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ABSTRACT 41 

Dorsal lateral striatum (DLS) is a highly associative structure which encodes relationships 42 
between environmental stimuli, behavioral responses, and predicted outcomes. DLS is known to 43 
be disrupted after chronic drug abuse, however it remains unclear what neural signals in DLS are 44 
altered. Current theory suggests that drug use enhances stimuli-response processing at the 45 
expense of response-outcome encoding, but this has mostly been tested in simple behavioral 46 
tasks. Here, we ask what neural correlates in DLS are affected by previous cocaine exposure as 47 
rats perform a complex reward-guided decision-making task where predicted reward value was 48 
independently manipulated by changing the delay to or size of reward associated with a response 49 
direction across a series of trial blocks. After cocaine self-administration, rats exhibited stronger 50 
biases toward higher value reward and firing in DLS more strongly represented action-outcome 51 
contingencies independent from actions subsequently taken rather than outcomes predicted by 52 
selected actions (chosen-outcome contingencies) and associations between stimuli and actions 53 
(stimulus-response contingencies). These results suggest that cocaine self-administration 54 
strengthens action-outcome encoding in rats (as opposed to chosen-outcome or stimulus-55 
response encoding), which abnormally biases behavior toward valued reward when there is a 56 
choice between two options during reward-guided decision-making. 57 

  58 
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SIGNIFICANCE STATEMENT 59 

Current theories suggest that impaired decision-making observed in individuals that chronically 60 
abuse drugs reflects a decrease in goal-directed behaviors and an increase in habitual behaviors 61 
governed by neural representations of response-outcome and stimulus-response associations, 62 
respectively. We examined the impact that prior cocaine self-administration had on firing in 63 
dorsal lateral striatum (DLS), a brain area known to be involved in habit formation and affected 64 
by drugs of abuse, during performance of a complex reward-guided decision-making task. 65 
Surprisingly, we found that previous cocaine exposure enhanced response-outcome associations 66 
in DLS. This suggests that there may be more complex consequences of drug abuse than current 67 
theories have explored, especially when examining brain and behavior in the context of a 68 
complex two-choice decision-making task. 69 

  70 
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INTRODUCTION 71 

Chronic drug use is thought to impair model-based goal-directed mechanisms governed 72 

by response-outcome (R-O) encoding while enhancing model-free stimulus-guided processing 73 

that controls habits via stimulus-response (S-R) encoding (Robbins and Everitt, 1999; Jentsch 74 

and Taylor, 1999; Everitt et al., 2001; Cardinal et al., 2002; Yin et al., 2004; Vanderschuren et 75 

al., 2005; Daw et al., 2005, 2011, Everitt and Robbins, 2005, 2016; Hyman et al., 2006; Belin 76 

and Everitt, 2008; Tricomi et al., 2009; Balleine and O’Doherty, 2010; Koob and Volkow, 2010; 77 

Lucantonio et al., 2012, 2014; Wied et al., 2013). Although these theories are well supported, 78 

few have actually recorded from the brains of cocaine-exposed animals to determine whether 79 

such correlates are altered. Further, the large majority of this theory is based on simple 80 

paradigms meant to isolate behaviors that are under the control of R-O and S-R associations in 81 

tasks where there is a singular response or no real choice at all (Pavlovian) (Robbins and Everitt, 82 

1999; Everitt et al., 2001; Everitt and Robbins, 2005; Schoenbaum and Setlow, 2005; 83 

Vanderschuren et al., 2005; Everitt and Robbins, 2016; Nelson and Killcross, 2006, 2013; 84 

Nordquist et al., 2007; Ostlund and Balleine, 2008; Redish et al., 2008; Hogarth et al., 2013; 85 

LeBlanc et al., 2013; Corbit et al., 2014; Lucantonio et al., 2014; Schmitzer-Torbert et al., 2015). 86 

Although these studies are elegant in their design and have provided critical information to the 87 

field of drug abuse and neural control of behavior, work is necessary to understand how brain 88 

function changes in behaviors that offer choices between different rewards in situations where 89 

there is not necessarily a simple and direct pairing between stimuli, responses, and outcomes. 90 

Such paradigms might better reflect everyday decision-making and are already known to evoke 91 

multiple neural representations outside the classic domain of R-O and S-R correlates that might 92 

be impacted by drugs of abuse. 93 

Here, we examine firing in dorsal lateral striatum (DLS), an area known to be impacted 94 

by chronic cocaine use (Vanderschuren et al., 2005; Takahashi et al., 2007; Belin and Everitt, 95 

2008; Everitt and Robbins, 2013; Lucantonio et al., 2014). In dorsal striatum, at least two 96 

different types of R-O correlates have been described in animals performing two-choice 97 

paradigms: one that reflects the relationship between selected actions and the outcomes that 98 

those actions predict –  referred to as ‘chosen-value’ –  and another that reflects the value of 99 

possible actions independent from the action that will ultimately be selected – referred to as 100 

‘action-value’ (Lau and Glimcher, 2007, 2008; Nakamura et al., 2012). ‘Action-value’ signals 101 
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are thought represent the relationship between potential actions and their predicted value so that 102 

they can be compared during decision making. Others refer to similar signals as a correlate of 103 

‘response-bias’ (Lauwereyns et al., 2002; Nakamura et al., 2012). Response-bias signals in 104 

striatum emerge prior to the instruction to move, reflecting the behavioral bias the animal has for 105 

one direction over another.  106 

Currently it is unknown how these neural representations are impacted by chronic 107 

cocaine use. However, we do know that when faced with a choice between two options, rats that 108 

have been previously exposed to cocaine will more strongly bias their behavior toward more 109 

valuable options compared to controls (Roesch et al., 2007; Simon et al., 2007; Mendez et al., 110 

2010). To better understand the neural correlates that give rise to this behavioral effect, we 111 

implemented a two-week cocaine self-administration protocol with a one-month withdrawal 112 

period and then recorded from single neurons in DLS while rats performed a reward-guided 113 

decision-making task. 114 

 115 

MATERIALS AND METHODS 116 

Subjects.  Male Long-Evans rats were obtained at 175-200g from Charles River 117 

Laboratories.  Rats were tested at the University of Maryland, College Park in accordance with 118 

UMD and NIH guidelines.  119 

Reward-guided decision-making. Before surgery, all rats were trained on the reward-120 

guided decision-making task (Figure 1A) for approximately six weeks.  Rats were mildly water-121 

deprived to ensure motivation to complete a session of task performance. Rats were shaped to 122 

nose-poke in a central odor panel that was controlled via computer to lengthen the amount of 123 

time spent in the odor port and the adjacent fluid wells to receive reward. Once proper 124 

responding was attained, rats were introduced to the different instructive odors. On each trial, 125 

nose poke into the odor port after house light illumination resulted in delivery of an odor cue to a 126 

hemicylinder located behind this opening. One of three different odors (2-Octanol, Pentyl 127 

Acetate, or Carvone) was delivered to the port on each trial.  One odor instructed the rat to go to 128 

the left fluid well to receive reward (forced-choice), a second odor instructed the rat to go to the 129 

right fluid well to receive reward (forced-choice), and a third odor indicated that the rat could 130 

obtain reward at either well (free-choice).  Odors were counterbalanced across rats.  The 131 

meaning of each odor did not change across sessions.  Odors were presented in a pseudorandom 132 
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sequence such that the free-choice odor was presented on 7/20 trials and the left/right odors were 133 

presented in equal proportions.   134 

During training and recording, one well was randomly designated as short (500 ms) and 135 

the other long (1-7s) at the start of the session (Figure 1A: Block 1).  In the second block of 136 

trials, these contingencies were switched (Figure 1A: Block 2). The length of the delay under 137 

long conditions abided by the following algorithm: the side designated as long started off as 1s 138 

and increased by 1s every time that side was chosen on a free-choice odor (up to a maximum of 139 

7s). If the rat chose the side designated as long less than 8 out of the previous 10 free choice 140 

trials, the delay was reduced by 1s for each trial to a minimum of 3s. The reward delay for long 141 

forced-choice trials was yoked to the delay in free-choice trials during these blocks. In later 142 

blocks, we held the delay preceding reward delivery constant (500 ms) while manipulating the 143 

size of the expected reward (Figure 1A: Blocks 3 and 4).  The reward was a 0.05 ml bolus of 144 

10% sucrose solution.  For big reward, an additional bolus was delivered 500 ms after the first 145 

bolus for all big-reward trials in that block.  At least 60 trials per block were collected for each 146 

neuron.  Essentially there were four basic trial types (short, long, big, and small) by two 147 

directions (left and right) by two stimulus types (free- and forced-choice odor). 148 

Surgery. Seven rats were implanted with catheters for self-administration and electrodes 149 

for single-unit recordings in one survival surgery (cocaine group, n = 5 and control group, n = 2). 150 

Four additional control rats received electrodes only and were used as controls previously 151 

(Burton et al., 2014). Rats were catheterized in the jugular vein with Silastic tubing 152 

(0.02x0.037in., Dow Corning) with a modified 22G 5up cannula (Plastics One), which was then 153 

fed through the fascia layer over the shoulder and cemented next to the electrode implant site on 154 

the skull. In the same surgery, electrodes (drivable bundles of 10-25 μm diameter FeNiCr wires) 155 

were implanted dorsal to DLS (1 mm anterior to bregma, + or -  3.2 mm laterally, and 3.5 mm 156 

ventral to brain surface). Electrodes were advanced daily (40-80μm). See our previous 157 

publication (Burton et al., 2014) for more detail on recording methods. We recorded 935 DLS 158 

neurons, 565 from 6 control rats (n’s = 62, 82, 83, 88, 119, and 131 neurons) and 370 from 5 159 

cocaine-exposed rats (n’s = 19, 43, 81, 82, and 145 neurons). 160 

Twelve-day self-administration protocol. After rats recovered from surgery, a twelve-day 161 

self-administration protocol was implemented using Med Associates Inc. operant behavioral 162 

boxes. During days 1-6, the cocaine group (n = 5) self-administered 1mg/kg dosage of cocaine 163 



 

7 
 

via lever press with a maximum of 30 infusions or 3-hour time limit.  During days 7-12 a 164 

0.5mg/kg dosage of cocaine was self-administered with a maximum of 60 infusions or a 3-hour 165 

time limit. Sessions began with illumination of house lights, extension of the lever, and 166 

illumination of a cue light above the lever. Active lever presses were paired with the cue light 167 

above the lever, which stayed on for the duration of the cocaine infusion (2.3 seconds per active 168 

infusion). Active lever presses for drug infusion could only take place 20 seconds after the 169 

previous active lever press. Lever presses during the inactive period resulted in no cue-light 170 

illumination or reward delivery. The active lever was extended for the duration of the session. 171 

Rats were taken out of the operant boxes after the maximum infusion or maximum time limit 172 

was reached as described above. 173 

There were two control groups. One group received electrodes and catheters as did the 174 

cocaine group. This group (n = 2) followed the same protocol as the cocaine group except rats 175 

received sucrose pellets (Test Diet, 45 mg; 1-6d = 2 pellets; 7-12d = 1 pellet). All aspects 176 

remained the same as per the cocaine group regarding session start, active lever presses, cue 177 

light, and duration of cue light. The other control group (n = 4) only received electrodes and did 178 

not self-administer sucrose pellets. The latter group’s data was published previously (Burton et 179 

al., 2014).  180 

 Behavioral Analysis. Behavior during self-administration was evaluated by computing 181 

the average number of lever presses daily across rats in each group (cocaine and control) and 182 

computing the average number of lever presses across days 1-6 and days 7-12 across rats in each 183 

group. Behavior during performance of the task was evaluated by computing the percent choice 184 

of value conditions (short, long, big, small) on free-choice trials as well as percent correct and 185 

reaction time (odor offset to odor port exit) on forced-choice trials for each value condition 186 

(short, long, big, small) for the first ten and last ten trials of each block of trials (total of four 187 

blocks per session). Percent choice was computed by determining how often the rat chose the 188 

more and less valued option on free-choice trials. Percent correct was computed by determining 189 

if the direction the animal chose was the same that was instructed by the forced-choice odor. 190 

Response bias for each session and each rat in each group was computed for free- and forced-191 

choice trials by subtracting percent low-value choice from high-value choice (divided by the 192 

sum) for each session and by subtracting percent correct on low-value trials from percent correct 193 

on high-value trials (divided by the sum) for each session, and then averaging over the two.  194 
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Neural Analysis.  Recorded waveforms were extracted from active channels during 195 

recording sessions and recorded to disk by an associated workstation with event time-stamps 196 

from the behavioral computer. Extracted single-units were then sorted in Offline Sorter using 197 

template matching (Plexon) and exported to NeuroExplorer to determine time-stamped events 198 

related to spike activity. All further analysis was done using Matlab. Analysis epochs were 199 

computed by taking the total number of spikes and dividing by time. That analysis epoch was 200 

taken from odor onset to odor port exit. The baseline epoch was one second before odor onset. 201 

Increasing- and decreasing-type neurons were categorized by whether or not they significantly 202 

increased or decreased firing compared to baseline, respectively (p < 0.05).  A multifactor 203 

analysis of variance (ANOVA; p < 0.05) was performed for each increasing- and decreasing-type 204 

neuron to determine if activity was modulated by stimulus (free- vs. forced-choice odors), 205 

response direction (contralateral vs. ipsilateral), and expected outcome (short, long, big, and 206 

small). Chi-square tests (p < 0.05) were performed to assess differences in the counts of neurons 207 

showing significant modulation across control and cocaine-exposed rats. 208 

 209 

 210 

RESULTS 211 

Self-administration 212 

 213 

All rats were trained on the reward-guided decision-making task (Figure 1A) prior to 214 

implantation of electrodes in DLS (Figure 1G and H) and catheters for cocaine self-215 

administration (see methods for more detail). During performance of the reward-guided decision-216 

making task, on each trial, rats responded to one of two adjacent wells after sampling an odor at 217 

a central port (Figure 1A).  Rats were trained to respond to three different odor cues: one odor 218 

that signaled reward in the right well (forced-choice), a second odor that signaled reward in the 219 

left well (forced-choice), and a third odor that signaled reward at either well (free-choice).  220 

Across blocks of trials in each recording session, we manipulated either the length of the delay 221 

preceding reward delivery (Figure 1A; Blocks 1-2; ~60 trial/block) or the size of the reward 222 

(Figure 1A; Blocks 3-4; ~60 trial/block).   223 

Two weeks post-surgery, rats self-administered sucrose pellets or cocaine over the course 224 

of twelve days.  During days 1-6 (1mg/kg cocaine or 2 sucrose pellets), the average number of 225 
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active lever presses was 21.9 (±8.6; standard deviation) and 28.5 (±5.2; standard deviation) for 226 

cocaine and sucrose, respectively. During days 7-12 (0.5mg/kg cocaine or 1 sucrose pellet), the 227 

average number active lever presses were 46.5 (±14.3) and 60 (±0) for cocaine and sucrose, 228 

respectively. After a month-long withdrawal period, rats were placed back in behavioral boxes 229 

interfaced with Plexon recording systems and recording commenced for approximately two 230 

months. 231 

 232 

Cocaine biased behavior in the direction of high value rewards 233 

 234 

 After a month-long withdrawal period, activity in DLS was recorded during performance 235 

of the task. During these sessions, rats that had self-administered cocaine exhibited stronger 236 

response biases toward higher value reward. Control and cocaine groups tracked value across 237 

trials blocks choosing short-delay and large-reward more often than long-delay and small-reward 238 

on free-choice trials, respectively (Figure 1B). In an ANOVA with group (sucrose control, non-239 

sucrose control, and cocaine), value (high and low), value manipulation (size or delay), and 240 

phase of learning within each block (early: first 10 trials; late: last 10 trials) as factors there was a 241 

significant main effect of value (F(1,7456) = 3443, p < 0.05) and no interaction between value 242 

and value manipulation (F(2,7456) = 0.06, p = 0.94). There was a significant interaction between 243 

group and value (F(2,7456) = 60.8, p < 0.05), with rats in the cocaine group choosing the high-244 

value reward more often than controls in the last ten free-choice trials during both size (Figure 245 

1B; t(933) = 10.51 , p < 0.01) and delay (Figure 1B; t(933) = 8.95, p < 0.01) manipulations.  246 

Consistent with the bias on free-choice trials, rats in the cocaine group were more 247 

strongly drawn to the high-value reward on forced-choice trials. In the ANOVA with percent 248 

correct as the dependent variable, there was a significant main effect of value (F(1,7456) = 249 

376.49, p < 0.05) and value manipulation (F(1, 7456) = 258.49, p < 0.05), as well as a significant 250 

interaction between group, value, and value manipulation (F(2, 7456) = 807.4, p < 0.05). During 251 

the last ten forced-choice trial types per block, rats that had previously self-administered cocaine 252 

were significantly more biased toward the side that produced better reward as evidenced by 253 

higher percent correct scores on short-delay (Figure 1C; t(933) = 3.26, p < 0.01) and large-254 

reward forced-choice trials (Figure 1C, t(933) = 3.10, p < 0.01) and lower percent correct scores 255 

on small-reward forced-choice trials (Figure 1C; t(933) = 4.00, p < 0.01).  256 
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Exaggerated response bias observed during both free- and forced-choice did not emerge 257 

as a result of faster block switching as there were no differences between groups during the first 258 

ten trials of delay blocks (Figure 1B; Short: t(933) = 0.99, p = 0.32; Long: t(933) = 0.99, p = 259 

0.32; Figure 1C; Short: t(933) = 0.65, p = 0.51; Long: t(933) = 1.47, p = 0.14). Further, cocaine-260 

exposed rats were actually slower to reverse contingences early in size blocks, choosing small 261 

reward more often than large reward in the first ten free-choice trials (Figure 1B; t(933) = 5.44,  262 

p < 0.01) and trending towards diminished accuracy during the first ten large-reward forced-263 

choice trials (Figure 1C; t(933) = 1.85, p = 0.06).  264 

Overall, cocaine self-administration decreased reaction times (odor offset to nose poke 265 

exit); rats in the cocaine group responded to the odor significantly faster than controls on forced-266 

choice trials in delay blocks and on free-choice trials during both delay and size blocks. In the 267 

ANOVA with reaction time as the dependent variable there was a significant main effect of 268 

group (F(2,7456) = 1223.36, p < 0.05) and no interaction between group and value (F(2,7456) = 269 

0.11, p = 0.89). There was also a significant group by value manipulation interaction (F(2,7456) 270 

= 124.54, p < 0.05) and a significant value by value manipulation interaction (F(2,7456 =  11.3, p 271 

< 0.05); cocaine rats were faster on forced choice trials during delay blocks during the first 10 272 

trials (Figure 1D; Short: t(933) = 3.13, p < 0.01; Long: t(933) = 2.93, p < 0.01) and the last 10 273 

trials (Figure 1D; Short: t(933) = 2.96, p < 0.01; Long: t(933) = 2.58, p < 0.05).  Cocaine 274 

exposed rats did not exhibit different reaction times on forced-choice trials during performance 275 

of size blocks during the first 10 trials (Figure 1D; Big: t(933) = 0.07, p = 0.95; Small: t(933) = 276 

0.22, p = 0.830) or the last 10 trials (Figure 1D; Big: t(933) = 0.46, p = 0.65; Small: t(933) = 277 

0.87, p = 0.38). Finally, over all free-choice trial-types, cocaine exposed rats were faster relative 278 

to controls (Figure 1E; Short: t(933) = 3.87, p < 0.01; Long: t(933) = 3.61, p < 0.1; Big: t(933) = 279 

2.27, p < 0.05; Small: t(933) = 2.06, p < 0.05). 280 

Thus, overall, rats exposed to cocaine were biased toward higher value reward locations 281 

on both free- and forced-choice trials. This is further illustrated in Figure 1F, which plots a 282 

combined response bias measure for each session and each rat in each group. The response bias 283 

index was computed for the last ten free- and forced-choice trials by subtracting percent low-284 

value choice from high-value choice (divided by the sum) for each session and by subtracting 285 

percent correct on low-value trials from percent correct on high-value trials (divided by the sum) 286 

for each session, and then averaging over the two. Small dots represent each session and large 287 
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dots represent the average over all sessions within one rat. Across sessions the bias index was 288 

significantly larger in rats that had self-administered cocaine, consistent with the analysis 289 

described above (t(933) = 15.1, p < 0.01). Only 1 rat (pale red) from the cocaine group fell below 290 

the median control response bias. Also, note that within the control group all rat averages fell 291 

between the lower and upper quartile, demonstrating that sucrose self-administration (sucrose 292 

controls, black and blue dots) did not impact response biases observed during task performance.  293 

 294 

 295 

DLS firing reflects action-outcome contingencies divorced from the action selected after 296 

cocaine self-administration 297 

 298 

In control and cocaine-exposed rats, 126 (22%) and 100 (27%) neurons increased and 299 

262 (47%) and 124 (34%) decreased firing during odor sampling (odor onset to port exit) 300 

compared to baseline (1 second before odor onset; Wilcoxon; p < 0.05), respectively. The 301 

frequency of neurons that increased responding did not differ between groups (chi-square = 1.5; 302 

p = 0.23), however there were significantly fewer that decreased responding in rats that had self-303 

administered cocaine (chi-square = 6.1; p < 0.05).  To determine how the firing of these neurons 304 

were modulated during task performance, we performed an ANOVA (p < 0.05) with outcome 305 

(short, long, big, or small), stimulus-type (free or forced odor), and response direction 306 

(contralateral or ipsilateral) as factors on firing during the time between odor onset and odor port 307 

exit on trials in which reward was delivered (i.e., correct trials only). Initially we hypothesized 308 

that chronic cocaine use would amplify correlates related to stimulus-response processing by 309 

increasing the counts of neurons exhibiting significant main effects of stimulus or response 310 

direction, or interactions between stimulus and response direction. Instead, we found an increase 311 

in neurons that exhibited an interaction between response direction and expected outcome 312 

(Figure 2A). The only significant group difference was that more neurons exhibited a significant 313 

interaction between response and outcome in cocaine compared to control rats (Figure 2A, chi 314 

square = 4.08, p < 0.05). This occurred only in neurons that increased firing during the odor 315 

epoch compared to baseline. Although neurons that decreased firing were selectively modulated 316 

by task parameters, the counts of neurons showing significant main or interaction effects did not 317 

differ between control and cocaine-exposed rats (Figure 2B).   318 
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As described in the introduction, in animals performing a two-choice reward paradigm, 319 

two different response-outcome correlates emerge, one that reflects the association between the 320 

action selected and the predicted outcome, and the other that reflects the contingency between 321 

reward and response direction independent of the action selected.  An example of the former is 322 

illustrated by the firing of the single neuron plotted in Figure 3A. Neurons, such as this one, 323 

encode the relationship between the selected action (contralateral or ipsilateral) and the outcome 324 

predicted (short, long, big, or small).  This particular neuron had a response field contralateral to 325 

the recording electrode (response field illustrated by dashed circles), firing strongly for actions 326 

made in the contralateral direction (top panels in Figure 3A). In addition, it was outcome 327 

selective, firing the most when the selected contralateral action would result in the delivery of 328 

reward after a short delay (top left panel in Figure 3A). Thus, this neuron conveyed information 329 

about the direction the rat was to select and the outcome that was predicted by that selection. We 330 

will refer to this as ‘chosen-outcome’ encoding. 331 

Other neurons in DLS that exhibited a significant interaction between response and 332 

outcome did not encode the outcome predicted by the action selected, but instead the outcome 333 

predicted if the rat was to move in a particular direction independent from whether or not the 334 

animal actually chose to move in that direction.  Take for example the firing of the neuron shown 335 

in Figure 3B: this neuron fired strongly in blocks of trials where the short delay is on the 336 

contralateral side, both when the rat will make a response toward the contralateral fluid well to 337 

obtain a reward after a short delay and when the rat will make a response to the ipsilateral fluid 338 

well to obtain reward after a long delay (blue panels, Figure 3B). Thus, activity of this neuron 339 

conveyed information that the short-delay (a high-value reward) is in the contralateral direction, 340 

independent of the action that was subsequently chosen. We will refer to this correlate as an 341 

‘action-outcome’ signal. In the following paragraphs we will show that action-outcome 342 

correlates, as defined here, are over-emphasized in the DLS after cocaine self-administration 343 

both at the population level and in the counts of single neurons.  344 

The average population firing for control and cocaine-exposed rats is illustrated in Figure 345 

4. In these plots, each neuron’s preferred and non-preferred outcome and direction was 346 

determined by the neuronal response that elicited the most activity (spikes/second) during cue 347 

sampling (odor onset to odor port exit). In this figure, ‘blue’ reflects activity in the neuron’s 348 

preferred block of trials (i.e., when the preferred outcome was in the response field as 349 
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represented by the asterisk in the dashed circle), and ‘red’ reflects blocks of trials when the 350 

preferred outcome was outside of the response field (i.e. the non-preferred outcome). ‘Green’ 351 

and ‘yellow’ represent blocks of trials when the outcome of the same or opposite value 352 

(compared to blue and red, respectively) was in or outside the neuron’s response field (e.g., if the 353 

preferred outcome was short, then the ‘same’ and ‘opposite’ value would be large and small, 354 

respectively). Individual trial-types are color-coded in Figure 3 as an example of how each 355 

neuron’s response patterns fit into this color scheme.  356 

Like the firing of the single-cell example shown in Figure 3A, population firing in the 357 

DLS of controls was highly selective.  In controls, firing was significantly different during odor 358 

sampling for responses made into, but not away from, the response field for the preferred 359 

outcome (Figure 4A and 4B; significance illustrated by SEM ribbons and running t-test; p < 360 

0.01), reflecting the relationship between the selected action and the predicted outcome. This was 361 

not true after cocaine self-administration.  Like controls, activity was also higher for responses 362 

made into the response field for the cell’s preferred outcome (Figure 4C); however, activity was 363 

also significantly higher for behavioral responses made away from the neuron’s response field in 364 

the same block of trials (Figure 4D).  Thus, the population activity in cocaine exposed rats 365 

reflected the location of the preferred outcome in a particular context and did not reflect the 366 

outcome selected as in controls. That is, activity was high when the preferred outcome was in the 367 

cell’s response field independent of the direction that the rat would eventually move, similar to 368 

the single-unit example in Figure 3B. Notably, selectivity in cocaine-exposed rats emerged prior 369 

to cue onset (black tick marks before zero) consistent with the idea that activity in DLS reflected 370 

the contingencies between actions and outcomes in a block of trials, which are known to the rat 371 

prior to cue onset.  372 

The average population histogram suggests that there is an overabundance of action-373 

outcome encoding neurons after cocaine self-administration. To determine if this was true, we 374 

performed a two-factor ANOVA with value manipulation (size or delay) and response-bias 375 

(contralateral response associated with high-value reward versus ipsilateral response associated 376 

with high-value reward, irrespective of value manipulation) as factors (p < 0.05). Neurons that 377 

show a main effect of response-bias without an interaction with value manipulation would reflect 378 

stronger firing whenever high-value outcomes (short delay or large reward) were in the response 379 

field (i.e., response-bias or action-value).  Neurons that exhibit an interaction would reflect 380 



 

14 
 

‘action-outcome’ contingencies, not ‘response-bias’ or ‘action-value’, in that firing would only 381 

be higher for high-value outcomes within one value manipulation (size or delay).  382 

The results of this analysis are shown in Figure 4I. The proportions of neurons that 383 

showed main effects of value manipulation and response bias exceeded chance levels in both 384 

groups (chi-squares > 40.97, ps < 0.05), but the frequency of main effects between cocaine-385 

exposed and control rats did not significantly differ (value manipulation: cocaine = 26%; control 386 

= 28%; chi-square =  0.007, p = 0.94; response bias: cocaine = 19%; control = 17%; chi-square = 387 

0.006, p = 0.94 ). However, as predicted by the population histograms (Figure 4A-H) and the 388 

single unit analysis described in Figure 3B, the counts of neurons that exhibited a significant 389 

interaction between value manipulation and response bias in cocaine animals (i.e., action-390 

outcome) significantly outnumbered those in controls (Figure 4I; cocaine = 36%; control = 19%; 391 

chi-square = 4.11, p < 0.05). 392 

 393 

Action-outcome signals emerged earlier and were not stimulus specific after cocaine self-394 

administration 395 

 396 

 From the above analysis it is clear that prior cocaine self-administration induces stronger 397 

action-outcome selectivity. To determine if this selectivity emerged earlier in a trial block in one 398 

group compared to the other we plotted trial-by-trial neural activity during odor sampling when 399 

the preferred outcome was in the response field versus when the non-preferred outcome was in 400 

the response field. The analysis was performed separately for rewarded free- and forced-choice 401 

trials, and the trial at which activity was deemed selective was determined via a sliding t-test (p < 402 

0.01; Figure 5, Gray ticks).    403 

In controls, selectivity developed at trials 8 and 16 for free- and forced-choice trials, 404 

respectively.  Notably, on free-choice trials, activity reflected the previous block’s contingencies 405 

before reflecting the new action-outcome pairing during free-choice (Figure 5A (open ticks) in 406 

controls only. In cocaine-exposed rats, significant selectivity on free-choice trials emerged 407 

earlier than controls, arguably as early as trial 3, but convincingly by trial 7 (Figure 5B). Under 408 

forced-choice trials, significant differences were evident by trial 6 in cocaine-exposed rats 409 

(Figure 5D). Thus, overall, we conclude that action-outcome encoding emerged earlier in 410 

cocaine-exposed rats.  411 
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  In the above analysis, preferred direction was defined separately for free- and forced- 412 

choice analysis.  This was necessary because the firing of individual neurons might exhibit 413 

response-outcome selectivity for one but not the other trial-type (Stalnaker et al., 2010).  From 414 

that analysis, it cannot be determined whether single neurons that exhibit action-outcome signals 415 

did so regardless of whether it was a free- or forced-choice trial-type.  If these signals genuinely 416 

reflect action-outcome contingencies within a block of trials then one would predict that the 417 

activity of these neurons might reflect this relationship independent from the stimulus presented 418 

at the beginning of the trial. Certainly, the observation that selectivity emerged prior to stimulus 419 

onset (Figure 4) suggests that the effect is stimulus-independent. 420 

 To further address this issue, we performed an analysis where we defined the cell’s 421 

preferred context based on the average of both free- and forced-choice trials. We then plotted the 422 

contingency (preferred minus non-preferred/preferred plus non-preferred) separately for forced- 423 

and free-choice trials (Figure 5E-F). Both groups exhibited a significant positive correlation 424 

(Figure 5E, control: r2 = 0.06, p < 0.05; Figure 5F, cocaine: r2 = 0.32, p < 0.05); however, the 425 

correspondence between free- and forced-choice trials was significantly stronger in the cocaine 426 

group compared to controls (Figure 5F, z = 2.87, p < 0.05). This demonstrates that selective 427 

firing observed within a particular block of trials occurs regardless of whether the cue was a free- 428 

or forced-choice odor. 429 

 430 

DISCUSSION 431 

Here we show that rats previously exposed to cocaine exhibit stronger behavioral 432 

response biases toward higher value reward and an overrepresentation of action-outcome signals 433 

at both the single neuron and population level.  In cocaine-exposed rats, population firing in DLS 434 

did not reflect the outcome of the action that was about to occur (‘chosen-outcome’ encoding), 435 

but instead represented the location of the preferred outcome within the context of a particular 436 

block of trials, which we are referring to as ‘action-outcome’ encoding. Absent from this dataset 437 

was any evidence that S-R associations were enhanced after chronic cocaine self-administration 438 

during performance of our reward-guided decision-making task.  439 

Our results support the hypothesis that cocaine self-administration alters response-440 

outcome and model-based mechanisms, but demonstrates that correlates are altered and not 441 

eliminated during decision-making.  We show that population firing in DLS in cocaine-exposed 442 
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rats failed to modify predictions based on the action selected, but instead showed an increase in 443 

neural activity reflecting the location of the preferred outcome regardless of subsequent 444 

instructions or movements in a particular block of trials. Further, action-outcome encoding in 445 

cocaine exposed rats was less stimulus-dependent, failing to take into account states within each 446 

trial that informed predictions about reward availability. In fact, action-outcome selectivity in 447 

cocaine exposed rats emerged before the onset of the odor. These altered neural correlates likely 448 

bias behavior successfully on free-choice trials, while diminishing performance on forced-choice 449 

trials. Overall, these results are consistent with a dysfunctional model-based system in that 450 

activity fails to represent the value of selected actions as governed by states in the task and over-451 

represent contingencies between potential outcomes and actions within the context of the block, 452 

prior to and independent from the presented odor.   453 

It might be argued that overrepresented action-outcome signals observed in cocaine 454 

exposed rats reflect some sort of exaggerated S-R encoding. This does not seem to be the case 455 

for several reasons. First, firing rate selectivity observed in DLS differed between size and delay 456 

blocks, even though S-R relationships were identical between them (i.e., smell this stimulus and 457 

make this response). Second, in the ANOVA performed on single neurons we did not observe 458 

any differences between control and cocaine-exposed animals in neurons showing selectivity for 459 

stimulus type or response direction, or an interaction between them (Figure 2). Further, after 460 

cocaine self-administration, we found that these correlates were actually less stimulus bound, not 461 

more (Figure 5F), meaning that neurons fired selectively within a particular context regardless of 462 

whether the cue was a free- or forced-choice odor.  Thus, this correlate does not appear to be 463 

modulated by stimuli and is outcome dependent, suggesting that it is not a form of S-R encoding.  464 

It is also clear that other S-R correlates were not impacted by cocaine self-administration 465 

in that when we examined how many neurons were selective for stimulus type or response 466 

direction (or an interaction between them), selectivity was similar between cocaine exposed and 467 

control rats. This is true even though forced-choice contingencies (i.e., odor 1 = left, odor 2 = 468 

right) never changed over several months of training and recording. The fact that cocaine 469 

exposure did not impact stimulus and response processing was somewhat of a surprise to us 470 

because in a previous study we showed that lesions to nucleus accumbens (NAc) increased the 471 

counts of neurons that were selective for odors and responses in DLS, and enhanced the overall 472 

strength of the signal at the population level (Burton et al., 2014). Considering that NAc is one of 473 
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the first areas to be impacted by drug use, (Koob and Volkow, 2010; Steinberg et al., 2014; 474 

Keiflin and Janak, 2015; Lüscher, 2016), we expected a similar result after cocaine self-475 

administration. 476 

The lack of altered S-R correlates in our study likely reflects the complex nature of our 477 

two-choice paradigm where there is no simple mapping between stimuli, responses, and 478 

outcomes, rather than being due to differences in doses or withdrawal times. Not only does this 479 

paradigm require constant tracking of reward across two responses, but also an awareness of 480 

what rewards are available on each trial as conveyed by odor identity. In this situation, behavior 481 

is governed by multiple action-outcome contingencies, which is known to encourage goal-482 

directed behavior (Colwill and Rescorla, 1985; Dickinson et al., 2000; Colwill and Triola, 2002; 483 

Holland, 2004; Kosaki and Dickinson, 2010). Even though we did not classically devalue 484 

outcomes in our task and cannot definitively prove that rats are using representations of action-485 

outcome contingencies, others have shown that under similar circumstances exposure to drugs of 486 

abuse does indeed leave goal-directed mechanisms intact and in some cases, enhanced (Phillips 487 

and Vugler, 2011; Son et al., 2011; Halbout et al., 2016).  In particular, Halbout and colleagues 488 

showed that when rats are trained on two different action-outcome contingencies, rats exposed to 489 

cocaine stop responding to the one that was devalued and that after contingency degradation rats 490 

exposed to cocaine actually alter behavior more quickly than controls. Our findings are 491 

consistent with these results in that we do not see enhanced S-R encoding, do see increased 492 

action-outcome correlates, and rats exposed to cocaine make faster adjustments in behavior when 493 

contingencies change.  494 

We conclude that prior cocaine-exposure increases action-outcome processing without 495 

impacting chosen-outcome and S-R encoding in our decision-making task. Here, we define 496 

action-outcome correlates as the relationship between actions and outcomes independent from 497 

that actual action that will be taken. In this way, it could be viewed that cocaine self-498 

administration increases outcome encoding that is divorced from the action that will be selected. 499 

This correlate is more of a reflection of the contingencies available during decision-making as 500 

opposed to a representation of what will ultimately be selected.  Such correlates can only be 501 

examined in the context of neural recording in a paradigm with at least two choices.  Notably, 502 

representations of response- or action-outcome associations as more classically defined in the 503 

learning theory literature (i.e., selected action-outcome or chosen-outcome) were not altered by 504 



 

18 
 

cocaine self-administration.  The increase in ‘action-outcome’ correlates that we describe here 505 

are more similar to ‘response-bias’ or ‘action-value’ signals described in the caudate of primates 506 

(Lauwereyns et al., 2002; Lau and Glimcher, 2007, 2008; Nakamura et al., 2012), which are 507 

thought to represent the association between actions and outcomes to push the motor system 508 

toward decisions that lead to high-value outcomes independent from instructed/selected 509 

movement. As in these reports, this signal emerged prior to instructional cues reflecting the 510 

context in which rewards were distributed prior to the decision period. Here, we show that 511 

similar signals, albeit outcome-dependent (i.e., specific to size or delay), are amplified after 512 

chronic cocaine use at the expense of correlates that inform behavior via computations of 513 

predicted outcomes based on upcoming decisions. 514 

 515 
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FIGURE LEGENDS 691 

Figure 1: A, Task schematic, showing sequence of events in one trial (left panels) and the 692 

sequence of blocks in a session (right). Rats were required to nose-poke in the odor port for 0.5 s 693 

before the odor turned on for 0.5 s instructing them to respond to the adjacent fluid wells below 694 

where they would receive liquid sucrose reward after 500-7000 ms. For each recording session, 695 

one fluid well was arbitrarily designated as short (a short 500-ms delay before reward) and the 696 

other designated as long (a relatively long 1- to 7-s delay before reward) (Block 1). After the first 697 

block of trials (∼60 trials), contingencies unexpectedly reversed (Block 2). With the transition to 698 

Block 3, the delays to reward were held constant across wells (500 ms), but the size of the 699 

reward was manipulated. The well designated as long during the previous block now offered 2–3 700 

fluid boli, whereas the opposite well offered 1 bolus. The reward stipulations again reversed in 701 

Block 4. B, Percent choice on free-choice trials in each value manipulation over the first ten and 702 

last ten trials of each block averaged across animals and sessions (controls, black bars; cocaine, 703 

gray bars). C, Percent correct on forced-choice trials in the same manner as B. For these 704 

analyses, the sample was behavior associated with each unit to better represent changes in 705 

behavioral output as it relates to the firing rates of single neurons that contribute to the single-706 

unit and population analysis described below. D, Reaction time (odor port exit minus odor offset) 707 

on forced-choice trials in the same manner as B and C. E, Reaction time (odor port exit minus 708 

odor offset) on all free-choice trials for each value manipulation.  F, Response bias for each 709 

session and each rat in each group computed for free- and forced-choice trials by subtracting 710 

percent low-value choice from high-value choice (divided by the sum) for each session and by 711 

subtracting percent correct on low-value trials from percent correct on high-value trials (divided 712 

by the sum) for each session, and then averaging over the two. Each color represents a single rat; 713 

small dots represent each session and large dots represent the median overall all sessions within 714 

one rat. (*t test, p < 0.05; #, p = 0.06, error bars indicate SEM). G-H, Location of recording sites 715 

(Paxinos and Watson).  Gray boxes mark the extent of the recording locations.  716 

 717 

Figure 2: Percent of increasing- ((A) control, n = 126 (22%); cocaine, n = 100, (27%)) and 718 

decreasing-neurons (B) (control, n = 262 (47%); cocaine, n = 123(34%)) whose activity was 719 

significantly modulated by outcome, stimulus, response, and interactions between these three 720 

factors in the ANOVA. (*chi-square, p < 0.05). 721 
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 722 

Figure 3:  Single neuron examples of ‘chosen-outcome’(A) and ‘action-outcome’ (B) encoding. 723 

Dashed circles around fluid wells in the colored boxes indicate the neuron’s response field. 724 

Asterisks in the colored boxes refer to the location of the preferred outcome (inside or outside 725 

response field). Arrows within the colored boxes refer to the direction in which the animal made 726 

a response (into or away from response field). Thick and thin lines represent movements into and 727 

away from the response field. Activity is aligned to odor onset (0 s) and binned at 100 ms.  Each 728 

tick mark equals 1 action potential. 729 

 730 

Figure 4: Action-outcome encoding is enhanced at the population level in cocaine-exposed rats. 731 

A-B, Population average for control rats (n = 126). A, trials in which the rat moved into the 732 

neuron’s response field (preferred direction; thick lines). B, trials in which the rat moved away 733 

from the neurons response field (non-preferred direction; thin lines).  Blue and red represent 734 

when the preferred and non-preferred outcome was in the response field, respectively.  Dashed 735 

circles around fluid wells in the colored boxes indicate the neuron’s response field. Asterisks in 736 

the colored boxes refer to the location of the preferred outcome (inside or outside response field). 737 

Activity is aligned to odor onset (0 s). Significance is illustrated by SEM ribbons and black tick 738 

marks (running t-test of two consecutive 100 ms bins; p < 0.01) under each histogram. C-D, 739 

Average firing over time for cocaine-exposed rats (n = 100) for response made into (C) and away 740 

(D) from the response field.  Firing was high when the preferred outcome was in the response 741 

field (blue) regardless of whether the rat moved into (A) or away (B) from the response field. 742 

Neural activity is plotted in the same manner as Figure 4A-B. E-H, Histograms of neural 743 

population activity in DLS of control rats (E-F) and cocaine-exposed rats (G-H) for the same- 744 

and opposite-value outcomes (green and yellow colored lines and boxes, respectively) respective 745 

to Figure 4A-D. Neural activity is plotted in the same manner as Figure 4A-D. Histograms are 746 

normalized by dividing the max within each neuron. I, Proportion of neurons showing main 747 

effects of value manipulation (size or delay), response-bias (contralateral response associated 748 

with high-value reward, independent of value manipulation), or an interaction between these two 749 

factors (action-outcome) in ANOVA (p < 0.05). Cocaine-exposed rats had an increased number 750 

of neurons that exhibited action-outcome encoding compared to control rats (*chi-square, p < 751 

0.05).  752 
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 753 

Figure 5: Neural selectivity emerges early in cocaine-exposed rats and was stimulus 754 

independent. A-D, Trial-by-trial normalized neural activity during odor sampling on correct free- 755 

and forced-choice trials for control rats (A and C) and cocaine-exposed rats (B and D) when the 756 

preferred outcome was in the response field vs. when the non-preferred outcome was in the 757 

response field. Tick marks underneath plots indicate two consecutive trials where there was a 758 

significant difference between preferred and non-preferred action-outcome contingencies (t-test, 759 

p < 0.01). E-F, Correlation between action-outcome selectivity (preferred minus non-760 

preferred/preferred plus non-preferred) during free- and forced-choice trials. The neuron’s 761 

preferred context was defined as the average spike activity of both free- and forced-choice trials 762 

that elicited the most activity during odor sampling.  A positive correlation indicates that 763 

selectivity at the single neuron level was similar on free- and forced-choice trials. 764 
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P < 0.05
r2 = 0.32*
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