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Abstract—Cues associated with rewards acquire the ability
to engage the same brain systems as rewards themselves.
However, reward cues have multiple properties. For example,
they not only act as predictors of reward capable of evoking
conditional responses (CRs), but they may also acquire in-
centive motivational properties. As incentive stimuli they can
evoke complex emotional and motivational states. Here we
sought to determine whether the predictive value of a reward
cue is sufficient to engage brain reward systems, or whether
the cue must also be attributed with incentive salience. We
took advantage of the fact that there are large individual
differences in the extent to which reward cues are attributed
with incentive salience. When a cue (conditional stimulus,
CS) is paired with delivery of food (unconditional stimulus,
US), the cue acquires the ability to evoke a CR in all rats; that
is, it is equally predictive and supports learning the CS–US
association in all. However, only in a subset of rats is the cue
attributed with incentive salience, becoming an attractive and
desirable incentive stimulus. We used in situ hybridization

istochemistry to quantify the ability of a food cue to induce
-fos mRNA expression in rats that varied in the extent to
hich they attributed incentive salience to the cue. We found

hat a food cue induced c-fos mRNA in the orbitofrontal
ortex, striatum (caudate and nucleus accumbens), thalamus
paraventricular, intermediodorsal and central medial nuclei),
nd lateral habenula, only in rats that attributed incentive
alience to the cue. Furthermore, patterns of “connectivity”
etween these brain regions differed markedly between rats
hat did or did not attribute incentive salience to the food cue.
hese data suggest that the predictive value of a reward cue

s not sufficient to engage brain reward systems—the cue
ust also be attributed with incentive salience. © 2011 IBRO.
ublished by Elsevier Ltd. All rights reserved.
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Cues in the environment (conditional stimuli, CSs) associ-
ated with rewards (unconditional stimuli, USs) can come to
influence behavior in a number of different ways. Perhaps
best known is the ability of a CS to evoke simple condi-
tional responses (CRs) that often prepare an organism for
consumption of the US, such as salivation or conditioned
insulin release, in the case of a food reward (Pavlov, 1927;
Woods et al., 1970; Zener, 1937). But cues predictive of an
outcome also play an important role in learning and making
decisions about what actions are most advantageous in a
given situation (Bindra, 1974; Toates, 1998; Dickinson and
Balleine, 2002). Furthermore, such cues can come to act
as incentive stimuli and become attractive and desired in
their own right, if they are attributed with incentive salience
(Berridge, 2001; Cardinal et al., 2002). If reward cues are
attributed with incentive salience they may be especially
effective in motivating maladaptive behaviors, including
overeating (Schachter, 1968; Grilo et al., 1989; Sobik et
al., 2005), gambling (Potenza et al., 2003; Kushner et al.,
2007), risky sexual behavior (for review see O’Donohue
and Plaud, 1994), and drug abuse (for reviews see Chil-
dress et al., 1993; O’Brien, 2005). There has been consid-
erable interest, therefore, in identifying brain systems that
mediate the effects of reward cues on behavior.

There is now abundant evidence in both humans and
non-human animals that different classes of reward cues
(e.g. food, sex, or drug cues) engage highly overlapping
brain systems. This reward or “motive circuit” includes
mesocorticolimbic dopamine pathways as well as other
cortico-striatal-thalamic loops (Childress et al., 1999; Ike-
moto, 2010; Jentsch and Taylor, 1999; Kalivas and
Volkow, 2005; Kelley et al., 2005a; Weiss, 2005; Schiltz et
al., 2007; Zellner and Ranaldi, 2010). However, it is not
clear from previous studies exactly what properties of a
reward cue are responsible for activating these brain re-
gions. Is the predictive relationship with a US, which sup-
ports the ability of a CS to evoke a CR, sufficient to engage
this system? Or, must the CS also be attributed with in-
centive salience? It is not easy to parse these different
properties of reward cues because they are usually ac-
quired together (Berridge and Robinson, 2003; Berridge,
2007). Nevertheless, in a series of recent studies using
rats, we have shown that it is possible to dissociate the
predictive and incentive motivational properties of reward
cues through the study of individual differences (Flagel et
al., 2007; Flagel et al., 2008b; Flagel et al., 2011; Robinson
and Flagel, 2009).

When a spatially discrete CS is presented before food

delivery the CS comes to evoke a CR in all rats—that is, it
ts reserved.
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is equally predictive and supports learning the CS–US
association in all. However, the CS is attributed with incen-
tive salience only in a subset of rats. This is indicated by
the observation that only in some rats does the CS itself (1)
become attractive, eliciting approach toward it (Flagel et
al., 2007, 2008a), (2) desired, in that animals will work to
get it (Flagel et al., 2011; Robinson and Flagel, 2009), and
(3) effective in motivating renewed seeking for the reward
after extinction of an instrumental response (Saunders and
Robinson, 2010; Yager and Robinson, 2010). Animals
prone to attribute incentive salience to a reward cue are
called “sign-trackers” (STs), a term derived from their pro-
pensity to approach the cue or “sign” that signals impend-
ing reward delivery (Brown and Jenkins, 1968; Hearst and
Jenkins, 1974). In other individuals a food cue is equally
predictive and equally effective in evoking a CR, but in
these animals the CR is not directed towards the cue itself,
but to the location of impending reward delivery, and in
these rats the cue is also not a very effective conditioned
reinforcer (Flagel et al., 2011; Robinson and Flagel, 2009).

hese animals are called “goal-trackers” (GTs), a term
erived from their propensity to approach the location of
eward delivery (Boakes, 1977). Thus, the cue (CS) serves
s an equally effective predictor in STs and GTs, and both
Ts and GTs learn the CS–US association, but only in STs
oes it function as a potent incentive stimulus (Flagel et al.,
011; Robinson and Flagel, 2009).

We have taken advantage of this natural individual
ariation in the propensity to attribute incentive salience to
reward cue to parse the psychological and neurobiolog-

cal processes underlying stimulus-reward learning and
otivated behavior (Flagel et al., 2007, 2011; Robinson
nd Flagel, 2009). Most recently, we utilized this model to
tudy the role of dopamine in stimulus-reward learning
Flagel et al., 2011). We demonstrated that learning a
ign-tracking CR requires dopamine but learning a goal-
racking CR does not (also see Danna and Elmer, 2010).
urthermore, the acquisition of a sign-tracking CR is as-
ociated with the transfer of a phasic dopamine response
rom the US to the CS, whereas learning a goal-tracking
R is not (Flagel et al., 2011). Thus, dopamine is not

equired for all forms of learning in which reward cues
ecome effective predictors (Schultz et al., 1997; Waelti et
l., 2001), but acts selectively in a form of stimulus-reward

earning in which incentive salience is attributed to reward
ues (Flagel et al., 2011). Here, we used the same logic to
xamine more broadly, what brain regions are “engaged”
hen the cue has predictive value (i.e. as in GTs and STs)

elative to when it also has incentive value (i.e. only for
Ts). To do this we used in situ hybridization histochem-

stry to quantify the ability of a food cue to induce c-fos
RNA expression in rats classed as STs or GTs, and in a

ontrol group that received unpaired presentations of the
S and US. We focused on those brain regions previously

eported to be “engaged” by reward cues—the so-called
motive circuit” that includes the prefrontal cortex, dorsal
nd ventral striatum, thalamus, habenula, and amygdala
Cardinal et al., 2002; Ikemoto, 2010; Kalivas and Volkow,

005; Weiss, 2005; Schiltz et al., 2007). We report that a
ood cue induced c-fos mRNA expression in these brain
egions only in rats that attributed incentive salience to the
ue.

EXPERIMENTAL PROCEDURES

Subjects

Male Sprague–Dawley rats (Charles River, Wilmington, MA, USA)
weighing 250–300 g upon arrival were used. Rats were housed
individually in hanging acrylic cages (8�8�9 cm3) and kept on a
2-h light/dark cycle (lights on at 0800 h) in a temperature- and
umidity-controlled colony room. Food and water were available
d libitum for the duration of the study. Procedures were approved
y the University Committee on the Use and Care of Animals.

Pavlovian conditioning

Pavlovian training was conducted using an autoshaping proce-
dure described previously (Flagel et al., 2007). All training ses-
sions were conducted between 1100 and 1600 h. Standard
(22�18�13 cm3) test chambers (Med Associates Inc., St. Albans,
VT, USA) were located inside a sound-attenuating cabinet with a
ventilating fan to mask background noise. For Pavlovian training,
each chamber had a food cup located in the center of one wall, 3
cm above a stainless steel grid floor. A retractable lever was
located 2.5 cm to the left of the food cup and a red house light
located at the top of the wall opposite the food cup remained
illuminated for the duration of each session.

Banana-flavored food pellets (Bio-Serv, Frenchtown, NJ,
USA) were placed into the rats’ home cages for 2 days before
training to familiarize the animals with this food, which served as
the US. Two pre-training sessions were conducted, consisting of
the delivery of 50 food pellets on a variable time 30-s schedule
(25-min session), and it was determined whether the rats reliably
retrieved the food pellets. For rats in the Paired groups (n�45)
each daily Pavlovian training session, which followed pre-training,
consisted of 25 trials in which the lever (CS) was inserted into the
chamber for 8 s and immediately following its retraction a 45-mg
food pellet (US) was delivered into the food cup, using a variable
time 90 s schedule (i.e. one presentation of the CS occurred on
average every 90 s, but the actual time between CS presentations
varied randomly between 30 and 150 s). When the lever was
inserted, the slot through which it protruded was simultaneously
illuminated by a LED located behind the slot. Note that no re-
sponse was required for the rat to receive reward, and that the
animals were not food deprived. Rats in the Unpaired Group (UN,
n�15) received pseudorandom CS and US presentations during
each session. Pavlovian training was conducted over seven con-
secutive days (days 1–7).

The following events were recorded using Med Associates
software: (1) number of lever-CS contacts, (2) latency to the first
lever-CS contact, (3) number of food cup entries during lever-CS
presentation, (4) latency to the first food cup entry following le-
ver-CS presentation, and (5) number of food cup entries during
the inter-trial interval (ITI). From these measures a “Pavlovian
Conditioned Approach” (PCA) score was calculated using the
following formula: ((Response Bias�Probability�Contact La-
tency)/3). Where Response Bias�(lever contacts�magazine
entries)/(lever contacts�magazine entries); Probability�(lever
contact probability�magazine entry probability); and Contact
Latency�(�(lever contact latency�magazine entry latency))/8 s.
The final PCA score was obtained by averaging scores from
sessions 6 and 7. With this index a score of �1 indicates that all
responses were directed toward the lever-CS, a score of �1
indicates that all responses were directed toward the food cup,
and a score of zero signifies that responses were directed equally

to both places.
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Test day: re-exposure to the CS

The day following Pavlovian training the test chambers were
reconfigured such that the pellet dispenser and food magazine
were removed and only the houselight and retractable lever were
present in the original positions. To minimize the influence of
contextual cues, all rats were placed into the reconfigured cham-
bers for 30 min on each of the next three consecutive days (days
8–10), during which time the houselight was illuminated but the
lever remained retracted. On day 11 (i.e. test day), rats were
placed into the chambers, the houselight was illuminated, and
following a 5-min habituation period, the illuminated lever-CS was
inserted into the cage for 2 s a total of 10 times (once per minute).
Note that no food was delivered during this test and, as in training,
presentation of the lever-CS was non-contingent, that is, it was
independent of the animals’ behavior. After the last lever-CS
presentation the rats were left in the chamber undisturbed for an
additional 30 min, after which time they were removed and imme-
diately decapitated. Thus, animals were sacrificed approximately
40 min after the first lever-CS presentation. This time point was
chosen because it falls within the range of those previously found
for optimal stimulus-induced c-fos mRNA expression (Kabbaj and
Akil, 2001; Ostrander et al., 2003).

In situ hybridization: c-fos mRNA expression

Tissue processing. After decapitation the brains were rap-
idly removed, frozen in isopentane (�30°C to �40°C), and then
stored at �80°C until further processing. Coronal brain sections
(10 �m) were cut on a cryostat (at 200-�m intervals) and thaw
mounted onto Superfrost/Plus slides (Fisher Scientific, Pittsburgh,
PA, USA). Sections were obtained throughout the brain, beginning
around 5.20 mm anterior to bregma and ending around �9.30 mm
posterior to bregma (Paxinos and Watson, 1998). Slides were
stored at �80°C until in situ hybridization was performed as
previously described (Kabbaj et al., 2000; Flagel et al., 2007).

In situ hybridization. Briefly, post-fixed sections were hy-
bridized with a 35S-labeled cRNA probe produced using standard
n vitro transcription methodology. The c-fos probe was a 783-
ase-pair fragment directed against the rat c-fos mRNA. The
robe was diluted in hybridization buffer, and brain sections were
overslipped and incubated overnight at 55°C. Following post-
ybridization rinses and dehydration, slides were apposed to
odak Biomax MR film (Eastman Kodak, Rochester, NY, USA).
ections were exposed for approximately 12 weeks. The speci-
city of the hybridization signal was confirmed by control experi-
ents using sense probes.

Quantification of radioactive signal. Autoradiograms were
aptured and digitized using Microtek ScanMaker 1000XL (Fon-
ana, CA, USA), and the scanner was driven by Lasersoft Imaging
SilverFast) software (Sarasota, FL, USA). The magnitude of the

A B

Fig. 1. Representative images used to guide quantification of brain reg
taining was performed on sections adjacent to those processed for c-
rocessed for vglut-2 mRNA to identify thalamic and habenular nucle

ybridization. For interpretation of the references to color in this figure legend,
ignal from the hybridized 35S-cRNA probe was determined using
ational Institutes of Health Image J software. A template was
enerated and used for each region of interest. In addition, a
acro was used which enabled signal above background [(3.5 �

tandard deviation)�mean of the background] to be automatically
etermined. The integrated optical density (IOD) of these signal
ixels was obtained by multiplying the size of the area quantified
y the mean signal intensity. The person quantifying was blind to
roup assignments.

Optical density measurements were taken from the left and
ight hemispheres of at least four brain sections per animal for
ach region of interest. Images were quantified across multiple
nterior–posterior (A–P) levels, as indicated by distance from
regma, and a mean IOD value was generated for each animal
nd brain region, and values for the left and right hemisphere
veraged. If there was no effect of A–P level (i.e. P�0.05), the
ata were collapsed and averaged across levels. Oftentimes, a
pecific A–P level(s) was chosen for analysis if there was in-
reased variance at other levels due to a small sample size,
ecause it was rare to have all animals represented across all A–P

evels. Also, if there was a large effect of A-P level on c-fos mRNA
xpression, the analysis was confined to the appropriate A–P

evel(s), as indicated later in the text.
For regions of interest that did not have a strong signal or

ere difficult to identify, adjacent sections underwent further pro-
essing and images were overlaid before quantification. To iden-
ify nuclei of the amygdala, an acetylcholinesterase stain (He-
reen et al., 1985; Burghardt and Wilson, 2006) was used (Fig.
A); and to distinguish sub-regions of the habenula and thalamus,
djacent sections were processed for vesicular glutamate trans-
orter-2 (vglut2) mRNA using in situ hybridization techniques (Fig.
B). A “Modified Kluver” stain (adapted from Kluver and Barrera,
953) consisting of Luxol Fast Blue, Eosin, and Cresyl Violet was
sed to identify landmarks and help distinguish between the core
nd the shell of the nucleus accumbens.

Statistics

Linear mixed-effects models (SPSS 18.0; Verbeke and Molen-
berghs, 2000) were used to analyze the PCA scores during the 7
days of training. One-way ANOVAs were used to examine group
differences on the last day of Pavlovian training (Fig. 2) and for all
of the c-fos mRNA data (Figs. 4–7). Significance was set at
P�0.05 and when significant main effects were found post hoc
comparisons were made using Fisher’s Protected Least Signifi-
cant Difference (PLSD) test.

The relationship between c-fos expression patterns and be-
havior upon re-exposure to the CS was examined using correla-
tion Z-tests with a 95% confidence interval. The relationship be-
tween c-fos expression patterns across brain regions for each
group was examined using correlation Z-tests and then corrected
for false discovery rate using Bioconductor “Q-value” package

C

terest and processed for in situ hybridization. (A) Acetylcholinesterase
A and served as a guide to identify nuclei of the amygdala. (B) Tissue
presentative image of tissue processed for c-fos mRNA using in situ
ions of in
fos mRN
i. (C) Re
the reader is referred to the Web version of this article.
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(http://www.bioconductor.org). The proportion of false positives
(i.e. “Q-value”) was generated from the list of P-values, and data
were only considered significant when there was less than a 10%
chance for false positives to occur (Fig. 8 and Table 1). The same

–P levels as indicated later in the text for each brain region were
sed for the correlation analyses.

RESULTS

Pavlovian conditioning

Rats were classed as STs or GTs based on their PCA
score averaged over the last two days of Pavlovian training
(days 6 and 7). Rats with an average approach index of
�0.3 were designated STs (n�6, average PCA score�
�0.6) and those with an index score of ��0.3 were des-
ignated GTs (n�10, average PCA score��0.8). Rats with
an “intermediate” score were not utilized for this study.
Rats in the UN group had a PCA score of �0.5 or ��0.5
(i.e. did not show a strong preference for either the le-
ver-CS or the food-cup; n�9, average PCA score�
�0.2). Thus, a maximum of 25 animals are included in the
behavioral and neurobiological data presented later in the
text.

As shown in Fig. 2, STs exhibited a clear preference for
the lever-CS by the third day of training and GTs showed
preference for the food cup during all seven training ses-
sions. It is likely that GTs showed a preference for the food
cup early in training because of the two “pre-training” ses-
sions, when all animals were required to retrieve pellets

Fig. 2. Mean�SEM Pavlovian Conditioned Approach scores across
7 d of Pavlovian training for STs (n�6), GTs (n�10), and rats in the
unpaired group that received pseudorandom presentation of the CS
and US (UN, n�9). A PCA score of �1 means all responses were
irected towards the lever-CS, a score of �1 indicates that all re-
ponses were directed away from the lever-CS and towards the food
up, and a score of zero indicates that responses were directed
qually to both places.
from the food cup. Rats in the UN group did not learn either
a ST or GT conditional response, although they tended to
approach the food cup more than the lever-CS, but this
behavior did not change over time as a function of training,
and was not as strong as that in GTs. Overall, for PCA
scores, there was a significant effect of group (F(2,30)�
51.0, P�0.0001), a significant effect of day (F(6,34)�

3.2, P�0.01), and a significant group�day interaction
F(12,35)�4.7, P�0.0001). When the groups were analyzed

independently for this measure, only for STs was there a
significant effect of day (F(6,40)�9.0, P�0.0001). However,
both STs and GTs showed evidence of learning their re-
spective behaviors, as there was a significant effect of day
for other indices of sign-tracking and goal-tracking behav-
ior (e.g. contacts with the lever or food cup, latency to
approach, etc.) when the groups were analyzed indepen-
dently (data not shown).

By the last day of training (day 7), there was a large
difference in behavior between groups (Fig. 3). STs
showed a greater probability to approach the lever-CS
(Fig. 3A, F(2,22)�124.0, P�0.0001), an increased number
f lever-CS contacts (Fig. 3B, F(2,22)�32.7, P�0.0001),
nd approached the lever-CS more rapidly than GTs or
ats in the UN group (Fig. 3C, F(2,22)�42.2, P�0.0001). In

contrast, GTs showed increased probability to approach
the food cup (Fig. 3D, F(2,22)�120.4, P�0.0001), a greater
number of head entries (contacts) into the food cup during
lever-CS presentation (Fig. 3E, F(2,22)�33.7, P�0.0001)
and approached the food cup more rapidly (Fig. 3F,
F(2,22)�25.3, P�0.0001) than the other two groups. Thus,
as we have reported previously (Flagel et al., 2007,
2008a,b, 2011; Robinson and Flagel, 2009), there is con-
siderable individual variation in the topography of the CR
that develops in this situation. Some rats learn to prefer-
entially approach the CS, whereas others learn to ap-
proach the location where food will be delivered.

Test day: re-exposure to the CS

When the lever-CS was presented under extinction condi-
tions, after 3 days of habituation to the test context, some
STs approached and contacted it, even though it was
presented very briefly, for only 2 s. However, other STs did
not contact the lever, and correlational analyses revealed
no significant relationship between the number of lever
contacts upon re-exposure to the CS for STs and the
expression of c-fos mRNA in any brain region examined
(r2�0.34, P�0.25). None of the GTs contacted the le-
er-CS during this test session.

n situ hybridization: c-fos mRNA expression

Prefrontal cortex. There were no significant group
ifferences in the prelimbic, infralimbic, or anterior cingu-

ate cortices at any A–P level, although there was a non-
ignificant (F(2,22)�2.2, P�0.14) trend for greater c-fos

mRNA expression in STs in the rostral (3.1 mm anterior to
bregma) portion of the prelimbic area, which is evident in
Fig. 4. There were no significant group differences in the
orbitofrontal cortex at the most rostral levels (data not
shown), but at A–P level 3.1 mm anterior to bregma, STs

showed significantly greater c-fos mRNA expression than

http://www.bioconductor.org
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GTs or the UN group (F(2,22)�3.6, P�0.04; Fig. 4), which

Fig. 3. Lever-CS directed behavior (sign-tracking) and food cup
directed behavior (goal-tracking) during the CS period on the final
day of Pavlovian training in GTs (n�10), STs (n�6) and the Un-
paired (UN) group (n�9). Mean�SEM for, (A) probability of ap-
proach towards the lever-CS, (B) number of contacts with the
lever-CS, (C) latency to contact the lever-CS, (D) probability of
approach towards the food cup, (E) number of contacts with the
food cup during lever-CS presentation, and (F) latency to contact
the food cup once the lever-CS was presented. Relative to UN and
GT rats, STs approached the lever-CS more frequently and rapidly,
and engaged it more avidly (A–C, post hoc comparisons, * P�
0.0001). In contrast, GTs approached the food cup more frequently
and rapidly, and engaged it more avidly than UN and ST rats (D–F,
post hoc comparisons, * P�0.001).
did not differ from one another.
Striatum and lateral septum. The nucleus accum-
bens was divided into the core and shell subdivisions, and
there were significant group differences in c-fos mRNA
expression across A–P levels 1.6 mm and 1.2 mm anterior
to bregma in both the core (F(2,22)�3.3, P�0.05) and the
shell (F(2,22)�4.4, P�0.03). STs showed greater c-fos

RNA expression in both of these regions relative to GTs
r the UN group, which did not differ from one another (Fig.
A). The caudate-putamen was divided into medial and

ateral as well as dorsal and ventral subdivisions and quan-
ified at both anterior (1.6 mm and 1.2 mm to bregma) and
ore posterior (0.8 mm and 0.4 mm to bregma) A–P

evels. In STs, presentation of the lever-CS increased c-fos
RNA expression in the ventrolateral portion of the stria-

um at both rostral (F(2,22)�3.9, P�0.04) and more poste-
rior (F(2,22)�7.0, P�0.005; Fig. 5A, B) levels. Presentation
f the lever-CS also induced greater c-fos mRNA expres-
ion in STs in the more posterior portions of the dorsome-
ial (F(2,22)�6.9, P�0.005), dorsolateral (F(2,22)�6.7,

P�0.005), and ventromedial striatum (F(2,22)�11.7,
�0.0003; see Fig. 5B), but there were no significant
roup differences in these latter three subregions at the
ore anterior A–P levels of the caudate-putamen (Fig.
A). In addition, STs showed greater c-fos mRNA expres-
ion in the lateral septum (Fig. 5A, F(2,18)�9.2, P�0.002).

Habenula and thalamus. Presentation of the le-
er-CS evoked greater c-fos mRNA expression in the lat-
ral habenula (A–P levels �3.3 and �3.6 mm posterior to
regma; F(2,19)�6.6, P�0.007) in STs relative to GTs or

the UN group, which did not differ from one another, and
there was a similar trend in the medial habenula (Fig. 6,
F(2,19)�3.0, P�0.07).

STs also had greater c-fos mRNA expression than
the other two groups in the anterior portion of the para-
ventricular nucleus of the thalamus (Fig. 6, A–P level
�3.14 mm posterior to bregma; F(2,21)�7.2, P�0.004),
but not at more caudal levels (e.g. �4.16 mm to bregma;
data not shown), and similar group differences were
seen in the intermediodorsal nucleus (F(2,22)�3.4,
P�0.05) and the central medial nucleus of the thalamus
(Fig. 6, F(2,22)�3.6, P�0.04). There were no significant
group differences in c-fos mRNA expression in the para-
central nucleus or the centrolateral nucleus of the thal-
amus (Fig. 6).

Amygdala. Although there was a tendency for
greater c-fos mRNA expression in STs in the three subre-
gions of the amygdala analyzed, group differences were
not statistically significant (Fig. 7). We speculate that sig-
nificant effects were precluded by increased variance due
to technical difficulties in identifying the boundaries of the
subnuclei and the smaller number of samples for this
region.

Other brain regions of interest. Other brain regions
that were quantified and analyzed for group differences in
c-fos mRNA expression included the primary motor cortex,
sensory cortical areas, piriform cortex, claustrum, medial

geniculate nucleus, olfactory tubercle, periaqueductal
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gray, and the superior colliculus. The only significant group
difference was in the primary motor cortex (F(2,19)�3.7,

�0.04).

Connectivity between brain regions. As shown in Fig.
8, the pattern of “connectivity” between brain regions, as
indicated by significant inter-regional correlations, varied
as a function of group. Given the number of correlations
analyzed, we were conservative with our approach in de-
termining what was significant and only those correlations
that had less than a 10% chance of revealing false posi-
tives are presented and discussed. There was a positive
correlation between levels of c-fos mRNA expression in
the shell and core of the nucleus accumbens for GTs and
the unpaired group. Interestingly, however, STs did not
show a positive correlation in c-fos expression between
subregions of the accumbens, but there was a strong
correlation between the core of the accumbens and dor-
somedial portion of the posterior caudate. Moreover, unlike
the other two groups, in STs, there was a strong negative
correlation between both the paraventricular and interme-
diodorsal nuclei and the shell of the nucleus accumbens.
The only other significant negative correlation was de-
tected in GTs, between the shell and dorsomedial portion
of the posterior caudate. Goal-trackers also showed a
significant positive correlation between the paraventricular
nucleus of the thalamus and orbitofrontal cortex; thus, they
were the only group to show evidence of a thalamocortical

Fig. 4. Mean�SEM of integrated optical density (IOD) values for c-fos
3.2 mm anterior to bregma (Paxinos and Watson, 1998). STs (n�6) h
and GT (n�10) groups (post hoc comparisons, * P�0.05).
association. A more detailed summary of the correlational
data are included in Table 1. Taken together, these data
highlight the extent to which different neural systems are
engaged by a reward cue in STs vs. GTs.

DISCUSSION

It is well established that mesocorticolimbic and cortico-
striatal-thalamic brain regions that form a so-called “motive
circuit” are engaged in response to cues associated with
natural rewards (food, sex) and drugs of abuse (Childress
et al., 1999; Kalivas and Volkow, 2005; Kelley et al.,
2005a), and even to reward cues presented outside of
conscious awareness (Childress et al., 2008). Together,
these brain regions mediate the integration of learning,
emotion, and arousal to produce motivated behavior (Koob
and Volkow, 2010; Schiltz et al., 2007). However, reward
cues have multiple properties (e.g. learned associative
prediction, hedonic impact, incentive motivation) (Berridge
and Robinson, 2003; Smith et al., 2011), and, until now, it
was not known which particular feature of a reward cue is
most effective in engaging these brain regions because
these properties of reward cues are usually acquired to-
gether and difficult to parse. Here we took advantage of
individual variation in the propensity to attribute incentive
salience to a food cue to dissociate its predictive and
incentive properties, and report that the learned predictive
properties of a reward cue are not sufficient to fully engage

prefrontal cortical regions. Representative atlas image from A–P level
ased c-fos expression in the orbitofrontal cortex relative to UN (n�9)
mRNA in
this “motive circuit.” Instead, the cue must also be attrib-
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Fig. 5. Mean�SEM of integrated optical density (IOD) values for c-fos mRNA in (A) rostral regions of the striatum and the lateral septum and (B) more
posterior portions of the striatum. Abbreviations: NAc, nucleus accumbens; DM, dorsomedial; DL, dorsolateral; VM, ventromedial; VL, ventrolateral.
Representative atlas images are shown for (A) A–P level 1.6 mm and (B) A–P level 0.7 mm anterior to bregma (Paxinos and Watson, 1998). For the
more anterior section (A), post hoc comparisons revealed that STs (n�6) showed greater c-fos mRNA expression relative to UN (n�9) and GT (n�10)
groups in the NAc core, NAc shell and the lateral septum (* P�0.04). In the rostral portion of the VL striatum, STs exhibit greater expression than GTs
(post hoc comparison, # P�0.01). At the more posterior level (B), STs showed greater c-fos mRNA expression than both GTs and the UN group in

he DM striatum, DL striatum, VM striatum, and VL striatum (post hoc comparisons, * P�0.01).
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uted with incentive motivational properties (i.e. incentive
salience). Moreover, the pattern of inter-regional “connec-
tivity” within this broadly distributed network varies greatly
between rats that do or do not attribute incentive salience
to the cue.

In almost every brain region examined, a food cue that

Fig. 6. Mean�SEM optical density (IOD) values for c-fos mRNA in th
halamus; IMD, intermediodorsal nucleus of the thalamus; PC, paracen
entral lateral nucleus of the thalamus. Representative atlas image fr

expression in the lateral habenula and the PVT nucleus of the thalam
* P�0.005). STs also showed greater expression in the IMD and CEM
were only significant relative to GTs in the IMD nucleus (# P�0.02) a
induced c-fos mRNA expression did so in STs, but not
GTs, relative to rats that received unpaired CS–US pre-
sentations. To minimize any behavioral differences on the
test day that might affect c-fos mRNA levels and confound
interpretation of the results, we presented the lever only 10
times, and very briefly, at a duration of 2 s for each pre-
sentation. However, there were still behavioral differences

ula and thalamus. Abbreviations: PVT, paraventricular nucleus of the
us of the thalamus; CeM, central medial nucleus of the thalamus; CL,

level �3.3 mm posterior to bregma. STs (n�6) showed greater c-fos
ared with UN (n�9) and GT (n�10) groups (post hoc comparisons,
f the thalamus, but post hoc comparisons revealed that these effects
UN group in the CEM nucleus (� P�0.01).
e haben
tral nucle

om A–P
us comp
nuclei o
during the cue re-exposure session. Some of the STs
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continued to approach and contact the lever; whereas
none of the GTs came into contact with the lever during the
test session. To examine whether induction of c-fos mRNA
was due merely to differences in motor activity, we con-
ducted correlational analyses between c-fos mRNA levels
and lever contacts for STs, and found no significant rela-
tionship in any brain region examined. In addition, the fact
that there were no significant group differences in c-fos
mRNA expression in anterior portions of the dorsal stria-
tum and only minimal differences in the primary motor
cortex supports the notion that the group differences are
not attributable to differences in lever-directed motor be-
havior. Although it is possible that the differences in c-fos
expression could be due to other factors (e.g. stress) that
are not specifically associated with reward learning mech-
anisms, this is unlikely. All three groups were exposed to
the same Pavlovian training procedures followed by novel
context habituation and subsequently the same number of
CS presentations before sacrifice. Moreover, there were
no significant differences in c-fos mRNA expression in the
amygdala, which would have been expected if these were
indeed “stress effects” (Cullinan et al., 1995). Thus, given
that the major difference between STs and GTs is the
extent to which the cue acquired incentive motivational
properties, we conclude that group differences in c-fos
mRNA expression patterns most likely indicate that these

Table 1. This table lists the correlation coefficient (r), calculated P-
alue, and “Q-value” for the significant correlations included in Fig. 8.
he “Q-value” was generated from the list of P-values and multiplied
y 100 to illustrate the chance for false positives to occur for a given
orrelation. Only correlations with less than a 10% chance for false
ositives are included. The data are listed by the strength of the
orrelation (in descending order) for each group separately

Correlated brain regions r P-value Q-value (� 100)

Unpaired group
Core–Shell 0.94 �0.0001 0.21
PV–MH 0.92 �0.0001 0.53
VM caudate–primary motor 0.92 0.002 1.16
DL caudate–primary motor 0.87 0.008 4.61
IMD–CeM 0.87 0.001 1.02

Goal-trackers
Shell–septum 0.9 0.001 2.51
Core–primary motor 0.85 0.002 3.29
Core–Shell 0.84 0.001 2.51
OFC–PV 0.75 0.01 9.19
IMD–CeM 0.74 0.012 9.19
Shell–DM caudate �0.74 0.012 9.19

Sign-trackers
Shell–IMD �0.93 0.005 6.67
Shell–PV �0.93 0.005 6.67
IMD–CeM 0.91 0.005 8.3
Core–DM caudate 0.9 0.009 8.3

Abbreviations: IMD, intermediodorsal nucleus of the thalamus; CeM,
central medial nucleus of the thalamus; DL Caudate, dorsolateral
portion of the posterior caudate; VM Caudate, ventromedial portion of
the posterior caudate; PVT, paraventricular nucleus of the thalamus;
MH, medial habenula; Core, core of the nucleus accumbens; Shell,
shell of the nucleus accumbens; Septum, lateral septum; OFC, orbito-
frontal cortex.
brain regions are especially important in mediating incen- a
tive motivational processes. This is not to say that some of
these brain regions are not involved in other components
of stimulus-reward learning (e.g. hedonics or associative
learning; Faure et al., 2010; Smith et al., 2009, 2011), but
t this level of analysis, they appear to be especially sen-
itive to reward cues that have been attributed with incen-
ive salience.

Among the most interesting findings reported here are
he apparent differences in inter-regional “connectivity” be-
ween groups, as indicated by the extent to which levels of
-fos expression are highly correlated between different
rain regions (Fig. 8). Although we readily acknowledge
hat the functional significance of the reported correlations
s highly speculative, we did use very conservative statis-
ical tests to control for random effects, and, therefore,
resume that they reflect reliable relationships. Thus, we
uggest that the distinct patterns of “connectivity” in STs
nd GTs highlight the extent to which different neural
ystems are engaged when a reward cue has predictive
alue (GTs and STs) vs. when it also has incentive value
STs). Of course, more detailed molecular and anatomical
tudies are needed to determine the extent to which these
unctionally linked areas truly represent distinct “circuits.”

Very little is known about the psychological and neu-
obiological processes regulating goal- vs. sign-tracking
ehavior. However, in light of our recent findings elucidat-

ng the role of dopamine in these CRs (Flagel et al., 2011;
lso see Danna and Elmer, 2010), we speculate that these
re very distinct processes, and that GTs use more of a
cognitive” learning strategy than that used by STs, and
ur current results further support this hypothesis. GTs
ere the only group to show thalamocortical and cortico-
triatal associations; possibly indicating greater top–down
xecutive control of their behavior. In agreement, Schiltz et
l. (2007) previously reported increased cortical engage-
ent of the striatum upon presentation of food cues, and it
as been postulated that these corticostriatal connections
ediate goal-directed behavior via conditioned inhibitory
rocesses. Moreover, Dickinson and Balleine (2002) have
rgued that goal-directed behavior is not governed by
opamine-dependent Pavlovian incentive learning pro-
esses, but by dopamine-independent cognitive pro-
esses. We suggest, therefore, that for goal-trackers,
hese cognitive processes encode the CS with a sensory/
erceptual representation of the reward and this produces
S-elicited approach to the location of impending reward
elivery (Dickinson and Balleine, 2002). That is, for GTs,
he CS is purely an “informational” stimulus, and is rela-
ively devoid of incentive properties. In contrast, for sign-
rackers, the CS acquires the properties of an incentive
timulus via dopamine-dependent Pavlovian incentive

earning mechanisms, and its incentive properties make
he CS itself attractive and desired, drawing the animal
owards it, even though approaching the CS has no effect
hatsoever on the probability of receiving the reward. This

nterpretation is consistent with our observation that in STs
ll of the strong inter-regional correlations were subcorti-
al, suggesting a non-cognitive processing mechanism,

nd perhaps even an implicit process underlying this CR.
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We recognize that the food cup may have incentive prop-
erties for both STs and GTs (Mahler and Berridge, 2009),
s both eventually go to the source of reward delivery; but

n the current study we removed the food cup on the test
ay, and only presented the CS, to mitigate any influence

t might have had and to isolate the incentive vs. predictive
roperties of the CS.

ortex

espite the lack of cortical involvement indicated by the
nterregional analyses in STs, we did find greater c-fos

RNA expression in these animals in the orbitofrontal
ortex, and a trend in the same direction in the prelimbic
egion of the prefrontal cortex. These findings are in agree-
ent with previous reports demonstrating a critical role of

he orbitofrontal cortex in mediating the conditioned rein-
orcing properties of food reward cues in rats (Burke et al.,
008). Cocaine-associated cues capable of reinstating

Fig. 7. Mean�SEM optical density (IOD) values for c-fos mRNA in th
central nucleus of the amygdala; LA, lateral nucleus of the amygdala, a
A–P level �2.56 mm posterior to bregma. There were no significant g
rug-seeking behavior in rats increase Arc mRNA levels in f
the orbitofrontal cortex (Zavala et al., 2008). Like c-fos, Arc
is an immediate early gene that has been implicated in
neuronal plasticity and learning and memory (Guzowski,
2002; Tzingounis and Nicoll, 2006) and more recently in
the conditioned plasticity associated with incentive motiva-
tional effects of drug cues (Zavala et al., 2008). In the
human neuroimaging literature, the orbitofrontal cortex has
received much attention as a locus for cue reactivity and
associated drug craving (Falck et al., 1990; Franklin et al.,
2007; Schoenbaum and Shaham, 2008; McClernon et al.,
2009). Moreover, structural and functional studies in both
humans and non-human animals have implicated the or-
bitofrontal cortex in regulating impulsive behavior (Win-
tanley, 2007), and we have previously reported that STs
how more impulsive actions than GTs (Flagel et al., 2010;
ovic et al., 2011). Thus, it is not surprising that STs—rats
hat attribute incentive salience to reward-associated
ues—exhibit increased c-fos mRNA levels in the orbito-

ala for STs (n�5), GTs (n�10), and UN (n�9). Abbreviations: CeA,
basolateral nucleus of the amygdala. Representative atlas image from
erences in c-fos expression in the amygdala.
e amygd
rontal cortex relative to rats that merely treat the signal as
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a predictor of reward (GTs) or rats that received unpaired
CS–US presentations.

Striatum

The orbitofrontal cortex projects to both the dorsal and
ventral striatum (Voorn et al., 2004; Schilman et al., 2008),
areas where we also found pronounced group differences
in c-fos mRNA levels. In STs (but not GTs) the food cue
increased c-fos mRNA expression in the posterior portion
of the dorsomedial, dorsolateral, ventromedial, and ventro-
lateral dorsal striatum as well as the core and shell of the
nucleus accumbens. In agreement, it has previously been
shown that contextual cues associated with food increase
the expression of a number of activity-regulated genes in
both the dorsal and ventral striatum (Schiltz et al., 2007).
The dorsal striatum receives the densest innervations from
dopamine afferents (Fallon and Moore, 1978) and is
known for its role in the selection and initiation of actions
(Graybiel et al., 1994) and in mediating stimulus-response
(habit) learning (White and McDonald, 2002; Everitt and
Robbins, 2005; Everitt et al., 2008). Most relevant to the
current findings, it has been reported that the dorsal stria-
tum is involved in “non-hedonic” processes to modulate
food motivation in humans. That is, food-related stimuli
(without actual food consumption) have been shown to
increase extracellular dopamine in the dorsal striatum in
proportion to their ability to increase hunger and desire for
food (Volkow et al., 2002). These and similar results with
cocaine (Volkow et al., 2006) suggest that dopamine ac-
tivity in the dorsal striatum incites behaviors necessary to
procure the desired object, be it food or drugs. In agree-
ment, a number of preclinical studies have demonstrated a
role of the dorsal striatum in drug-seeking behavior and

BA
GoUnpaired

r = +1.0 - 0.9

r = +0.899 - 0.8
r = +0.799 - 0.7

r = -0.9 - 1.0

r = -0.8 - 0.899
r = -0.7 - 0.799

Fig. 8. These diagrams illustrate pairs of brain regions in which there w
by highly correlated levels of expression for (A) unpaired group, (B
correlations between brain regions and yellow lines represent negativ
Abbreviations: OFC, orbitofrontal cortex; Motor, primary motor cortex;
the thalamus; IMD, intermediodorsal nucleus of the thalamus; LH, latera
core of the nucleus accumbens; Caudate, caudate nucleus of the stri
of the references to color in this figure legend, the reader is referred
relapse (Ito et al., 2002; Fuchs et al., 2006; See et al.,
2007), and the prevailing view is that this structure medi-
ates the habitual nature of drug-seeking that underlies
addiction (Tiffany, 1990; Robbins and Everitt, 1999; Everitt
et al., 2008).

The ventral striatum, or nucleus accumbens, is consid-
ered the limbic-motor interface—a locus where learned
associations of motivational significance are converted into
action (Mogenson et al., 1980; Ito and Hayen, 2011). Pro-
jections from the prefrontal cortex to the accumbens have
been recognized for providing properties of motivational
salience and direction to goal-directed behavior, and this
circuitry has been referred to as the “final common path-
way” for eliciting drug-seeking behavior and contributing to
relapse (Kalivas and Volkow, 2005). Indeed, there is abun-
dant evidence supporting a role for the nucleus accum-
bens in the expression of conditioned emotional responses
to cues and contexts associated with appetitive events,
such as access to food or drugs (for reviews see Cardinal
et al., 2002; Day and Carelli, 2007; Berridge, 2009), and
these behaviors are mediated by both glutamate and do-
pamine signaling (e.g. Burns et al., 1994; Smith-Roe and
Kelley, 2000; Di Ciano et al., 2001). Recent evidence
suggests that, in addition to the mesocorticolimbic dopa-
mine system, there also exist parallel glutamate-only and
glutamate-dopamine pathways (Yamaguchi et al., 2011),
and these neurotransmitter systems interact to shape neu-
ral excitability and synaptic plasticity in striatal neurons (Di
Filippo et al., 2009; Lovinger, 2010; Shiflett and Balleine,
2011; Surmeier et al., 2009) and to regulate behavior. The
core of the nucleus accumbens depends on both dopami-
nergic and glutamatergic afferents and is believed to be
the primary site mediating the expression of learned be-
haviors in response to predictive stimuli (Di Ciano and

Sign-trackers
C

ers

nificant relationship in patterns of c-fos mRNA expression as indicated
ckers, and (C) sign-trackers. Red lines indicate significant positive
ions. The thickness of the line reflects the strength of the correlation.
aventricular nucleus of the thalamus; CeM, central medial nucleus of
la; MH, medial habenula; Shell, shell of the nucleus accumbens; Core,
tricted to posterior levels); Septum, lateral septum. For interpretation
b version of this article.
al-track

as a sig
) goal-tra
e correlat
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l habenu
Everitt, 2001; Kelley, 2004). Further, it has been shown
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that the core, but not shell, is essential for cue-elicited,
goal-directed behaviors, including cue-induced reinstate-
ment of cocaine-seeking behavior (Fuchs et al., 2004; Ito
et al., 2004). In contrast, reciprocal dopamine innervations
from the ventral tegmental area to the shell of the accum-
bens contribute to learning associations between motiva-
tional events and environmental stimuli (Bassareo and Di
Chiara, 1999; Sellings and Clarke, 2003). It has been
suggested that neurons in the core encode the motiva-
tional value of reward cues to arouse behavior (Corbit and
Balleine, 2011) and that the shell then uses this informa-
tion to guide and modulate motivated behavior (Saddoris
et al., 2011). Additional evidence implicates the core in the
control of reward- or drug-seeking behavior by discrete
cues and the shell over such behaviors by spatial and
contextual information (Bossert et al., 2007; Chaudhri et
al., 2010; Ito et al., 2008). In the present study, STs ex-
hibited enhanced c-fos mRNA in both subregions of the
accumbens relative to GTs and rats in the unpaired group,
suggesting that the core and shell may work in concert to
mediate responses to discrete cues imbued with incentive
motivational properties.

Thalamus

Another region considered a key target for dopaminergic
projections is the thalamus (Sánchez-González et al.,
2005), a structure that has only relatively recently been
implicated in appetitive associative learning and respon-
sivity to reward cues (Asensio et al., 2010; Igelstrom et al.,
2010; Hamlin et al., 2009). In humans, there is evidence to
suggest dopaminergic regulation of thalamic involvement
in reward expectation and reported associations between
activity in the thalamus and dopamine D2 receptor avail-
ability in the dorsal striatum (Asensio et al., 2010). More-
over, in cocaine abusers, methylphenidate significantly in-
creases dopamine in the thalamus, and this increase is
proportional to subjective ratings of craving (Volkow et al.,
1997). We found that the food cue increased c-fos mRNA
levels in midline thalamic structures, including the para-
ventricular nucleus of the thalamus (PVT) and the interme-
diodorsal and centromedial nuclei, in STs (but not GTs).
These findings are consistent with those of Schiltz et al.
(2007), who found increased immediate early gene ex-
pression in the midline nuclei of the thalamus in response
to contextual food cues. The PVT has also recently been
shown to be activated during cue-reward associative learn-
ing (Igelstrom et al., 2010). However, this is the first dem-
onstration that this region may be engaged in a specific
form of stimulus-reward learning—one in which incentive
salience is assigned to discrete reward cues.

The connections of the PVT are consistent with such a
role as it receives input from the amygdala, dopaminergic
cells of the ventral tegmental area (VTA; Van der Werf et
al., 2002), and from hypothalamic regions concerned with
internal states (Groenewegen and Berendse, 1994; Van
der Werf et al., 2002). The PVT also has glutamatergic
projections to the shell of the nucleus accumbens that
modulate dopamine release (Jones et al., 1989; Berendse

and Groenewegen, 1990). Lesion studies have demon- o
strated a role of the PVT in both the conditioned and
unconditioned properties of psychostimulant-induced be-
havioral sensitization (Young and Deutch, 1998), and a
more recent study showed that the PVT mediates context-
induced reinstatement of extinguished “beer”-seeking be-
havior (Hamlin et al., 2009). In agreement, other studies
have demonstrated induction of c-fos in the PVT following
exposure to psychostimulants or drug-related contexts
(Brown et al., 1992; Deutch et al., 1998; Rhodes and
Crabbe, 2005). Moreover, Fos protein is increased in both
the accumbens and thalamus in anticipation of feeding,
and lesions of the PVT attenuate anticipatory activity as-
sociated with mealtime (Nakahara et al., 2004; Kelley et
al., 2005b; Mendoza et al., 2005). In the current study, we
found that STs were the only group to show a negative
relationship between the PVT and shell of the accumbens,
but it is difficult to speculate on the meaning of this asso-
ciation without knowing the specific cell types involved.
Nonetheless, these findings support a role of the PVT in
incentive motivational processes.

Septum

The lateral septum also receives dopaminergic input from
the VTA (Deniau et al., 1980), and in turn projects to the
nucleus accumbens and VTA to modulate dopaminergic
activity (Louilot et al., 1989; Sheehan et al., 2004). Here we
show that STs exhibit greater c-fos mRNA levels in the
lateral septum relative to GTs and the UN group. The
septum has historically been implicated in reward process-
ing. Olds and Milner (1954) demonstrated that stimulation
f this area was highly reinforcing and considered it to be
ritical for learning. In accordance with the present find-

ngs, Igelstrom et al. (2010) demonstrated differential c-fos
xpression in cue-reward learning in the lateral septum. It
as also been shown that septal neurons are preferentially
ctivated by cues that predict better outcomes (Thomas et
l., 1991). Moreover, the lateral septum was recently iden-
ified as a critical relay point between the hippocampus and
entral tegmental area, a circuit that mediates reinstate-
ent of drug-seeking behavior by contextual stimuli (Luo
t al., 2011). These findings are especially interesting
iven the positive correlation between the shell of the
ucleus accumbens and the lateral septum in GTs, (but not
Ts), and the fact that GTs seem to use context to appro-
riately modify their behavior to a greater extent than STs
Morrow et al., 2011). Taken together, our findings support
nd expand those previously reported by demonstrating a
ore specific role for the lateral septum in stimulus-reward

earning.

abenula

nother region that is involved in regulating emotional
ehavior and recently has been implicated in reward learn-

ng is the habenula (Hikosaka, 2010). In the current study,
e found increased cue-induced c-fos mRNA expression

n STs in the lateral habenula and a similar trend in the
edial habenula. The habenula is thought to act as a
ode to link the forebrain to midbrain regions and is one

f the few brain regions known to influence both the
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dopamine and serotonin systems (Herkenham and Nauta,
977; Hikosaka, 2010; Sutherland, 1982). Specifically, the

habenula is thought to control motivated behavior and
dopaminergic activity in the VTA via a relay in the rostro-
medial tegmental nucleus (RMTg; also known as the cau-
dal tail of VTA; Jhou et al., 2009; Balcita-Pedicino et al.,
2011; Hong et al., 2011). There is abundant evidence to
suggest that lateral habenula neurons inhibit dopamine
neurons. Electrical stimulation of this area inhibits activity
of dopamine neurons in the substantia nigra and ventral
tegmental area (Christoph et al., 1986; Ji and Shepard,
2007; Matsumoto and Hikosaka, 2007), and lesions of the
habenula increase dopamine in the cerebral cortex and
striatum (Nishikawa et al., 1986). It has been shown that
animals with habenula lesions become hyperactive and
have attentional deficits (Lee and Huang, 1988; Lecourtier
and Kelly, 2005) and exhibit increased reward-seeking
behavior (Friedman et al., 2010, 2011). These effects are
believed to be due to removal of the inhibition of dopamine
neurons (Hikosaka, 2010). In contrast, electrical stimula-
tion of the habenula attenuates reward-seeking behavior
(Friedman et al., 2010, 2011) and suppresses motor be-
havior via inhibition of dopamine-releasing neurons. Fur-
ther, there are studies across species that suggest that the
habenula plays a specific role in reinforcement learning by
responding to the predictive nature of cues associated with
either appetitive or aversive stimuli (Nishikawa et al., 1986;
Schultz, 1998; Matsumoto and Hikosaka, 2007; Bromberg-
Martin et al., 2010). For example, it has been shown that
cocaine cues increase Fos protein in the lateral habenula
in rats repeatedly injected with the drug (Falck et al., 1990;
Brown et al., 1992; Franklin and Druhan, 2000). Thus, our
findings again extend those previously reported by dem-
onstrating a more specific role for the habenula in assign-
ing incentive value to reward cues. Future studies will need
to identify the specific cell types in which c-fos mRNA is
expressed in order to determine the functional significance
of these findings.

CONCLUSIONS

In conclusion, it is well known that cues associated with
food or drug rewards can exert powerful effects on emo-
tions and behavior and can evoke a motivational state of
“craving” or “wanting” (Childress et al., 1999; Robinson
and Berridge, 2000; Brody et al., 2002; Berridge and Rob-
inson, 2003). Individuals who attribute reward cues with
incentive salience find it more difficult to resist such cues
and are thereby more susceptible to disorders of impulse
control such as overeating and addiction. As we and others
have previously shown, there are individual differences in
the propensity to attribute incentive salience to a reward
cue (Flagel et al., 2007, 2008b; Mahler and Berridge, 2009;

nderson and Spear, 2011; Beckmann et al., 2011), and in
the present study we took advantage of this natural varia-
tion to identify brain regions that are “engaged” when a cue
is or is not attributed with incentive salience. A so-called
“motive circuit,” comprised of mesocorticolimbic and cor-

tico-striatal-thalamic systems, has been shown to be en-
gaged by reward cues in both humans and non-human
animals, and to play an important role in reward-related
processes (Childress et al., 1999; Kalivas and Volkow,
2005; Kelley et al., 2005a). However, we report here that a
discrete cue associated with food reward engages these
regions, as indicated by c-fos mRNA expression, only if
that cue is attributed with incentive salience. Thus, we
conclude that the primary function of these brain systems
is specifically related to incentive motivational processes,
not to all forms of associative learning whereby reward
cues become effective predictors. Ongoing studies using
the same animal model are investigating the circuitry acti-
vated by cues associated with drug reward, and together
these studies may reveal patterns of neural activity that
are specific to individuals that are prone to attribute
incentive salience to reward cues and thus potentially
have an increased propensity to develop disorders of
impulse control, such as overeating, pathological gam-
bling, or addiction.
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