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Effect of Cocaine on Dopamine Transporter 
Receptors Depends on Routes of Chronic 
Cocaine Administration 
Ana Hitri, Ph.D., Karley Y. Little, M.D., and Everett H. Ellinwood, Jr., M.D. 

Investigation of residual behavioral states produced by 
withdrawal from different routes of cocaine administration 
indicates that depending on the mode of intake, chronic 
cocaine produces either tolerance or sensitization to 
subsequent challenge doses of cocaine. We studied the effect 
of routes of cocaine administration on the dopamine 
transporter receptors (DATR), the presumed neuronal 
mediator of cocaine reward, using the diphenyl substituted 
piperazine derivative, l3H]GBR 12935 and the cocaine 
analogue [3HJWIN 35,428. Alzet osmotic mini-pumps filled 
with either cocaine (100 mg/ml) or saline were surgically 
implanted on rats into a subcutaneous pocket at the dorsal 
midline, continuously infusing cocaine at the rate of 40 mg/ 
kg/day. The pumps were removed 14 days later, and the rats 
were killed 7 days after the removal of pumps. For the 
intermittent administration, two groups of rats were 
injected daily either with 40 mg/kg of cocaine or saline for 
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Differences in the temporal pattern and routes of 
cocaine administration are important contributing vari-
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14 days. Rats were killed 7 days following the last injection. 
Continuous infusion of cocaine did not alter the [3H]GBR 
12935 dopamine transporter (DAT) binding either in the 
caudate nucleus or in the prefrontal cortex, but it enhanced 
the density of [3H]WIN 35,428-labeled DAT receptor 
sites in the caudate putamen. In contrast, intermittent 
administration of cocaine resulted in a selective alteration of 
{3H]GBR 12935 binding in the prefrontal cortex but not in 
the caudate; the cocaine-injected rats had a 48% decrease in 
£3H]GBR 12935, Bmax (p < .05), without changing the Ko. 
The contrast between the lack of effect of cocaine on 
[3H]GBR 12935-DATR and the increased binding of 
{3H]WIN 35,428-DATR highlights the differential 
sensitivities of the two binding sites to the continuous 
presence of cocaine. [Neuropsychopharmacology 14:205-
210, 1996] 

ables to the complex behavioral effects associated with 
the use of cocaine (Broderick 1992; King et al. 1992a; 
Johanson 1984; Lau et al. 1991; Post and Contel 1983). 
Animals studied with different histories of cocaine treat
ment show different behavioral responses to cocaine 
(Falk et al. 1990; Lau et al. 1991; Reith et al. 1987). 
Depending on the mode of administration, chronic 
cocaine produces either tolerance (continuous dosing) 
(King et al. 1992; Post et al. 1981) or supersensitivity 
(intermittent dosing) (King et al. 1992a; Lau et al. 1991; 
Post and Contel 1983; Stripling and Ellinwood 1976) to 
subsequent challenge doses of cocaine. 

The underlying mechanisms of cocaine reinforce
ment and stereotyped behaviors are believed to be 
related to the effect of cocaine on dopamine transport-
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ers (DAT) (Ritz et al. 1987). Acutely, cocaine inhibits 
DAT and prevents the normal reuptake removal of 
dopamine (DA) from the synapse. Depending on the 
routes of administration, chronic cocaine administra
tion is associated with both increased (intermittent dos
ing) and decreased DA efflux (continuous dosing) from 
the caudate slices (King et al. 1992b). Moreover, with
drawal from repeated administration of cocaine is asso
ciated with a reduced clearance rate of DA, indicating 
significant inhibition of DAT (Cass et al. 1993). 

The effects of chronic cocaine exposure on the DAT 
are complex, with different responses appearing (1) at 
successive times after the last intake of cocaine (Allard 
et al. 1990; Hitri and Wyatt 1993; Pilotte et al. 1994; Wil
son et al. 1994; Yi and Johnson 1990); (2) with the pat
tern/ dose of cocaine administered (Hitri and Wyatt 
1993; Wilson et al. 1994; Yi and Johnson 1990); (3) the 
anatomical region studied (Hitri and Wyatt 1993; Hitri 
et al. 1994a; Wilson et al. 1994); and (4) with the radioli
gand used in the DATR binding studies (Hitri and 
Wyatt 1993; Kula and Baldessarini 1991; Little et al. 
1993; Madras et al. 1989; Wilson et al. 1994). 

Cessation of cocaine use in humans results in absti
nence symptoms with distinct phases of crash, with
drawal, and extinction. These phases are defined by the 
appearance of specific symptoms at specific times after 
the last intake of cocaine (Gawin and Ellinwood 1988; 
Gawin and Kleber 1986). Human postmortem studies 
indicate that there are fewer [3H]GBR 12935-labeled 
DAT sites in the prefrontal cortex (Hitri et al. 1994b) and 
fewer [3H]mazindol-labeled DATR sites in caudate 
nucleus (Hurd and Herkenham 1993) but more [3H] 
WIN 35,428-labeled DATR in the caudate nucleus of 
cocaine using individuals (Little et al. 1993). 

The present study of [3H]GBR 12935 and [3H]WIN 
35,428 binding is part of a series of experiments designed 
to examine the residual behavior states and their bio
chemical correlates produced by withdrawal from dif
ferent modes of chronic cocaine administration and 
withdrawal times (Stripling and Ellinwood 1976; King 
et al. 1993; Zhang et al. 1992). 

METHODS 

Animals 

Male Sprague-Dawley rats initially weighing 100 to 
125 g were acclimated to the vivarium 1 week prior to 
treatment. They were housed in pairs in plastic cages 
with continuous access to food and water. At the end of 
the study the rats were weighing 275 to 375 g. 

Treatments 

Alzet osmotic mini-pumps were filled with 2-ml 100 
mg/ml cocaine HCl or saline (0.9%) and surgically im
planted into a subcutaneous pocket at the dorsal mid-
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line continuously infusing cocaine through a (3-cm) 
dialysis tubing at the rate of 40 mg/kg (Joyner 1993). 
The pumps were removed surgically 14 days later. In
termittent injection was done by injecting a group of 
rats subcutaneously once daily with 40 mg/kg of co
caine and an other group subcontinuously with saline 
for 14 days (in all previous studies injection and infu
sion saline animals did not differ). 

Brain Dissection 

The prefrontal cortex was dissected from semi-frozen 
brains by a coronal cut extending to 11,460 µ and by a 
horizontal cut at the level of rhinal sulcus. The caudate 
putamen was taken from the coronal sections at the 
level extending from 9,410 µ to 7,910 µ (Konig and Klip
pel 1963). 

Tissue Preparation 

The prefrontal cortices were individually homogenized 
in 30 volumes per weight of ice-cold 50 mM Tris-HCl 
buffer containing 5 mM KCl with 24 mM NaCl, pH 7.9, 
while the corpus striatum was homogenized in 100 vol
umes of 50 mM Tris-HCl with 120 mM NaCl and 5 mM 
KCl, pH 7.9 at 4°C, with a Brinkman Pt-10 Polytron at 
setting 6, for 10 seconds, and centrifuged at 50,000 / g for 
10 minutes. The pellet was resuspended in 30 volumes 
of the same buffer by a Polytron and recentrifuged at 
50,000/g for 10 minutes. The washing was repeated 
twice, and the final pellet was resuspended in 25 vol
umes for the prefrontal cortex and 100 volumes of assay 
buffer for the caudate putamen. 

[3H]GBR 12935 Binding Assay 

[3H]GBR 12935 binding reaction was carried out in the 
caudate putamen according to the method of Andersen 
(1987) and in the prefrontal cortex according to the 
method of Hitri et al. (1991). In the saturation experi
ments increasing concentrations of [3H]GBR 12935 (1-
30 nM) were incubated with aliquots of homogenate 
corresponding to 4 mg of tissue per assay tube. Nonspe
cific binding was defined as excess over blanks that 
contained 0.1 µM GBR-12909 (Hitri et al. 1991; Iscn
wasser and Cox 1990; Yi and Johnson 1990). The incuba
tion was carried out in a final volume of 1 ml at 4°C for 
60 minutes, and the binding reaction was stopped by 
rapid ultrafiltration over Whatman GF /B filters. The fil
ters were rinsed twice with 5 ml of ice-cold assay buffer, 
and the retained radioactivity was measured by con
ventional scintillation counting. 

Data Analysis and Statistics 

The equilibrium binding constants were determined by 
Scatchard analysis. The raw data expressed as disinte-
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grations per minute (DPM) were subjected to equilib
rium binding data analysis (EBDA), using the collection 
of radioligand binding analysis programs (McPherson 
1985). The program provided a mean and the standard 
error (SEM) for replicate determinations at each point. 
For each point the program calculated the amount of 
bound (total, specific) and unbound (free) ligand con
centration. The initial estimates of the dissociation con
stant (Ko) and maximum number of binding sites 
(Bmax) were obtained from Scatchard plots using EBDA, 
and for the final estimate of the constants the Ligand 
program was used. 

The binding constants were analyzed with respect to 
the treatment regimens by one-way analysis of variance 
(ANOVA). The specific treatment differences were eval
uated by the post hoc Tukey's protected t-test. All statis
tical analyses were carried out using the GBSTAT pro
fessional statistics and graphics program, version 3.0 
(Freedman 1991). 

Autoradiographic Assay of [3H]WIN 35,428 Binding 

Because of the possibility that [3H]WIN 35,428 binding 
sites were differently regulated from [3H]GBR 12935 
sites, [3H)WIN 35,428 binding was also assessed in the 
striatum. These experiments were performed autora
diographically to provide increased anatomical detail. 
Only specimens from the continuously treated animals 
were available at the time of this study. The autoradio
graphic studies were carried out according to the 
method of Little et al. (1993). Briefly, studies were per
formed using 10-µ-m-thick sections, cryostat-cut at 
-20°C (Zeiss Micron automated cryostat) and thaw
mounted on chrome alum/ gelatin-coated slides. Incu
bations were performed with 5 nM [3H]WIN 35,428 in 
50 mM Tris with 120 mM NaCl, pH 7.4. Nonspecific 
binding for [3H]WIN 35,428 was determined in sections 
exposed to 30 µM (-) cocaine. After incubation, slides 
were washed in succeeding 1-, 10-, and 10-minute washes 
with ice-cold assay buffer. A 2-minute wash was then 
done in deionized water. Slides were apposed to Amer
sham [3H]-sensitive Hyperfilm for 12 weeks. Amer
sham [3H] standards were co-exposed in each cassette. 
Film was developed in Kodak D-19 developer for 2 
minutes. Optical densities were determined using a 
MCID image analysis system. The caudate putamen 
was quantitated in its entirety. Striatal autoradiographic 
experiments were expressed in nCi/mg relative to the 
standard used. 

RESULTS 

Figure lA illustrates the comparison of [3H]GBR 12935 
binding constants in the striatum following 1 week of 
withdrawal from these different chronic treatments. No 
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Figure 1. (A) Comparison of [3H]GBR 12935 binding site 
density (Bmax) in the frontal cortex following 1 week of with
drawal from either continuous cocaine administration via 
mini-pump or intermittent cocaine, or saline, administration 
via daily injections. Bmax was obtained by Scatchard analysis 
as described in Methods. Significant group differences are 
indicated by one-way ANOVA [F(2, 15) = 5.8, p = .014] with 
a post hoc Hest indicating a 48% reduction in cocaine-in
jected relative to saline-injected rats (t = 3.4, p = .01). The 
affinity constants (Ko) were not significantly different. (B) 
Comparison of [3H]GBR 12935 binding constants in the stria
tum following 1 week of withdrawal from these different 
chronic treatments. No significant group differences were 
detected for either Bmax or Ko by a one-way ANOVA [F{2, 
15) = .245, p = .79 and F(2, 15) = 0.134, p = .876], respec
tively (D saline, ffl cocaine injection,0 cocaine infusion). 

significant group differences were detected for either 
Bmax or Ko by a one-way ANOVA (F[2, 15) = 0.245, p = 

.79) and (F[2, 15] = 0.134, p = .876), respectively. 
Figure 1B provides the comparison of [3H]GBR 12935 

binding site density (Bmax) in the prefrontal cortex 
following 1 week of withdrawal from either continu
ous cocaine administration via mini-pump, intermittent 
cocaine, or saline administration via daily injections. 
Significant group differences were detected for Bmax by 
a one-way ANOVA (F[2, 15] = 5.8, p = .014). A post hoc 
Hest comparison indicated no difference between the 
two cocaine treatment groups. When compared to the 
saline-injected control rats, the chronic infusion cocaine 
group was not different; however, in the chronic injec
tion cocaine group Bmax was reduced by 48% (t = 3.4, 
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p = .01). The affinity constants (Ko) were not signifi
cantly different from the saline injected controls in 
either of the cocaine-treated groups [KonM mean(SD) 
saline = 10.8 (4); injection= 7.2(6); infusion= 6.7(5)]. 

One week of withdrawal from continuous cocaine 
administration via mini-pump resulted in a significant 
increase in [3H]WIN 35,428 binding in the striatum. 
There was a 151% increase (p < .001) in the density of 
[3H]WIN 35,428 binding in the dorsomedial aspect of 
the caudate and a 95% increase (p < .02) in the ventro
medial aspect of the caudate nucleus, while the binding 
in the nucleus accumbens was not significantly changed. 
No binding of [3H]WIN 35,428 was detected in the pre
frontal cortex in either group of animals. Figure 2 illus
trates the increase in the density of [3H]WIN 35,428 
binding in the dorsomedial aspects of the caudate 
nucleus in cocaine-treated rats relative to controls (p < 
.005). The density of [3H]WIN 35,428 binding in the 
saline-treated controls was 0.56 (0.06), and in the cocaine
treated rats it was 1.41 (0.23) nCi/mg. 

DISCUSSION 

The intermittent injections of cocaine at withdrawal day 
7 produced a decrease in the number of [3H]GBR 12935 
binding sites, while the continuous infusion of cocaine 
had no effect on DAT binding in the prefrontal cortex. 
Cocaine had no effect on [3H]GBR 12935 binding sites in 
the caudate-putamen. 

The effect of chronic cocaine infusion was selective to 
sites labeled by [3H]WIN 35,428 and not to [3H]GBR 
12935. Our present data support the view that the func
tional domains that bind [3H]WIN 35,428, cocaine, and 
its analogues may be different from the functional 
domains that bind [3H]GBR 12935. This view is sup
ported by the following indications: (1) Although there 
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Figure 2. [3H]WIN 35,428 binding in the dorsomedial 
aspects of the caudate nucleus in cocaine-treated rats relative 
to controls. The density of [3H]WIN 35,428 binding in the 
saline treated controls was 0.56 (0.06) and 1.41 (0.23) nCi/mg 
in the cocaine-treated rats ( D saline, 0 cocaine infusion). 
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is DAT-associated [3H]GBR 12935 binding in the frontal 
cortex (Hitri et al. 1991, 1994; Hitri and Wyatt 1993, 
1994), DAT-associated binding of [3H]WIN 35,428 has 
not been detected in the frontal cortex (Canfield et al. 
1990); (2) [3H]GBR 12935 binds in the striatum to a 
single site that is not fully displaceable with cocaine 
(Andersen 1987); (3) cocaine and its congeners are five 
to 10 times less potent in displacing [3H]GBR 12935 sites 
than [3H]cocaine sites in the striatum (Madras et al. 
1989); (4) cocaine minimally inhibits [3H]GBR 12935 
binding in the frontal cortex (Hitri et al. 1991); (5) GBR 
12909 and mazindol fully inhibit neither [3H]cocaine 
nor [3H]WIN 35428 binding in the striatum (Canfield et 
al. 1990); (6) destruction of corticostriatal projections 
causes a selective increase in [3H]cocaine-labeled DATR 
without changing the binding sites for [3H]GBR 12935 
(Grilli et al. 1988); (7) unlike the saturable [3H]WIN 
35,428 binding to the cloned DAT in the COS-7 cells, 
[3H]GBR 12935 binding to the cloned DAT is not satura
ble and not displaceable by dopamine uptake blockers 
(Pristupa et al. 1994); (8) Comparison of the binding 
patterns of [3H]WIN 35,428 and [3H]GBR 12935 in the 
basal ganglia indicates different anatomical localization 
of the two ligand binding sites (Wilson et al. 1994). 
Taken together, these data suggest that the projections 
of dopaminergic neurons from the substantia nigra and 
ventral tegmental area may express different forms of 
DAT with different proportions of [3H]GBR 12935 and 
[3H]WIN 35,428 binding sites (Wilson et al. 1994). More
over, the absence of saturable [3H]GBR 12935 binding to 
the cloned DAT in the transfected COS-7 is in contrast 
to the presence of saturable [3H]GBR 12935 binding to 
the native DAT in the human brain, indicating the exist
ence of two distinct, but pharmacologically similar, 
DATs in vivo (Pristupa et al. 1994). 

Unlimited chronic access to cocaine in cocaine self
adminstering rats is associated with increased [3H]WIN 
35,428 binding in the striatum and nucleus accumbens 
in the early stages of withdrawal, whereas in the late 
stages of withdrawal the changes are different and the 
regional pattern of cocaine's effect is altered (Wilson et 
al. 1994). Three weeks after the last intake of cocaine 
[3H]WIN 35,428 binding was mainly normal in the stri
atum, but it was decreased (30%) in the nucleus accum
bens (Wilson et al. 1994). In contrast to [3H]WIN 35,428, 
the [3H]GBR 12935-labeled DAIR showed a smaller, 
highly subregionally dependent increase in binding in 
striatal subdivisions, on the last day of cocaine intake, 
and a larger binding reduction after 3 weeks of with
drawal (Wilson et al. 1994). 

Using a different administration schedule, we de
tected regional differences in the delayed effects of co
caine on [3H]GBR 12935-labeled DATR (Hitri and Wyatt 
1993). While chronic intermittent injection of cocaine in 
rats was associated with a delayed and persistent de
crease in DATR in the prefrontal cortex, it had no effect 
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on DATR in the striatum (Hitri and Wyatt 1993). Con
sistently, daily injections of cocaine produced no change 
in striatal [3H]GBR 12935-DATR binding, 3 to 14 days 
after withdrawal (Allard et al. 1990; Yi and Johnson 1990); 
moreover, repeated passive intermittent intravenous ad
ministration of cocaine had no effect on striatal [3H]GBR 
12935-DATR binding (Pilotte et al. 1994), and DATR la
beled with [3H]mazindol was not altered either (Ben
mansour et al. 1992; Kula and Baldessarini 1991). In 
contrast, [3H]WIN 35,428 binding, while showing no 
change in the striatum, was significantly decreased in 
the nucleus accumbens of rats treated with cocaine and 
withdrawn for 10 to 60 days (Pilotte et al. 1994). 

The increase in [3H]WIN 35,428 binding in the cau
date- putamen is consistent with previous results (Little 
et al. 1993; Staley et al. 1993; Wilson et al. 1994), but not 
with the results of Pilotte et al. (1994), who found de
creased [3H]WIN 35,428 binding in the nucleus accum
bens. Differences in administration schedule (Pilotte et 
al. gave 10 mg/kg/day IV over 2 hours X 10 days) and 
rat strain (Lewis) may account for the different findings. 
Both Wilson and Pilotte administered cocaine IV; how
ever in the Wilson et al. (1994) study animals self
administered more sustained daily doses of cocaine than 
in the Pilotte et al. (1994) study. Both the titration based 
on subjective effect, as well as the total cumulative dose 
may contribute to differences in binding results. 

While the continous exposure to cocaine in our study 
did not produce alterations in GBR 12935 binding, the 
intermittent exposure to the same cumulative dose of 
cocaine resulted in reduction of the Bmax· During inter
mittent injections of cocaine perturbations are precip
itated by the fluctuating cocaine levels. Neuronal per
turbations caused by the administration and the clearance 
of cocaine involve cocaine-induced inhibition of DAT 
and prevention of normal reuptake removal of DA from 
the synapse. Consequent to DA receptor stimulation 
there is a feedback suppression of DA neuronal activity 
and a reduction of DA in the terminal field. The system 
is reset following the clearance of cocaine, and the cycle 
is repeated with the readministration of cocaine. It seems 
that the neuronal perturbations associated with the 
intermittent exposure to cocaine may be more impor
tant than the continuous presence of cocaine for the 
observed reduction in [3H]GBR 12935-labeled DATR. 
Wyatt et al. (1988). 

In this study the decrease in [3H]GBR 12935 binding 
in the prefrontal cortex of the injected rats appeared a 
week earlier than in our previous study (Hitri and Wyatt 
1993). The difference is likely due to the variation in treat
ment duration. 

In summary the data demonstrate a pattern of in
creased [3H]WIN 35, 428 binding in the caudate puta
men of rats with continuous infusion of cocaine on day 
7 after withdrawal and are consistent with the human 
postmortem data in cocaine users (Little et al. 1993). The 
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decreased [3H]GBR 12935 binding in the prefrontal cor
tex of rats, following intermittent injections of cocaine, is 
also consistent with the findings of human postmortem 
studies (Hitri et al. 1994b; Hurd and Herkenham 1993). 
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