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Neurobiology of Disease

Cocaine Self-Administration Produces Long-Lasting
Alterations in Dopamine Transporter Responses to Cocaine

Cody A. Siciliano, “Steve C. Fordahl, and ©Sara R. Jones
Department of Physiology and Pharmacology, Wake Forest School of Medicine, Winston-Salem, North Carolina 27157

Cocaine addiction is a debilitating neuropsychiatric disorder characterized by uncontrolled cocaine intake, which is thought to be driven,
at least in part, by cocaine-induced deficits in dopamine system function. A decreased ability of cocaine to elevate dopamine levels has
been repeatedly observed as a consequence of cocaine use in humans, and preclinical work has highlighted tolerance to cocaine’s effects
as a primary determinant in the development of aberrant cocaine taking behaviors. Here we determined that cocaine self-administration
in rats produced tolerance to the dopamine transporter-inhibiting effects of cocaine in the nucleus accumbens core, which was normal-
ized following a 14 or 60 d abstinence period; however, although these rats appeared to be similar to controls, a single self-administered
infusion of cocaine at the end of abstinence, even after 60 d, fully reinstated tolerance to cocaine’s effects. A single cocaine infusion in a
naiverathad no effect on cocaine potency, demonstrating that cocaine self-administration leaves the dopamine transporterina “primed”
state, which allows for cocaine-induced plasticity to be reinstated by a subthreshold cocaine exposure. Further, reinstatement of cocaine
tolerance was accompanied by decreased cocaine-induced locomotion and escalated cocaine intake despite extended abstinence from
cocaine. These data demonstrate that cocaine leaves a long-lasting imprint on the dopamine system that is activated by re-exposure to
cocaine. Further, these results provide a potential mechanism for severe cocaine binge episodes, which occur even after sustained
abstinence from cocaine, and suggest that treatments aimed at transporter sites may be efficacious in promoting binge termination
following relapse.
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Tolerance is a DSM-V criterion for substance abuse disorders. Abusers consistently show reduced subjective effects of cocaine
concomitant with reduced effects of cocaine at its main site of action, the dopamine transporter (DAT). Preclinical literature has
shown that reduced cocaine potency at the DAT increases cocaine taking, highlighting the key role of tolerance in addiction.
Addiction is characterized by cycles of abstinence, often for many months, followed by relapse, making it important to determine
possible interactions between abstinence and subsequent drug re-exposure. Using a rodent model of cocaine abuse, we found
long-lasting, possibly permanent, cocaine-induced alterations to the DAT, whereby cocaine tolerance is reinstated by minimal
drug exposure, even after recovery of DAT function over prolonged abstinence periods. /

ignificance Statement

Introduction

Cocaine addiction is a debilitating neurological disorder that results
in severe negative health and economic outcomes (O’Connor et al.,
2014). In the United States alone, >700,000 people received treat-
ment for cocaine use in 2014 (Substance Abuse and Mental Health
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Services Administration, 2015). The disorder is characterized by re-
peated attempts at abstinence, which often end in relapse to cocaine
use. Although relapse can occur following short periods of absti-
nence, which has been suggested to be driven by the effects of with-
drawal or negative reinforcement, relapse can occur even following
years of successful abstinence (Gawin, 1991). Further, once relapse
occurs, addicts often continue using the drug for extended periods of
time before attempting abstinence again (Grella et al., 2003); thus,
elucidating the neurochemical consequences of cocaine abuse, spe-
cifically the interaction between abstinence and cocaine re-exposure,
is critical to understanding the neurobiology of addiction.

Years of clinical and preclinical research have implicated
cocaine-induced alterations to dopamine system function as a
primary factor in the development of excessive cocaine taking
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behaviors (Dackis and O’Brien, 2001; Hyman et al., 2006; Koob,
2013; Willuhn et al., 2014). In particular, decreases in the ability
of cocaine to elevate dopamine levels and produce euphoric ef-
fects have been observed in human cocaine addicts (Volkow et al.,
1997, 2014). This tolerance to cocaine results in increased drug
consumption to overcome decreased subjective effects (Dackis
and O’Brien, 2001). These effects have been recapitulated follow-
ing cocaine exposure in preclinical studies where escalation of
intake over time results in a blunted ability of cocaine to increase
extracellular dopamine levels (Hurd et al., 1989, 1990; Weiss et
al., 1992; Mateo et al., 2005; Ferris et al., 2011). We have shown
that this reduction in cocaine effects on the dopamine system
occurs directly at the dopamine transporter (DAT), where co-
caine is less effective at inhibiting dopamine uptake from the
synapse (Ferris et al., 2011; Calipari et al., 2013a; Siciliano et al.,
2015a,b). Whereas previous work has shown that abstinence can
result in apparently normalized dopamine system function (Satel
etal., 1991; Kalivas and Dufty, 1993; Pierce et al., 1995; Beveridge
etal., 2009; Ferris et al., 2011), here we show that, although many
of the markers of dopamine system function appear normal, the
system is in a state that is effectively “primed” to return to the
tolerant state following a single exposure to the drug.

Using ex vivo fast scan cyclic voltammetry (FCSV) in the nu-
cleus accumbens (NAc) core of cocaine self-administering rats,
we assessed the ability of cocaine to inhibit the DAT following
self-administration and abstinence. We found that, consistent
with previous investigations (Ferris et al., 2011), cocaine self-
administration resulted in a reduction in the ability of cocaine to
inhibit the DAT. Further, we found that prolonged abstinence
from cocaine (14 or 60 d) resulted in restoration of apparently
normal DAT function; however, when rats self-administered a
single cocaine injection, DAT dysfunction was fully reinstated,
suggesting that after extended abstinence, the DAT remains in a
labile state such that cocaine-induced deficits are reestablished by
subthreshold cocaine exposures. These results have broad impli-
cations for understanding of long-lasting impact of cocaine on
dopamine system function, and provide a putative mechanism
for high-intake cocaine binges, which can occur in cocaine ad-
dicts even after years of abstinence (Washton and Stone-
Washton, 1990; Wallace, 1992; McKay et al., 1995).

Materials and Methods

Animals. Male Sprague-Dawley rats (350—400 g; Harlan Laboratories),
were maintained on a 12 h reverse light/dark cycle (3:00 A.M. lights off;
3:00 P.M. lights on) with food and water ad libitum. All rats were main-
tained according to the National Institutes of Health guidelines in Asso-
ciation for Assessment and Accreditation of Laboratory Animal Care
accredited facilities. The experimental protocol was approved by the In-
stitutional Animal Care and Use Committee at Wake Forest School of
Medicine.

Self-administration. Rats were anesthetized and implanted with chr-
onic indwelling jugular catheters as previously described (Siciliano et al.,
2015a). Rats were singly housed, and each 6 h session took place in the
home cage during the active/dark cycle (09:00-15:00 h). Without any
prior operant training, rats were given access on a fixed-ratio one sched-
ule to a cocaine-paired lever, which, upon responding, initiated an intra-
venous injection of cocaine (1.5 mg/kg, infused over ~4 s, depending on
animal weight). Concurrent with the start of each infusion, the lever was
retracted and a stimulus light was illuminated for a 20 s timeout period.
Sessions lasted 6 h or until 40 injections were earned. Acquisition (Day 1)
was counted when the animal reached 35 or more responses with a stable
and consistent inter-injection interval. Following acquisition of cocaine
maintained responding, the rats were given access to 40 injections per day
(1.5 mg/kg/infusion) for a period of 5 consecutive days before beginning
abstinence or voltammetry experiments. Abstinence periods lasted for 14
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or 60 d, during which catheter patency was maintained by hourly infu-
sions of heparinized saline. During abstinence, rats were housed in their
home cage, but levers were not extended. For 60 d experiments, at the end
of the abstinence period, catheter patency was determined by infusion of
sodium methohexital (0.5-1 mg); rats were considered patent if con-
sciousness was lost within 1-2 s following infusion. Note that both saline
and cocaine re-exposure rats were exposed to methohexital. Following
abstinence, rats were given access to cocaine (1.5 mg/kg) or saline with a
maximum of 1 injection. Cocaine doses for the initial self-administration
as well as for the self-administration re-exposure were selected because
1.5 mg/kg/infusion has been shown to be the most reinforcing dose, at
the peak of the progressive ratio dose—response curve (Richardson and
Roberts, 1996). Further, we have demonstrated previously that this dose
results in high cocaine intake, and escalation in rate of cocaine intake
over days, concomitant with disruption of cocaine effects the DAT (Fer-
ris et al., 2011; Siciliano et al., 2015a). Rats were excluded from the
experiment based on two criteria: (1) failure to meet acquisition criteria
within 14 cocaine self-administration sessions, and (2) loss of catheter
patency. Approximately 15% of rats were excluded for failure to meet
criteria, and five rats were excluded based on loss of patency.

Voltammetry experiments were performed the morning after (~18 h)
following completion of the final self-administration session. Control
rats were either naive or surgery control rats, age-matched and housed
under the same reversed light/dark light cycle for the same length of time
as experimental rats. Consistent with several previous studies from our
laboratory, we found that surgery alone did not alter cocaine effects, thus
surgery and naive controls were collapsed into one group (Calipari et al.,
2013a,b, 2015).

Ex vivo voltammetry. Rats were euthanized for FSCV experiments the
morning following the final self-administration session (~18 h), when
no drug was present. FSCV was used to characterize the ability of cocaine
to inhibit dopamine uptake in the NAc core. A vibrating tissue slicer was
used to prepare 400-um-thick coronal brain sections containing the NAc
core, as previously described (Siciliano et al., 2014a). The tissue was
immersed in oxygenated artificial CSF (aCSF) containing the following
(in mm): 126 NaCl (126), 2.5 KCI (2.5), 1.2 NaH,PO,, 2.4 CaCl,, 1.2
MgCl,, 25 NaHCOs, 11 glucose, 0.4 L-ascorbic acid, and pH was adjusted
to 7.4. Once sliced, the tissue was transferred to the testing chambers
containing bath aCSF (32°C), which flowed at 1 ml/min. A carbon fiber
microelectrode (100-200 uM length, 7 um diameter) and bipolar stimu-
lating electrode were placed into the core of the NAc, which was selected
because of its role in the reinforcing and rewarding actions of cocaine.
Dopamine release was evoked by a single electrical pulse (350 1A, 4 ms,
monophasic) applied to the tissue every 3 min. Extracellular dopamine
was recorded by applying a triangular waveform (—0.4to +1.2to —0.4V
vs Ag/AgCl, 400 V/s). Once the extracellular dopamine response was
stable, cocaine (0.3-30 um) was applied cumulatively to the brain slice.

K; values. As described previously (Siciliano et al., 2014b), inhibition
constants (K;) were calculated by the equation: [(K,,)/(S)], where K, is
equal to the K, of dopamine for the DAT, or 1.6 uM, and Sis equal to the
slope of the linear concentration—response regression for cocaine. The K;,
reported in micromoles and is a measure of the cocaine concentration
that is necessary to decrease the rate of dopamine-DAT interactions to
50% of their uninhibited rate.

Locomotor assessment. All locomotor testing occurred during the dark/
active cycle (9:00 A.M.). Rats were first transferred to the locomotor
testing room (lights off) and allowed to habituate within their home
cages for 1 h. Rats were then placed in activity monitors (Med Associates)
and their horizontal activity was monitored. The activity chambers were
acrylic boxes measuring 43 X 43 X 30 cm and contained two infrared
beam arrays. Horizontal activity was measured by beam breaks, which
were recorded by a computer. Control rats were age-matched and re-
ceived identical surgery and housing conditions.

Self-administration re-exposure. To test the effects of a history of
cocaine self-administration and abstinence on subsequent self-
administration behavior, a separate group of rats was allowed to self-
administer cocaine for 5 d post-acquisition, identical to the parameters
described above. Control rats went through identical procedures but were
allowed to self-administer saline for 5 d. Both groups then went through 14 d
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Timeline of cocaine self-administration and voltammetric recordings. A, Our experimental design yielded four groups: (1) rats that self-administered a single cocaine infusion

with no prior cocaine experience [single injection (no history), black], (2) rats that performed 5 d of cocaine self-administration [cocaine, green], (3) rats that performed cocaine
self-administration followed by a 14 or 60 d abstinence and were subsequently allowed to self-administer a single injection of saline [cocaine + abstinence, blue], and (4) rats that
performed cocaine self-administration followed by a 14 or 60 d abstinence and were subsequently re-exposed to a single self-administered injection of cocaine (re-exposure, red). B,
Number of reinforcers earned relative to day of acquisition. Lack of error post-acquisition reflects the session limit of 40 injections being reached by all rats. Inset, Average number of
self-administration sessions before acquisition criteria were met. €, Over the course of cocaine self-administration rats escalate in rate of cocaine intake over days. ***p << 0.001 versus

day 1. Error bars indicate = SEM.

of abstinence, followed by cocaine self-administration under identical pa-
rameters. For both groups, during abstinence catheter patency was main-
tained by hourly infusions of heparinized saline. For rats with a history of
cocaine self-administration, post-abstinence data presented were from the
first 5 d of self-administration following abstinence. For rats that had only
had prior access to saline, post-abstinence data presented were from the day
acquisition criteria were met and the 4 d following. For all control rats,
acquisition occurred 1-8 d following abstinence.

Data analysis. For all analysis of FSCV data Demon Voltammetry and
Analysis software was used (Yorgason et al., 2011). To evaluate dopamine
kinetics and drug potency, evoked levels of dopamine were modeled
using Michaelis—Menten kinetics. Recording electrodes were calibrated
by recording responses (in electrical current; nA) to a known concentra-
tion of dopamine (3 uM) using a flow-injection system. This was used to
convert electrical current to dopamine concentration. For cocaine
concentration-response curves, apparent K, a measure of affinity for
the DAT, was used to determine changes in ability of the cocaine to
inhibit dopamine uptake. As apparent K, increases, uptake inhibition
increases, and changes in drug potency are seen as shifts in the curve.

Statistics. Graph Pad Prism (v6) was used to statistically analyze data-
sets and create graphs. Concentration response curves for cocaine and

locomotor data were subjected to a mixed-model two-way repeated-
measures ANOVA with either concentration or time as the within-
subjects factor, and experimental group as the between-subjects factor.
K, values were compared using a one-way ANOVA. Differences between
groups for both one- and two-way ANOVAs were tested using a Bon-
ferroni post hoc test. Escalation data from the self-administration re-
exposure experiment were fit with linear regression lines, and the slope of
the line was compared to zero to determine whether escalation was oc-
curring over time. Area under the curve for the locomotor experiment
and rate of intake before and after abstinence for the self-administration
re-exposure experiment were compared using two-tailed unpaired and
paired samples Student’s t tests, respectively. All p values of < 0.05 were
considered to be statistically significant.

Results

Cocaine self-administration-induced decreases in cocaine
potency are reinstated by a single cocaine injection following
2 weeks of abstinence

Rats were allowed to self-administer either a single cocaine injec-
tion, or for 5 d with a maximum of 40 injections per day (Fig. 1A).



7810 - J. Neurosci., July 27, 2016 - 36(30):7807-7816

Siciliano et al. @ Cocaine Re-Exposure after Prolonged Abstinence

A D
Single % 20+ -e- Control
i = -¥- Single Injection (no history)
Cocaine Self- 14 Day Coca!ne S < 15 = Cocaine
ARt Absti Infusion =1
ministration stinence <D( : —+ Cocaine + 14 Days Off
10 Re- t Day 14 i
| | | // "'6 X -¥- Re-exposure at Day ke
| ” 7/ Voltammetry 2
o Qo
= & 57
Neo]
=
£ 0-
65 60 55 50 -45
[Cocaine] (log M)
o 20-
X
8
o~
— 5 S 154
52
. £
ER 5 X 101 i
w c Q
> o a
> 28 5
2
£ 0-
10 20 30
- Low [Cocaine] (uM)
c Control F
Cocaine 0.8+
« Cocaine + 14 Days Off % d x
@ 0.6-
()] - ~—"
2 Re-exposure at Day 14 p
oL £
o) T 041
N O
c T o)
S O o.2-
(@]
> X
0.0-
> @ & ™
L & & ) N
(,0& & °y o o
5 K &
sec . RN @
[Cocaine] 30 uM éo“aoo“ . &e" &
N B &
® P
Q.

Figure 2.

Cocaine self-administration-induced cocaine tolerance in the NAc core is reinstated by a single cocaine injection. 4, Experimental timeline. B, Dopamine (DA), as indicated by current

(z-axis) occurring at itts oxidation (+0.6 V) and reduction (—0.2 V) peaks ( y-axis) across time (x-axis) is represented as pseudo-color plots following 30 wum cocaine. Representative color plots and
traces (€) show that the ability of cocaine to slow dopamine uptake is blunted in rats with a history of cocaine self-administration, and after cocaine re-exposure. Logarithmic (D) and linear (E)
concentration—response curves for cocaine show a downward shift in cocaine effects in the cocaine and re-exposure groups. F, K; values for cocaine are increased in the cocaine and re-exposure
groups, indicating decreased cocaine potency at the DAT. *p << 0.05, ***p << 0.001 versus control. Control, n = 4; single injection, n = 4; cocaine,n = 5; cocaine + 14 days off, n = 5; re-exposure

at Day 14, n = 8. Error bars indicate = SEM.

Following completion of self-administration, rats were subjected
to a 14 or 60 d forced abstinence period. At the end of the absti-
nence period, rats were allowed to self-administer a single co-
caine or saline infusion. As illustrated in Figure 1A, this design
yielded four groups: (1) rats that self-administered a single co-
caine infusion with no prior history [single injection (no history);
n = 4 for 14 d experiments, n = 4 for 60 d experiments], (2) rats
that went through 5 d of cocaine self-administration (Cocaine;
n =5 for 14 experiments, n = 6 for 60 d experiments), (3) rats
that went through 5 d of cocaine self-administration followed by
14 or 60 d of abstinence with a single self-administered saline
injection at the end of the abstinence period (cocaine + 14/60

days off; n = 5 for 14 d experiments, n = 6 for 60 d experiments),
and (4) rats that went through cocaine self-administration and
abstinence following by a single self-administered cocaine infu-
sion (re-exposure at Day 14/60; n = 8 for 14 d experiments and
n = 6 for 60 d experiments).

Number of reinforcers earned pre- and post-acquisition are
plotted in Figure 1B. We found that rats who were allowed to
self-administer for 5 d increased in their rate of cocaine intake,
reaching the 40 injection maximum faster on each subsequent
self-administration session (Fig. 1C; one-way ANOVA, F, 4,) =
14.91, p < 0.0001). Eighteen hours after completion of the final
cocaine self-administration session, rats were euthanized for ex
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vivo voltammetry recordings in the core of the NAc (Fig. 2A).
Cumulative concentrations of cocaine were then bath applied to
brain slices to assess the ability of cocaine to inhibit the DAT (Fig.
2B,C). We found that, consistent with previous work (Siciliano
etal., 2015b), there was a marked decrease in the ability of cocaine
to inhibit the DAT following cocaine self-administration (Fig.
2D). Further, tolerance to cocaine effects returned to control
levels following a 14 d abstinence period. When rats were allowed
to self-administer a single cocaine infusion following cocaine
self-administration and abstinence, tolerance to cocaine effects
were fully reinstated [Fig. 2D; two-way ANOVA (concentra-
tion X group); concentration: F, g4 = 389.1, p < 0.0001; group:
Fiy5,) = 5.257, p = 0.0043; interaction: F( g4 = 6.915, p <
0.0001]. In addition, linear concentration response curves were
plotted to determine K; values for cocaine across groups (Fig. 2E).
We found that K; values were increased (ie, decreased potency)
only in the cocaine and re-exposure groups (Fig. 2F; one-way
ANOVA: F, ;) = 6.064, p = 0.0021). Rats that self-administered
a single cocaine injection, without any prior cocaine exposure,
showed no change in cocaine potency compared with cont-
rols (Fig. 2F), demonstrating that cocaine self-administration
leaves the DAT in a labile state whereby tolerance to cocaine
effects is rapidly reinstated by minimal cocaine re-exposure fol-
lowing abstinence.

Cocaine self-administration-induced deficits are reinstated
by a single cocaine injection following prolonged abstinence
Having demonstrated that cocaine self-administration produces
alasting effect on the DAT that can be activated by a subthreshold
cocaine exposure, we next determined whether this neurochem-
ical phenotype persisted over a prolonged abstinence period. In
this experiment, rats were given a 60 d abstinence period (ap-
proximately equivalent to 4 years in humans) (Quinn, 2005) after
cocaine self-administration before subsequent re-exposure to a
single infusion of cocaine and voltammetric assessment of co-
caine effects on dopamine signaling (Fig. 3A). Importantly, this
time-point is much longer than the time course of DAT protein
turnover, which has a half-life of 3—6 d (Fleckenstein et al., 1996;
Kimmel et al., 2003) and thus rats are expressing DATs that have
not previously interacted with cocaine. Follow bath application
of cocaine (Fig. 3 B, C), we found that tolerance was reinstated by
a single self-administered cocaine infusion following a 60 d ab-
stinence period [Fig. 3D; two-way ANOVA (concentration X
group); concentration: F, 45 = 386.5, p < 0.0001; group:
Fapay = 3.762, p = 0.0164; interaction: F 606 = 4.752, p <
0.0001]. Linear concentration response curves were plotted to
determine K; values for cocaine across groups (Fig. 3E). We
found that K; values were increased only in the cocaine and re-
exposure groups (Fig. 3F; one-way ANOVA: F, ,,) = 4.555,p =
0.007). Thus, cocaine self-administration leaves a long-lasting
change in the dopamine system such that re-exposure to sub-
threshold doses of cocaine reinstates DAT deficits.

Reinstatement of DAT tolerance is concomitant with
decreased cocaine-induced locomotor activity and increased
rate of cocaine intake after abstinence

To determine whether decreased cocaine potency at the DAT
translated to decreased cocaine effects in vivo, we gave rats a
challenge injection of cocaine (15 mg/kg, i.p.) following cocaine
self-administration and 60 d of abstinence (re-exposure, n = 6; or
age-matched surgery controls: control, n = 5) to determine how
cocaine-induced locomotor activity was altered (Fig. 4A). In-
deed, we found that following cocaine self-administration and
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60 d of abstinence, rats exhibited tolerance to the locomotor
stimulating effects of cocaine [Fig. 4B; two-way ANOVA (time X
group); time: Fis3 4,7y = 29.81, p < 0.0001); group: F(, 4 =
10.09), p = 0.0112; interaction: F(s; 4,7, = 2.981, p < 0.0001].
Further, we found that the area under the curve following the
cocaine injection was reduced in the re-exposure group as com-
pared with controls (Fig. 4C; two-tailed unpaired ¢ test, tq) =
3.237,p = 0.0102).

We have shown that cocaine self-administration results in
DATSs to be in a primed state whereby both neurochemical and
behavioral tolerance to cocaine is rapidly reinstated by sub-
threshold cocaine exposure. Thus, we hypothesized that rapid
re-induction of tolerance may underlie high intake cocaine
binges, which can occur even after extended abstinence peri-
ods in human cocaine addicts. To test this hypothesis, we
allowed rats to self-administer cocaine for 5 d of 40 injections
followed by a 14 d abstinence period and re-exposure to co-
caine for an additional 5 d (re-exposure, n = 7; Fig. 5A).
Control rats self-administered saline for 5 d before going
through a 14 d abstinence period followed by 5 d of cocaine
self-administration (control, n = 5). To determine whether
escalation in rate of cocaine intake occurred, we fit each self-
administration period with a linear regression line (Fig. 5B).
For the re-exposure group, we found that the slope of the
line differed from zero in the initial 5 d of cocaine self-
administration (slope = 0.46 = 0.13; F(, 53y = 12.56, p =
0.001), indicating escalation of intake over this period. How-
ever, the slope of the regression did not differ from zero during
the 5 d of post-abstinence self-administration (slope = 0.13 =
0.20), indicating that the animals did not further escalate fol-
lowing abstinence. For control rats, the slope of the linear
regression did not differ from zero during the 5 d of saline
self-administration before abstinence (slope = —0.28 = 0.22),
but was different from zero during the 5 d of cocaine self-
administration after the abstinence period (slope = 0.49 =
0.225 F(, 53y = 5.03, p = 0.03), indicating that the condition of
abstinence alone (ie, time spent in box, hourly saline infusions
for catheter patency) did not alter escalation in rats without a
history of cocaine self-administration. Indeed, the slope of the
regression line was not significantly different between the ini-
tial escalation (days 1-5 pre-abstinence, slope = 0.46 * 0.13)
in the re-exposure group and the first cocaine exposure (days
1-5 post-abstinence, slope = 0.49 *+ 0.22) in the control group
(p = 0.89). Giving additional support that animals with prior
escalated cocaine self-administration are quickly reinstated to
the pre-abstinence state, in the re-exposure group, we found
that the rate of cocaine intake did not differ between the fifth
day of initial cocaine self-administration and the first day of
re-exposure following abstinence (Fig. 5C). Together, these
results demonstrate that in rats with a history of escalated
cocaine self-administration, their rates of cocaine intake re-
main escalated despite an abstinence period.

Discussion

Here we show that cocaine use leads to long lasting plasticity of
the DAT whereby alterations to the DAT are reinstated by a single
cocaine exposure, even after long-term abstinence from cocaine.
Indeed, we found that cocaine self-administration produced
marked tolerance in the ability of cocaine to inhibit the DAT, and
although DAT function returned to control levels over a 14 or
60 d abstinence period, the system remained primed, and toler-
ance was reinstated by a single self-administered cocaine injec-
tion. Further, reinstatement of tolerance was concomitant with
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(x-axis) is represented as pseudo-color plots and traces (C) following 30 um cocaine. Logarithmic (D) and linear (E) cocaine concentration—response curves indicate tolerance to the uptake inhibiting
effects of cocaine following cocaine self-administration, and this tolerance is reinstated by a single cocaine injection following a 60 d abstinence period. F, ; values for cocaine are increased (ie,
decreased cocaine potency) in the cocaine and re-exposure groups. *p << 0.05, **p << 0.01, ***p < 0.001 versus control. Control, n = 7; single injection, n = 4; cocaine, n = 6; cocaine + 60 days

off, n = 6; re-exposure at Day 60, n = 6. Error bars indicate == SEM.

decreased cocaine-induced locomotor activity, and rapid rein-
statement of escalated cocaine intake, even in the first self-
administration session post-abstinence. This priming effect,
which may be permanent, may contribute to the severity of re-
lapse episodes in cocaine addicts.

Behavioral implications of cocaine tolerance

Clinical studies have identified tolerance to the dopamine-
elevating and euphoric effects of cocaine to be a ubiquitous
phenotype of human cocaine addicts, and preclinical studies
have demonstrated that cocaine tolerance is a primary deter-
minant of aberrant cocaine taking behaviors (Volkow et al.,
1997, 2014; Dackis and O’Brien, 2001; Ferris et al., 2011;

Siciliano et al., 2015b). Despite the clear involvement of do-
pamine in the acute effects of cocaine and on-going self-
administration behavior (Phillips et al., 2003; Willuhn et al.,
2014), most preclinical studies show that cocaine-induced do-
pamine system alterations dissipate relatively rapidly during
abstinence. Thus, it has been suggested that alterations to do-
pamine signaling are relevant for the acute effects of with-
drawal, but are not a major factor in relapse events occurring
after long-term abstinence (Kalivas and Volkow, 2005). We
show that despite apparent recovery of normal function, co-
caine self-administration leaves the DAT in a reactive state
even after a prolonged abstinence. These results may help to
reconcile findings that show that dopamine system alterations
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Figure 4.  Cocaine re-exposure produces tolerance to the locomotor-activating effects of cocaine. A, Experimental timeline. Rats performed cocaine self-administration followed by a 60 d

abstinence period before subsequent re-exposure to a cocaine challenge (15 mg/kg, i.p.). B, Rats with a history of cocaine self-administration show tolerance to the locomotor activating effects of
cocaine, with no change in spontaneous locomotor activity. €, Area under the locomotor activity curve following the cocaine challenge is decreased in rats with a history of cocaine self-
administration. *p << 0.05, **p << 0.01, ***p << 0.001 versus re-exposure group. Control, n = 5; re-exposure at Day 60, n = 6. Error bars indicate = SEM.

are typically not present in late withdrawal periods (Satel et al.,
1991; Kalivas and Dufty, 1993; Pierce et al., 1995; Beveridge et
al., 2009; Ferris et al., 2011) though manipulations of the do-
pamine system alter drug seeking and taking behaviors during
these periods (De Vries et al., 1999; Bossert et al., 2007). We
show here that in rats with a history of cocaine self-
administration, escalated cocaine intake is present even on the
first day of re-exposure following an abstinence period, and
animals do not continue to escalate over subsequent days.
These behavioral data match the rapid reinstatement of co-
caine tolerance at the DAT where tolerance is restored by a
single cocaine injection, but is not exacerbated beyond the
level of tolerance induced by the initial 5 d of cocaine
self-administration.

Methodological considerations and alternative
interpretations

Although quickened reinstatement of escalated cocaine intake
following abstinence has been previously reported (Ahmed
and Koob, 1998; Guillem et al., 2014), these investigations
have found that pre-abstinence levels of cocaine intake are not
reach until ~5 d post-abstinence as opposed to the first day
post-abstinence reported in the current study. This discrep-
ancy may be a result of several methodological disparities.
These differences include dose of cocaine available (0.25 mg/
infusion in previous studies, 1.5 mg/kg/infusion in the current
study), length of abstinence (30—35 d in previous studies, 14 d
in the current study), context of abstinence (home cage in
previous studies, self-administration was in the home cage in
the current study), number of infusions per day (unlimited for
6 h in previous studies, capped at 40 injections per day
in current study), and number of days of self-administration

prior to abstinence (16-22 in previous studies, 5 in current
study). We hypothesize that the most important factor in the
development and reinstatement of cocaine tolerance and es-
calation of intake is the dose of cocaine available. We have
shown previously show that 14 d of long-access self-
administration reinforced by 0.75 mg/kg/infusion, similar to
Guillem et al. (2014) and Ahmed and Koob (1998), results in
decreased cocaine potency at the DAT (Calipari et al., 2013a).
However, the magnitude of tolerance appears to be less robust
than is seen with higher cocaine doses (1.5 mg/kg/infusion),
even after a single day of cocaine self-administration (cf. Ferris
et al., 2011). This apparent difference in the magnitude of
cocaine tolerance is reflected in the behavioral data as well,
where escalation is not apparent until ~5 d of low-dose long-
access self-administration (Ahmed and Koob, 1998), but is
seen by day 2 or 3 using high-dose self-administration (cur-
rent study; Ferris et al., 2012). Thus, our working hypothesis is
that due to the dose-dependency of the development of co-
caine tolerance, low-dose self-administration (Guillem et al.,
2014) results in slower escalation and slower reinstatement of
escalated intake after abstinence, whereas under high-dose
conditions these processes occur more quickly.

It is important to note that although reinstatement of
cocaine tolerance at the DAT was concomitant with reduced
cocaine-induced locomotor activity and heighted rates
of cocaine intake, reduced cocaine potency may not be
the only contributing factor to changes in the behavioral ac-
tions of cocaine. For example, changes in cocaine action may
also reflect, in part, state-dependent learning of the relation-
ship between the operant response and cocaine infusion.
These factors are unlikely to contribute to changes in cocaine-
induced locomotion because locomotor experiments were
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performed in a novel environment and measured the response
to an experimenter delivered cocaine injection. Thus, rats had
no prior experience with either the context or mode of delivery
of cocaine. Although factors involving learning may be at play
in the self-administration re-exposure experiment, it is likely
that decreased cocaine potency is the determining factor in
escalated cocaine intake. Several studies have shown that es-
calation is dissociable from simple task acquisition (Ahmed
and Koob, 1998, 1999), and we have shown that the develop-
ment of cocaine tolerance at the DAT tracks increases in rate of
cocaine intake over days (Ferris et al., 2011). Thus, we hypoth-
esize that decreased cocaine-induced locomotor activity and
augmented rate of cocaine intake are a direct consequence of
alterations in pharmacodynamic actions of cocaine.

Considerations of molecular mechanisms

The fact that tolerance was reinstated by a subthreshold cocaine
exposure, even following 60 d of abstinence, suggests that rein-
statement of tolerance to cocaine is not a result of simple cocaine-
DAT interactions, because 60 d is well past the turnover rate of
individual DAT molecules (Fleckenstein et al., 1996; Kimmel et
al., 2003) and therefore the transporters present at the plasma
membrane have not previously interacted with cocaine. Thus,
there appear to be epigenetic or other long-lasting changes in
intracellular signaling cascades or regulatory proteins, which
control DAT structure or function that remain irreversibly al-
tered by cocaine self-administration. Further, these signaling
mechanisms are not activated by cocaine application to the slice,
as we do not see tolerance in rats that went through cocaine

self-administration and 60 d of abstinence, but were not re-
exposed to cocaine in vivo. There are several possible explana-
tions as to why cocaine application to brain slices does not
reinstate tolerance. For example, the mechanisms underlying re-
instatement of tolerance may be triggered by activity in the do-
pamine cell bodies in the ventral midbrain, which are not present
in the acute slice preparation, or expression of tolerance may
require cocaine to bind to and then be completely removed from
the vicinity of the DAT (ie, metabolized) before these mecha-
nisms can be engaged. Because ~18 h elapse between the single
cocaine re-exposure and procuring brain slices, all cocaine would
be eliminated from the system in animals exposed in vivo. Further
studies will be required to identify the exact molecular mecha-
nisms of tolerance reinstatement.

Clinical implications and concluding remarks

Regardless of mechanism, these finding have broad implica-
tions for understanding the persistent impact of cocaine even
after long abstinence periods. There are currently no Food and
Drug Administration-approved pharmacotherapeutic treat-
ments for cocaine addiction, and addicts attempting to abstain
from using cocaine are highly prone to relapse. Longitudinal
studies of cocaine addicts seeking treatment have revealed a
pattern of repeated bouts of abstinence and relapse despite
attempts at sustained abstinence (Washton and Stone-
Washton, 1990; Wallace, 1992). Although the determinants of
when a relapse episode will occur are well studied, less is
known about the factors that determine the severity of the
relapse episode (McKay et al., 1995). These episodes typically
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last for extensive periods of time before abstinence can be
re-established (Grella et al., 2003). Due to the reoccurring
nature of the binge, abstinence, and relapse cycle, successful
treatment often requires many interventions and treatment
utilizations over time (Hser et al., 1997; Leshner, 1997). Iden-
tifying the mechanisms underlying these extended binges,
which occur even following years of abstinence, may allow for
pharmacotherapeutics aimed at limiting relapse severity, and
decreasing latency to re-enter treatment (Grella et al., 2003).
Here we show that DATs remain in an irrevocable primed state
following cocaine self-administration such that deficits are rapidly
reinstated by extremely limited cocaine re-exposure. These re-
sults provide a putative mechanism for binge drug-taking relapse
episodes in cocaine addicts, and outline a neurobiological pre-
cedent for permanent cocaine-induced plasticity of the dopa-
mine system that may drive addiction long after cessation of
cocaine use.
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