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Neural Activity in the Ventral Pallidum Encodes Variation in
the Incentive Value of a Reward Cue
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There is considerable individual variation in the extent to which reward cues are attributed with incentive salience. For example, a
food-predictive conditioned stimulus (CS; an illuminated lever) becomes attractive, eliciting approach toward it only in some rats (“sign
trackers,” STs), whereas others (“goal trackers,” GTs) approach the food cup during the CS period. The purpose of this study was to
determine how individual differences in Pavlovian approach responses are represented in neural firing patterns in the major output
structure of the mesolimbic system, the ventral pallidum (VP). Single-unit in vivo electrophysiology was used to record neural activity in
the caudal VP during the performance of ST and GT conditioned responses. All rats showed neural responses to both cue onset and reward
delivery but, during the CS period, STs showed greater neural activity than GTs both in terms of the percentage of responsive neurons and
the magnitude of the change in neural activity. Furthermore, neural activity was positively correlated with the degree of attraction to the
cue. Given that the CS had equal predictive value in STs and GTs, we conclude that neural activity in the VP largely reflects the degree to
which the CS was attributed with incentive salience.
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Introduction
If cues associated with rewards are attributed with incentive sa-
lience, they come to exert powerful control over motivated be-
havior (Cardinal et al., 2002; Robinson and Berridge, 2008).
Some individuals experience cue-induced incentive motivation
more strongly than others and are more susceptible to the “irre-

sistible pull” of food- or drug-associated cues (Robinson and
Flagel, 2009; Saunders and Robinson, 2013; Robinson et al.,
2014). For example, in rats, if a discrete cue (a lever conditioned
stimulus, CS) predicts food reward (unconditioned stimulus,
US), some rats come to approach and engage the lever CS (sign-
trackers, STs), others approach the site of food delivery (goal-
trackers, GTs) during the CS period, and yet others vacillate
(intermediates, INs). Therefore, the lever is a predictive CS in
both STs and GTs, eliciting a conditioned response (CR) in both,
but it is a more attractive incentive stimulus in STs than in GTs
(Tomie et al., 2000, 2008; Flagel et al., 2009; Saunders and Rob-
inson, 2010, 2013; Meyer et al., 2012, 2014; Saunders et al., 2013;
Robinson et al., 2014).

Mesolimbic structures are critical for many aspects of learning
and motivation, and cue-induced neural firing in mesolimbic
structures has been measured using electrophysiology during a
variety of appetitive tasks (Schultz et al., 1997; Waelti et al., 2001;
Ambroggi et al., 2011; McGinty et al., 2013), including Pavlovian
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Significance Statement

Cues associated with reward can acquire motivational properties (i.e., incentive salience) that cause them to have a powerful
influence on desire and motivated behavior. There are individual differences in sensitivity to reward-paired cues, with some
individuals attaching greater motivational value to cues than others. Here, we investigated the neural activity associated with these
individual differences in incentive salience. We found that cue-evoked neural firing in the ventral pallidum (VP) reflected the
strength of incentive motivation, with the greatest neural responses occurring in individuals that demonstrated the strongest
attraction to the cue. This suggests that the VP plays an important role in the process by which cues gain control over motivation
and behavior.
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conditioned approach (PCA) (Day et al., 2006; Wan and Peoples,
2006). However, in the majority of studies, the predictive and
incentive features of Pavlovian cues are confounded because they
frequently co-occur. The ST/GT model provides a way to parse
the predictive and incentive value of reward cues and thus the
neurobiological substrate of each (Flagel et al., 2011b). For exam-
ple, previous studies showed that dopamine is necessary for the
acquisition and performance of ST, but not GT, CRs (Flagel et al.,
2011a, 2011b; Saunders and Robinson, 2012; Danna et al., 2013;
Haight et al., 2015; Yager et al., 2015) and that, with learning, a
phasic dopamine signal transfers from the US to the CS in STs,
but not GTs (Flagel et al., 2011b). Here, we sought to determine
whether cue-evoked neural activity in the ventral pallidum (VP)
also reflects variation in the extent to which the cue acquires
motivational (attractive) properties.

The VP is the primary output structure of the mesolimbic
system and is thought to be a major hub where motivational
signals are translated into appetitive behavior (Smith et al., 2009).
The VP is involved in several aspects of reward-related behavior,
including hedonic facial reactions to palatable tastes (Cromwell
and Berridge, 1993; Smith and Berridge, 2005, 2007; Shimura et
al., 2006; Tindell et al., 2006; Ho and Berridge, 2013; Castro and
Berridge, 2014), the reinstatement of cocaine-seeking behavior
(Stefanik et al., 2013; Mahler et al., 2014), and Pavlovian-to-
instrumental transfer effects (Leung and Balleine, 2013). In addi-
tion, disruption of the VP has been shown to reduce the
acquisition of ST, but not GT, behavior (Chang et al., 2015). The
current study focused only on the posterior region of the VP
because a number of studies have found that reward-paired cues
elicit robust changes in neural activity in this area (Tindell et al.,
2005, 2006, 2009; Smith et al., 2011; Tachibana and Hikosaka,
2012; Avila and Lin, 2014a, 2014b) and, importantly, this is the
only brain region that has been shown to encode the predictive
and incentive value of cues in a dissociable way (Tindell et al.,
2005, 2009; Zhang et al., 2009; Smith et al., 2011). We hypothe-
sized, therefore, that the neural representation of incentive sa-
lience is encoded in the VP, so cue-induced VP firing would be
represented differently in STs and GTs.

Materials and Methods
Animals
A total of 28 male rats (26 from Harlan Laboratories, two from Charles
River Laboratories), weighing 250 –275 g on arrival, were singly housed
in standard polycarbonate cages with corncob bedding. Rats were housed
under a reverse 12 h light/dark cycle, with all testing taking place during
the dark phase of the cycle. Water and standard rat chow were available
ad libitum throughout the experiment (i.e., rats were not food restricted
at any time) and testing began after 1 week of acclimation and handling.
All procedures were approved by the University of Michigan Committee
on the Use and Care of Animals.

Surgery
Animals were anesthetized with isoflurane (3.5% induction, 1.5–2%
maintenance). Incisions were made at the top of the skull and the anal-
gesic sensoricaine (0.1 ml of 0.25%) was administered into the incision to
provide local pain relief. Electrode bundles were implanted bilaterally
into the posterior VP (AP � �0.7 to �1 mm; ML � 2.5–3 mm) using a
stereotaxic apparatus. The tip of wire bundles were initially implanted 1
mm above the VP (DV � 6.6 mm) and later advanced throughout the
dorsal–ventral range of the VP target (DV � �7.6 to �8.6 mm; see
neural recording procedures). Microdrives were affixed to the skull with
bone screws and acrylic cement, with a grounding wire soldered to one of
the bone screws. For 2 d after surgery, rats received penicillin (0.1 ml, s.c.)
to prevent infection and flunixin (2.5 mg/kg, i.p.) to provide pain relief.
Testing resumed after 1 week of recovery.

Apparatus
All experiments took place in standard test chambers (30.5 � 24.1 � 21
cm; Med Associates) with modified open tops located inside sound-
attenuating cabinets. Each chamber contained a pellet dispenser con-
nected to a pellet magazine that extended 3 cm into the chamber (Med
Associates). The pellet magazine was mounted in the center of the front
wall and equipped with an infrared sensor to record magazine head
entries. A single retractable lever with LED backlight (Coulbourn Instru-
ments) was mounted to the left of the magazine. Chambers also con-
tained a red house light mounted at the top of the back wall that was
constantly illuminated during all sessions. A white noise generator (Med
Associates) was mounted at the back of the chamber to mask background
noise. Custom software (Mtask; The Aldridge Lab) controlled the trials
and recorded lever presses and magazine entries.

PCA
Before the start of training, rats were given 25 banana pellets in their
home cages for 2 d (45 mg of banana-flavored pellets; BioServ, #F0059).
On a single pretraining day, 25 pellets were delivered on a variable time
(VT-30 s) schedule without the lever CS to train rats to retrieve pellets
from the magazine. PCA training began the next day. On PCA training
days, rats were first placed in the chamber for a 1 min habituation period
with lights off. The red house light and white noise turned on when the
session began and remained on for the rest of the session. Each session
had 25 trials separated by VT-90 (30 –150 s) intervals. In each trial, the CS
was the insertion of the lever (and the illumination of the LED behind the
lever) into the chamber for 8 s. After 8 s, the lever retracted and a pellet
was dispensed simultaneously. An additional unpaired control group
underwent the same procedures except that, during PCA sessions, the 25
lever presentation and 25 pellets occurred on a pseudorandom schedule
and never coincided. Lever presses were recorded during the 8 s CS
period when the lever was present and magazine entries were recorded
throughout the session.

Video analysis
PCA sessions were recorded with four cameras positioned around the
chamber. Two cameras were mounted at the side of the chamber with a
close-up view of both the lever and the food cup and one was mounted at
the top of the chamber with a view of the entire chamber. For some rats
(the second cohort described in neural recording procedures), an addi-
tional camera was mounted in the back of the pellet receptacle to allow a
close-up view of pellet delivery and retrieval. For rats that did not have
this additional camera, pellet retrieval was visible from the side-view
camera. The following behavioral events were rated only once at the
beginning of the movement sequence using custom software (DataRat;
The Aldridge Lab): orienting, head movement toward the lever CS dur-
ing the CS period; lever sniff, tip of the nose coming in contact (or near
contact, �2 mm) with the lever; lever press, deflection of the lever with
front forepaws; lever bite, nibbling at the lever or grasping the lever
between the teeth; nose in, the moment when the rat’s nose entered the
food receptacle either as part of a goal-tracking response or retrieval of
the pellet (specific movements directed toward the food cup, such as
biting or licking the food cup, were rarely observed and not counted
separately); nose out, the moment when the rat removed its nose from
the magazine and moved away from the magazine; and pellet-in-mouth,
the moment when the rat retrieved the pellet with its mouth.

In addition to rating individual behaviors, we used video analysis to
measure bouts of interaction with the lever or food cup. For each trial, the
start of lever interaction was marked with a “lever start” label placed one
frame (1/30 s) before the first instance of contact with the lever regardless
of the type of contact (i.e., sniff, press, or bite). “Lever end” marked the
moment when the rat moved away from the lever either with its front
forepaws or entire body. If the rat did not leave the lever until the end of
the trial, the lever end label was placed at the moment when the lever
began to retract. We also marked the beginning of magazine interaction
with a “magazine start” label. Because a bout of interaction with the
magazine did not include several different types of behavior, magazine
start corresponded to the first rating of “nose in” per trial. Magazine end
marked the moment when the rat stopped goal tracking and moved away
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from the magazine. If rats kept their noses in the magazine throughout
the trial and the pellet delivery phase, the moment of lever retraction was
labeled as “magazine end.” If a trial included multiple separate bouts of
interaction with the lever or food cup, only one of each type was counted.

Quantification of PCA behavior
The tendency to display a ST or GT CR was determined by calculating the
probability of contacting the lever or food cup in each trial. The proba-
bility difference score was defined as the number of trials with lever
contact or food cup entry, divided by the total number of trials. Instances
of lever sniff were considered contact with the lever even if they did not
result in lever deflection. Probability difference was determined for each
session, calculated as the probability of lever contact minus the probabil-
ity of magazine contact. The resulting scores ranged from �1 to �1, with
�1 indicating a strong bias toward goal tracking, �1 indicating a strong
bias toward sign tracking, and 0 indicating that responses were evenly
distributed between the lever and magazine. For each rat, probability
difference scores were averaged across the PCA sessions in which neural
recordings were made. Rats with average scores of �0.5 or above were
classified as STs, rats with average scores of �0.5 or below were classified
as GTs, and rats with scores between �0.5 and �0.5 were classified as
intermediates (INs).

Electrodes and neural recording procedures
Two varieties of custom-made electrode microdrives were used. The first
had 16 Teflon-coated tungsten wires arranged in two individually move-
able bundles of eight wires (four 25 �m and four 50 �m; California Fine
Wire Company) and signals were obtained with a wireless head stage and
recording system (Triangle Biosystems). The second type of electrode
had 32 10 �m nickel chromate wires (California Fine Wire Company)
twisted into eight “tetrodes” of four wires each arranged in two individ-
ually movable bundles of four tetrodes each. The 32-channel electrodes
were connected to an OmniPlex D neural data acquisition system
(Plexon). Both types of microdrives had one channel designated as a
reference wire. All electrodes were initially implanted 1 mm above the
VP. On the day of the first recording session, bundles were lowered 1 mm
to the top of the VP and, on subsequent recording days, bundles were
lowered an additional 80 –160 �m to record from different cells each day.

One cohort of rats (2 STs, 5 GTs, 8 INs, and 2 unpaired) had 16-
channel electrodes implanted before PCA training. After 1 week of recov-
ery, rats underwent 5 d of PCA training in which wireless head stages
were attached to allow habituation, but neural activity was not recorded.
Neural recordings started on PCA day 6 and continued for an additional
5–10 PCA sessions. At the beginning of recording sessions, rats had their
cages placed near the chamber and then waited in their cages with the
wireless head stage attached for 10 –15 min while neural signals were
examined for detected cells. Rats were then placed in the chamber and the
session started after a 1 min habituation period. A second cohort of rats
(4 STs, 3 GTs, 1 IN, 2 unpaired) had 5 d of PCA training before implan-
tation of 32-channel electrodes. After recovering from surgery rats were
retrained in the PCA task for 2 d and allowed to habituate to the attach-
ment of the recording wire. Neural recordings began on PCA day 8 and
continued for an additional 5–12 PCA sessions. Rats in the second co-
hort, but not the first cohort, had white noise on during PCA sessions. At
the beginning of recording sessions, rats in the second cohort were teth-
ered to the wire and waited 10 –15 min in the chamber while neural
signals were examined. The start of the session was signaled by the house
light and white noise. These two cohorts did not differ in terms of behav-
ior or neural responses during the PCA task, so their data were combined.

Neural data analysis
Neural activity was assessed in the periods 10 s before lever extension to
5 s after pellet delivery. The intertrial interval apart from the 10 s period
before lever extension was not examined. Using Offline Sorter (Plexon),
units were separated from each other and from background noise using
spike waveform features and principal components analysis. Unit firing
patterns were analyzed with Neuroexplorer (Nex Technologies) and cus-
tom software (Epochbuilder; The Aldridge Lab). Interspike intervals and
autocorrelations were examined to insure the unitary nature of each
discriminated unit. Cross-correlations were performed between all cells

recorded in a session. If a single neuron was recorded on more than one
channel, only the channel with the clearest waveform shape and best
isolation from noise and from other units was used in the final analysis.

Responses to task events. For neural analysis, cue onset was defined as
the moment that lever extension started. Cue offset was the moment that
lever retraction began, which occurred simultaneously with the pellet
feeder clicking sound. In the unpaired group, the click and US were
separate from lever retraction because lever insertion and retraction was
noncontingent with reward delivery. A pre-CS baseline period was de-
fined as a period extending 10 s before lever extension onset. The cue
period, during which sign-tracking or goal-tracking typically (but not
always) occurred, was defined as the period from 1 s after cue onset until
cue offset. Any trials in which the rat failed to perform any CR at all
during the 8 s CS period were discarded (in 92.4% of sessions, the num-
ber of trials excluded was �2).

Changes in neural activity relative to the pre-CS baseline were com-
puted for four epochs: (1) CS onset, which is the epoch beginning with
lever extension (0 – 0.4 s); (2) interaction interval, consisting of the last 7 s
of the 8 s period when the lever was extended and rats engaged in ST and
GT behavior (1– 8 s); (3) CS offset/pellet delivery, which begins at the
moment of lever retraction and has simultaneous activation of the food
pellet feeder (8 – 8.4 s); (4) US, which is the interval when the reward
pellet reached the food cup (8.6 –9.6 s). For unpaired rats, the baseline
period for pellet trials was the 5 s period immediately preceding pellet
delivery. This baseline was used in unpaired rats for epochs 3 (pellet
feeder click) and epoch 4 (US). To determine whether a cell was respon-
sive to task events, we compared the firing rate (spikes/s) in each of the 4
epochs to the corresponding baseline with four Mann–Whitney U tests
(Bonferroni-corrected � � 0.05/4). Cells were considered responsive if
they showed a significant increase or decrease in firing during that epoch.

Responses to behavioral action events. Neural activity was also examined
in response to behavioral action events identified through video analysis.
Neural correlates of lever start and magazine start actions (described in
video analysis procedures) were assessed in 500 ms epochs �100 to 400
ms relative to the action onset. Responsiveness was assessed with a
Mann–Whitney U test comparison of a 1 s pre-event baseline (�1.5 to
�0.5 s) to each epoch (Bonferroni-corrected � � 0.05/2).

Response coding. Responses of every unit were confirmed by visual
inspection of perievent rasters and histograms to insure that spurious
contributions in only a few trials were not the sole determinant of the
response. Based on the statistical assessment of neural activation, respon-
sive cells were counted and the proportions of responsive neurons were
calculated. To determine the magnitude of firing, we calculated the nor-
malized firing rate for each cell (following the same methods as Root et
al., 2013). The firing rate (spikes/s) of each cell was normalized to base-
line using the formula B/(A � B), where B is each bin used in the analysis
and A is the unit’s baseline. This formula produces values ranging from 0
to 1, with a value of 0.5 representing no change from baseline. This
formula also preserves the directionality of a unit’s response, with values
closer to 1 reflecting excitation and values closer to 0 reflecting inhibi-
tion. In figures that display firing rate change, deviations from baseline
were transformed by taking the absolute value of the deviation from 0.5
(i.e., �normalized firing rate � 0.5�). This formula shows the magnitude
of change without directionality, with both excitation and inhibition
shown as a positive change from baseline. In some analyses, neural firing
is displayed as a heat map to depict overall population changes. In heat
maps, each row represents the normalized firing rate of a single unit
across the epoch described in the analysis in either 100 or 200 ms bins.
Heat maps include all units recorded from each group whether they are
classified as responsive to a particular event or not. Colors represent
degree of deviation from 0.5, with blue indicating inhibition of firing and
red/yellow indicating excitation.

Histology
On the last day of recording, a current was passed through one wire on
each bundle, creating an electrolytic lesion that marked the terminal
position of the electrode tip. After 3–7 d, rats were killed by CO2 inhala-
tion and brains were removed and rapidly frozen in isopentane. Brains
were sectioned on a cryostat in 40 or 50 �m coronal sections and stained
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with cresyl violet. Electrode placement was ver-
ified with light microscopy and drawn onto fig-
ures from a rat brain atlas (Paxinos and
Watson, 2007). For six rats, one of the two elec-
trode bundles fell outside the range of the VP
and data obtained from these bundles were ex-
cluded. The placement of the remaining elec-
trode bundles is shown in Figure 1, with the
range of recording sites representing the dor-
sal–ventral depth at which usable cells were
detected.

Statistics
Behavioral results were analyzed with a linear
mixed model that included group as a fixed
factor and time (days 6 or 8 –14) as a covariate.
Significant main effects of group were further
analyzed with independent t tests (Bonferroni
corrected) comparing values averaged across
all recording days for each animal. To examine
the proportion of neurons responsive to a par-
ticular event, we conducted multiple pairwise
� 2 tests comparing ST, IN, GT, and unpaired
groups (Bonferroni corrected). To examine
differences in the magnitude of firing among
responsive neurons, we compared these four
groups with one-way ANOVAs followed by
Bonferroni-corrected post hoc tests. Outliers
were identified and removed from analyses of
magnitude using the ROUT method. In the
above analyses, group n’s represented the
number of cells per group. Because there was
considerable variation in the number of cells
recorded from individual rats (ranging from 5
to 37), it is conceivable that the above results
could have been heavily influenced by the rats
with the most recorded cells. To address this
possibility, we also examined neural activity in
each rat separately and performed correla-
tional analyses (Pearson’s r), with n’s repre-
senting a single data point per rat. Statistical
procedures were performed with R (version 3.0.2), GraphPad Prism
(version 6), and SPSS (version 22).

Results
Behavioral results: individual differences in PCA behavior
During training, some rats acquired primarily ST CRs, others GT
CRs, and others vacillated between the two, as we have described
previously (Flagel et al., 2007; Meyer et al., 2012). The probability
of contacting the lever was significantly higher in STs and INs
than in GTs and the unpaired group (group: F(3,176.9) � 17.1, p �
0.001; Fig. 2A), whereas the probability of contacting the food
cup was greater in GTs and INs than STs and the unpaired group
(group: F(3,157.02) � 7.24, p � 0.001; Fig. 2B). These data were
used to classify rats as STs, GTs, or INs, as described in the Ma-
terials and Methods, and the resulting groups (6 STs, 9 INs, 8
GTs, 4 unpaired) maintained their different patterns of condi-
tioned responding during the sessions when electrophysiological
recordings were obtained (Fig. 2C). Although CRs differed be-
tween groups, the median latency to orient to the CS did not
differ among STs, INs, and GTs (Fig. 2D). The mean latency to
make the initial contact with the target of conditioned approach
differed significantly between groups (F(2,94.24) � 4.87, p � 0.01),
with STs showing faster contact than INs and GTs (Fig. 2E).

Despite differences in approach latency, once rats contacted
their respective targets the vigor with which they interacted with
the target was similar for STs, INs, and GTs, as illustrated in

Movie 1. Contacts are not shown for every session because sniff-
ing the lever was considered part of a lever-directed CR, but was
not captured by counts of lever deflections. To further quantify the
vigor with which rats engaged their respective targets, we counted
the number of lever deflections and magazine entries (per second of
interaction) in 10 randomly chosen trials from each group. All
groups had similar numbers of contacts (STs lever contacts, 0.67 �
0.08; INs lever contacts, 0.68 � 0.11; INs magazine entries, 1.07 �
0.18; GTs magazine entries, 0.77 � 0.17) that did not differ signifi-
cantly between groups (F(3,36) � 1.77, n.s.). This further establishes
that, although the behavior of STs and GTs is directed toward differ-
ent targets, the topography of the behavior and vigor of interaction
with those targets was very similar (also see the online video posted
by Mahler and Berridge, 2009).

VP neural activity was greater in STs during the period of
cue exposure
Of 339 cells recorded from STs, GTs, and INs, the majority
(85.7%) of VP neurons were responsive during the PCA task,
but patterns of activity varied as a function of group (e.g., STs
vs GTs). Overall group differences in firing rate changes across
the duration of a trial are illustrated in Figure 3 and Figure 4
shows the percentage of neurons responsive to specific task
events in GTs and STs. The most prominent feature was that,
in STs, VP neurons showed much more sustained firing
changes during the period when the lever CS was present than

Figure 1. Recording sites in the VP are shown for each group. Vertical lines mark the dorsal–ventral range of recording sites
from each wire bundle because wires were initially implanted above the VP and lowered 80 –160 �m on each day of recording.
Electrode placement is shown in the sagittal plane, with left and right hemispheres combined and bregma � 0.
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in GTs, INs, or the unpaired control group. All groups showed
phasic peaks at the onsets and offsets of the cue and at reward
delivery. Although there were also group differences in re-
sponse to these events (see detailed analysis below), they were
less pronounced than the sustained responses seen during the
CS period (Fig. 3).

Most VP neurons responded to multiple events (Fig. 4A).
Compared to ST cells, GT cells showed more phasic responses to
CS onset, CS offset, and/or consumption of the US, but were less
responsive during the CS period. ST responses had more sus-
tained contours of activation, whereas GTs had more punctate
profiles. These properties were apparent on individual neurons in
STs (each row in the heat map of Fig. 4B) as more intense and
sustained increases and decreases. In contrast, neural activity in
GTs stood out at cue onset, offset, and reward events on individ-
ual neurons (Fig. 4B). INs had an intermediate profile.

Proportion and magnitudes of neural responses to individual
task events
For each of the task events, we examined neural representation by
assessing the proportion of cells showing excitatory and inhibi-
tory responses (a population code), as well as the magnitude of
the change in neural firing (rate coding).

CS onset
CS onset was defined as the moment when the illuminated le-
ver CS extended into the cage. This cue elicited a conspicuous,
phasic increase in neural firing in all groups (STs, INs, and GTs),
except the unpaired group, in which presentations of the lever/
light cue and rewards were explicitly unpaired (Fig. 3). Responses
to CS onset may have been influenced by orientation to the cue
because this movement typically occurred within the CS onset
epoch. The ST, IN, and GT groups all showed a similar orienting
response to the CS before approaching either the lever CS or the
food cup (Fig. 2D; see also Yager and Robinson, 2013), which
may have contributed to similarities in the neural responses to CS
onset.

STs and INs both had a significantly larger proportion of cells
responsive to CS onset than GTs (� 2 � 9.28 � 14.04, p � 0.05–
0.01) and all paired groups (STs, GTs, and INs) had more respon-
sive cells than the unpaired group (� 2 � 8.97–32.52, p �0.05–
0.001; Fig. 5A). When the proportions of excitatory responses in
STs, INs, and GTs were compared with each other, only INs and
GTs differed significantly (� 2 � 17.39, p � 0.001; Fig. 5A). There
were no group differences in the proportion of inhibitory re-
sponses, including when STs, INs, and GTs were compared with
the unpaired group (� 2 � 0.17–2.99, n.s.; Fig. 5A). Among cells
that showed excitatory responses to CS onset, the magnitude of
excitation was highest in STs. There was a significant group effect
(F(2,101) � 4.97, p � 0.01) and post hoc tests showed that magni-
tudes were significantly higher in STs than INs (p � 0.01), but did
not differ between STs and GTs (Fig. 5B). The magnitude of
inhibitory responses did not differ between groups (F(2,27) �
1.52, n.s.). We also assessed correlations between the propensity
to sign-track or goal-track (i.e., probability difference scores) and
neural responses to CS onset. The relationship between probabil-
ity difference scores and proportion of responsive cells ap-
proached significance (r � 0.41, p � 0.055, n � 23; Fig. 5C);
however, there was a significant correlation between probability
difference scores and the overall change in firing rate (median
absolute rate change) (r � 0.42, p � 0.05, n � 23; Fig. 5D).
Responses to CS onset are shown in heat maps in Figure 5E.

Cue period
The most robust group differences in neural activity occurred
during the period when the lever CS was present, which we de-
fined here as the last 7 s of the 8 s interval after the lever CS was
extended into the cage. This is the period in which rats were
engaged in ST or GT behavior and, during this period, STs
showed substantially greater neural activity than both the INs and
GTs (Fig. 3).

STs had approximately twice the number of responsive
cells as INs or GTs during the cue period (� 2 � 24.88 –28.44,
p � 0.001; Fig. 6A). Furthermore, STs had more excitatory
responses than INs (� 2 � 9.19, p � 0.01) and GTs (� 2 � 11.25,
p � 0.01) and more inhibitory responses than INs (� 2 � 8.68,
p � 0.05) and GTs (� 2 � 9.31, p � 0.05) (Fig. 6A). GTs and
INs did not differ from each other on any of these measures.
Notably, there were no responsive neurons in the unpaired
group during the cue interaction period. The magnitude of

Figure 2. The probability of contacting the lever or food cup (mean � SEM) during the PCA
sessions in which neural activity was recorded. Rats showed stable individual differences in the ten-
dency to display ST or GT CRs during exposure to the lever CS. In the unpaired group (UNP), the lever
wasnotpairedwithfoodreward.A,B,STsandINshadahigherprobabilityofcontactingtheleverthan
GTs and the unpaired group (*p � 0.001; A), whereas GTs and INs had a greater probability of con-
tacting the food cup than STs and the unpaired group (*p � 0.001; B). C, Probability difference (the
probability of lever contact minus the probability of food-cup contact) was used to classify rats as STs,
INs, or GTs. Probability difference scores were calculated for each rat by averaging across all days of
recording and rats were classified as STs if their scores fell �0.5, GTs if their scores fell below �0.5,
andINsiftheirscoreswerebetween0.5and�0.5.D,TherewerenodifferencesbetweenSTs, INs,and
GTs in the latency to display an orienting response to the lever CS. E, Latency to make initial contact
with the target of conditioned approach was shortest in STs, though INs were faster than GTs; *p �
0.05, **p � 0.01, ***p � 0.001.
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excitation was also greater in STs compared with the other
groups. There was a significant group effect in the normalized
firing rate of excitatory cells (F(2,99) � 11.79, p � 0.001) and
post hoc tests showed that magnitudes were significantly
higher in STs compared with both INs ( p � 0.01) and GTs
( p � 0.001) (Fig. 6B). However, there were no significant
group differences in the magnitude of inhibitory responses
(F(2,37) � 0.60, n.s.). When we examined neural firing with
respect to behavior of individual rats, we found that height-
ened responsivity during the cue period was positively corre-
lated with the tendency to sign-track. Probability difference
scores were significantly correlated with the proportion of
cells responsive during the cue period (r � 0.61, p � 0.01, n �
23; Fig. 6C), as well as the median firing rate change of cells
recorded from individual rats (r � 0.71, p � 0.001, n � 23; Fig.
6D). The intensity of firing is also shown in heat maps, which
were sorted by highest to lowest normalized firing rate during
the 7 s cue period (Fig. 6E). Together, these results suggest that
there is a strong relationship between the propensity to attri-
bute incentive salience to a food cue and VP activity during
exposure to that cue.

CS offset/pellet delivery click
A clear and distinct neural response in the VP was evoked in
association with the pellet dispenser clicking sound, which
occurred simultaneously with the moment that the lever CS
began its retraction into the cage wall, which took 330 ms to
withdraw fully. This third epoch was defined as the 400 ms
period immediately after activation of the pellet dispenser.
This event was separate from (and preceded) the arrival of the
pellet into the food cup, which took, on average, 600 ms to
reach the food cup after the dispenser click. During this CS
offset/pellet delivery click epoch, the unpaired group showed a
vigorous increase in firing, in contrast to the CS onset cues and
the cue interaction periods, during which unpaired animals
exhibited little or no neural activation. The audible click of the
pellet dispenser likely functioned as a predictive Pavlovian CS
in the unpaired group.

There were no group differences in the
proportion of cells responsive to the CS
offset/pellet delivery cue (� 2 � 0.13–3.33,
n.s.) regardless of whether those re-
sponses were excitatory (� 2 � 0.07–3.06,
n.s.) or inhibitory (� 2 � 0.01–5.06, n.s.;
Fig. 7A). There was a significant group ef-
fect for the magnitude of excitatory re-
sponses to the CS offset/pellet delivery cue
(F(3,98) � 4.53, p � 0.01); however, post
hoc tests showed that STs had a signifi-
cantly higher magnitude only when com-
pared with INs (p � 0.01) and not when
compared with GTs or the unpaired group
(Fig. 7B). Again, no differences were found
in the magnitude of inhibitory responses
(F(3,60) � 1.72, n.s.). Neither sign-tracking
nor goal-tracking behavior seemed to be an
important differentiator of neural activa-
tion patterns at this time because there was
no significant correlation between probabil-
ity difference scores and the proportion of
responsive cells (r�0.25, n.s., n�23) or the
median firing rate change for individual rats
(r � 0.04, n.s., n � 23).

US consumption
The fourth peak in neural activity occurred during the moment
when rats retrieved the pellet from the food magazine. This US ep-
och was defined as the interval from 0.6 to 1.6 s after the pellet
delivery click. Although close in time to CS offset/pellet delivery
period, the activation associated with US was characterized by a sep-
arate and distinct peak of activity that overlapped with pellet retrieval
(in �90% of trials, the pellet was retrieved within this 1 s interval).

In all groups (STs, GTs, INs, and unpaired group), VP
neurons were strongly activated by reward receipt. There were
no group differences in the total proportion of responsive cells
(� 2 � 0.05–1.55); however, when responses were broken
down into excitations and inhibitions, we found that STs and
INs had more excitations and fewer inhibitions than the
unpaired group. For excitations, STs and INs both had signif-
icantly more responses than the unpaired group (� 2 � 10.94 –
11.02, p � 0.01), but there were no significant differences
between STs, INs, and GTs. For inhibitions, STs and INs had
significantly fewer responses than the unpaired group (� 2 �
7.76 –9.62, p � 0.05), but, again, there were no significant
differences among STs, INs, and GTs (Fig. 7C). The magnitude
of excitatory responses was significantly higher in STs than in

Figure 3. Average VP firing rate changes across a trial. VP cells were very responsive to task events in STs, GTs, and INs (but not
the unpaired control group; UNP). During the cue period, when the lever was available and rats performed ST or GT CRs, the change
in neural firing was greater in STs than in GTs or INs. All groups, including the unpaired group, showed enhanced neural activity in
response to pellet delivery and receipt. The UNP line is shown with a gap between lever and pellet trials because the CS and US
occurred in separate trials for the unpaired group. Data are shown as normalized firing rates (mean � SEM), with all change from
baseline shown as positive in direction. All cells from each group are included, whether they were considered responsive to task
events or not (ST, n � 108; IN, n � 112; GT, n � 116; UNP, n � 63).

Movie 1. Examples of the CRs of GTs, STs, and INs.
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INs and GTs. There was a significant group effect for magni-
tude (F(3,189) � 7.11, p � 0.001) and significant post hoc dif-
ferences when STs were compared with GTs ( p � 0.001) and
INs ( p � 0.01), but there was no significant difference when
the STs were compared with the unpaired group (Fig. 7B).
Again, there were no significant group differences in the mag-
nitude of inhibitory responses (F(3,52) � 2.18, n.s.). Probabil-
ity difference scores were not significantly correlated with the
percentage of responsive units from each rat (r � �0.04, n.s.,
n � 23). There was also no significant correlation between
probability difference scores and the median firing rate change
of cells from each rat (r � 0.19, n.s., n � 23), which is in

contrast to the group differences in
magnitude described above. Because the
US epoch occurred so close in time to
the CS offset/pellet delivery epoch, both
are shown in the same heat maps in Fig-
ure 7D.

Neural responses associated with
behaviorally defined events
In addition to the analysis of exper-
imenter-determined task events above,
we also evaluated the neural correlates of
ST and GT behavioral actions identified in
a frame-by-frame video analysis during
the cue interaction period. For this analy-
sis, we used the lever start, lever end, mag-
azine start, and magazine end actions, as
defined in the Materials and Methods. We
excluded trials with no CRs and sessions
that had �10 actions to assess. For INs,
sessions were required to have at least 10
lever events and 10 magazine events and,
if both lever and magazine interaction oc-
curred within a single trial, both events
were counted. If a trial included multiple
bouts of interaction, the first instance of
each type was counted as long as the du-
ration was at least 400 ms. The number of
cells assessed were as follows: STs-Lever,
n � 101; INs-Lever, n � 88; INs-
Magazine, n � 88; and GTs-Magazine,
n � 114.

Lever and magazine interaction intervals
During the CS period, rats were typically
engaged in sign-tracking or goal-tracking
behavior; however, there was always some
variation in behavior from one trial to the
next. For example, even among strong STs
and GTs (meaning those with probability
difference scores close to �1 or �1, re-
spectively), there were trials in which the
start of the CR was delayed by a few sec-
onds, there were occasions when STs went
to the magazine or GTs went to the lever,
and the latency to begin the CR differed
between groups. Therefore, we isolated
the neural activity that occurred specifi-
cally during the periods when STs and
GTs were performing their respective
dominant CRs and excluded the moments
when they were engaged in any other type

of behavior. Within each trial, we identified lever interaction in-
tervals, defined as the time between lever start and lever end, and
magazine interaction intervals, defined as the time between mag-
azine start and magazine end (Fig. 8A). To determine responsive-
ness, the normalized firing rates within these intervals were
compared with the pre-CS baseline firing from the same trial.

We found that STs had greatly enhanced neural activity while
interacting with the lever CS compared with GTs interacting with
the food magazine. STs also had enhanced activity compared
with INs regardless of whether the INs were engaged with the
lever or with the magazine. STs had a very high percentage of cells

Figure 4. Many VP cells were responsive to more than one of the four task events and several different response combinations
were observed. A, Percentage of cells with each combination of responses. The most frequent firing patterns for STs included the
cue period in combination with other CS and/or US events, whereas GTs frequently responded to combination of CS onset, CS offset,
and/or US retrieval, but not the cue period (*p�0.05, significant differences between STs and GTs, � 2 with uncorrected p-values).
B, STs have more sustained changes in activity compared with the punctate pattern in GTs. Overall VP activity is depicted for each
group in heat maps, in which each row represents the firing of an individual cell, with rows sorted by highest to lowest normalized
firing rate during all four events combined.
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responsive during the interval of lever in-
teraction (80%). In contrast, INs and GTs
had significantly fewer cells responsive
during the performance of their respective
CRs (� 2 � 28.02– 44.3, p � 0.001) and
there was no significant difference be-
tween IN-Lever and IN-Magazine re-
sponses (� 2 � 2.14, n.s.; Fig. 8B). STs had
significantly more excitatory responses
than INs and GTs (� 2 � 10.3–19.49, p �
0.01-.001), as well as more inhibitory re-
sponses than IN-Lever (� 2 � 7.03, p �
0.05), IN-Magazine (� 2 � 9.92, p � 0.01),
and GTs (� 2 � 8.84, p � 0.05). Within
INs, there were no significant differ-
ences between IN-Lever and IN-
Magazine responses among excitations
(� 2 � 1.56, n.s.) or inhibitions (� 2 �
0.31, n.s.) (Fig. 8B). The magnitude of
excitation was significantly greater in
STs, with a significant group effect
(F(3,102) � 7.54, p � 0.001) and a signif-
icant post hoc difference between STs
and GTs ( p � 0.001) and between STs
and IN-Lever ( p � 0.05), but not be-
tween STs and IN-Magazine, or between
IN-Lever and IN-Magazine (Fig. 8C).
Probability differences scores were sig-
nificantly correlated with the propor-
tion of responsive cells (r � 0.44, p �
0.05, n � 28) and the median firing rate
change of cells from each rat (r � 0.64,
p � 0.001, n � 28; Fig. 8 D, E).

Initial contact with the lever or food cup
There were phasic neural activations at
the moment of initial contact with the le-
ver or magazine (i.e., lever start or maga-
zine start). These responses were typically
seen in neurons that were also responsive
to other task events; however, these con-
tact activations appeared to be separate,
with many cells showing distinct phasic
peaks of activity when trials were aligned
to lever or magazine start events (Fig. 9A).
Responsiveness was determined by com-
paring spikes/s during the initial contact
event (500 ms) with a baseline period that
immediately preceded the event. We
found that more cells were responsive to
lever start in STs than were responsive to
lever or magazine start in INs and GTs
(� 2 � 8.34 –21.91, p � 0.05– 0.001) and
that INs showed no significant difference
between lever start and magazine start re-
sponses (� 2 � 0.89, n.s.). When responses
were separated into excitations and inhi-
bitions, STs had significantly more excit-
atory responses (� 2 � 7.82–17.05, p �
0.05-.001), but not more inhibitory responses (� 2 � 0.28 –2.75,
n.s.) than INs and GTs. Again, INs showed no significant differ-

ences between lever and magazine start, either for excitations or

inhibitions (� 2 � 0.04 –2.10, n.s.; Fig. 9B). The majority of cells
that were responsive to behavioral events were also responsive to
task events, suggesting that most of these contact-responsive cells
did not belong to a separate population that was distinct from

Figure 5. Neural activity during the cue onset period, defined as the first 400 ms after the lever CS was extended into the cage.
Presentation of the lever CS elicited an immediate (and largely excitatory) neural response in the VP. A, STs, GTs, and INs all had significantly
more responsive cells than the unpaired (UNP) group, #p�0.01– 0.001; STs and INs both had significantly more responsive cells than GTs;
*p � 0.05, **p � 0.01. When excitatory responses were examined separately, the only significant difference was between INs and GTs,
^p�0.001. B, The magnitude of excitation did not differ between STs and GTs, although it was significantly greater in STs compared with
INs; **p �0.01. C, D, When firing was examined in individual rats there was no correlation between probability difference scores and the
percentage of responsive neurons (C); however, there was a significant correlation between probability difference scores and the overall
magnitude of firing changes during CS onset (D). E, Cue responses of individual cells are shown in heat maps (100 ms bins) sorted by highest
to lowest firing rate during the first 200 ms after lever insertion cue onset.
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trial-responsive cells (Fig. 9C). A small percentage of cells (5.9%
in STs and 1.8% in GTs) were primarily responsive to contact
events and not to CS onset or the cue period; however, for the
majority of contact-responsive cells there was substantial overlap

with task events. In STs, for example,
74.4% of cells that responded to lever or
magazine start continued to respond
throughout the rest of the cue period. The
intensity of VP neural responses to lever and
magazine start is shown in heat maps in Fig-
ure 9D, with firing of individual cells aligned
to the moment of the first lever or magazine
contact and the average magnitude of excit-
atory responses shown above. There was a
significant group effect for the magnitude of
excitatory responses (F(3,69) � 2.77, p �
0.05), but there were no significant post hoc
differences between groups after correction
for multiple comparisons. There was no sig-
nificant group effect for the magnitude of
inhibitory responses (F(3,17) � 2.1, n.s.).

Lever versus magazine responses
in intermediates
One potential concern was that differ-
ences in neural activity between STs and
GTs could be related to differences in mo-
tor activity associated with the two CRs. It
should be noted, however, that the lever
and magazine start events described above
occurred immediately before contact with
the respective targets and therefore could
not have been influenced by any subse-
quent differences in motor activity. In ad-
dition, as mentioned above, INs showed
no significant differences between lever
and magazine interaction periods or be-
tween lever and magazine start events. We
further examined the neural activity of
INs and found that responses were similar
whether rats contacted the lever or the
magazine even when the two actions oc-
curred within a single trial. Few cells re-
sponded to lever start or magazine start
alone; instead, the majority of cells re-
sponded to a combination of both events
and/or to trial events such as CS onset
(Fig. 9E). Within the individual cells that
showed excitatory responses to both lever
start and magazine start (n � 9), there was
no significant difference in the magnitude
of excitation between the two events
(paired t test: t(8) � 1.85, n.s.; Fig. 9F).

Only responses to lever start and mag-
azine start are shown, but similar results
were found for lever and magazine inter-
action intervals. Of the 42 IN cells that
were responsive during either lever or
magazine interaction intervals, 13 (31%)
were responsive to both. Among the cells
that showed excitatory responses to both

(n � 12), there was no significant difference in the magnitude of
excitation (paired t test: t(11) � 0.53, n.s.). For INs, the baseline
periods of lever and magazine start epochs could have potentially
overlapped with lever or magazine interaction intervals that oc-

Figure 6. Neural activity during the cue interaction period while rats engaged in ST or GT behavior. A, STs had significantly more
responsive cells than GTs and INs; ***p�0.001; and this was true for excitatory responses as well as inhibitory responses, #p�0.05-.01.
The unpaired group had zero cells that were responsive during the cue period. B, Magnitude of excitation during the cue period was
significantly greater in STs than in INs and GTs (the horizontal line represents baseline firing); **p�0.01, ***p�0.001. C, D, When neural
activity was examined for individual rats, probability difference scores were significantly correlated with the proportion of cells responsive
during the cue period (C) and the magnitude of firing rate change during the cue period (D). E, Heat maps showing the firing patterns of
individual neurons sorted by response magnitude during the cue period (shown in 200 ms bins). Firing is aligned to CS onset, but the CS
onset interval is omitted. VP neural activity was visibly more intense for STs than it was for INs, GTs, or unpaired (UNP) rats.
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curred earlier in the same trial. This potential overlap did not
have a major effect on the results, however; because we found that
93.2% of IN cells had the same response pattern whether they
were compared with the pre-event baseline or a 10 s pre-CS base-
line (excluding cells that had a sustained response during the 7 s
cue period).

Finally, we examined whether cells were responsive to individual
instances of lever bite and lever press events determined from video
ratings (first instance of each per trial). We examined cells that had at
least 10 instances of the event (99 from STs and 59 from INs)
and found that only 2.5% (4 cells) could be considered respon-
sive to either lever bite or lever press (with very small magni-
tude responses). The lack of a clear population response to
these individual actions supports the idea that VP firing re-
flects motivational states rather than motor activity (see also
Tindell et al., 2005).

Discussion
Individual variation in the form of the CR to a food cue (ST vs
GT), which predicts the degree to which the CS is attributed
with incentive salience, was reflected in neural activity in the
VP. Specifically: (1) a large proportion of VP neurons were
responsive to one or more task events (85.7%); (2) more VP
neurons were responsive to cue onset in STs than GTs (i.e.,

greater population code) and the magnitude of the change in
firing rate to cue onset was positively correlated with the at-
tribution of incentive salience to the lever CS (i.e., firing
rate code); (3) during the cue period, there were approxi-
mately twice as many responsive neurons in STs than in GTs or
INs, STs showed a greater sustained change in firing rate dur-
ing this period, and both the number of responsive neurons
and firing rate change was positively correlated with the de-
gree to which rats were attracted to the lever CS; (4) group
differences during the CS interaction period were especially
pronounced when the data were analyzed in relation to behav-
iorally defined events, which takes into account trial-to-trial
variation in the timing of behavior; and (5) finally, all groups
showed a large response after CS offset (lever retraction and
pellet delivery). Although the VP has been shown to be neces-
sary for the acquisition of a ST, but not GT, CR (Chang et al.,
2015), the current study establishes that neural activity in the
VP also varies during the performance of ST and GT CRs.

Predictive value versus incentive value of the cue
In this task, the lever is an equally effective CS in STs and GTs,
evoking a CR in both. STs and GTs learn the CS–US relationship
equally well, it is just the form of the CR that differs, reflecting the
degree to which the lever CS is attributed with incentive salience

Figure 7. Neural activity during the moment when the pellet was delivered (CS offset/pellet delivery) as well as during the interval when the pellet was retrieved (US). A high percentage of VP
neurons responded during this period, although the excitatory response to the US was greater in STs than in the other groups. A, Percentage of neurons that responded to CS offset/pellet delivery
did not differ between groups. B, Magnitude of excitatory responses to both the CS offset/pellet delivery epoch and the US epoch in 100 ms bins STs showed significantly higher magnitude of
excitation during the US period compared with INs ( p � 0.01) and GTs ( p � 0.001). C, During the US epoch, STs and INs had more excitatory responses and fewer inhibitory responses than the
unpaired (UNP) group; *p � 0.05, **p � 0.01. D, Because the US epoch occurred so close in time to the CS offset/pellet delivery epoch, both are shown in the same heat maps, with rows sorted by
the magnitude of firing during the US epoch.
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(Flagel et al., 2009; Saunders and Robinson, 2013; Robinson et al.,
2014). If neural activity in the VP encoded only the predictive
value of the cue and thus its ability to evoke a CR, then there
should be no group differences in neural activity during the CS
period. However, there were pronounced group differences dur-
ing the CS period, but not during the period after CS offset, when
the food pellet was retrieved and consumed. This suggests that a
major component of the information transmitted by the VP is
related to variation in the degree to which the CS acquired incen-
tive stimulus properties. Conversely, all rats (except those in the
unpaired group) did show cue-induced changes in VP firing (al-

beit less than in STs), suggesting that the
lever CS may not be completely devoid of
incentive properties in INs and GTs
and/or that the VP encodes a mixture of
predictive and incentive signals.

The moment of CS onset is the unex-
pected first predictor of all upcoming task
events, including the reward, and previ-
ous studies have reported that the imme-
diate VP response to cue onset reflects a
predictive signal that is unaffected by
changes in the strength of incentive moti-
vation (Tindell et al., 2005; Zhang et al.,
2009; Smith et al., 2011). The fact that we
saw group differences in response to CS
onset is not consistent with the idea that
this represents a purely predictive signal.
Group differences during CS onset were
weaker than those seen later in the trial,
however, suggesting that this phasic re-
sponse may be more closely related to re-
ward prediction than the sustained cue
responses that follow it. It is also worth
noting that all rats (STs, GTs, and INs)
developed a conditioned orienting re-
sponse to the lever CS, which occurred be-
fore they approached the lever or the food
magazine and it is difficult to determine
the extent to which this contributed to
similarities in the CS onset effect.

The pattern of responses to task events
was variable, but two features stand out.
In STs, the most common pattern was an
increase in firing that began with CS onset
and was sustained throughout the rest of
the trial (also see Howe et al., 2013; Collins
et al., 2016), even outlasting reward deliv-
ery and consumption. The second activa-
tion pattern had few sustained responses
and this best characterized GTs. This pat-
tern consisted of phasic bursts of activity
changes to discrete task events (CS onset,
CS offset, and US consumption). This sec-
ond pattern resembles the VP firing ob-
served in previous studies in which a
second cue response (equivalent to CS
offset) was identified as being responsible
for the incentive signal (for details, see
Tindell et al., 2005; Zhang et al., 2009;
Smith et al., 2011). One very important
difference between these studies is that the
earlier studies used a tone CS. The CRs

evoked by tones are different from those evoked by discrete light
or lever cues (Holland, 1977). Importantly, a tone CS does not
support a ST CR in rats and a tone CS is a less effective incentive
stimulus than a lever CS (Holland et al., 2014; Meyer et al., 2014;
Beckmann and Chow, 2015). Therefore, variation in neural ac-
tivity related to the motivational properties of a cue may be more
readily apparent using a lever CS than a tone CS.

INs
INs alternated CRs directed toward the lever and magazine, often
interacting with both during a single trial, and it might be ex-

Figure 8. Although the 7 s cue period described above captured periods of sign- and goal-tracking, there was some
variation in behavior from trial to trial. Therefore, we isolated the portion of each trial in which rats were actively engaged
with the lever or magazine. A, Example ratings of lever and magazine interaction intervals for individual trials. B, STs had
significantly more cells that were responsive during their interaction with the lever CS than INs during interactions with
either the lever CS or the food magazine and than GTs during interactions with the food magazine; ***p � 0.001. This was
true for excitatory and inhibitory responses, as STs had more of both than INs and GTs; # p � 0.05– 0.001. C, The increase
in firing during interaction intervals (among excitatory cells only) was significantly greater in STs than GTs and IN-Lever;
*p � 0.05, ***p � 0.001. There were significant correlations between probability difference scores and the percentage of
responsive cells (D) and the firing rate change for individual rats (E).
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pected that neural activity would vary depending on the CR emit-
ted. For example, dopamine blockade reduces lever-directed
behavior, but not magazine-directed behavior, in INs (Saunders and
Robinson,2012).However,wefoundnosuchdifferenceintheprofileof
neural activation. Perhaps attraction to the lever needs to be strong
enough to dominate behavior before it is reflected in VP firing. The fact
that the neural activity of INs did not vary based on behavior addresses
one potential concern that is inherent to the design of this experiment:
that neural activity during the interaction period necessarily coincides
with motor actions that differ to some extent between STs and GTs.
AlthoughSTandGTCRssharemanyofthesameactionpatterns(DiFe-
liceantonio and Berridge, 2012), there are also differences, which raises

the possibility that enhanced firing in STs may have been influenced by
thespecificmovementsthataremoreprominentinSTthaninGT(such
as biting and pressing on the lever). If greater cell firing during lever
interaction were due to particular movement patterns, then one would
expectINstoshowgreaterfiringduringperiodsof lever interactionthan
magazine interaction. However, this was not the case, which supports
the idea that enhanced activation in STs represents an internal motiva-
tional state (Movie 1).

Reward-related responses
It has been shown previously that VP neurons respond to food
reward even after CS–US associations are well learned, with the

Figure 9. VP neural activity at the moment of initial contact with the lever or magazine. A, Example rasters and histograms are shown for a single ST cell (top) and a single GT cell
(bottom) that were responsive both to task events and the start of lever or magazine interaction (“lever start” and “mag start,” respectively). Left panels show spikes aligned to CS onset,
with trials sorted by the latency of lever start or mag start. In the right panels, the same cells show clear excitatory responses when aligned to lever start or mag start. B, STs had
significantly more cells responsive to Lever Start than GTs and INs had responsive to either Lever Start or Mag Start; *p � 0.05, ***p � 0.001. These group differences were observed
among excitatory responses, but not inhibitory responses; #STs significantly greater than IN-Lever ( p � 0.05), IN-Mag ( p � 0.001), and GT-Mag ( p � 0.001). C, Venn diagrams showing
that the majority of contact-responsive neurons in STs and GTs were also considered responsive to CS onset and/or the cue period (numbers are percentage responsive to each
combination). D, Heat maps showing firing aligned to initial lever or magazine contact. Figures above show the average magnitude of excitation in that group (100 ms bins). Although
the population response was stronger in STs (in terms of percentage), the magnitude of responses did not differ between groups. E, INs had cells that were responsive to both lever and
magazine start, as well as other task events. Venn diagrams show the overlap of responses to lever start, mag start, and CS onset. F, Among IN cells that showed excitatory responses to
both lever and mag start, there was no significant difference in the magnitude of responses.
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strength of neural changes reflecting the intensity of hedonic re-
sponses (Tindell et al., 2006; Smith et al., 2011). Consistent with
this, VP neurons of all animals showed prominent activation
related to reward delivery and consumption, although we do not
have any measures of hedonic responses and cannot address that
issue directly. However, if the food had a different value in STs
and GTs, then they should differ in the acquisition of conditioned
responding, but they do not.

Neural circuitry
Both core and shell subregions of the nucleus accumbens heavily
innervate the VP, and the VP has been referred to as the “limbic
final common pathway,” where motivational signals get trans-
lated into actions (Mogenson and Yang, 1991; Smith et al., 2009;
Ho and Berridge, 2013; Root et al., 2015). Although differences in
dopamine activity in the core of STs relative to GTs (Flagel et al.,
2011b) may have influenced the VP activity described here, the
contribution of different inputs to the VP activity is unknown.
Finally, the present study focused only on the posterior VP, but
the VP is a heterogeneous structure with differences in cell mor-
phology and connectivity patterns along the rostral– caudal axis
(Kupchik and Kalivas, 2013) and the anterior and posterior re-
gions of the VP often play different roles in reward-related behav-
ior (Smith and Berridge, 2005, 2007; Root et al., 2010, 2013;
Leung and Balleine, 2013; Mahler et al., 2014).

In conclusion, variation in neural activity in the VP was asso-
ciated with variation in the degree to which a food cue was attrib-
uted with incentive salience, but not with the predictive value of
the cue, consistent with previous studies on the neurobiology of
STs and GTs (Danna and Elmer, 2010; Flagel et al., 2011a, 2011b;
Clark et al., 2012; Danna et al., 2013; Haight et al., 2015; Singer et
al., 2016; Yager et al., 2015). We suggest, therefore, that the VP
may play an especially important role in the neural processes by
which reward-paired cues bias attention, attract individuals into
close proximity to them, and motivate seeking behavior, which,
under some circumstances, can lead to maladaptive behavior,
including overeating and addiction.
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