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The dopamine transporter (DAT) is responsible for terminating dopamine (DA) signaling and is the primary site of cocaine’s reinforcing

actions. Cocaine self-administration has been shown previously to result in changes in cocaine potency at the DAT. To determine

whether the DAT changes associated with self-administration are due to differences in intake levels or temporal patterns of cocaine-

induced DAT inhibition, we manipulated cocaine access to produce either continuous or intermittent elevations in cocaine brain levels.

Long-access (LgA, 6 h) and short-access (ShA, 2 h) continuous self-administration produced similar temporal profiles of cocaine intake

that were sustained throughout the session; however, LgA had greater intake. ShA and intermittent-access (IntA, 6 h) produced the same

intake, but different temporal profiles, with ‘spiking’ brain levels in IntA compared with constant levels in ShA. IntA consisted of 5-min

access periods alternating with 25-min timeouts, which resulted in bursts of high responding followed by periods of no responding. DA

release and uptake, as well as the potency of cocaine for DAT inhibition, were assessed by voltammetry in the nucleus accumbens slices

following control, IntA, ShA, and LgA self-administration. Continuous-access protocols (LgA and ShA) did not change DA parameters,

but the ‘spiking’ protocol (IntA) increased both release and uptake of DA. In addition, high continuous intake (LgA) produced tolerance to

cocaine, while ‘spiking’ (IntA) produced sensitization, relative to ShA and naive controls. Thus, intake and pattern can both influence cocaine

potency, and tolerance seems to be produced by high intake, while sensitization is produced by intermittent temporal patterns of intake.

Neuropsychopharmacology (2013) 38, 2385–2392; doi:10.1038/npp.2013.136; published online 19 June 2013
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INTRODUCTION

A substantial literature has documented the effects of
cocaine on the dopamine (DA) system and its involvement
in the addiction process (Roberts et al, 1977; Izenwasser,
2004; Stuber et al, 2011; Blum et al, 2012). Cocaine exerts its
reinforcing and neurochemical effects by inhibiting the
dopamine transporter (DAT), which leads to augmented
DA signaling (Ritz et al, 1987; Kristensen et al, 2011). DA
elevations in the nucleus accumbens (NAc) core region are
critically involved in self-administration behaviors, rein-
statement, cue-reward association, assignment of motiva-
tional value, and goal-oriented behaviors (for a review, see
Wheeler and Carelli, 2009; Kalivas and McFarland, 2003;
Aragona et al, 2009; Willuhn et al, 2010).

Both tolerance and sensitization can develop to the
neurochemical effects of cocaine; however, the nature of these
changes appears to depend on the dosing parameters used.
An extensive literature, primarily using daily experimenter-
administered intraperitoneal injections has documented

neurochemical sensitization associated with the mesolimbic
DA system (Kalivas and Duffy, 1990, 1993; Parsons and
Justice, 1993; Addy et al, 2010). Sensitization of cocaine-
induced increases in extracellular DA has been linked not
only to alterations in the regulation of DA release
and reuptake (Jones et al, 1996; Addy et al, 2010), but also
to influences such as glutamate (for a review, see
Vanderschuren and Kalivas, 2000), GABA (for a review,
see Steketee, 2005; Filip et al, 2006), and serotonin
(Neumaier et al, 2002; Filip et al, 2010). By contrast, studies
using self-administration procedures have generally shown
tolerance to cocaine’s DA-elevating and DAT-inhibiting
effects. Tolerance to the DA-elevating effects of cocaine, as
measured by microdialysis (Hurd et al, 1989; Mateo et al,
2005; Lack et al, 2008; Ferris et al, 2011). It is possible that
cocaine tolerance is due to a reduced ability of cocaine to
inhibit the DAT, which has been reported in a number of
paradigms where cocaine levels are high and sustained over
daily extended-access self-administration sessions (Mateo
et al, 2005; Ferris et al, 2011, 2012; Calipari et al, 2012).

Therefore, experimenter-delivered and self-administra-
tion protocols produce distinctly different effects on the DA
system. There are many differences between these protocols
including contingency, temporal pattern of intake, total
consumption, and route of administration, which may
influence the divergent neurochemical consequences.
For example, experimenter-administered injections result
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in an intermittent pattern of drug administration, whereas
intravenous self-administration procedures result in high
rates of responding and high levels of administration for
many hours (ie, for the duration of the self-administration
session).

In this study, we investigated the contribution of
(1) pattern of consumption and (2) total intake of cocaine
on rapid DA signals in the NAc and the ability of
self-administered cocaine to either sensitize or induce
tolerance to the pharmacological effects of cocaine on the
DAT. Self-administration paradigms were used to control
for the contribution of contingency and route of adminis-
tration on the effects of the DA system. A long-access
(LgA) procedure was used in which cocaine levels were
sustained for 6 h each day (Ahmed et al, 2003; Martin et al,
2011; Peraile et al, 2010). This was compared with an
intermittent-access (IntA) self-administration procedure in
which cocaine was available during a 6-h session but only
during 5-min trials, which were separated by 25-min
timeouts. This protocol allows animals to ‘load up’ during
each trial, but ensures that cocaine levels cannot be
maintained. The IntA procedure, which results in a ‘spiking’
pattern of intake, has recently been shown to produce a
greater augmentation of the reinforcing effects of cocaine
compared with the long-access (LgA) procedure (Zimmer
et al, 2012). We also included a short-access (ShA) group in
which cocaine levels were matched to the IntA group but
were maintained during a 2-h session similar to LgA.
Here we demonstrate that intake and pattern can both
influence cocaine potency at the DAT; while tolerance seems
to be dictated by total intake, sensitization appears to be
determined by pattern.

MATERIALS AND METHODS

Animals

Male Sprague–Dawley rats (375–400 g; Harlan Laboratories,
Frederick, MD) were maintained on a 12 : 12 h reverse light/
dark cycle (0300 hours lights off; 1500 hours lights on) with
food and water ad libitum. All animals were maintained
according to the National Institutes of Health guidelines in
Association for Assessment and Accreditation of Laboratory
Animal Care accredited facilities. The experimental protocol
was approved by the Institutional Animal Care and Use
Committee at Wake Forest School of Medicine.

Self-Administration

Rats were anesthetized and implanted with chronic
indwelling jugular catheters as described previously (Liu
et al, 2007). Animals were singly housed, and all sessions
took place in the home cage during the active/dark cycle
(0900–1500 hours). After a 2-day recovery period, animals
underwent a training paradigm within which animals were
given access on a fixed ratio one (FR1) schedule to a
cocaine-paired lever, whereby a single lever press initiated
an intravenous injection of cocaine (0.75 mg/kg, infused
over 4 s). After each response/infusion, the lever was
retracted and a stimulus light was illuminated for a
20-s timeout period. Training sessions were terminated
after a maximum of 20 infusions or 6 h, whichever occurred

first. Acquisition occurred when an animal responded to 20
injections for two consecutive days and a stable pattern of
infusion intervals was present. Following training, animals
were assigned to either ShA, IntA, or LgA groups. All
self-administration was 14 consecutive sessions, after
which animals were killed and brains were prepared for
voltametric recordings.

Control

Controls were naive rats housed in the same conditions as
animals undergoing self-administration.

LgA Group

Subjects completed daily 6-h sessions during which they
had unlimited access to cocaine (0.75 mg/kg; infused
over 4 s) on an FR1 schedule for 14 consecutive days. Upon
each infusion, the lever was retracted, and a stimulus light
signaled a 20-s timeout period.

ShA Group

Subjects were given access to cocaine (0.75 mg/kg; infused
over 4 s) on an FR1 schedule during 2-h daily sessions for 14
consecutive days. At the start of each infusion, a stimulus
light signaled a 20-s timeout period during which the lever
was retracted.

IntA Group

Subjects were given access to cocaine on an intermittent
schedule of administration described previously (Zimmer
et al, 2012). Briefly here, during each 6-h session animals
had access to cocaine for 12 five-minute trails separated by
25-min timeout periods. Within each 5-min session, there
were no timeouts other than during each infusion, and the
animal could press the lever on an FR1 schedule to receive a
1-s infusion of cocaine (0.375 mg/kg per infusion).

In Vitro Voltammetry

Fast scan cyclic voltammetry (FSCV) was used to
characterize presynaptic DA system kinetics and the ability
of psychostimulants to inhibit DA uptake in the NAc.
Voltammetry experiments were conducted during the dark
phase of the light/dark cycle, 18 h after commencement of
the final self-administration session. A vibrating tissue
slicer was used to prepare 400-mm-thick coronal brain
sections containing the NAc. The tissue was immersed in
oxygenated artificial cerebrospinal fluid (aCSF) containing
(in mM): NaCl (126), KCl (2.5), NaH2PO4 (1.2), CaCl2 (2.4),
MgCl2 (1.2), NaHCO3 (25), glucose (11), L-ascorbic acid
(0.4) and pH was adjusted to 7.4. Once sliced, the tissue was
transferred to the testing chambers containing bath aCSF
(32 1C), which flowed at 1 ml/min. A carbon fiber micro-
electrode (100–200 mM length, 7 mM radius) and bipolar
stimulating electrode were placed into the core of the NAc,
which was selected because of its role in the reinforcing and
rewarding actions of cocaine. DA release was evoked by a
single electrical pulse (300 mA, 4 ms, monophasic) applied to
the tissue every 5 min. Extracellular DA was recorded by
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applying a triangular waveform (� 0.4 to þ 1.2 to � 0.4 V
vs Ag/AgCl, 400 V/s). Once the extracellular DA response
was stable, cocaine (0.3–30 mmol/l) was applied cumula-
tively to the brain slice.

Data Analysis

Demon Voltammetry and Analysis Software was used for all
analyses of FSCV data (Yorgason et al, 2011). To evaluate
DA kinetics and drug potency, evoked levels of DA were
modeled using Michaelis–Menten kinetics. Apparent Km

(app. Km) was used as a measure of the ability of cocaine to
inhibit DA clearance, and to evaluate changes in cocaine
potency. As app. Km increases, the affinity of DA for the
DAT decreases. Increasing concentrations of cocaine
linearly decrease the affinity of DA for the DAT, such that
shifts in app. Km across treatment groups indicate shifts in
the ability of cocaine to inhibit DA uptake. Recording elec-
trodes were calibrated by recording responses (in electrical
current; nA) to a known concentration of DA (3 mM) using a
flow-injection system.

Calculating Ki Values

Inhibition constants (Ki) were determined by plotting the
linear concentration–effect profiles and determining
the slope of the linear regression. The Ki was calculated
by the equation Km/slope. Ki values are reported in mM and
are a measure of the drug concentration that is necessary to
produce 50% uptake inhibition. Ki is a measure of the drug
affinity for the DAT, reported in concentration of drug,
while app. Km is a DA-related parameter that estimates DA
uptake inhibition.

Statistics

Graph Pad Prism (version 5; Graph Pad Software, La Jolla,
CA) was used to statistically analyze data and create graphs.
Baseline voltammetry data and Km values were compared
using a one-way analysis of variance (ANOVA). When main
effects were obtained (po0.05), differences between groups
were tested using Tukey’s post hoc tests. Release data and
data obtained after perfusion of cocaine were subjected to
a two-way ANOVA, with the experimental group and
concentration of drug as the factors. Differences between
groups were tested using a Bonferroni post hoc test.
Given the lack of a Gaussian distribution for Ki values,
non-parametric tests (Kruskal–Wallis and Neuman–Keuls)
were used to compare inhibition constants.

RESULTS

ShA and LgA Result in Similar Pattern of
Self-Administration that is Different from IntA

Figure 1a contains representative behavioral plots demon-
strating the different patterns of self-administration beha-
vior between ShA, LgA, and IntA. We demonstrated that
ShA results in high and consistent rates of responding for
cocaine over a 2-h self-administration session (Figure 1a,
top panel). IntA results in an intermittent pattern of
responding for cocaine, characterized by high rates

of responding followed by timeout periods within which
no responding occurs (Figure 1a, middle panel). LgA results
in high and consistent rates of responding, similar to
responding for ShA, for cocaine over a 6-h self-administra-
tion session (Figure 1a, bottom panel).

LgA Results in Greater Cocaine Intake as Compared
With ShA and IntA

One-way ANOVA revealed a main effect of intake between
groups (F2, 11¼ 39.28, po0.0001; Figure 1b). Tukey’s post
hoc analysis indicated that there was a significant increase
in intake for the LgA group vs both the ShA group
(po0.0001) and the IntA group (po0.0001). Further,
although the pattern of self-administration differed, the
total cocaine intake between the ShA and IntA groups did
not differ significantly. Because ShA results in similar intake
to the IntA group and similar pattern of estimated cocaine
brain levels to the LgA group, it was used as a comparator
group to determine if effects were due to total intake or
temporal pattern of cocaine self-administration.

IntA, but not LgA or ShA, Increases Stimulated DA
Release and Vmax

FSCV was used to assess presynaptic baseline DA system
kinetics. ANOVA indicated a main effect of paradigm on
stimulated DA release (F3, 63¼ 4.020, po0.05; Figures 2a

Figure 1 Short-access (ShA), Intermittent-access (IntA), and long-access
(LgA) cocaine self-administration result in different patterns of self-
administration. (a) Plots demonstrating representative self-administration
behavior throughout each session for individual rats self-administering
cocaine. Tick marks represent infusions/responses on the lever earned on a
fixed ratio one schedule of reinforcement. (a, top) ShA results in high
consistent rates of responding over the 2-h session. (a, middle) IntA is
achieved by giving 5-min access followed by 25-min forced timeouts. This
results in bursts of high responding followed by no responding. (a, bottom)
LgA results in high consistent rates of responding over the 6-h session.
(b) Group data plotting total intake over the 14 days of self-administration
for each paradigm. ***Po0.001 vs ShA; ###po0.001 vs IntA.
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and b) and Vmax (F3, 63¼ 8.397, po0.0001; Figures 2a and
c). Tukey’s post hoc analysis revealed that stimulated release
(po0.05; Figure 2b) and Vmax (po0.05; Figure 2c) were
both elevated in the IntA group as compared with controls.
In addition, Vmax was also elevated as compared with LgA
(po0.001; Figure 2b). Both LgA and ShA resulted in no
significant change in either DA release or Vmax as compared
with control animals. There were no changes in any groups
with regard to the affinity of DA for the DAT
(Km; Figure 2d). This indicates that pattern of cocaine
interaction with the DAT has differential effects on
the compensatory mechanisms associated with baseline
functioning.

Differences in Intake (LgA vs ShA) Results in Decreased
Cocaine Potency, While Differences in Temporal Pattern
of Cocaine Intake (IntA vs ShA) Results in Increased
Cocaine Potency at the DAT

FSCV in brain slices was used to determine cocaine potency
over a concentration–response curve. ANOVA revealed a
main effect of paradigm on cocaine potency (F3,68¼ 3.21,
po0.01; Figure 3). ShA resulted in no changes in cocaine
potency as compared with controls (Figures 3a and c, black
vs green lines). When temporal pattern of cocaine self-
administration was kept the same, but there were differ-
ences in intake, cocaine potency was reduced (ShA vs LgA).
This was expressed as a significant reduction in cocaine
potency as measured by apparent Km at the 30 mM
concentration in LgA (po0.001) vs ShA (Figure 3c, green
vs red curve). Conversely, when intake was kept the same,
but there were differences in temporal pattern of self-
administration, cocaine potency was increased (IntA vs
ShA). This was expressed as an increase in cocaine’s ability
to inhibit the DAT in the IntA group (po0.0001) as
compared with ShA (Figure 3c, green vs blue curve). A
similar trend was present when groups were compared with
control animals, where LgA resulted in decreased cocaine
potency at the 30 mM concentration (po0.01) and IntA
resulted in enhanced potency for cocaine at the same

concentration (po0.01) (Figure 3c, red and blue curves vs
black curve).

Ki is a measure of the drug concentration that results in
50% uptake inhibition. This measurement can determine
relative potencies between drugs at baseline as well as
potency changes following drug self-administration.
Kruskal–Wallis non-parametric analysis revealed a signifi-
cant main effect of paradigm on Ki (w2

4¼ 10.94,
po0.05¼ 10.53; Figure 3d and Supplementary Figure 1).

Figure 2 Differential effects of intermittent-access (IntA), short-access (ShA), and long-access (LgA) self-administration on presynaptic dopamine system
kinetics. (a) Representative traces from control (left), IntA (center, left), LgA (center, right), and ShA (right) animals. Traces are represented as concentration
(mM) in dopamine (DA) over time. (b) Stimulated DA release in mM across LgA, IntA, ShA, and control groups. (c) Maximal rate of DA uptake (Vmax) across
groups. (d) Group data indicating that the Km of DA for the dopamine transporter is unchanged following all self-administration paradigms. **Po0.01 vs
control; ***po0.001 vs control; &&&po0.001 vs LgA.

Figure 3 Intermittent-access (IntA) self-administration results in sensi-
tization to the neurochemical effects of cocaine, while long-access (LgA)
results in tolerance. (a) Representative traces highlighting the uptake
inhibition induced by 10mM cocaine in control (black) and short-access
(ShA, green) animals. Traces are represented as concentration (mM) in
dopamine (DA) over time and smaller signals were shifted to the right in
order to match the peak-height of the small signal to equivalent
concentration of the larger signal. This allows for direct comparison of
dopamine uptake in signals with different peak-heights. (b) Representative
traces highlighting the uptake inhibition induced by 10 mM cocaine in
control (black), IntA (blue), and LgA (red) animals. (c) Cumulative cocaine
(0.3–30 mM) dose–response curves in slices containing the nucleus
accumbens core. Cocaine potency is decreased following LgA, unchanged
following ShA, and increased following IntA. (d) Group data of Ki values for
cocaine in control, LgA, ShA, and IntA groups. Ki values are a measure of
the concentration of drug at which 50% inhibition is achieved. *Po0.5 vs
control; **po0.01 vs control; and #po0.01 vs ShA.
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Mann–Whitney analysis revealed that Ki was increased in
LgA animals (po0.05) and reduced following IntA
(po0.05) when compared with ShA. Further, Ki was
increased in LgA animals (po0.05) and reduced following
IntA (po0.05) when compared with control animals.

Cocaine-induced increases in peak height was assessed
across all three groups to determine if this aspect of cocaine
effects on DA was changed by self-administration. There
were no significant differences between any of the groups
tested (Figure 4).

DISCUSSION

These results demonstrate that the compensatory changes
in DAT sensitivity to cocaine produced by self-administra-
tion are influenced by both the temporal pattern of cocaine
consumption and the total amount of drug intake. When
there was a sustained consumption pattern and intake was
high (LgA), tolerance to cocaine’s effects at the DAT
developed. Conversely, when intake was low and patterns of
consumption were intermittent (IntA) sensitization of the
DAT to cocaine occurred. Differences were also observed in
baseline (pre-drug) DA measures, wherein IntA cocaine
administration resulted in increased Vmax and stimulated
DA release, and LgA and ShA did not produce any changes.
This is the first comparison of the effects ShA and LgA on
cocaine potency directly at the DAT. Previous work showed
increased measures of drug seeking, motivation to admin-
ister cocaine, and craving in LgA vs ShA animals (Koob,
1996; Koob and Le Moal, 1997; Orio et al, 2009; Patterson
and Markou, 2003); however, these measures are probably
not due to the pharmacological effects of cocaine at the
DAT, which we demonstrate are reduced. Further, we found
that IntA cocaine self-administration produced a sensitized
cocaine response at the DAT, demonstrating that
the pattern of self-administration has an integral role in
the compensatory effects of the DAT to cocaine effects
following extended use.

Here we show that LgA results in reduced cocaine
potency, indicative of a neurochemical tolerance to cocaine

at the DAT, in comparison to both ShA and naive control
animals. The decreased cocaine potency following LgA is
consistent with previous reports demonstrating similar
changes following a number of different extended-access
paradigms. In our hands and others, LgA results in
neurobiological compensations characterized by decreased
cocaine effects and blunted DA system function in the NAc
(Hurd et al, 1989; Meil et al, 1995; Macey et al, 2004; Ferris
et al, 2011, 2012; Calipari et al, 2012; but see Hooks et al,
1994; Zapata et al, 2003). Also, immediately following a 21-
day LgA cocaine self-administration while cocaine is still
present, there are decreases in functional activity in the
ventral and dorsal striatum, as well as a number of other
brain regions, indicating that cocaine is less efficacious
at activating these circuits (Macey et al, 2004). Previously,
we examined a number of self-administration protocols,
manipulating both frequency and duration of access, and
regardless of time, animals given continuous cocaine access
exhibited robust behavioral and neurochemical tolerance.
Animals that administered cocaine for only 1 day of
40 injections and animals that underwent extended-access
self-administration for 5 days (40 inj. per day) both exhibited
the same effects as LgA self-administration (Ferris et al,
2011, 2012; Calipari et al, 2012). All of the previously tested
procedures shared the property that animals could admin-
ister large amounts of cocaine for the duration of the
session. Regardless of duration of testing, each of these
groups that maintained high rates of responding over 5- to
6-h sessions showed neurochemical tolerance at the DAT
when tested 24 h after the last self-administration session
(Ferris et al, 2011, 2012; Calipari et al, 2012). Although ShA
animals have a similar pattern of self-administration and
can administer large amounts of drug, they can only do so
for 2 h. This results in significantly less drug consumption,
leading to no change in cocaine potency. This suggests that
total intake within sessions, and not pattern, is what is
driving the tolerance to the pharmacological effects of
cocaine at the DAT.

In contrast, here we show that the IntA cocaine
self-administration procedure enhances cocaine potency,
indicative of a sensitized neurochemical response to
cocaine at the DAT relative to both ShA and naive controls.
The IntA results are opposite to the well-documented
decrease in cocaine potency after LgA shown here and in
previous research (Hurd et al, 1989; Ferris et al, 2011, 2012;
Calipari et al, 2012). Although behavioral sensitization to
cocaine has been reported previously (Schmidt and Pierce,
2010), to our knowledge, this is the first demonstration of a
sensitized cocaine response directly at the DAT following
cocaine self-administration. It is possible that the increased
potency may promote increased rewarding and reinforcing
effects of cocaine as well as an increase in motivation
to self-administer the drug, potentially leading to greater
risk of compulsive or addictive-like cocaine intake. Indeed,
Zimmer et al (2012) showed that motivation to self-
administer cocaine is significantly increased following IntA
as compared with LgA and ShA cocaine self-administration.

The marked differences between ShA and IntA cannot be
attributed to intake, as the animals administer similar
amounts of drug over sessions. In addition, the session
length was different between IntA (360 min) and ShA
(120 min); however, we do not think that effects are due

Figure 4 Cocaine-induced increases in dopamine (DA) did not differ
across groups. Stimulated DA release was measured across a dose–
response curve for cocaine, and expressed as a percent pre-cocaine
stimulated DA release. There were no differences in cocaine-induced DA
elevations between control, intermittent-access (IntA), long-access (LgA),
or short-access (ShA) cocaine self-administration groups.
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to session length differences, because LgA and IntA both
had 360-min sessions. These groups exhibited opposite
effects on DAT pharmacology; therefore, it seems that
session time is not a contributing factor to the neurochem-
ical effects. The increased effects of cocaine at the DAT seem
to be due to the intermittent intake pattern of cocaine that
likely leads to intermittent cocaine–DAT interactions.
The LgA and IntA groups differ substantially in the total
cocaine self-administered over the course of the current
experiment; however, we would predict that LgA would still
produce tolerance when total intake is limited to equal the
IntA condition. In fact, we have shown that a single day of
LgA (60 mg total), which approximates the IntA group’s
total intake of cocaine (70 mg total), produced
robust tolerance (Ferris et al, 2011). Thus, the sensitized
response was only seen in the group with intermittent
cocaine access (IntA) and not in the matched intake
groups that experienced sustained drug levels examined
here (ie, ShA) and in previous work (ie LgA; Ferris
et al, 2011).

Cocaine has been demonstrated to result in changes in
DA release that are dependent on vesicular exocytosis
(Venton et al, 2006); therefore, we wanted to confirm that
changes in this process were not driving the observed
changes in cocaine effects. DA release over the
concentration–response curve for the compound was not
changed in any of the groups, suggesting that it was
cocaine-induced DAT inhibition, not increased/decreased
DA release, causing the change in potency following IntA/
LgA. It is possible that allosteric modifications to the DAT
protein itself are mediating the decreased potency following
LgA and the increased potency following IntA. Indeed, the
DAT has been shown to undergo glycosylation and
phosphorylation (Foster et al, 2008; Chen et al, 2009).
Therefore, it is possible that changes in the interaction of
the DAT protein with downstream effectors responsible for
these post-translational modifications are altered following
self-administration in a way that changes the ability of
ligands to bind to the DAT and inhibit the clearance of DA.
In addition, the DAT has been shown to form oligomer
complexes (Hastrup et al, 2003) and be modulated by
receptors such as the D2 autoreceptor (Chen et al, 2013),
which are two additional mechanisms that could have a role
in the observed changes in cocaine potency.

There appears to be many neurochemical adaptations that
occur following cocaine exposure, and how they interact to
influence cocaine-induced DA overflow and behavior is as
yet unclear. In addition to the sensitized effect at the DAT
reported here, other systems appear to have a role in DA
system sensitization, including glutamate (for a review, see
Vanderschuren and Kalivas, 2000), GABA (for a review, see
Steketee, 2005; Filip et al, 2006), and serotonin (Neumaier
et al, 2002; Filip et al, 2010). Owing to the convergence
of these systems and factors, which lead to the expression of
behavioral sensitization, it remains to be determined
whether increased DA overflow and behavioral effects
would be seen after IntA self-administration. Further,
demonstrations of sensitized DA overflow are more robust
after 1–2 weeks of drug abstinence (Kalivas and Duffy, 1990,
1993); thus, it is possible that the changes observed
here could be more robust following acute and prolonged
withdrawal.

Here we demonstrate that whether tolerance or sensitiza-
tion develops to specific effects of cocaine appears
to depend on access conditions and the intake or pattern
of administration, respectively. Pattern, total dose, and
abstinence periods need to be taken into account when
modeling the behavioral and neurochemical processes
involved in addiction. Cocaine sensitization has been
difficult to demonstrate in humans, suggesting that either
sensitization does not occur in humans or that it occurs
during a part of the addiction process that has not been
studied extensively (Leyton and Vezina, 2013). It is possible
that early in the drug abuse process administration of
cocaine is intermittent, leading to a sensitized cocaine
response that facilitates continued drug use, while after
long-term use there is tolerance to acute drug effects, an
effect that has been reported in human subjects (Mendelson
et al, 1998; Reed et al, 2009). It is suggested that in humans,
drug use may be based on limited availability, which may
lead individuals to administer drug in an intermittent
pattern (Ahmed et al, 2013). However, it has also been
suggested that LgA self-administration is a model of the
escalation that is reported with long-term abuse of the
compound in humans (Dackis and O’Brien, 2001). Here
we demonstrate tolerance to the neurochemical effects
of cocaine following LgA, suggesting that LgA may result in
neurochemical changes consistent with human studies.
In our previous work and currently accepted cocaine
self-administration models, much emphasis has been placed
on maximizing an animal’s intake, with the thought that
more intake results in greater neurochemical effects. Here
we demonstrate that greater intake is not necessary to
produce robust neurochemical effects and, in fact, contin-
uous high intake early in the animal’s self-administration
history may produce marked tolerance to the drug. Thus,
we highlight the importance of mimicking human patterns
of administration in rodent models, as compensatory
mechanisms associated with drug exposure are not only
dependent on the drug and total intake but also on the
pattern in which the drug is taken.
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