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Drug addiction is marked by pathological drug seeking and intense drug craving, particularly in response to drug-related stimuli. Repeated

psychostimulant administration is known to induce long-term alterations in mesolimbic dopamine (DA) signaling that are hypothesized to

mediate this heightened sensitivity to environmental stimuli. However, there is little direct evidence that drug-induced alteration in

mesolimbic DA function underlies this hypersensitivity to motivational cues. In the current study, we tested this hypothesis using fast-scan

cyclic voltammetry to monitor phasic DA signaling in the nucleus accumbens core of cocaine-pretreated (6 once-daily injections of

15 mg/kg, i.p.) and drug-naive rats during a test of cue-evoked incentive motivation for food—the Pavlovian-to-instrumental transfer task.

We found that prior cocaine exposure augmented both reward seeking and DA release triggered by the presentation of a reward-paired

cue. Furthermore, cue-evoked DA signaling positively correlated with cue-evoked food seeking and was found to be a statistical mediator

of this behavioral effect of cocaine. Taken together, these findings provide support for the hypothesis that repeated cocaine exposure

enhances cue-evoked incentive motivation through augmented phasic mesolimbic DA signaling. This work sheds new light on a

fundamental neurobiological mechanism underlying motivated behavior and its role in the expression of compulsive reward seeking.
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��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

One of the major goals of addiction research is to determine
how environmental stimuli acquire the ability to elicit the
exaggerated levels of drug craving and drug-seeking
behavior exhibited by individuals with a history of drug
abuse. Pavlovian (stimulus-reward) conditioning is likely to
play an important role in this process (Jentsch and Taylor,
1999; O’Brien et al, 1998; Ostlund and Balleine, 2008a;
Robinson and Berridge, 1993; Stewart et al, 1984). For
instance, cues associated with passive cocaine delivery have
been shown to develop incentive motivational properties
that allow them to provoke cocaine seeking (LeBlanc et al,
2012). The mesolimbic dopamine (DA) system is likely to
contribute to such behavior (Saunders et al, 2013). This
system is implicated in various aspects of motivated
behavior (Flagel et al, 2011; Nicola, 2010), including the

excitatory influence that Pavlovian reward-paired cues have
on instrumental reward-seeking actions (Dickinson et al,
2000; Lex and Hauber, 2008; Ostlund and Maidment, 2012;
Wassum et al, 2011; Wassum et al, 2013). Furthermore,
repeated drug exposure is known to induce long-lasting
augmentation of mesolimbic DA signaling (Cadoni et al,
2000; Kalivas and Duffy, 1990; Pettit et al, 1990). Drug-
induced augmentation of mesolimbic DA system function
may therefore synergize with normal incentive processes to
produce the exaggerated cue-evoked motivation, or craving,
that characterizes the addicted state (Robinson and Berridge,
1993). However, more research is needed to determine and
clarify the link between these neurochemical and behavioral
effects of repeated drug administration.

Interestingly, the facilitatory effects of repeated drug
exposure on DA signaling and motivated behavior are wide
ranging, extending to situations involving food and other
natural rewards (LeBlanc et al, 2013a, b; Mendez et al, 2009;
Nocjar and Panksepp, 2002; Nordquist et al, 2007; Saddoris
et al, 2011; Taylor and Jentsch, 2001; Wyvell and Berridge,
2001). Such phenomena not only reveal the fundamental
and pervasive impact of drug abuse on motivated behavior
and its underlying neurochemistry, but also provide an
important tool with which to test this impact in a drug-free
state and in the absence of other behavioral confounds
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(discussed below). Importantly, however, it remains largely
unknown whether these generalized effects of repeated drug
exposure on reward-motivated behavior are related to
changes in mesolimbic DA signaling.

To address this question, we compared the performance
of rats with or without a history of repeated cocaine
exposure on a test of cue-evoked incentive motivation for
food—the Pavlovian-to-instrumental transfer (PIT) task
(see Figure 1 for experimental design). At test, we applied
in vivo fast-scan cyclic voltammetry (FSCV) to concurrently
monitor phasic DA signaling in the nucleus accumbens
core—an area in which DA signaling is strongly associated
with expression of cue-evoked motivation for natural and
cocaine reward (Lex and Hauber, 2008; Saunders et al, 2013;
Wassum et al, 2013)—to determine whether the impact of
cocaine exposure on incentive motivation was encoded by
mesolimbic DA release.

MATERIALS AND METHODS

See Supplementary Information for detailed Materials and
Methods.

Subjects and Apparatus

Adult male Sprague-Dawley rats (n¼ 19) were maintained
at B85% of their free-feeding body weight during
behavioral procedures that took place in sound- and light-
attenuated operant chambers. Importantly, rats were given
initial training, postsurgical retraining, and cocaine admin-
istration in a set of eight chambers but they underwent
postcocaine retraining and PIT/FSCV testing in a distinctive
chamber (see Supplementary Information for further de-
tails). All experimental procedures involving rats were
approved by the UCLA Institutional Animal Care and Use

Figure 1 Effect of cocaine preexposure on phasic mesolimbic DA signaling during PIT testing (see left panel for experimental design). (a) Mean change in
lever pressing (CS� pre-CS; þ SEM) during cue presentations for rats in groups saline and cocaine, plotted separately for CSþ (filled) and CS� (open)
trials. (b) Mean change in DA concentration over 30-s CS periods, relative to last second of pre-CS period (background). See Figure 2 for representative and
average DA by time traces. (c–e) Results of DA transient analysis. Mean (þ SEM) DA transient amplitude (c), area (d), and frequency (e). Floating vertical
lines show standard error of the mean difference (SED) for the simple effect of cue for each group and asterisks indicate significance at *po0.05, **po0.01,
or ***po0.001 for planned contrasts (two tailed). Results of linear mixed-model analyses are summarized in Table 1.

Table 1 Summarized Results of Linear Mixed-Model Analyses for Data Presented in Figure 1

DA transient

D Press rate DDA Amplitude Area Frequency

Group F1, 17¼ 1.59
p¼ 0.22

F1, 17¼ 0.28
p¼ 0.60

F1, 17¼ 0.86
p¼ 0.37

F1, 17¼ 1.70
p¼ 0.21

F1, 17¼ 0.22
p¼ 0.64

Cue F1, 17¼ 21.19
po0.0001***

F1, 17¼ 1.62
p¼ 0.22

F1, 17¼ 11.21
po0.01**

F1, 17¼ 15.16
po0.01**

F1, 17¼ 17.22
po0.001***

Group� cue F1, 17¼ 6.13
p¼ 0.024*

F1, 17¼ 3.40
p¼ 0.083

F1, 17¼ 5.29
p¼ 0.034*

F1, 17¼ 16.05
po0.001***

F1, 17¼ 2.66
p¼ 0.12

Degrees of freedom based on conventional mixed-design ANOVA. P-values represent two-tailed test. Significant planned contrasts indicated in Figure 1. See Materials
and Methods for further details.
Asterisks indicate significance at *po0.05, **po0.01, ***po0.001.

Cocaine potentiated incentive motivation
SB Ostlund et al

2442

Neuropsychopharmacology



Committee and were in accord with the National Research
Council Guide for the Care and Use of Laboratory Animals.

Behavioral Training

After food cup training (2 days), rats were given 10 days of
instrumental training, with each session consisting of
30 min of continuous access to a lever that rats could press
to produce food pellets (reinforcement shifted over days
from random interval (RI) 5 s to RI 45 s. Rats were then
given 10 days of Pavlovian training in the same chambers,
but with the levers withdrawn, during which they received
pairings between one of the two auditory stimuli (CSþ ;
either 3 kHz tone or 2 Hz clicker, B75 dB, 30 s duration; 10
presentations per session, separated by variable 150 s
intervals) and reward (3 pellets per trial, delivered at cue
offset).

Surgery and Retraining

Rats were anesthetized with isoflurane and prepared for
aseptic surgery, during which they were implanted with a
precalibrated carbon fiber microelectrode aimed at the core
of the nucleus accumbens (AP: þ 1.3 mm, ML: þ 1.3 mm,
relative to bregma, and 7 mm below dura surface) and an
Ag/AgCl reference electrode in the contralateral cortex. Rats
were allowed to recover for 8–10 days before undergoing
4 days of instrumental retraining (RI 45 s), followed by
4 days of Pavlovian retraining, with two nonreinforced
trials with the other cue (CS� ; either tone or clicker) in the
last session (see Supplementary Figure S1A for results).
These postsurgical retraining sessions took place in the
same chambers used for initial testing.

Cocaine Administration

Rats were then given 6 once-daily injections of either
cocaine (15 mg/kg in sterile saline; n¼ 9) or sterile saline
(1 ml/kg; i.p.; n¼ 10). Immediately after each injection the
rats were placed in the behavioral chamber used for initial
training for 45 min. This cocaine administration protocol
was previously shown to support locomotor sensitization
and facilitate the expression of the PIT effect (LeBlanc et al,
2013b). Rats remained undisturbed in their home cages for
8 days before further behavioral testing.

Pavlovian-to-Instrumental Transfer

The PIT paradigm was used to selectively assess the impact
of repeated cocaine exposure on Pavlovian incentive
motivation in the absence of other processes through which
cues trigger such actions, including stimulus–response
learning (Dickinson and Balleine, 1994; Ostlund and
Balleine, 2008a; Rescorla and Solomon, 1967). Here, we
used a suboptimal PIT protocol known to support minimal
cue-evoked reward seeking in normal rats in order to
facilitate detection of psychostimulant-induced potentiation
of such behavior (LeBlanc et al, 2013a, b; Wyvell and
Berridge, 2001). After the cocaine withdrawal period, rats
were given another 3 days of instrumental retraining
(Supplementary Figure S1B), followed by a 30-min session
of extinction (Supplementary Figure S2) in a distinct

behavioral chamber that would also be used for PIT
testing (see Supplementary Information). On the next day
(13 days after cocaine), rats were given a PIT test, during
which the lever was continuously available but produced no
rewards. The CSþ and CS� were each presented 4 times
(30 s per trial) in pseudorandom order and separated
by a 3.5-min fixed interval. Histological verification of
electrode placements was carried out after each experiment
using standard procedures (see Supplementary Figure S3
for placements).

Voltammetric Recording and Dopamine Detection

A voltammetric potentiostat was used to apply a triangular
waveform (� 0.4 V to þ 1.3 V at 400 V/s; scan rate of 10 Hz)
to the carbon fiber microelectrode through a head-mounted
amplifier. DA at the electrode surface undergoes oxidation
and reduction reactions at approximately þ 0.64 V and
� 0.2 V, respectively, generating distinct currents that are
recorded as cyclic voltammograms. Background subtraction
was used to quantify changes in the oxidation current over
time. Principal component regression analysis (Tar Heel CV
software) of the voltammetric data was used to distinguish
DA currents from those arising from other electroactive
species. Individual preimplant calibration factors were
used to convert DA currents to concentration estimates.
Behavioral testing was initiated after allowing the back-
ground current to stabilize (B25–30 min).

We first determined changes in DA levels during
individual CSþ and CS� trials (30 s each), using a 1-s
period before cue presentation for background subtraction.
Average DA concentration changes are reported for
consecutive 1-s periods and for the entire cue delivery
period. DA concentration by time traces for individual trials
were separately analyzed to identify and characterize
transient DA release events using Mini Analysis software
(Synaptosoft, Decautur, GA). Increases in current that
exceeded 2.5� the root mean square of current sampled
from the pre-CS period were identified as DA transients.
Peak amplitudes were calculated as the difference between a
peak and the local minimum occurring 0.5–3 s before that
peak. Transient areas were calculated by taking the area
under a peak between minima occurring before (o2 s) and
after (o4 s) that peak. The first of these values was used as
the transient onset to calculate the rise time from onset to
peak amplitude. Custom software was used to determine
peri-response times for DA transients based on peak
concentration times.

Data Analysis

Linear mixed modeling was used to analyze main effects
and interactions for all behavioral and voltammetric data.
Models included drug group (cocaine vs saline; between-
subjects) as a fixed effect and subject as a random effect.
Cue type (CSþ and CS� ; repeated measure) was included
as a fixed effect, along with the group� cue interaction
term. For each dependent measure we conducted a set of
three orthogonal planned contrasts to separately assess the
cue effect for each group and to assess the group effect for
the CSþ period. Significance testing was conducted using
degrees of freedom that would apply to an analysis by
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conventional mixed-design ANOVA, an approach that is
particularly conservative with respect to type I errors.

Peri-response (± 5 s) DA transient frequency data were
normalized by dividing the total number of transients that
occurred in each 1-s bin by the total number of transients
occurring during the 10-s peri-press epoch. Time bin
(1–10 s; repeated measure) was treated as a fixed effect,
along with group and cue type. Given the apparent nonlinear
(quadratic) relationship between time and DA transient
frequency, we included a second-order term for the time bin
effect and interaction terms involving this effect in the
corresponding models.

Separate linear mixed models were used to determine the
predictive relationship between each of our measures of
DA signaling (average change in DA concentration during
30 s trial, transient frequency, average transient amplitude,
and average transient area) across CSþ trials and the
change in lever pressing (rate during CSþ period� rate
during pre-CSþ period) across CSþ trials. Rat was
included as a random factor to control for subject-specific
variability (eg, electrode sensitivity and placement).

Mediation, or path, analysis is a useful statistical tool for
assessing the nature of the relationship between three or
more variables (see McGinty et al, 2013 and Buckholtz et al,
2010 for recent applications of this general approach in
neuroscience). Importantly, although this approach cannot
prove causality, it does provide a statistical tool with which
one can evaluate the veracity of causal hypotheses. Simple
mediation between a predictor variable (X) and an output
variable (Y) occurs if there is a significant indirect effect
of X on Y through a third variable (M) (Preacher and
Hayes, 2004; Shrout and Bolger, 2002). This indirect
effect is the product of two coefficients: the total effect of
X on M (path a) and the direct effect of M on Y (path b).
Importantly, as the mediated effect of X on Y by M
increases, the direct effect of X on Y (controlling for M)
necessarily decreases. This ability to account for (or explain
away) at least some of the effect of X on Y is the funda-
mental feature of a mediating variable. We conducted a
mediation analysis using linear mixed models (as described
above) to test the hypothesis that the effect of cocaine
exposure (X) on CSþ -evoked lever pressing (Y) was

Figure 2 Representative PIT trial data from saline- and cocaine-treated rats. (a) Pseudocolor plots show voltammetric data as background-subtracted
current (z axis in color) across applied scan potential (Eapp; y axis) over time (x axis), for CSþ (left) and CS� (right) trials. CS onset indicated by vertical
dotted line. Peak DA oxidation occurs at approximately þ 0.6 V. Example current (y axis) by voltage (x axis) traces are placed to the right of each plot.
Below the plots are traces showing fluctuations in estimated DA concentration (nM) over time. Peak times for identified DA transients are indicated by black
circles and lever press times are indicated by Xs. (b) Mean change in DA concentration (þ SEM, dotted lines) over consecutive 1 s periods during CS
presentations, relative to 1 s pre-CS period, averaged across trials and subjects.
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mediated by the average DA concentration change during
CSþ trials (M). The mediated effect was tested by boot-
strapping (10 000 replications) the product of the coeffi-
cients for paths a and b. Significant mediation was indicated
if the bias corrected confidence interval (95% level) for the
mediated effect did not contain zero.

RESULTS

To determine the impact of cocaine exposure on cue-evoked
reward seeking and phasic DA signaling, we conducted a
PIT test in which the CSþ and CS� were noncontingently
presented while rats had the opportunity to lever press
without reward. As predicted, the elevation in lever pressing
during CSþ trials (relative to the pre-CS period) was
greater for the cocaine-exposed group than for the
unexposed group (Figure 1a; see Table 1 for a summary
of fixed effects analyses). Furthermore, this heightened
behavioral sensitivity to the CSþ was accompanied by
augmented mesolimbic DA signaling (see Figure 2a for
representative data). For instance, the mean DA concen-
tration change during CSþ presentations was greater for
cocaine-exposed rats than for unexposed rats (Figure 1b;
see Figure 2b for time course), although the group�CS
interaction for this measure narrowly failed to reach
significance (Table 1). Cocaine preexposure also affected
certain features of phasic DA signaling, as measured by
our DA transient analysis. Specifically, we found that the
average peak amplitude of DA transients was significantly
elevated during CSþ trials (relative to CS� trials), but
only in the cocaine group (Figure 1c and Table 1). We also
analyzed the average area under the peak for DA transients,
a measure that better reflects the duration and overall
magnitude of transient DA release events than their peak
amplitude. This measure of DA signaling was strongly

affected by cocaine preexposure. Not only was a cue-specific
difference in DA transient area only observed in the cocaine
group, the area of DA transients during CSþ trials was
significantly greater for cocaine-exposed rats than for
unexposed rats (Figure 1d and Table 1). The frequency of
DA transients tended to be generally greater on CSþ trials
than on CS� trials, there being no significant interaction
with cocaine preexposure (Table 1). However, planned
contrasts revealed that the cue effect was only statistically
significant for cocaine-exposed rats (Figure 1e).

Importantly, these effects of repeated cocaine exposure
were not apparent in baseline lever pressing or DA signaling
(see Supplementary Table S1 for means and summary of
group effects). Cocaine- and saline-treated rats did not
differ in their baseline rates of lever pressing during pre-CS
periods (p40.05), nor did they differ in DA transient
amplitude or area (p’s40.05). Interestingly, although a
group difference in the frequency of DA transients during
pre-CS periods was detected, this measure was actually
lower in rats preexposed to cocaine (po0.05; see
Supplementary Table S1 as well as Supplementary
Figure S4 for further analysis of transient frequency data).

A frequency distribution analysis of DA transients
surrounding individual lever presses was conducted to
more fully characterize the relationship between phasic DA
signaling and reward seeking. The results reveal a temporal
correlation between DA transients and reward seeking, with
the probability of DA transient occurrence ramping up in
the period leading up to the lever press and ramping down
in the postlever press period (see Figure 3 for results).
Importantly, DA transients that occurred during cue
periods had an average rise time of 1.42 s (SEM¼ 0.13)
for cocaine-exposed rats and 1.37 s (SEM¼ 0.038) for
unexposed rats. Thus, although press-related DA transients
tended to reach their peak amplitude around the time the
lever press was being executed, most of these press-related
transients began before that press, during the initiation of
reward seeking. Importantly, although the earlier analysis
indicates that phasic DA signaling and lever pressing
differed between drug exposure groups and CS trial types
(CSþ vs CS� ), the current analysis—which normalizes for
DA transient and lever press frequency—indicates that the
temporal relationship between these output variables was
similar—although not identical—across groups and cue
types (see Supplementary Figure S5 for examples of
temporally contiguous DA transients and lever presses on
CS� trials and see Supplementary Figure S6 for further
analysis of the peri-response frequency distribution).

Because cocaine exposure was effective in potentiating
the influence of the CSþ on lever pressing and phasic
mesolimbic DA signaling, we conducted separate linear
mixed-model analyses to further determine the predictive
relationship between each measure of DA signaling
and CSþ -evoked (ie, CSþ � pre-CSþ ) lever pressing
(Table 2 and Figure 4a–d). Significant positive correlations
were detected for three measures: mean DA transient
amplitude (Figure 4a) and area (Figure 4b), and mean DA
concentration change (Figure 4d). These relationships were
apparent when the data from all rats were analyzed together.
Although cocaine exposure did not significantly interact
with any of these DA measures in predicting response rate
(p’s40.29), it is worth noting that significant positive

Figure 3 Normalized frequency of DA transients (þ SEM) over time for
10-s epochs surrounding individual lever press actions (indicated by dotted
vertical line) during CSþ (filled) and CS� (open) trials for saline- and
cocaine-treated rats. The likelihood of DA transients increased during the
initiation of lever pressing and decreased in the postpress period (quadratic
effect of time bin: F9, 153¼ 44.12, po0.001). A significant cue type�
quadratic effect of time bin was also detected (F9, 153¼ 4.50, po0.001),
indicating that the temporal correlation was more pronounced
during CSþ trials, although significant quadratic time bin effects were
observed for trials with the CSþ (F9, 153¼ 28.97, po0.001) and the
CS� (F9, 153¼ 15.27, po0.001). No other effect or interaction was signi-
ficant. See Supplementary Figure S6 for further peri-response frequency
distribution analysis.
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correlations were also observed for transient amplitude and
mean DA concentration change when analyses were limited
to the cocaine group (Table 2). No correlation was detec-
ted between DA transient frequency and CSþ -evoked lever
pressing (Figure 4c). However, we did detect a significant

correlation between lever pressing and DA transient
frequency when data from both trial types and pre-CS
periods were included in the analysis (Supplementary
Figure S7). Together with the peri-response analysis des-
cribed above (Figure 3), this finding suggests that the

Table 2 Regression of Lever Pressing on Individual DA Measurements During CSþ Trials (See Figure 4)

DA transient

DDA (nM) Amplitude (nM) Area (nM) Frequency

All rats (19 rats) 0.025 (0.0086)
p¼ 0.006**

0.020 (0.0084)
p¼ 0.022*

0.0063 (0.0025)
p¼ 0.017*

0.071 (0.21)
p¼ 0.73

Cocaine (9 rats) 0.024 (0.0093)
p¼ 0.019*

0.022 (0.0088)
p¼ 0.021*

0.0052 (0.0027)
p¼ 0.072

0.21 (0.23)
p¼ 0.38

Saline (10 rats) 0.011 (0.018)
p¼ 0.56

0.0063 (0.018)
p¼ 0.73

0.0025 (0.0072)
p¼ 0.73

� 0.25 (0.31)
p¼ 0.43

Unstandardized regression coefficients (SEM) for each DA measure are derived from separate linear mixed model analyses conducted on data from all rats (top row),
cocaine-treated rats (middle row), and saline-treated rats (bottom row). P-values represent two-tailed test.

Figure 4 Individual differences in CSþ -evoked lever pressing and DA signaling. Scatterplots show relationship between change in lever press
performance during CSþ trials (CSþ � pre-CSþ ; y axis) and each of four measures of DA signaling (x axis): the amplitude (a), area (b), and frequency (c)
of DA transients during CSþ trials, and the average change in DA concentration (d) during those trials. Data points (jittered) are for all trials with the CSþ
for rats preexposed to saline or cocaine. Lines show regression slopes generated by linear mixed-model analysis, separately plotted for each group and for all
rats. See Table 2 for regression coefficients and significance values for individual analyses. (e) Summary of the mediation (path) analysis. The mediated effect
of cocaine exposure on reward seeking through DA signaling is the product of two distinct paths: path a is the total effect of cocaine exposure on DA
signaling and path b is the direct effect of DA signaling on reward seeking that controls for the effect of cocaine. A bootstrapped estimate of the product of
paths a and b, which represents the mediated effect, was significant. Unstandardized coefficients are shown for each path (*po0.05).
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relationship between DA transient occurrence and lever
press performance was not specific to CSþ trials (see also
Supplementary Figure S5).

We next conducted a mediation (path) analysis to deter-
mine whether the effect of cocaine exposure on CSþ -
evoked reward seeking could be attributed to its effect on
CSþ -evoked mesolimbic DA signaling (Figure 4e). Cocaine
exposure group was treated as the predictor variable (X)
and CSþ -evoked lever pressing as the output variable (Y).
Mean change in DA concentration during CSþ trials was
selected as the putative mediator variable (M) because it is
an inclusive measure of DA signaling that incorporates
information about transient frequency and magnitude and
because the above analyses indicate that it was a reliable
predictor of task performance and was sensitive to cocaine
exposure (see Supplementary Table S2 for mediation
analyses involving more targeted DA transient measures).
Evaluating whether DA signaling is a significant mediator of
cocaine’s effect on CSþ -evoked lever pressing involved
several steps. First, we established that there was an effect to
mediate. As discussed above, cocaine exposure had a
significant facilitatory effect on CSþ -evoked lever pressing
(Path c, total effect of X on Y; c¼ 1.71, SE¼ 0.80, po0.05).
Second, we confirmed that cocaine exposure was associated
with a significant increase in DA levels during CSþ trials
(Path a, total effect of X on M; a¼ 28.41, SE¼ 12.01,
po0.05). We then assessed a model in which lever pressing
was regressed on both cocaine exposure and DA signaling,
allowing us to assess the direct effects of each variable on
lever pressing while controlling for the other variable. We
detected a significant direct effect of DA on lever pressing
(Path b; b¼ 0.021, SE¼ 0.009, po0.05), demonstrating that
a relationship exists between these two variables that cannot
be attributed to secondary, potentially independent, effects
of cocaine. Furthermore, and consistent with mediation, we
found the direct effect of cocaine exposure on lever pressing
(Path c’) was not significant (c’¼ 1.11, SE¼ 0.80, p¼ 0.18).
Thus, information about DA signaling during CSþ trials
was a good predictor of reward seeking and explained a
substantial component of the total effect of cocaine
exposure on task performance. Analysis of the product of
paths a and b confirmed that the indirect, or mediated,
effect of cocaine exposure through DA signaling was
significant (a� b¼ 0.61, SE¼ 0.35, confidence interval:
0.11 and 1.67 at po0.05).

DISCUSSION

We used FSCV to monitor phasic DA signaling in the
nucleus accumbens core of cocaine-exposed and unexposed
rats during a PIT test, a relatively pure assay of cue-
triggered incentive motivation. Relative to controls, co-
caine-exposed rats exhibited a marked enhancement in both
reward seeking and phasic DA signaling during the CSþ .
Furthermore, the influence of the CSþ on reward seeking
was positively correlated with the magnitude of DA release,
but not the frequency of DA transients, during those trials,
consistent with our analyses of phasic DA signaling during
PIT expression in drug-naive rats (Wassum et al, 2013).
This should not be surprising given that small DA transients
occur spontaneously (Wightman et al, 2007) and should,

therefore, be uncorrelated with task performance. However,
for conditions that support robust PIT performance (eg,
cocaine-treated rats in the current study or drug-naive rats
tested using an optimal PIT protocol), CSþ presentations
tend to elicit large DA release events (relative to those
occurring at other times) that tend to be associated with
bouts of vigorous lever pressing (Wassum et al, 2013).
Indeed, statistical analysis revealed that the effect of cocaine
exposure on phasic DA signaling during CSþ trials
accounted for a significant portion of its effect on lever
pressing, consistent with the hypothesis that this behavioral
effect of cocaine is mediated by mesolimbic DA activity.

Previous studies have found evidence of conditioned DA
release in the nucleus accumbens as rats initiate cocaine
self-administration (Phillips et al, 2003; Stuber et al, 2005;
Willuhn et al, 2010). These findings clearly implicate
the mesolimbic DA system in cocaine-seeking behavior.
However, although the stimuli controlling behavior in
such situations may engage Pavlovian incentive processes,
they also have the potential to directly elicit behavior
through other processes including stimulus–response
(habit) learning or goal-directed action selection. This
behavioral approach is therefore not suitable for selectively
assessing the response-invigorating influence of noncontin-
gent Pavlovian stimuli, a process that is considered to play a
central role in drug craving and relapse (Jentsch and Taylor,
1999; O’Brien et al, 1998; Robinson and Berridge, 1993;
Stewart et al, 1984). The PIT paradigm used here was
specifically developed to assess this behavioral process.

We recently adapted the PIT paradigm to demonstrate the
excitatory influence of a cocaine-paired CSþ on instru-
mental cocaine seeking (LeBlanc et al, 2012). Although that
finding indicates that Pavlovian incentive motivation plays
a role in instigating the pursuit of cocaine, it does not
address the question of whether repeated cocaine exposure
affects this process, the main topic of the current study.
However, this question is not readily addressed using a
cocaine-motivated PIT task because training rats to self-
administer and/or anticipate cocaine necessarily involves
giving them repeated cocaine exposure, which makes it
difficult to vary this factor across conditions. The current
study avoids this issue by assessing the effect of repeated
cocaine administration on PIT using a food-motivated task.
Our findings confirm previous reports showing that
repeated psychostimulant exposure enhances expression
of the PIT effect (LeBlanc et al, 2013a, b; Saddoris et al,
2011; Wyvell and Berridge, 2001), and extends this work
to show that this change in behavior is accompanied by
augmented phasic DA release in the nucleus accumbens
core. Consistent with this finding, studies using micro-
dialysis, which tracks relatively slow changes in brain
chemistry, have shown that animals given repeated drug
exposure exhibit more prominent DA responses in the
nucleus accumbens shell and amygdala to natural rewards
and/or associated cues (Bassareo et al, 2013; Harmer and
Phillips, 1999), indicating that chronic drug exposure can
have widespread, persistent effects on reward-related DA
transmission. However, this approach lacks the ability to
characterize the transient DA release events associated with
phasic DA cell activity. By using FSCV, a technique with
much better temporal resolution, we were able to establish
that repeated cocaine exposure alters several aspects of
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CSþ -evoked phasic DA signaling in the nucleus accumbens
core and that these discrete DA release events were
temporally correlated with the performance of individual
reward-seeking actions.

Such alterations in DA release may be the product of
long-term adaptations in the mesolimbic DA system caused
by repeated cocaine intake (Addy et al, 2010; Cass et al,
1993; Chen et al, 2008; Izenwasser and Cox, 1990; Kalivas
and Duffy, 1990; Pettit et al, 1990). That said, drug-
associated situational cues are known to alter DA system
activity (Duvauchelle et al, 2000; Weitemier and Murphy,
2009) and expression of voluntary reward-seeking actions
(Ostlund et al, 2010; Xie et al, 2012), and this raises the
possibility that cocaine-induced learning contributed to the
effects described here. However, rats in the current study
were administered cocaine in the chambers used for initial
training, but were retrained and tested in a distinct chamber
(used for FSCV recordings) that was never directly
associated with cocaine. Furthermore, we recently found a
similar enhancement of PIT in rats allowed to self-
administer cocaine in one context but tested in a distinct
context (LeBlanc et al, 2013a). Finally, in a separate
behavioral study (see Supplementary Information and
Supplementary Figure S8), we found that the enhancement
of PIT produced by repeated cocaine exposure was similar
across contexts associated with either cocaine or saline
injections. When considered together, these various find-
ings suggest that the effect of repeated cocaine exposure on
PIT performance is not strongly dependent on cocaine-
induced context conditioning.

Although these results advance our understanding of how
experience with cocaine can lead to persistent alterations in
behavior, it is important to more fully characterize the role
of this mechanism in the addiction process. Basic research
on Pavlovian incentive motivation indicates that cues have
the ability to trigger reward seeking even when those
actions have undesirable consequences (Balleine and
Ostlund, 2007; Holland, 2004; Rescorla, 1994). Repeated
drug exposure potentiates this influence, potentially con-
tributing to compulsive drug seeking and relapse. The
complexity of drug addiction, however, suggests that it is
the product of not one but a multitude of interacting
processes, including the loss of response inhibition and
goal-directed control, together with an overreliance on
stimulus-bound habits (Belin et al, 2013; Jentsch and
Taylor, 1999; Ostlund and Balleine, 2008b). Understanding
how these processes are mediated by the brain and interact
to produce pathological drug seeking is a major goal for
future research.
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