatory
areas such as the nucleus of the solitary tract (the primary taste relay nucleus in the
brainstem) and the pontine parabrachial nucleus (the second taste relay nucleus) [113], and
also receives taste information from the gustatory region of the insular cortex [114].
Alternatively, CeA might modulate motivational ‘wanting’ without necessarily changing
hedonic ‘liking’. For example, earlier studies assessed the CeA’s role in ‘liking’ using the
taste reactivity test after amygdala lesions or drug microinjections, and generally found CeA
manipulations not to alter ‘liking” even when they altered ‘wanting’. Electrolytic lesions of
CeA that abolish NaCl intake during sodium appetite states do not affect the increase in
positive (‘liking’) reactions to intense NaCl tastes produced by the sodium appetite [77],
showing a decoupling of CeA roles in ‘liking” versus ‘wanting’. Similarly, local CeA opioid-
stimulating DAMGO microinjections triple food intake and increase sign-tracking to a
sucrose cue, but do not increase ‘liking’ reactions to sucrose [61]. Contrary observations,
such as that electrical stimulation of CeA slightly increases aversive reactions to bitter
quinine, may be explained because those electrode stimulations also excite fibers of passage
to and from the nucleus of the solitary tract and pontine parabrachial area that may more
directly mediate taste and ‘liking’ [115,116]. Also, aversive gapes to bitter quinine have
been reported to be associated with increased Fos induction in rostral portion of CeA, but
although CeA activation may be correlational, there is yet no evidence to our knowledge that
CeA activation actually causes aversion [117].

Optogenetic CeA ChR2 excitation would be more selective to CeA neurons themselves than
traditional electrode stimulations, which also excite fibers of passage, and so is of special
interest regarding CeA neuronal roles in ‘liking’. Results of taste reactivity studies in our lab
so far indicate that CeA ChR2 stimulation fails to alter ‘liking’ reactions to sucrose (nor has
any effect on ‘disliking”), even in the same rats in which CeA laser enhances pursuit of
sucrose and focuses ‘wanting’ exclusively on the laser-paired sucrose in a two-choice task
[17,118]. Thus, we conclude that CeA neurons do not mediate pleasure ‘liking’ even when
CeA ChR2 stimulation has profound effects on incentive ‘wanting’.

4.4. Incentive salience attribution to reward-related cues

In addition to becoming learned predictors, reward-associated cues that are attributed with
incentive salience become attractive motivational magnets (e.g., Pavlovian sign-tracking),
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and trigger surges of motivation to consume their associated rewards [55,95,119]. In drug
addiction, sensitization of cue-triggered ‘wanting’ can cause relapse even after long periods
of abstinence [99,100]. In humans, the amygdala is activated by cues for drug rewards [80],
palatable food rewards [120, 121], as well as by subliminal sexual and drug cues [79]. In
people with substance use disorder, heightened amygdala cue reactivity relates to a subject’s
drug of choice, but not to other drug or sexual cues in general, and these cues elicit self-
reports of increased craving for their preferred drug of choice [58,122].

In the animal neuroscience laboratory, several assays have been used to assess whether a
reward cue has been imbued with incentive salience. Attribution of incentive salience can be
measured using a Pavlovian autoshaping task, most clearly revealed as sign-tracking
attraction to a reward-predicting cue, which becomes an attractive motivational target itself
[57]. Through repeated Pavlovian pairings of a distinct cue or conditioned stimulus (i.e., a
discrete light, auditory tone, or insertion of a movable lever) with reward delivery, such cues
often come to be approached and investigated, sometimes even with attempts to ingest/
consume the inedible cue [123,124]. That is because a cue imbued with incentive salience
often takes on motivational features of the associated reward itself [55]. For example, rats
will engage in nibbling, sniffing, and biting of a light or lever that predicts food [62,63, 125].
Several sign-tracking studies have demonstrated that CeA is necessary for acquisition of
autoshaping behaviors [126,127]. Additionally, excitotoxic lesions of CeA or of CeA
connections to substantia nigra disrupt normal acquisition of orienting responses generated
by either a visual or auditory conditioned stimulus (CS) predictive of food unconditioned
stimulus (UCS) [128-130]. By contrast, local DAMGO stimulations in CeA increase
consummatory nibbles and sniffs of either lever CS (in the case of sign-trackers) or food cup
CS (in the case of goal-trackers) above the level normally directed at the same lever CS or
food cup CS [131,132]. CeA DAMGO microinjections particularly increased nibbles and
sniffs (that usually occur early in a rat’s interaction with the metal lever CS or cup CS), at
the expense of slower bites (that typically occur towards the end of CS+ presentation
immediately prior to sucrose UCS delivery) (Fig. 4a). That suggests that CeA DAMGO
stimulation alters the behavioral topography of CS+ directed consummatory responses by
extending the initial consummatory phase of nibbling and sniffing. Overall, this pattern
demonstrates that opioid stimulation of CeA can amplify incentive salience and focus it
specifically on an individual’s own particular prepotent reward cue, as measured by sign-
tracking/goal-tracking paradigms.

Second, the ability of a previously paired cue to elicit temporary surges in ‘wanting’ to
obtain its associated unconditioned reward appears to also be mediated by CeA circuitry.
Cue-triggered ‘wanting’ for reward can be tested in a Pavlovian-to-Instrumental Transfer
(PIT) assay, which measures phasic peaks of increased reward ‘wanting’ caused by
presentation of reward-predictive Pavlovian cues as rats instrumentally work for reward
during an extinction session [60,61, 133]. Lesions or pharmacological disruptions via
muscimol/baclofen GABA agonists disrupt these phasic peaks of cue-induced reward
seeking, whereas DAMGO microinjections into CeA oppositely and selectively increase
cue-induced seeking in PIT above normal levels (without elevating baselines of instrumental
effort in the absence of cues) [61,133-136] (Fig. 4b). Further, in incubation of drug craving,
the growth in ability of drug cues (for cocaine, morphine, or methamphetamine) to reinstate
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drug seeking after protracted withdrawal and drug abstinence, is regulated by time-
dependent increases in activity of the extracellular signal-related kinase (ERK) pathway in
CeA (but not BLA) [81,83,137]. Such ‘incubation’ of drug craving may reflect mesolimbic
sensitization processes, which persist and underlie hyper-reactivity to drug-related cues,
processed in part by CeA to precipitate drug reinstatement via excessive cue-triggered
‘wanting’.

Optogenetic CeA ChR2 stimulations that amplify and focus motivation onto sucrose,
cocaine, or an aversive shock rod also appear to recruit enhanced incentive salience
attribution to the CeA-paired cues. This is reflected in increased neurobiological activation
of mesolimbic systems during CeA ChR2-induced attractions to sucrose, cocaine or shock-
rod targets. It is also behaviorally manifested as increases in ‘wanting’ to obtain paired
Pavlovian cues when they are absent [15]. For example, as described above, CeA ChR2 rats
will actively work hard to hear repeated presentations of an auditory CS cue that was
previously associated with shock rod encounters, whereas normal rats never do, indicating
that shock cues have paradoxically become ‘wanted’ by CeA ChR2 rats (Fig. 4c). Further, in
our 2-choice instrumental tasks, where lever presses or nosepokes are required to earn
sucrose or cocaine, CeA ChR2 rats direct increased consummatory nibbles, sniffs, and bites
selectively at the metal lever or porthole associated with the CeA-paired sucrose or the CeA-
paired cocaine, more than to the alternative lever or porthole that earns identical sucrose or
cocaine without CeA excitation [15,16] (Fig. 4a). Such consummatory actions directed
toward a Pavlovian CS or cue are a signature feature of incentive salience, as the Pavlovian
cue takes on some motivational features of its reward UCS. The nibbles, sniffs, and bites of
the cue lever/porthole that are enhanced by CeA ChR2 stimulations are not required to
instrumentally earn the sucrose, and usually occur after the sucrose has already been earned
[17]. The CeA-induced nibbles and bites are especially striking in the case of cocaine, as
normal rats typically do not nibble or bite cocaine cues at all, even if the rats are attracted to
approach the cues [124,138]. That suggests that CeA ChR2 stimulation heightens the
incentive salience of the laser-paired cocaine cue to unusual levels, making the cue
sufficiently attractive to engage orally. Similarly, CeA ChR2 rats often direct nibbles, bites
and sniffs toward their aversive shock rod, which itself could be viewed as a cue object
associated with shock, even though doing so results in receiving orofacial shocks directly to
the mouth, teeth and nose [15].

In these cases, attempts by CeA ChR2 rats to ‘ingest’ or orally explore a cocaine cue or
shock rod cue paired with CeA excitation may reflect extremely high levels of incentive
salience attributed to the cue. How this intense motivation becomes behaviorally expressed
is partly shaped by physical properties of the CS cues themselves (e.g., metal nose port or
shock rod, as discrete physical objects that can be readily nibbled). Indeed, if another rat is
presented as a Pavlovian CS that predicts a subsequent food UCS, conditioned behaviors of
the recipient rat towards its CS+ rat are social in nature (anogenital sniffing and playful
behaviors) rather than ingestive [139]. Therefore, CeA ChR2 control of motivation likely
involves facilitation of incentive salience attribution towards laser-paired cues as an
important psychological component, interacting with stimulus features of targets, to
potentially enhance the attractiveness of both UCS and CS cue.
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5. Motivational salience: incentive vs. Fear

How can CeA ChR2 enhancement of appetitive motivation and incentive salience align with
the many demonstrations that CeA circuitry helps mediate oppositely-valenced conditioned
responses to threat (such as freezing) in Pavlovian fear conditioning situations [140-142]? In
fact, similar to those studies, our study also found that pairing CeA ChR2 stimulation with
footshock in a traditional Pavlovian fear conditioning paradigm potentiated fearful
conditioned freezing to a footshock-predictive auditory cue, and increased avoidance of a
contextual odor cue associated with footshock, sometimes in the same rats that displayed
CeA enhancements of incentive motivation for sucrose or cocaine rewards, or even attraction
to the shock rod [15,92].

An explanation may be that motivational salience can occur with either positive valence as
incentive salience or negative valence as fearful salience, and it is possible to flip the valence
between the two forms under some conditions [143]. Despite being affectively opposite, the
two may still share some neural and psychological features [144, 145]. Neurally, both may
engage mesolimbic systems, including dopamine signals in NAc [43,146]. Psychologically,
just as incentive salience makes reward cues attention-riveting and attractive, calling forth
approach and consumption, fearful salience makes threat cues attention-riveting and
threatening, often calling forth active defensive reactions [147]. Regarding CeA ChR2 flips
of valence between intensifying ‘wanting’ versus “fear’, we suggest the Pavlovian fear
conditioning situation may possibly promote fearful reactions more than the shock rod
situation because the Pavlovian footshock UCS is unavoidable, inescapable, and
unlocalizable [148]. By contrast, shock rods are discrete and localizable stimuli and
interaction with them is controllable [149]. This difference might be important in
determining the valence of motivational salience induced by CeA ChR2 stimulation.

Fearful salience, in part also involving mesolimbic dopamine [43], has been suggested to
underscore certain positive symptoms of paranoid schizophrenia, where fearful salience is
aberrantly assigned to innocuous stimuli that become perceived as threatening [150,151].
Consistent with an amygdala role in bivalent motivational salience, some CeA neurons can
respond to both aversive outcomes (e.g., footshock) and rewarding outcomes (e.g., sucrose)
[92], or to their predictive cues [152]. CeA processing of both rewarding and threatening
stimuli suggests that, rather than strictly encoding only reward or only fear per se, some
neurons in CeA might integrate sensory information, context, and motivational state to
assign motivational salience with positive or negative valence to particular targets, making
them either ‘wanted’ or ‘feared’.

This hypothesis helps explain several conflicting findings. First, that in our studies CeA
ChR2 stimulations more powerfully confer incentive value on external affective targets
(sucrose, cocaine, or shock rod) to create intense and focused attraction, rather than
promoting reinforcement alone. The bias toward amplifying the motivational salience of
external affective stimuli may be why CeA ChR2 stimulation was relatively weak at
supporting laser self-stimulation, and completely failed in some rats, even when in the same
rat laser produced strong attraction to a paired sucrose, cocaine or shock rod stimulus. Lack
of pure reinforcement despite strong enhancement of the motivational value of those
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physical sensory stimuli, together with CeA ChR2 magnification of ‘fearful’ conditioned
reactions to an auditory CS and contextual cue for footshock in the Pavlovian fear
conditioning paradigm, implies that CeA ChR2 neurons stimulated by laser do not generate
positive valence in a dedicated fashion. Rather, the valence of salience they produce
(rewarding or fearful) is influenced by the externally-paired affective target and situation.
This hypothesis would be consistent with the classical interpretations proposed by
Weiskrantz, namely that amygdala is needed to recognize the motivational value of stimuli,
as well as more recent ones that propose the amygdala assigns mativational significance to
stimuli in a bivalent manner [3,153,154].

5.1. Multiple valence ‘modes’ of CeA motivation

Within a motivational salience framework, cognitive appraisal of one’s environment or
situational factors can influence the subsequent valence mode of motivation, making targets
either approached or avoided. Switching between these multiple motivational modes may
also involve neural mechanisms in striatal regions such as NAc medial shell. For example,
under baseline conditions, NAc microinjections that pharmacologically block glutamate
AMPA receptors can generate either feeding/reward motivation or negative/fear motivations
depending partly on anatomical site, with more rostral NAc shell injection sites generating
increases in food intake (“‘wanting’) or establish conditioned place preference but caudal
NAc shell microinjections generating defensive treading (‘fear’) and conditioned place
avoidance [155-157]. The positive valence motivation to consume reward requires only
endogenous dopamine D1 receptor signaling at the microinjection site. By contrast, the
negative valence fearful motivation requires endogenous D2 dopamine signals as well as D1
[43]. However, a stressful environment with bright lights and loud music can expand the
“fear’ generating zones of NAc medial shell, allowing even rostral microinjection sites to
generate fearful behaviors and simultaneously switch to additionally require D2 dopamine
signals to do so [43,158]. By contrast, a more comfortable, home-like environment can
expand the reward-generating sites, allowing even caudal sites to elicit increases in eating
and simultaneously to drop the need for D2 signals at those caudal sites to generate the
positive motivation [43]. This suggests that neural sites in NAc do not have a dedicated
labeled-line modular function, but rather possess different ‘modes’ of motivational function
[52].

Indeed, CeA circuitry also demonstrates sensitivity to situational or environmental factors in
switching motivational valence evoked by changes in CeA activity. Environment can flexibly
switch the activity of mutually inhibitory CeA neurons to produce conditioned flight or
passive freezing [159,160]. Furthermore, our CeA ChR2 results show that the same CeA
excitation can transform the valence of motivational salience, flipping from positively
intensifying incentive maotivation for cocaine or sucrose or even creating maladaptive
positive attraction to an aversive shock-rod to negatively potentiating fearful conditioned
reactions in a Pavlovian fear learning situation [15]. Flips between positive and negative
motivational valence may involve external factors such as stimulus and situational properties
(controllable shock; localizable vs. unlocalizable shock source; presence of a safe zone, etc.)
that can flexibly gate CeA’s appetitive vs. fearful modes. This is in contrast to proposals that
most specific CeA cell types/circuits are dedicated to mediate only positively-valenced
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motivation orinstead dedicated to negatively-valenced motivation, but not both [26,48]. In
any case, consideration of the influence of environmental factors is important when
determining the effectiveness of treatments in neuropsychiatric disorders such as addiction
or schizophrenia.

5.2. Translational relevance to neuropsychiatric disorders?

Addiction involves several characteristic features, including excessive pursuit, escalation of
drug intake and relapse, often triggered by drug-related cues especially if encountered in
states of stress or emotional excitement, while relatively neglecting other life rewards [59,
161]. Animal studies of the neural bases of incentive salience attribution described above
can prove useful in identifying how brain circuitry heightens the motivational attraction
triggered by reward-related cues, and focus that intensified incentive motivation onto a
particular target. The results discussed here help show how CeA-related circuitry can
powerfully amplify the motivational value of an incentive, such as cocaine or sucrose, and
narrowly focus the motivation on that specific target at the expense of other rewards. The
CeA’s ability to recruit incentive salience circuitry is so powerful it can even create
maladaptive addictive-like “‘wanting’ for a painful shock-rod and its cues, in the absence of
any ‘liking’. Eventually treatments that target such brain circuitry may aid in preventing
drug relapse, or escalation of drug intake [162,163].

Converging evidence has demonstrated that CeA excitation may not necessarily in itself be
rewarding or aversive, but rather may help assign motivational significance to brain
representations of particular external stimuli, able to amplify either their incentive or
aversive mativational value. Involvement of CeA in aberrant fear conditioning and other
animal models of human post-traumatic stress disorder is well established. A better
understanding of how CeA-related circuitry applies aberrant motivational salience to cues,
including negatively-valenced fearful salience as well as positively-valenced incentive
salience, may also help lead to insights into anxiety and paranoia in human neuropsychiatric
disorders such as bipolar disorder or schizophrenia [164,165].

6. Future directions

The ability for CeA paired ChR2 stimulations to amplify ‘wanting’ focused onto paired
incentive targets (such as sucrose or cocaine) has mostly been demonstrated with global
optogenetic CeA excitations, while rarely targeting specific cell types or discrete CeA output
projections. An important future direction will be to distinguish what cell types within
lateral, medial, or central portions of CeA mediate this focused ‘wanting’ for incentives and
aversive shock rod. The recent increase in availability of a variety of transgenic rats has
allowed for probing of different CeA cell types in incentive motivation assays. Indeed,
recent work shows that optogenetic excitation of CRF expressing neurons within CeA of rats
can amplify ‘wanting’ for sucrose, and promotes self-stimulation similarly to the hSyn
stimulations described above (whereas excitation of CRF neurons in BNST suppresses
sucrose motivation, and produces avoidance) [18].

Future work may also investigate the role of D1 receptor- vs. D2 receptor-expressing
neurons of CeA in incentive motivation. Preliminary work has demonstrated that rats will
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self-stimulate D1r- neurons of CeA and also self-stimulate CeA D2r-neurons at moderate
levels [54], but future work will be needed to investigate their role in motivation for sucrose
or cocaine. Examining discrete output projections from CeA, especially arising from specific
cell types, that mediate amplified ‘wanting’, such as to lateral hypothalamus or ventral
pallidum, is also of importance.

Finally, while CeA may mediate both positively-valenced and negatively-valenced
motivation, few studies have explored how CeA circuitry might actively switch between
motivational valence modes. Future work that examines mechanisms of valence plasticity or
bivalent modes of CeA would be especially useful in elucidating how specific conditions
(environmental or psychological factors) precipitate a switch between CeA neuronal
stimulation promoting incentive motivation versus promoting fearful motivation, possibly
involving some of the same CeA cell types or projections in both forms of mativational
salience.

7. Conclusion

Although central amygdala may be most studied for its role in generating fear-related
responses, CeA circuitry also controls incentive motivation. CeA-related circuitry can both
amplify ‘wanting’ by recruiting larger mesocorticolimbic circuitry, and narrowly focus it
onto a particular target associated with CeA stimulation. Optogenetic and pharmacological
stimulations of CeA appear to enhance UCS and CS+ directed ‘wanting’, without altering
reward ‘liking’. CeA stimulation itself is not strongly reinforcing on its own, and instead
most powerfully modulates the motivational value of perceived external affective stimuli.
Evidence suggests that the attribution of incentive salience to cues associated with the paired
affective stimulus is one psychological component of CeA-induced appetitive motivation.
However, rather than mediating only positive or negatively-valenced motivations, some CeA
neuronal systems may have multiple valence modes, able to participate in bivalent
motivation, controlling both which targets should be approached and which should be
avoided. CeA-related circuitry can elevate ‘wanting’ to irrational and dangerous levels and
focus it even onto maladaptive targets. This highlights a potentially crucial role for
amygdala-related circuitry in irrational pursuits occurring in addiction or other compulsive

disorders.
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Fig. 1. CeA Circuitry and Macrosystem Framework.
(a) Sagittal brain map shows afferent projections to central amygdala and basolateral

amygdala and their efferent connections to other structures. (b) Horizontal brain map on left
shows a macrosystem framework that classifies all structures in the telencephalon into either
cortical, striatal or pallidal levels, adapted from Larry Swanson’s general organizational
model of triple descending projections from cerebral hemisphere [35]. Cortical structures
send glutamatergic projections to striatal structures, which send GABAergic projections to
pallidal-level structures, which also send largely GABAergic outputs to diencephalic and
brainstem targets, along with re-entrant thalamocortical loops. Within this framework,
basolateral amygdala (BLA) is cortical-like, in part due to its principal glutamatergic
neurons that project to striatal-level central amygdala or to intercalated cell masses (ITc).
Central amygdala (CeA) is striatal like, in part due to its largely GABAergic medium spiny
neurons that project to bed nucleus stria terminalis (BNST), hypothalamus and other targets.
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Finally, BNST is pallidal-level in this framework, largely GABAergic, and projects heavily
to hypothalamus and brainstem structures.
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Fig. 2. Species-specific CeA Anatomy and Cell-type distribution.
(a) Coronal views show central nucleus of amygdala and basolateral amygdala organization

in mouse (left), rat (middle), or human (right) (adapted from [166-168]. (b) Coronal views
show CeA neuronal subtypes and their approximate anatomical distribution across sub-
regions in anterior CeA and in posterior CeA, based on expression of select mMRNA markers
in mice [40, 46]. This figure does not reflect the fact that some neuronal subtypes co-express
multiple neurotransmitter peptides (e.g., NTS cells also express SOM), nor is it meant to
depict exact proportions of specific cell types. Abbreviations: CeC, central CeA; CeM,
medial CeA,; CeL, lateral CeA; BLA, basolateral amygdala; D, dorsal; V, ventral; M, medial;
L, lateral; A, anterior; P, posterior; SOM, somatostatin; PKCd, protein kinase-C delta; CRF,
corticotropin releasing factor; NTS, neurotensin; D1r, dopamine receptor type 1; D2r,

dopamine receptor type 2.
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Fig. 3. CeA focusesincentive motivation for sucrose and cocaine.
(a) CeA channelrhodopsin (ChR2) stimulation was paired with earning either sucrose or

cocaine, when rats could choose between that reward and another identical or different
physical reward not paired with CeA laser. (b) CeA ChR2-pairing caused exclusive
preference for the paired reward, whether for sucrose or intravenous (i.v.) cocaine (“Laser +
Cocaine”; “Laser + Sucrose”) over the alternative reward that lacked CeA laser.
Additionally, rats were more intensely motivated to earn that paired reward, showing higher
effort breakpoint in a progressive ratio test of motivation. (¢) CeA ChR2 stimulation was
capable of creating either ‘sucrose addict’ rats that ignored alternative i.v. cocaine, or
‘cocaine addict’ rats that ignored sucrose, when all rats could choose freely between sucrose
and cocaine. Rats exclusively preferred to earn sucrose over cocaine when earning sucrose
was paired with CeA laser stimulation but cocaine was earned without laser. Alternatively
other rats preferred to earn cocaine over sucrose when cocaine was paired with CeA laser
and sucrose was not. (d) However, in the same rats, CeA ChR2 stimulation was only weakly
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reinforcing alone or not reinforcing at all, as measured in a self-stimulation task where
touches on a laser spout earned CeA laser, whereas touches on an inactive spout earned
nothing.
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Fig. 4. Incentive salience enhancements by optogenetic ChR2 stimulation or mu-opioid
microinjection in CeA.

(a) One feature of incentive salience attribution is that consummatory behaviors, such as
nibbles or bites, become directed towards a ‘wanted’ Pavlovian cue (CS+; e.g., presentation
of a movable metal lever or porthole) that predicts reward (UCS). CeA ChR2-paired
stimulation or opioid stimulation (via DAMGO microinjection) enhances CS+ directed
consummatory nibbles, sniffs, and bites of the metal CS+ cue when the paired UCS reward
is sucrose (left) [131,132], cocaine (middle) [16], or even an aversive shock rod (right) [15].
In a Pavlovian sign-tracking/goal-tracking paradigm, opioid DAMGO microinjection in CeA
enhances nibbles and sniffs initially directed toward a lever CS+ in sign-tracking rats, and so
reduce slow bites that typically occur near the end of the CS+ immediately prior to UCS
sucrose reward delivery [131]. CeA opioid microinjections also produces similar
enhancements of nibbling of the goal dish CS in goal-tracking rats [132]. (b) In a Pavlovian-
instrumental-transfer (PIT) test of cue-triggered ‘wanting’ to obtain UCS reward, phasic
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presentation of a previously Pavlovian paired CS+ (sound) invigorates instrumental lever
pressing to obtain sucrose under reward extinction conditions. CeA DAMGO
microinjections specifically enhance CS+ induced reward seeking above vehicle
microinjection levels, increasing the phasic peaks of cue-triggered ‘wanting’, without
altering baseline lever pressing in the absence of CS+ [61]. Conversely, CeA lesions abolish
cue-triggered peaks of ‘wanting’ [136]. (c) Incentive salience attribution causes reward
predictive cues (CS+) to become ‘wanted’ themselves. In an instrumental conditioned
reinforcement test, rats will work to earn presentations of a Pavlovian reward CS+ when it is
absent. Rats that were maladaptively attracted to approach and nibble on a painful shock-rod
due to CeA ChR2 pairing, subsequently worked hard by making nosepokes to hear
presentations of auditory CS+ that also had been paired with shock rod encounters (UCS) in
a conditioned reinforcement test [15].
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