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Abstract

Work in our laboratory over the past decade has supported the idea that discrete aspects
of appetitive motivation are differentially mediated by separate but interacting neurochemical
systems within the nucleus accumbens (Acb). We review herein a series of studies in rats
comparing the effects of manipulating Acb amino acid, opioid, acetylcholine, and dopamine
systems on tests of free-feeding and food-reinforced operant responding. Our results support
three general conclusions: (1) enkephalinergic neurons distributed throughout the Acb and
caudate-putamen mediate the hedonic impact of palatable (high sugar/fat foods), and these
neurons are under modulatory control by striatal cholinergic interneurons; (2) dopamine
transmission in the Acb governs general motoric and arousal processes related to response
selection and invigoration, as well as motor learning-related plasticity; and (3) GABA output
neurons localized exclusively within the Acb shell directly influence hypothalamic effector
mechanisms for feeding motor patterns, but do not participate in the execution of more complex
food-seeking strategies. These dissociations may reflect the manner in which these
neurochemical systems differentially access pallido-thalamo-cortical loops reaching the
voluntary motor system (in the case of opioids and dopamine), versus more restricted efferent
connections to hypothalamic motor/autonomic control columns (in the case of Acb shell GABA
and glutamate systems). Moreover, we hypothesize that while these systems work in tandem to
coordinate the anticipatory and consummatory phases of feeding with hypothalamic energy-
sensing substrates, the striatal opioid network evolved a specialized capacity to promote
overeating of energy-dense foods beyond acute homeostatic needs, to ensure an energy reserve

for potential future famine.
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1. Introduction

One of the greatest threats to public health in the United States in the-finsragntury
is obesity, which can be concept udhedwmant as a
availability of calorically dense foods such as fats and sweets in modern Western diets, as well as
profound changes in the overall physical activity level ofgbcompared with earlier times, is
largely responsible for this epidenmi, 2]. Neuroscience research can make critical
contributions to the further understanding and treatment of this pr¢B]effraditionally, major
focus has been directed to the hypothalamus, and rightly so given its crucial role in energy
balance and food intake. However, much less is known about how the hypothalamus functions
within its associatedeural networks that integrate other factors involved in appetite, such as
sensory factors, emotional processing, decismaking, and learning. These processes, in
addition to the normal homeostatic mechanisms that drive the motivation for food, gliay a v
significant role as determinants of when to eat or not eat. For example, emotional factors are
clearly very important; ingestion of food provides a great deal of subjective pleasure, particularly
if the food is rich in sugar or fat, and eating camlseurce of comfort in depression or stressful
stateq4]. With regard to cognitiverpcessing, sensory factors such as visual or olfactory stimuli
can invoke food cravings even in the absence of energy deficit. Denisiking and inhibitory
control are a key part of dieting and restraining from food intake.

Our laboratory has been patrtlarly interested in the role of neurotransmitter systems
within the nucleus accumbens (Acb), a striatal region implicated in natural reward processes as
well as addiction, in the control of food motivation and intake. Further, we are interested in the

relationship that this region has with the hypothalamus, and in learning how integration between
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energy balance sensing systems and reward or
the neural level. In order to gain deeper knowledge abourttdréace between energy balance
and cognitive contreémotional systems, we have begun to examine how cortical inputs from the
amygdala and prefrontal cortex interact with strifgbothalamic circuitry.

In this regard, the Acb is particularly wqlbsiioned to serve as a node within circuits
linking allocortical (amygdala, hippocampus) and neocortical feedilaged sensory processing
to behavioral effector systems. Importantly, Acb efferent circuitry is organized to reach motor
output systems in twdistinct ways: by connections to pallidal structures that convey Acb
processing to thalamocortical reentrant loops that eventually impinge on cortical (voluntary)
motor output systems, and by direct projections to hypothalamic circuitry (arising exglusivel
within the Acb shell) that communicates to control centers for fea@iliaged motor patterns and
autonomic arousal. A consideration of these two distinct output pathways provides a heuristic
framework for interpreting some of the pharmacological ardoanical dissociations we have
observed regarding the Acb control of feeding; this theme will be explored in the present review.

First, however, it is useful to briefly review the specific pathways by which internal and
external food or appetiterelatedinformation gains access to the Acb, and how the Acb can, in
turn, influence output effector pathways controlling feeding. The Acb receives brainstem
information related to taste and visceral functions through a direct input from the nucleus of the
solitary tract (NTS; to medial Acb shell), as well as an indirect input from gustatory cortex via
parabrachial (PB) projections to gustatory (VPO) thalamus (to lateral shell an{bc@ie)
Moreover, gustatory and viscerosensory regionsiwdlyranular insular cortex also project
densely to the infralimbic and prelimbic regions of medial prefrontal cortex, which, in turn,

project strongly to the Acfy-10]. Taste and visceral information can alsougfice the\cb via
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two amygdala pathways: the NIFB-central nucleus of the amygdatantral tegmental area
(VTA) connection, and the gustatory corieasolateral amygdak@ccumbens pathwdgl1]. The
central nucleus is particularly interesting as one of its major cortical inputs is from gustatory
cortex[7, 12]. Pathways signaling internal homeostasis that eventually reach the Acb include
projections from the lateralypothalamus (LH, which has direct access to the arcuate nucleus, a
critical command area for metabolic sensing) to the meédialshell, either directly13, 14]or
through relays in midline thalamic nuc[@b-17]. With regard to behavioral effer routes,
much of the output of tha&cb core reaches classic basal ganglia motor control circuits, while the
shell 6s main effector systems appl820 Theo i nvol
downstream outputs from LH involve structures that directly control brainstem pattern
generators for the motor actions of eating as well as autonomic strjéburgsneral reviews,
see 21, 22] In summary, both the shell and core subregions of the Acb communicate extensively
with circuitry that is well established to control taste perception, energy balance, and
somatomotor effectors; these connections anensarized in Fig. 1.

How, then, does intrinsic neurotransmitter signaling modulate this feeelatgd
information flow through the Acb to influence the manner in which behavior is organized in
relation to ingestion? In this review, we describe work lagtaccrued in this laboratory
regarding the roles of Acb GABAergic, dopaminergic and opioid peptide systems, and their
interaction with other corticolimbic structures and the hypothalamus. Experiments have shown
that these neurochemical systems plag#igeand dissociable roles in different aspects of food
seeking, intake, and reward. Our work and that of other laboratories suggest four overarching
hypotheses concerning these systems. First, stimulation of A&&ptors or blockade of

AMPA receptos in a circumscribed region of tiaeb (medial shell subregion) strongly
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increases food intake ad libitumfed animals, via activation of the lateral hypothalamus as well
as arcuate nucleus. We propose that an aagitbcoded subensemble of neuronthaAcb

shell communicates with energy balarss:sing systems within the hypothalamus (see Fig. 2),
and reaches output pathways, via the lateral hypothalamus (LH) and central nucleus of
amygdala, that primarily control feeding motor pattern generatora@ndomic function.

Second, opioid systems within the ventral striatum (and perhaps wider regions of striatum)
recruit frontotemporalateral hypothalamic circuitry involved in affective regulation and
palatability. Experiments indicate thatb opioid stimulation, inad libitumfed rats, results in
marked and preferential increases in highly palatable food (fat, sucrose, salty solutions). We
hypothesize that this response and in general, food intake evoked purely by palatability (i.e. not
by energy de€it), engages basolateral amygdala/frontostriatal circuits, that exert control over
the somatic voluntary motor systems. This system may be the substrate for affective and
cognitive regulation of ingestive behavior. Third, recent work has indicatedstending
projections from the LH (perhaps orexin/hypocretin or MCH) may interact with midline
thalamiestriatal pathways, that specifically engage striatal cholinergic interneurons, which in
turn play a critical role in regulating striatal enkephalinegerpressiof23]. Fourth,
dopaminergic innervatioaf the striatum is also involved in food intake, but this system is
concerned with motor activation and arousal, behavioral selection, and foraging strategies
associated with changing motivational conditions, as well as initiating key intracellulaciplasti
mechanisms required for learning about food resources. In sum, these corticostriatal
hypothalamic systems as a whole, via massive outputs to behavioral motor action systems,

enable complex hierarchical control of adaptive ingestive behavior.
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2. Cortrol of feeding initiation by amino acid-coded Acb shell circuitry

The control of feeding by GABAergic and glutamatergic substrates in the Acb shell was
discovered quite serendipitously. In an experiment designed to explore the role of glutamate
coded inpits to Acb subregions in the control of spatial learning, the AMPA/kainate receptor
antagonist DNQX was employed as a pharmacological tool to block glutamate transmission
within discrete Acb territories. It was noted that animals receiving AtkbashellDNQX ate
voraciously when returned to their home cages after behavioral testing. Subsequent behavioral
studies comfirmed that blocking AMPA/kainate (but not NMDA) glutamate receptor subtypes in
the Acb shell produced a dramatic, sHatency feeding rggnse24, 25] The magnitude of
this effect was considerable; for example, b shell infusion o750 ng of DNQX increased
intake of a 10% sucrose solution by 6825], see Fig. 3B. A microinfusion mapping study
revealed this to be a very aoatically circumscribed effect; as summarized in Fig. 3C, sites
within the medial shell yielded the greatest response, whereas neighboring areas in Acb core,
dorsal, or ventral striatum supported little or no effaé]. Moreover, DNQXassociated
behavioral changes were selective for food intake. As shown in Fig 3B, drinking was not
increased, even in watdeprived rats; nospecific gnawing on wood chips was similarly
unaffected25]. Conversely, it was found that stimulating Acb shell glutamate receptors with
local infusions of AMPA significantly decreased sucrose intake in-tmpmtived rat$25].
Taken together, these data were interpreted as reflecting an important and specific role of
glutamate inputs to the medial Acb shell in negativelylubating feeding behavior. It should be
noted that these experiments comprised one of the first demonstrations of dissociable behavioral

functions of the Acb shell versus core.
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Based on these findings, it was hypothesized that diminished glutamate ssioarm
the Acb shell, with a corresponding reduction in the activity of medipimy GABAergic Acb
output neurons, was a critical neural event controlling feeding initiation. If this was the case, we
reasoned that other manipulations producing an dwatease in Acb neuronal activity would
also augment feeding. Accordingly, it was found that excitotoxic lesions of the Acb shell, but
not the core, resulted in a prolonged increase in the rate of weigh2ghirMoreover,
inhibiting local neuronal activity via GABAreceptor stimulation in the Acb shell (using the
selective agonist, muscimol) produced a marked hyperphagia resembling the effect seen with
intracAcb shell AMPA receptor blockad28], see Fig. 3D. Intrécb shell muscimalnduced
hyperphagia was even more extreme than that produced by DNQJX; rats that were not food
deprived were often observed to eat in esaaf 8 g of rat chow in 30 min. In some instances,
animals were observed to eat so voraciously that they could not swallow fast enough to keep up
with their food intake. As with the DNQX effect, musciniatiuced hyperphagia was elicited
most potently bynfusions into the medial Acb shell; neighboring sites in the anterior Acb,
where the core and shell are poorly differentiated, or posterior sites where the Acb shell merges
into the bed nucleus of the stria terminalis, yielded little efé#}t Also, similar to the
experiments using DNQX, intr&cb shell muscimol infusions appeared to influence food intake
specifically. As shown in Fig. 3F, ingestion ofoeh sucrose, or higharbohydrate or highat
formulated diets was dramatically elevated, while intake of water or palatable bcaloado
saccharin or saline solutions was unaffe¢&9]. Additional experiments using a variety of
GABA-selective agonists demonstrated that #itcéd shell stimulation of GABA receptors
using baclofen, or elevation of endogenous GABA levels using the GABA transaminase

inhibitor, gammavinyl-GABA, also produced marked feeding effe@8]. Taken together,



Striatal role in food motivation
9

these data supported the idea that functional inhibition of Acb shell medium spiny output
neurons, whether by blockade of glutamatergic inputs (achievest bigipostsynaptic AMPA
receptor blockade or by stimulation of GABAeceptors, known to be localized on glutamate
nerve terminals), or by direct stimulation of GABAeceptors (located on the medispiny
neurons themselves), was sufficient to producense, behaviorally specific hyperphagiad
libitum fed animals.

The question then arose as to the circuitry mediating these effects. It was noted that, at
least with regard to the magnitude and immediacy of the effect, hyperphagia induced by
functionalinhibition of the Acb shell strongly resembled stimuh@ind feeding seen in studies
of lateral hypothalamic (LH) electrical stimulatif@0] or in experiments using local infusions of
glutamate receptor agonists into the [3]. Because the Acb shell represents the only striatal
region sending direct projections to the [18, 32] it was hypothesized that inhibiting these
outputs, which putatively contain GABA as a transmitter, could result in the disinhibition of
feedingrelated LH circuitry. Accordingly, inhikitg the LH with local infusions of muscimol
was found to dosdependently reverse the hyperphagia associated witkAotrahell AMPA
receptor blockadi3], see Fig. 4A. Also, as displayed in Fig. 4C & D, inacb shell infusions
of muscimol induced a dramatic upregulation of Exgression throughout the LH, including
within neurons containing the feedimnd arousatelated peptide, orexin/hypocrefi34, 3H]. It
was also observed that irtteh shell muscimol increased Fos expression in the arcuate nucleus,
specifically within neurons containing the orexigenic peptide neuropeptide Y, while decreasing
Fos expression in neurons containing the anorexicgepCART and POM({35, 36] These
effects were tentatively interpreted as reflecting the removal of anmechiated tonic inhibitory

influence upon specific peptidmded hypothalamic feediraycuits.
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Nevertheless, blockade GIABA , or GABAg receptors in the LH does not elicit feeding,
suggesting that putative tonic inhibition exerted by Acb shell efferents occurs at a site interposed
between the Acb shell and UE8]. Such a relay could occur in the ventral pallidum. Blockade
of GABA, receptors in the medial ventral pallidum, which receives direct GARAc
projections from the medial Aclhell and sends projections to the LH, produces hyperphagia on
the order of that seen after inth&b shell AMPA receptor blockad87]. In addition, as shown
in Fig. 4B, intraAcb shell muscimalnduced hyperphagia was blocked by LH of the NMDA
receptor antagonist, AP5, suggesting the presence of an intervening glutamatergic synapse
between the Acb shell projectioasd feedingrelated LH neurong34]. It could be, for
example, that GABAergic afferents from the Acb shell or ventral pallidum synapse upon local
intrahypothalamic glutanmergic circuits in the LH. Regardless of the precise route of control,
however, these studies clearly establish that increased activity of LH substrates is necessary for
the expression of Acb shetiediated hyperphagia.

We then sought to determine the aeijoral mechanisms by which a putative Acb shell
LH circuit could mediate feeding initiation. As discussed above, the behavioral effects-of intra
Acb shell AMPA receptor blockade or GABA receptor stimulation were found to be specific for
food intake, raimg the possibility that these manipulations elicit a state resembling a feeding
central motivational state (CMS). We reasoned that if this was the case, it should be possible to
mimic other behavioral aspects of the feeding CMS beyond a simple inardasd intake,
such as the enhancement of the motivation to work for food reward, or to learn a new behavioral
response to acquire food. As will be discussed in later sections, stimulating opioid or dopamine
systems in the Acb augments responding on grpssive ratio schedule for sucrose pellets, an

operant task used to assay the incentivgivational properties of foof®8]. It was expected
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that intraAcb shell GABA receptor agonism would also enhanogmssiveratio responding,
particularly considering the voracious nature of the feeding response seen with this manipulation.
It was found, however, that intvach shell GABA 4 receptor stimulation (using the direct
receptor agonist, muscimol) did notealprogressive ratio responding in rats trained on this task
[38], see Fig. 3E. We then asked whether this neural manipulation would be sufficient to
produce a state that supported f@ethforced operant &ning inad libitumfed rats. Similar to
the progressive ratio study, intra Acb shell muscimol failed to enable the acquisition of a food
reinforced operant responf39]. In a control experiment, it was found that the salose of
muscimol, injected at the same coordinates, increased intake of sugar pellets freely available in
the operant chamber hoppers by 400% above vehicle control levels. Thus;Gédated
inhibition of the Acb shell produced neither an enhancenfaheowillingness to work for food
reward (the progressive ratio experiment), nor a facilitation of the learning of a new response to
obtain food, despite the fact that this manipulation increases the intake of freely available food
far beyond the levelsresumably dictated by homeostatic mechanisms in an ad libiddm
animal.

How then to characterize the motivational state elicited by the inhibition of neural output
from the Acb shell? It is important to note, first, that this dissociation betwessisetin free
feeding versus working or learning to obtain food does not appear to be the consequence of a
performance deficit. For example, in the progressive ratio studyAstrahell muscimol failed
to enhance responding, but responding was not @gihed and the discrimination between the
correct and incorrect levers was maintaif@®]. These results, taken together with the lack of
effects on water intaki5], would also tend to argue against the possibility that GABA

mediated inhibition of the Acb shell produces a-#specific augmentation of the incentive
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salience of stimuli encounteredtime environment. It should be noted that muscimol infusions
into rostral Acb shell sites produces positive place conditioning, indicating that at these sites,
inhibiting Acb shell output may produce general positive motivational effects beyond a restricte
augmentation of food intad0]. It is not understood, however, how these place conditioning
effects relate to Acb shell muscimiolduced hyperphagia, asuscimol infusions into a subset of
more posterior Acb shell sites yield strong feeding effects but are associated with place aversion
and aversivdike taste reactivity responses to sucr@€y. Thus, it is clear that, at least within
certain Acb shell zones, there is a marked dissociation between musuilwcdd enhancement

of feedingper seand other behavioral effects (augmented operant respondingcedhaarning

of food-reinforced responses, positive place conditioning and affective responses to sucrose)
typically associated with an appetitive CMS.

These dissociations are quite interesting from the perspective of motivational theory. It is
generallythought that organisms learn a variety of response strategies to obtain incentives in the
environment, and that these varied behavioral strategies are utilized in a-appeyiriate
fashion as dictated by environmental contingencies and internal hiathestates. In other
words, numerous distinctgedli r ect ed behavioral strategies be
overall behavioral repertoire; these response outputs are all available to be energized by the
CMS, but are selected by the properties efghrticular environmental circumstances at hand
[for an excellent review, see 41In incentivemotivation models, this has been termed
Aenvironmental |y d&42]glkisduroesdhem that iohibitirgy dab shelt
neural output appears to selectively augment certain types efligeeted behavior (ambulating
to a food pellet and eating it) but not others (pressing a lever to obtain a food pellet). Also,

strikingly, it would appear that in certain restricted zones of the Acb shell, food intake is
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increased even though a taste reactivity test indicates thatdhe d 1 s [40]d Maselbvierk e d 0
intracAcb shell muscimol increases food intake regardless of macronutrient composition (Fig.
3F), and does not augmenetimtake of palatable but naraloric tasteants. Therefore, it would
seem that inhibiting the Acb shell produces a state favoring dramatic and selective increases in
food-related ingestive behavior. However, this state is not manifested in observableizh
changes under circumstances signaling the need for more complesefekidg strategies (e.g.,

lever pressing), and moreover is apparently somewhat insensitive to the sensory/hedonic
experience derived from eating the food.

To account for this uraual motivational situation, we have made reference to a recent
anatomical model proposed by Swanson, which holds that forebrain control over the initiation of
motivated behaviors involves projections to a series of nuclei in the hypothalamus and midbrain,
termed the behavioral control colur@®]. The nuclei comprising this control column are
proposed to represent integrative nodes within circuits that gbusathrain and spinal cord
mot or pattern generators that produce the beh
of motivated behavior (i.e., eating, drinking, defensive reactions, etc.). We hypothesize that the
medial Acb shell, with its idiggcratic projections to the LH, has unique access among basal
ganglia sites to feedingelective nodes of the behavioral control column, and exerts negative
modulation over these hypothalamic substrates. When this inhibition is artificially released by
pharmacological inactivation of Ach shell output, the activation threshold for these feeding
specific nodes is decreased, biasing the animal towards consummatory behaviors directed at food
even in arad libitumfed state. In agreement with this idea, a reedgctrophysiological study
showed that the onset of feeding consummatory responses is accompanied by the inhibition of a

subpopulation of Acb neuronal units, providing general support for the idea that feeding onset
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could be under negative modulatory tohby Acb outpu{43]. Inherent in our hypothesis is
the idea that removal of inhibitory input from these feedipgcific motor pattern controllers
recapitulates or mimics only those behavioral characteristics of the Je@& mediated by the
control column, i.e., responses most closely linked to procuring and ingesting food. This
6fragmentedd CMS would exclude more complex s
responding to acquire food, which are represemtddgherorder corticolimbic networks and
therefore bypassed by the artificial, experimentally induced disinhibition of downstream feeding
specific motor controllers. This working hypothesis could account for the findings described
above, including the @ervation that intré\cb shell muscimol fails to promote operant
responding to obtain sugar pellets while dramatically increasing the intake of the same pellets
when freely available in the food hoppers.

What would be the physiological relevance and evatatry benefit of such a
mechani sm? We have considered the possibilit
sorts, performing a gating function over the feeding nodes of the control column (or-the sub
circuits in the LH that specifically reh the feeding control column). Thus, even under
conditions such as hunger or starvation when the drive to feed is very strong, the animal must
retain the ability to stop and switch away from feeding when necessitated by sudden threats in
the environmentThis could be achieved through a phasic glutamate signal reaching the Ach
from corticolimbic sites such as the medial prefrontal cortex, hippocampus, or amygdala, which
would immediately override the ongoing consummatory act and enable switching to other
behavioral repertoires (e.g., escape or freezing). It is also likely, however, that glutamate signals
to the Acb convey information that is important for the initiation of feeding. To resolve this

discrepancy, we speculate that glutamatergic inputsetetatfeeding initiation reach broad areas
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of the Acb and striatum, while feedungterruption signals are more localized to the Acb shell.
Thus, strong feeding drives may be accompanied by a widespread activation of tgpitliym
neurons, which may initte the development of a local intheb GABAergic signal that inhibits
Acb shell output and serves to limit or gate the phasic control of incoming faat@ngiption
signals. The overall effect of such a GABAergic mechanism would be to enable feedaogrto
under a wider range of environmental situations, such as those containing somewhat unfamiliar
or ambiguous cues, while the ability to rapidly interrupt feeding in response to a strong
environmental stimulus, such as a clear, imminent threat woydelserved. This model would
account for increases in feeding induced by either Acb shell glutamate receptor antagonism or
GABA receptor agonism.

An implication of this model is that it should be possible to enhance feeding via
inactivation of the corticaibic sites that convey putative glutamatergic feedimegrruption
signals to the Acb shell. Conversely, the model implies that the influence of these glutamatergic
signals could be overcome or fAshort ABArcuited
receptor activation. In support of the first point, we have found that temporary inactivation of
ventral medial prefrontal cortex, a region that projects strongly to the Acb shell, shifts the
microstructure of feeding behavior toward longer feeding$while slightly reducing
exploratorylike motor responses such as reafdd]. This change in behavioral patterning is
similar to what one would predict if there were a diminution in the ability of environmental
stimuli to temporarily pull the animal away from feeding to engage in local exploration,
foraging, or scanning the environment; however, other explanations, such as alterations in the

hedonic impact of the consummatory act, are certainly possible and have yttstete
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With regard to the second point, we have observed that temporary inactivation of the
basolateral amygdaloid complex, which decreases the increase in fat intake associated with
opiate receptor agonism in the Aelb], is conpletely ineffective in altering the hyperphagia
associated with intrdcb shell GABA, receptor stimulatiofd6]. This dissociation has
interesting implications for understanding the distinct ways in which Acb GABA and opioid
systems regulate feedunglated information flow througtihe Acb. As will be discussed
extensively in the next section, there is considerable evidence that Acb opioid transmisson
enhances the positive hedonic aspects of palatable feeding, in contrast to the indiscriminate
hyperphagia associated with in#a&b shell muscimol. Thus, the failure of basolateral amygdala
inactivation to decrease muscirinbuced hyperphagia suggests that this feeding effect proceeds
independently of information, arising in the basolateral amygdala, which is critical fer Acb
mediatel processing of taste hedonics. These observations are consistent with the idea that
artificially enhancing GABA tone specifically within the Acb shell bypasses the control over
feeding behavior exerted by brain regions sending highly processed, glutandatesensory

and motivational information to the ventral striatum.

3. Opioids and food intake

We now turn our attention to the evidence suggesting an important and specific role of
striatal opioid peptides in governing the hedonic aspects of ingeStianstriatum contains the
opioid peptides enkephalin afieendorphin47, 48]and is rich in opioid receptof49]. There
has been a long history with regard to opiate administration and food intake; prior to the
discovery of endogenous opioids, it was well known that systemic opiate agonists increased food

intake while antagonistseedreased feedin®0, 51] The precis@eural mechanisms of this
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effect remain unknown, but current data has led to the dominant hypothesis that opioids

specifically regulate palatability or hedonic evaluation of fd&é@s56]. Simply stated, it is

argued that opioid receptor agonism generally enhances food intake by increasing the positive

hedonic valence of food, while opgoreceptor antagonism reduces or blocks this affective

response. Such a position gains support from human studies as well as the animal literature.

Specifically, systemic infusions of the opioid antagonist naltrexone in humans reduces reported

affectiveor pleasantness ratings of sweet and fatty foods while not affecting subjective reports of

hunger or the ability to detect sweet or salty ta§2s5760]. Similar data has been reported in

rats from a variety of paradigms. In early reports, systemic naloxone administration was shown

to abolish the prefereedor sweet solutions versus water in [étH, and naloxone did not alter

baseline caloric intake but selectively reduced the hyperphagia that results from presentation of a

highly palatable di€f62]. Mor phine has been shown to incre

while naltrexone reduces sucrose preference as measured on prefeesamn curvefb4, 63,

64]. Further validation has been reported utilizing taste reactivity measures in rats; morphine

administration increases positive affective responses to intraoral administration of fagfose
Opioid receptors are found thighwout the neural pathways thought to relay taste

information throughout the bra[d9, 6668], including the nucleus of the solitary tract, the

pontine parabrachial nucleus, and the gustatory nuclei of the amygdala (including the central

nucleus). They are furthermore present within the hypothalamubaréntral tegmentum.

While our research has focused on the role of opioids within the striatum, it should be noted that

a substantial literature has accumulated that suggests an important role for opioid receptors in all

of the aformentioned regionsfood intake[69-72]. Furthermore, data from our laboratory (see

below) and otherf’3, 74]suggest that interactions between these regions likely mediate food
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intake and palatability. Thus, a distributed system of interected structures can be argued to
be involved in an opioiinodulated axis of food motivatids6, 68, 75]

Our initial examinations of the effects of opioid manipulations of the striatum on food
intake followed up on previous work in the literature showing that opioid receptor stimulation of
the Acb increased food intakeé6-78]. At that time, distinct lines of evidence were converging
on the fact that the striatum was not a homogenous structure. Anatomical inquiry showed that
connectivity of different striatal regions with regard to its affieend efferent throughputs was
not identical across its dorsatntral or medialateral extenf10, 79, 80] It was suggested that
the striatum contained a number of parallel circuits that might be invohattarent cognitive
and motor functions. Our microinfusion mapping experiments with GA&gonists of the
ventral striatum were consistent with such postuld@®j, and indeed, additional behavioral
research from many laboratories siticat time has served to strengthen this hypothesis.

With this framework in mind, the potential regional specificity of opioid receptor
stimulation of the striatum on food intake in rats &edibitumwas examined. In our initial
report[81], it was demonstrated that intracranial morphine administration at high doses (up to 20
ug/side) into five discrete regions of striatum (the Acb, ventromedial striatum, ventrolateral
striatum, anterior dorsal striatum, and posterior dorsal striatum) resulted in significant increases
in food intake (standard rat chow). The effect was most striking in the medial and ventral
aspects of striatum. Lower doses of morphine (0.5 anddlifllaterally) that elicited robust and
significant increases in these two regions did not cause similar increases when injected into
ventrolateral or posterior dorsal regions of striatum. Thus, although morphine induced increases
in food intake when administed throughout the striatum, the Acb and adjacent striatum were

most sensitive to this effect.
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Opioid mu, delta, and kappa receptors (and their mMRNA), are found throughout striatum,
distributed in patches in the dorsal regions and more uniformly irethteaV striatunf49, 82]
Particularly dense levels of these receptors are observed in the Acb shell and adjoining
ventrolateral caudate (of note, these are the regions of striatum that receive gustaly ¢
input). Furthermore, preproenkephalin (PPE) and preprodynorphin (PPE) mRNA has been
shown to be expressed in separate output neurons of the striatu@®)g.ln experiments
testing the specificity of each receptor subtype orotheid-mediated feeding response, mu
receptor stimulation (with DAMGO) resulted in the most robust increase of food intake (with
milder increases observed with delta receptor agonism), while kappa receptor activation did not
alter feedind84]. Once again, the effect of treatment was most robust in the Acb, although
significant stimulation bfeeding was seen in the other striatal areas, particularly in the case of
mu receptor stimulation. It was subsequently shown that mu receptor antagonism decreased
chow intakg85]. These data corroborated a growing body of literaturestiggested that
activation of mu and delta receptors was more effective than kappa receptor agonism in
enhancing food intake and in other reward paradi$®s86-88].

As mentioned previously, systemic pharmacological manipulations of opioids are thought
to affect the intake of highly palatable foods. Moreover, it is betlehat opioids do not impact
the perception or recognition of taste per se, but rather the pleasure derived frofb3a8@s
90]. In particular, the literature suggests that fat is particularly influenced by opioid
manipulation. Therefore, it was of interest to determine the nature of these effects with regards
to palatable solubns and diets that varied in their macronutrient content. Consistent with the
data reported with rat chow, stimulation of mu or delta receptors (with DAMGO or DPEN,

respectively) of the Acb resulted in an increase in the consumption of 5% sucrose ,solution
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animals fedad libitum[91]. Neither kappa receptor stimulation with U50488H nor dynorphin
affected intake measures. Furthermore, mu receptor agonism did not affect wateieake.
have consistently failed to observe an increase in water consumption following Acb mu receptor
activation, even in mildy wateteprived animalf91, 92] suggesting that the increased food
intake is not merely due to general arousalactivationinduced effects.

The same anterior and ventral regions observed (above) to increase normal diet also
cause rbust increases in the intake of high fat d[8&. Furthermore, in additional tests, Acb
mu receptor stimulation preferentially stimulated the consumption of high fa{@4éts
Specifically, although DAMGO infusions resulted in increased intake of bothrfelt
carbohydrateich diets when either was presented alone, if rats were given a choice between
both diets, drug treatment strongly increasgesrtintake of the fat diet without affecting
carbohydrate consumption. This change in fat consumption was completely abolished by
systemic naltrexone administration. Notably, rats that have been food deprived for 24 hours
were shown to increase theitake of both diets to an equal degree. However, deprived animals
with intraeAcb DAMGO treatment preferentially increased their fat intake relative to the high
carbohydrate diet (see Figure 5A). In&eb injections of naltrexone also resulted in preféadn
reduction of the intake of high fat diet under food deprivation conditions (Figure 5B). The fact
that rats tend to consume more calories of a-fagkiet under opioid influence may suggest that
the diet is inherently more palatable, and that thectf of mureceptor stimulation may be due
to an increase in the pleasurable aspects of the food. However, it should be noted that all of the
diets/solutions discussed thus far contained caloric content. It could therefore be argued that the

treatment Hect resulted from the rats shifting their intake preferences to diets highest in caloric
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value, perhaps in an attempt to mediate some pharmacologically induced hunger state similar to
but distinct from the fragmented CMS elicited by Acb shell inhibi{gee previous section).

In order to address whether striatal opioid manipulations specifically impacted hedonic
aspects of feeding versus promoting caloric intake, we tested the effects-@idntiAMGO
infusions upon the intake of palatable, but+gatoric, saccharin and salt solutions. Mu receptor
activation resulted in a significant increase of the intake of both solutions, and left water intake
unaltered92] (Figure 5D). This result contrasts with the effects of Acb shell muscimol
infusions (reviewed above), which did not increase saccharin intake. Thus, the CMS elicited by
opioid receptor stimulation appears to be distinct fromhpghaduced by muscimol inactivation of
the Acb shell, in that opiotdtimulation increases intake of palatable solutions that lack nutritive
content. Additionally, mu receptor agonism within the Acb increases progressive ratio
performance measures, whialso contrasts with the effects seen under GABgonism[38]

(figure 5C). However, similar to the effects seen with muscimol infusions into the Acb shell, it
should be noted that mu receptor stimulationsdoa support learning of an instrumental
response in rats feat libitum[39]. Moreover, Acb opioid agonism does not increase lever
pressing for a stimulus previously associated with food deli@&ly These data, consistent

with other reports fym the literature, suggest that the increases in intake following striatal opioid
stimulation is the result of affecting the palatable and rewarding nature of preferred foods, a
process which does not necessarily depend upon caloric content. Howevdatistgithis

system in isolation does not produce a CMS capable of supporting new motor learning.

Our next line of inquiry focused on identifying specific inputs and outputs to the striatum
subserving intrédAcb DAMGO-mediated augmentation of fat intak@&s noted above, opioid

receptor manipulation of several gustatory and hypothalamic regions have been shown to modify
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food intake. There is considerable evidence that intercommunication between multiple brain
regions is important for integrating nebdsd food intake, as well as for increases in
consumption that is related to the palatable nature of foods (see above). In our initial attempts to
determine what neural circuitry was involved in striatal DAM@&I@ited increase in food

intake, we examinedeural activation following Acb drug treatment. Rats were injected with
either saline or DAMGO, and then were allowed to eat precisely 3 grams of thiathdtyt.

The animals were sacrificed and their brains examined for immunocytochemical detection of
cells containing Fos protein. Multiple brain regions increased the number cells expressing Fos
like immunoreactivity following drug treatment. Notably, Fetated increases were seen in
lateral and dorsomedial hypothalamic areas (Figure 5E), in theamdincluding the VTA),

and in the nucleus of the solitary tr§8]. In short, mu receptor stimulation of the Acb

appeared to recruit downstream regions that integrate motivational, metabolic, and autonomic
aspects of ingestive behavior.

We then examied the importance of many of these sites on DAMiG@ced feeding by
selectively targeting individual regions and examining the effect of inactivating them (with the
GABA  agonist muscimol) prior to intrAcb injections of DAMG(75]. Inhibiting the lateral
hypothalamus, dorsomedial hypothalamus, the ventral tegmentahadeidne nucleus of the
solitary tract all significantly reduced fat intake elicited by G mu receptor stimulation
(dorsal hippocampal muscimol inactivation was without effect). In a more recent study, the
effects of inactivation of the basolateaald central nuclei of the amygdala were both shown to
decrease fat intake following DAMGO treatment of the p&3). Notably, basolateral amygdala
inactivation did not alter basal fat intake; infusions of muscimol into the ceniyajcala

reduced both basal and DAMG&icited fat intake. Although much remains to be done with
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regard to tracing the neural networks involved in the feeding response that ensues following mu
receptor activation of the ventral striatum, these most releg¢atsuggest that striatal opioid

receptor activation has effects at multiple levels of feeding pathways, including regions
implicated in relaying gustatory inputs (nucleus of the solitary tract), evaluating the rewarding
value of the food (amygdala, vealttegmentum), and modulating food intake relative to energy
needs (hypothalamus). These data lend support to the theory that ventral striatal opioids
contribute to the integration of rewarelated aspects of feeding with those influencing energy

balance

4. A potential acetylcholineopioid link in the modulation of food intake.

A significant amount of research has gone into examining the striatal milieu with regards
to the influences of individual neurotransmitters and their effects upon other cheignmeds$, as
well as the firing patterns of individual neurons within the strigfeug., 9699]. Given the
interdependent nature of these signaling pathways, itpsising that we see such diverse
changes in food intake following different pharmacological interventions within the same region.
For example, the voracious feeding seen following GABAergic receptor stimulation of the Acb
shell is qualitatively differenrom the changes elicited by opioid receptor stimulation, in that the
former elicits intake of any nutritive food source, while the latter preferentially promotes intake
of palatable substances, even if they arecadaric (i.e., saccharin, salt). Fuetimore, as will
be discussed below, dopaminergic signaling appears to modulate feeding only in relation to
motivational arousal and incentive salience of food stimuli. Thus, despite the fact that these

various manipulations have impacted the same anaabfocus (the ventral striatum), different
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pharmacological treatments appear to affect different aspects of strizady feeding
behaviors in fundamental ways.

Although it is clear that the effects of mu receptor stimulation of the striatum is
dependat upon numerous extsriatal structures (see above section), little is known about how
the effects are mediated ins&riatally. Opioid receptors within the striatum have their effects
upon striatal interneurons and output neurons, and receptomiacedpon axonal processes
within the striatum as weJlL00O, 101] It remains a puzzle as to what precise mechanism opioid
stimulation may use to promote palatable feeding, and how its influence may in turn be
modulated by the effects of other intrastriatal sigigairansmitters. As a means to begin to
address the latter question, we have recently been examining the effect of inhibitory pretreatment
of other neurotransmitter systems in the Acb upon DAMGdced feedingl102]. Toward this
end, rats received various intr&chb pretreatmeistprior to infusions of 0.2pg/side of
DAMGO. They were then allowedi®ur access to a higat diet. The individual
pretreatments (tested on separate groups of animals) consisted of antagonists for opioid receptors
(naltrexone), glutamate AMPA recepsqLY293558), dopamine D1 or D2 receptors (with
SCH23390, or raclopride, respectively), or cholinergic muscarinic or nicotinic receptors (with
scopolamine or mecamylamine, respectively). As would be expectedAntiraaltrexone
completely blocked DAMGOs ef fect wupon fat intake, withou
contrast, inhibition of AMPA receptors (at doses that did not stimulate feeding), dopaminergic
D1 or D2 receptors, or nicotinic receptors had no effect on either baseline intake or DBAMGO
elicited feeding. However, blockade of acetylcholine muscarinic receptors reduced fat intake, in

rats treated with DAMGO or saline. Thus, although the feeding effect elicited by intrastriatal mu
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receptor activation is resistant to the inactivation of AMB@paminergic, and nicotinic receptor
activity, both it and baseline feeding is reduced by acetylcholine muscarinic receptor blockade.

Unlike the cortex, which receives acetycholine input predominantly from projection
neurons of the basal forebrain, th@lohergic signal within the Acb is derived from its intrinsic
pool of interneurons. Although comprising onk2% of all striatal neurons, the large aspiny
cholinergic interneuron extend its dendritic and axonal processes up to a mifliofi¢issue,
allowing each to integrate input from and influence a broad expanse of the striatal bd8gu
They modulate striatal function via their effects on muscarinic receptors, located on the dendritic
shafts and soma of medium spiny neurons, élkag incoming dendrites from cortical and
midbrain efferent regiond.04, 105] Cholinergic output from the interneurons also stimulates
nicotinic receptors, which are predominantly found on incoming axons from extrastriatal sites
[103]. The neurons display firingteichanges in relation to salient events, including that of
unexpected food rewafd06-109]. Furthermore, as witdopaminergic neurons of the midbrain
[110], over the course of learning about stimuli consistently paired with reward, these neurons
shift their responsiveness from an unexpected reward to stimuli that come to predict it.
Consistentvith the plastic nature of their firing pattern, lesions of acetylcholine interneurons
impair rewardrelated learningfL11]. Intrastriatal scopolamine impairs instrumental learning as
well as reversal learning in thertaze[112-115]. Furthermore, striatal acetylcholine levels
increase as animals reverse place learflifi§], as well as during spontaneous shifts from
spatial to respons@uided strategies while solving-anaze task117].

Compared to the work on learninglated effects of intrastriatal Acb manipulations, to
date there has beeelatively little research on the potential role of striatal acetylcholine on

feeding behavior, with some notable exceptions. Research by Hoebel and his colleagues has
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implicated Acb acetylcholine output in mediating satiety mechanisms. Using migsislial
techniques, it has been shown that acetylcholine output increases over the duration of feeding
[118]. The authors suggest that this rise in acetylchoBs&s® in inhibiting feeding, because
manipulations of hypothalamus that induce food intake lowers Acb acetylcholine, and
pharmacological manipulations that reduce feeding result in increased Acb cholinergic output
[118-120]. Additionally, Hajnal et al[121] have shown that lesions of the cholinergic
interneurons of the striatum result in decreased body weight and alterations in food intake, in
animals fedad libitum as well as in response to a 24 hour food deprivation challenge. Such data
provide intriguing insight into the possible role of striatal acetylcholine in modulating feeding
behaviors, in addition to its proven role in learning paradigms.

Given thepresumed role for cholinergic signaling in mediating satiety mechanism
proposed by Hoebel and colleagues, it may seem paradoxical that blocking muscarinic receptors
within the Acb results in decreased food intake. However, the experiment testing ¢chefeffe
scopolamine on DAMGé@nduced fat intake (reviewed above) is the second experiment in which
we have seen a reduction in shierm intake of food following muscarinic receptor blockade of
the Acb. Previously, we have reported that inhibition of Acisearinic, but not nicotinic,
receptors blocks learning and performance of an instrumental response for food (in this case
lever pressing). We also found that dtugated rats were as fast as controls in performing the
behaviors required in the instruntehchamber, but that they ate less sucrose when it was made
freely available for 15 minutes and that progressive ratio performance was reduced under the
influence of Acb scopolaminé&12]. These data suggest to us that muscarinic receptor blockade
reduced the rewarding value of the reinforcer, in this case sucrose, rather than having a specific

effect upon learninger se Considering our data together with that of Hoebel and colleagues, it
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seems likely that in addition to whatever effects Acb acetylcholine may play on mediating
satiety, normal cholinergic tone serves additional roles in food seeking and/or cansumpt

Thus, converging evidence suggests that striatal acetylcholine is, at the very least,
involved in striatal mechanisms underlying motor learning, and may also serve an important role
in striatal mechanisms of food intake. We also noticed, serengifyitahat in the instrumental
learning study the animals that had undergone the scopolamine treatment lost weight relative to
the control animals over the course of five treatments. Animals treated with the nicotinic
receptor antagonist mecamylamine skdwo such effect. This led us to examine the effect of
intrastriatal scopolamine upon-Pbur food intake in animals fed libitum Following bilateral
infusions of 5 or 1Qug scopolamine into the Adlr anterior dorsal striatum, rats reduced their
subsequent daily intake of chow by as much as $022] (Figure 6). We observeah initial
locomotor increase immediately following the drug infusion that lasted approximately 30
minutes; otherwise, no gross locomotor deficits were observed. Animals recovered their normal
feeding in the following 24our period. Clearly, temporarysduption of local striatal
muscarinic signaling receptor results in a kbasfting, anorexic effect.

Based on our earlier finding that muscarinic receptor blockade reducedatitra
DAMGO-mediated augmentation of fat intake, we wondered whether the &#drde in food
intake induced by scopolamine was mediated by al@sting decrease in striatal opioid
function. There is a significant literature suggesting that muscarinic receptors mediate the
expression of opioid mRNA. In particular, it has beeswshthat systemic stimulation of
muscarinic receptors increases striatal mMRNA for preproenkephalin, and both systemic and
intrastriatal muscarinic antagonism block the upregulation of striatal opioid mRNA that follows

systemic amphetamine treatm§ti23-126]. Other studies have shown that opioids modulate
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acetylcholine activity, suggesting that the two néarmsmitter systems may functionally interact
[127, 128] Thus, we speculated that the Idagn effect of scopolamine treatment upon striatal
food intake systems might be linked to the expression of opioid peptides. Therefore, we
examined opioid preproenkephalin and preprodynorphin mRNA expression in the same animals
showing reduced food intak?4 hours after scopolamine infusion. Relative to velmpéeted
rats, animals with scopolamine infusions showed downregulation of preproenkephalin that was
apparent 24 hours following the dr[id29] (Figure 6). Striatal preprodynorphin was either not
altered (following Acb injections), or increaseéar the infusion site (anterior dorsal injections).

As reviewed above, it is opioid mu receptor stimulation that most potently increases food
intake. Preproenkephalin mRNA translates the peptide precursor-tamddeuenkephalins,
the endogenouggands that preferentially bind to the mu (and delta) receptor. In our hands, we
have consistently shown that manipulations of diet or food consumption alter striatal
preproenkephalin mMRNA expression preferentially to that of preprodynorphin, whichthedes
peptide precursors to dynorphin (the endogenous kappa receptor liganda)stance, giving
rats limited access to chocolate Ensure over the course of three weeks has been shown to reduce
preproenkephalin levels in the striatum, in a similar fastodhe effects observed in rats with
repeated opiate drug expos{t80]. Additionally, we have recently examined striatial
preproenkephalin angreprodynorphin gene expression in different food motivational conditions
[131]. In these experiments, there were two main groups, rats that were chronically food
restricted and those that were fadilibitum. On the treatment day, half of the animals in each
group received their daily food ration (before lights out); the remaining rats did not. Behavior
and gene expression was measured at the beginning of the dark cycle, when rats are normally

activeand feeding. The results indicated that preproenkephalin mRNA activity was correlated,
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not with deprivation condition, but rather with the acute ingestion of food (Figure 5F). Animals
that had been given their food ration, and had the opportunity teaebiow expression of
preproenkephalin; animals that had not received their food ration had relatively high expression
levels. Preprodynorphin showed no such change across conditions. As a positive control,
neuropeptide Y expression in the arcuate nugcte the hypothalamus was also measured; in this
case, neuropeptide Y was increased in all animals in the food restricted group, whether or not the
animals had recently eaten their daily food ration. These intriguing data indicate a double
dissociation btween striatal and hypothalamic peptide systems that modulate food intake, with
striatal enkephalin influencing palatability and consumption, and NPY modulatingdong

energy balance.

What role, then, could intrastriatal acetylcholine play in medidtiege changes in
enkephalin gene expression? We suggest that the cholinergic interneurons serve to modulate
opioid expression (and, in relation to feeding pathways, particularly preproenkephalin signaling)
based on their inputs from extrinsic sourcesth@ugh it has been shown that cortical
stimulation results in postynaptic currents within the striatal cholinergic interned$j,
anatomical examination suggests that their predominant inputs to these neurons arise from the
intralamirar thalamic nucl€i132-134]. Mapping studies have also shown that the thalamic
regions that project to striatum, including to the cholinergic interneurons, are heavily innervated
by lateral hypothalamic regions, particularly by neurons containing the feesidgrousal
related peptide orexin/hypocrefiti3, 14] Thalamic regions known to receive orexin/hypocreti
input functionally impact striatal cholinergic systems; in the monkey, cooling of the
parafascicular nucleus of the thalamus reduces the responsiveness of striatal-activally

(cholinergic) neurons to salient reward&@8]. In rats, lesions to the same thalamic regions
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reduce striatal acetylcholine output in response to dopaminergic receptor ad@asts hus,
the thalamus is welpositioned to relay hypothalamic enesgfate signals, as putatively
mediated by orexin/hypocretin, to the giant aspiny interneurons of the striatum.

We have recently proposed a functional role for this pathwayodulating striatal
enkephalin expression with regard to food intg&. In particular, modulation of enkephalin
availability may be one means by which acetylcholine might regulate food intake. As it has been
generally shown (see above) that muscarinic stimulation increases striatal preproenkephalin
MRNA, while muscarinic antagonism decreases it, it is possible that our scopolamine
manipulations are having their long term effect by directly or indirectly reducing enkephalin
availability within striatum. Such a downregulation may result in a gerestattion of the
hedonic aspects of all food, thus inhibiting food intake. In the normal, untreated animal, energy
state signaling from the hypothalanti@lamicstriatal axis may result in an increase of
enkephalin availability during times when feedinguld normally occur. This upregulation may
serve to stimulate feeding (particularly on palatable substances) beyond that which would
otherwise be required to maintain energy homeostasis. Indirect support for this hypothesis can
be found in the literatureStimulating the lateral hypothalamus with orexin A agonists results in
feeding in rats; this effect can be reversed with Aith infusions of naltrexongl36]. Within
an evoluionary context, an opiotdriven motivation to overeat, particularly when presented
with a highly palatable and caloric food source, would serve to increase fat stores and assist in

promoting the survival of the individual in the event of future famine.
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5. Dopamine transmission in the Acb and feeding

Although an exhaustive review of the role of dopamine in appetitive motivation is
beyond the scope of the present discussion, and can be found in other excellefipa{idrE|,
it is useful to consider several key ideas that are relevant to the topic of the dopaminergic control
of feeding. A highly influential early hypothesis, the anhedonia hypothesis promulgated mainly
by R. A. Wise and colleagues, held that dopamine transmission mediates the rewarding or
hedonic properties of stimuli or events that served as reinforcers. A major impetus for this idea
was the finding that some behavioral effects of dopamine receptor antagorfisoa-cor
electrical brain stimulationeinforced operant responding were reminiscent of the effects of
extinction, in that animals would exhibit normal or even increased-fgessing before
eventually ceasing to respond within the testing sesgld@s 143] This similarity between
dopamine antagonist effects and extinction represented an important observation, because of the
great difficulties in dissociating purported motivational effectdagamine receptor antagonism
from the profound motoric impairment produced by these drugs. Based in part on the reasoning
that the extinctioflike pattern in lever pressing could not be easily explained as a motor
impairment and because this patterneeled the behavioral consequences of removing
responseontingent reinforcement, it was hypothesized that dopamine receptor antagonism
similarly 6removedd the rewardi ngl44lrThehedoni c
idea that central dopamine systems mediated reward also seemed consistent withkinawmell
euphorigenic effects of cocaine and amphetamine, both of wkérhgotent indirect agonist

effects on the dopamine system.
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The anhedonia hypothesis had a profound influence on the study of the behavioral role of
dopamine systems; a great deal of the foundational work in this area has made implicit or explicit
refererce to this theory, either to support or refutgat a small sampling, see 145, 1463].
Nevertheless, even in the early days of the theory there were strong hints that it provided an
incompl ete account of mdtieapoa.nMuchefGhés ewidenceecamen app e
from studies of the dopaminergic control of feeding. It was observed that restricted
dopaminergic lesions in the Acb or local inkab microinfusions of dopamine antagonists,
while strongly decreasing spontanecasoimotor activity, had no effect on or slightly increased
food intake148, 154] We have recently replicated this effeartd shown that a similar pattern
is seen in both the Acb core and shiEll5]. These effects can be interpreted as reflecting a more
selective role for dopamine transmission in the anticipatory/approach phase versus the
consummatoryphase of feeding, an idea developed in early studies indicating that orienting
responses toward a conditioned stimulus (CS) signaling food delivery were blocked by doses of
dopamine receptor antagonists that spared food ifi&ke 156] Similaty, postmortem
neurochemical measures of dopamine metabolism in rats indicated enhanced turnover associated
with orienting responses to the CS but not with ingestive behd®r$ Subsequent tests of
this hypothesis utilizing techniques thasay dopamine efflux (e.g., microdialysis amdivo
voltammetry) have yielded mixed results, some suppoftisg-160] and others contradicting
[161-163] a selective role for@pamine transmission in the anticipatory phase of feeding. An
additional complexity is introduced by important series of microdialysis studies by Di Chiara and
colleagues showing that dopamine dynamics differ substantially between the Acb core and Acb
shdl in relation to distinct aspects of appetitive and aversive motivational states. These

investigators demonstrated that dopamine efflux in both the Acb core and shell is closely linked
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to exposure and consumption of novel, palatable foodstuffs; howewdsnelated conditioned

stimuli (which elicit strong orienting behaviors), familiar palatable tastes, and unfamiliar

aversive tastes augment extracellular dopamine levels only in the Acli64rd.65] These

functional dissociations raise the possibility that some of the conflicting findings meahtion

above may have resulted from a failure to resolve distinct, localized dopamine dynamics within
Acb subregions. Nevertheless, such discrepancies do not remove the difficulty to the anhedonia
hypothesis posed by the failure of dopamine receptor antagonmigestricted intr@\cb 6-

OHDA lesions, to decrease feeding, even though these manipulations greatly diminish locomotor
activity (see Fig. 7).

To address this problem, Salamone and colleagues carried out an important series of
studies examining in gredetail the behavioral sequelae of moderate Acb dopamine depletons. It
was found that these depletions reduced the motor effort an animal was willing to expend in
obtaining food reward, but did not diminish approach or intake when food was easily available
[145, 166168]. For example, hungry rats with@HDA-induced Acb dopamine depletions
chose to avoid climbing over an obstacle to obtain a large number of food pellets, in favor of
ambulating down an openmway to obtain a smaller number of pellets, even though these
dopaminecompromised rats ate all the available pelg4b]. Similarly, Acb dopamine
depletions markedly reduced operant responding on high ratio schedules, while sparing
performance and ingestion of earned food pellets on low ratio sch¢tle®s These results
seemed difficult to recarle with either the idea that dopamine mediated the rewarding impact
of food, or with the hypothesis that dopaminergic transmission was necessary for appetitive
approach and goaleekingper se Instead, it was hypothesized that dopamine transmission in

the Acb mediates a complex process related to evaluating the effort to be expended in obtaining a
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goal (although it remains unknown whether dnef
expenditure of time, etc.), thereby accounting for the Be&eeffects of dopamindepleting
lesions on more demanding behavioral tasks.

Around the same time, a conceptually related line of research emerged focusing on the
unconditioned stereotyped behavioral responses to pleasant versus aversive tastesgea., or
movements, facial gestures, certain types of forelimb moven|&bts}49] These reactions are
very consistent, reliable, crespecies responses to pleasantiisas sucrose) or unpleasant
(such as quinine) tastEl69], and are present in humans from the time of birth. ohlgin these
unconditioned motor acts are present even in decerebraf@#@}sthere is evidence that they
can be modulated by higherder forebrain influences, and have thus been proposed to represent
a A wi mtod thevrdternal hedonic experience of tdfbe review, see 141] It was found that
massive chemical lesions of thepamine system, sufficient to render the animals completely
incapable of initiating behaviors aimed at obtaining food, did not affect the hddeanic
reactions to sucrose placed in the mda#i]. This finding was interpreted as indicating that
the neural systems mediating the hedonic impact of preferred tastes was distinct from that
mediating the ability of incentives to elicit gedirected behavioiin colloquial language, these
t wo processes were termed Alikingo and Awant.
mediation, it was proposed that liking depends upon opiatergic transmission (as discussed in
section 3 of this review), and wantirgggoverned by the mesolimbic dopamine system. The
specific role of dopamine was proposed to involve the tagging of neural representations of
stimulii i n the environment as motivationally
explaining thdack of goaldirected actions in animals with functional impairments in dopamine

transmission. As will be discussed in detail later in this review, the liking/wanting model has
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proved to be an extremely useful heuristic framework with which to undertstamiissociable
effects of opiatergic and dopaminergic manipulations on feeding.

In a general way, the incentive salience model is quite compatible with the anergia
hypothesis described above, in the sense that they both ascribe to the dopamine system a ro
mediating those aspects of appetitive motivation most closely connected to the production or
augmentation of goalirected behavior, rather than those components related to the generation
of an internal state with hedonic valence. Indeed, it has fisggested that overcoming
response costs can be viewed as a specific #fs
general theme. As described above, we have observed thadbtrafusions of dopamine
receptor antagonists, regardless of the qéoselectivity of the antagonists or the Acb subregion
into which they are injected, dramatically reduces the motor output associated with a hungry
state without reducing (or in some cases, actually increasing) food jh&ikel71] see Fig. 7
A, C. It has also been noted that gesing intraAcb dopamine transmission with local
amphetamine injections does not increase food intake pe&48ksee Fig. 7F, but markedly
augments performance in tasks designed to evaluate the ability of primary or secondary
reinforcers to elicit goaseeking kehavior. Specifically, as shown in Fig. - intraAcb
amphetamine infusions, in either the Acb core or the shell, markedly increase performance on a
progressive ratio task for food rewd88], as well a®on an operant secoratder schedule for a
food-associated conditioned stimulids2, 173] Interestingly, however, intrAcb anphetamine
infusions do not enable the acquisition of faethforced operant responding in ad libitdea
rats[39]. We interpret these results as reflecting the specificity of dopadeipendent processes
in energizing the @icipatory/approach phase of the feeding CMS versus the hedonic aspects of

the consummatory act; in this manner, selective pharmacological augmentation of Acb dopamine
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transmission can be seen as artificially fragmenting the coordinated activationuofltipée
neurochemical systems by which the CMS is instantiated. This hypothesized fragmentation
accounts for the relative ineffectiveness of dopamine manipulations to alter feeding behavior in
conditions requiring only minimal motoric output (i.e., engiheng the consummatory phase),

or where coordinated enhancement of both the anticipatory/approach phase and the hedonic
impact of the consummatory act are critical (such as in eliciting a state that supports new operant
learning inad libitumfed rats).

It is important to note that in addition to its role in motivational processes, dopamine
transmission in the striatum may also play a related role in mediating local-baseid and
intracellular dynamics related to learnifig7, 140, 165]although segl74, 175] A substantial
body of electrophysiological and neurochemicalkvhas accrued demonstrating that the
ascending dopamine systems are critically involved in rewededed learning. An influential
line of research on the electrophysiological responses of ventral tegmental area neurons has
indicated that these cells gnaonvey to the Acb a type of training signal related to the relevance
of stimuli in predicting rewarfll76-178], although there is debate as to whether dopamine
transmission specifically marks stimuli with positive motivational valence versus motivationally
relevant stimuli in genergéee discussions in 137, 179Dopamine, in conjunction with
glutamatergic systems in the striatum, is also thought to promote important postsynaptic
plasticity-relaed events in association with learnjd@0-184]. Accordingly, it has been has
shown that coincident activation of postsynaptic D1 dopamine and NMDA glutamate receptors
in the Acb core is required fané consolidation of a new foaéinforced operant respongess,

186], and for the acqusition and consolidation of appetitive Pavlovian associa##afs
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Taken together, these studies suggest that Acb dopamine systems play a general role in
enabling and energizing goal-directed motor actions while simultaneously facilitating certain
types of striatal plasticity related to learning, rather than serving a specific function related to
food intake. Moreover, the motivational effects of dopamine manipulations do not support a role
for this monoamine in mediating the hedonic impact of the consummatory act, in direct contrast
to the results obtained with opiate receptor stimulation of the Acb (reviewed in section 3).
Finally, our results, taken together with findings in the literature, can be interpreted as signifying
that discrete pharmacological manipulations of Acb dopamine systems can produce an artificial
pharmacological fragmentation of the feeding CMS, whereby incentive-motivational processes
related to response allocation and vigor can be pulled apart from the pure hedonic impact of the

consummatory act. This last theme will be further elaborated in the following section.

6. Synthesis and conclusions

To briefly review, we have observed multiple dissociations with regard to amino acid,
opioid, and dopaminergic modulation of food intake and f®ed#ting behaviors. Thus,
blockade of glutamate or stimulation of GABA systems in the Acb shell mediates large increases
in food intake measured in fréeeding tests, but does not enhance operant responding to obtain
food. In contrast, augmenting Acb dopamiransmission increases operant responding for food
(progressive ratio task) or stimuli associated with food (conditioned reinforcement paradigm),
but not food intake under fréeeding conditions. Finally, stimulating striatal fopioid
receptors augnms both fredeeding and progressive ratio performance, but does not influence
responding in the conditioned reinforcement paradigm. None of these manipulations is sufficient
to produce a state that supports new fogidforced operant learning ad libitum-fed rats.

Moreover, although manipulations of both Acb shell amino acid systems and striatal opioid
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systems enhance food intake, the amino-aomtkd effect is indiscriminate with regard to the
macronutrient or sensory properties of the food, whikedpioid effect favors intake of

palatable, energgiense high sugar/fat foodstuffs. Finally, the feedilgted effects of these

three systems exhibit a great deal of heterogeneity with regard to their localization within the
striatum; GABA and glutametassociated effects demonstrate a strikingly distinct localization to
the Acb shell, while opioinediated hyperphagia can be elicited from a number of sites broadly
distributed throughout the striatum, although more ventrally localized sites are &sbwoaiat

larger effects.

These pharmacological, behavioral, and anatomical dissociations have interesting
implications for a basic understanding of how appetitive motivational states are instantiated in
the brain. In this regard, it is useful to brieflyiev two elements of current motivational
theory that are germane to an interpretation of our results. First, there is a long history of
viewing appetitively motivated behaviors as occurring in two distinct phases: an
anticipatory/approach phase charaetst by high arousal, exploratory behavior, and
instrumental strategies designed to obtain a goal object, and a consummatory phase which
involves commerce with the goal object (ficons
anticipatory/approach phase,t her t han to 6éconsumptiond in th
contrast to behavioral output associated with the anticipatory/approach phase, interactions with
the goal object are characterized by very stereotyped, often repetitive motor sequgnces (e
chewing, swallowing) and a degree of disengagement from the environment and decreased
vigilance. Second, models of incentive motivation postulate, in a general sense, that any
particular CMS (i.e., for food, water, mating, etc.) is actualized thdiggimct but coordinated

motor and autonomic output structures that together enable motivated behaviors to be carried out
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successfully. For exampl e, Bindra wrote that
responseso) reprevsantrredbutheoencsoworfdisryatt @eans medi
di scharge, postur al adjustments, and environm
At the time, however, the anatomical substrates mediating these processes were only
beginning to be characterized. An inflti@l contribution to this topic was made by Mogenson
[188], who noted that the Acb is anatomically wedisitioned to serve as an interface between
allocortical and neocortical regions traditionallyassi at ed wi th the Al i mbic
pallido-thalamic circuits that eventually reached areas of cortex concerned with voluntary motor
control (thus the characterization of the Achbh
This idea had a profoul impact on the development of subsequent theories of Acb function,
including the now welaccepted idea that mesocortical dopamine projections to the Acb
influence behavior by modulating incoming corticolimbicglutanate d e d si gnal s. M c
theories have also influenced the development of ideas regarding the discrete neurochemical
coding of distinct aspects of appetitive motivational states.
Consonant with this general idea, the argument has been developed in the current paper
that the numerous beliaral dissociations we have observed with regard to Acb control of food
motivation can be best understood within the heuristic framework of distinct subsystems in the
Acb mediating discrete aspects of appetitive motivation. To briefly summarize, we@ibab
neurchemical systems in the Acb mediate the following three processes:
(1) Enabling and augmenting the gealeking instrumental strategies associated with the
anticipatory/approach phase of the feeding CMS, and participating in plasticity
relatedtdi st ampi ng i no successful new motor st

transmission throughout the Acb. This can account for the failure of dopamine
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antagonists to block, and amphatamine to enhance, food intake, despite the fact that
amphetamine dramatitéaaugments progressive ratio performance and responding
for food-associated conditioned reinforcers (CRS).
(2) Augmenting the hedonic experience of the feeding consummatory act, particularly
with regard to palatable foods, as mediated by opioid transmi$smunghout the
Acb and striatum under the regulatory control of cholinergic interneurons. This could
explain the preferential enhancement of sugar/fat intake and augmented progressive
ratio performance, and, if (as we hypothesize) increased opioid tbaacas
specifically the hedonic impact of palatable fangirently being tastedhe failure of
intra-Acb opioid stimulation to enhance G@Raintained responding.
3 Mai nt ai ni n-ke eontidlduactian bverenbtar/autonomic circuits
mediating the p&rned behavioral activities of the consummatory act, as mediated by
a subensemble of GABA output cells in the Acb shell. We posit that removing this
negative control over feeding pattern generators results in hyperphagia. This
mechanism could explain whige hyperphagia elicited by GABA stimulation or
glutamate receptor blockade in the Acb shell is somewhat insensitive to the sensory
properties of food (palatability and macronutrient content), and why these
manipulations do not enhance complex instrumertponses to obtain food.
Further, based on our observation that none of these manipulations alone is sufficient to enable
the acquisition of a foedeinforced operant response to acquire food in ad libfeadranimals,
we hypothesize that thewordinatel activity of all these systems, in which
anticipatory/approactand consummatory responseated substrates are not artificially pulled

apart from one another, is critical for the instantiation of a state that supports learning rew goal
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directed strategss to obtain food. As discussed previously, these ideas find excellent support
and agreement from other data and theories in the literature. For example, similarly to the
framework outlined above, the incentive salience theory discussed previouslyesdinz
rewarding/ hedonic aspects of the consummatory
identification of stimuli as motivationally r
liking and dopamine systems more strongly connected to walijg [

The question arises, however, as to the physiological basis for these dissociations in
motivational functions, particularly considering that these neurotransmitter systems strongly
interact with each other within the basal ganglia. One clue isda@¥y the anatomical
specificity of some of our effects, particularly the amauid associated hyperphagia that is
obtained exclusively in the Acb shell. Thus, while outputs from the Acb core and overlying
striatum ar e ¢ har a ditostriatapalido-thalgmictcinceitry fhat eraldes i ¢ 0 ¢
basal ganglia processing to access voluntary motor systems, efferents from the shell project in a
much more restricted way to subregions of the ventral pallidum and, unlike rest of the striatum,
to thelateral hypothalamus [18, 19, 20]. We propose that this arrangement enables opioid and
dopamine systems twoadly engage frontotemporal cortical circuits that contribute to the
positive emotion associated with certain foods (opioids) and to asdis¢@ting behavior
toward foods and the stimuli that predict them (dopamine). In contrast, ventral striatal neurons
bearing GABA receptors and AMPA receptors, in a restricted medial ventral striatal region, are
able to directly control brainstem feedingtor pattern generators, but have much more limited
access to the voluntary motor system. These anatomical distinctions can explain why, in contrast

to dopamine and opioid stimulation, GABA or glutamate manipulations in the Acb shell are
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unable to influene complex instrumental strategies to obtain food despite the fact that they
produce profound hyperphagia.

Finally, although it seems clear from an evolutionary perspective why we need systems to
seek after goal objects (dopamine) and to interrupt fgadiorder to flee threats (Acb shell
amino acids), it is somewhat puzzling to discern what the benefit of striatal opioid processing
might be. In this regard, it is interesting to consider that throughout most of our evolutionary
history, food was a sce& commodity and it was difficult to foresee impending periods of
famine. Hence, there was a distinct evolutionary advantage in developing a reserve of stored
energy through the intake of calorically dense foods. As discussed previously, we spedulate tha
the striatal opioid mediation of palatability may have developed as a way to prolong the intake of
energyrich foods beyond immediate homeostatic needs, by increasing the incentive value of
these foods in a manner based entirely upon seeisory propeies (which would be predictive
of their energy content). Nevertheless, because there would still be an advantage to maximizing
energydense food intake under conditions of energy deficit, we posit that the striatal opioid
system exhibits responsivity (but notdependencapon) hypothalamic eneregensing systems;
as stated previously, the cholinergic interneurons of the striatum represent an interesting
potential substrate to act as such an interface, because they are positioned to receive strong input
from thalamic regions that themselves have access to information regarding energy balance and
feedingrelevant circadian patterns arising in the hypothalamus. Although still in its early stages,
this theory may provide interesting new directions for thdysof striatal control of appetitive

motivation.
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Figure Captions
Figure 1. A schematic view of brain circuitry involved in food intake and motivation.
Pathways coded by glutamate as the main neurotransmitter are shown in blue, while
dopamine pathways are shown in red. Tan lines arising from the latecth&lgmus (LH)
indicate widespread direct and indirect projections from hypothalamus to neocortex and
forebrain limbic structures, as discussed in Swanson (2000). Arrows in black indicate
projections that are coded by GABA (from striatal regions andehtal nucleus of the
amygdala), or that are unknown. Primary gustatory inputs arise from the nucleus of the solitary
tract (NTS) and the parabrachial nucleus (PB), prior to converging on cortical and thalamic
regions involved in affect, memory, and beloaal inhibition. Although not shown in this
figure, the influences of striatal opioids and acetylcholine on food motivation arise from axon
collaterals of the medium spiny output neurons of the striatum and acetylebafitaning
interneurons, respeusgly.
Figure 2. A schematic view of hypothalamic circuitry involved in food intake.
Circulating factors in the blood modulate the activity of energy sensing neurons in the
arcuate nucleus, that serve to modulate fdioeicted behaviors via their activari of outputs
from lateral hypothalamic regions to thalaicmrtical systems, central autonomic effectors, and
motor pattern generators. Of particular interest is the convergence of inputs to the hypothalamus
from the amygdala, prefrontal cortex, and nuslaccumbens shell. These inputs putatively
allow direct modulation of feeding behaviors based upon cognitive and affective signaling.
Figure 3. Feeding induced by pharmacological manipulations of amino acid signaling in the

nucleus accumbens core.
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Infusions into the Acb shell (A) of the AMPA/kainate receptor antagonist DNQX
specifically increase the consumption of food, but not water, compared to vehicle infusions (B).
This effect is largely limited to infusions within the antenpmsterior extenof the Acb shell;
treatment of other striatal regions, including the adjacent Acb core, was without effect on food
intake (C). Infusions of the GABfagonist muscimol into the Acb shell also increased feeding
(D), suggesting that inhibition of the Acb #haight promote consummatory behaviors.

However, doses of muscimol that were effective in stimulating food intake did not increase the
amount of work rats would exert to earn a food reward in a progressive ratio paradigm (E). Itis
suggested that Acb shinhibition activates downstream motor pattern generators that induce
food intake when food is freely available, but does not recruit forebrain cortical circuitry
involved in organizing behavioral strategies toward the procurement of food. GadHIiIsm
furthermore, increases the intake of caloric foods irrespective of their content. Consumption of
carbohydrateor fat based diets is equivalently increased in rats treated with intra Acb shell
muscimol treatment (F).

Figure 4. Food intake resultingdm GABAa agonism of the Acb depends upon
neurotransmission within the lateral hypothalamus.

Food intake elicited by Acb shell infusions of the AMPA/kainite receptor antagonist
DNQX (A), or the GABA, agonist muscimol (B) was doskependently decreased ioibition
of the lateral hypothalamus. Furthermore, Fos expression in the lateral hypothalamus, as well as
the arcuate nucleus of the hypothalamus, was dramatically increased following muscimol
infusions into the Acb shell (compared C with D). Arc, ateunucleus; VL PeF, ventrolateral
perifornical area.

Figure 5. Opioid modulation of food intake.
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Stimulation of mu opioid receptors with DAMGO favors the intake of highly palatable
high-fat diets. Animals that have been food deprived for 24 hoursufeaad both high
carbohydrate diet as well as fat diet, but preferentially shift their consumption to the high fat diet
under the effects of nucleus accumbens mu receptor stimulation (A). Similarly, naltrexone
antagonism of opioid receptors of the nuclaosumbens preferentially reduces the intake of fat
under deprivation conditions (B). Unlike muscimol inactivation of the accumbens shell, mu
receptor stimulation of the nucleus accumbens increases breakpoint within a progressive ratio
paradigm, suggestiran important role for opioids within the striatum on the reinforcing
properties of food reward. DAMGO treatment also increases intake of palatable, {watoroe)
saccharin and saline solutions, without affecting water intake (even in mildly-eexigred
animals, D). Mu receptor stimulation increases Fos expression in a network of brain regions
involved in the modulation of food intake, including the dorsomedial hypothalamic region
(DMH) shown here (E). Finally, expression of preproenkephalin mR&#s as a function of
motivational state. Both food deprived animals (shown here) and redd fdstumshow
downregulated preproenkephalin levels following a meal; if food is withheld at lights out,
preproenkephalin expression remain high.

Figure 6. Muscarinic receptor antagonism of the nucleus accumbens redubesi2#od
intake and striatal preproenkephalin mRNA expression.

In this experiment, rats that were bilaterally infused with 10 micrograms scopolamine into the
nucleus accumbens reduced their food intake by approximately 50% over the following 24
hours; decreased consumption was paralleled by a decrease in striatal preproenkephalin mRNA

levels.
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Figure 7. The effects of striatal dopaminergic manipulations on food intake and appetitive
behavors.

Although striatal dopamine is involved in behavioral activation and increasing learned
appetitive behaviors toward food, it does not appear to directly modulate food intake. Doses of
SCH 23390 (a D1 antagonist) that markedly decreased locomatotyg@) increased the
length of feeding bouts in hungry rats (B). Thus, although treated rats reduced the total number
of feeding bouts within a 30 min session compared to vehicle infusion (not shown), the amount
of food consumed remained unaltered (Elrthermore, dopamine agonism increases locomotor
activity, lever pressing under a progressive ratio paradigm, and lever pressing to achieve
conditioned reinforcement (B). However, amphetamine infusion into the Acb did not increase
food intake, andni fact reduced it at the highest dose tested (F). The effects of Acb
amphetamine infusions on conditioned reinforcement were not duplicated by treatments with

DALA, an opioid agonist.
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Figure 1



