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Abstract

Associative learning processes play many important roles in the control of food consumption. Although these processes can complement
regulatory mechanisms in the control of eating by providing opportunities for the anticipation of upcoming needs, they may also contribute to
inappropriate or pathological consumption patterns by overriding internal regulatory signals. In this article, we first review some of the ways in
which associative learning can contribute to the control of feeding, and then describe a neural systems analysis of a simple animal model of the
control of feeding by Pavlovian-conditioned stimuli (CSs). Food-sated rats increase their food consumption after presentation of CSs that were
previously paired with food while the rats were food-deprived. This cue-potentiated feeding is independent of conditioned approach responses,
and is at least somewhat specific to the foods associated with those CSs. A series of studies that used neuroanatomical tract tracing, immediate
early gene expression, and neurotoxic disconnection lesion techniques implicated circuitry that includes the basolateral complex of the amygdala,
the lateral hypothalamus, and the medial prefrontal cortex, but not the amygdala central nucleus, nucleus accumbens, or lateral orbitofrontal
cortex, in cue-potentiated feeding. These studies also showed dissociations between cue-potentiated feeding and other learned motivational
phenomena that are known to depend on function of amygdala systems. The data suggest that cue-potentiated feeding is uniquely mediated by
cortical and amygdalar neurons that directly target the lateral hypothalamus, and thus gain access to hypothalamic neuropeptide and other systems

involved in the promotion and suppression of eating.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Evidence presented in many articles from this symposium
attest to the role of “non-regulatory” controls over feeding,
including a variety of preabsorptive signals provided by food
itself, and features of the food environment. These cues may lie
at the heart of the recent rapid growth in overweight and
obesity, as through learning, they may come to induce and
maintain eating even in the face of cues normally linked to
satiety and the cessation of eating. In this article, we discuss
roles for associative learning, especially Pavlovian condition-
ing, in the control of eating under conditions of satiety. We first
outline some of the many ways in which associative learning
may influence feeding in general. Next, we describe a neural
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systems analysis of a simple animal model of the control of
feeding by Pavlovian-conditioned stimuli (CSs) under condi-
tions of satiety. Finally, we relate this analysis to broader
conceptualizations of motivation and the control of behavior.

2. Influences of associative learning on feeding

Psychologists distinguish between two models of associa-
tive learning, instrumental or operant conditioning, which
involves response-outcome contingencies, and Pavlovian or
classical conditioning, which involves stimulus-outcome con-
tingencies. Although it is often difficult to determine the extent
to which each of these contingencies contributes in any
particular behavioral context, analyses of the role of associative
learning in feeding typically apply one or the other model, but
not both.

Most analyses of foraging and food procurement are based
on instrumental conditioning models, in which current beha-
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vior is based on past experience with the consequences of
particular responses [1]. For example, optimal foraging theory
and related approaches [2—4] have been quite successful in
describing both global and local (real-time) response-outcome
contingencies that govern many aspects of foraging and food
procurement. Decisions about when to initiate and terminate
foraging and consumption, and choices between different food-
containing patches and between different food items, are
thought to be based on the differential reinforcement history
of making these choices in the past. Likewise, as Balleine [5]
describes, studies using instrumental conditioning procedures
have been very informative about how food-procuring behavior
is guided by representations of the outcomes of that behavior,
representations that may include both affective and detailed
sensory properties of the foods procured.

In this article, we focus instead on roles for Pavlovian
learning in feeding. In discussing these roles, it is useful to
consider two questions: what are the critical events for
Pavlovian food-based conditioning, and what are the products
of that Pavlovian learning?

2.1. Critical events in Pavlovian learning

In the simplest Pavlovian conditioning procedures, a
relation is arranged between two events, without respect to
the subject’s behavior. In the prototypical case, an initially
neutral stimulus, a metronome (the conditioned stimulus, or
CS) was sounded immediately before the delivery of food (the
unconditioned stimulus, or US) to a dog subject. Pavlov [6]
found that these sound-food pairings resulted in the dog’s
eventual display of various digestive responses such as salivary
and gastric secretions in the presence of the metronome alone,
before food was delivered.

Although in this example, the metronome and food delivery
were identified as the nominal CS and US, respectively,
specifying the events that truly serve these roles in any
particular experimental or real-life feeding situation is often
difficult. In our example, what aspects of the “food delivery”
US are critical to its ability to support the acquisition of CRs?
The food’s smell? Oral, but pre-ingestive properties, such as
taste or texture? Post-ingestive, but pre-absorptive, such as
gastric, duodenal, or intestinal stimulation? Metabolic con-
sequences of food consumption? The regulatory responses to
those metabolic consequences? The identification of which
aspects of “food delivery” are critical for learning various CRs
and other products of learning (described below) is often a key
part of understanding the contribution of Pavlovian learning to
the control of feeding and food-related behaviors. For example,
many investigators have attempted to parcel out the roles of
oral and post-ingestive features of food in learning by using
non-nutritive but highly palatable foods as reinforcers, sham
feeding procedures in which food is consumed but does not
reach various stages of digestion, or procedures in which food
is infused directly into components of the digestive system
without active consummatory responses [7—9].

Identifying the CS can be equally difficult. Although the
experimenter may easily identify the nominal CS in a

laboratory study, natural feeding situations encompass many
potential signals, including spatial locations, more discrete
external signals, and internal state cues, each of which may
come to predict food and control CRs [10—12]. Furthermore, in
both laboratory and field settings, some aspects of food
delivery itself occur in signaling relations with other aspects
of food delivery, and thus may themselves serve as CSs. For
example, sensory features of food may serve as signals for later
events in the feeding sequence, including post-ingestive
stimulation of the digestive system and the initiation of
metabolic processes. Indeed, the ability of some sensory
features of food to serve as reinforcers may be related to
learning of the relations between those features and other
properties of food. For example, Pavlov noted that the ability of
food odor alone to elicit salivation and to support CRs
depended on explicit developmental experience of the odor
in concert with other properties of the food. Several investi-
gators at Purdue’s Ingestive Behavior Research Center,
including Mattes, Powley, and Swithers, consider this point
in their contributions to this issue.

2.2. Products of Pavlovian learning

Pavlovian conditioning has many consequences that are
important for feeding. Perhaps most obvious are the overt
autonomic and skeletal CRs that occur when CSs are presented.
However, other products of Pavlovian conditioning may be at
least as important in modulating feeding. These include
changes in one’s evaluation of the CS, learned stimulus control
over motivational states, alterations in attention to particular
internal and external events, the establishment of outcome
expectancies that encode sensory and affective information
about the US, and the acquisition of modulatory power over the
action of other learned associations. In this section, we briefly
outline each of these functions.

2.2.1. Overt CRs

Early reviews of Pavlovian conditioning emphasized CRs
mediated by the autonomic nervous system. Clearly, these CRs
are important to adaptive function in feeding, both in terms of
increasing the efficiency of feeding and digestion and protect-
ing the body from deleterious side effects of large meals [13].
For example, the conditioned secretion of saliva and stomach
acids in response to reliable signals for food may facilitate early
digestion of that food. Likewise, as Woods and others point out
[13,14], the conditioned release of insulin in response to food-
related cues protects individuals from massive hyperglycemia,
which would normally be expected with digestion of large
meals of carbohydrates. In general, regulatory activity is more
effective and efficient if it can occur proactively, rather than in
response to homeostatic perturbations.

However, organized skeletal responses are subject to
Pavlovian conditioning as well. For example, cues paired with
food come to evoke approach behavior, which brings the
animal into contact with that food. In the natural world, these
cues include a variety of stimuli including spatial location cues
and more discrete visual, auditory or olfactory cues that serve
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as “beacons” in directing approach from a distance. Indeed, in
some circumstances this conditioned tendency to approach
stimuli paired with food can be so strong as to be maladaptive,
such that animals approach and contact the signal rather than
the food itself [15]. Timberlake and others [16,17] have
described how a number of detailed aspects of organized
behavior systems, ranging from activity related to the general
search for food, to focal foraging or predatory responses, to
consummatory responses such as chewing, can come under the
control of cues for food.

2.2.2. Changes in CS evaluation

CSs may acquire value as a result of Pavlovian learning.
The most common example is that of conditioned reinforce-
ment, in which a CS paired with food acquires the ability to
serve as a reinforcer for new learning, as if it acquired its own
motivational significance. Conditioned reinforcement is ob-
served in both Pavlovian and instrumental settings. In
Pavlovian “second-order conditioning”, learning about a new
stimulus occurs when it is paired with a previously trained CS,
but in the absence of the original US. For example, after a light
CS is paired with food, subsequent tone-light pairings result in
the acquisition of CRs to the tone, even though it is never
paired with food [18]. Various control procedures are used to
show that this second-order conditioning of the tone depends
on both tone-light pairings and prior conditioning of the light.
Similarly, in instrumental “secondary reinforcement”, subjects
will learn to perform a new response that earns only
presentations of a previously conditioned stimulus, in the
absence of any primary reinforcer such as food [19]. For
example, rats will learn to press a lever that earns presentations
of the light CS from our last example.

Observations that initially neutral stimuli such as lights and
tones can acquire the ability to serve as reinforcers as a result of
Pavlovian learning are consistent with the claim that such
learning may involve changes in the motivational significance
of initially neutral stimuli. These learned changes in motiva-
tional significance are important to feeding for two reasons.
First, the occurrence of second-order conditioning and secon-
dary reinforcement extends the domain of Pavlovian conditio-
ning to situations in which food is not present, but in which
food cues are present. Thus, new stimuli paired with food cues
established by previous Pavlovian learning may themselves
come to influence feeding and food-related behavior. Second,
as noted briefly in Section 2.1, the ability of certain aspects of
food itself (e.g., its sensory properties) to serve as reinforcers
may in some circumstances depend on prior learning of
associations between those stimulus properties and other
aspects of food (e.g., post-ingestive consequences).

According to many investigators [20,21], the frequently
observed conditioned approach responses to localizable cues
for food (described in Section 2.2.1) may reflect acquisition of
value by those cues. From this perspective, as a result of
learning, animals approach food-related cues just as they would
approach more intrinsically valued objects, such as food itself.
A particularly interesting, but contentious, case of acquired
value of a CS has been termed “alliesthesia” [22,23], in which

the value invested in the CS as a result of learning represents a
“hedonic shift” [24] in the individual’s response to the stimulus
in its own right. For example, evidence from analysis of the
microstructure of rats’ licking suggests that initially neutral (or
even preferred) flavors paired with illness come to be
unpalatable, to taste “bad”, apart from the rats’ learning to
suppress consumption of those flavors [25]. Likewise, pairing
an initially neutral flavor with either intraoral [26] or
intragastric [9] infusion of sugars can lead to increased
palatability of that flavor.

2.2.3. Conditioned emotional states

Many descriptions of Pavlovian conditioning, especially
those of two-process theories [27], emphasize the conditioning
of emotional or motivational states. Although the largest
application of these ideas has been in the case of aversive,
“fear” conditioning, when CSs are paired with noxious stimuli
such as electric shock, a variety of motivational states have also
been ascribed to CSs paired with the presentation (or omission)
of food, including appetite, hunger, incentive, wanting,
craving, hope, satiety, disappointment, and frustration [28—
34]. Interestingly, none of these terms has won wide acceptance
in describing the emotional/motivational consequences of CSs
paired with food, whereas the array of consequences of
aversive conditioning is almost universally described as
reflecting conditioned fear. Nevertheless, several behavioral
outcomes are widely viewed as indicating conditioned appe-
titive motivational states. Two of these outcomes are notable
because of their relevance to the feeding studies described in
Section 3. First, CSs previously paired with food may enhance
the rate of food-reinforced instrumental responding (e.g., lever-
pressing) by food-deprived rats, a phenomenon that is now
termed “Pavlovian-instrumental transfer”. Second, CSs paired
with food while rats are food-deprived can increase the amount
of food consumed by those rats later, when they are food-sated
[35]. Thus, Pavlovian CSs paired with food can modulate the
performance of both appetitive responses leading up to food
and consummatory responses to food itself.

2.2.4. Changes in attention

Pavlovian relations arranged between CSs and food can
alter subsequent processing of those CSs in new learning tasks.
In the simplest case, arranging relations between a particular
property of an event and reinforcement may make animals
more likely to use that stimulus property in solving subsequent
problems, even when those problems involve very different
events. For example, faced with a choice of novel stimuli that
differ in both odor and texture, rats are more likely to choose
on the basis of texture if texture has been predictive of
reinforcement in other tasks [36,37]. Thus, prior experience in
feeding situations may make animals more likely to use
particular stimulus features (e.g., social cues, external signals,
oral cues, or internal, state cues) in new learning situations
involving food. Somewhat paradoxical is the observation in
other circumstances, that the omission of an event predicted on
the basis of prior Pavlovian learning (e.g., omission of S2 after
S1—S2 learning) can make the stimulus that normally predicts
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the omitted event (S1 in this case) acquire new learning more
rapidly [38,39]. Given that various sensory properties of food
itself may often play the role of CS, with post-ingestive
consequences of food serving as the US ([40]; see Section 2.1),
changes in predictive relations among these aspects of food
may encourage especially rapid new learning about the sensory
features of food.

2.2.5. Outcome expectancies

In many conditioning situations, detailed sensory and
affective information about the US is encoded with the CS.
This information can be used in advance of US delivery in a
variety of ways that allow for flexibility of behavior in
changing conditions. For example, consider a “devaluation”
experiment in which rats first receive pairings of one auditory
CS with one food and another auditory CS with another,
differently flavored food. Next, the value of one of those foods
is reduced by pairing it with an illness-inducing toxin, in the
rats’ home cages, in the absence of the auditory CSs. Finally,
responding to the two auditory CSs is assessed, in the absence
of the foods themselves. Typically, responding to the to CS
whose food partner had been devalued is substantially reduced
relative to responding to the CS whose food partner maintained
its value [41,42].

This observation of reduced CRs after devaluation of the
food US is important because it shows that Pavlovian CSs can
code detailed information (in this case, flavor) about upcoming
food reinforcers. As a result, the influence of Pavlovian CSs on
food-related behavior may be very food-specific. For example,
Pavlovian-instrumental transfer (described in Section 2.2.3) is
typically quite reinforcer-specific, that is, Pavlovian CSs
previously paired with particular reinforcers are more likely
to facilitate operant responding that had been reinforced by that
same reinforcer [5,43]. Likewise, the ability of a CS to enhance
food consumption in sated rats is largely specific to the
particular food that the CS originally signaled (see Section 4.2).

Specific Pavlovian outcome expectancies may influence
food-related behavior in other ways as well. For example, they
may serve as discriminative stimuli in the control of operant
responses, as shown in “differential outcome expectancy”
studies [5,44,45]. Thus, animals can use these Pavlovian
outcome expectancies to facilitate learning to perform one
response when they expect one food and another response
when they expect a different food. Finally, in a variety of
circumstances, a CS for food may substitute for that food itself
in new learning. For example, Holland [42,46,47] established
aversions to a particular flavored food by making rats ill in the
presence of a CS that had been previously paired with that
food, as if illness while “thinking about™ a particular food was
sufficient to establish an aversion to that food. The specificity
of the aversion to that CS’s food partner in those experiments
showed that the CS coded particular sensory features of the
food.

2.2.6. Occasion-setting
In each of the previous examples, Pavlovian learning
occurred with the arrangement of simple CS—US relations,

such as pairing, between two stimuli. Slightly more complex
Pavlovian relations may endow a stimulus with a modulatory
function, occasion-setting, by which it signals the validity of a
relation between other stimuli [48,49]. Consider a discrimina-
tion in which a tone is paired with food only when it is
preceded by a light: presentations of a light—tone sequence are
followed by food but presentations of the tone alone are not
reinforced. Although the logically simplest solution to this task
is to acquire Pavlovian light—food associations, rats instead
typically form tone—food associations, and the light acquires
the ability to modulate the action of those associations. This
modulatory power is in most cases independent of the light’s
own Pavlovian associations with the US; for example,
establishment or extinction of direct light—food associations
neither interferes with nor enhances the light’s ability to set the
occasion for the reinforcement of the tone. Importantly, the
occasion-setting powers of CSs follow somewhat different
rules from those of simple CS—US associations [48]. Thus,
specifying the roles of Pavlovian learning processes in any
particular feeding context requires distinguishing between the
contributions of simple conditioning and occasion-setting.

Of special interest for the case of feeding is the observation
that contextual cues [50] and internal state cues, such as those
provided by drugs [51] or deprivation conditions [10,11,52],
often seem to function as occasion-setters rather than simple
Pavlovian CSs. For example, Davidson [10,11] suggested that
deprivation state cues may set the occasion for the action of
associations between food cues and positive post-ingestive
consequences of food. Within this perspective, hunger itself is
not directly associated with these post-ingestive events, and
thus does not elicit responses based on them, but instead
signals when food cues will be followed by these positive
consequences of food. Thus, through Pavlovian occasion-
setting, hunger modulates feeding based on the learned relation
between food cues and positive post-ingestive events.

This list is not meant to be exhaustive. Instead, our point is
that simple Pavlovian event relations inherent in feeding
situations provide opportunities for a variety of learning
products, which can influence feeding in many ways. In the
rest of this article, we focus on one of those sequellac of
Pavlovian learning, the cue-potentiated feeding of food-satiated
rats.

3. A neural systems analysis of cue-potentiated feeding

Presentation of meal-associated cues will encourage other-
wise food-sated individuals to eat in many circumstances. For
example, humans eat beyond satiety if presented with a food
cue, such as the brief sight, smell and taste of a particular food
prior to eating [53]. This effect of enhanced eating after pre-
exposure to food cues is further exaggerated in restrained eaters
[54,55]. Eating is also augmented by CSs previously paired
with food in rats, both under conditions of food deprivation
[56] and satiation [57]. This augmentation is consistent with
the common view of Pavlovian conditioning by which CSs
gain control over motivational processes, such as craving,
hunger, or incentive, which orchestrate food-related behavior
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(Section 2.2.3). In collaboration with Michela Gallagher, we
began exploiting this observation in the context of a broader
research project concerned with the role of different subregions
of the amygdala in the various aspects of associative learning
described in Section 2. The amygdala has long been identified
with emotion and emotional behavior [58,59]; our work was
designed to illuminate its roles in other aspects of learning,
ranging from cognitive control to the modification of species-
specific behavior [39].

3.1. Amygdala subsystems and cue-potentiated feeding

Initially, we viewed the cue-potentiated feeding phenome-
non as a simple assessment of motivational deficits conse-
quent to amygdala damage. In our first experiments, sated
rats’ consumption of food pellets was examined in the
presence or absence of visual, auditory or visual+auditory
compound CSs that had been paired with food while rats were
food-deprived. Rats with sham lesions and rats with neuro-
toxic lesions of the central nucleus of the amygdala (CEA)
consumed 15-20 more 45-mg food pellets in 10-min test
sessions that included CSs than in similar test sessions that did
not [60]. However, rats with neurotoxic lesions of the
basolateral area of the amygdala (BLA, including basolateral
[“basal”], basomedial [“accessory basal”], and lateral nuclei)
failed to eat additional pellets in the presence of the CSs
[61,62]. At the same time, those BLA-lesioned rats showed no
deficits in the performance of a variety of overt CRs to the
CSs, including conditioned ORs and food-cup approach
responses. These results were consistent with other data that
suggested a role for BLA but not CEA in conditioned
motivational functions. For example, earlier we [63] found
that BLA lesions, but not CEA lesions, interfered with the
acquisition of second-order conditioning (Section 2.2.2) and
the sensitivity of CRs to post-training devaluation of the food
US by taste aversion (Section 2.2.5).

Subsequent studies in our laboratory have examined the
neural systems underlying this phenomenon. We describe the
first of these studies in some detail because its procedures are
common to most of the experiments described here. In

separate experiments, we [64] first made bilateral neurotoxic
or sham lesions of BLA or CEA. After 2-week recovery, the
rats were food-deprived (85% ad lib weights) and trained on
an auditory discrimination, in which one 10-s auditory cue
(CS+) was paired with delivery of 2 45-mg food pellets to a
recessed food cup and another (CS—) was presented without
food reinforcement. Next, the rats were food-sated for 7 days,
their weights reaching 110—115% of their original ad lib
weights. Finally, each rat’s consumption of food pellets was
tested in four conditions, on separate days. In each of these
tests, the rats were first placed in their experimental chambers
for 10 min with food pellets freely available. The purpose of
these pretest periods was to give the rats opportunity to
consume the food pellets used in training and testing,
increasing the likelihood that the rats were satiated in the
tests proper. In both rats and humans, nominally sated
individuals often eat more when palatable foods are made
available [53]. The rats were then removed, pellets quickly
removed for later counting, and new pellets and the rats
replaced for the test itself. In two of the tests, the food pellets
were placed in the food cup used in training and in the other
two tests the food pellets were placed in a bowl on the
opposite side of the chamber. For each food location, in one
test the CS+ was presented 10 times in 10 min and in the other
test the CS— was presented 10 times in 10 min.

While food-deprived, amygdala- and sham-lesioned rats
learned the auditory discrimination at the same rate, responding
to the CS+ with a rapid approach to the food cup followed by
maintaining their heads within the food cup. Similarly, they
gained the same amounts of weight and entered the post-
satiation tests with similar body weights. Fig. 1 shows food
pellet consumption in the test sessions. Both sham-lesioned and
CEA-lesioned rats showed significantly more food consump-
tion in the presence of CS+ than in the presence of CS—,
regardless of whether the food pellets were found in the usual
container and location (cup test) or a new location and
container (bowl test). However, BLA-lesioned rats failed to
show any potentiated feeding in CS+ test sessions.

Several results of this study are important for understanding
the nature of cue-potentiated feeding and the role of amygdala
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Fig. 1. Cue-potentiated feeding in rats with bilateral neurotoxic or sham lesions of (A) basolateral amygdala (BLA) or (B) central nucleus of the amygdala (CEA).
The bars show the mean+S.E.M. differences in the number of 45-mg food pellets consumed in tests with a previously reinforced conditioned stimulus or a
previously nonreinforced stimulus. In separate tests, food pellets were presented in either the original food cups used in conditioning or in bowls placed elsewhere in
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systems in that phenomenon. First, the observation that the
effects of the CSs were discriminative (more consumption
during CS+ than CS— sessions) showed that the associative
history of the CSs was critical to potentiated feeding; the CSs
were not just waking the rats, for example. Second, the
observation of potentiated feeding when the food was
presented in a different container and location showed that
conditioned food-cup approach responses learned in the initial
discrimination phase, which might increase the opportunity to
eat, were not critical to the enhanced eating. Indeed,
conditioned approach to the food cup might be expected to
reduce consumption of food placed in the bowl. Third,
regardless of food location in the consumption tests, food-
sated rats spent relatively little time with their heads in the food
cup during CS presentations themselves, and approached it
only with long latencies. Instead, observations from videotapes
suggested that the rats primarily consumed food many seconds
after the termination of the CSs themselves. Indeed, measures
of the rats’ latencies to approach the food cup after CS onset in
the tests showed little evidence for discriminative performance
of that response in CeA- and sham-lesioned rats, which
nevertheless showed substantially more food consumption
during CS+ sessions than during CS— sessions. Thus, the
potentiated feeding effect seems more interpretable in terms of
some learned motivational function than overt CRs acquired in
the initial training.

Interestingly, unlike these rats, rats with BLA lesions,
which failed to show greater food consumption during CS+
sessions, showed shorter latencies to enter the food cup on
CS+ trials than on CS— trials. Furthermore, the latencies to
enter the food cup on CS+ ftrials were shorter for BLA-
lesioned rats than for rats in the other lesion conditions. This
observation is likely interpretable in the context of devalua-
tion studies, described in Section 2.2.5. Post-conditioning
food satiation is often used as a method of devaluing a food
US after CS— food pairings [5,18]. The lack of a rapid overt
CR to the CS+ after satiation in intact rats may in part reflect
such devaluation effects: if food is of little value to food-
satiated rats, then the rats might be expected to respond less to
the CS+. In previous studies [63], we observed such
devaluation effects in rats with sham or CEA lesions, but
not in rats with BLA lesions. If the BLA-lesioned rats in this
study were less susceptible to US-devaluation effects on the
response to CS+, then they might be expected to respond
more rapidly to that cue than sham-lesioned rats. Regardless
of the viability of this devaluation interpretation of the food
cup response latency data, it is notable that when the CS+ was
presented, the BLA-lesioned rats entered the food cup faster
than sham-lesioned rats, but they ate less food. This
dissociation provides further evidence that potentiated feeding
is not derived from simple approach CRs. Finally, the
observation that appetitive and consummatory behavior was
differentially affected by these lesions warns us that when we
study the effects of brain lesions or other manipulations on
feeding, we should be careful to measure feeding itself, and
not just the latency to approach a food cup or the amount of
time spent there.

3.2. BLA-lateral hypothalamus communication and cue-
potentiated feeding

Our next study [65] showed that the occurrence of cue-
potentiated feeding depends on communication between the
BLA and the lateral hypothalamus (LH), an important part of
hypothalamic circuitry involved in feeding, and which has
historically been linked to the initiation of feeding [66]. Rats
received unilateral neurotoxic lesions of the BLA and LH,
either in the same or opposite hemispheres. Because the BLA—
LH connections are almost exclusively ipsilateral, rats with
contralateral lesions lack communication between BLA and
LH in either hemisphere. Thus, any function that depends on
BLA-LH communication would be disrupted in the contra-
lateral lesion preparation. At the same time, because each
structure is intact in one hemisphere, other circuitry and
functions of BLA and LH, which do not require their
communication, would be less impaired, if at all. By contrast,
although rats with ipsilateral lesions of BLA and LH would
have the same amount of damage to each structure as rats with
contralateral lesions, they would retain intact communication
between those structures in one hemisphere, and hence should
display less impairment of potentiated feeding than rats with
contralateral lesions. Rats with contralateral, ipsilateral, or
sham lesions of BLA and LH were trained and tested as in the
previous study. Lesioned rats were unimpaired in their
acquisition of discriminated food cup approach CRs to the
auditory CSs. However, only the sham-lesioned and ipsilater-
ally lesioned rats showed potentiated feeding (Fig. 2A). Thus,
BLA’s communication with LH is critical to the display of this
phenomenon.

However, this study does not identify how information
necessary for cue-potentiated feeding reaches LH from BLA.
Although BLA projects directly to LH [67], BLA also projects
to several other brain regions that in turn project to LH,
including the CEA, the nucleus accumbens (ACB), the
prefrontal cortex (PFC), the hippocampal formation, the bed
nuclei of the stria terminalis, the substantia innominata, and the
ventromedial hypothalamus [67—71]. The remaining studies
that we describe here were designed to uncover the particular
amygdala—hypothalamic circuitry that mediates cue-enhanced
eating.

3.3. A functional anatomical and immediate-early gene
analysis of cue-potentiated feeding

This study [72] combined anatomical tract-tracing and
immediate-early gene (IEG) methods to map circuitry engaged
in cue-potentiated feeding. The first experiment focused on
direct projections to LH from BLA, CEA, ACB, and PFC.
Notably, each of these regions also receive direct projections
from BLA. Rats first received injections of the retrograde
tracer, FluoroGold (FG), into the LH. After recovery, they were
trained on an auditory discrimination while food-deprived, and
then placed on ad lib food for a week, as in the previous
studies. Next they received testing of food consumption in the
presence of CS+ or CS—, in two consecutive tests designed to
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Fig. 2. Cue-potentiated feeding in rats with unilateral neurotoxic or sham lesions of the basolateral amygdala (BLA) and (A) the lateral hypothalamus (LH) or (B) the
nucleus accumbens (ACB). In rats with contralateral lesions of BLA and LH or ACB, these regions were functionally disconnected from each other in both
hemispheres, whereas in rats with ipsilateral lesions, communication was intact in one hemisphere. The bars show the mean+S.E.M. differences in the number of 45-
mg food pellets consumed in tests with a previously reinforced conditioned stimulus or a previously nonreinforced stimulus.

permit the detection of CS-induced expression of the IEGs Arc
[73] (also known as Arg3.1 [74]), and Homer la (Hla) [75],
which have a time-limited appearance in the nucleus of
activated neurons [76]. Rats were first placed in their chambers
with food available in food cups for 5 min, removed for 25 min
and then replaced in the chambers for 5 min with food again
available. For half of the rats, the first test included CS+
presentations and the second test included CS— presentations,
and for the other half of the rats the test order was reversed.
Immediately after the second test, the rats were euthanized,
perfused and their brains prepared for IEG and tracer analysis.

Arc mRNA appears in the nucleus about 2—10 min after
activation, but is no longer visible there after 20 min, whereas
Hla mRNA first appears in the nucleus 25-35 min after
activation. Thus, neurons activated in the first test would
express nuclear mRNA for H/a, and those activated in the
second test would express nuclear mRNA for Arc. Because the
test order was counterbalanced, each IEG equally often indexed
activity induced by CS+ or CS—. Thus, neurons that were
activated by aspects common to both test sessions, for example,
placement in the chamber, the presence of food or auditory
stimuli, or eating itself, would express both IEGs. By contrast,
neurons that responded selectively to CS+ in the potentiated
feeding situation would express only the IEG appropriate to the
test that included CS+ presentations.

Importantly, recall that the rats were first injected with a
retrograde tracer into the LH. This label permitted us to identify
individual neurons in each of the regions of interest (BLA,
CEA, ACB, and PFC) that projected directly to LH. Thus, the
brain tissue was processed with combined double-label
fluorescence in situ hybridization and immunohistochemistry
to visualize the markers for the IEGs (nuclear mRNA) and
retrograde tracer (FG), respectively. In each target region,
neurons that both projected to LH and were activated by CS+
would label for both FG and the IEG specific to CS+, but not
the IEG specific to CS—. Neurons displaying each of the labels
were counted using fluorescent confocal microscopy.

The rats in this experiment acquired the auditory discrim-
ination as in previous studies. Furthermore, in the test
procedure, which was modified from previous experiments to

accommodate measurement of the IEGs, they displayed
significant potentiated feeding. That is, they consumed
6.0+1.1 more pellets in the CS+ session than during the
CS— session. Thus, the CS-potentiatied feeding effect was
robust even when consumption during the two CSs was
assessed in tests only briefly separated in time.

Consistent with previous anatomical studies [70,77-80],
substantial numbers of retrogradely labeled neurons were
found in each of these regions. In BLA, most FG-labeled
neurons were concentrated in the posterior basomedial nucleus
and a small strip within the adjacent posterior basolateral
nucleus. In the CEA, FG-labeled neurons were concentrated in
a discrete zone of the medial CEA, and in the ACB, labeled
neurons were found primarily in the caudal shell. In the PFC,
labeled neurons were found primarily along the medial wall of
the prefrontal cortex within the prelimbic and infralimbic areas,
extending into the medial and ventrolateral orbitofrontal
cortical areas.

The primary purpose of this experiment was to determine
which inputs to LH were selectively activated by CS+ in the
feeding tests. In both BLA and PFC, significantly more of the
FG-labeled neurons also labeled specifically for the IEG
appropriate to CS+ tests (19.8+2.9% and 19.0+1.7%, respec-
tively), than labeled specifically for the IEG appropriate to the
CS— test (8.0£2.2% and 7.3+0.5%). By contrast, there was no
such selectivity for either ACB (9.2£2.6% vs. 8.2+3.4%) or
CEA (5.7£2.2% vs. 13.3+3.4%). Thus, these results indicate
that direct inputs to LH from BLA and PFC, but not those from
ACB or CEA, contribute to the cue-potentiated feeding effect.

The role for BLA but not CEA inputs to LH is consistent
with the lesion data described in Section 3.1 [64], in which
BLA but not CEA lesions prevented cue-potentiated feeding.
But at first glance it is surprising that we found no selective
activation of ACB neurons by CS+ neurons in this study, given
that many researchers have found substantial involvement of
this region in feeding and reward [81]. However, note that the
double-labeling results suggest only that ACB plays no specific
role in cue-potentiated feeding. A high proportion of FG-
labeled neurons in all of the regions of interest, including ACB,
labeled for both IEGs. In the absence of no-stimulus, no-food,
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and no-test controls it is difficult to ascertain the origin of this
nonselective activation, but one possibility is that these regions
were nonselectively activated by the feeding experience. Our
next two experiments sought to examine the roles of ACB and
PFC further by using lesion techniques.

3.4. Role of BLA—ACB communication in cue-potentiated
feeding

Communication between BLA and ACB is crucial to other
learned motivational consequences of Pavlovian conditioning.
Rats with contralateral lesions that disconnected BLA and
ACB fail to acquire conditioned reinforcement value to a visual
stimulus paired with food [82]. Although they acquired normal
levels of overt CRs to that cue, they did not acquire second-
order conditioning of a tone paired with that light (see Section
2.2.2). Thus, it seemed reasonable to suspect that communi-
cation between BLA and ACB might be critical to the ability of
a Pavlovian CS to enhance food consumption. Together with
Barry Setlow, we recently examined the effects of BLA—ACB
disconnection on potentiated feeding. Rats received -either
contralateral or ipsilateral lesions of BLA and ACB prior to
auditory discrimination training and cue-potentiated feeding
training as described in Section 3.2 [65]. Fig. 2B shows the
results of the consumption tests. Rats with contralateral
disconnection lesions and ipsilateral lesions showed equivalent
levels of potentiated feeding. Thus, the BLA—LH interaction in
potentiated feeding found by Petrovich et al. ([65]; Section
3.2), was clearly not mediated by BLA’s projections to the
ACB. Although the results of this experiment do not preclude a
direct role of ACB—LH connections in cue-potentiated feeding,
the lack of selective activation of ACB inputs to LH by CS+ in
our labeling study described in Section 3.3 makes that
possibility seem less likely.

3.5. Role of prefrontal cortex in cue-potentiated feeding

Our labeling study (Section 3.3) revealed highly selective
activation of PFC inputs to LH by CS+. Recently, we examined
the effects of lesions of this region on potentiated feeding. In
this experiment, we used a different training procedure, in
which the signal for food was a context (experimental
chamber) rather than a discrete auditory cue. Rats received
either neurotoxic or sham lesions of the medial PFC (mPFC)
bilaterally. The lesions encompassed the prelimbic, infralimbic,
and medial orbitofrontal areas, and closely matched the region
of the PFC that was functionally activated in our labeling study.
Half of the rats in each lesion condition were given food pellets
in a distinct context (paired), while the other half of rats were
placed in the context without the food (unpaired). All rats were
food-deprived prior to training sessions. After training, the rats
were sated, and then tested for food consumption in the training
context. As shown in the left bars of Fig. 3, sham-lesioned rats
showed conditioned potentiation of eating: during the tests, rats
in the paired group ate significantly more food pellets than rats
in the unpaired group. In contrast, in rats with mPFC lesions,
there was no difference in the number of pellets consumed

— Paired
1 Unpaired

Consumption (g)

Sham mPFC

Lesion

Fig. 3. Cue-potentiated feeding in rats with bilateral neurotoxic or sham lesions
of the medial prefrontal cortex (mPFC). Consumption of food pellets (in grams,
mean*S.E.M.) was measured in a context in which rats had previously been
fed (paired) or not fed (unpaired) in the past.

during consumption tests by paired and unpaired groups.
These results show that, like BLA, an intact mPFC is a critical
part of the circuitry that mediates conditioned potentiation of
feeding.

It is notable that this region of the prefrontal cortex has
substantial reciprocal connections with BLA [68,71,77,78,83].
Thus, BLA’s influence on LH might occur both via its direct
connections and by modulating the activity of mPFC inputs to
LH. In another functional labeling study, similar to the one
described previously, we injected retrograde tracer (FG) into
the region of mPFC in which we saw CS-activated neurons that
projected to LH in the previous study. Substantial numbers
neurons that project to the mPFC were found within BLA,
primarily within the posterior basolateral nucleus itself. These
neurons, like the neurons that project to LH, were selectively
activated by CS+. Thus, in cue-potentiated feeding, BLA may
influence hypothalamic systems for eating both via its direct
projections to LH and indirectly via its projections to mPFC,
which in turn also innervates the LH. It would be of interest to
determine if the mPFC targets of BLA neurons activated by
CS+ include neurons that project to LH.

Finally, a recent study from our laboratory [44] shows that
another prefrontal region that also has substantial reciprocal
connections with BLA, an area of the orbitofrontal cortex
(OFC) that is both posterior and lateral to the PFC region we
studied earlier, is not critical to cue-potentiated feeding. Using
the discriminated auditory cue procedures described previous-
ly, we found no effect of bilateral lesions of this region on cue-
potentiated feeding. Although this region was not a focal area
in Petrovich et al.’s [72] study, a cursory examination of tissue
from that study found no FG labeling there, which indicates
that there are no direct projections from this region of the PFC
to the LH.

3.6. A neural system for cue-potentiated feeding

Evidence presented in this article, from studies that
combined behavioral and functional anatomical methods,
highlight an amygdalo—prefrontal—hypothalamic network that
is critical for the control of feeding by learned cues. The BLA
and mPFC share extensive bi-directional connections, which
permit a variety of distinct functional circuitry within the
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network. For example, direct BLA—-LH connections and
pathways via relays in the mPFC (BLA—-mPFC—LH) might
both be needed to mediate cue-potentiated eating. On the other
hand, it is possible that either of the two pathways is sufficient
to mediate cue-potentiated eating.

In our experiments, lesions of the bilateral BLA, and
disconnections of the BLA and LH system, which abolished
potentiation of eating by CSs, were made prior to training.
Thus, the results of these studies did not provide insights to
whether these structures are critical during learning, memory
maintenance, or expression of cue-potentiated eating. The roles
of the BLA, and its communication with the LH, directly and
via mPFC, as well as the roles of the mPFC and its pathways to
the LH, might differ in the various phases of the cue-
potentiated eating task. Interestingly, in two other tasks in
which CS value acquired via associative appetitive learning
also guides subsequent behavior, second-order conditioning
(Section 2.2.2) and reinforcer devaluation (Section 2.2.5), an
intact BLA 1is critical only during the learning phase [82,84].
For example, in the reinforcer devaluation procedure (Section
2.2.5), lesions of either BLA or OFC, or BLA-OFC
disconnection lesions, when made prior to training, impair
performance [63,85,86]. That is, unlike normal rats, lesioned
rats fail to show spontaneous reductions in responding to the
CS alone after devaluation of the food US. However, in the
devaluation task, BLA and OFC serve different roles. Intact
BLA function is necessary to acquire normal outcome
expectancies during the initial CS-food training, but once
those expectancies are formed, BLA function is no longer
necessary for rats to use them to guide task performance when
the food is later devalued. By contrast, OFC function is critical
for that flexible use of previously acquired information. Thus,
post-training OFC lesions impair performance in this task, but
post-training BLA lesions do not [84]. We are currently
examining the role of the BLA and mPFC at different stages
of the cue-potentiated eating paradigm.

In this article, we showed that neurons within the BLA and
mPFC that are selectively activated by the tests with CS+
presentations send direct projections to the LH. This evidence,
together with the evidence from our BLA—LH disconnection
study (Section 3.2) suggests that the amygdalar and prefrontal
pathways, independently or concurrently, influence feeding
systems via LH. Unfortunately, nothing is known at this time
about the mechanisms that allow such modulation of feeding.
The exact peptide-phenotype, or hodology of LH neurons that
receive BLA inputs directly or via the mPFC, or the exact
neurotransmitters used by these pathways, are not yet known.
However, evidence suggests that these pathways use glutamate
[71], which is interesting because glutamatergic mechanisms
within the LH have been shown to promote feeding in sated
rats [87]. Thus, it is plausible that mechanisms mediating
potentiation of feeding, at least in part, involve direct
glutamatergic projections from the BLA and/or mPFC.

Interestingly, the BLA and mPFC pathways reach topo-
graphically distinct regions within the LH. The topography of
these pathways suggests that the mPFC, but not BLA, reaches
the region of the LH with neurons that express two recently

discovered neuropeptides, melanin concentrating hormone and
orexin [67,80], which are regulated by hunger—satiety state and
are linked to the initiation of feeding [14,66,88]. On the other
hand, direct BLA—LH pathways might reach other parts of the
feeding circuitry, as shown in a recent study using a viral
labeling technique [89]. In that study, a pseudorabies virus
constructed to infect either neuropeptide Y-expressing neurons
or neurons expressing the leptin receptor was injected into the
arcuate nucleus of the hypothalamus, and its retrograde
transport across one or more synapses was mapped. The time
course of retrograde labeling observed within the BLA
suggested transynaptic transport, possibly via the LH and/or
ventromedial hypothalamic nucleus. Thus, the BLA, which
does not send direct projections to the arcuate nucleus, might
reach it via its pathways to the LH. In turn, this evidence raises
the possibility that the BLA and its circuitry could modulate
feeding, including cue-potentiated feeding, via its influence on
the NPY- and/or leptin-mediated mechanisms [14,88,90].
Clearly, additional work is needed to illuminate the exact
neurochemistry, as well as the precise function, of the BLA—
LH and BLA-mPFC-LH circuitries.

As discussed in Sections 3.2 and 3.3, the amygdala is
connected with the hypothalamus via a highly organized
network that includes direct pathways as well as pathways
via relays in a number of telencephalic areas. Most notably, we
discussed the role of the mPFC in cue-potentiated feeding. We
also showed that the ACB, and CEA are not likely to
participate in the amygdalo—hypothalamic circuitry that
mediates cue-potentiated feeding. However, this observation
does not imply that the ACB and CEA play no role in the
control of feeding. Indeed, a variety of evidence has implicated
the ACB in aspects of motivational control connected with
feeding [20,91-93] including opioid-mediated consumption
and food preferences [81]. The CEA, which is critical in
aversive Pavlovian conditioning [94—97] is likely to mediate
control of feeding by aversive states. Indeed, our unpublished
observations suggest that the CEA is critical for allowing
learned cues that signal danger to inhibit eating in hungry rats.
Furthermore, distinct functional subsystems within the amyg-
dalo—hypothalamic network might be recruited as needed
under different circumstances for the control of feeding. Thus,
it is tempting to speculate about the circumstances under which
the ACB, and perhaps even CEA, which are not critical for
cue-potentiated eating, would be recruited by the circuitry that
mediates that phenomenon. For example, cue-potentiated
consumption of highly palatable foods is likely to involve the
ACB opioid system, and competition between an appetitive CS
that enhances feeding and another CS that signals danger
should involve the CEA and possibly ACB as well.

In addition to the systems discussed so far, pathways that
involve the hippocampal formation represent a large portion of
the amygdalo—hypothalamic network. The BLA sends a
substantial, topographically organized output to the hippocam-
pal formation, which in turn reaches hypothalamic behavioral
systems directly, via the lateral septum, and via the mPFC. The
extensive network of such an amygdalo—hippocampo—hypo-
thalamic system is particularly interesting to consider in the
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light of evidence for the role of the hippocampal formation in
some forms of inhibitory learning and the inhibition of eating
[52,98]. Thus, it would be interesting to examine a possible
role of the hippocampal formation and its interactions with
BLA and LH in cue-potentiated feeding. For example, cues for
food might control food consumption in part by disinhibiting
the normally suppressive action of the hippocampus.

In conclusion, the functional circuitry that mediates cue-
potentiated eating delineated here could be taken within a
broader view as a model for control of eating by learned cues.
The anatomical blueprint of a complex and extensive amyg-
dalo—hypothalamic network, which involves connections
between the amygdalar subsystems important for processing
emotion (including emotional learning), and forebrain systems
critical for decision making (mPFC, [99]), learning and
memory (hippocampal formation, [100]), and reward (ACB;
81) allows for control of appetite and food consumption based
on a number of cognitive and motivational factors.

4. Cue-potentiated feeding and motivated behavior

As noted in Section 3, our studies of neural systems in cue-
potentiated feeding were initiated in the context of a broader
program of investigation of amygdala systems of food-
motivated behavior. A variety of learned, putatively motiva-
tional functions, including those tapped in conditioned
reinforcement, reinforcer devaluation, Pavlovian-instrumental
transfer, and cue-potentiated feeding procedures, were im-
paired by amygdala lesions. Interestingly, our research
suggests that these functions are mediated by different
amygdala projections. Studies of the effects of lesions of
various amygdala projection regions and disconnections of
those regions from the amygdala have yielded a number of
double dissociations. After describing some of these dissocia-
tions, we will discuss their implications for theories of food-
motivated behavior.

4.1. Neural systems dissociations of cue-potentiated feeding
and other learned motivational functions

Although both cue-potentiated feeding and second-order
conditioning, the ability of a CS for food to serve as a
reinforcer for Pavlovian learning about a new cue (Section
2.2.2), are impaired by BLA lesions [63,64], those two
phenomena are mediated by different BLA projections. Cue-
potentiated feeding depends on BLA—LH projections whereas
second-order conditioning requires intact BLA—ACB connec-
tivity. In Petrovich et al.’s [65] study, the same rats (with
BLA-LH disconnection lesions) that failed to show cue-
potentiated feeding showed unimpaired second-order condi-
tioning of a new cue. By contrast, although Petrovich and
Setlow (Section 3.4) showed that disconnection of BLA and
ACB had no effect on cue-potentiated feeding, Setlow et al.
[82] found that rats with these same disconnection lesions
failed to show second-order conditioning. Likewise, although
McDannald et al. [44] found no effects of lateral OFC lesions
on cue-potentiated feeding, other investigators have found that

these lesions impair a cue’s acquisition of conditioned
reinforcement value in an instrumental secondary reinforce-
ment procedure, akin to second-order conditioning [101].
Furthermore, both these OFC lesions [85] and lesions that
disconnect BLA from OFC [86] impair animals’ sensitivity to
reinforcer devaluation procedures (Section 2.2.5).

Perhaps most surprisingly, the ability of a food-predicting
CS to enhance consumption of that food and its ability to
enhance instrumental responding that yields that food also
show dissociations. In two experiments [35], rats with BLA,
CEA or sham lesions first received auditory discrimination
training. Then they were tested in both cue-potentiated feeding
and Pavlovian-instrumental transfer (Section 2.2.3) tasks, in
counterbalanced order. In sham-lesioned rats, the previously
reinforced CS both enhanced consumption of the food while
the rats were sated, and the rate of instrumental lever-pressing
for that food under conditions of food deprivation. By
contrast, rats with BLA lesions showed no evidence for cue-
potentiated feeding, but normal Pavlovian-instrumental trans-
fer, whereas rats with CEA lesions showed normal cue-
potentiated feeding but no evidence of Pavlovian-instrumental
transfer.

These dissociations show that each of these putatively
motivational consequences of Pavlovian learning can be
distinguished at the level of neural systems. Because the
operating characteristics of these systems are likely to vary
considerably, observations that the controls of reward, ap-
proach, and consumption often dissociate as well should hardly
be surprising. Whether it is reasonable then to distinguish
among several distinct sources of incentive motivation [5,35],
or revisit Hinde’s [102] critique of concepts of motivation
remains to be seen. Identifying anatomically and functionally
defined neural circuits that influence various aspects of feeding
behavior in a variety of circumstances may prove useful to
circumvent many of these arguments [103].

4.2. The motivational basis of cue-potentiated feeding

A question basic to all of this research is, why do rats eat
more in the presence of a CS that predicts food? Our initial
research (Section 3.1) made less plausible some simple
accounts couched in terms of enhanced opportunity to eat,
mediated by learned food-cup approach responses. Another
possibility is that food cues induce an internal incentive state
comparable to that induced by food deprivation, and thus
increased food consumption would be seen as a normal
regulatory response to that state. More mechanistically, a CS
might, for example, induce conditioned insulin secretion CRs
[13,14], altering glycolosis so as to encourage feeding.
Although the observations that lesions of the CEA interfere
with the insulin CR [104] but do not affect cue-potentiated
feeding (Section 3.1) make this particular mechanism unlikely,
incentive states may nevertheless be conditional. For example,
a CS might induce conditioned NPY release, as this neuro-
peptide was shown recently to play a role in conditioned food-
anticipatory responses [105]. Alternately, the CS may affect
behavior more directly, perhaps by eliciting “habitual eating”
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responses [106] or by potentiating the power of food itself to
activate downstream motor control systems for feeding
responses.

Recent evidence concerning the food-specificity of the cue-
potentiated feeding makes these latter accounts less plausible as
well. First, in our study of the effects of mPFC lesions (Fig. 3),
we also tested the ability of the contextual CS to enhance
consumption of a different, novel food (grain pellets rather than
sucrose pellets), as well as a different, familiar food (standard
chow). Only the consumption of the original, training food was
enhanced in the paired rats, relative to unpaired rats. It might
be argued however, that the rats had never eaten either of these
alternative foods in the experimental context and were thus
displaying some sort of context-specific neophobia. A recent
experiment conducted in our laboratory by Ezequiel Galarce
provides stronger evidence for the food-specificity of cue-
potentiated feeding. In his experiment, food-deprived rats were
trained with two auditory CSs and two food USs, isopreferred
solutions of sucrose and the polysaccharide maltodextrin. In six
separate tests conducted while the rats were chow-sated,
consumption of each of the two reinforcers was measured in
the presence of the each of the two CSs and in the absence of
any CS. Consumption of each solution was significantly
greater when it was accompanied by the CS with which it
was originally paired than when it was accompanied by the
other CS or no CS. Thus, even when the rats had identical
exposure to each food, enhanced consumption in the presence
of a CS was US-specific. This specificity, although consistent
with a large literature on sensory-specific satiety [107], is
inconsistent with notions that food cues induce some general
hunger or amplify feeding responses in general. By contrast, it
supports the view that CSs code sensory properties of their US
associates, consistent with previous studies in our lab, which
used US-specific devaluation [42] and differential-outcome
expectancy [44] procedures. Finally, it makes contact with
studies that show rats are sensitive to micronutrient contents of
their diets, and can associate those nutrients or their con-
sequences with relatively arbitrary cues [108—110].

How might the cue-activation of sensory properties of its
food associate produce specific potentiation of feeding?
Among several potential accounts for potentiated feeding,
Holland et al. [64] suggested that CSs might provoke incentive
processes in the consumption tests by activating a representa-
tion of the food as it was perceived in training, when the rats
were food-deprived. Many investigators have suggested that
food deprivation may act in part by enhancing the value of food
[18,111]. Thus, presentation of the CS, last experienced in
conjunction with the food when it was highly valued, might
enhance the value of food in the consumption tests conducted
under conditions of satiation. Because rats code taste informa-
tion about the US, the CS might enhance the value of its
original target only. This account is consistent with data from
humans and nonhuman primates [112], as well as our
observations that both cue-potentiated eating and reinforcer
devaluation effects are eliminated by BLA lesions: if those
lesions prevent CS— encoding of such information, then both
phenomena would be disrupted. By contrast, at least at first

glance, our observations that lesions of OFC [85] disrupt
devaluation effects but not potentiated feeding [44] are
inconsistent with this view. However, it should be noted that
in both of those studies, lesions were made prior to all training.
It is possible that BLA is required for encoding reinforcer
information during learning, but that information is conveyed
to other systems for use in specialized output functions. Thus,
OFC may inform systems that generate the appetitive responses
assessed in devaluation experiments, but not those involved in
the regulation of feeding responses.

A particular version of this approach is that CSs enhance
orosensory palatability of their specific associates. A number of
labs have suggested that hedonic reactions, palatability, or
“liking” can be indexed by certain features of the microstruc-
ture of eating responses. For example, Grill and Norgen [113]
and Berridge [29] have identified a set of qualitatively
identifiable taste reactivity behaviors that assess these senso-
ry-hedonic features, and Davis [114] identified somewhat more
prosaic aspects of licking behavior with putatively similar
properties. Several investigators [42,115,116] found that CSs
previously paired with foods of various current palatabilities
could elicit such behaviors even in the presence of plain water.
Likewise, pharmacological enhancement and suppression of
ACB opioid activity produces corresponding changes in food
consumption patterns, as if increasing and decreasing their
palatability, respectively [117,118]. Although the lack of CS-
specific ACB activation in our labeling study (Section 3.3) is
inconsistent with such an origin of cue-potentiated feeding in
our particular preparation, it does not rule out contributions of
this system in other circumstances.

Berridge and Robinson [119] have claimed that such
changes in “liking” foods can be dissociated from “wanting”
them, a primarily dopamine-mediated function, which may also
be readily conditionable through associative learning. That is,
CSs may activate cravings for foods without necessarily
enhancing their palatability or value, in the same way a long-
time drug addict may crave drug without “liking” its effects
any more when administered. Food cravings are frequently
highly specific, and the craver may pass over equally palatable
foods for the craved food, without necessarily “liking™ it more.
Furthermore, these specific cravings may engage striatal
systems that are apparently immune to devaluation effects [5]
and which thus may survive OFC lesions.

In our laboratory, Ezequiel Galarce is examining more
mechanistic accounts for cue-potentiated feeding that embrace
his observations of food-specificity of these effects, by
examining the microstructure of licking. Davis [114,120]
asserted that different aspects of licking related to different
aspects of control over drinking. For example, the initial lick
rate on contact with a solution and aspects of lick burst and
cluster size indicated palatability or potency of the gustatory
stimulation, whereas the decay of lick rate and aspects of lick
burst and cluster number early in a consumption interval
indicated a learned negative feedback relation between
drinking and post-ingestive consequences.

In Galarce’s experiments, fluids were delivered to transpar-
ent wells fitted with color TV cameras. In consumption tests,
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the fluids were replenished as they were consumed. Slow-
motion analysis of the videotapes permitted quantifying both
qualitative and quantitative aspects of drinking, including
consumption itself. Preliminary results from these studies
suggest that, in the context of Davis’s assertions, CSs in the
cue-potentiated eating procedure both enhance the palatability
of their associated fluid USs (but not other USs) and reduce
negative feedback control of oral cues over drinking, resulting
in a larger meal size. Alternately, the CSs may sensitize initial
responding to their taste associates, and reduce the normal
habituation of oral cues’ ability to elicit consummatory
responding [121]. Regardless, it is this apparent overriding of
normally effective cues for satiation that makes cue-potentiated
eating relevant to our understanding of overweight and obesity.
Powley et al. [122] note that these normal satiation cues are
largely anticipatory and preabsorptive, and so themselves may
involve associative learning. Thus, the overriding of such cues
by external Pavlovian cues may involve interference processes
studied extensively by learning theorists [123,124].

Finally, it may be worth noting that in Galarce’s studies
there were substantial individual differences in the in rats’
display of these microstructural patterns of drinking in
potentiated feeding tests. It is tempting to speculate that these
differences may reflect individual differences in susceptibility
to weight gain [125]. Whether Galarce’s analyses provide any
additional insight into the origins of environmental controls
over eating remains to be seen.

4.3. Conditioning and obesity

The “food environment” [125] is exceedingly rich in both
image and substance. We are bombarded with cues for food;
signboards, radio and television advertisements, and catchy
jingles and product names that are difficult to get out of our
heads. From a perspective of associative learning, these cues
can influence eating in many ways, from serving as condi-
tioned reinforcers for instrumental foraging behavior, to
inducing internal states normally linked to eating, to overriding
normal cues for satiety, and hence increasing meal size. Woods
[14] notes that the initiation of meals is based more on habit
and convenience than acute energy needs. The multiplicity of
learning functions involved in eating may contribute to the
difficulty of breaking bad eating habits, because those
behaviors may be controlled by a number of aspects of the
feeding situation. Learning processes may enhance hunger and
the pleasurable sensations of food and eating, and reduce our
sensitivity to the more delayed, unpleasant aspects. And the
impact of these learned changes is likely exacerbated by the
widespread availability of prepared and nearly prepared foods
and trends toward larger portion and meal sizes [126].

Nevertheless, it is probably a mistake to view the induction
of overweight and obesity by associative learning processes as
inherently pathological. Each of the examples of cue learning
we described may have an important functional role in normal
feeding. That is, overweight and obesity may be less the result
of pathology in some specific system or the result of some
learning or regulatory process gone drastically awry, and more

the result of minor changes in the gain or influence of these
systems. Throughout most of our history, mammalian species
probably lived in environments in which the costs of food were
high and its caloric density low. In such an environment,
methods for selecting high-caloric density foods, facilitating
digestion and overcoming the deleterious effects of large
meals, make adaptive sense. Liking sweets and fats, getting
hungry in the presence of food and its harbingers, and stuffing
oneself past repletion are good things in that context. It is
probably a testament to the resilience of regulatory systems that
the problem of obesity is not worse than it is in today’s
environment.

We agree with Levitsky [127] that solutions to obesity
require identifying and modifying environmental cues that lead
many of us to overweight. Even putting aside the social and
economic pressures that may make modifying these cues
difficult, the notion that disorders of eating and weight control
may stem in part from minor alterations in function of multiple
learned control systems suggests that even the task of
identifying them may be more complex than it seems at first
glance. These cues and learning systems do not operate in a
vacuum, but have acted in a coordinated fashion with a number
of homeostatic mechanisms in solving problems of food getting
throughout our evolutionary history. Understanding the
mechanisms by which environmental cues exert control over
eating and weight control may require identifying multiple
critical internal events with which they are associated, and
multiple processes that they instigate. Even after we have
identified these mechanisms, we must recognize that the effects
of altering one or more of them may not be so straightforward.
Changes in the hedonics, caloric density, meal size or other
properties of feeding experiences may have unintended
consequences. For example, Davidson and Swithers [40,128]
argued that the adoption of high-hedonic, low calorie food and
beverages may exacerbate rather than ameliorate the problem
of overweight and obesity. Better understanding of what
constitutes the food environment may help inform epidemio-
logical analyses of recent population changes in body weight.
These analyses, especially among groups that have experienced
these changes at different times, or are yet to experience them,
may provide information most relevant to environmental
modulation of eating and weight gain.
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