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Substance use disorders (SUDs) are characterized by maladaptive behavior. The ability to properly adjust behavior according
to changes in environmental contingencies necessitates the interlacing of existing memories with updated information. This
can be achieved by assigning learning in different contexts to compartmentalized “states.” Though not often framed this way,
the maladaptive behavior observed in individuals with SUDs may result from a failure to properly encode states because of
drug-induced neural alterations. Previous studies found that the dorsomedial striatum (DMS) is important for behavioral
flexibility and state encoding, suggesting the DMS may be an important substrate for these effects. Here, we recorded DMS
neural activity in cocaine-experienced male rats during a decision-making task where blocks of trials represented distinct
states to probe whether the encoding of state and state-related information is affected by prior drug exposure. We found that
DMS medium spiny neurons (MSNs) and fast-spiking interneurons (FSIs) encoded such information and that prior cocaine
experience disrupted the evolution of representations both within trials and across recording sessions. Specifically, DMS
MSNs and FSIs from cocaine-experienced rats demonstrated higher classification accuracy of trial-specific rules, defined by
response direction and value, compared with those drawn from sucrose-experienced rats, and these overly strengthened trial-
type representations were related to slower switching behavior and reaction times. These data show that prior cocaine experi-
ence paradoxically increases the encoding of state-specific information and rules in the DMS and suggest a model in which
abnormally specific and persistent representation of rules throughout trials in DMS slows value-based decision-making in
well trained subjects.
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Significance Statement

Substance use disorders (SUDs) may result from a failure to properly encode rules guiding situationally appropriate behavior.
The dorsomedial striatum (DMS) is thought to be important for such behavioral flexibility and encoding that defines the sit-
uation or “state.” This suggests that the DMS may be an important substrate for the maladaptive behavior observed in SUDs.
In the current study, we show that prior cocaine experience results in over-encoding of state-specific information and rules in
the DMS, which may impair normal adaptive decision-making in the task, akin to what is observed in SUDs.

Introduction
Behavioral inflexibility is a core feature of substance use disorders
(SUDs), exemplified by persistent drug use despite negative conse-
quences (American Psychiatric Association, 2013; Substance
Abuse and Mental Health Services Administration, 2016). Within
the laboratory setting, prior drug experience impairs the ability of
subjects to adapt behavior following changes in reward contingen-
cies. Rat (Jentsch and Taylor, 2001; Egerton et al., 2005; Stalnaker
et al., 2009; Sokolic et al., 2011; McCracken and Grace, 2013;
Zhukovsky et al., 2019), monkey (Jentsch et al., 2002; Wright et
al., 2013; Seip-Cammack and Shapiro, 2014), and human studies
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have found that prior drug experience impairs reversal learning,
resulting in marked perseveration following the switch (Fillmore
and Rush, 2006; Verdejo-García et al., 2007; Ersche et al., 2008;
but see Patzelt et al., 2014). Rodents previously exposed to drugs
also fail to demonstrate proper contingency degradation or out-
come devaluation, suggesting that drugs of abuse disrupt flexible
value-based decision-making (Dickinson et al., 2002; Miles et al.,
2003; Schoenbaum and Setlow, 2005; Nelson and Killcross, 2006;
Corbit et al., 2014; but see Hogarth et al., 2019). Such inflexibility
may be related to why animals and humans continue to seek drugs
despite adverse consequences (Vanderschuren and Everitt, 2004;
Pelloux et al., 2007).

Proper behavioral flexibility, the ability to adjust actions
according to changes in environmental contingencies, is optimal
if one can properly represent the rules appropriate for each situa-
tion, interlacing existing memories with new updated informa-
tion in changing environments. This can be easily achieved by
assigning learning in each context into compartmentalized
“states” (Bradfield et al., 2013; Stalnaker et al., 2016). The infor-
mation contained within each state defines the rules to be
recalled for guiding behavior under particular circumstances,
and the ability to develop and alternate between states facilitates
adaptive responding when circumstances change. Though not
often framed this way, the maladaptive behavior observed in
individuals with SUDs may be at least partly the result of a failure
to properly encode states because of drug-induced alterations in
the responsible neural mechanisms. That is, drugs may affect the
manner in which the brain segregates and generalizes between
distinct circumstances that govern which rules should be recalled
and applied to guide situationally appropriate behavior.

The dorsomedial striatum (DMS) is important for adaptive
behavior, functioning as a mediator of choice between specific
courses of action (Yin et al., 2005; Balleine et al., 2009; Balleine
and O’Doherty, 2010; Corbit and Janak, 2010). Prior studies
found that interference with DMS activity impairs adaptive
behavior by disrupting reversals during discrimination tasks
(Ragozzino et al., 2002; Castañé et al., 2010), preventing proper
outcome devaluation and contingency degradation (Yin et al.,
2005; Corbit and Janak, 2010), and obstructing goal-directed
learning when action–outcome contingencies change (Bradfield
et al., 2013). These results suggest that this region, which is com-
posed of medium spiny neurons (MSNs), fast-spiking interneur-
ons (FSIs), and cholinergic interneurons (CINs), is a crucial
substrate for the encoding of state-relevant information that is
required for behavioral flexibility. Given that drugs of abuse
cause maladaptive behavior, further investigations are needed to
determine the role of the DMS as a site affected by drugs of
abuse, particularly studies that examine DMS activity in drug-
experienced subjects during decision-making.

Here, we recorded neurons in the DMS of male rats with
prior self-administration experience as they performed a value-
guided decision-making task in which the response to obtain the
more valuable reward changed across blocks of trials. The trial
blocks established unique states since each required a distinct set
of rules necessary for optimal performance on the task. We
examined whether neural representations of these states and
related information about the trials in the DMS would be
affected by prior experience self-administering cocaine.

Materials and Methods
Subjects
Nine male Long–Evans rats (weight, 250–300 g; age, ;3 months;
Charles River Laboratories) were subjects for this experiment. During

the odor-guided choice task training and recording sessions, rats
received water ad libitum for 10min/d and food ad libitum, and during
self-administration rats were food deprived to 85% of initial weight with
ad libitum access to water. Self-administration and odor task testing
were performed during the light phase. All experimental procedures
complied with Institutional Animal Care and Use Committee of the US
National Institutes of Health guidelines.

Surgical methods for jugular catheter and electrode implantation
All surgeries were performed in aseptic conditions, as previously
described (Stalnaker et al., 2010). Rats were randomly assigned to co-
caine or sucrose self-administration groups. Rats used for cocaine self-
administration (n = 5) received chronic indwelling jugular catheter
implants; rats used for sucrose self-administration (n=4) received sham
surgeries in which the jugular vein was exposed but no catheter was
implanted. Rats recovered for 7 d before self-administration began.
During recovery and self-administration, catheters were flushed daily with
a cocktail of enrofloxacin and heparinized saline to maintain patency.
Following self-administration and training on the decision-making task,
recording electrodes composed of drivable bundles of 16 25-mm-diameter
NiCr wires electroplated to an impedance of ;200 kX were bilaterally
implanted above the DMS (anteroposterior, �0.4 mm; mediolateral,62.6
mm; ventral, 3.5–4.0 mm; relative to bregma and dura). Rats were allowed
2 weeks to recover, after which they were returned to the decision-making
task for 1 week of reminder training and subsequent recording sessions.
Electrodes were advanced 40mm following each recording session to cap-
ture new neurons.

Self-administration
The self-administration procedure was similar to that described previ-
ously (Lucantonio et al., 2014). Rats were trained to self-administer in-
travenous cocaine-HCl (0.75mg/kg/infusion; n= 5) or oral sucrose
(10%, w/v; n=4) under a fixed ratio 1 schedule in 3 h sessions over 14
consecutive days.

Odor-guided choice task
An adaptation of a previously described decision-making task was used
(Stalnaker et al., 2016). Task training and recording was performed using
chambers equipped with two fluid wells and an odor port. Self-paced
sessions began with the illumination of a house light, with trials initiated
by a nose poke in the odor port. Upon odor port entry, rats held for a
500ms fixation period, which was followed by a 500ms presentation of
one of three instructional odors that remained constant throughout the
experiment. Following odor presentation, rats withdrew from the odor
port and indicated their choice by entering either the left or right fluid
well within 3000ms. Upon fluid well entry, rats held for 500ms before
fluid reward delivery began. Once rats consumed the reward and with-
drew from the fluid well, the house light was extinguished and the trial
ended. If rats withdrew prematurely at any point before fluid delivery,
the trial was aborted, and the house light turned off. Two instructional
odors specified a forced-choice reward delivery at either the left or the
right fluid well. The third odor indicated a free-choice trial. Presentation
of odors occurred in a pseudorandom sequence with forced-choice
right/left odors delivered equally on 65% of trials and free-choice odors
delivered on 35% of trials.

Reward outcomes were constant in flavor identity (vanilla milk) but
differed in size, small (single 0.05 ml drop) or big (three 0.05 ml drops),
with small and big size outcomes delivered at opposing fluid wells.
Sessions began with an initial short block and were followed by two
blocks of;120 trials each. Response–reward contingencies were consist-
ent for blocks of trials but switched across blocks; block switches were
not explicitly signaled and their timing varied randomly to prevent
anticipation. Rats were trained before electrode implantation until they
performed forced-choice trials with .70% accuracy and completed all
blocks. Following electrode implantation and recovery, rats received an
additional week of reminder training to increase task performance and
acclimation to recording cables.
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Single-unit recording
Neural activity was recorded using Plexon Multichannel Acquisition
Processor Systems interfaced with a training chamber. Electrode signals
were amplified 20� via operational head stages on electrode arrays and
then passed to differential preamplifiers, where they underwent an addi-
tional 50� amplification and filtration at 150–9000Hz (Stalnaker et al.,
2010, 2016). From there, signals were passed to multichannel acquisition
processors, where they underwent an additional 250–8000Hz filtration,
40 kHz digitization, and final 1–32� amplification. Signal waves were
derived from active channels with event time stamps documented by the
behavioral program.

Experimental design and statistical analyses
Behavioral epochs. Task trials were divided into five epochs either 0.5

or 0.8 s in length (see Fig. 3a). The fixation epoch began at time of odor
port entry, which required rats to hold their snouts in the odor port, and
ended after 0.5 s, immediately before odor cue delivery. The odor sample
epoch began at the time of odor onset and ended after 0.5 s, when odor
cue delivery ended. Once the odor cue presentation ended, rats chose
between the two fluid delivery wells. The movement epoch comprised
0.5 s immediately before entry into the fluid delivery well. The anticipa-
tion epoch began at the time of fluid delivery well entry and ended after
0.5 s, immediately before outcome delivery. The consumption epoch
began at the time of outcome delivery and ended after 0.8 s.

Spike-sorting and cell-type classification. Neural activity was stored
and manually sorted into putative single units using Offline Sorter (Plexon).
Files were processed using NeuroExplorer (Nex Technologies) to extract
time stamps and further analyzed using MATLAB (MathWorks). Striatal
units were classified as a putative FSI, MSN, or unidentified (UID), based
on the following three distinct clusters formed in a scatter plot of two meas-
urements of mean spike waveform duration: (1) the peak duration of one-
half maximum (sucrose: FSI, 60–130 ms; MSN, 105–250 ms; UID, 97.5–195
ms; cocaine: FSI, 60–142.5 ms; MSN, 97.5–250 ms; UID, 77.5–215 ms); and
(2) the valley to peak duration (sucrose: FSI, 97.5–282.5 ms; MSN, 412.5–
670 ms; UID, 237.5–442.5 ms; cocaine: FSI, 90–272.5 ms; MSN, 410–677.5
ms; UID, 170–442.5 ms; see Fig. 2b–d). Of the 784 units recorded from su-
crose-experienced rats, 432 were classified as putative MSNs and 160 were
classified as putative FSIs. Of the 1253 single units recorded from cocaine-
experienced rats, 679 were classified as putative MSNs and 307 were classi-
fied as putative FSIs.

Neuron firing rate dynamics. To analyze the general response prop-
erties of neurons, firing rates for each unit were computed in 50ms bins,
averaged across correctly performed forced-choice trials in both blocks,
and peak normalized. Neurons were counted as maximally active for a
trial epoch if, for at least one bin during that period, the peak-normal-
ized average firing rate of the cell exceeded 95% of its absolute maximum
value (see Fig. 3b). Raw, un-normalized population firing rates were
computed across all neurons of a given population and trials in 50ms
bins (see Fig. 3c).

Classification analyses. Support vector machines (MATLAB function
fitcecoc) were used to decode information about outcome direction and
size in 100 neuron pseudoensembles. The observation data used to train
and test the binary classifier consisted of trial-by-trial spike counts from
each neuron during the five distinct trial epochs. Data were limited to
the counterbalanced set of correctly performed forced-choice trials.
Recording sessions with a minimum of 30 completed trials of each trial
type per block were analyzed. Spike patterns across units included in
pseudoensembles were classified into four unique direction � size cate-
gories. Pseudoensembles were generated by randomly pulling a subset of
100 neurons for inclusion from an entire classified population of
recorded units across all sessions. Pseudoensemble generation and classi-
fication accuracy testing were performed independently for sessions
recorded from sucrose- and cocaine-experienced rats. All but one trial
was used to fit the classifier (training set), and the remaining trial was
used to evaluate classification accuracy (test set). The random pulling
and testing of pseudoensembles was repeated 20 times. Since there was a
slight variation in the number of trials per outcome, to avoid overrepre-
sentation of particular outcomes in the training and testing sets, we con-
trolled for the number of trials for each outcome. To do this, we found

the smallest number of trials across all neurons in each pseudoensemble
over all of the outcomes and set the trial number to that value. For each
pseudoensemble, we performed a shuffling procedure to confirm that
the accuracy of randomized data are at the theoretical chance level of
one-quarter correct. To do this, we trained classifiers using trial-type
labels randomly reassigned to training-set firing rates. Classification
accuracies were averaged across the 20 runs, comparisons were made
between cell types (MSN vs FSI), treatment groups (sucrose experienced
vs cocaine experienced), and time (100ms bins), and the effects were an-
alyzed using repeated-measures ANOVAs (see Fig. 3d). Confusion mat-
rices show the proportion of test samples classified correctly (along the
diagonal) and incorrectly (off of the diagonal) averaged across the 20
repetitions (see Figs. 4a, 5a). Confusion matrices were generated, and
the coefficient of correlation was computed between each matrix and
each exemplar pattern. Effects of cocaine on such representational pat-
terns were analyzed using multiway ANOVAs (Figs. 4b, 5b). Since trial
emerged as the dominant pattern in matrices generated using pseudoen-
sembles pulled from cocaine-experienced rats, Bonferroni post hoc tests
were performed on trial pattern coefficients of the correlation between
the treatment groups across each trial epoch. To better visualize the
dominant information patterns of confusion matrices, we binarized raw
confusion matrices with different thresholds (10–80%). For each thresh-
old (e.g., 10%), any value in a confusion matrix that was less than or
equal to this threshold was set to 0 (black), and other values were set to 1
(white; see Figs. 4c, 5c). To examine how trial and direction information
evolved in FSIs over the course of the experiment, we generated pseu-
doensembles by binning every two recording sessions across the experi-
ment. To do this, we pulled subsets of six classified FSIs per treatment
group across two consecutive sessions, resulting in 10 bins (e.g., first bin
session, sessions 1–2; second bin session, sessions 3–4). Confusion mat-
rices were created for each of the 10 bin sessions as described above.
Coefficients of correlation between each of the 10 bin session matrices
with the exemplar trial pattern and the exemplar direction pattern were
calculated and plotted over bin sessions (see Fig. 6a). Corresponding
reaction times were calculated over forced-choice trials by averaging
reaction times over the same sessions included in each bin (see Fig. 6b).

Statistical analyses. All analyses were conducted using MATLAB
(MathWorks) and GraphPad Prism 8 software (GraphPad Software).
One-, two- and three-way ANOVAs, ANCOVAs, and t tests were used
to analyze all data, as reported in Results and figure legends. The
Bonferroni procedure was used to correct for multiple comparisons. The
p values were significant if they fell to ,0.05. Sample sizes were deter-
mined from previous studies using similar behavioral and recording pro-
cedures (Stalnaker et al., 2006, 2016; Wikenheiser et al., 2017). Error
bars on the plot represent the SEM.

Results
The experimental timeline is shown in Figure 1a. At the start of
the experiment, the rats were shaped on a decision-making para-
digm similar to a task used previously in which blocks of trials
define states (Stalnaker et al., 2016). For this task (Fig. 1c), one of
three different odor cues was presented on each trial, signaling
the rat to respond left or right on forced-choice trials or in either
direction on free-choice trials to receive big (three 0.05 ml drops)
or small (one drop) amounts of vanilla-flavored milk solution.
Response–reward contingencies were constant over each of three
blocks of ;120 trials, switching at unsignaled transitions between
each block. Subsequently, male rats were trained to self-administer
either oral sucrose (n=4) or cocaine (n=5) using a fixed ratio 1
schedule of reinforcement for 3 h/d for 14d (Fig. 1a,b). Two-way
repeated-measures ANOVAs revealed significant session � lever
interactions in both groups (sucrose: pp, 0.0001, F(13,39) = 16.67;
cocaine: pp, 0.0001, F(13,52) = 13.94). Rats were then given addi-
tional training on the decision-making task, after which drivable
bundles of electrodes were bilaterally implanted in the DMS (Fig.
1a). Following recovery, rats received an additional week of
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reminder training for acclimation to recording cables and then
neural recording sessions began (Fig. 1a); electrodes were
advanced 40mm after each recording session to capture new neu-
rons. To control for potentially interacting effects of time and self-
administration experience, recording sessions occurred in parallel
for sucrose and cocaine groups.

Prior cocaine self-administration disrupted changes in task
performance
During the recording sessions, each group of rats demonstrated
a strong preference for the big reward on free-choice trials, learn-
ing to select the well producing the big reward quickly over the
first 20 trials after a block switch (Fig. 1d, left). The rate of this
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Figure 1. Self-administration, task design, and behavior. a, Experimental timeline. b, Number of active (colored circles) and inactive (gray circles) lever presses during each session of sucrose (left;
n=4) and cocaine (right; n=5) self-administration. c, The decision-making task consisted of two unique blocks of trials defined by distinct response–reward contingencies. Instructional odors delivered
to the central odor port indicated which action (go left, go right, go either direction) would be reinforced on each trial. On forced-choice trials, correct responses to the left or the right fluid well were rein-
forced with fluid delivery. On free-choice trials, responses to either fluid well resulted in fluid delivery. Fluid reinforcers delivered at each well differed in size and alternated following unsignaled block
switches as shown in the example block sequence. d, The percentage of big rewards chosen on free-choice trials was computed and aligned to block switches (left). Choice rate behavior for early (right,
top) and late trials (right, bottom) following block switches. pp, 0.05, Bonferroni post hoc testing. e, Correct performance on forced-choice trials for small (left) and big (right) rewards on early (top)
and late (bottom) trials following block switches. f, Reaction times for small (left) and big (right) rewards on early (top) and late free-choice trials (bottom) following block switches. pp, 0.05,
Bonferroni post hoc testing. g, Reaction times for small (left) and big (right) rewards on early (top) and late (bottom) forced-choice trials following block switches. pp, 0.05, Bonferroni post hoc testing.
h, Correlation of reaction times for the first 20 forced-choice trials of each block and the cumulative number of lever presses for sucrose (top) and cocaine (bottom) self-administration. Solid line indicates
best-fit line of the correlation between the reaction time and self-administration responses. Dotted lines show 95% confidence intervals of the best-fit lines. pp, 0.05, Bonferroni post hoc. i, Correlation
of reaction times for the first 20 forced-choice trials of each block and the recording session in sucrose-experienced rats (top) and cocaine-experienced rats (bottom). Solid line indicates best-fit line of the
correlation between the reaction time and recording session. Dotted lines show 95% confidence intervals of the best-fit lines. pp, 0.05, Bonferroni post hoc testing.
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change was slightly but significantly slower in cocaine-experi-
enced rats. A two-way ANOVA on free-choice behavior pro-
duced significant main effects of trial number (pp, 0.0001,
F(6,1134) = 471.8), treatment group (pp, 0.0001, F(1,1134) = 15.31;
Fig. 1d, left), and interaction (pp=0.0072, F(6,1134) = 2.959), and
direct comparison of early versus late trials revealed a significant
interaction between these two factors (pp=0.0075, F(1,161) = 7.336;
Fig. 1d, right). Bonferroni post hoc testing found significant group
differences in the second and fourth trial bins following the block
transition (pp, 0.05; Fig. 1d, left) and on early but not late trials
(early: pp=0.0077, t(322) = 2.912; late: p. 0.99, t(322) = 0.04,409;
Fig. 1d, right). Both groups also exhibited enhanced accuracy
on big forced-choice trials; however, there was no effect of co-
caine on this measure (Fig. 1e). Two-way repeated-measures
ANOVAs revealed significant main effects of size (early: pp=0.0006,
F(1,161)=12.21; late: pp, 0.0001, F(1,161) =150.9), but no main effects
of treatment group or interactions with treatment group (early,
group: p=0.9214, F(1,161) =0.0098; interaction: p=0.0773, F(1,161) =
3.161; late, group: p=0.7982, F(1,161) =0.06,556; interaction: p=
0.3192, F(1,161)=0.9985). Cocaine also caused a general slowing of
responding to the fluid well after odor sampling on free-choice tri-
als (Fig. 1f). A three-way repeated-measures ANOVA revealed
significant main effects of treatment group and trial early/late
(treatment group: pp = 0.0004, F(1,161) = 13.16; trial early/late:
pp, 0.0001, F(1,161) = 17.84), but not size (p = 0.052, F(1,161) =
3.769), with significant interactions of size and treatment
group (pp = 0.0043, F(1,150) = 8.396) and size and trial early/late
(pp = 0.0212, F(1,161) = 5.414), but not of treatment group and
trial early/late (p = 0.1656, F(1,161) = 1.940) or a three-way
interaction among size and treatment group and trial early/
late (p = 0.2586, F(1150) = 1.286). Bonferroni post hoc testing
showed that the cocaine group had significantly slower reac-
tion times for both small and big rewards early (small:
pp = 0.0274, t(311) = 3.328; big: pp, 0.0008, t(311) = 4.244) and
for big rewards late (pp = 0.0018, t(311) = 4.053). A similar
effect was observed on forced-choice trials (Fig. 1g). A three-
way repeated-measures ANOVA revealed significant main effects of
treatment group and trial early/late (treatment group: pp, 0.0001,
F(1,161)=34.79; trial early/late: pp, 0.0001, F(1,161) =21.82), but not

size (p = 0.7973, F(1,161)=0.06617), with a significant interaction of
size and trial early/late (p = 0.0351, F(1,161) = 4.516), but not of
size and treatment group (p = 0.5072, F(1,161) = 0.4419), treat-
ment group and trial early/late (p = 0.4344, F(1,161) = 0.6140),
or three-way interaction among size and treatment group and
trial early/late (p = 0.2810, F(1,161) = 1.170). Bonferroni post hoc
testing showed that the cocaine group had significantly slower
reaction times for both small and big rewards early (small:
pp, 0.0001, t(644) = 4.822; big: pp, 0.0001, t(644) = 5.854) and
late (small: pp, 0.0001, t(644) = 5.064; big: pp, 0.0001, t(644) =
4.902). Notably, fitting correlations to these data revealed that
the more self-administration responses cocaine-experienced
rats made, the slower their forced-choice trial reaction times,
whereas the more self-administration responses the sucrose
rats made the faster their reaction times (Fig. 1h). ANCOVA
revealed significant differences between slopes of best-fit lines
(pp, 0.0001, F(1,159) = 53.13; sucrose: pp, 0.0001, r = �0.6252;
cocaine: pp, 0.0001, r= 0.3906). Furthermore, the effect of co-
caine on forced-choice trial reaction time emerged with greater
experience on the task during the course of recording; reaction
times in the cocaine group failed to show the same decrease that
was observed in sucrose-experienced rats, suggesting that prior
cocaine experience prevents optimization of decision-making
(Fig. 1i). ANCOVA revealed significant differences between the
slopes of best-fit lines (pp= 0.0075, F(1,159) = 7.341; sucrose:
pp, 0.0001, r =�0.4506; cocaine: p= 0.7844, r =�0.0283).

Time course of DMSMSN and FSI neural responses across
treatment groups
To investigate whether prior cocaine experience altered activity
of DMS neuron populations, units were recorded in the DMS
(Fig. 2a). Recordings yielded a total of 784 and 1253 single units
from recording sessions performed by sucrose- and cocaine-
experienced rats, respectively. Examination of spike waveforms
revealed three distinct clusters (Fig. 2b; Berke et al., 2004; Gage et
al., 2010; Gittis et al., 2011), which were proportionally similar
across recordings performed by sucrose- and cocaine-experi-
enced rats (Fig. 2c). The largest cluster of cells (sucrose, n=432;
cocaine, n=679) had long-duration waveforms and low firing

Figure 2. Histology and neuron classification. a, Approximate locations of neural recordings in the DMS are indicated by colored boxes (sucrose, top; cocaine, bottom). b, Scatter plots of av-
erage spike waveform durations (x, peak duration at half-maximum; y, valley–peak duration) for each single unit recorded in sucrose-experienced rats (top) and cocaine-experienced rats (bot-
tom). c, The approximate proportions and average waveforms superimposed to show interwave variability for classified cell types recorded from sucrose-experienced rats (top) and cocaine-
experienced rats (bottom). Dotted line, zero voltage. Scale bar, 100 ms. d, Mean peak duration, valley duration, and session-wide firing rate for MSN and FSI populations recorded from su-
crose-experienced rats (top; MSNs: 180 ms, 362 ms, 3.09 Hz; FSIs: 91 ms, 197 ms, 13.48 Hz) and cocaine-experienced rats (bottom; MSNs: 177 ms, 362 ms, 2.33 Hz; FSIs: 90 ms, 177 ms,
10.94 Hz).
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rates (Fig. 2c,d), which are characteristics of MSNs. A second
cluster of cells (sucrose, n=160; cocaine, n=307) displayed very
brief waveforms and higher firing rates (Fig. 2c,d), features that
are typical of FSIs. These neurons were classified as putative
MSNs and putative FSIs, respectively. Though FSIs are believed
to only represent 1% of the total striatal cell population (Luk and
Sadikot, 2001), here we found a higher proportion of FSIs that
were comparable to findings of previous reports (Berke et al.,
2004; Schmitzer-Torbert and Redish, 2008; Wiltschko et al., 2010;
Benhamou et al., 2014; Stalnaker et al., 2016); the distinct wave-
form and firing properties of FSIs make them easily extracted
from other activity. A third cluster of cells (sucrose, n=192; co-
caine, n=267) had intermediate waveform durations and could
not be identified as belonging to a particular population with any
certainty (Fig. 2c); these were classified as UIDs and excluded
from analysis because of their unknown phenotype. The CINs

likely fell within the UID cluster; how-
ever, waveform metrics alone proved
insufficient to adequately define them.

To determine whether prior cocaine
exposure altered the general response
properties of DMS MSNs and FSIs dur-
ing performance of the decision-making
task, correctly performed forced-choice
trials were divided into five epochs
(Fig. 3a), and units collected through-
out the entire recording experiment
were sorted according to the time of
maximum peak-normalized response
(Fig. 3b). This revealed a significant
increase in the proportion of MSNs
with a peak response during the odor
sampling epoch in cocaine-experi-
enced rats compared with sucrose-expe-
rienced rats (z-test for population
proportions, corrected for multiple
comparisons: odor sample, pp, 0.0001,
z(1110) = �4.3059; Fig. 3b, top). Cocaine
had no significant effect on the time
course of DMS FSI neural responses
(Fig. 3b, bottom). Additionally, cocaine
significantly decreased the raw, un-nor-
malized population-average firing rates
for both MSNs and FSIs (Fig. 3c). Two-
way ANOVAs revealed significant main
effects of treatment for both cell types
(MSN: pp, 0.0001; F(1,62,104) =230.46;
FSI: pp, 0.0001; F(1,26040) =522.47) along
with significant main effects and interac-
tions with time in the MSNs (time:
pp, 0.0001; F(55,62104) =11.31; interaction:
pp=0.0017; F(55,62,104) =1.65). Bonferroni
post hoc tests revealed between-group dif-
ferences reaching significance in the
reward anticipation and consumption
epochs (Fig. 3c, asterisks).

Prior cocaine self-administration
disrupted the normal evolution of
representations in DMSMSNs and
FSIs
To examine the information represented
by these populations during the be-
havioral task, we used support vector

machines to test how well trial type, defined by particular combina-
tions of outcome size and direction, could be decoded from the fir-
ing patterns of DMS MSNs and FSIs over the time course of the
trial. Synthetic DMS MSN and FSI pseudoensembles were created
by randomly choosing subsets of 100 units with replacement from
classified populations of cells recorded across all sessions; the subse-
quent analysis used a leave-one-out cross-validation procedure to
classify 30 trials of each of the four trial types. This was repeated 20
times for each group and cell type.

The results showed that the classification accuracy of both
MSN and FSI pseudoensembles exceeded the 25% chance level
throughout the trial (Fig. 3d). Classification accuracy was above
chance even before odor delivery, presumably reflecting knowl-
edge of the trials available in the particular trial block. Once the
odor was presented, revealing the trial type, classification
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Figure 3. Time course of DMS MSN and FSI neural responses across treatment groups. a, Correctly performed forced-choice
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accuracy improved substantially, remaining high until after the
response, when it declined slightly, perhaps reflecting the reduced
importance of information about the trial, once the choice was
made and the reward was delivered. Classification accuracy was
generally higher in FSIs than MSNs, and was better in neurons
from the cocaine than from the sucrose treatment group.
Accordingly, a two-way repeated-measures ANOVA revealed sig-
nificant main effects of cell type (pp, 0.0001, F(1,81) = 156.05)
and treatment group (pp, 0.0001, F(1,81) = 35), as well as a signif-
icant interaction between the two (pp, 0.0001, F(1,81) = 18.56).
One-way repeated-measures ANOVAs comparing decoding
within each cell type showed that improved decoding was evident
for both MSNs and FSIs after cocaine (MSNs: pp=0.0049,
F(1,27) = 9.38; FSIs: pp, 0.0001, F(1,27) = 61.56;). Bonferroni post
hoc testing on time bins found that decoding was significantly
more accurate for MSNs from the cocaine group during fluid well
entry and reward consumption and for FSIs during all epochs
except consumption (Fig. 3d, asterisks), suggesting that prior co-
caine experience increases the amount of trial-related information
being encoded by pseudoensembles.

To gain insight into the informational basis of this improved
decoding, we compared changes in the patterns of classification
over trial epochs in each group and cell type using confusion
matrices, which illustrate how trials were classified (or misclassi-
fied). The pseudoensembles used in this analysis were drawn
from classified units recorded across all sessions. The overall pat-
tern of classification is informative because each trial was con-
tained within a block in which two different size rewards were
available following the execution of two different responses.
Encoding of any combination of this information could support
above-chance classification accuracy (Fig. 3d); however, each
gives rise to different patterns of classification when plotted in a
confusion matrix (Figs. 4, 5, exemplar patterns).

A comparison of the actual classification patterns across
epochs in pseudoensembles recorded from sucrose-experienced
rats showed that the MSNs and FSIs followed a characteristic tra-
jectory through each trial. This started with the fixation epoch, in
which both MSN and FSI pseudoensembles showed a pattern
consistent with encoding of trial block—that is, the most domi-
nant pattern of encoding during fixation, evident in the raw, line,
and filtered confusion plots (Figs. 4a–c, 5a–c), was most similar
to that of block (Figs. 4, 5, block pattern). During the odor-sam-
pling epoch, the block and diagonal trial patterns were both evi-
dent, after which the checkerboard direction pattern became
most prominent during the movement and anticipation epochs,
followed by a return to the diagonal trial pattern during reward
consumption.

To quantify this evolution, the coefficient of correlation
was computed between the confusion matrices and each
exemplar pattern (Figs. 4b, 5b). A comparison confirmed
the trajectory described above and identified significant
changes as a result of cocaine use. Three-way ANOVAs
comparing patterns within each cell type across trial epochs
revealed significant main effects of treatment group (MSNs:
pp = 0.0141, F(1,760) = 6.06; FSIs: pp, 0.0001, F(1,760) = 155.04),
trial epoch (MSNs: pp, 0.0001, F(4,760) = 35.64; FSIs: pp,
0.0001, F(4,760) = 140.61), and pattern (MSNs: pp, 0.0001,
F(3,760) = 160.26; FSIs: pp, 0.0001, F(3,760) = 420.49), as well as
significant interactions between treatment group and trial epoch
(MSNs: pp= 0.0001, F(4,760) = 6.07; FSIs: pp=0.0058, F(4,760) =
3.66), treatment group and pattern (MSNs: pp= 0.0405,
F(3,760) = 2.77; FSIs: pp, 0.0001, F(3,760) = 46.38), trial epoch and

pattern (MSNs: pp, 0.0001, F(12,760) = 38.76; FSIs: pp, 0.0001,
F(12,760) = 124.29), and significant three-way interactions among
treatment group, trial epoch, and pattern (MSNs: pp, 0.0001,
F(12,760) = 5.56; FSIs: pp, 0.0001, F(12,760) = 4.75). Two-way
ANOVAs comparing trial patterns within each cell type across
epochs revealed that representations were altered after cocaine
(MSNs: treatment group, p= 0.1302, F(1,38) = 2.393; trial epoch,
pp, 0.0001, F(4,152) =18.94; interaction, pp=0.0143, F(4,152) =3.223;
FSIs: treatment group, pp, 0.0001, F(1,38) =71.05; trial epoch,
pp, 0.0001, F(4,152) = 54.92; interaction, pp=0.0034, F(4,152) =
4.113). Consistent with subtle differences between treatment
groups in MSN classification accuracy (Fig. 3d, left), the only dif-
ference in MSNs from the cocaine group was stronger encoding of
trial type information during the anticipation epoch (pp=0.0045,
t(190) = 3.376, Figs. 4a–c, anticipation). By contrast, pseudoensem-
bles composed of FSIs, which exhibited much larger differences in
classification accuracy (Fig. 3d, right), showed prominent changes
in classification patterns in the cocaine group, exhibiting signifi-
cantly stronger representation of trial type across all epochs except
consumption (fixation: pp=0.004, t(190) = 4.017; odor sample:
pp, 0.0001; t(190) = 4.736; movement: p p=0.0146, t(190) = 3.014;
anticipation: pp, 0.0001, t(190) = 6.976; Figs. 5a–c).

Prior cocaine effects on representations in DMS parallels
effects on task performance
The above analysis suggests that prior cocaine self-administra-
tion paradoxically results in improved representation of specific
information about the unique trial types. At the same time, co-
caine-experienced rats showed deficits in switching their behav-
ior early in trial blocks after rewards changed compared with
sucrose-experienced rats, and failed to become faster at perform-
ing the task over the course of the entire recording experiment,
an effect that was observed in sucrose-experienced rats. To test
whether these neural and behavioral findings might be related,
we calculated the coefficient of correlation between the FSI con-
fusion matrices from the movement epoch at different points
throughout the recording experiment and the exemplar direction
and trial patterns, which were the dominant patterns during the
movement epoch in FSIs recorded from sucrose- and cocaine-
experienced rats, respectively. This analysis showed that, in pseu-
doensembles drawn from sucrose-experienced rats, information
related to direction increased and information related to trial
decreased as the recording experiment progressed (Fig. 6a, top),
whereas the representation of information about trial and direction
did not change in pseudoensembles drawn from cocaine-experi-
enced rats (Fig. 6a, bottom). ANCOVAs supported these observa-
tions, revealing significant differences between the slopes of best-fit
lines in FSIs recorded from sucrose-experienced but not cocaine-
experienced rats (sucrose: pp, 0.0001, F(1,16) =44.79; cocaine:
p=0.5689, F(1,16) =0.3383; best-fit lines for sucrose rats: direction:
pp=0.0005, r=0.8915; trial: pp=0.0054, r = �0.8004; best-fit lines
for cocaine rats: direction: p=0.1953, r=0.4469; trial: p=0.0942,
r=0.5573). Consistent with the relationship between recording ses-
sion number and reaction time (Fig. 1), we found similar results
when the neural data were plotted against forced-choice reaction
time. ANCOVAs revealed significant differences between the
slopes of best-fit lines in FSIs (sucrose: pp=0.0002, F(1,16) = 22.11;
cocaine: p=0.5877, F(1,16) = 0.3061), while forced-choice reaction
times were negatively correlated with the representation of direc-
tion and positively correlated with representation of trial in su-
crose-experienced rats (direction: pp=0.0065, r = �0.7903; trial:
pp=0.0087, r=0.7736; Fig. 6b, top), they were not significantly
correlated in cocaine-experienced rats (direction: p=0.5715, r =
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�0.2042; trial: p=0.9698, r=0.0138; Fig. 6b, bottom). This suggests
that a shift from trial to direction information leads to faster reac-
tion times in sucrose-experienced rats, and that prior cocaine expe-
rience prevents this shift from occurring over the course of the
recording experiment, ultimately blocking optimization of deci-
sion-making in rats.

Discussion
SUDs are characterized by behavioral inflexibility. Though not
often conceptualized this way, such an effect may be the result of
a failure to appropriately interlace existing memories or rules
with new information about the changed environment because
of drug-induced changes in the neural mechanisms governing
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Figure 4. Evolution of representations in DMS MSNs. Confusion matrices illustrate the four exemplar representations (Trial, State, Size, and Direction). The y-axis represents the ground-truth
four trial types, ordered by direction and size (LB, left-big; RB, right-big; LS, left-small; RS, right-small). The x-axis represents how these four predicted trial types would be classified according
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onal) during the five trial epochs using pseudoensembles of 100 categorized MSNs in sucrose (top) and cocaine sessions (bottom). b, Coefficient of the correlation between exemplar patterns
and raw MSN confusion matrices generated using pseudoensembles drawn from sucrose-experienced rats (left) and cocaine-experienced rats (right) during each trial epoch. Error bars indicate
SEM in coefficient of the correlation. pp, 0.05, Bonferroni post hoc testing revealed a higher coefficient of the correlation of trial pattern with raw confusion matrices generated using pseu-
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binarized to extract patterns of representations (values exceeding thresholds are colored white and the rest black).
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the compartmentalization of context or “states.” Thus, drugs
may affect the way the brain separates and generalizes between
different circumstances that govern which rules should be
recalled to appropriately guide behavior. Previously, neurons in
DMS, particularly CINs, were found to compartmentalize state
information and encode real-time representations of state, the
ability of which depended on orbitofrontal cortex (OFC) input
(Bradfield et al., 2013; Stalnaker et al., 2016). However, whether
other DMS populations encode state and state-relevant

information and how these may be affected by cocaine experi-
ence was unknown. Here, we recorded neural activity in DMS in
cocaine-experienced rats during a decision-making paradigm
where blocks of trials represented distinct states to test whether
the compartmentalization of such information might be affected
by drug use. We found that pseudoensembles of DMSMSNs and
FSIs encode information relevant to state and that prior cocaine
experience disrupts the evolution of such representations, sug-
gesting that prior cocaine experience does alter DMS state and
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Figure 5. Evolution of representations in DMS FSIs. Confusion matrices illustrate the four exemplar representations (Fig. 4 legend). a, Confusion matrices depict the proportion of test sam-
ples classified correctly (along the diagonal) and incorrectly (off the diagonal) during the five-trial epochs using pseudoensembles of 100 categorized FSIs in sucrose sessions (top) and cocaine
sessions (bottom). b, Coefficient of the correlation between exemplar patterns and raw FSI confusion matrices generated using pseudoensembles drawn from sucrose-experienced rats (left)
and cocaine-experienced rats (right) during each trial epoch. Error bars indicate SEM in coefficient of the correlation. pp, 0.05; Bonferroni post hoc testing revealed higher coefficient of the
correlation of trial pattern with raw confusion matrices generated using pseudoensembles drawn from cocaine-experienced rats than those from sucrose-experienced rats. c, Raw FSI confusion
matrices generated for each epoch were filtered at graded thresholds (10–80%) and binarized to extract patterns of representations (values exceeding thresholds are colored white and the
rest black).
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rule encoding. While addiction is a complex multihit process
and these results cannot account for all of its many facets, these
findings describe early effects of drug exposure on decision-mak-
ing that may facilitate the progression to SUD.

MSN and FSI pseudoensembles recorded from control rats,
which had previously self-administered sucrose and received exten-
sive training on the decision-making task, carried very similar infor-
mation. Closer examination of the type of information being
encoded in DMS in these well trained rats revealed an interesting
evolution of these representations over the course of the trial, which
reflected the information logically required to guide behavior most
efficiently in each epoch. During the fixation epoch, before presen-
tation of the informative odor cue, pseudoensembles encoded the
trial block, suggesting that rats were maintaining information about
the current trial block or state, preparatory to the trial. During the
odor sample epoch, when the informative cue was presented, pseu-
doensembles represented both state and trial information, as if the
odor cue allowed encoding to shift from state- to trial-specific infor-
mation regarding the full rule necessary to guide behavior (e.g.,
odor 1, go left, get big reward). During the movement and anticipa-
tion epochs, as the rats physically responded to and waited in the
fluid delivery well, the pseudoensembles in controls rapidly
switched to encoding only direction, shedding information irrel-
evant to either the physical response or location. However,
during the consumption epoch, pseudoensembles again

encoded the trial type, which was sig-
naled by the presence of the particular
outcome in a given well. Additionally,
over the course of the recording experi-
ment, reaction times decreased in con-
trols, and this decrease was associated with
a decline in the representation of trial-spe-
cific information and an increase in the rep-
resentation of direction, particularly in
pseudoensembles composed of FSIs. Thus,
optimization of behavior appeared to reflect
the pruning or minimization of informa-
tion beyond response direction in these
neurons.

Prior cocaine self-administration had
significant effects on the evolution of
these representations, both within trials
and across recording sessions. Within
individual sessions, MSN and FSI pseu-
doensembles recorded from cocaine-
experienced rats exhibited stronger trial-
specific representations compared with
those recorded from sucrose-experienced
rats. While prior cocaine self-administra-
tion did not alter MSN and FSI pseudoen-
semble encoding appreciably during the
fixation epoch, trial information was the
primary information represented in all
subsequent epochs, dominating the raw
confusion matrices and persisting at
higher filtering thresholds in binarized
matrices. The overencoding of trial-spe-
cific information persisted throughout the
recording experiment, relative to pseu-
doensembles recorded from sucrose-
experienced rats, which switched to sim-
pler response representations during
some epochs. This persistence was associ-
ated with slightly slower switching of

choice behavior at the start of blocks throughout experimental
sessions, and a failure to develop faster reaction times on the task
over multiple sessions, as if the stronger representations were
slowing normal flexibility and responding.

This drug-induced over-encoding of trial type was most prom-
inent in FSI pseudoensembles, which displayed representations of
specific information about trial type throughout each trial in co-
caine-experienced rats. These findings are consistent with other
studies that suggest a role for FSIs in information processing dur-
ing the performance of striatum-dependent behaviors. Previously
striatal FSIs have been reported to increase firing during choice
execution on a striatum-dependent sequence learning task, activity
proposed to suppress prepotent but situationally inappropriate
responses (Gage et al., 2010). Further, it is thought that FSIs are
important for the acquisition of striatum-dependent action selec-
tion strategies and that impairments in FSI signaling result in
learning deficits that can be overcome with prolonged training
(Lee et al., 2017; Owen et al., 2018). These ideas nicely comple-
ment our results.

A limitation of the current study is that pseudoensembles
were formed from units recorded from different subjects, which
did not allow us to study between-rat differences in the effects of
cocaine intake on neural encoding. The ability to record higher
numbers of simultaneous units in the future will likely allow for
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these detailed investigations. Moreover, while our classifications
of putative MSNs and FSIs are supported by previous literature
(Berke et al., 2004; Gage et al., 2010; Gittis et al., 2011), future
studies using genetic tools to identify specific cell populations
should be performed to confirm and expand on our findings, as
well as to clarify the role of CINs in modulating other DMS
populations.

The results of this study, added to prior work, suggest a pic-
ture of altered state and rule encoding in DMS after cocaine ex-
perience. Specifically, although we were not able to identify a
population of CINs in the current study, prior work suggests that
this population is actively engaged in regulating proper represen-
tation of the current state, aiding the recall of the rules to guide
behavior in settings such as ours (Stalnaker et al., 2016). Failure
of this function led to behavioral confusion between shifting
rules (Bradfield et al., 2013). These state representations have
been found to depend on both thalamic and orbitofrontal (and
likely prefrontal) input (Bradfield et al., 2013; Stalnaker et al.,
2016). Given that cocaine exposure similar to what rats experi-
enced here disrupts orbitofrontal function (Jentsch et al., 2002;
Schoenbaum et al., 2004; Stalnaker et al., 2006; Calu et al., 2007;
Porter et al., 2011; Lucantonio et al., 2012), one possible explana-
tion of the current results lies in dysregulation of this mechanism
for adaptive behavior. Specifically, if proper state representation
by the OFC–CIN circuit were altered, perhaps becoming too
rigid and less able to recognize and respond to state changes,
then this might result in the observed effects. For example,
slower switching behavior on free-choice trials at the start of new
blocks would be a logical result of a failure of neural representa-
tions to recognize or flexibly adapt to the new state, and the fail-
ure to develop faster and more efficient responses on forced-
choice trials could also reflect an overrepresentation of trial-type
specific information instead of more general information about
response direction. Interestingly, this idea accords with the pro-
posal that a core contribution of the OFC is to recognize and
track such “hidden” or latent states (Wilson et al., 2014; Schuck
et al., 2016; Stalnaker et al., 2016; Baltz et al., 2018). Notably,
both changes were associated with persistent representation of
highly specific information about the trial type as defined by the
odor cue, which was only briefly encoded by DMS neurons
recorded from sucrose-experienced rats. While these changes
were most prominent in FSIs, they were also apparent in MSNs
to a lesser degree, and thus could be impacting DMS output and
behavior.

Overall, these results indicate that neural representations
related to adaptive value-based decision-making in DMS are
altered by prior cocaine experience; cocaine-induced alterations
in the evolution of encoding in DMS cell populations may con-
tribute to the behavioral inflexibility observed in individuals with
SUDs (Jentsch et al., 2002; Schoenbaum and Setlow, 2005).
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