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Objective: Previous human postmortem experiments have shown an abnormally high
number of dopamine uptake sites in the striatum of chronic cocaine users, which might
contribute to cocaine withdrawal symptoms such as depression and suicidality. Previous in-
consistencies in results were perhaps related to selective radioligand affinity changes or a
coexisting loss of dopamine neurons. Method: In the present study, binding of the cocaine
analog [*H]WIN 35428 to the dopamine transporter was assayed in postmortem striatal
samples from 15 cocaine-using subjects and 15 matched comparison subjects to deter-
mine whether there were differences in number of binding sites or in affinity. Binding to the
vesicular monoamine transporter, a measure of total dopaminergic terminals, was also as-
sessed by using the radioligand (+)-[3H]dihydrotetrabenazine (DTBZ). Results: Striatal
[BH]WIN 35428 binding sites were significantly more numerous in the cocaine users: the
mean Bmax Value was 9.0 fmol bound/pg protein (SD=2.8) for the cocaine users but only 6.0
(SD=1.7) for the comparison subjects. Severity of chronic cocaine use was significantly re-
lated to [*H]WIN 35428 binding level. [P(H]DTBZ binding was significantly lower in the co-
caine users (mean=330 nCi/mg, SD=42) than in the comparison subjects (mean=374, SD=
68). Conclusions: The present results confirm that cocaine users have a high number of
dopamine transporter binding sites on dopaminergic neurons, despite an apparent low
number of total dopamine terminals. These abnormalities may contribute to the abnormal-

ities in subjective experience and behavior characteristic of chronic cocaine abusers.

(Am J Psychiatry 1999; 156:238-245)

Some previous human postmortem experiments (1—
3), but not all (4, 5), have shown an abnormally high
number of dopamine uptake sites in the striatum of
chronic cocaine users. These findings suggest that a
cellular adaptation occurring after chronic cocaine use
increases uptake capacity to compensate for uptake
blockade by cocaine, its presumed mechanism of ac-
tion (6). Such a functional increase might contribute to
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cocaine withdrawal symptoms such as depression and
suicidality and might possibly sustain the rewarding ef-
fect of cocaine bingeing by lessening postsynaptic com-
pensatory mechanisms. These phenomena could fur-
ther contribute to the development of long-term
dependence, either indirectly (because of dysphoric
subjective experience) or directly (because of neuro-
chemical changes). The fact that acute blockade of
dopamine uptake causes marked subjective and be-
havioral effects underlines the need to more fully un-
derstand chronic changes in dopamine uptake.

As already noted, not every human postmortem
study has shown a high number of dopamine uptake
sites, perhaps because of use of different radioligands
to evaluate the dopamine transporter (4 ) or because of
a coexisting loss of dopamine neurons in severely co-
caine-dependent individuals (5). Differing results with
two radioligands both specific for the dopamine trans-
porter have also occurred in animal studies (7-12),
suggesting that the affinity of dopamine transporter
binding sites may be changing. In the present experi-
ments we evaluated the biochemical nature of the ab-
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normalities in dopamine transporter binding by using
the cocaine analog [PH]WIN 35428 in 15 cocaine-us-
ing subjects and 15 matched comparison subjects to
confirm that the first group had a higher number of
binding sites and to determine whether any change had
occurred in the dopamine transporter’s affinity for do-
pamine and cocaine, as well as for WIN 35428. We
also assayed binding to the vesicular monoamine
transporter type 2 (VMAT2) by using the radioligand
(+)-[°’H]dihydrotetrabenazine (DTBZ), an independent
marker of dopamine terminal density that is not di-
rectly regulated by monoaminergic drug treatments
(13). We further examined differences between groups
in [PH]WIN 35428 binding for possible relationships
to clinical and demographic features, which have not
been previously examined. Our initial hypotheses were
that the number of [PH]WIN 35428 binding sites
(Bmax) would be higher in the cocaine-using subjects,
without differences in dopamine transporter affinity,
and that the difference between groups would be su-
perimposed on a lower number of dopamine terminals
in the cocaine users. We further hypothesized that sub-
jects with more severe cocaine dependence would dem-
onstrate greater abnormalities in [PH]WIN 35428
binding.

METHOD

Subjects

Fifteen pairs of cocaine users and matched comparison subjects
were chosen at random from a larger group comprising 34 pairs
whose [H]WIN 35428 binding had been previously examined auto-
radiographically (3). This was done to conserve tissue and labora-
tory resources after a statistical power calculation indicated that a
subset of subjects would provide sufficient power to examine the is-
sues of interest. The subset of randomly chosen paired subjects were
found to be representative: among the larger group, cocaine users
had 46.3% greater [°’H|WIN 35428 binding autoradiographically in
the caudate than the matched comparison subjects, 40.1% greater
binding in the putamen, and 44.6% greater binding in the accum-
bens. In the subset used in the present experiments, the cocaine users
displayed 46.6% greater binding in the caudate than the matched
comparison subjects, 44.5% greater binding in the putamen, and
49.6% greater binding in the accumbens.

The methods used to obtain brain samples have been previously
described (1, 3) and will be briefly reviewed. Postmortem brain spec-
imens were obtained at autopsy as authorized by the Wayne County
(Michigan) Medical Examiner’s Office, freshly dissected, quickly
frozen on dry ice, and stored at =70°C until sectioned. The subjects
had died suddenly in accidents, by assault, or of cardiovascular
causes. The comparison subjects and cocaine users were pair-
matched for postmortem interval, age, sex, and race, as well as for
socioeconomic status to control for any nonspecific factors associ-
ated with impoverished nutrition and living conditions. The compar-
ison subjects met the following criteria: 1) suitable method of death
(rapid, not the result of a chronic condition); 2) appropriate age, sex,
and race to balance the cocaine-using subjects; and 3) absence of
DSM-IV diagnoses other than ethanol abuse or nicotine use. The co-
caine users were without evidence of chronic medical illness and ex-
hibited a range of typical psychiatric symptoms and psychoactive
substance use disorders. In addition to cocaine, some subjects were
also diagnosed as ethanol abusers (seven cocaine users, five compar-
ison subjects), nicotine users (five cocaine users, four comparison
subjects), or opioid users (four cocaine users only). Table 1 lists the
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cause of death for each subject, as well as demographic and diagnos-
tic information.

Clinical Assessment

A research psychiatrist and clinical social worker interviewed at
least one knowledgeable informant for each subject, most often a
first-degree relative. Other types of informants included neighbors,
friends, fellow workers, police officers, medical examiners, physi-
cians, mental health personnel, and newspaper reporters. Family
members who participated in the study provided informed consent
under guidelines approved by the Institutional Review Board of the
University of Michigan. The interviews focused on ascertaining
whether the subject met the DSM-IV criteria for any psychoactive
substance use disorder, alcoholism, antisocial personality, mood dis-
order, anxiety disorder, or psychotic disorder. A Hollingshead rating
of socioeconomic status was derived for every subject. Based on the
available evidence, DSM-IV psychiatric diagnoses were assigned at a
consensus conference. When further questions remained, efforts
were renewed to discover the specific information needed, and the
diagnostic assignment was postponed. The subjects’ cocaine depen-
dence was quantified in three ways. Two scales were used to rate
overall severity of use, both acutely and chronically. The subject’s
use was coded as mild, moderate, or severe and assigned 1, 2, or 3
points on the basis of review of all available evidence. In addition,
axis 5 scores were assigned by using the standard directions, to pro-
vide an estimate of overall dysfunction. Both psychiatrists involved
(K.Y.L., G.W.D.) were experienced in the use of these scales and
were knowledgeable regarding the issues involved in quantifying the
effects of drug use (14). Diagnoses and scores were assigned before
the assays were performed.

Toxicology

Urine or serum from each subject was assayed qualitatively for the
presence of cocaine, opioids, antidepressants, antipsychotics, and
anxiolytics by means of a variety of methods, including radioimmu-
noassay, high-performance liquid chromatography, and gas chroma-
tography/mass spectroscopy. Ethanol levels were measured by
dichromate microdiffusion/gas chromatography methods.

Binding Assays

The methods used to assay [PH]WIN 35428 binding (also referred
to as [SH]CFT) have been previously described and will be briefly re-
viewed (1). Because the earlier autoradiographic assay had shown
that the degrees of dopamine transporter regulation by cocaine were
similar in all regions of the striatum, tissue from either the caudate
or putamen was initially homogenized in buffer solution (50 mM
Tris, 120 mM NaCl, pH 7.4). The homogenate was centrifuged at
2,000 rpm for 5 minutes, the precipitant was discarded, and then
two high-speed centrifugations (17,000 rpm for 20 minutes) were
performed, resulting in a washed pellet. After incubation at a final
tissue concentration of 5.0 mg/ml (conditions to be described), bind-
ing reactions were terminated by rapid filtration. The filters were
washed twice, and their radioactivity was counted. Nonspecific
binding was defined by the addition of 30 pM (~)cocaine. Nonspe-
cific binding with [PH]WIN 35428 averaged 15%-20% as a fraction
of total binding in striatum. Protein concentrations were determined
by using a commercial assay kit (BioRad, Claremont, Calif.).

Saturation experiments, using 16 concentrations of WIN 35428
from 1072 to 1075 were performed at the equilibrium conditions de-
termined previously (2°C for 60 minutes) with 3 nM of [SH]WIN
35428 (specific activity, 80 Ci/mmol; New England Nuclear/Du-
pont, Boston). Saturation experiments were performed by homolo-
gous displacement because of the cost of [PHJWIN 35428 and the
high nonspecific binding encountered at higher [SH]WIN 35428
concentrations. [SH]WIN 35428 competition experiments again
used 3-nM concentrations of [SH]WIN 35428 and eight concentra-
tions of the competitors and were performed at 2°C for 60 minutes.
WIN 35428 was supplied by Dr. Ivy Carroll (Research Triangle In-
stitute, Research Triangle Park, N.C.). (-)Cocaine and dopamine
were purchased from Sigma Chemicals (St. Louis).
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TABLE 1. Characteristics of Cocaine Users and Matched Comparison Subjects Examined for Postmortem Dopaminergic Ab-

normalities
Post-
Socio- mortem DSM-III-R
Group and Age economic Interval Mannerof  Cause of DSM-IV Diagnoses and Other Axis 4  Axis5
Subject (years) Sex Race Status? (hours) Death Death Psychiatric Disorders Stressors Score
Cocaine
users
1 48 F Black — 12 Homicide Gunshot Cocaine use — —
wound
2 25 M  White 3 7 Homicide Gunshot Cocaine dependence, alcohol de- 2 82
wound to pendence, history of ADHD and
head learning disability, marijuana
use, antisocial traits
3 32 M  Black — 15 Homicide Gunshot Cocaine use, alcohol use — —
wound
4 18 M  Black 5 20 Undeter- Drug abuse Cocaine abuse, opioid use, anti- 4 52
mined social personality disorder
5 43 M  Black 4 12 Homicide Gunshot Cocaine dependence, nicotine 3 70
wound to use
head
6 48 M  Black 5 20 Undeter- Aneurysm Cocaine abuse, opioid use, nico- 3 66
mined tine use, marijuana use
7 34 F Black 4 14 Undeter- Aneurysm Cocaine dependence, antisocial 3 45
mined personality disorder
8 40 M  Black 5 16 Homicide Gunshot Cocaine dependence, alcohol 2 52
wound to abuse, nicotine use, antisocial
head personality disorder
9 32 M  Black 5 24 Natural Cardiac Cocaine dependence, alcohol de- 3 57
causes pendence, cocaine-induced
mood disorder
10 41 F Black 3 18 Undeter- Drug abuse Cocaine abuse 3 62
mined
11 38 M  Black 5 16 Homicide Gunshot Cocaine abuse, nicotine use, mar- 2 65
wound jjuana use, alcohol use
12 38 M  Black — 12 Homicide Gunshot Cocaine use, alcohol use — —
wound
13 56 M  Black — 31 Undeter- Cocaine Cocaine use, opioid use — —
mined abuse
14 23 M  Black 5 9 Homicide Gunshot Cocaine dependence, alcohol 3 65
wound use, marijuana use, nicotine
use, antisocial traits
15 44 F Black 5 10 Undeter- Drug abuse Cocaine dependence, opioid de- 3 45
mined pendence, cocaine-induced
mood disorder, antisocial per-
sonality disorder
Comparison
subjects
1 34 M  Black 4 13 Homicide Gunshot No axis | diagnosis 2 85
wound
2 29 M  Black 2 22 Homicide Gunshot Alcohol use 2 82
wound to
head
3 57 M  White 5 15 Natural Cardiac Alcohol dependence, nicotine use 4 55
causes
4 48 F Black 4 34 Natural Asthma No axis | diagnosis 3 7
causes
5 36 M  White 2 15 Natural Cardiac Nicotine dependence 2 82
causes
6 52 F Black 4 15 Natural Cardiac No axis | diagnosis 2 85
causes
7 15 M  Black 3 20 Accident Motor vehi-  Marijuana use 2 80
cle accident
8 47 M  Black 5 11 Natural Cardiac Alcohol dependence, nicotine use 2 70
causes
9 21 M  Black 5 15 Homicide Gunshot No axis | diagnosis 3 67
wound
10 48 F Black 1 12 Natural Asthma Nicotine use 2 80
causes
11 47 F Black 5 16 Homicide Stabbing Alcohol abuse 2 70
12 40 M White — 19 Natural Cardiac No axis | diagnosis — —
causes
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TABLE 1. Characteristics of Cocaine Users and Matched Comparison Subjects Examined for Postmortem Dopaminergic Ab-

normalities
Post-
Socio- mortem DSM-III-R

Group and Age economic Interval Mannerof  Cause of DSM-IV Diagnoses and Other Axis 4  Axis5
Subject (years) Sex Race Status? (hours) Death Death Psychiatric Disorders Stressors Score
13 22 M Black 5 12 Accident Motor vehi-  No axis | diagnosis 1 80

cle accident
14 42 F Black — 18 Natural Cardiac No axis | diagnosis — —

causes

15 36 M White 4 15 Accident Motor vehi-  Alcohol dependence 2 82

cle accident

a According to the Hollingshead inventory.

The autoradiographic assay methods for (+)-[>H]dihydrotetra-
benazine (DTBZ) have been previously described (13). Briefly, 16-
pm-thick sections were incubated at 2°C in Tris buffer (50 mM, 120
mM NaCl, pH 7.4) for 1.5 hours. An initial saturation study indi-
cated a dissociation constant (Kg4) of 1.9 nM (SD=0.1) in human stri-
atum. On the basis of this result, a single saturating concentration of
[PH]IDTBZ (10 nM) was used to assess binding in the striatum, by
means of two total and one nonspecific sections. Nonspecific bind-
ing was defined with reserpine, 10 mM. After incubation, the slides
were washed and then apposed to Kodak SB-5 film for 5-7 days.
Amersham tritium microscale standards (Amersham, Arlington
Heights, Ill.) were co-exposed for each cassette. Optical densities
were determined by using an image analysis system (Microcomputer
Imaging Devices, Ottawa, Ont., Canada). Optical densities were
evaluated by comparison to the Amersham standards and are ex-
pressed in nanocuries per milligram.

Data Analysis

Computer analysis of the binding data was performed with Prism
Software version 2.0 (GraphPAD Software, San Diego), by using it-
erative curve-fitting techniques. A coefficient of determination was
calculated for each set of data as an indicator of how well the data
fit the function, similar to a correlational coefficient. Saturation and
competition data were fit to one- or two-component models and
evaluated for goodness of fit by F test. Further data analysis used
SPSS version 6.1.3 (SPSS, Chicago). [PH]WIN 35428 and [’H|DTBZ
binding were confirmed initially to be normally distributed (Kol-
mogorov-Smirnov distances were calculated, p>0.10 in all cases).
[PH]IWIN 35428 Bpnay and Ky, the cocaine concentration causing
50% inhibition of binding (ICs¢), dopamine ICsg, and [*H|DTBZ
binding levels were compared in the cocaine users and comparison
subjects by group t tests (after an initial evaluation revealed that the
factors on which subject pairing was based—age, postmortem inter-
val, sex, and race—did not affect the neurochemical variables).
[PHIWIN 35428 binding and [’H]DTBZ levels were further exam-
ined for correlative relationships. In addition, [PH]WIN 35428 bind-
ing and [PH]DTBZ were examined for relationships with alcohol di-
agnosis (both alone and with cocaine diagnosis) by two-way analysis
of variance (ANOVA) followed by univariate tests. Other clinical
data, including age, postmortem interval, sex, race, and other psy-
chiatric diagnosis (psychosis, mood disorder, opioid use), were ex-
amined for effects on [JH|WIN 35428 binding and [*H|DTBZ by
using ANOVA or correlational analysis, as appropriate. Initially, to
confirm that the cocaine users and comparison subjects had been
well matched, age, sex, race, socioeconomic status, and postmortem
interval were also compared by using two-tailed t tests.

RESULTS

The cocaine users and comparison subjects were not
significantly different in overall demographic charac-
teristics. Their mean ages were 37.3 years (SD=10.3)
and 38.3 (SD=12.3), respectively. Most of the subjects
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in both groups were male (73% of the cocaine users
and 67% of the comparison subjects) and African
American (93% of the cocaine users and 73% of the
comparison subjects; t=2.17, df=28, p=0.15). The
mean ratings of socioeconomic status were similar: 4.4
(SD=0.8) for the cocaine users and 3.8 (SD=1.4) for the
comparison subjects (t=2.12, df=22, p=0.16). Neither
were the postmortem intervals significantly different in
the two groups (cocaine users: mean=15.7 hours, SD=
6.2; comparison sub]ects mean=16.8 hours, SD=5.7).
However, both axis 4 and axis 5 mean scores differed
between groups. For axis 4 the mean scores were 2.8
(SD=0.6) for the cocaine users and 2.2 (SD=0.7) for the
comparison subjects (t=4.54, df=22, p<0.05). For axis
5 the mean scores were 60.1 (SD=11.2) and 76.5 (SD=
2.4), respectively (t=16.34 , df=22, p<0.01). Individual
values for the preceding variables are shown in table 1.

The [PH]WIN 35428 saturation experiments re-
sulted in a series of curves from 30 individuals that
were all curve fit with a coefficient of determination of
>0.97 (R2, the percentage of variance accounted for).
In all but one of these experiments a one-site model
was preferred. Figure 1A displays the curves fit to the
data derived from a matched cocaine user and compar-
ison subject. Similarly, the series of competition curves
for the effects of cocaine and dopamine on [3H]WIN
35428 binding were all best fit to one-site models.
There were significantly more striatal [SH]WIN
35428 binding sites in the cocaine users than in the
comparison subjects (table 2); figure 1B is a scatter-
gram of results. Dopamine transporter affinity for
[3H]WIN 35428 appeared slightly increased in the co-
caine users than in the comparison subjects, but the
difference was not statistically significant (p=0.054).
The potencies of cocaine and dopamine in displacing
[PH]WIN 35428 binding from the dopamine trans-
porter were similar in the two groups (table 2). Age
and postmortem interval were also examined for cor-
relation with [PH]WIN 35428 B, in all subjects and
in the cocaine users alone. Neither age (r=0.01, N=30,
n.s.) nor postmortem interval (r=—0.03, N=30, n.s.)
was related to [P H]WIN 35428 Bpax.

Among the cocaine users (as shown in figure 2), axis
5 score was significantly and inversely correlated with
[PHIWIN 35428 Bpay (r=—0.58, N=13, p=0.04). Sever-
ity of chronic use (r=0.82, N=14, p<0.05) and of acute
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FIGURE 1. Representative Curves for [3H]WIN 35428 Saturation of the Dopamine Transporter for a Cocaine User and Matched
Comparison Subject (A) and Scattergram of [3H]WIN 35428 Bmax Values for 15 Cocaine Users and 15 Matched Comparison Sub-
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TABLE 2. Postmortem Striatal [3H]WIN 35428 Binding to the Dopamine Transporter in 15 Cocaine Users and 15 Matched Compar-

ison Subjects

Cocaine Comparison t Test
Users Subjects (df=28)
Variable Mean SD Mean SD t p
Number of binding sites, Bmax (fmol bound/ug protein) 9.0 2.8 6.0 1.7 12.68 <0.01
Affinity of dopamine transporter, Kg (nM) 13.7 25 16.3 4.3 4.03 0.05
Concentration of cocaine or dopamine causing 50% inhibition
of binding (ICsp) (nM)
Cocaine 192 26 218 97 0.52 0.47
Dopamine 728 137 647 151 1.92 0.18

use (r=0.50, N=15, p=0.07) also appeared related. Ten
subjects were retrospectively rated as moderate co-
caine users chronically, three were rated as having se-
vere use, while two could not be rated with sufficient
confidence. The three subjects rated as having the
most severe use displayed [PH]WIN 35428 B« val-
ues that were first, second, and fourth highest among
all subjects.

Across all subjects, those with alcohol-related diag-
noses displayed a mean [SH]WIN 35428 B, of 6.4
fmol bound/pg protein (SD=2.1), whereas alcohol
nonusers had a mean value of 8.0 (SD=2.8) (t=2.62,
df=28, p=0.12). A two-way ANOVA examining the in-
teraction of cocaine and ethanol exposure confirmed
that there was a significant cocaine effect (F=13.46,
df=1, 29, p<0.01) and also showed a nearly significant
ethanol effect (F=3.67, df=1, 29, p=0.07). However,
there was clear evidence against the existence of a sig-
nificant two-way interaction between cocaine and eth-
anol (F=0.01, df=1, 29, p=0.93). Between the ethanol
abusers and nonusers there was no difference in
[PH]WIN 35428 Ky, cocaine ICs, or dopamine ICs.
[PHIWIN 35428 B,.x appeared higher, but not signifi-
cantly, in users of both opioids and cocaine (mean=
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10.4 fmol bound/pg protein, SD=3.3) compared to us-
ers of cocaine only (mean=8.5, SD=2.1) (t=1.43, df=
13, p=0.25). Overall, nicotine users had B,.x values
(mean=7.5, SD=3.1) similar to those of nonusers
(mean=7.4, SD=1.9) (t=0.53, df=28, p=0.48), and
among the cocaine users only there was also no differ-
ence between nicotine users (mean=8.2, SD=2.1) and
nonusers (mean=9.4, SD=3.1) (t=0.01, df=13, p=0.92).

[PH]DTBZ binding was significantly less in the co-
caine users (mean=330 nCi/mg, SD=42) than in the
comparison subjects (mean=374 nCi/mg, SD=68) (t=
4.40, df=28, p<0.05). A correlational analysis did not
show a significant relationship between dopamine
transporter and vesicular monoamine transporter
binding levels (r=—0.34, N=28, p=0.08). Neither age or
postmortem interval had an effect on [*’H]DTBZ bind-
ing level. There was not a significant relationship be-
tween [PH|DTBZ binding and the cocaine use severity
indices (axis 5: r=0.48, N=13, p=0.11; chronic sever-
ity: r=—0.26, N=14, p=0.42; acute severity r=—0.22, N=
15, p=0.48). VMAT?2 binding in the ethanol-abusing
comparison subjects appeared somewhat lower (mean=
340 nCi/mg, SD=48) than in the nonusers (mean=388,
SD=72), but the finding was inconsistent (t=1.47, df=
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13, p=0.25). The relationship appeared reversed
among the cocaine users: the mean VMAT?2 binding
was 349 nCi/mg (SD=32) for those alcohol-related di-
agnoses but 315 (SD=44) for the ethanol nonusers (t=
2.66, df=13, p=0.13). Neither opioid use nor nicotine
use was associated with abnormal VMAT?2 binding.

DISCUSSION

The current results, showing 50% more [PH]WIN
35428 binding sites in cocaine users than in compari-
son subjects by means of homogenate techniques,
closely replicate the earlier autoradiographic results
for these same subjects, which indicated 46% more
binding sites (3). Our results provide new biochemical
information suggesting that the greater binding is not
caused by a significant difference in the dopamine
transporter’s affinity for [P H|WIN 35428, cocaine, or
dopamine. The present results clearly confirm that
there are more dopamine transporter binding sites on
dopaminergic neurons, despite apparently fewer total
dopamine terminals, as measured by [*’H|DTBZ. Our
results further replicate the findings of an earlier,
smaller autoradiographic study we performed with
samples from a different set of subjects who died in a
different region of the United States (1).

Similar results have been reported by Staley et al. (2)
for human striatum. In contrast to Staley et al., we
found evidence for only a single type of [PH]WIN
35428 binding site on the dopamine transporter, with
a single affinity. In our experience, lower sodium con-
centrations in assay buffer (as used by Staley et al.) in-
duce a large number of lower-affinity [PH|WIN 35428
binding sites (15). Despite intensive experimentation,
it remains unclear why different laboratories obtain
differing models for dopamine transporter binding. In
the experiments showing two sites, the reported affin-
ity constants for the two sites are fairly close (16, 17)
and would be expected to be difficult to detect on the-
oretical grounds. In any case, both the present study
and the Staley et al. study (2) confirm that it is high-af-
finity dopamine transporter sites that are up-regulated
in chronic cocaine users. Mash et al. (18) have also re-
cently found that an increase in striatal dopamine up-
take occurs in human cocaine users, paralleling
[PH]WIN 35428 binding site abnormalities.

In contrast, Wilson et al. (§) did not find significant
greater [PH|WIN 35428 binding among 12 cocaine
users postmortem than in matched comparison sub-
jects. This finding is puzzling because these same in-
vestigators reported greater [PH]WIN 35428 binding
in rats treated with cocaine (7). One possible explana-
tion is that the human subjects were suffering from a
superimposed, more marked loss of dopaminergic neu-
rons, as evidenced by 22% less VMAT?2 binding, con-
trasting with the 12% lower binding found in the pres-
ent subjects. Greater severity might reflect the process
through which the samples were collected in the Wil-
son et al. study. Five forensic medical centers across
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FIGURE 2. Correlation of DSM-IV Axis 5 Scores With Bmax Val-
ues for [3H]WIN 35428 Saturation of the Dopamine Transporter
for 13 Cocaine Users?
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a Significant inverse relationship (r=—0.58, N=13, p=0.04).

North America each selected tissue samples from two
or three subjects that were most confidently diagnosed
retrospectively as cocaine users. In this way, the selec-
tion of more behaviorally disturbed individuals may
have occurred. Despite the fact that there were 22%
fewer [PH|DTBZ binding sites in the postmortem
samples examined by Wilson et al. than in compari-
son subjects, [SH]WIN 35428 binding was 6%
higher. This indicates that the number of [PH|WIN
35428 binding sites per dopamine terminal was also
high in these subjects.

The low [’H]mazindol binding reported by Hurd
and Herkenham (4) suggests that [?H]mazindol bind-
ing sites are not up-regulated by cocaine exposure and
therefore reflect the overall loss of dopaminergic termi-
nals. Hitri et al. (19) also have reported that binding of
[PH]GBR12935 is low in the frontal cortex of human
cocaine users. Although potent inhibitors of dopamine
uptake, both mazindol and GBR12935 are structurally
dissimilar from cocaine and WIN 35428. Other exper-
iments (7-12, 20) have consistently shown that various
dopamine-transporter-selective compounds are not
similarly regulated by cocaine exposure. Understand-
ing how some, but not all, binding sites on the dopa-
mine transporter can be increased will require the de-
velopment of a complex molecular model that takes
into account these distinctive stoichiometric changes.

As noted already, the large number of [PH]WIN
35428 binding sites found in the present group of sub-
jects occurred despite a lower number of [SH|DTBZ
binding sites. (The postulated temporal relationship
between an increase in the former and a decrease in the
latter is diagrammed in figure 3.) As noted earlier, the
loss of [’H]DTBZ binding sites may reflect a decrease
in total number of dopaminergic axons. Animal stud-
ies (21-23) have suggested that cocaine is not neuro-
toxic, but our results and those of Wilson et al. (5) and
Volkow et al. (24) (who found positron emission to-
mography evidence for decreased dopamine trans-
porter binding in subjects free of cocaine for many
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FIGURE 3. Postulated Bimodal Effects of Repeated Cocaine
Use on Dopamine Transporter (DAT) Function Over Time
(weeks to months)?2
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2The long-term decline may reflect loss of dopamine terminals.

Weeks) together suggest that neuronal damage may oc-
cur in humans who abuse cocaine. Such a postulated
axonal loss may be directly related to cocaine exposure
or to other concomitant factors, including ethanol,
opioids, other drugs of abuse, and nutritional changes.
Our examination of these other factors, in fact, did
suggest that ethanol dependence is assoc1ated w1th a
lower number of [PH|WIN 35428 binding sites, in
both the cocaine users and comparison subjects. This
finding is similar to the results found in the larger sub-
ject group, where binding in the putamen was signifi-
cantly less among alcoholic than nonalcoholic compar-
ison subjects (3). Surprisingly, however, VMAT2
binding was not comparably lower in ethanol abusers,
a finding that is difficult to reconcile. One possible ex-
planation is that alcoholism was underdiagnosed
among the cocaine users. However, efforts were made
to avoid this mistake, and a similar dopamine trans-
porter/VMAT2 d1s1unct10n existed among non-co-
caine-using sub]ects as well. Although it is unhkely
that VMAT?2 is regulated by monoaminergic-active
drugs (13, 23), determining whether or not low
[PH|DTBZ binding truly reflects a loss of dopamine
axons will require further confirmation by means of
quantitative morphometric techniques.

There was a suggestion of possibly greater dopamine
transporter [JH]WIN 35428 binding among opioid us-
ers, but our numbers were too small and opioid use
was too entangled with severity of cocaine use to be
clearly distinguished. Previous experiments in rats
have shown that chronic morphine treatment mark-
edly alters dopammerglc cell morphology, diminishing
neuronal size and rearranging internal architecture
(25). Such changes could possibly affect [PH]WIN
35428 binding sites, and the possibility deserves fur-
ther attention. In distinction to opioid use, we found
no evidence that nicotine use affects [PH]WIN 35428
or [*’H|DTBZ binding.

To our knowledge, the present results are the first to
show a relationship among the severity of cocaine in-

take, behavioral dysfunction, and abnormalities in stri-
atal [SH]WIN 35428 binding to the dopamine trans-
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porter. The causal relationship among these variables
is unclear but of obvious interest. A simple explanation
is that increased cocaine intake induces greater
[PH]WIN 35428 binding site up-regulation. A dose-re-
sponse relationship has not been previously described
in the animal literature but is plausible. An alternative
and clinically provocative interpretation is that the in-
dividuals who most readily up-regulated [PH]WIN
35428 binding were those prone to more intense with-
drawal effects, bingeing, and addictive behavior.
Whether there are marked individual differences in
sensitivity to dopamine transporter regulation is un-
known but could conceivably exist. Recent evidence
(26) suggests that genetic differences in the human se-
rotonin transporter promoter region alter the adaptive
response to chronic ethanol exposure. These consider-
ations further imply that individual differences in sero-
tonin transporter response to chronic antidepressant
inhibition might also occur and contribute to thera-
peutic failures, loss of response, and nonresponse to
higher doses.

Not as clear a relationship was found between low
[PH|DTBZ binding and the behavioral measures.
However, a loss of dopaminergic terminals, if that is
the true 51gn1f1cance of low [*H]DTBZ bmdlng, could
certainly contribute to chronic alterations in reward
experience and drug craving. A more extensive explo-
ration of VMAT2 abnormalities in chronic cocaine
and ethanol users is now being undertaken.

The present experiments indicate that dopamine up-
take is highly sensitive to chronic blockade by cocaine
and that the adaptive mechanisms induced in the dopa-
mine transporter are complex. These changes may con-
tribute to the alterations in subjective experience and
behavior characteristic of chronic cocaine abusers.
Our data further suggest that damage to dopaminergic
neurons, which are critical to normal reward pro-
cesses, may result from chronic cocaine abuse.
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