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Prior Cocaine Self-Administration Increases
Response-Qutcome Encoding That Is Divorced from Actions
Selected in Dorsal Lateral Striatum

Amanda C. Burton,> “Gregory B. Bissonette,' Adam C. Zhao,' Pooja K. Patel,' and ““Matthew R. Roesch'>?
Department of Psychology and 2Program in Neuroscience and Cognitive Science, University of Maryland, College Park, Maryland 20742

Dorsal lateral striatum (DLS) is a highly associative structure that encodes relationships among environmental stimuli, behavioral
responses, and predicted outcomes. DLS is known to be disrupted after chronic drug abuse; however, it remains unclear what neural
signals in DLS are altered. Current theory suggests that drug use enhances stimulus-response processing at the expense of response—
outcome encoding, but this has mostly been tested in simple behavioral tasks. Here, we investigated what neural correlates in DLS are
affected by previous cocaine exposure as rats performed a complex reward-guided decision-making task in which predicted reward value
was independently manipulated by changing the delay to or size of reward associated with a response direction across a series of trial
blocks. After cocaine self-administration, rats exhibited stronger biases toward higher-value reward and firing in DLS more strongly
represented action- outcome contingencies independent from actions subsequently taken rather than outcomes predicted by selected
actions (chosen-outcome contingencies) and associations between stimuli and actions (stimulus-response contingencies). These results
suggest that cocaine self-administration strengthens action- outcome encoding in rats (as opposed to chosen-outcome or stimulus-
response encoding), which abnormally biases behavior toward valued reward when there is a choice between two options during reward-
guided decision-making.
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Current theories suggest that the impaired decision-making observed in individuals who chronically abuse drugs reflects a decrease in
goal-directed behaviors and an increase in habitual behaviors governed by neural representations of response- outcome (R-0) and
stimulus-response associations, respectively. We examined the impact that prior cocaine self-administration had on firing in dorsal
lateral striatum (DLS), a brain area known to be involved in habit formation and affected by drugs of abuse, during performance of a
complex reward-guided decision-making task. Surprisingly, we found that previous cocaine exposure enhanced R-0 associations in
DLS. This suggests that there may be more complex consequences of drug abuse than current theories have explored, especially when
examining brain and behavior in the context of a complex two-choice decision-making task. j

ignificance Statement

Introduction

Chronic drug use is thought to impair model-based goal-directed
mechanisms governed by response—outcome (R-O) encoding
while enhancing model-free stimulus-guided processing that
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controls habits via stimulus—response (S-R) encoding (Jentsch
and Taylor, 1999; Robbins and Everitt, 1999; Everitt et al., 2001;
Cardinal et al., 2002; Yin et al., 2004; Daw et al., 2005, 2011,
Everitt and Robbins, 2005, 2016; Vanderschuren et al., 2005; Hy-
man et al., 2006; Belin and Everitt, 2008; Tricomi et al., 2009;
Balleine and O’Doherty, 2010; Koob and Volkow, 2010; Lucan-
tonio et al., 2012, 2014; Wied et al., 2013). Although these theo-
ries are well supported, few have actually recorded from the
brains of cocaine-exposed animals to determine whether such
correlates are altered. Further, the large majority of this theory is
based on simple paradigms meant to isolate behaviors that are
under the control of R-O and S-R associations in tasks in which
there is a singular response or no real choice at all (Pavlovian)
(Robbins and Everitt, 1999; Everitt et al., 2001; Everitt and Rob-
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bins, 2005; Schoenbaum and Setlow, 2005; Vanderschuren et al.,
2005; Nelson and Killcross, 2006, 2013; Nordquist et al., 2007;
Ostlund and Balleine, 2008; Redish et al., 2008; Hogarth et al.,
2013; LeBlanc et al., 2013; Corbit et al., 2014; Lucantonio et al.,
2014; Schmitzer-Torbert et al., 2015; Everitt and Robbins, 2016).
Although these studies are elegant in their design and have pro-
vided critical information to the field of drug abuse and neural
control of behavior, work is necessary to understand how brain
function changes in behaviors that offer choices between differ-
ent rewards in situations in which there is not necessarily a simple
and direct pairing among stimuli, responses, and outcomes. Such
paradigms might better reflect everyday decision-making and are
already known to evoke multiple neural representations outside
of the classic domain of R—O and S—R correlates that might be
affected by drugs of abuse.

Here, we examine firing in dorsal lateral striatum (DLS), an
area known to be affected by chronic cocaine use (Vanderschuren
etal., 2005; Takahashi et al., 2007; Belin and Everitt, 2008; Everitt
and Robbins, 2013; Lucantonio et al., 2014). In dorsal striatum, at
least two different types of R—O correlates have been described in
animals performing two-choice paradigms, one that reflects the
relationship between selected actions and the outcomes that
those actions predict, referred to as “chosen value,” and another
that reflects the value of possible actions independent from the
action that will ultimately be selected, referred to as “action
value” (Lau and Glimcher, 2007, 2008; Nakamura et al., 2012).
Action-value signals are thought to represent the relationship
between potential actions and their predicted value so that they
can be compared during decision-making. Others refer to similar
signals as a correlate of response bias (Lauwereyns et al., 2002;
Nakamura etal., 2012). Response-bias signals in striatum emerge
before the instruction to move, reflecting the behavioral bias that
the animal has for one direction over another.

Currently, it is unknown how these neural representations are
affected by chronic cocaine use. However, we do know that, when
faced with a choice between two options, rats that have been
exposed previously to cocaine will more strongly bias their be-
havior toward more valuable options compared with controls
(Roesch et al., 2007; Simon et al., 2007; Mendez et al., 2010). To
better understand the neural correlates that give rise to this behav-
ioral effect, we implemented a 2-week cocaine self-administration
protocol with a 1-month withdrawal period and then recorded from
single neurons in DLS while rats performed a reward-guided
decision-making task.

Materials and Methods

Subjects. Male Long—Evans rats were obtained at 175-200 g from Charles
River Laboratories. Rats were tested at the University of Maryland,
College Park, in accordance with University and National Institutes of
Health guidelines.

Reward-guided decision-making. Before surgery, all rats were trained
on the reward-guided decision-making task (see Fig. 1A) for ~6 weeks.
Rats were mildly water deprived to ensure motivation to complete a
session of task performance. Rats were shaped to nose poke in a central
odor panel that was controlled via computer to lengthen the amount of
time spent in the odor port and the adjacent fluid wells to receive reward.
Once proper responding was attained, rats were introduced to the differ-
ent instructive odors. On each trial, nose poke into the odor port after
house light illumination resulted in delivery of an odor cue to a hemicyl-
inder located behind this opening. One of three different odors (2-
octanol, pentyl acetate, or carvone) was delivered to the port on each
trial. One odor instructed the rat to go to the left fluid well to receive
reward (forced choice), a second odor instructed the rat to go to the right
fluid well to receive reward (forced choice), and a third odor indicated
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that the rat could obtain reward at either well (free choice). Odors were
counterbalanced across rats. The meaning of each odor did not change
across sessions. Odors were presented in a pseudorandom sequence such
that the free-choice odor was presented on 7/20 trials and the left/right
odors were presented in equal proportions.

During training and recording, one well was randomly designated as
short (500 ms) and the other long (1-7 s) at the start of the session (see
Fig. 1A, Block 1). In the second block of trials, these contingencies were
switched (see Fig. 14, Block 2). The length of the delay under long con-
ditions abided by the following algorithm: the side designated as long
started off as 1 s and increased by 1 s every time that side was chosen on
a free-choice odor (up to a maximum of 7 s). If the rat chose the side
designated as long <8 out of the previous 10 free-choice trials, then the
delay was reduced by 1 s for each trial to a minimum of 3 s. The reward
delay for long forced-choice trials was yoked to the delay in free-choice
trials during these blocks. In later blocks, we held the delay preceding
reward delivery constant (500 ms) while manipulating the size of the
expected reward (see Fig. 1A, Blocks 3 and 4). The reward was a 0.05 ml
bolus of 10% sucrose solution. For big reward, an additional bolus was
delivered 500 ms after the first bolus for all big-reward trials in that block.
At least 60 trials per block were collected for each neuron. Essentially,
there were four basic trial types (short, long, big, or small) by two direc-
tions (left or right) by two stimulus types (free- or forced-choice odor).

Surgery. Seven rats were implanted with catheters for self-administration
and electrodes for single-unit recordings in 1 survival surgery (cocaine
group, n = 5and control group, n = 2). Four additional control rats received
electrodes only and were used as controls previously (Burton et al., 2014).
Rats were catheterized in the jugular vein with SILASTIC tubing (0.02 X
0.037 inches; Dow Corning) with a modified 22 G 5-up cannula (Plastics
One), which was then fed through the fascia layer over the shoulder and
cemented next to the electrode implant site on the skull. In the same surgery,
electrodes (drivable bundles of 10- to 25-um-diameter FeNiCr wires) were
implanted dorsal to DLS (1 mm anterior to bregma, +3.2 mm laterally, and
3.5 mm ventral to brain surface). Electrodes were advanced daily (40—
80 wm). See our previous study (Burton et al., 2014) for more detail on
recording methods. We recorded 935 DLS neurons, 565 from six control rats
(n=62,82,83,88,119,and 131 neurons) and 370 from five cocaine-exposed
rats (n = 19, 43, 81, 82, and 145 neurons).

Twelve-day self-administration protocol. After rats recovered from sur-
gery, a 12 d self-administration protocol was implemented using Med
Associates operant behavioral boxes. During days 1-6, the cocaine group
(n=5) self-administered a I mg/kg dosage of cocaine via lever press with
a maximum of 30 infusions or 3 h time limit. During days 7-12, a
0.5 mg/kg dosage of cocaine was self-administered with a maximum of 60
infusions or a 3 h time limit. Sessions began with illumination of house
lights, extension of the lever, and an initial illumination of a cue light
above the lever for 2.3 seconds. Active lever presses were paired with the
cue light above the lever, which stayed on for the duration of the cocaine
infusion (2.3 s per active infusion). Active lever presses for drug infusion
could only take place 20 s after the previous active lever press. Lever
presses during the inactive period resulted in no cue-light illumination or
reward delivery. The active lever was extended for the duration of the
session. Rats were taken out of the operant boxes after the maximum
infusion or maximum time limit was reached as described above.

There were two control groups. One group received electrodes and
catheters as did the cocaine group. This group (n = 2) followed the same
protocol as the cocaine group except rats received sucrose pellets (test
diet, 45 mg; 1-6 d = 2 pellets; 7-12 d = 1 pellet). All aspects remained the
same as per the cocaine group regarding session start, active lever presses,
cue light, and duration of cue light. The other control group (n = 4) only
received electrodes and did not self-administer sucrose pellets. The latter
group’s data were published previously (Burton et al., 2014).

Behavioral analysis. Behavior during self-administration was evaluated
by computing the average number of lever presses daily across rats in
each group (cocaine and control) and computing the average number of
lever presses across days 1-6 and days 7—12 across rats in each group.
Behavior during performance of the task was evaluated by computing the
percentage choice of value conditions (short, long, big, or small) on
free-choice trials as well as percentage correct and reaction time (odor
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offset to odor port exit) on forced-choice trials for each value condition
(short, long, big, or small) for the first 10 and last 10 trials of each block
of trials (total of four blocks per session). Percentage choice was com-
puted by determining how often the rat chose the more- and less-valued
option on free-choice trials. Percentage correct was computed by deter-
mining whether the direction the animal chose was the same that was
instructed by the forced-choice odor. Response bias for each session and
each rat in each group was computed for free- and forced-choice trials by
subtracting the percentage of low-value choice from high-value choice
(divided by the sum) for each session and by subtracting percentage
correct on low-value trials from percentage correct on high-value trials
(divided by the sum) for each session and then averaging the two.
Neural analysis. Recorded waveforms were extracted from active chan-
nels during recording sessions and recorded to disk by an associated
workstation with event time stamps from the behavioral computer. Ex-
tracted single units were then sorted in Offline Sorter using template
matching (Plexon) and exported to NeuroExplorer to determine time-
stamped events related to spike activity. All further analysis was done
using MATLAB (The MathWorks). Analysis epochs were computed by
taking the total number of spikes and dividing by time. That analysis
epoch was taken from odor onset to odor port exit. The baseline epoch
was 1 s before odor onset. Increasing- and decreasing-type neurons were
categorized by whether they increased or decreased firing significantly
compared with baseline, respectively (p < 0.05). A multifactor ANOVA
(p < 0.05) was performed for each increasing- and decreasing-type neu-
ron to determine whether activity was modulated by stimulus (free- vs
forced-choice odors), response direction (contralateral vs ipsilateral),
and expected outcome (short, long, big, or small). Chi-square tests (p < 0.05)
were performed to assess differences in the counts of neurons showing
significant modulation across control and cocaine-exposed rats.

Results

Self-administration

All rats were trained on the reward-guided decision-making task
(Fig. 1A) before implantation of electrodes in DLS (Fig. 1G,H)
and catheters for cocaine self-administration (see Materials and
Methods for more detail). During performance of the reward-
guided decision-making task, on each trial, rats responded to one
of two adjacent wells after sampling an odor at a central port (Fig.
1A). Rats were trained to respond to three different odor cues:
one odor that signaled reward in the right well (forced choice), a
second odor that signaled reward in the left well (forced choice),
and a third odor that signaled reward at either well (free choice).
Across blocks of trials in each recording session, we manipulated
either the length of the delay preceding reward delivery (Fig. 1A,
Blocks 1-2; ~60 trial/block) or the size of the reward (Fig. 1A,
Blocks 3—4; ~60 trial/block).

Two weeks after surgery, rats self-administered sucrose pellets
or cocaine over the course of 12 d. During days 1-6 (1 mg/kg
cocaine or 2 sucrose pellets), the average number of active lever
presses was 21.9 (£8.6 SD) and 28.5 (5.2 SD) for cocaine and
sucrose, respectively. During days 7-12 (0.5 mg/kg cocaine or 1
sucrose pellet), the average number active lever presses were 46.5
(*£14.3SD) and 60 (=0 SD) for cocaine and sucrose, respectively.
After a month-long withdrawal period, rats were placed back in
behavioral boxes interfaced with Plexon recording systems and
recording commenced for ~2 months.

Cocaine biased behavior in the direction of

high-value rewards

After a month-long withdrawal period, activity in DLS was re-
corded during performance of the task. During these sessions,
rats that had self-administered cocaine exhibited stronger re-
sponse biases toward higher-value reward. Control and cocaine
groups tracked value across trials blocks choosing short delay and

J. Neurosci., August 9, 2017 - 37(32):7737-7747 « 7739

large reward more often than long delay and small reward on
free-choice trials, respectively (Fig. 1B). In an ANOVA with
group (sucrose control, nonsucrose control, and cocaine), value
(high and low), value manipulation (size and delay), and phase of
learning within each block (early: first 10 trials; late: last 10 trials)
as factors, there was a significant main effect of value (F; ;456 =
3443, p < 0.05) and no interaction between value and value ma-
nipulation (F(, 7455y = 0.06, p = 0.94). There was a significant
interaction between group and value (F(, ;45¢) = 60.8, p < 0.05),

with rats in the cocaine group choosing the high-value reward
more often than controls in the last 10 free-choice trials during
both size (Fig. 1B; (935, = 10.51, p < 0.01) and delay (Fig. 1B;

t933) = 8.95, p < 0.01) manipulations.

Consistent with the bias on free-choice trials, rats in the co-
caine group were more strongly drawn to the high-value reward
on forced-choice trials. In the ANOVA with percentage correct as
the dependent variable, there was a significant main effect of
value (F(y 456 = 376.49, p < 0.05) and value manipulation
(F(1,7456) = 258.49, p < 0.05), as well as a significant interaction
among group, value, and value manipulation (F, ;,s¢ = 807.4,
p < 0.05). During the last 10 forced-choice trial types per block,
rats that had previously self-administered cocaine were signifi-
cantly more biased toward the side that produced better reward,
as evidenced by higher percentage correct scores on short-delay
(Fig. 1G; t933y = 3.26, p < 0.01) and large-reward (Fig. 1C,
t933) = 3.10, p < 0.01) forced-choice trials and lower percentage
correct scores on small-reward forced-choice trials (Fig. 1C;
o3y = 4.00, p < 0.01).

Exaggerated response bias observed during both free and
forced choice did not emerge as a result of faster block switching
because there were no differences between groups during the first
10 trials of delay blocks (Fig. 1B; short: 433y = 0.99, p = 0.32;
long: 933, = 0.99, p = 0.32; Figure 1C; short: to33) = 0.65,p =
0.51;long: t(933) = 1.47, p = 0.14). Further, cocaine-exposed rats
were actually slower to reverse contingences early in size blocks,
choosing small reward more often than large reward in the first 10
free-choice trials (Fig. 1B; tg33, = 5.44, p < 0.01) and trending
toward diminished accuracy during the first 10 large-reward
forced-choice trials (Fig. 1C; t 933, = 1.85, p = 0.06).

Overall, cocaine self-administration decreased reaction times
(odor offset to nose poke exit); rats in the cocaine group re-
sponded to the odor significantly faster than controls on forced-
choice trials in delay blocks and on free-choice trials during both
delay and size blocks. In the ANOVA with reaction time as the
dependent variable, there was a significant main effect of group
(F(2,7456) = 1223.36, p < 0.05) and no interaction between group
and value (F, ;456 = 0.11, p = 0.89). There was also a significant
group-by-value manipulation interaction (F, ;45¢) = 124.54, p <
0.05) and a significant value-by-value manipulation interaction
(F2,74560 = 11.3, p < 0.05); cocaine rats were faster on forced-
choice trials during delay blocks during the first 10 trials (Fig. 1D;
short: tg33) = 3.13, p < 0.01;1long: t 933, = 2.93,p < 0.01) and the
last 10 trials (Fig. 1D; short: £33, = 2.96, p < 0.01; long: 933, =
2.58, p < 0.05). Cocaine-exposed rats did not exhibit different
reaction times on forced-choice trials during performance of size
blocks during the first 10 trials (Fig. 1D; big: t935y = 0.07, p =
0.95; small: £(953) = 0.22, p = 0.830) or the last 10 trials (Fig. 1D;
big: #1933y = 0.46, p = 0.65; small: fo33) = 0.87, p = 0.38). Finally,
over all free-choice trial-types, cocaine exposed rats were faster
relative to controls (Fig. 1E; short: tg;3, = 3.87, p < 0.01; long:
to33) = 3.61, p < 0.1; big: £33y = 2.27, p < 0.05; small: #9353 =
2.06, p < 0.05).
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Figure1. A, Task schematic showing sequence of events in one trial (left) and the sequence of blocks in a session (right). Rats were required to nose poke in the odor port for 0.5 s before the odor
turned on for 0.5 s instructing them to respond to the adjacent fluid wells below where they would receive liquid sucrose reward after 500 —7000 ms. For each recording session, one fluid well was
arbitrarily designated as short (a short 500 ms delay before reward) and the other designated as long (a relatively long 1-7 s delay before reward) (Block 1). After the first block of trials (~60 trials),
contingencies unexpectedly reversed (Block 2). With the transition to Block 3, the delays to reward were held constant across wells (500 ms), but the size of the reward was manipulated. The well
designated as long during the previous block now offered two to three fluid boli, whereas the opposite well offered one bolus. The reward stipulations again reversed in Block 4. B, Percentage choice
on free-choice trials in each value manipulation over the first 10 and last 10 trials of each block averaged across animals and sessions (controls, black bars; cocaine, gray bars). C, Percentage correct
on forced-choice trials in the same manner as B. For these analyses, the sample was behavior associated with each unit to better represent changes in behavioral output as it relates to the firing rates
of single neurons that contribute to the single-unit and population analysis described below. D, Reaction time (odor port exit minus odor offset) on forced-choice trials in the same manner as B and
C. E, Reaction time (odor port exit minus odor offset) on all free-choice trials for each value manipulation. F, Response bias for each session and each rat in each group computed for free- and
forced-choice trials by subtracting the percentage of low-value choice from high-value choice (divided by the sum) for each session and subtracting the percentage correct on low-value trials from
the percentage correct on high-value trials (divided by the sum) for each session and then averaging over the two. Each color represents a single rat; small dots represent each session and large dots
represent the median overall all sessions within one rat. *p < 0.05, #p = 0.06, t test. Error bars indicate SEM. G, H, Location of recording sites (Paxinos and Watson). Gray boxes mark the extent of
the recording locations.
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Opverall, rats exposed to cocaine were biased toward higher
value reward locations on both free- and forced-choice trials.
This is further illustrated in Figure 1F, which plots a combined
response bias measure for each session and each rat in each
group. The response bias index was computed for the last 10 free-
and forced-choice trials by subtracting the percentage of low-
value choice from high-value choice (divided by the sum) for
each session and by subtracting the percentage correct on low-
value trials from the percentage correct on high-value trials (di-
vided by the sum) for each session and then averaging over the
two. Small dots represent each session and large dots represent
the average over all sessions within one rat. Across sessions, the bias
index was significantly larger in rats that had self-administered co-
caine, consistent with the analysis described above (£33, = 15.1,p <
0.01). Only one rat (Fig. 1F, pale red) from the cocaine group fell
below the median control response bias. Also, note that within the
control group all rat averages fell between the lower and upper quar-
tile, demonstrating that sucrose self-administration (Fig. 1F, sucrose
controls, black and blue dots) did not affect response biases observed
during task performance.

DLS firing reflects action—outcome contingencies divorced
from the action selected after cocaine self-administration
In control and cocaine-exposed rats, 126 (22%) and 100 (27%)
neurons increased and 262 (47%) and 124 (34%) decreased firing
during odor sampling (odor onset to port exit) compared with
baseline (1 s before odor onset; Wilcoxon; p < 0.05), respectively.
The frequency of neurons that increased responding did not dif-
fer between groups (x> = 1.5; p = 0.23); however, there were
significantly fewer that decreased responding in rats that had
self-administered cocaine (y* = 6.1; p < 0.05). To determine
how the firing of these neurons were modulated during task per-
formance, we performed an ANOVA (p < 0.05) with outcome
(short, long, big, or small), stimulus type (free or forced odor),
and response direction (contralateral or ipsilateral) as factors on
firing during the time between odor onset and odor port exit on
trials in which reward was delivered (i.e., correct trials only).
Initially, we hypothesized that chronic cocaine use would amplify
correlates related to S—R processing by increasing the counts of
neurons exhibiting significant main effects of stimulus or re-
sponse direction or interactions between stimulus and response
direction. Instead, we found an increase in neurons that exhibited
an interaction between response direction and expected outcome
(Fig. 2A). The only significant group difference was that more
neurons exhibited a significant interaction between response and
outcome in cocaine compared with control rats (Fig. 24, x> =
4.08, p < 0.05). This occurred only in neurons that increased
firing during the odor epoch compared with baseline. Although
neurons that decreased firing were modulated selectively by task
parameters, the counts of neurons showing significant main or
interaction effects did not differ between control and cocaine-
exposed rats (Fig. 2B).

As described in the introduction, in animals performing
a two-choice reward paradigm, two different R-O correlates
emerge, one that reflects the association between the action se-
lected and the predicted outcome and the other that reflects the
contingency between reward and response direction indepen-
dent of the action selected. An example of the former is illustrated
by the firing of the single neuron plotted in Figure 3A. Neurons
such as this one encode the relationship between the selected
action (contralateral or ipsilateral) and the outcome predicted
(short, long, big, or small). This particular neuron had a response
field contralateral to the recording electrode (response field illus-
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Figure2. Percentage of increasing-type neurons (4) (control, n = 126, 22%; cocaine, n =
100, 27%) and decreasing-type neurons (B) (control, n = 262, 47%; cocaine, n = 123, 34%)
with activity that was modulated significantly by outcome, stimulus, response, and interactions
between these three factors in the ANOVA. *p << 0.05, x test.

trated by dashed circles), firing strongly for actions made in the
contralateral direction (Fig. 34, top). In addition, it was outcome
selective, firing the most when the selected contralateral action
would result in the delivery of reward after a short delay (Fig. 34,
top left). Therefore, this neuron conveyed information about the
direction the rat was to select and the outcome that was predicted
by that selection. We will refer to this as “chosen-outcome”
encoding.

Other neurons in DLS that exhibited a significant interaction
between response and outcome did not encode the outcome pre-
dicted by the action selected, but instead the outcome predicted if
the rat was to move in a particular direction independent of
whether the animal actually chose to move in that direction.
Take, for example, the firing of the neuron shown in Figure 3B:
this neuron fired strongly in blocks of trials in which the short
delay is on the contralateral side, both when the rat will make a
response toward the contralateral fluid well to obtain a reward
after a short delay and when the rat will make a response to the
ipsilateral fluid well to obtain reward after a long delay (Fig. 3B,
blue). Therefore, activity of this neuron conveyed information
that the short delay (a high-value reward) is in the contralateral
direction independent of the action that was subsequently cho-
sen. We will refer to this correlate as an “action—outcome” signal.
In the following paragraphs, we will show that action—outcome
correlates, as defined here, are overemphasized in the DLS after
cocaine self-administration both at the population level and in
the counts of single neurons.

The average population firing for control and cocaine-
exposed ratsisillustrated in Figure 4. In these plots, each neuron’s
preferred and nonpreferred outcome and direction was deter-
mined by the neuronal response that elicited the most activity
(spikes/s) during cue sampling (odor onset to odor port exit). In
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this figure, blue reflects activity in the neu-
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administration. Like controls, activity was
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come was in the cell’s response field inde-
pendent of the direction that the rat
would eventually move, similar to the
single-unit example in Figure 3B. Nota-
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response (into or away from response field). Thick and thin
Figure3. Single-neuron examples of chosen-outcome (4) and action— outcome (B) encoding. Dashed circles around fluid wells  lines represent movements into and away from the response
in the colored boxes indicate the neuron’s response field. Asterisks in the colored boxes refer to the location of the preferred  field, respectively. Activity is aligned to odor onset (0 s) and
outcome (inside or outside response field). Arrows within the colored boxes refer to the direction in which the animal made a  binned at 100 ms. Each tick mark equals one action potential.
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Action— outcome encoding is enhanced at the population level in cocaine-exposed rats. A, B, Population average for control rats (n = 126). A, Trials in which the rat moved into the

neuron’s response field (preferred direction; thick lines). B, Trials in which the rat moved away from the neurons response field (nonpreferred direction; thin lines). Blue and red represent when the
preferred and nonpreferred outcome was in the response field, respectively. Dashed circles around fluid wells in the colored boxes indicate the neuron’s response field. Asterisks in the colored boxes
refer to the location of the preferred outcome (inside or outside of the response field). Activity is aligned to odor onset (0 ). Significance is illustrated by SEM ribbons and black tick marks (p << 0.01,
running ¢ test of two consecutive 100 ms bins) under each histogram. (, D, Average firing over time for cocaine-exposed rats (n = 100) for response made into (€) and away (D) from the response
field. Firing was high when the preferred outcome was in the response field (blue) regardless of whether the rat moved into (4) or away (B) from the response field. Neural activity is plotted in the
same manner asin A and B. E-H, Histograms of neural population activity in DLS of control rats (E, F) and cocaine-exposed rats (G, H) for the same- and opposite-value outcomes (green and yellow
colored lines and boxes, respectively) with respect to A—D. Neural activity is plotted in the same manner as A-D. Histograms are normalized by dividing the maximum within each neuron.
1, Proportion of neurons showing main effects of value manipulation (size or delay), response bias (contralateral response associated with high-value reward independent of value manipulation),
oraninteraction between these two factors (action— outcome) in ANOVA (p << 0.05). Cocaine-exposed rats had an increased number of neurons that exhibited action— outcome encoding compared
with control rats. *p << 0.05, x> test.

action—outcome encoding neurons after cocaine self-administration.

To determine whether this was true, we performed a two-factor
ANOVA with value manipulation (size or delay) and response
bias (contralateral response associated with high-value reward vs

ipsilateral response associated with high-value reward regardless
of value manipulation) as factors (p < 0.05). Neurons that show
a main effect of response bias without an interaction with value
manipulation would reflect stronger firing whenever high-value
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forced-choice trials and the trial at which

activity was deemed selective was deter-  Figure5. Neural selectivity emerges early in cocaine-exposed rats and was stimulus independent. A-D, Trial-by-trial normal-
mined via a sliding # test (p << 0.01; Fig. 5,  ized neural activity during odor sampling on correct free- and forced-choice trials for control rats (4, €) and cocaine-exposed rats
gray ticks). (B, D) when the preferred outcome was in the response field versus when the nonpreferred outcome was in the response field. Tick

In controls, selectivity developed at marks underneath plots indicate two consecutive trials in which there was a significant difference between preferred and nonpre-

trials 8 and 16 for free- and forced-
choice trials, respectively. Notably, on
free-choice trials, activity reflected the
previous block’s contingencies before
reflecting the new action—outcome pairing
during free-choice (Fig. 5A, open ticks) in controls only. In
cocaine-exposed rats, significant selectivity on free-choice
trials emerged earlier than controls, arguably as early as trial 3,
but convincingly by trial 7 (Fig. 5B). Under forced-choice
trials, significant differences were evident by trial 6 in cocaine-
exposed rats (Fig. 5D). Therefore, overall, we conclude that
action—outcome encoding emerged earlier in cocaine-exposed
rats.

ferred action— outcome contingencies (p << 0.01, t test). E, F, Correlation between action— outcome selectivity (preferred minus
nonpreferred/preferred plus nonpreferred) during free- and forced-choice trials. The neuron’s preferred context was defined as the
average spike activity of both free- and forced-choice trials that elicited the most activity during odor sampling. A positive
correlation indicates that selectivity at the single-neuron level was similar on free- and forced-choice trials.

In the above analysis, preferred direction was defined sepa-
rately for free- and forced-choice analysis. This was necessary
because the firing of individual neurons might exhibit R—O selec-
tivity for one but not the other trial type (Stalnaker et al., 2010).
From that analysis, it cannot be determined whether single neu-
rons that exhibit action—outcome signals did so regardless of
whether it was a free- or forced-choice trial-type. If these signals
genuinely reflect action—outcome contingencies within a block
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of trials, then one would predict that the activity of these neurons
might reflect this relationship independent from the stimulus
presented at the beginning of the trial. Certainly, the observation
that selectivity emerged before stimulus onset (Fig. 4) suggests
that the effect is stimulus independent.

To further address this issue, we performed an analysis in
which we defined the cell’s preferred context based on the average
of both free- and forced-choice trials. We then plotted the con-
tingency (preferred minus nonpreferred/preferred plus nonpre-
ferred) separately for forced- and free-choice trials (Fig. 5E, F).
Both groups exhibited a significant positive correlation (Fig. 5E,
control: 72 = 0.06, p < 0.05; Fig. 5F, cocaine: r?= 0.32,p < 0.05);
however, the correspondence between free- and forced-choice
trials was significantly stronger in the cocaine group compared
with controls (Fig. 5F, z = 2.87, p < 0.05). This demonstrates that
selective firing observed within a particular block of trials occurs
regardless of whether the cue was a free- or forced-choice odor.

Discussion

Here, we show that rats exposed previously to cocaine exhibit
stronger behavioral response biases toward higher-value reward
and an overrepresentation of action—outcome signals at both the
single-neuron and population levels. In cocaine-exposed rats,
population firing in DLS did not reflect the outcome of the action
that was about to occur (chosen-outcome encoding), but instead
represented the location of the preferred outcome within the
context of a particular block of trials, which we are referring to as
action—outcome encoding. Absent from this dataset was any ev-
idence that S—R associations were enhanced after chronic cocaine
self-administration during performance of our reward-guided
decision-making task.

Our results support the hypothesis that cocaine self-
administration alters R-O and model-based mechanisms, but
demonstrates that correlates are altered and not eliminated dur-
ing decision-making. We show that population firing in DLS in
cocaine-exposed rats failed to modify predictions based on the
action selected, but instead showed an increase in neural activity
reflecting the location of the preferred outcome regardless of
subsequent instructions or movements in a particular block of
trials. Further, action—outcome encoding in cocaine exposed rats
was less stimulus dependent, failing to take into account states
within each trial that informed predictions about reward avail-
ability. In fact, action—outcome selectivity in cocaine exposed
rats emerged before the onset of the odor. These altered neural
correlates likely bias behavior successfully on free-choice trials
while diminishing performance on forced-choice trials. Overall,
these results are consistent with a dysfunctional model-based sys-
tem in that activity fails to represent the value of selected actions
as governed by states in the task and overrepresent contingencies
between potential outcomes and actions within the context of the
block before and independent from the presented odor.

It might be argued that overrepresented action—outcome sig-
nals observed in cocaine-exposed rats reflect some sort of exag-
gerated S-R encoding. This does not seem to be the case for
several reasons. First, firing rate selectivity observed in DLS dif-
fered between size and delay blocks even though S-R relation-
ships were identical between them (i.e., smell this stimulus and
make this response). Second, in the ANOVA performed on single
neurons, we did not observe any differences between control and
cocaine-exposed animals in neurons showing selectivity for stim-
ulus type or response direction or an interaction between them
(Fig. 2). Further, after cocaine self-administration, we found that
these correlates were actually less stimulus bound, not more (Fig.
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5F), meaning that neurons fired selectively within a particular
context regardless of whether the cue was a free- or forced-choice
odor. Therefore, this correlate does not appear to be modulated
by stimuli and is outcome dependent, suggesting that it is not a
form of S-R encoding.

It is also clear that other S—R correlates were not affected by
cocaine self-administration in that, when we investigated how
many neurons were selective for stimulus type or response direc-
tion (or an interaction between them), selectivity was similar
between cocaine-exposed and control rats. This is true even
though forced-choice contingencies (i.e., odor 1 = left, odor 2 =
right) never changed over several months of training and record-
ing. The fact that cocaine exposure did not affect stimulus and
response processing was somewhat of a surprise to us because, in
a previous study, we showed that lesions to nucleus accumbens
(NAc) increased the counts of neurons that were selective for
odors and responses in DLS and enhanced the overall strength of
the signal at the population level (Burton et al., 2014). Consider-
ing that NAc is one of the first areas to be affected by drug use
(Koob and Volkow, 2010; Steinberg et al., 2014; Keiflin and
Janak, 2015; Liischer, 2016), we expected a similar result after
cocaine self-administration.

The lack of altered S-R correlates in our study likely reflects
the complex nature of our two-choice paradigm in which there is
no simple mapping among stimuli, responses, and outcomes,
rather than being due to differences in doses or withdrawal times.
Not only does this paradigm require constant tracking of reward
across two responses, but also an awareness of what rewards are
available on each trial as conveyed by odor identity. In this situ-
ation, behavior is governed by multiple action—outcome contin-
gencies, which is known to encourage goal-directed behavior
(Colwill and Rescorla, 1985; Dickinson et al., 2000; Colwill and
Triola, 2002; Holland, 2004; Kosaki and Dickinson, 2010). Even
though we did not classically devalue outcomes in our task and
cannot prove definitively that rats were using representations of
action—outcome contingencies, others have shown under similar
circumstances that exposure to drugs of abuse does indeed leave
goal-directed mechanisms intact and, in some cases, enhanced
(Phillips and Vugler, 2011; Son et al., 2011; Halbout et al., 2016).
In particular, Halbout and colleagues showed that, when rats are
trained on two different action—outcome contingencies, those
exposed to cocaine stop responding to the one that was devalued
and, after contingency degradation, rats exposed to cocaine actu-
ally alter behavior more quickly than controls. Our findings are
consistent with these results in that we did not see enhanced S-R
encoding, did see increased action—outcome correlates, and rats
exposed to cocaine made faster adjustments in behavior when
contingencies change.

We conclude that prior cocaine exposure increases action—
outcome processing without affecting the chosen-outcome and
S-R encoding in our decision-making task. Here, we define ac-
tion—outcome correlates as the relationship between actions and
outcomes independent from that actual action that will be taken.
In this way, it could be viewed that cocaine self-administration
increases outcome encoding that is divorced from the action that
will be selected. This correlate is more of a reflection of the con-
tingencies available during decision-making as opposed to a rep-
resentation of what will ultimately be selected. Such correlates
can only be examined in the context of neural recording in a
paradigm with at least two choices. Notably, representations of
response- or action—outcome associations as more classically
defined in the learning theory literature (i.e., selected action—
outcome or chosen-outcome) were not altered by cocaine self-
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administration. The increase in action—outcome correlates that
we describe here are more similar to response bias or action-value
signals described in the caudate of primates (Lauwereyns et al.,
2002; Lau and Glimcher, 2007, 2008; Nakamura et al., 2012),
which are thought to represent the association between actions
and outcomes to push the motor system toward decisions that
lead to high-value outcomes independent from instructed/se-
lected movement. As in these reports, this signal emerged before
instructional cues reflecting the context in which rewards were
distributed before the decision period. Here, we show that similar
signals, albeit outcome dependent (i.e., specific to size or delay),
are amplified after chronic cocaine use at the expense of corre-
lates that inform behavior via computations of predicted out-
comes based on upcoming decisions.
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