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ABSTRACT Concurrent use of cocaine and heroin (speedball) has been shown to
exert synergistic effects on dopamine neurotransmission in the nucleus accumbens
(NAc), as observed by significant increases in extracellular dopamine levels and com-
pensatory elevations in the maximal reuptake rate of dopamine. The present studies
were undertaken to determine whether chronic self-administration of cocaine, heroin
or a combination of cocaine:heroin led to compensatory changes in the abundance and/
or affinity of high- and low-affinity DAT binding sites. Saturation binding of the
cocaine analog [125I] 3b-(4-iodophenyl)tropan-2b-carboxylic acid methyl ester
([125I]RTI-55) in rat NAc membranes resulted in binding curves that were best fit to
two-site binding models, allowing calculation of dissociation constant (Kd) and binding
density (Bmax) values corresponding to high- and low-affinity DAT binding sites.
Scatchard analysis of the saturation binding curves clearly demonstrate the presence
of high- and low- affinity binding sites in the NAc, with low-affinity sites comprising
85 to 94% of the binding sites. DAT binding analyses revealed that self-administration
of cocaine and a cocaine:heroin combination increased the affinity of the low-affinity
site for the cocaine congener RTI-55 compared to saline. These results indicate that
the alterations observed following chronic speedball self-administration are likely due
to the cocaine component alone; thus further studies are necessary to elaborate upon
the synergistic effect of cocaine:heroin combinations on the dopamine system in the
NAc. Synapse 68:437–444, 2014. VC 2014 Wiley Periodicals, Inc.

INTRODUCTION

Polydrug use is more prevalent among substance
abusers in the US compared to abuse of a single drug
or drug class. Over the past few decades, clinical and
experimental consideration has been given to a phe-
nomenon in which individuals co-abuse cocaine and
opioids (commonly heroin), either simultaneously or
within a short period of time. This form of polysub-
stance abuse is referred to as “speedballing” and the
cocaine:heroin combination as “speedball” (Hunt
et al., 1984; Leri et al., 2003). It has been previously
shown that, compared to heroin alone, patients with
co-dependence of cocaine and opioids engage in more
risky sexual behaviors (Hudgins et al., 1995), exhibit
antisocial personality disorders (King et al., 2001),

engage in more income-generating crimes (Cross
et al., 2001), and most importantly, have worse treat-
ment outcomes (DeMaria et al., 2000; Downey et al.,
2000; Perez de los Cobos et al., 1997; Preston et al.,
1998; Sofuoglu et al., 2003; Tzilos et al., 2009). In
order to develop more efficacious treatment options
for polydrug abusers, it is necessary to use animal
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models of self-administration in order to characterize
the neurobiological correlates that underlie speedball
abuse.

Following our development of the first preclinical
model of cocaine:heroin addiction (Hemby et al.,
1996), we demonstrated that self-administration of
cocaine:heroin combinations elevated extracellular
dopamine levels in the NAc in a synergistic manner
(�1000% of baseline), compared to cocaine (�400% of
baseline) and heroin (0–50% of baseline) alone
(Hemby et al., 1999). In addition to significantly ele-
vated extracellular dopamine concentrations, speed-
ball self-administration induced a significant increase
in the baseline maximal reuptake rate for the dopa-
mine transporter (DAT), an effect not observed with
self-administration of cocaine or heroin alone (Patti-
son et al., 2012). Elevated dopamine levels observed
during speedball self-administration may reflect a
more significant change in DAT binding than
observed with cocaine alone, specifically, a greater
decrease in DAT density or abundance as well as an
increase in the DAT binding affinity.

Several studies have reported increased DAT bind-
ing in the NAc following cocaine administration in
rodents (Bailey et al., 2008; Miguens et al., 2008),
monkeys (Beveridge et al., 2006; Letchworth et al.,
1997, 2001) and humans (Little et al., 1999; Mash
et al., 2002; Staley et al., 1994a,b) (but see (Hurd and
Herkenham, 1993)). To date, no studies have reported
the effect of speedball self-administration on DAT
binding in the brain. Changes in DAT binding can be
due to changes in the abundance or affinity of the
transporter. Moreover, analysis of drug effects on
DAT binding is complicated by the fact that cocaine
analogs bind to DAT in a biphasic nature, with high-
and low-affinity sites in striatal membrane prepara-
tions (Boja et al., 1992; Letchworth et al., 1999; Roth-
man et al., 1995), although the functional and
structural significance of these two binding sites have
not been determined. Determining how the affinity of
cocaine-like ligands for DAT may be altered following
self-administration of cocaine, heroin and speedball
may provide insights into the molecular mechanisms
of action that underlie the synergistic elevations
observed during speedball self-administration and
ultimately may aid in the development of novel treat-
ments for polysubstance abuse. In this study, mem-
brane binding with a potent cocaine-like DAT
radioligand was used to assess the affinities and den-
sities of high- and low-affinity DAT binding sites.

MATERIALS AND METHODS
Subjects

Male Fisher F-344 rats (120–150 days; 270–320 g;
Charles River, Wilmington, MA) were housed in a
temperature-controlled vivarium on a 12-h reversed
light/dark cycle (lights on at 6:00 PM). Rats were

group-housed before surgery and housed individually
after catheterization. Water was available ad libitum
while food access was restricted to maintain consist-
ent body weight during the experiment. Experimental
sessions were conducted during the dark phase of the
light/dark cycle. All procedures were performed in
accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 80-23) revised in 1996.

Drugs

Cocaine hydrochloride and heroin hydrochloride
were obtained from the Drug Supply Program of the
National Institute on Drug Abuse (Bethesda, MD).
Pentobarbital and sodium thiopental were purchased
from the pharmacy at Wake Forest Baptist Hospital
(Winston-Salem, NC). Sodium heparin was purchased
from Elkin-Sinn (Cherry Hill, NJ), methyl atropine
nitrate was purchased from Sigma-Aldrich (St Louis,
MO) and penicillin G was purchased from Webster
Vet Supply (Devens, MA). Iodinated 3b-(4-iodophe-
nyl)tropan-2b-carboxylic acid methyl ester ([125I]RTI-
55; 2200 Ci/mmol) was purchased from PerkinElmer
(Waltham, MA). Unlabeled RTI-55 was supplied by
the National Institute on Drug Abuse Drug Supply
Program (Bethesda, MD). WF-23 [2b-propanoyl-3b-(2-
naphthyl) tropane] was previously synthesized and
dissolved in phosphate-buffered saline (Davies et al.,
1994). TR tritium-sensitive phosphoimage screens
were purchased from PerkinElmer (Waltham, MA).

Intravenous self-administration

Animals were pretreated with atropine nitrate
(10 mg/kg; i.p.) and anesthesia was induced by pento-
barbital (40 mg/kg; i.p.). Under anesthesia, rats were
implanted with chronic indwelling venous catheters
as described previously (Hemby et al., 1995, 1996,
1997, 1999). Infusions of sodium thiopental (150 ml;
15 mg/kg; i.v.) were manually administered as needed
to assess catheter patency. Rats were administered
penicillin G procaine (75,000 units in 0.25 ml, i.m.) at
the termination of catheter implantation. Health of
the rats was monitored daily by the experimenters
and weekly by institutional veterinarians according
to the guidelines issued by the Wake Forest Univer-
sity Animal Care and Use Committee and the
National Institute of Health.

Self-administration was performed as described
previously (Pattison et al., 2012). Briefly, rats were
assigned randomly into groups (n 5 8–10) to self-
administer cocaine (250 mg/inf), heroin (10 mg/inf) or
speedball (250/10 mg/inf cocaine:heroin). Infusions
were delivered in a volume of 200 ml. Responding was
engendered under a fixed-ratio (FR) 1 schedule and
the daily session terminated after 25 infusions or 4 h.
Once rats consistently obtained 25 infusions per ses-
sion, the schedule was increased to FR2 and then
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FR5 for several training days, followed by 25 consecu-
tive days of 25 infusions per day, where stable
responding was maintained under an FR5 reinforce-
ment schedule (as monitored by average inter-
infusion intervals within 10%). Approximately 24 h
following the final self-administration session, ani-
mals were sacrificed by rapid decapitation and brains
were promptly removed and hemisected, then each
hemisphere was flash-frozen in isopentane at 235 to
250�C and stored at 280�C until further use.

DAT radioligand binding in membranes

Brain hemispheres used in membrane binding
assays were brought up to 220�C and the NAc was
dissected under a 10X microscope. The entire NAc
from one hemisphere of each animal was microdis-
sected from approximately 13.00 mm to 10.45 mm
relative to bregma and stored at 280�C. NAc tissue
was thawed on ice and homogenized in 10 ml cold
assay buffer (10 mM sodium phosphate buffer, pH
7.4, with 0.32 M sucrose). Membranes were prepared
by high-speed centrifugation (10 min at 48,000g) and
re-suspended in 50 ml cold buffer. Protein concentra-
tion was determined using colorimetric bicinchoninic
acid (BCA) protein assay reagents (Thermo Scientific)
by absorbance at 562 nm.

To determine dissociation constant (Kd) and binding
density (Bmax) values of [125I]RTI-55 binding to DAT,
saturation binding of [125I]RTI-55 (Boja et al., 1991;
Rothman et al., 1994) was accomplished using a con-
stant concentration of [125I]RTI-55 with a range of
concentrations of unlabeled RTI-55 (0.001–30 nM) in
rat NAc membranes. Each NAc membrane sample
was assayed in triplicate (carried out in ice-cold assay
buffer, total volume 2 ml) using 0.1 nM [125I]RTI-55.
Assays were incubated at 25�C for 50 min and reac-
tions were terminated by rapid filtration with 3 3

5 ml of cold 50 mM Tris-HCl, pH 7.4, through What-
man GF/B glass fiber filters presoaked in Tris buffer
containing 0.1% bovine serum albumin. Nonspecific
binding was determined with 1 mM WF-23 (Davies
et al., 1994). Radioactivity was determined by liquid
scintillation spectrometry in filters eluted for 8 h in
5 ml of Ecolite scintillation fluid. Binding curves
were fit to one-site and two-site models by iterative
nonlinear curve fitting, where the contribution of the
high-affinity Bmax values have been subtracted from
those of low-affinity sites.

Data Analysis

Differences in the number of infusions and inter-
infusion intervals between the groups were analyzed
using a two-way ANOVA with repeated measures
with drug as the main factor and time as the
repeated measure. For post hoc analysis, Bonferroni
with comparisons between speedball and cocaine and
speedball and heroin was used (P< 0.05). Saturation

binding data were analyzed using GraphPad Prism
5.0 for nonlinear regression curve fitting to determine
the Kd and Bmax from data fit to one- and two-site
binding hyperbolae. Statistical analyses using an F
test were performed to determine whether those data
could be best described by a single- or two-site model,
and P< 0.05 determined the best-fit model. Group
differences for membrane binding were determined
using one-way analysis of variance (ANOVA) with
Bonferroni test for selected group comparisons
(P< 0.05).

RESULTS
Self-administration

Rats were allowed to self-administer i.v. cocaine
(250 mg/inf), heroin (10 mg/inf) or speedball (250/10
mg/inf cocaine:heroin) under an FR5 schedule for 25
consecutive days for 4 h per day or until a maximum
of 25 infusions was acquired. Control subjects were
given access to self-administer saline for approxi-
mately 30 days. The number of infusions was signifi-
cantly greater for speedball, cocaine and heroin
self-administration compared with saline self-
administration. There was no statistically significant
difference in the number of infusions between the
speedball group and either the cocaine or heroin
groups ([F(1,16) 5 4.24, P 5 0.0562] and [F(1,16) 5 0.66,
P 5 0.4298], respectively) (Fig. 1A). There was no sig-
nificant effect of self-administered drug on the inter-
infusion intervals [F(2,24) 5 1.67, P 5 0.209]. In addi-
tion, there was no significant difference between the
self-administered drugs across the 30 sessions
[F(58,696) 5 1.21, P 5 0.143]. Inter-infusion intervals
were not significantly different between speedball
and cocaine [F(1,16) 5 1.12, P 5 0.3047] or speedball
and heroin [F(1,16) 5 0.60, P 5 0.450]. Furthermore,
there was no significant difference between speedball
and cocaine [F(29,464) 5 0.84, P 5 0.7129] or speedball
and heroin [F(29,464) 5 0.66, P 5 0.9103] over the 30
self-administration sessions (Fig. 1B).

DAT binding

[125I]RTI-55 and unlabeled RTI-55 were used to
create saturation binding plots in NAc membrane
preparations in order to assess the affinity and Bmax

of this cocaine analog at high- and low-affinity DAT
binding sites. Figure 2 shows a representative
Scatchard plot of saturation RTI-55 binding to NAc
membranes, showing the clear biphasic nature of this
binding. Both one- and two-site binding fits were
applied to the specific binding data for each subject
and F tests were used to determine which fit best
described the data. In agreement with previously
published results (Boja et al., 1992; Letchworth et al.,
1999; Rothman et al., 1995), saturation curves were
best represented by a two-site binding model (F value
range, 4.47–802.9; P< 0.05). Table I depicts the
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binding parameters Kd and Bmax for both high- and
low-affinity DAT binding sites. There was a signifi-
cant decrease in the Kd at the low-affinity sites
between the groups [F(3,19) 5 5.748, P 5 0.008]. Post
hoc analysis revealed Kd values following cocaine and
speedball self-administration were significantly lower
compared to saline. No statistically significant differ-
ences in the Kd values for the high-affinity sites were
observed [F(3,19) 5 2.8, P 5 0.076]. Due to differences
in sample variance among the groups for Bmax values
for the high-affinity site, the Kruskal-Wallis test was
used to compare differences amongst groups. No stat-
istically significant difference in the Bmax values for
the high-affinity sites was observed [KW 5 6.429,
P 5 0.0925]. There was no significant difference
between groups in Bmax for low-affinity sites
[F(3,19) 5 1.885, P 5 0.173].

DISCUSSION

This study was undertaken to determine if chronic
self-administration of cocaine, heroin, and speedball

leads to compensatory changes in the abundance and/
or affinity of high and low affinity DAT binding sites.
Scatchard analyses of the saturation binding curves
clearly demonstrate the presence of high- and low-
affinity binding sites in the NAc, with low-affinity
sites comprising 85–94% of the binding sites. These
results are in agreement with results from human
(Staley et al., 1994a,b) and nonhuman primate
(Madras et al., 1989a,b) striatal tissue. We found sig-
nificant alterations in the binding parameters for
DAT binding sites in rat NAc following chronic self-
administration of cocaine and cocaine:heroin combi-
nations. DAT binding analysis revealed that the self-
administration of cocaine and a cocaine:heroin combi-
nation increased the affinity of the low-affinity site
for the cocaine congener RTI-55. These results indi-
cate that the alterations observed following chronic
speedball self-administration are likely due to the
cocaine component alone, thus further studies are
necessary to elaborate upon the synergistic effect of
cocaine:heroin combinations on the dopamine system
in the NAc.

The current analyses of radioligand binding in
membranes allowed modeling of both high- and low-
affinity DAT binding sites, in agreement with previ-
ous studies (Gracz and Madras, 1995; Katz et al.,
2000; Letchworth et al., 1999; Madras et al., 1989a,b;
Mash et al., 2002; Pristupa et al., 1994; Rothman
et al., 1995; Staley et al., 1994a,b). The physical
nature of the high- and low-affinity sites remains
debated, and, in fact, may depend upon precise assay
conditions. Specifically, there are questions as to
whether they represent binding sites for multiple
substrates and whether the sites are physically dis-
tinct, identical or overlapping. Correlational analysis
between physical binding locations of DAT substrates
and observed high- and low-affinity binding charac-
teristics of the ligands would provide valuable insight
to the functional alterations in DAT following chronic
drug abuse.

A goal of this study was to assess the regulation of
high- and low-affinity DAT sites by chronic cocaine
self-administration. The affinity of psychostimulants
for DAT is positively correlated with the behavioral
potency of those compounds in in rodents and nonhu-
man primates (Bergman et al., 1989; Ritz et al.,
1987; Wilcox et al., 1999). However, some drugs that
bind to DAT with high-affinity are not efficacious as
cocaine in terms of behavioral stimulation, are weak
positive reinforcers compared to cocaine (Stafford
et al., 2001; Tella et al., 1996; Wilcox et al., 2000;
Woolverton et al., 2001) and do not share subjective
effects with cocaine (Katz et al., 1999; Newman et al.,
1995). The different effects suggest that cocaine and
its analogs share a similar binding site(s) that medi-
ates uptake inhibition, but that a separate site may
regulate the behavioral effects of cocaine related to

Fig. 1. Self-administration for rats responding under an FR5 for
i.v. cocaine (250 mg/inf), heroin (10 mg/inf) or speedball (250/10 mg/inf
cocaine:heroin). Responding was engendered under an FR1 (and
remained FR1 for saline controls) then increased to FR5. (A) Num-
ber of infusions per day (mean 6 SEM). Speedball, cocaine and her-
oin self-administration resulted in a significantly greater number of
infusions compared with saline across the thirty days. There was no
significant difference in the number of infusions between the speed-
ball, cocaine and heroin groups. (B) The average (mean 6 SEM)
inter-infusion interval was not significantly different between the
groups. In addition, there was no significant difference in the inter-
infusion interval between the groups across the 30 self-
administration sessions.
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its abuse liability (Izenwasser, 1998). Previous stud-
ies suggest that the high-affinity binding site exerts a
low-capacity uptake process that maintains extracel-
lular dopamine at relatively low concentrations
where as the low-affinity site contributes to a high-
capacity uptake process. Previous studies have
reported increased DAT binding following chronic
cocaine self-administration in rats (Miguens et al.,
2008) and monkeys (Letchworth et al., 2001). Such
changes in binding could be due to increased abun-
dance of DAT or an increase in the affinity of the
binding sites for cocaine. Results from this study
extend previous findings by demonstrating chronic
cocaine self-administration increases affinity of the
low-affinity DAT binding site. Similar to cocaine,

speedball self-administration increased affinity of the
low-affinity DAT binding site. Given the lack of effect
of heroin self-administration on the low-affinity site
Kd, we conclude that the changes observed with
speedball are due to cocaine. Thus, the change in
affinity of the low affinity DAT binding site alone
does not account for the significant difference in
extracellular dopamine concentrations in the NAc
during speedball versus cocaine self-administration
(Hemby et al., 1999; Smith et al., 2006). Studies are
needed to assess the binding characteristics of similar
DAT radioligands to confirm the specificity of the
binding site regulation by cocaine. The functional
impact of changes in the low-affinity DAT binding
remains to be determined and is dependent upon the

TABLE I. Effects of chronic cocaine, heroin, and speedball self-administration on parameters of high- and low-affinity DAT binding sites

SA group High Kd (pM) Low Kd (pM) High Bmax (pmol/mg) Low Bmax (pmol/mg)

Saline 132.6 6 46.1 16880 6 2938 0.286 6 0.140 4.561 6 1.340
Cocaine 410.3 6 98.2 7960 6 2190a 0.284 6 0.095 3.035 6 0.470
Speedball 255.6 6 81.9 4993 6 1256a 0.994 6 0.355 5.878 6 0.815
Heroin 237.3 6 22.7 11442 6 1774 0.228 6 0.083 3.011 6 1.159

Binding parameters for high-affinity (high Kd and Bmax) and low-affinity (low Kd and Bmax) DAT binding sites (mean 6 SEM) determined by nonlinear regression for
two-site modeling of membrane binding assays with [125I]RTI-55 in rat NAc membranes.
aP<0.05 versus. saline.

Fig. 2. Scatchard plots of saturation RTI-55 binding to NAc
membrane preparations from representative subjects in saline
(SAL), cocaine (COC), heroin (HER) and speedball (SBL) groups.
Membranes were incubated with 0.1 nM [125I]RTI-55 along with 15

concentrations of unlabeled RTI-55 (0.001–30 nM) in triplicate.
Binding data were analyzed by Prism 5 software using a nonlinear
curve fit and a two site-specific binding model. Plots display high-
and low-affinity binding components.
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development of pharmacological tools that have selec-
tivity for the different DAT binding sites.

Computational modeling of DAT binding and sub-
strate translocation mechanisms have recently uti-
lized the crystal structure of a homologue to Na1/Cl–-
dependent neurotransmitter transporters, bacterial
leucine transporter from Aquifex aeolicus (LeuTAa)
(Yamashita et al., 2005) and reported divergent sites
of DAT protein interactions with different ligands,
namely dopamine and cocaine. Several groups have
reported a secondary pocket as the binding site for
cocaine distinct from the primary substrate binding
site for dopamine (Gedeon et al., 2010; Huang et al.,
2009; Indarte et al., 2008; Merchant and Madura,
2012; Quick et al., 2009; Shan et al., 2011; Shi et al.,
2008; Singh et al., 2007). Computational modeling
employing minimum free energy profiles and atomic
distances between DAT and its ligands suggest that
these distinct binding sites may be located adjacently
within a single binding pocket, where the primary
binding site for dopamine is located more internally
and secondary binding site located more toward the
extracellular surface (Huang et al., 2009; Merchant
and Madura, 2012; Shi et al., 2008). Insight into the
physical characteristics of DAT binding sites and the
proposed mechanisms of substrate translocation from
the external secondary to the internal primary bind-
ing site (Huang et al., 2009; Shi et al., 2008) may
lend support for the current results. The existence of
allosteric and other atypical ligands for dopamine
transporters (Schmitt et al., 2013) also supports these
concepts. However, further studies are necessary to
accurately compare these computational mechanisms
to biochemical findings.

In DAT binding assays using [125I]RTI-55, there
are potential analytical artifacts that could confound
these results. First, sufficient quantities of endoge-
nous dopamine could possibly be present to bind to
DAT and reduce binding of the radioligand. Such a
scenario is highly unlikely in this study since the
membranes were washed thoroughly prior to the
binding assay (which would have removed endoge-
nous dopamine) and the preparations were suspended
in vast excess of buffer (50 ml) (which would have
diluted endogenous dopamine to undetectable levels).
For the same reasons, as well as a 24 h withdrawal
period prior to sacrifice, it also unlikely that residual
cocaine would remain in the membrane preparations
to affect [125I]RTI-55 binding. Second, since RTI-55
binds to the serotonin transporter (SERT) as well as
the DAT (Boja et al., 1992), sufficient abundance of
SERT in the NAc membrane preparations would con-
found the interpretation of the results. However,
SERT levels in the rat NAc are at least 20-fold lower
abundance than DAT levels (D’Amato et al., 1987;
Javitch et al., 1985), suggesting minimal contribution
from SERT binding in the assay. Addition of 30 nM

fluoxetine to the [125I]RTI-55 binding assays in rat
NAc membranes did not alter the binding on high or
low affinity [125I]RTI-55 binding of DAT (data not
shown).

The parameters of the experimental design were
chosen to be similar to those used in previous studies
from our lab, including dose selection, drug access,
and exposure (Hemby et al., 1996, 1999; Pattison
et al., 2012; Smith et al., 2006). In this study, the
number of infusions was limited in order to negate
the influence of differential intake on DAT binding
between the cocaine and speedball groups and the
heroin and speedball groups, respectively. Studies
investigating the effects of extended drug access and
escalated intake would likely yield different results
from limited access procedures due to greater overall
intake. A previous study demonstrated that limited
access versus extended access to cocaine self-
administration resulted in significant differences in
the NAc dopaminergic response to cocaine (Ahmed
et al., 2003). The effects of cocaine, heroin or cocaine:-
heroin combinations on DAT binding under these
conditions remain to be determined. As noted above,
doses were selected to parallel doses used in previous
studies by the authors, in order to compare pharma-
cological, behavioral and neurochemical measures
between cocaine, heroin and cocaine:heroin combina-
tions for the purpose of developing a comprehensive
comparative analysis. The investigators acknowledge
that multiple historical, experiential and environmen-
tal factors influence the extent and manner in which
drugs are self-administered (Barrett, 1977; Barrett
and Witkin, 1986) and the neurobiological outcomes
are determined. Further studies are warranted to
explore the contribution of such factors.

A vast literature indicates that dopamine is a com-
mon substrate for the reinforcing effects of food and
abuse drugs such as cocaine and heroin (Kelley and
Berridge, 2002; Pelchat, 2002); thus, it is conceivable
that food restriction may have influenced the result
of this study. Previous studies have shown that the
behavioral effects of cocaine and other stimulants are
increased upon food restriction (80% for 31 weeks)
(Cabeza de Vaca and Carr, 1998), an effect due in
part to postsynaptic dopamine receptor sensitivity
(Carr et al., 2001, 2003). Decreased basal levels of
dopamine caused by increased uptake could lead to
increased postsynaptic receptor sensitivity as a result
of food restriction. However, analysis of presynaptic
dopamine dynamics reveals acute food restriction (7
days) does not affect DAT binding (Bello et al., 2003)
and induced a modest reduction in Vmax without
altering Km (Patterson et al., 1998), whereas chronic
food restriction did not alter Vmax or Km in the stria-
tum (Galici et al., 1998) (but see (Zhen et al., 2006)).
Given the lack of effect of chronic food restriction on
dopamine uptake dynamics and DAT binding and the
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fact that all subjects were food restricted in the cur-
rent study, we conclude that the present results were
not influenced by food restriction.

Previously, we have shown that self-administration
of cocaine:heroin combinations synergistically
increased extracellular dopamine levels in the NAc.
This study was undertaken to determine whether the
synergistic elevations in dopamine were associated
with alterations in the binding profile of DAT. While
self-administration of the cocaine:heroin combination
increased the affinity of the low-affinity site for the
cocaine congener RTI-55, similar changes were
observed after cocaine self-administration, suggesting
that changes in DAT binding alone do not account for
the speedball-induced synergistic dopamine eleva-
tions. Further studies are warranted to determine
the physiological and pharmacological mechanisms
that enable the synergistic dopaminergic response
observed during cocaine:heroin self-administration.
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