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ABSTRACT 1 

Some rats are especially prone to attribute incentive salience to a cue (conditioned stimulus, CS) 2 

paired with food reward (sign-trackers, STs), but the extent they do so varies as a function of the 3 

form of the CS. Other rats respond primarily to the predictive value of a cue (goal-trackers, GTs), 4 

regardless of its form. Sign-tracking is associated with greater cue-induced activation of 5 

mesolimbic structures than goal-tracking; however, it is unclear how the form of the CS itself 6 

influences activity in neural systems involved in incentive salience attribution. Thus, our goal 7 

was to determine how different cue modalities affect neural activity in the ventral pallidum (VP), 8 

which is known to encode incentive salience attribution, as rats performed a two-CS Pavlovian 9 

conditioned approach task in which both a lever-CS and a tone-CS predicted identical food 10 

reward. The lever-CS elicited sign-tracking in some rats (STs) and goal-tracking in others (GTs); 11 

whereas the tone-CS elicited only goal-tracking in all rats. The lever-CS elicited robust changes 12 

in neural activity (sustained tonic increases or decreases in firing) throughout the VP in STs, 13 

relative to GTs. These changes were not seen when STs were exposed to the tone-CS, and in 14 

GTs there were no differences in firing between the lever-CS and tone-CS. We conclude that 15 

neural activity throughout the VP encodes incentive signals, and is especially responsive when a 16 

cue is of a form that promotes the attribution of incentive salience to it, especially in predisposed 17 

individuals.   18 



 

3 
 

SIGNIFICANCE STATEMENT 19 

 20 

The incentive-motivational value of reward-paired cues varies as a function of the individual and 21 

the form of the cue itself. Here we examined whether neural activity in a brain region important 22 

for processing reward cues, the ventral pallidum (VP), reflected variation in the incentive-23 

motivational value of a food cue, both between individuals and between different cue types (a 24 

tone vs. a manipulable lever). Neural responses were greatest in individuals that attached 25 

incentive salience to a cue, and within individuals the VP dynamically tracked changes in the 26 

motivation evoked by the different cue types. This suggests that the VP plays an important role 27 

in the encoding of the emotional/motivational states that enable cues to gain control over 28 

motivated behavior. 29 

  30 
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INTRODUCTION 31 

When environmental cues are paired with reward they can acquire incentive value, and thus the 32 

ability to elicit powerful emotional/motivational states that can invigorate and/or instigate 33 

reward-seeking behavior (Berridge 2001; Bindra 1978; Cardinal et al. 2002). There is, however, 34 

considerable individual variation in the extent to which reward cues become attributed with 35 

incentive salience. If a discrete localizable cue, such as a lever, is paired with a food reward, 36 

some animals learn to approach and interact with the lever (“sign-trackers”, STs), whereas others 37 

approach the site of food delivery (“goal-trackers”, GTs) (Boakes 1977; Flagel et al. 2009; Zener 38 

1937). We have suggested that for both STs and GTs the cue acquires predictive value; however, 39 

a discrete lever cue acquires greater incentive value in STs than GTs (Ahrens et al. 2016b; 40 

Robinson and Flagel 2009; Robinson et al. 2014b; Saunders and Robinson 2010; Saunders et al. 41 

2013; Singer et al. 2015; Yager and Robinson 2010, 2013).  42 

The extent to which reward cues are attributed with incentive salience also varies with the 43 

form of the conditioned stimulus (CS). Several features of a cue, such as stimulus modality, 44 

spatial arrangement, and localizability, can have a powerful influence on the form of the 45 

conditioned response (CR) it provokes (Holland 1977; Holland et al. 2014). For example, in a 46 

Pavlovian conditioned approach task a tone-CS has different effects than a lever-CS. First, the 47 

individual variation in approach seen with a lever-CS is not evident, in that a tone-CS elicits 48 

goal-tracking in all rats (Beckmann and Chow 2015; Meyer et al. 2014). Second, a tone-CS 49 

acquires less incentive value than lever-CS, as auditory cues are weaker conditioned reinforcers 50 

than lever cues (Beckmann and Chow 2015; Meyer et al. 2014; Singer et al. 2016). Finally, in 51 

STs, dopamine release that is evoked by a lever-CS is reduced, and resembles that of GTs, when 52 
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only the auditory component of lever extension is available and the visual and tactile features of 53 

the lever are occluded (Singer et al. 2016).  54 

The main target of the dopamine-rich ventral striatum is the ventral pallidum (VP), and 55 

the VP plays a critical role in mediating the reinforcing and incentive properties of cues and 56 

rewards (Chang et al. 2015; Mahler et al. 2014; Smith et al. 2011; Stefanik et al. 2013; 57 

Tachibana and Hikosaka 2012). The VP also contains a “hedonic hotspot” where the hedonic 58 

impact of natural rewards like palatable food can be amplified (Castro and Berridge 2014; Castro 59 

et al. 2015; Ho and Berridge 2013; Smith and Berridge 2005). Further, there is anatomical 60 

variation along the rostral-caudal axis of the VP, with anterior and posterior sub-regions having 61 

different connectivity patterns and different influences on reward-seeking behavior (Kupchik and 62 

Kalivas 2013; Leung and Balleine 2013; Mahler et al. 2014; Root et al. 2015; Zahm 2000).  63 

We have previously reported that the incentive value of a lever-CS is encoded in neural 64 

firing in the VP (Ahrens et al. 2016a), but we have not explored differences between rostral and 65 

caudal sub-regions of the VP with regard to the attribution of incentive salience to cues, nor how 66 

VP activity is influenced by the form of the CS. Therefore, we here addressed two questions. (1) 67 

Is the form of a CS (lever-CS vs tone-CS) reflected by neural activity in the VP, when both CSs 68 

have predictive value but vary in incentive value? To do this we used a 2-CS Pavlovian 69 

conditioned approach task, in which the same rat was trained using both lever and tone CSs. (2) 70 

Does the neural coding of the predictive and incentive value of CSs vary based on location 71 

within the VP? We report that the VP encodes incentive value along the entire rostral-caudal axis, 72 

and the strongest cue responses occurred when STs interacted with the lever-CS. There were, 73 

however, differences in the direction of responses, with inhibition dominating in the anterior VP 74 

and excitation prominent in the posterior VP. 75 
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METHODS 76 

 77 

Animals 78 

  This experiment used 19 male Sprague-Dawley rats weighing 300-400g at the start of the 79 

experiment (Charles River; Colony P04, Raleigh, NC). Animals were housed in standard 80 

polycarbonate cages with pine bedding, food and water available ad libitum, and a reverse 12:12 81 

hour light/dark cycle. Animals were pair-housed prior to surgery and singly-housed after surgery, 82 

and were handled daily during the week before the experiment started. All procedures were 83 

approved by the University of Michigan Committee on the Use and Care of Animals. 84 

 85 

Surgery 86 

 Rats were anesthetized with isoflurane (1.5 – 3.5%) and an incision was made on the 87 

scalp to expose the skull. Holes were drilled to allow implantation of electrode microdrives 88 

bilaterally above the VP (AP: 0.8 to -0.8; ML: 1.5 – 3). Some rats had one target per hemisphere 89 

(two total) some had two targets per hemisphere (four total). Electrode wire bundles were 90 

initially implanted 0.3 – 1 mm above the VP (DV: 6.6 – 7.3), and were advanced to the top of the 91 

VP (DV: 7.6) on the first day of neural recordings. Electrodes were secured with bone screws 92 

and dental cement. Rats were treated with penicillin (0.1 ml, s.c.) and flunixin (2.5 mg/kg, i.p.) 93 

for two days after surgery, and were allowed to recover from surgery for one week prior to the 94 

start of neural recordings. 95 

 96 

Apparatus 97 
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 All testing took place in conditioning chambers (30.5 x 24.1 x 21 cm; Med Associates) 98 

with a modified open top enclosed in a sound-attenuating cabinet. In the center of the front wall 99 

there was a food magazine that extended 3 cm into the chamber (Med Associates). A single 100 

retractable lever (Coulbourn Instruments) was installed to the side of the magazine. The lever 101 

was modified, such that it was powered by a pneumatic air-compression system; however, the 102 

tactile features and response properties of the lever were largely unchanged from the 103 

manufacturer’s version. The chamber also contained a tone generator installed on the front wall 104 

with the lever and magazine (on the side of the magazine opposite the lever), a red house light 105 

installed on the back wall, and a white noise generator in the back of the cabinet outside the 106 

chamber (all components from Med Associates). Custom software (Mtask, Aldridge lab) 107 

controlled the equipment and recorded lever presses and magazine entries. The pellet dispenser 108 

was mounted 24 inches above the chamber, and pellets took approximately 1 s to reach the food 109 

cup after being released from the food dispenser. Four video cameras were placed around the 110 

chamber: two aimed at the lever to record lever interaction, one behind the food cup to record 111 

magazine interaction and pellet retrieval, and one at the top of the back wall to provide a view of 112 

the entire chamber. 113 

 114 

Behavioral procedures 115 

 For two days prior to the start of training, rats were give 25 banana pellets in their home 116 

cages to acclimate them to this food (45 mg of banana-flavored pellets; BioServ, #F0059). Rats 117 

learned to retrieve pellets from the magazine on a single pre-training day, in which 25 pellets 118 

were delivered on a variable time (VT-30 s) schedule without the lever or tone. After pre-training, 119 

rats had 10 days of training using a Pavlovian conditioned approach (PCA) procedure. In all 120 
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sessions, rats were first placed in the chamber for a 1-min habituation period, then the red house 121 

light turned on and remained on for the rest of the session. Each session had 40 trials, 20 lever-122 

CS trials and 20 tone-CS trials (see Beckmann and Chow 2015), that occurred in pseudorandom 123 

order with no more than three of each trial type in a row. Trials were separated by VT-90 (30–124 

150 s) intervals. On lever trials, the CS consisted of insertion of the lever into the chamber (and 125 

the illumination of the LED behind the lever) for 8 s. After 8 s, the lever retracted and a pellet 126 

was dispensed into the food cup. On tone trials, the CS consisted of a tone that played for 8 s, 127 

and when the tone turned off a pellet was dispensed. A white noise generator was on throughout 128 

the session, except it was turned off during the 8-s period when the tone was playing. PCA 129 

sessions were always identical, throughout the 10 PCA training sessions prior to surgery, and the 130 

8-11 PCA sessions (i.e. retraining and recording sessions) after surgery. 131 

 132 

Quantification of PCA behavior 133 

 Lever-CS trials produced a mix of sign- and goal-tracking behavior, whereas tone-CS 134 

trials produced only goal-tracking. Therefore, on lever-CS trials the probability of lever or 135 

magazine approach was used to determine whether rats showed ST or GT conditioned responses, 136 

and to classify rats as STs or GTs. Probability was quantified as the number of trials with lever 137 

presses or food cup entry, divided by the total number of trials. Probability difference scores 138 

were calculated for each session, defined as the lever probability minus magazine probability, 139 

which resulted in scores ranging from +1 to -1. Positive scores indicated a preference for sign 140 

tracking, and negative scores indicated a preference for goal tracking. For each rat, probability 141 

difference scores were averaged across all sessions in which neural activity was recorded. Rats 142 

were classified as STs if they had scores of +0.4 or above, and GTs if they had scores of -0.4 or 143 
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below. Intermediate rats (those with probability difference scores between -0.4 and +0.4) were 144 

not used in the main analyses of this study. 145 

  146 

Video rating 147 

 All sessions were video-recorded for detailed analyses of lever and magazine interaction 148 

events. We marked the beginning and end of lever interaction within trials, defined as the 149 

interval between the first contact with the lever and the moment the rat either moved away from 150 

the lever, or the lever retracted. Magazine interaction was defined as the interval between the 151 

moment the rat first put their nose into the magazine and the moment they either moved away 152 

from the magazine or the lever began to retract (i.e. the end of the CS phase). These lever and 153 

magazine interaction periods were used in the analysis of neural activity related to movement in 154 

sessions with mixed sign- and goal-tacking behavior, but were not used in the main analyses 155 

presented in the results. 156 

 157 

Electrodes and neural recording procedures 158 

 Custom-made 32-channel electrodes were used, one version with two recording sites and 159 

one version with four recording sites. Five rats had two recording sites targeting the same region 160 

in both hemispheres (either both anterior or both posterior). In the remaining 12 rats, anterior and 161 

posterior regions of the VP were recorded within the same animal, with four recording sites 162 

targeting both the anterior and posterior VP in both hemispheres. Electrodes had 32 10-μm 163 

nickel chromate wires (California Fine Wire Company) that were twisted into eight tetrodes of 164 

four wires each. For rats with two recording sites, wires were arranged into two bundles of four 165 



 

10 
 

tetrodes each, and for rats with four recording sites, wires were arranged into four bundles of two 166 

tetrodes each. All electrodes had one channel designated as a reference wire, and signals were 167 

recorded with an OmniPlex D neural data acquisition system (Plexon). All electrodes were 168 

initially implanted 0.3 – 1 mm above the VP. Wire bundles were lowered to the top of the VP on 169 

the first recording day, and were lowered an additional 80 – 160 μm on subsequent days to 170 

ensure different cells were recorded each day.  171 

After the initial 10 days of PCA training and one week of recovery from surgery, rats had 172 

1-2 days of re-training in the PCA procedure, during which time they were tethered to the 173 

recording cable but neural data was not recorded. Only rats that resumed their previous ST/GT 174 

behavior were used in the main analyses of this study (data from a single intermediate animal 175 

were used in the analysis of motor correlates but excluded from all other analyses). After 176 

retraining, rats had 6-9 days of recording, when the wire was attached and neural data was 177 

collected throughout the duration of PCA sessions. 178 

 179 

Neural data analysis 180 

 Neural activity was evaluated in the intervals 12 s before CS onset to 6 s after pellet 181 

delivery. The intertrial interval (apart from the 12 s before CS onset) was excluded from analysis. 182 

Units were isolated from each other and from background noise using principle components 183 

analysis and waveform features (Offline Sorter, Plexon). Unit firing patterns were analyzed with 184 

custom software (Epochbuilder; the Aldridge lab) and Neuroexplorer (Nex Technologies). 185 

Cross-correlations were performed to identify cells that were recorded on more than one channel, 186 

and if this occurred only the channel with the clearest waveform shape and best unit isolation 187 

was included in analyses. 188 
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 Responses to trial events were evaluated at three time points. These epochs were 189 

examined in the same manner for lever trials and tone trials. All neural activity was aligned to 190 

the moment of cue onset (time = 0 s), and all three epochs were compared to a pre-CS baseline (5 191 

s prior to the onset of lever or tone cues). 1) The CS onset epoch was defined as the moment 192 

immediately after the lever extended into the cage or the tone started playing (0 – 0.4 s). 2) The 193 

cue exposure period was defined as the last 7 s of the 8-s period when the lever was out or the 194 

tone was playing. During this period, rats typically (but not always) engaged in sign- or goal-195 

tracking behavior. 3) The US epoch coincided with the receipt of the food pellet. The exact 196 

moment when rats retrieved the pellet with their mouth varied from trial to trial, but it typically 197 

occurred 1-2 s after the pellet was dispensed from the food dispenser. This was determined by 198 

video ratings from 20 randomly-selected sessions, in which the pellet was retrieved 1.56 ± 0.07 s 199 

(mean ± SEM) after being dispensed. However, the peak of neural activity during the post-CS 200 

phase typically occurred slightly before the rats had the pellet in their mouths. Therefore, we 201 

defined the US epoch as the interval between 0.6-1.6 s after the pellet was dispensed, as this best 202 

captured the neural responses associated with reward delivery. For a subset of cells used in the 203 

analysis of movement-related effects, responsiveness was calculated at additional time points 204 

defined from video ratings as periods of lever interaction and magazine interaction. Average 205 

spikes/s during these intervals were compared to the 5-s pre-cue baseline. 206 

 Any trials in which rats failed to perform a conditioned response during the cue exposure 207 

period were excluded from all analyses. For lever-CS trials, the number of trials excluded was  208 

4 in 82% of sessions. Failure to perform a conditioned response was more common in tone-CS 209 

trials than lever-CS trials; however, in 68% of sessions the number of tone trials excluded was  210 
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6. Sessions were required to have at least 8 non-excluded trials to be analyzed. This resulted in 211 

28 cells that were analyzed for responses to the lever-CS but not the tone-CS. 212 

 To determine whether a cell was responsive to trial events, we compared the firing rate 213 

(spikes/s) in each of the three epochs to the 5-s pre-cue baseline period. We calculated z-scores 214 

for each epoch, and cells were considered responsive if they had a z-score  1.3 (excitation) or 215 

 -1.3 (inhibition). To examine changes in the magnitude of firing over the time course of trials, 216 

we used z-score normalization of firing rates by dividing spikes/s in each 100-200 ms bin by the 217 

mean and standard deviation of baseline firing in the same cell.  218 

 219 

Histology 220 

 After the last neural recording session, we marked the terminal positions of electrode tips 221 

by passing a current through one wire on each bundle and creating a small electrolytic lesion. 222 

After 3-7 days, rats were transcardially perfused with 0.1M phosphate buffer and 4% 223 

paraformaldehyde. Brains were sectioned coronally on a cryostat in 40 μm sections and stained 224 

for cresyl violet. Electrolytic lesions were visible with cresyl violet, and electrode placement was 225 

verified with light microscopy and comparison to a rat brain atlas (Paxinos and Watson, 2007). 226 

Only cells recorded from wire bundles that fell within the VP were included in analyses. Four 227 

rats had data from one or more bundles excluded due to missed VP placement.  228 

 229 

Statistics 230 

 Behavioral data from lever-CS and tone-CS trials were analyzed with linear mixed 231 

models, with CS type as a fixed factor and days as a covariate. The proportion of neurons 232 
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responsive to trial events was examined with multiple pairwise Chi-square ( 2) tests comparing 233 

ST-Lever, ST-Tone, GT-Lever, and GT-Tone groups (Bonferroni corrected). Differences in the 234 

magnitude of firing during lever-CS and tone-CS trials were compared within ST and GT groups 235 

using paired t tests. In analyses of response magnitude, outliers were identified and removed 236 

using the ROUT method. All statistical procedures were performed with GraphPad Prism 237 

(version 7), and SPSS (version 23). 238 

  239 
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RESULTS 240 

 241 

 We recorded from a total of 424 VP neurons (217 from anterior VP and 207 from 242 

posterior VP) during the performance of a two-CS Pavlovian conditioned approach task in which, 243 

on a given trial, either a lever-CS or a tone-CS predicted delivery of the same food reward (Fig. 244 

1). 245 

 246 

Sign- and goal-tracking behavior during lever-CS and tone-CS trials. 247 

The lever-CS reliably evoked a ST CR in some rats (STs, n = 12) and a GT CR in others 248 

(GTs, n = 6), whereas the tone-CS elicited a GT CR in all rats. The behavior evoked by either CS 249 

in STs and GTs are shown for sessions 13 - 19, when stable behavioral responses had been 250 

established and when neural activity was recorded (Fig. 2). On lever-CS trials, STs contacted the 251 

lever almost exclusively, and had a very low rate of magazine contact. However, during tone-CS 252 

trials STs approached the food magazine; i.e., made a goal-tracking CR. For STs, the probability 253 

of contacting the lever during lever-CS trials was high in all sessions. The probability of 254 

contacting the magazine during tone-CS trials began slightly lower, but increased across days 255 

until it matched the probability of contacting the lever during lever-CS trials [Day: F(1, 144.2) = 256 

10.74, p < .001; CS type: F(1, 143.05) = 6.32, p < .05; Interaction: F(1, 143.05) = 4.39, p < .05] 257 

(Fig. 2A). STs showed no significant difference in their latency to approach the lever on lever-258 

CS trials vs the food magazine on tone-CS trials (including only the trials in which they 259 

contacted the lever or magazine) [CS type: F(1, 113.76) = 2.98, ns] (Fig. 2B). We also examined 260 

the rate of contact with targets of approach over the time course of 8-s CS exposure periods (i.e. 261 
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lever presses and magazine entries during lever-CS trials and magazine entries during tone-CS 262 

trials, respectively) in 20 sessions (1-2 randomly chosen from each ST). For each session, 263 

average contacts were calculated in 0.5 s bins. On lever-CS trials, the rate of lever pressing 264 

increased across the 8-s trials, while magazine entries stayed very low. In tone-CS trials, rates of 265 

magazine entry were almost identical to the pattern of lever pressing seen during lever-CS trials 266 

(Time: F(15, 570) = 25.45, p < .001; CS type: F(1, 38) = .04, ns; Interaction: F(15, 570) = 2.07, 267 

ns) (Fig. 2C). 268 

In GTs, behavior was essentially identical on lever-CS trials and tone-CS trials, as both 269 

CSs elicited a reliable GT CR. In GTs, there were no significant differences between lever-CS 270 

trials and tone-CS trials in the probability of approaching the magazine [Day: F(1, 70.04) = 2.63, 271 

ns; CS type: F(1, 69.15) = 2.39, ns; Interaction: F(1, 69.12) =1.5, ns] (Fig. 2D), nor in the 272 

latency to approach the magazine [CS type: F(1, 48.9) = 0.02, ns] (Fig. 2E). Likewise, the rate of 273 

contacting the magazine within trials was nearly identical on lever-CS and tone-CS trials 274 

(determined from 20 sessions, 3-4 from each GT; Time: F(15, 570) = 26.2, p < .001; CS type: 275 

F(1, 38) = .19, ns; Interaction: F(15, 570) = 1.4, ns) (Fig. 2F). 276 

 277 

Posterior VP: sustained excitatory and inhibitory responses to a lever-CS in STs 278 

In the posterior VP, neural responses during the period of CS exposure (i.e. the last 7 s of 279 

the 8-s interval when the lever was extended or the tone was on) were seen in all rats, but to 280 

greatly varying degrees. These responses were either sustained increases or decreases in firing 281 

which began 0.5-1 s after the onset of the CS, and either remained constant or gradually 282 

increased across the period of cue exposure. 283 
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 By far, the highest proportion of cue-responsive cells were found in STs on lever-CS 284 

trials, when the lever-CS evoked a ST CR. Importantly, these same cells, in the same animal, and 285 

on the same session, were rarely responsive on tone-CS trials, despite the fact that the tone-CS 286 

evoked a GT CR (Fig. 3A). In GTs, there were no differences in the number of responsive cells 287 

between lever-CS and tone-CS trials, which both evoked a GT CR, and in both conditions GTs 288 

had fewer responsive cells than STs did on lever-CS trials (Fig. 3A). There was a significantly 289 

greater percentage of excitatory responses for the ST-Lever condition (19/84), compared to the 290 

ST-Tone (5/68; 2 =7.41, p < .05), GT-Lever (8/123; 2 = 12.78, p < .01), or GT-Tone 291 

conditions (11/123; 2 = 8.66, p < .05). The same was true for the percentage of inhibitory 292 

responses, which was significantly higher for the ST-Lever condition (24/84) than the ST-Tone 293 

(7/68; 2 = 7.73, p < .05), GT-Lever (9/123; 2 = 16.83, p < .001), and GT-Tone conditions 294 

(12/123; 2 = 12.3, p < .01) (Fig. 3A).  295 

The proportion of responsive neurons in STs and GTs varied as a function of cue type. 296 

This was evaluated using only the neurons that were analyzed in both lever-CS and tone-CS 297 

conditions and were considered responsive to one or both CSs (39/65 for STs and 28/123 for 298 

GTs). In STs, most responsive neurons (28/39, 71.8%) were active only during the lever-CS 299 

condition, some were responsive to both the lever and tone (10/39, 25.6%), but only one neuron 300 

was responsive to the tone only (1/39, 2.6%). In GTs, most responsive cells responded either to 301 

the tone alone (11/28, 39.2%) or both (12/28, 42.9%). Only 5/28 (17.9%) responded to the lever 302 

alone (Fig. 3B).  303 

In STs, the magnitude of excitatory or inhibitory neural responses, in responsive neurons, 304 

also varied depending on the cue (Fig. 3C). In STs, the magnitude of responses during lever-CS 305 

trials was greater than on tone-CS trials, and this difference was even apparent in individual cells. 306 
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Neurons that increased firing during lever-CS trials showed significantly lower firing rates 307 

during tone-CS trials [paired t test: t(14) = 5.27, p < .001]. Likewise, cells that decreased firing 308 

during lever-CS trials showed less change from baseline during tone-CS trials [paired t test: t(23) 309 

= 7.74, p < .001] (Fig. 3D). For GTs, in addition to having fewer responsive cells overall, the 310 

cells that were considered responsive during the CS phase showed little variation in the 311 

magnitude or time course of their response between lever-CS and tone-CS trials (Fig. 3E). 312 

Individual cells from GTs showed no significant differences in firing to the lever-CS versus the 313 

tone-CS, either for excitations [paired t test: t(11) = 0.22, ns] or inhibitions [paired t test: t(15) = 314 

0.57, ns] (Fig. 3F). A representative ST cell shows a greater increase in firing during lever-CS 315 

trials compared to tone-CS trials (same cell in both conditions), and a representative GT cell 316 

shows no change in firing during the 8-s period of cue exposure during either lever-CS trials or 317 

tone-CS trials (Fig. 3G).  318 

 To address the possibility that our results may have been heavily influenced by individual 319 

rats (as some rats had more recorded cells than others), we calculated the average change in 320 

firing rates (absolute value of z scores) of all cells from each rat (responsive or non-responsive). 321 

This provided a single value for each rat, which was correlated with the probability difference 322 

scores used to categorize rats as STs or GTs (STs > 0.4, GTs < -0.4). On lever-CS trials, firing 323 

rate changes were larger in STs than GTs, with a significant correlation between these rates and 324 

probability difference scores (R2 = 0.54, p < .01, n = 12). In contrast, average firing rates during 325 

tone-CS trials were not significantly correlated with probability difference scores (R2 = 0.04, ns, 326 

n = 11) (Fig. 3H). 327 

We also examined the latency and duration of neural responses during the cue exposure 328 

period. For each responsive neuron, we examined z-score normalized histograms (in 200-ms bins) 329 
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and found the first instance when three or more consecutive bins crossed the threshold for 330 

responsivity (z-scores > 1.3 or < -1.3). Latency was determined from the first bin of the response, 331 

and duration was the number of consecutive responsive bins. The first 1 s of the 8-s period of cue 332 

availability was excluded since it also captured responses to cue onset; therefore, all response 333 

latencies are reported as 1 s or longer, and the maximum duration is 7 s. There were no 334 

significant differences in the average response latency [F(3, 85) = 0.51, ns] or response duration 335 

[F(3, 85) = 1.44, ns] (Fig. 3I), showing that these characteristics of cue responses did not differ 336 

between STs and GTs, or between lever-CS and tone-CS. These data suggest that group 337 

differences lie primarily in the overall population response to a cue (i.e. the proportion of 338 

responsive cells), rather than the quality or characteristics of individual unit responses. 339 

 340 

Anterior VP: inhibition of firing in STs dominates during lever-CS trials 341 

As in the posterior VP, cells in the anterior VP showed sustained cue responses, except 342 

that responses were encoded primarily by decreases in firing during the last 7 s of the 8-s cue 343 

exposure period. In STs, many cells in the anterior portion of the VP showed a reduction in firing 344 

during exposure to the lever-CS, but not during exposure to the tone-CS. GTs did not show this 345 

inhibition during exposure to either the lever or the tone. The percentage of cells that showed 346 

inhibitory responses during the CS phase was significantly higher for the ST-Lever condition 347 

(53/147) than the ST-Tone (13/135; 2 = 27.41, p < .001), GT-Lever (7/61; 2 = 12.69, p 348 

< .01), and GT-Tone conditions (8/61; 2 = 10.95, p < .01) (Fig. 4A). The percentage of 349 

excitatory responses in anterior VP was low for STs, in both lever-CS and tone-CS trials. In fact, 350 

there were significantly more excitations in the GT-Lever category (9/61) compared to the ST-351 
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Lever category (4/147; 2 = 10.65, p < .01), and no significant differences when compared to 352 

tone-CS categories (ST-Tone, 9/135; GT-Tone, 7/61; 2s = 0.29 – 6.6, ns) (Fig. 4A).  353 

Among the cells that were evaluated during both lever-CS and tone-CS conditions and 354 

considered responsive to one or the other (57/135 for STs and 21/61 for GTs), most ST cells 355 

were responsive during lever-CS trials alone (36/57, 63.2%), while 7/57 (12.3%) were 356 

responsive during tone-CS trials alone, and 14/57 (24.5%) were responsive during both trial 357 

types. For GTs, the highest proportion of cells were responsive during both the lever-CS and 358 

tone-CS trials (9/21, 42.9%), with 7/21 (33.3%) of cells responding to lever-CS trials only, and 359 

5/21 (23.8%) responding to tone-CS trials only (Fig. 4B). 360 

Firing changes were evaluated for all cells responsive during the cue exposure period, 361 

whether they were responsive to the lever only, the tone only, or both. Since only 10 cells 362 

showed excitatory responses in STs (and only 5 could be assessed during both lever-CS and 363 

tone-CS trials), this analysis is consequently focused on inhibitory responses (Fig. 4C). When we 364 

examined response magnitude, we found that for STs, inhibitory responses of individual cells 365 

were much stronger during lever-CS trials than tone-CS trials [paired t test: t(49) = 9.05, p < .001] 366 

(Fig. 4C&D). For GTs, neural responses during the CS phase did not differ between lever-CS or 367 

tone-CS trials, for either excitatory or inhibitory responses (Fig. 4E). In GTs, there were no 368 

significant differences when lever-CS and tone-CS responses were compared within each cell 369 

[paired t tests: excitations, t(9) = 0.96, ns; inhibitions, t(9) = 0.46, ns] (Fig. 4F). A representative 370 

ST cell shows greater inhibition during cue exposure in lever-CS trials compared to tone-CS 371 

trials; whereas a representative GT cell shows no response during cue exposure, during either 372 

lever-CS trials or tone-CS trials (Fig. 4G). From these examples, it may appear that anterior VP 373 

cells had higher baseline firing rates than posterior VP cells (as compared to examples in Fig. 374 
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3G). However, average baseline firing did not differ between regions, with 12.03 ± 0.79 spikes/s 375 

for anterior VP (n = 217), and 9.7 ± 0.54 spikes/s for posterior VP (n = 207), and no significant 376 

difference with a non-parametric comparison [Mann-Whitney U = 20,709, ns]. We also found 377 

that the average change in firing rates (absolute value of z scores) of cells from each rat were 378 

significantly correlated with probability differences scores in lever-CS trials (R2 = 0.41, p < .05, 379 

n = 13), but not tone-CS trials (R2 = 0.07, ns, n = 14) (Fig. 4H). Finally, the latency and duration 380 

of neural responses were examined following the methods used for the posterior VP. Within 381 

responsive cells there were no significant group differences in the latency of response onset [F(3, 382 

103) = 1.01, ns] or the duration of responses [F(3, 103) = 1.1, ns] (Fig. 4I). 383 

The distinction between anterior and posterior regions (AP: -0.4) was chosen based on 384 

previous research (Smith and Berridge 2005; Smith et al. 2011); however, there is not a clear and 385 

unambiguous delineation between the two regions. Therefore, responses to the 7-s cue exposure 386 

period are shown for every responsive cell individually and mapped across the AP and ML 387 

dimensions of the VP (Fig. 5).  388 

 389 

STs show greater excitatory responses to CS onset on lever-CS trials compared to tone-CS 390 

trials.  391 

 Data presented above focused on sustained changes in neural activity during the period of 392 

CS exposure, when rats were engaged in conditioned responding, and when the largest effects 393 

were seen. Here we focus on the more immediate response to the onset of the CS, in which 394 

differences were also observed, although they were not as large as during the rest of the CS 395 

phase. Cells in both the anterior and posterior regions of the VP showed immediate neural 396 

responses to the CSs (typically within 20-500 ms after CS onset) that were distinct and often 397 
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independent from the sustained cue responses described above. The majority of cells that were 398 

responsive to CS onset (around 80-90%) returned to baseline in less than 1 s. These cells may 399 

have also subsequently shown a response to the CS phase beginning around 1-2 s (see analyses 400 

of response latency during the CS phase), but these responses were typically distinct from CS 401 

onset.  In both regions, these responses were a mix of excitations and inhibitions.  402 

In the posterior VP, STs had a significantly higher percentage of excitatory responses to 403 

CS onset on lever-CS trials (37/84) compared to tone-CS trials (15/68; 2 = 8.07, p < .05), but 404 

otherwise there were no significant differences between groups, including when STs were 405 

compared to GTs (GT-Lever, 42/123; GT-Tone, 36/123; 2s = 0.68 - 4.78, ns). There were also 406 

no significant differences in the percentage of inhibitory responses (ST-Lever, 7/84; ST-Tone, 407 

8/68; GT-Lever, 17/123; GT-Tone, 15/123; 2s = 0.01 - 1.47, ns) (Fig. 6A). The basic pattern of 408 

responses to CS onset was similar in all conditions, and consisted of a brief phasic increase or 409 

decrease in firing that typically returned to near baseline levels within 500 ms (Fig. 6B). 410 

Individual ST cells showed greater excitation during lever-CS trials compared to tone-CS trials 411 

[paired t test: t(32) = 2.13, p < .05], though there were no within-cell differences in inhibitions, 412 

or in the magnitude of responses in GT cells (Fig. 6C).  413 

In the anterior VP, the percentage of cells responsive to CS onset did not differ 414 

significantly between groups for either excitations (ST-Lever, 36/147; ST-Tone, 20/135; GT-415 

Lever, 18/61; GT-Tone, 10/61; 2s = 0.08 - 5.8, ns) or inhibitions (ST-Lever, 24/147; ST-Tone, 416 

21/135; GT-Lever, 10/61; GT-Tone, 10/61; 2s = 0 - 0.03, ns) (Fig. 6D). The overall pattern of 417 

excitatory and inhibitory responses to CS onset was similar in STs and GTs, in both lever-CS 418 

trials and tone-CS trials (Fig. 6E), although the average magnitude of excitatory responses was 419 
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significantly higher for STs during lever-CS trials than during tone-CS trials [paired t test: t(39) 420 

= 2.86, p < .01] (Fig. 6F). 421 

 422 

Neural activity during the post-CS period 423 

Neurons in both the anterior and posterior regions of the VP were also responsive 424 

throughout the post-CS period, from the time the lever was retracted or the tone turned off until 425 

the food reward (i.e. the banana pellet US) was delivered and consumed. Peak responses 426 

occurred in the interval between 0.6 s – 1.6 s after the feeder click associated with activation of 427 

the pellet dispenser. We defined this period of peak neural activity “US responses”, because it 428 

encompassed the period after the feeder click signaling that the food pellet had been released 429 

from the dispenser. However, it should be noted that the exact moment of reward consumption 430 

varied from trial to trial, and typically occurred slightly after this peak response; consumption of 431 

the food pellet usually occurred 1-2 s after activation of the food dispenser, as determined from 432 

video records. Therefore the US period could potentially include both anticipation of reward plus 433 

consumption of the pellet. 434 

There were also responses to the audible click of the pellet dispenser as it released a 435 

pellet (during the first 0.4 s after the click), but these were difficult to distinguish from the 436 

sustained neural responses seen during the preceding CS phase (which ended 0.5 s before the 437 

click) and the subsequent US interval (0.6 s - 1.6 s after the click). In both ST and GT groups, 438 

and both lever-CS and tone-CS trials, there were similar proportions of cells responsive to the 439 

pellet dispenser click (44.9% to 67.6%, with no significant differences between groups); 440 

however, most of these cells were also responsive to either the CS phase or the US (82.6% to 441 
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90.6%). Since there was not a clear and independent population-level response to this event, and 442 

no observable differences between groups, this interval was not examined further.  443 

In the posterior VP, both STs and GTs had large proportions of cells responsive during 444 

the US period. Notably though, US-responsive neurons in STs were predominately excitatory 445 

while GTs had predominately inhibitory responses. There were no significant differences in 446 

percentages between lever-CS and tone-CS trials for either STs ( 2s = 0.17 – 0.37, ns) or GTs 447 

( 2s = 0.44 – 0.79, ns). When STs were compared to GTs, in both lever-CS and tone-CS trials 448 

the STs had more excitatory responses than GTs (ST-Lever, 34/73; ST-Tone, 35/68; GT-Lever, 449 

36/123; GT-Tone, 27/123; 2s = 10.15- 20.71, p < .05 - .001), and GTs had more inhibitory 450 

responses than STs (ST-Lever, 14/73; ST-Tone, 13/68; GT-Lever, 41/123; GT-Tone, 48/123;451 

2s = 5.3 - 11, p < .05 - .01) (Fig 7A). The magnitude and duration of US responses were similar 452 

for both STs and GTs (Fig. 7B). Within individual cells of STs there were no significant 453 

differences in the magnitude of responses during lever-CS trials vs. tone-CS trials; however, for 454 

GTs, excitatory responses were significantly greater during lever-CS trials compared to tone-CS 455 

trials [paired t tests: t(36) = 2.38, p < .05] (Fig. 7C).  456 

In the anterior VP, there were no group differences in the proportion of US-responsive 457 

cells. The proportions of excitations did not differ significantly between STs and GTs, or 458 

between lever-CS trials and tone-CS trials (ST-Lever, 40/135; ST-Tone, 39/135; GT-Lever, 459 

15/60; GT-Tone, 12/60; 2s = 0.02 – 1.14, ns). Likewise, the proportions of inhibitions did not 460 

differ between groups or trial types (ST-Lever, 43/135; ST-Tone, 45/135; GT-Lever, 26/60; GT-461 

Tone, 16/60; 2s = 0 – 1.5, ns) (Fig. 7D). In STs, the magnitude of inhibitory US responses 462 

differed between trial types, with lever-CS trials eliciting a greater decrease in firing than tone-463 
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CS trials (Fig. 7E), though this may represent a continuation of the differences in firing seen in 464 

the previous 7-s cue epoch. For STs, individual cells were more likely to be inhibited in lever-CS 465 

trials compared to tone-CS trials [paired t tests: t(53) = 5.46, p < .001], though excitatory 466 

responses did not differ between lever-CS or tone-CS trials. Further, lever-CS and tone-CS 467 

responses did not differ among GT cells (Fig. 7F). 468 

We only show post-trial firing up to 4 s after pellet delivery, and firing rates did not 469 

always return to baseline within this period. However, the trials were separated by inter-trial 470 

intervals (ITIs) that ranged from 30 to 150 s, and firing reliably returned to baseline within these 471 

intervals. If it took longer than 30 s for firing to return to normal, one would expect the duration 472 

of the ITI to influence the baseline rate of the subsequent trial; however, this was not the case. 473 

Among the units that had especially pronounced firing changes during the US period (z score > 474 

4), only 2 out of 65 (3.1%) had significant correlations between ITIs and baseline firing in 475 

subsequent trials. 476 

Around half of US-responsive cells also showed responses to the CS onset, the CS phase, 477 

or both. There were no significant differences in the percentages of US-responsive cells that also 478 

responded to CSs between groups (42.2% - 55.3%), with the exception of posterior VP cells in 479 

ST-lever trials (91.7%, p < .001). When the ST-lever group was compared to the other groups 480 

from the posterior VP, we found a greater percentage of cells responsive to all three events (37.5% 481 

compared to 6.7 - 11.8%; p < .001), or the combination of the CS phase plus the US (25% 482 

compared to GTs 5.3% - 9.3%; p < .05), but there were no differences in the proportion of cells 483 

responsive to the combination of CS onset plus the US. Thus, it appears that VP cells that might 484 

normally respond to the US are also engaged by the lever-CS in STs; although this effect was 485 

only seen in the posterior VP and not the anterior VP. 486 
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 487 

No effect of motor activity on VP firing 488 

 In the results above we found greater firing changes when rats were interacting with the 489 

lever instead of the magazine, which raises the possibility that these effects were influenced by 490 

the specific motor patterns (such as biting and pressing the lever) that systematically differed 491 

between sign-tracking and goal-tracking responses (although GTs also lick and bite the food cup) 492 

(DiFeliceantonio and Berridge 2012). In a previous study, we performed a detailed analysis of 493 

movement-related effects on firing in the posterior VP, and found that differences in motor 494 

actions between STs and GTs were not responsible for differences in firing rates (Ahrens et al. 495 

2016a). However, this previous study did not include cells from the anterior VP. Therefore, in 496 

the current study we analyzed a subset of anterior VP cells to determine whether firing rates 497 

differed between periods of lever interaction and magazine interaction, defined as the portion of 498 

each trial in which rats were engaged in contacting the lever or magazine (Fig. 8A).  499 

We analyzed 31 cells from sessions that had at least 5 trials with periods of lever 500 

interaction and 5 trials with periods of magazine interaction (tone trials were excluded). Cells 501 

from all rats (ST or GT) were combined for this analysis. Nine of these cells came from a rat 502 

classified as an intermediate, who was tested using the same methods as other rats in this study, 503 

but whose data was excluded from all other analyses. The remaining 22 cells came from STs and 504 

GTs that happened to perform their non-dominant conditioned response (i.e. goal-tracking for 505 

STs and sign-tracking for GTs) in at least 5 out of 20 trials. In many of these trials rats interacted 506 

with both the lever and magazine, switching from one to the other, within the 8-s trial. Individual 507 

trials that contained both types of behavior were divided into a lever interaction portion and a 508 

magazine interaction portion that were analyzed separately. 509 
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We found that neural activity did not differ between periods of lever interaction and 510 

periods of magazine interaction. The percentage of cells that showed excitation was low, with no 511 

significant difference between lever and magazine interaction (lever interaction, 3/31; magazine 512 

interaction, 2/31; 2 = 0.22, ns). While more cells showed inhibitory responses, there was again 513 

no significant difference between periods of lever interaction and magazine interaction (lever 514 

interaction, 4/31; magazine interaction, 6/31; 2 = 0.48, ns) (Fig. 8B). Furthermore, the firing of 515 

individual cells did not significantly differ between periods of lever interaction and magazine 516 

interaction trials [paired t tests: t(30) = 0.42, ns] (Fig. 8C), showing that neural activity was the 517 

same whether rats were engaged in movements directed toward the lever or movements directed 518 

toward the magazine.  519 

We performed an additional analysis of motor correlates using only the data recorded 520 

from STs. We observed variability in the intensity of sign-tracking responses evidenced by both 521 

the number of lever presses per trial and the latency to first contact the lever (Meyer et al. 2012). 522 

For cells responsive during the CS interaction period, we compared the change in firing rate 523 

(absolute value of z-scores) to the simultaneously recorded behavioral measures. In the posterior 524 

VP, there was a weak but significant negative correlation between firing rates and lever presses 525 

(R2 = 0.11, p < .05, n = 43) and a weak but significant positive correlation between firing rates 526 

and latency to reach the lever (R2 = 0.11, p < .05, n = 45) (Fig. 8D), both of which indicate that 527 

neural responses were less intense when sign-tracking behavior was more vigorous (although 528 

variance in one only accounts for a small percentage of variation in the other). In the anterior VP, 529 

there were no significant correlations between firing rates and lever presses (R2 = 0.06, ns, n = 57) 530 

or latency (R2 = 0.06, ns, n = 55) (Fig. 8E). Altogether, these results suggest that the motor 531 



 

27 
 

activity associated with sign-tracking is not responsible for the neural activity changes seen in 532 

STs during exposure to the lever-CS. 533 

  534 
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DISCUSSION 535 

We asked how two different cues (a lever-CS vs. a tone-CS), both of which predicted 536 

delivery of an identical food reward, and both of which reliably came to produce an anticipatory 537 

conditioned response (CR), influenced neural firing in the ventral pallidum (VP). As expected, 538 

there was considerable individual variation in the form of the CR evoked by the lever-CS. The 539 

lever-CS evoked primarily a sign-tracking CR in some rats (STs) and a goal-tracking CR in 540 

others (GTs). However, this variation in the form of the CR was not evident upon presentation of 541 

the tone-CS, which evoked a GT CR in all rats (i.e., both STs and GTs). Exposure to either CS 542 

evoked prominent neural responses during three distinct phases; (1) upon initial onset of the CS, 543 

(2) during the 8-s duration of CS exposure; (3) after CS offset and immediately before and after 544 

delivery of the food reward (US). The most dramatic changes in neural activity were observed 545 

during the 8-s period of cue exposure, when animals performed their respective CRs, but these 546 

responses varied markedly both as a function of the individual and the form of the CS. Sustained 547 

increases or decreases in neuronal firing throughout the VP were most pronounced in STs during 548 

exposure to the lever-CS, when they were actively engaged in sign-tracking behavior, relative to 549 

when the lever-CS evoked a GT CR in GTs, or when the tone-CS evoked a GT CR, in either STs 550 

or GTs. In addition, the pattern of responses differed between anterior and posterior regions of 551 

the VP, with excitatory responses prevalent in the posterior VP and inhibitory responses 552 

dominating in the anterior VP. 553 

It is striking that there were such marked differences in neural responses evoked by two 554 

cues that were equally predictive of reward, and were equally effective in evoking a CR. Why 555 

might this be? It is well known that the form of the US influences the form of the CR, but it is 556 

less widely appreciated the form of the CS also influences the form of the CR (Holland 1977). 557 
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We have suggested that one reason a lever-CS evokes a ST CR in some animals but a GT CR in 558 

others is because there is individual variation in the propensity to attribute incentive salience to a 559 

lever-CS. The lever-CS is an equally effective CS in STs and GTs, evoking a CR in both, but it is 560 

transformed into an attractive incentive stimulus preferentially in STs (Robinson et al., 2014b). 561 

Furthermore, a tone-CS, which evokes a GT CR in all rats, is a less effective incentive stimulus 562 

than is a lever-CS in STs (e.g., Meyer et al. 2014). Indeed, the ability of a cue to acquire 563 

incentive properties can be affected by a number of factors, such as the certainty of the reward 564 

(Anselme et al. 2013; Robinson et al. 2014a; Robinson et al. 2015), and temporal and spatial 565 

relationships between the cue and reward (Burns and Domjan 2001; Silva et al. 1992). 566 

Furthermore, certain combinations of visual and auditory properties cause some stimuli to 567 

become more powerful conditioned reinforcers than others (Beckmann and Chow 2015; Holland 568 

et al. 2014; Meyer et al. 2014; Singer et al. 2016). Thus, we suggest the differences in sustained 569 

neural activity in the VP evoked by the lever-CS in STs vs. GTs, and by the tone-CS, reflect the 570 

degree of incentive value attributed to these reward cues, not their predictive value (Ahrens et al., 571 

2016a). 572 

Indeed, during the CS phase unit activity in the VP appeared to track dynamic changes in 573 

the incentive value of the cues, as they changed from trial to trial in a single animal. This is 574 

consistent with previous research suggesting that the magnitude of the VP response to a food-575 

paired cue reflects the strength of that cue’s motivational impact (Avila and Lin 2014; Richard et 576 

al. 2016; Smith et al. 2011; Tachibana and Hikosaka 2012; Tindell et al. 2005). The most 577 

prominent firing changes were seen during the 8-s period when the cue was present (i.e. the lever 578 

was extended or the tone was playing), and corresponded with the expression of sign-tracking 579 

behavior. Presumably it is during the performance of the ST CR when the state of heightened 580 
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incentive motivation is greatest. However, another possibility is that the specific motor patterns 581 

associated with sign-tracking, but not goal-tracking, could have influenced our results. In the 582 

anterior VP, we found that firing rates did not differ when STs were goal-tracking or GTs were 583 

sign-tracking within the same trial and/or session. In addition, previous studies have found that 584 

firing in the posterior VP was not affected by movements associated with sign- and goal-tracking 585 

(Ahrens et al. 2016a), or by motor activity in other reward-related tasks (Tindell et al. 2005).It is 586 

likely that the enhanced neural activity in STs, during sign-tracking, reflects the motivational 587 

state that leads to sign-tracking rather than the specific motor patterns themselves; however, we 588 

acknowledge the semi-intractable nature of motivational states and motor activity in the ST/GT 589 

model, and we cannot say with complete certainty that movement-related neural activity did not 590 

influence our results to some degree. 591 

The VP appears to also encode the purely predictive aspects of a cue; that is, the 592 

cognitive associations that are learned during CS-US pairings, which may or may not be 593 

accompanied by a heightened incentive-motivational state (Smith et al. 2011; Tindell et al. 2005; 594 

Zhang et al. 2009). This is suggested by the immediate neural responses to CS onset in both STs 595 

and GTs, and on both lever-CS and tone-CS trials. In these conditions the predictive value of the 596 

cue is constant, only the incentive value changes. Since lever and tone cues are equally effective 597 

at evoking a conditioned response in STs and GTs (meaning that both groups learn the predictive 598 

value of the cues equally well) one would not expect to see differences in prediction-related 599 

firing. Although there were no group differences between STs and GTs in response to cue onset, 600 

we did find that STs showed stronger excitatory responses to cue onset on lever trials than tone 601 

trials, which suggests an additional incentive component to these signals. In the posterior VP, we 602 

previously found a greater percentage of cells responsive to cue onset in STs than GTs (Ahrens 603 
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et al. 2016a), and another recent study showed that the magnitude of immediate VP responses to 604 

a cue predicted the latency of reward seeking (Richard et al. 2016). Therefore, the immediate 605 

response to cue onset may reflect the predictive value of the cue, but it likely also carries an 606 

incentive signal to some degree, although it is less robust and consistent than firing during the 607 

more prolonged cue-exposure period, when the CRs are performed. 608 

A high percentage of VP neurons also responded to receipt of the food reward (the US). 609 

The VP has been shown to respond to food reward even after CS-US associations are well 610 

learned, and can encode the intensity of hedonic responses to palatable tastes (Smith et al. 2011; 611 

Tindell et al. 2006). In the posterior VP, US responses varied between groups (ST vs. GT) but 612 

not between trial types (lever vs. tone). This suggests that trial-by-trial changes in incentive-613 

motivation did not have a major effect on neural responses to the US, and that instead there may 614 

be stable individual differences in the way that ST and GT rats experience the hedonic value of 615 

the US. However, in this study we did not directly measure hedonic responses and cannot 616 

confirm whether they played a role in the current results. Furthermore, if STs and GTs 617 

experienced the reward value of the food pellet differently they should develop conditioned 618 

behavior at different rates, which many studies have shown is not the case (see Meyer et al. 619 

2012). It should be noted that peak VP responses slightly preceded actual consumption of the 620 

pellet, and one would expect the representation of hedonic value to be time locked to US contact. 621 

It is possible that these neural responses encoded an aspect of reward anticipation rather than 622 

purely hedonic responses, though further research will be necessary to determine the exact 623 

mental states associated with these responses. 624 

The VP is one of the primary output structures of the mesolimbic reward pathway. The 625 

VP receives prominent projections from GABAergic medium spiny neurons in the nucleus 626 
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accumbens (NA), with the NA shell innervating the anterior VP and the NA core innervating the 627 

posterior VP (Creed et al. 2016; Heimer et al. 1991; Kupchik et al. 2015; Stefanik et al. 2013). 628 

However, there is also evidence for bi-directional communication between the NA and VP, as 629 

cue responses in the VP sometimes precede and drive those in the NA (Richard et al. 2016). The 630 

NA is a likely source of both the excitatory and inhibitory responses we observed in the current 631 

study. Although GABAergic inputs from the NA are inhibitory, stimulation of the NA has been 632 

shown to produce a mix of excitatory and inhibitory responses in VP neurons (Chrobak and 633 

Napier 1993).  634 

The different firing patterns we observed in the posterior and anterior VP (i.e. excitation 635 

versus inhibition) suggest that these regions may exert different effects on downstream structures. 636 

There are topographic differences in the projection targets of VP; for example, the ventromedial 637 

VP sends prominent projections to the mediodorsal nucleus of the thalamus and NA shell, while 638 

the dorsolateral VP projects to the substantia nigra, subthalamic nucleus, and NA core (Churchill 639 

and Kalivas 1994, 1999; Leung and Balleine 2015; Zahm et al. 1996). In addition, neurons in 640 

both the anterior and posterior VP send projections to the ventral tegmental area (VTA), where 641 

they provide tonic inhibition of both dopamine and non-dopamine neurons (Creed et al. 2016; 642 

Floresco et al. 2003). There is a great deal of evidence that dopamine signaling differs between 643 

STs and GTs (see Flagel and Robinson 2017), and patterns of dopamine release in the NA 644 

change dynamically depending on whether rats display a sign-tracking or goal-tracking CR 645 

(Singer et al. 2016). Therefore, it is plausible, though it cannot be determined from the current 646 

study, that pathways from the VP to the VTA transmit an incentive signal. 647 

In conclusion, we report that neural activity in the VP dynamically tracks changes in the 648 

form of a CR, both within individuals and as the form of the CS varies, which we suggest reflects 649 
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dynamic changes in the extent to which the CS functions as an attractive and “wanted” incentive 650 

stimulus. Indeed, the degree to which cues acquire incentive salience, as indicated by sign-651 

tracking, is reflected in both the number of VP responsive neurons and the intensity of their 652 

responses to reward cues. It has been reported that reward cues are not very effective in engaging 653 

brain reward circuits unless they are attributed with incentive value; their predictive value is not 654 

sufficient (Flagel et al. 2011; Yager et al. 2015), and the current results support this notion by 655 

showing that the VP is preferentially engaged by cues attributed with incentive salience. Thus, 656 

the VP appears to be an integral part of a brain system that generates cue-evoked 657 

emotional/motivational states (Berridge et al. 2009). 658 

  659 
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FIGURE CAPTIONS 822 

 823 

Figure 1. Every session had 20 lever-CS trials and 20 tone-CS trials in psuedorandom order. In 824 

lever-CS trials, a retractable lever was inserted in the cage for 8 s, then removed and followed by 825 

a banana pellet (US). Lever-CS trials elicited both sign- and goal-tracking responses, and rats 826 

were categorized as STs (n = 12) or GTs (n = 6) based on their behavior during these trials. In 827 

tone-CS trials, an 8-s tone preceded the delivery of a banana pellet. Only goal-tracking responses 828 

were observed during tone-CS trials, even in rats classified as STs. 829 

 830 

Figure 2. A) During lever-CS trials, STs showed a high probability of lever approach and a low 831 

probability of magazine approach. However, during tone-CS trials STs showed strong goal-832 

tracking behavior, and a high probability of magazine approach that did not differ from the lever 833 

approach seen in lever-CS trials. B) For STs, the latency to first contact the lever or magazine 834 

did not differ between lever-CS and tone-CS trials. C) Within trials, STs showed similar rates of 835 

contact with the lever in lever-CS trials and the magazine in tone-CS trials, both gradually 836 

increasing over the time course of the 8-s CS exposure (mean ± SEM, contacts per 0.5-s bins). D) 837 

GTs showed a high probability of magazine approach in both lever-CS and tone-CS trials, E) no 838 

difference in the latency to contact the magazine between lever-CS and tone-CS trials, F) and no 839 

difference in the rate of contact with the magazine over the time course of lever-CS and tone-CS 840 

trials (mean ± SEM, contacts per 0.5-s bins). 841 

 842 

Figure 3. Posterior VP. Sign-tracking to the lever elicited greater neural responses than goal-843 

tracking to either the lever or the tone. Cells were considered responsive to cue exposure if they 844 
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showed a sustained increase or decrease in firing during the last 7 s of the 8-s period when the 845 

CS was present. A) The percentage of cells that responded to cue exposure was significantly 846 

greater for the ST-Lever condition compared to the ST-Tone, GT-Lever, and GT-Tone 847 

conditions, and this was true for both excitatory and inhibitory responses (* p < .05, ** p < .01, 848 

*** p < .001). B) In STs, most neurons responded only to the lever-CS and not the tone-CS; 849 

however, in GTs responses were split more equally between the lever, the tone, or both. C) In 850 

STs, the magnitude (mean ± SEM) of the cue-induced change in neural activity in responsive 851 

cells was greater during lever-CS trials than tone-CS trials. D) In STs, individual responsive cells 852 

(lines) showed significantly greater increases or decreases in firing during lever-CS trials 853 

compared to tone-CS trials (*** p < .001; grey and white bars represent mean firing rate; 854 

excitation, EX; inhibition, IN). E) For GTs, the magnitude of change in responsive cells (either 855 

excitatory or inhibitory) did not differ between lever-CS and tone-CS trials; and F) responsive 856 

cells showed no significant differences between lever-CS and tone-CS trials. G) Representative 857 

cells are shown for a ST (top) and GT (bottom). Blue horizontal dashed lines represent the 858 

baseline firing rate, and vertical red lines mark the beginning and end of the 8-s period when the 859 

cue was present. The ST cell showed greater cue-induced excitation in lever-CS trials (left) 860 

compared to tone-CS trials (right). An example GT cell showed no change during exposure to 861 

the lever or tone, although it did show a brief response to cue onset. H) In lever-CS trials, 862 

probability difference scores (i.e. the tendency to sign- or goal-track) were significantly 863 

correlated with the average change in firing rate for each rat. There was no significant correlation 864 

during tone-CS trials. I) No significant group differences were observed in the latency or 865 

duration of responses (figures show values for individual units, with median and interquartile 866 

ranges). 867 
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 868 

Figure 4. Anterior VP. STs showed sustained changes in neural activity during the cue exposure 869 

period of lever-CS trials, but these responses were predominantly inhibitory with few excitations. 870 

A) The percentage of cells that showed inhibitory responses during cue exposure was 871 

significantly greater in the ST-Lever condition than the ST-Tone, GT-Lever, and GT-Tone 872 

conditions, although the percentage of excitatory responses was significantly higher for GT-873 

Lever than ST-Lever (** p < .01, *** p < .001). B) Most ST cells were responsive only to the 874 

lever and not the tone; however, GT cells responded to the lever only, tone only, or both at 875 

similar rates. C) The average magnitude of change (mean ± SEM) is shown for inhibitions in 876 

STs, and is much stronger during lever-CS trials compared to tone-CS trials (excitatory 877 

responses were too few to graph). D) STs showed significant within-cell differences in inhibition, 878 

with lever-CS trials eliciting lower firing rates than tone-CS trials (*** p < .001; grey and white 879 

bars represent mean firing rate; excitation, EX; inhibition, IN). E) Among the relatively few GT 880 

cells that were responsive to cue exposure, there was no difference in the average magnitude of 881 

excitatory or inhibitory change. F) Individual GT cells did not show significant changes in firing 882 

magnitude between lever-CS and tone-CS trials. G) Representative cells are shown from a ST 883 

(top) and a GT (bottom). Blue horizontal dashed lines represent the baseline firing rate, and red 884 

vertical lines mark the beginning and end of the 8-s cue exposure period. The ST cell showed a 885 

reduction in firing during lever-CS trials that was not seen in tone-CS trials. The GT cell did not 886 

show significant changes in firing during exposure to the lever-CS or the tone-CS, which was 887 

typical of most GT cells. H) In lever-CS trials, probability difference scores were significantly 888 

correlated with average changes in firing for each rat, though there was no correlation in tone-CS 889 
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trials. I) The characteristics of neural responses (latency and duration) did not differ significantly 890 

between groups (figures show values for individual units, with median and interquartile ranges). 891 

 892 

Figure 5. The approximate anatomical location of cells recorded in the VP that showed a 893 

sustained response during the 8-s period of cue exposure. Each dot represents a single responsive 894 

cell and indicates whether it showed an excitatory response (red), or an inhibitory response 895 

(blue). Top Row) During lever-CS trials, STs showed a concentration of excitatory responses in 896 

the posterior portion of the VP and a concentration of inhibitory responses in the anterior portion 897 

of the VP, both of which are visibly diminished in the tone-CS trials. Bottom Row) In GTs, both 898 

excitatory and inhibitory responses to the CS are sparsely distributed compared to the STs, with 899 

little difference between the lever-CS and tone-CS trials. 900 

  901 

Figure 6. VP neurons showed immediate, phasic responses to the onset of lever and tone cues. 902 

Top figures represent cells from the posterior VP, and bottom figures represent cells from the 903 

anterior VP. A) In the posterior VP, responses to cue onset were largely excitatory. The 904 

percentage of cells that were responsive to cue onset did not differ between STs and GTs, though 905 

STs had significantly more excitatory cells in lever-CS trials than tone-CS trials (* p < .05). B) 906 

Both excitatory and inhibitory responses to CS onset occurred within 0-400 ms and typically 907 

returned to baseline in < 1 s. C) Responses to CS onset were examined within cells in lever-CS 908 

versus tone-CS trials for STs (left) and GTs (right). STs, but not GTs, showed significantly 909 

greater excitatory firing in lever-CS trials than tone-CS trials (* p < .05; grey and white bars 910 

represent mean firing rate; excitation, EX; inhibition, IN). D) In the anterior VP, there were no 911 

significant differences in the proportion of responsive cells. E) Firing to CS onset was brief and 912 
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immediate, and F) for STs (left), but not GTs (right), excitatory responses were significantly 913 

greater in lever-CS trials than tone-CS trials (** p < .01). 914 

 915 

Figure 7. Many VP cells were responsive to presentation of the food reward (i.e. the US) in both 916 

the posterior VP (top row) and the anterior VP (bottom row). A) Although there were no 917 

differences between lever-CS trials and tone-CS trials in the posterior VP, STs had a higher 918 

proportion of excitatory responses than GTs, and GTs had a higher proportion of inhibitory 919 

responses than STs (* p < .05, ** p < .01, *** p < .001). B) Responses to the US were prominent 920 

during a 1-s period when the food pellet was delivered, which occurred 0.6 – 1.6 s after the CS 921 

phase ended and pellet was released from the food dispenser (shown as time = 8 s). C) In STs 922 

(left) there were no significant differences in the magnitude of firing in lever-CS versus tone-CS 923 

trials, though GTs (right) showed significantly higher firing rates in lever-CS trials than tone-CS 924 

trials (* p < .05; grey and white bars represent mean firing rate; excitation, EX; inhibition, IN). D) 925 

In the anterior VP, there were no significant differences in the proportion of cells responsive to 926 

the US. E-F) STs (left) had significantly lower firing rates in lever-CS trials than tone-CS trials 927 

(*** p < .001); whereas GTs (right) showed no differences in firing during lever-CS versus tone-928 

CS trials. 929 

 930 

Figure 8. Firing in the VP was not influenced by movement patterns that differed between sign- 931 

and goal-tracking responses. A) Firing rates were determined during periods of active lever 932 

interaction or magazine interaction, even if both behaviors occurred during a single trial. In the 933 

anterior VP: B) there were no differences in the percentage of cells that were responsive during 934 

lever interaction or magazine interaction, and C) firing rates of individual cells did not differ 935 
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significantly between periods of lever interaction versus magazine interaction (see Ahrens et al., 936 

2016a for a similar analysis of cells in the posterior VP). For STs, the strength of neural 937 

responses was not determined by the intensity of motor activity during sign-tracking as measured 938 

by lever presses per trial and latency to contact the lever. D) In the posterior VP, the firing of 939 

individual neurons in STs was negatively correlated with lever presses and positively correlated 940 

with latency (p < .05), indicating slightly weaker neural responses when sign-tracking was more 941 

intense. E) In the anterior VP, there were no significant correlations between neural responses 942 

and lever presses or latency. 943 


















