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Although the dopamine transporter (DAT) is the primary site of action for cocaine, and the dopamine system is known to mediate the
reinforcing effects of cocaine, the dopaminergic variations underlying individual differences in cocaine self-administration behaviors are not
fully understood. Recent advances in the application of economic principles to operant tasks in rodents have allowed for the within-subject,
within-session determination of both consummatory and appetitive responding for reinforcers. Here we combined a behavioral economics
approach with cocaine self-administration and ex vivo voltammetric recording of dopamine signaling in the core of the nucleus accumbens
of rats to determine the relationship between dopamine signaling and discrete aspects of cocaine taking and seeking. We found neither
dopamine release or uptake tracked individual differences in cocaine consumption or the reinforcing efficacy of cocaine. Cocaine potency
at the DAT was correlated with reinforcing efficacy, but was not related to cocaine consumption. Further, we introduce a novel analysis
that determines perseverative responding within the same procedure, and find that cocaine potency at the DAT also tracks differences in
perseverative responding. Together, we demonstrate that cocaine effects at the DAT determine the reinforcing efficacy of cocaine, and
perseverative responding for sub-threshold doses of cocaine that do not maintain responding when presented in isolation. Surprisingly, we
find that variations in cocaine potency do not account for differences in cocaine consumption, suggesting that satiation for cocaine is
determined by other targets or mechanisms. Finally, we outline a novel approach for relating drug–target interactions and potency to
discrete motivational states during a single self-administration session.
Neuropsychopharmacology (2017) 42, 1893–1904; doi:10.1038/npp.2017.24; published online 15 March 2017
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INTRODUCTION

Several decades of literature have highlighted the integral
importance of the dopamine system in mediating motivated
behaviors, and the reinforcing effects of cocaine. In humans,
cocaine occupancy of the dopamine transporter (DAT)
correlates with the self-reported ‘high’ experienced by
cocaine users (Volkow et al, 1997). In animal models,
pharmacological and ablation studies have demonstrated
that dopamine signaling in the nucleus accumbens (NAc)
mediates the reinforcing and discriminative stimulus effects
of cocaine (Roberts et al, 1977; Ritz et al, 1987; Wood and
Emmett-Oglesby, 1989; Callahan et al, 1997). Further,
genetic mutations of the DAT which produce cocaine
insensitivity have shown that cocaine actions at the DAT
are necessary for cocaine self-administration as well as
conditioned place preference for cocaine (Chen et al, 2006;
Thomsen et al, 2009). Although it is clear that the dopamine
system is critically involved in cocaine self-administration,
the contribution of specific aspects of dopamine

neurotransmission to discrete types of addictive behaviors
remains an area of great interest.
Recently, preclinical drug self-administration models have

been developed to measure economic demand for reinfor-
cers, such as cocaine. Shifting the availability of cocaine, by
changing the amount received per response, and recording
consumption of cocaine, allows for an assessment of the
interplay between supply and demand (Oleson et al, 2011;
Oleson and Roberts, 2009; Oleson and Roberts, 2012;
Bentzley et al, 2013). From these data, we can determine
cocaine consumption (Q0), and reinforcing efficacy of
cocaine (Pmax), within a single animal, in a single 110 min
session. Here, we combined this approach with ex vivo fast-
scan cyclic voltammetry (FSCV), which provides functional
measures of dopamine signaling, presynaptic receptor effects
on dopamine transmission, and cocaine potency at the DAT
(Ferris et al, 2013). Combining voltammetric measures with
these behavioral approaches allows for comparison of
specific aspects of dopamine signaling to discrete facets of
cocaine taking behaviors. Cocaine-induced increases in
extracellular dopamine levels, and the resulting behavior,
are a complex interaction between its direct actions at the
DAT and recruitment of many other regulators of dopamine
neurotransmission. For example, dopamine autoreceptors
and κ-opioid receptors both act to regulate presynaptic
dopamine transmission and can alter cocaine potency
(McGinnis et al, 2016; Ehrich et al, 2014). Given that the
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DAT mediates the subjective (Volkow et al, 1997) and
discriminative stimulus (Cunningham and Callahan, 1991;
Melia and Spealman, 1991) effects of cocaine, and is
necessary for self-administration of the drug (Thomsen
et al, 2009), we hypothesized that cocaine potency at the
DAT would track both cocaine consumption (Q0) and
motivation (Pmax).
Following completion of the behavioral economics proce-

dure, we used FSCV to determine dopamine release,
dopamine uptake, cocaine potency at the DAT, and the
ability of κ-opioid receptors and D2/D3 dopamine auto-
receptors to regulate dopamine release. Consistent with our
hypothesis, we found that cocaine potency at the DAT

tracked individual differences in Pmax, while all other
measures did not correlate with Pmax. In contrast to our
hypothesis, we found no relationship between cocaine
potency and Q0. Finally, we outline a novel analysis of the
behavioral economics procedure to measure perseverative
responding for sub-threshold doses of cocaine (ie, doses of
cocaine that do not maintain responding when presented in
isolation), and show that cocaine potency also tracks
perseverative responding. Together, these data show that
cocaine potency at the DAT controls the motivational
aspects of cocaine, but that cocaine consumption and satiety
are likely controlled by other mechanisms or transmitter
systems. The new methods outlined here provide a powerful

Figure 1 Cocaine consumption, motivation, and cocaine effects at the DAT assessed with behavioral economics and voltammetry. (a) Representative
demand curve. The threshold procedure allows for a within-subject within-session determination of cocaine consumption (Q0) and the reinforcing efficacy of
cocaine (Pmax). (b) Representative pseudo-color plots showing the presence of dopamine indicated by changes in current (z-axis) occurring at the oxidation
and reduction potentials for dopamine (y-axis) over time (x-axis). Plots show baseline dopamine release and uptake (top) and across increasing concentrations
of cocaine (0.3–30 μM). (c) Representative traces showing increased uptake inhibition across increasing concentrations of cocaine. (d) The inhibitory constant
Ki was calculated for each animal from the linear concentration–response curve of cocaine effects on dopamine uptake. (e) Cocaine's effects on dopamine
release were assessed by plotting the percent change in dopamine release across concentration and calculating the area under the curve for each animal.
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approach to relating receptor signaling and drug potencies to
discrete aspects of motivated behavior.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (350–400 g; Harlan Laboratories,
Frederick, Maryland), maintained on a 12 : 12 h reverse light/
dark cycle (0300 hours lights off; 0300 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 Surgery and Training

Rats were anesthetized and implanted with chronic indwel-
ling jugular catheters as previously described (Siciliano et al,
2015a). 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 under-
went a training paradigm within which animals were given
access on a fixed ratio one (FR1) schedule to a cocaine-paired
lever, which, upon responding, 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 for 20 injections for two consecutive days
and a stable pattern of infusion intervals was present.

Threshold Procedure

Following acquisition of cocaine maintained responding, the
threshold procedure was used to determine individual
differences in cocaine consumption and motivation. A total
of 14 animals performed the threshold procedure, and were
used for subsequent voltammetry experiments (below). The
threshold procedure is a behavioral economics approach to
assessing drug taking/seeking and reinforcing efficacy. The
threshold procedure consists of giving rats access to a
descending series of 11 unit doses of cocaine (421, 237, 133,
75, 41, 24, 13, 7.5, 4.1, 2.4, and 1.3 μg per injection) available
on an FR1 schedule of reinforcement. Each dose is available
for 10 min, with each bin presented consecutively across the
110-min session. During this time the lever is never
retracted, and the only timeout periods occur during each
infusion. Completion of the procedure produces a within-
session demand curve, depicted in Figure 1a. During the
initial bins of the procedure, when the dose is high, the
animal is able to obtain a preferred level of cocaine intake
with minimal responding. As the dose is lowered across bins,
the animal must increase responding to maintain consistent
intake, until the dose becomes low enough that preferred
levels of cocaine cannot be maintained and responding
decreases. Shifts in responding across the demand curve can
be analyzed using behavioral economics principles, as
described below. Responding during the first bin of the

procedure is considered to reflect a loading phase and is not
included in the analyses.
Behavioral economic analysis was used to determine the

parameters of maximal price paid (Pmax) and consumption at
a minimally constraining price (Q0), as described previously
(Oleson et al, 2011; Oleson and Roberts, 2009; Oleson and
Roberts, 2012; Bentzley et al, 2013). Briefly, Pmax and Q0

values were derived mathematically using a demand curve.
Demand curves were generated by curve-fitting individual
animals’ intake using an equation: log(Q)= log(Q0)+k × (e−
α×Q0 ×C− 1) (Hursh and Silberberg, 2008; Christensen
et al, 2008). In this equation, Pmax was determined to be the
unit price at which the first derivative point slope of the
function=− 1 (Hursh and Winger, 1995). The value k was
set to 2 for all animals, whereas Q0 and α, which represent
the acceleration of the function in response to changing
price, were estimated to achieve best fit (Hursh and
Silberberg, 2008; Christensen et al, 2008). These measures
are explained in detail below.

Q0

Q0 is a measure of the animals’ preferred level of cocaine
consumption. This can be measured when the dose is high
and cocaine is available at low effort, or a minimally
constraining price. This preferred level of consumption is
established in the early bins of the threshold procedure.

Pmax

Price is expressed as the responses emitted to obtain 1 mg of
cocaine, thus as the dose is decreased in each consecutive bin
of the threshold procedure, price increases. As the session
progresses, animals must increase responding on the active
lever in order to maintain stable intake. Pmax is the price at
which the animal no longer emits enough responses to
maintain intake and consumptions decreases. Thus, animals
with higher Pmax will increase responding to maintain
cocaine levels farther into the demand curve; in other words
they will pay a higher price for cocaine. Previous work has
demonstrated that Pmax is highly correlated with break points
on a progressive ratio schedule of reinforcement, confirming
that the threshold procedure accurately assesses reinforcing
efficacy (Oleson et al, 2011). To remove any possible
contribution of variations in Q0 to Pmax values, each animals'
Pmax was normalized to Q0.

Brain Cocaine Concentrations

Brain-cocaine concentrations were estimated using equations
employed by Pan et al (1991). The equation used was

c ¼ dk
vða� bÞðe

�bt � e�atÞ
which calculates the brain-cocaine concentration in the brain
compartment at time t. The variables account for the dose of
cocaine (d), the transfer of drug between the blood and brain
compartments (k= 0.233 min− 1), the apparent volume of the
brain compartment (v= 0.15 LKg− 1), and the removal of
cocaine from the system via redistribution (α= 0.642 min− 1)
and elimination (β= 0.097 min− 1). This equation has been
widely used to correlate estimated brain-cocaine levels with
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behavioral (Ahmed and Koob, 2005; Zimmer et al, 2012),
electrophysiological (Peoples et al, 2007; Peoples et al, 2004),
microdialysis (Wise et al, 1995), and voltammetric (Hermans
et al, 2008; Stuber et al, 2005a; Stuber et al, 2005b; Calipari
et al, 2014) measures.

Ex Vivo Voltammetry

Animals were killed for FSCV experiments the morning
following the final threshold session (approximately 18 h),
when no drug was present. FSCV was used to characterize
presynaptic dopamine system kinetics, and the ability of
cocaine to inhibit dopamine uptake in the NAc core. As
previously described (Siciliano et al, 2014a), a vibrating tissue
slicer was used to prepare 400 μm thick coronal brain
sections containing the NAc core. 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 °C), which flowed at 2 ml/min. A carbon fiber micro-
electrode (100–200 μM length, 7 μM diameter) 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. Dopamine release was evoked
by a single electrical pulse (350 μA, 4 ms, monophasic)
applied to the tissue every 3 min. Extracellular dopamine was
recorded by applying a triangular waveform (−0.4 to +1.2 to
− 0.4 V vs Ag/AgCl, 400 V/s). Once the extracellular dopa-
mine response was stable, cocaine concentrations
(0.3–30 μM) were applied in ascending order to the brain
slice. In a randomly chosen subset of animals, multiple brain
slices were procured for κ-opioid and D2 autoreceptor
experiments. In these cases, five ascending concentrations of
quinpirole (3–300 nM) or U50,488 (0.03–3 μM) were applied
to separate slices that were run concomitantly on different
rigs. No single slice was exposed to more than one drug.

Ki Values

As described previously (Siciliano et al, 2014b), inhibition
constants (Ki) were calculated by the equation: [(Km)/(S)]
where Km is equal to the Km of dopamine for the DAT, or
0.16 μM, and S is equal to the slope of the linear
concentration–response regression for cocaine. The Ki, is
reported in μM and is a measure of the cocaine concentra-
tion that is necessary to decrease the rate of dopamine-DAT
interactions to 50% of their uninhibited rate.

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 ki-
netics. Recording electrodes were calibrated by recording
responses (in electrical current; nA) to a known concentra-
tion of dopamine (3 μM) using a flow-injection system. This
was used to convert electrical current to dopamine
concentration. For cocaine concentration–response curves,
app. Km, a measure of apparent affinity for the DAT, was

used to determine changes in ability of the cocaine to inhibit
dopamine uptake. As app. Km increases, uptake inhibition
increases, and changes in drug potency are seen as shifts in
the curve.
For experiments predicting cocaine effects on dopamine

uptake, each animal’s cocaine concentration–response curve
was fit with a linear regression. The resulting equation
(y=mx+b) was used to predict effects of cocaine on
dopamine uptake where estimated brain cocaine concentra-
tion equals x, and the resulting y value was used for
correlations with behavior. For predicting cocaine’s effects
on dopamine release, concentration–response curves for
cocaine’s effects on dopamine release for each animal were
fit with a 40 segment spline point-to-point standard curve.
Predicted values y were then interpolated from x values
corresponding to estimated peak brain cocaine concentra-
tions from each bin of the behavioral procedure.

Statistics

Graph Pad Prism (version 6, La Jolla, CA, USA) was used to
statistically analyze data sets and create graphs. Pearson’s
correlation coefficient was used to measure the strength of
correlation. In some cases, when significant correlation were
found, a tertiary split of the data was performed based on Ki

values for each animal; the lowest third of Ki values are
referred to as a ‘high potency’ group while the highest third
of Ki were referred to as ‘low potency’ animals. Behavioral
data from high- and low-potency animals were compared
using a two-tailed unpaired Student’s t-test. All p values of
o0.05 were considered to be statistically significant.

RESULTS

Behavioral Economics and Voltammetry Allow Within-
Subject Determination of Cocaine Consumption,
Motivation, and Dopamine Terminal Function

Animals performed the within-session threshold procedure
to generate demand curves, which were used to determine
preferred levels of cocaine consumption (Q0), and motiva-
tion to administer cocaine (Pmax) (Figure 1a). Following
completion of the threshold procedure, animals were
sacrificed for ex vivo voltammetric recordings to determine
dopamine release and uptake kinetics in the NAc core
(Table 1). Cocaine has two distinct actions on dopamine
neurotransmission, one is to inhibit the uptake of dopamine,

Table 1 Averages and Error for Each Behavioral and
Neurochemical Measure Reported

Measure Mean±SEM

Q0 (mg) 0.38± 0.04

Pmax (responses/mg) 83.89± 14.43

Dopamine Release (μM) 0.81± 0.09

Vmax (μM/S) 2.68± 0.20

Ki Cocaine (μM) 0.41± 0.04

Values were derived from 14 animals.
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and the other is to alter dopamine release (Venton et al,
2006; Siciliano et al, 2015b; Hoffman et al, 2016). We bath
applied ascending concentrations of cocaine to the slice,
which resulted in concentration-dependent changes in
dopamine uptake and dopamine release (Figure 1b and c).
By measuring cocaine-induced inhibition of dopamine
uptake across a concentration–response curve we were able
to calculate the inhibitory constant Ki (Figure 1d). Ki is a
measure of the amount of cocaine needed to inhibit
dopamine uptake to 50% of its uninhibited value, thus low

Ki values for cocaine are analogous to high cocaine potency.
Further, we assessed cocaine effects on dopamine release
across concentrations and calculated an area under the curve
score, generated from the entire concentration–response
curve, for each animal (Figure 1e). Group means for
behavioral and voltammetric measures recorded are reported
in Table 1. Group data for cocaine self-administration
acquisition data, and concentration–response and demand
curves are depicted in Supplementary Figure 1.

Figure 2 Cocaine potency at the DAT is correlated with reinforcing efficacy of cocaine, but not cocaine consumption. Dopamine release magnitude does
not correlate with Q0 (a) or Pmax. (b) Maximal rate of dopamine uptake (Vmax) does not correlate with Q0 (c) or Pmax (d). Total area under the curve for
cocaine effects on dopamine release across concentrations does not correlate with Q0 (e) or Pmax (f). Although cocaine potency (Ki) does not correlate with
Q0 (g), there was a negative correlation between Ki and Pmax (h). (i) Tertiary split of the data based on Ki revealed that Q0 does not differ between low (n= 5)
and high (n= 4) potency animals. (j) Pmax is increased in animals with high cocaine potency. *po0.05; **po0.01. N= 14.
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Cocaine Potency at the DAT Predicts Pmax, But Not Q0

Having determined cocaine taking and seeking behaviors
and dopamine system function in a within-subject fashion,
we sought to determine if variations in dopamine signaling
were related to individual differences in cocaine consump-
tion (Q0) and motivation (Pmax). We found that stimulated
dopamine release in the absence of cocaine was not related to
Q0 or Pmax (Figure 2a and b). Further, there was no relation
between the maximal rate of dopamine uptake and either
measure of cocaine taking (Figure 2c and d). In addition, we
found no relationship between area under the curve for
cocaine’s actions across concentrations on dopamine release
and Q0 or Pmax (Figure 2e and f). However, we found that the
Ki for cocaine was negatively correlated with Pmax (r=− 0.67,
p= 0.009), but not Q0, suggesting that the ability of cocaine
to inhibit the DAT drives demand for cocaine, but not
cocaine consumption (Figure 2g and h). Indeed, following a
tertiary split based on Ki values, we found no differences in
Q0 between groups, but Pmax was elevated in high potency
animals (t7= 2.62, p= 0.03) (Figure 2i and j).
To determine if presynaptic regulators of dopamine release

may also be contributing to differences in cocaine consump-
tion and motivation, we probed the sensitivity of the κ-opioid
receptor and D2/D3 dopamine autoreceptors. Concentration–
response curves of the selective κ-opioid receptor agonist
U50,488 revealed no relationship between the IC50 of U50,488
on dopamine release and Q0 (Supplementary Figure S2A) or
Pmax (Supplementary Figure S2B). Similarly, concentration–
response curves for quinpirole, a D2/D3 dopamine receptor
agonist, revealed no relationship between autoreceptor
sensitivity and Q0 (Supplementary Figure S2C) or Pmax

(Supplementary Figure S1D). Finally, to ensure that none of
the behavioral measures tested were influenced by animal
weight, we correlated weight at the start of the experiment
with Q0 (Supplementary Figure S3A) or Pmax (Supplementary
Figure S3B) and found that were was no relationship in
either case.

The Threshold Procedure Allows Within-Session
Determination of Discrete Motivational States

Having found that cocaine potency at the DAT appears to be
a determining factor in the maximal price that an animal is
willing to pay for cocaine, we next sought to determine if
cocaine actions at the DAT were also controlling the
reinforcing aspects of cocaine during discrete motivational
states. To address this question, we split the threshold session
into three epochs: the consumption epoch, which occurs
when the cocaine price is low, the reinforcing efficacy epoch
which occurs around the point when consumption drops,
and the perseverative epoch, which occurs at doses of
cocaine that are not reinforcing in isolation (Figure 3a).
Perseverative responding is typically defined as the con-
tinuation of previously appropriate behavioral action which
may be maladaptive (Hotz and Helm-Estabrooks, 1995) and
is traditionally measured in cocaine self-administration
studies by removing or decreasing the reinforcer at some
point during the session (Bock et al, 2013). Rats do not self-
administer doses below 8 μg per infusion and only 50% of
rats will self-administer doses of 16.6 μg per infusion (Zittel-
Lazarini et al, 2007). Thus responding during bins below

these doses, and after preferred levels of consumption are no
longer maintained, represents perseverative responding for
non-reinforcing doses of cocaine.
To determine if these epochs are indicative of dissociable

phenomenon, we correlated total responses during each
epoch. We found that responding during the consumption
epoch did not correlate with responding during either the
efficacy (Figure 3b) or perseverative epoch (Figure 3c)
demonstrating that we can measure these concepts as
discrete behaviors. We found that there was a trend towards
a correlation between responding during the efficacy and
perseverative epochs, although this not did not reach
statistical significance (Figure 3d). Further, cocaine intake
during the perseverative epoch was greatly reduced as
compared with both the consumption and efficacy epochs
(F(2, 27)= 26.51, po0.0001; Figure 3e), as were brain cocaine
concentrations (F(2, 27)= 15.85, po0.0001) (Figure 3f). Thus,
during this epoch, animals are responding for negligible
amounts of cocaine, despite brain cocaine concentration
dropping below its preferred level, confirming that perse-
verative responding is occurring.

Cocaine-Induced Uptake Inhibition Predicts Responding
for Cocaine During Discrete Motivational States

To determine cocaine’s actions at the DAT during each
epoch, we modeled the peak brain cocaine concentration
occurring during each 10 min interval (ie, at each dose of
cocaine) of the threshold procedure (Figure 4a). Using the
modeled brain cocaine concentration we were then able to
determine a predicted uptake inhibition using the linear
regression equation generated from each animal’s cocaine
concentration–response curve as measured by voltammetry
(Figure 4b). We found that, using the calculated uptake
inhibition occurring during each dose of the threshold
procedure (Figure 4c), we were not able to predict
responding during the consumption epoch, further confirm-
ing that cocaine effects at the DAT are not the determining
factor in consumption of cocaine (Figure 4d). However,
uptake inhibition predicted responding during the reinfor-
cing efficacy epoch, demonstrating that cocaine potency at
the DAT is functionally related to the effort an animal is
willing to exert to obtain cocaine (r= 0.37, p=0.0002)
(Figure 4e). Finally, cocaine-induced inhibition of the DAT
also predicted responding during the perseverative epoch,
demonstrating that cocaine actions at the DAT also
determine the extent to which an animal will perseverate
for sub-threshold doses of cocaine (ie, doses of cocaine that
do not maintain responding when presented in isolation)
(r= 0.59, p= 0.001) (Figure 4f). A tertiary split of the data
based on Ki values confirmed that was no difference in
responding between low and high potency animals in the
consumption epoch, but that responding was greater in high
potency animals in both the reinforcing (t53= 3.72,
p= 0.0005) and perseverative epochs (t12= 2.60, p= 0.02)
(Figure 4g–i). Further, to confirm that this analysis has utility
over using brain cocaine concentrations alone to predict
behavior, we correlated estimated brain cocaine concentra-
tions and found that they did not predict responding during
the consumption or efficacy epochs. We did find a positive
correlation between brain cocaine concentrations and
responding during the perseverative epoch (r= 0.48,
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p= 0.009); however, less of the variance was explained than
when cocaine’s effects on uptake were accounted for
(r2= 0.23 vs r2= 0.35) (data not shown).

Cocaine-Induced Changes in Dopamine Release Track
Responding During the Efficacy Epoch

Although, as shown above, we found no correlation between
area under the curve for cocaine-induced changes in
dopamine release, and Pmax or Q0, this analysis is limited
due to the fact that the effects of cocaine on dopamine release
are non-linear and can differ in directionality depending on
cocaine concentration. Thus, we next applied the approach
outlined above, but plotted estimated brain cocaine con-
centration onto each animal’s concentration–response curve
for cocaine effects on dopamine release rather than uptake
(Figure 5a). We found that, similar to uptake, our predicted
measure of cocaine-induced change in dopamine release did
not predict responding during the consumption epoch
(Figure 5b). However, we did find a negative correlation
between predicted cocaine-induced changes on dopamine
release and responding during the perseverative epoch
(r=− 0.23, p= 0.03) (Figure 5c). Finally, we found no
relationship between this measure and responding during
the perseverative epoch. These findings demonstrate a link
between cocaine’s effects on dopamine release and respond-
ing during the efficacy epoch, and further support the

utility of this methodological approach in regard to relating
non-linear drug effects to behavior.

DISCUSSION

This work expands a growing literature using threshold
procedures to dissect aspects of drug self-administration that
were not addressable before the advent of this technique
(Oleson et al, 2011; Oleson and Roberts, 2009; Oleson and
Roberts, 2012; Calipari et al, 2015a; Bentzley et al, 2014;
Porter-Stransky et al, 2015; Kawa et al, 2016). Here we show
that individual differences in animals’ motivation to self-
administer cocaine and to respond for cocaine at devalued
doses can be partially accounted for by variations in cocaine
potency. Surprisingly, we found that individual differences in
cocaine consumption are not related to cocaine potency, or
any other measure of dopamine terminal function examined
here, including baseline dopamine release, dopamine
uptake, and the sensitivity of κ-opioid receptors or D2/D3
autoreceptors in regulating dopamine release. Together,
these data outline the dopaminergic variations underlying
individual differences in addictive-like cocaine taking
behaviors, and provide a novel analysis for within-subject
examinations of discrete aspects of drug taking and
seeking.
It is a fundamental goal of the behavioral pharmacology

field to be able to compare behavioral outputs with drug
actions at specific neuronal targets; here we outline novel

Figure 3 Cocaine consumption, reinforcing efficacy and perseverative responding for cocaine are dissociable phenomena. (a) To examine discrete
motivational aspects during cocaine self-administration, demand curves were divided into three epochs: consumption; reinforcing efficacy; and perseverative.
(b) Responding during consumption and efficacy epochs are not correlated. (c) Responding during consumption and perseverative epochs are not correlated.
(d) There is a trend towards a positive correlation between responding in the efficacy and perseverative epochs. (e) Responding during the perseverative
epoch is reinforced by negligible amounts of cocaine. (f) Brain cocaine concentrations decrease across each consecutive epoch. *po0.05; ***po0.001.
N= 14.
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methods for determining the relationship between drug
concentration, drug action and behavioral output in a
within-subject, within-session fashion. Although there are
many other approaches to measuring drug consumption and
reinforcing efficacy in operant tasks, these two phenomenon
are typically assessed during separate tasks (eg, fixed ratio or
progressive ratio), which require many sessions across days
(Richardson and Roberts, 1996) and can introduce con-
founds when performed within-subject. The threshold
procedure circumvents these caveats by assessing reinforcing
efficacy and consumption within a single session. Here we
introduce multiple additional analyses that can be used with
the threshold procedure. First, by splitting the demand curve
into functional epochs, perseverative responding (that is,
responding which occurs after the preferred consumption
level has dropped) can be assessed. Although there are many
advantages of using curve-fitting to model demand curves
(Bentzley et al, 2013), these approaches act to limit the
contribution of variability across cocaine doses. This
variability, which occurs most robustly after brain

concentrations have dropped below preferred levels, has
typically been treated as problematic and thus analyses have
been aimed at minimizing its contribution; however, as
suggested by the experiments presented here, this variability
may contain biologically relevant information. Further, by
modeling brain levels of cocaine and mapping these values
onto assessments of drug action in the same animal, the
relationship between brain concentrations and cocaine
effects can be directly compared with responding across
these epochs. These approaches could be easily implemented
with a wide range of pharmacological techniques to elucidate
the relationship between the function of receptor/transporter
systems or drug potencies and behavioral outputs for drug
reinforcers. For example, by using classical GTPγS, electro-
physiological, voltammetric or any other functional assay
of drug effects, to generate concentration–response curves
for drug actions at a specific target, and mapping estimated
brain concentration values onto these curves, this method
provides a means for relating drug effects to discrete
behaviors.

Figure 4 Cocaine-induced inhibition of the DAT determines discrete motivational states for cocaine. For each bin of the procedure, peak brain cocaine
concentrations were determined (a). (b) Estimated peak brain cocaine concentration was substituted for x in the linear regression equation generated from
each animal’s cocaine concentration–response curve to produce an estimated uptake inhibition, y. This resulted in a predicted uptake inhibition value occurring
during each bin of the threshold procedure for each animal (c). (d) Uptake inhibition occurring during the consumption epoch was not related to the number
of responses emitted. (e) Predicted uptake inhibition was correlated with responses during the reinforcing efficacy epoch. (f) There was a strong positive
correlation between responses and predicted uptake inhibition during the perseverative epoch. (g) Tertiary split of the data based on Ki values revealed no
difference in responses per bin during the consumption epoch between high and low potency animals. Responses per bin were increased in high potency
animals in both the efficacy (h) and perseverative (i) epochs. *po0.05; **po0.01, ***po0.001. N= 14.
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Here, we use this method to show that variations in
cocaine action at the DAT track individual differences in
reinforcing efficacy of cocaine as well as perseverative
responding for cocaine. It is well documented that under
‘free-access’ conditions (ie, low-effort schedules of reinforce-
ment), animals and humans titrate their cocaine intake to
establish and maintain a preferred brain/blood cocaine
concentration (Tsibulsky and Norman, 1999; Paly et al,
1982). The upper limit of cocaine consumption, or satiety
threshold, has been proposed to be directly related to
accumbal dopamine levels (Pettit and Justice, 1989; Suto and
Wise, 2011). Using the approaches outlined above we were
able to assess the relationship between brain cocaine
concentrations, cocaine potency at the DAT and responding
during each epoch. Surprisingly, we found that cocaine
potency at the DAT did not correlate with Q0, and predicted
uptake inhibition was not related to lever presses during the
consumption epoch. Thus, while cocaine action at the DAT
is required for self-administration of cocaine (Thomsen et al,
2009), and gross manipulations of the dopamine system alter
cocaine consumption/satiety thresholds (eg Suto and Wise,
2011; Norman et al, 2011), physiologically relevant variations
in cocaine potency at the DAT do not account for individual
differences in cocaine consumption. This suggests that
variations in satiety thresholds across animals may be a
function of individual differences in the ability of cocaine to
elevate serotonin or norepinephrine levels through inhibition
of their respective transporters, or possibly other mechan-
isms or neurotransmitters.

We also found a lack of relationship between Vmax of
dopamine uptake under drug-free conditions and Pmax

despite the relationship between cocaine potency and Pmax.
We have reported previously that there is no correlation
between Vmax and cocaine potency (Km) when assessed using
Michaelis–Menten modeling kinetics, as in the current study
(Calipari et al, 2015a,b). In a more direct line of evidence,
our group and others have shown that upregulation of DAT
expression, either through genetic or pharmacologically-
induced upregulation, does not change cocaine potency as
measured by microdialysis, voltammetry, or locomotor
activity (Calipari et al, 2013; Salahpour et al, 2008). Although
DAT density/uptake is dissociable from cocaine potency,
there are many other allosteric changes that can occur in
DAT that have been shown to alter cocaine effects with
varying effects on orthosteric transporter function. Indeed,
cocaine and dopamine bind to partially overlapping
segments of the DAT (Huang et al, 2009), and point
mutations of the specific sites can alter cocaine potency
independently of dopamine uptake (Chen et al, 2005; Chen
et al, 2006). Cocaine potency can also be modulated by
transporter confirmation (outward vs inward or monomer vs
oligomer) (Chen and Reith, 2007; Loland et al, 2004; Kohut
et al, 2014), or micro-environmental changes in membrane
lipids around the DAT (Hong and Amara, 2010). While it is
currently unclear what the exact mechanism is for individual
differences in cocaine potency that predict high effort
responding, our data suggest that these animals differ based
on allosteric DAT function independent of uptake rates. This

Figure 5 Relationship between cocaine effects on dopamine release and responding for cocaine. (a) Predicted effects of cocaine on dopamine release, y,
were interpolated from x values corresponding to estimated brain cocaine concentrations from each bin of the behavioral procedure. (b) No relationship
between predicted effects of cocaine on dopamine release and responding during the perseverative epoch. (c) Predicted effects of cocaine on dopamine
release was negatively correlated with responding during the efficacy epoch. (d) There was no relationship between predicted effects of cocaine on dopamine
release and responding during the perseverative epoch. N= 14.
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is particularly important because it also suggests that cocaine
potency, and responding for cocaine, could potentially be
altered without affecting the ‘normal’ function of the DAT,
which would allow for therapeutics with limited off-target
action.
We show here that cocaine potency at the DAT is

positively related to motivation to obtain cocaine in animals
with minimal cocaine self-administration experience, how-
ever, this relationship appears to be reversed after chronic,
high intake cocaine administration. Indeed, following
extended access cocaine self-administration protocols, the
reinforcing efficacy of cocaine is increased, despite blunted
cocaine potency at the DAT (Siciliano et al, 2016; Lack et al,
2008; Calipari et al, 2013; Paterson and Markou, 2003). It is
unclear at what point during excessive cocaine use this
switch in the relationship between cocaine potency and
reinforcing efficacy for cocaine occurs. Further, the precise
mechanisms that are recruited to produce high motivation
for cocaine despite reduced cocaine potency are not fully
understood. One possible mechanism is recruitment of
dopamine-dependent glutamatergic plasticity in post-
synaptic medium-spiny neuron populations. Indeed, the role
of glutamatergic accumbal plasticity in increased cocaine
seeking is well documented (Conrad et al, 2008; Pascoli et al,
2014), and the possible reliance of this plasticity on
concurrent dopaminergic signaling may explain how moti-
vation for cocaine is increased when potency is attenuated
(Cahill et al, 2014; Pascoli et al, 2011).
Together, these data elucidate the neurochemical varia-

tions that underlie individual differences in addiction-related
cocaine taking behaviors; that is, motivation to administer
cocaine, and to respond for sub-threshold doses of cocaine.
Further, we outline a novel methodology that allows for the
within-session within-subject assessment of discrete motiva-
tional states for cocaine as it relates to predicted drug effects
occurring throughout the session. This approach provides a
tool for relating drug potencies to diverse behavioral outputs
while limiting the potential confounds of running repeated
behavioral testing across days or subjects. Future work will
explore if cocaine actions at other monoamine transporters
accounts for variance in consumption of cocaine when price
is minimally constraining.
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