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Cocaine Uptake Is Decreased in the Brain 
of Detoxified Cocaine Abusers 
N. D. Volkow, M.D., G.-J. Wang, M.D., J. S. Fowler, Ph.D., J. Logan, Ph.D., R. Hitzemann, Ph.D., 
S. J. Gatley, Ph.D., R. R. MacGregor, Ph.D., and A. P. Wolf, Ph.D. 

Binding of [11C]cocaine in brain was measured with 
positron emission tomography in 12 detoxified cocaine 
abusers and in 20 controls to evaluate if there were changes 
in cocaine binding and in dopamine (DA) transporter 
availability associated with chronic cocaine use. Nine 
controls and 10 cocaine abusers had an additional scan with 
[18F]N-methylspiroperidol to measure dopamine D2 
receptors. Cocaine abusers had significantly lower uptake of 
[11C]cocaine in brain ( 6.2 ± 1 % dose/cc tissues) than 
controls (7.7 ± 2%). The distribution volumes (DV) for 
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Cocaine's ability to inhibit the dopamine (DA) trans
porter and to increase synaptic DA concentration in 
nucleus accumbens have been linked to its reinforcing 
properties (Ritz et al. 1987; Wise 1990; Woolverton and 
Johnson 1992; De Wit and Wise 1977; Johanson and 
Fischman 1989; Koob and Bloom 1988). The extent to 
which chronic cocaine changes DA transporters is much 
less clear. Numerous studies in animals have been done 
to investigate changes in DA transporters with chronic 
cocaine. These studies have yielded inconsistent results. 
For example studies measuring DA transporter func-
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[ 11C]cocaine were reduced in basal ganglia (BG), cortex, 
thalamus, and cerebellum (CB) of cocaine abusers. However 
there were no differences in the ratio of the DV in BG to that 
in CB, which is an estimate of DA transporter availability. 
Values for DA D2 receptor availability were decreased in 
cocaine abusers and did not correlate with estimates of 
dopamine transporter availability. In summary, detoxified 
cocaine abusers showed decreased uptake of cocaine in brain 
but did not show changes in DA transporter availability. 
[Neuropsychopharmacology 14:159-168, 1996] 

hon after chronic cocaine have shown increases (NG et 
al. 1991; Missale et al. 1985; Yi and Johnson 1990; Par
sons et al. 1993) as well as decreases in nucleus accum
bens (lzenwasser and Cox 1990) and no changes in 
striatum (Izenwasser and Cox 1990; Baker et al. 1993). 
Studies measuring DA transporter concentration have 
also been inconsistent with some investigators docu
menting increases immediately after cocaine discontin
uation (Wilson et al. 1992), others decreases after cocaine 
withdrawal (Farfel et al. 1992; Sharpe et al. 1991; Hitri 
and Wyatt 1993; Pilotte et al. 1994), and others no 
change (Benmansour et al. 1992; Kula and Baldessarini 
1991; Allard et al. 1990; Peris et al. 1990). Inconsistencies 
are also found in post mortem human brain studies, 
with reports documenting increases (Little et al. 1993) 
as well as decreases in DA transporters (Hitri et al. 1994; 
Hurd et al. 1993). Factors contributing to the inconsis
tencies appear to relate to differences among brain 
regions, to the time at which the measurements were 
made after last drug use, to the methods used as well as 
to the radioligand used for quantification of DA trans
porters. In this respect it is also interesting to note that 
the bioavailability of cocaine may change after chronic 
cocaine administration (Pan et al. 1991), and this may 
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affect in vivo measurements that use cocaine or cocaine
related ligands. 

Positron emission tomography (PET) is an imaging 
technique that enables the measurement of drug phar
macokinetics, regional brain function, as well as neu
rotransmitter activity in the living brain. It has been 
used to assess the behavior of cocaine in the human brain 
(Fowler et al. 1989) as well as its regional brain meta
bolic effects after acute (London et al. 1990) and chronic 
administration (Volkow et al. 1991; Volkow et al. 1992). 
PET studies measuring neurochemical changes in the 
chronic cocaine abusers have demonstrated significant 
decreases in DA D2 receptors during early (Volkow et 
al. 1990) and late detoxification (Volkow et al. 1993) as 
well as decreased brain DA metabolism (Baxter et al. 
1988). To our knowledge, no PET studies have been 
reported on DA transporters in cocaine abusers. 

We have previously shown that [11C]cocaine binds 
predominantly to the DA transporter (Fowler et al. 
1989) and that it is sensitive to changes in DA trans
porter density occurring with aging (Volkow et al. 1994). 
In the present study we used PET and [11C]cocaine to 
evaluate DA transporter availability as well as cocaine 
uptake in the brain of detoxified cocaine abusers. For 
this purpose we evaluated 12 cocaine abusers between 
3 to 6 weeks of detoxification. Four of these cocaine 
abusers were rescanned after they completed a 3-month 
inpatient rehabilitation period. Twenty normal subjects 
were used as control, and eight of them underwent a 
second scan 3 to 12 weeks later to assess the reproduc
ibility of repeated measurements. We also evaluated the 
relationship between DA transporter and DA D2 recep
tor availability in those subjects for whom we had also 
obtained scans with [18F]N-methylspiroperidol (NMS) 
(Volkow et al. 1993). 

METHODS 

Subjects 

Cocaine abusers: 12 male right-handed subjects (age 
36 ± 8 years) who met DSM-III-R criteria for cocaine 
dependence were recruited from the detoxification unit 
of the Northport Veterans Administration Medical Cen
ter (VA). Inclusion criteria were: (1) DSM-III-R diagnos
tic criteria for active cocaine dependence, (2) continuous 
use of cocaine for at least the prior 6 months with claimed 
cocaine use of at least "four grams" a week (estima
ted cost $400/week), (3) the use of cocaine as free-base 
or as crack, (4) expressed willingness to participate in a 
3-month inpatient rehabilitation program, and (5) right
handedness. Exclusion criteria were: (1) current or past 
psychiatric disease other than cocaine dependence, (2) 
neurologic signs and/ or history of neurologic disease, 
(3) history of head trauma, (4) history of cardiovascular 
or endocrinologic disease, (5) current medical illness, 
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(6) dependence on any substance other than cocaine, 
nicotine, or caffeine, (7) history of intravenous drug use 
and/or (8) more than moderate (12 ounces/week) use 
of ethanol. The clinical characteristics of the patients 
have been published (Volkow et al. 1993). 

Normal controls: 20 male right-handed subjects (age 
36 :± 12 years) were recruited as controls. Controls were 
screened for a lack of history of current or past psychi
atric or neurologic disease, as well as for lack of history 
of drug or alcohol abuse (excluding nicotine/ caffeine). 
Exclusion criteria were otherwise as for cocaine abusers. 

None of the subjects were taking medication at the 
time of the study, and any previous medication had been 
discontinued 8 days before the first PET scan in this 
study. All subjects for the present study underwent a 
complete medical, neurologic, and psychiatric evaluation. 
After recruitment and evaluation, patients were trans
ferred to an inpatient rehabilitation unit where they 
were to remain for 3 months. Screens for drug use were 
performed on random urine samples at least twice a week 
during hospitalization for patients and prior to each PET 
scan for controls. Informed consent was obtained for all 
of the subjects after the nature and possible conse
quences of the studies had been explained. 

PET Scans 

The PET scans were done on a CTl-931 tomograph (15 
slices, spatial resolution: 6.5 x 6.0 X 6.0 mm Full Width 
Half Maximum). Procedures for the PET scans involved 
the following: individualized molded head holders were 
used to assure:± 2 mm positioning and repositioning in 
the PET camera using a vertical and horizontal laser 
alignment system and the canthomeatal and the medial 
sagittal lines as references. Before the PET studies, two 
catheters were inserted, one in the antecubital vein for 
radiotracer injection and the other in the radial artery 
for blood sampling. [11C]Cocaine was synthesized as 
described previously (Fowler et al. 1989). Prior to 
[11C]cocaine injection, a transmission scan of the head 
was taken to correct for attenuation of the 511 keV anni
hilation photons. Emission scans were started immedi
ately after injection of 5 to 10 mCi (specific activity > 100 
mCi/ µmol at time of injection) and sequential scans 
were obtained for a total of 45 minutes. Scans were car
ried out under resting conditions (supine, eyes open, 
ears unplugged), noise was kept to a minimum, and the 
room was dimly illuminated. 

Arterial blood samples were obtained throughout the 
procedure to measure total radioactivity and fraction of 
radioactivity as unchanged [11C]cocaine. Unchanged 
[11C]cocaine in plasma was measured in (0.5 ml) sam
ples taken at 1, 5, 10, and 30 minutes. For this purpose 
1 cc of acetonitrile was added to the samples, and the 
mixture was sonicated and centrifuged. The superna-
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tant was analyzed by HPLC (Phenomenex, Spherisorb 
silica column 4.6 X 250 mm, eluted with 5 mmol/L 
NH4Cl04 in methanol (pH 7.0) at flow 1.0 ml/min) with 
ultraviolet detection and radioactivity assay of frac
tions. A sample of unlabeled cocaine was added to the 
supernatant, and the fraction of labeled cocaine in each 
sample was taken as the amount of radioactivity coelut
ing with the unlabeled cocaine relative to the total 
amount injected into the HPLC. 

Nine of the normal controls and 10 of the cocaine 
abusers had an additional scan with [18F]N-methylspiro
peridol (NMS) done within 10 days of the [11C]cocaine 
scan. NMS scans from these subjects were part of a 
larger study evaluating DA 02 receptor availability in 
cocaine abusers for which the results as well as the 
methodology have been published (Volkow et al. 1993). 
Briefly, emission scans were started immediately after 
injection of 4 to 6 mCi (specific activity 0.5 to 1.0 Ci/ µmol 
at time of injection) of NMS and sequential scans were 
obtained for a total of 180 minutes. Arterial blood sam
ples were obtained throughout the scanning to measure 
blood gases as well as total activity and unchanged NMS. 

Image Analysis 

Regions of interest (ROI) were chosen directly in the 
emission scans using Matsui and Hirano's neuroana
tomic atlas as reference (1979). Regions of interest were 
obtained for basal ganglia (BG), cerebellum (CB), thala
mus (TH), and occipital cortex (OC) using a template 
that has previously been described (Volkow et al. 1992). 
In addition a measure of "global" uptake was obtained 
by averaging the activity in the five central slices. An 
estimate of total brain "peak" uptake was obtained by 
multiplying the average concentration obtained from the 
global measures at peak uptake (expressed as% dose per 
cc tissue) by 1,500 (average weight of the human brain) 
(Blinkov and Glezer 1968). 

The time activity curves for tissue concentration and 
for unchanged tracer in plasma were used to calculate 
the distribution volumes (DV) as well as the rate of 
transfer of [11C]cocaine from plasma to brain (Kl) for 
the BG, TH, OC, and CB using "Logan plots" (Logan et 
al. 1990). The Logan plot corresponds to the slope of 

t t f ROl(t' )dt' I ROl(t) vs. f Cp(t' )dt' I RO!(t) 
0 0 

where ROI and Cp are functions of time describing the 
variation of tissue radioactivity and plasma radioactiv
ity respectively. For a three-compartmental model (such 
as would be applicable to binding of cocaine to DA trans
porters in basal ganglia) the DV is given by 

DV8 G = K/k' 2(1 +NS+ (Bmax-L)/Kd) 

where Bmax is the total DA transporter concentration, L 
is the concentration of endogenous neurotransmitter 
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bound to the transporter, Kd is the ligand transporter 
equilibrium dissociation constant, and NS represents 
the ratio of kinetic constants for nonspecific binding, 
which is assumed to be sufficiently rapid that it is 
always in a steady state. K1 and k2 are plasma-to-tissue 
and tissue-to-plasma transport constants, which are func
tions of blood flow, capillary permeability, and plasma 
protein binding. According to steady-state model (the 
tissue concentration is assumed to remain constant over 
the time of capillary transit). 

Kl = F( I - e -PS/F) 

and 

k
2 

= (PS
2
/PS

1
)F(l -e-PS/F) 

(where F refers blood flow) so that 

K1/k2 = PS 1/PS2 = PS' //(PS' if Ns) 

PS' 1 and PS' 2 are the plasma to tissue and tissue to 
plasma permeabilities. The effective permeability PS1 = 
PS' /p is directly proportional to the free fraction in 
plasma Ip, and PS2 = PS' INs is a function of the free 
fraction (of nonspecifically bound) in tissue/NS· The DV 
for a nonreceptor region such as the cerebellum (CB) is 
given by 

DVCB = K 1/k2(1 +NS) 

Because the DV is proportional to PS1/PS2, it is a func
tion of plasma protein binding and tissue nonspecific 
binding. We therefore used the ratio of the DV in the 
ROI to that in CB as model parameter to estimate DA 
transporter availability. This ratio is independent of 
blood flow, plasma protein binding, and permeability 
and is a linear function of DA transporter concentration. 

DV BG/DV CB = I+ [Bm;:- L][1 +'Ns] = I+ [
8;;t] 

where we have defined (Bmax - L) = Bmax', and Kd = 

Kd' fNs (where fNs = 1 / (1 + NS)). 
Dopamine 02 receptor availability was obtained using 

the "ratio index" (Smith et al. 1988), which corresponds 
to the slope of the ratio of the radioactivity in striatum 
to radioactivity in cerebellum plotted against time (dura
tion of scan = 180 minutes). Details on the methodology 
have been published (Volkow et al. 1993). 

Regional differences between the normal controls 
and the chronic cocaine abusers were tested with two
tailed, unpaired student's t-test. For those subjects 
undergoing repeated scans, differences between the 
first and the second scan were compared with paired 
t-tests. Comparisons of repeated scans were done sepa
rately for the normals and for the cocaine abusers. 

The relation between DA transporter availability 
(DVBc/DVcB) and that of DA 02 receptors (ratio index 
for NMS) was measured using Pearson product moment 
correlation analysis. 



162 N.D. Volkow et al. 

RESULTS 

The brain uptake of [11C]cocaine was significantly lower 
in cocaine abusers than in controls. In normal controls 
approximately 7.8 :': 2% of the injected dose per cc of 
tissue went into the brain, whereas in the cocaine abus
ers only 6.1 :±: 1 % (Table 1). After 3 months of detoxifica
tion, the uptake remained significantly lower than that 
of the normal controls. Similarly, K1 values were signifi
cantly lower in cocaine abusers than in controls. K1 for 
BG corresponded to 0.53 :±: 0.10 in the normal controls 
and 0.49 ± 0.08 in the cocaine abusers. Though not sig
nificant Ki's were also reduced in thalamus and cerebel
lum (Table 1). The lower uptake of [11C]cocaine in BG is 
apparent in Figure 1, which shows the averaged time 
activity curve for [11C]cocaine in BG for the cocaine 
abusers and for the normal controls. 

Evaluation of the DV values revealed linear plots 
from early time points for both normal and cocaine 
abuser (Figure 2). The DV were significantly lower for 
all brain regions in cocaine abusers tested during early 
detoxification than in controls (Figure 3). With 3 months 
of detoxification there was an associated increase in the 
DV in BG, but there were no changes in the DV in thala
mus or in cerebellum. In the controls none of the mea
sures changed with the test-retest evaluation (Table 2). 

In contrast, assessment of the DV ratios (DVRorl 
DV CB) revealed no differences between normals and 
cocaine abusers tested during early and late detoxifica
tion (Table 1). There were also no changes in DV ratios 
upon repeated examination for the normals or for the 
cocaine abusers (Table 2). 

Table 1. Regional Uptake and Binding of P1C]Cocaine in 
the Brain of Controls and of Cocaine Abusers 

Normal Cocaine Abusers 
(n = 20) (n = 12) 

Brain uptake 
(% dose) 7.72 ::t::: 2.10 6.19 ::t::: 1.40 p < .05 
K1BG 0.46 ::'::: 0.10 0.36 ::'::: 0.06 p < .Ol 
K1TH 0.53 ::'::: 0.15 0.43 ::t::: 0.10 p < .06 
K1cB 0.42 ::t::: 0.11 0.33 ::t::: 0.06 p < .06 
DVBc/DVcB 1.71 ::'::: 0.11 1.72 ::'::: 0.09 NS 
DVrn/DVcB 1.22 ::'::: 0.14 1.31 ::'::: 0.22 NS 
DVoc/DVcB 1.03 ::'::: 0.19 1.07 ::t::: 0.17 NS 

Values correspond to the scans obtained during early detoxification in 
the cocaine abusers and to the scans obtained in the first evaluation in 
controls. 

Averaged values for normal controls and for cocaine abusers for up
take of [11C]cocaine in brain, for the K1 (transfer constant of [11C]cocaine 
from plasma to tissue) of [11C]cocaine in basal ganglia (BG), in thalamus 
(TH), and in cerebellum (CB), and for the ratios of the distribution vol
ume (DV) in BG to CB (DVBG/DVcs), DVin TH to CB (DVBG/DVcs) and 
DV in occipital cortex (OC) to CB (DVoc/DVcs). Brain uptake of [11C]co
caine as well as the regional values for K1 were significantly lower in co
caine abusers than in controls. The DV ratios did not differ between the 
groups. 
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Figure 1. Time activity curves for [11C]cocaine in basal gan
glia (BG) in normal controls (filled circles) and in cocaine 
abusers (open circles). Values correspond to average measures 
and SD for the 20 controls and the 12 cocaine abusers. The 
concentration of [11C]cocaine in BG was significantly lower 
in cocaine abusers than in controls for all time points except 
those obtained within 1 minute of [11C]cocaine injection and 
those obtained 25 minutes after its injection. 

An analysis of the plasma concentration of unchanged 
cocaine revealed no differences in the integrated plas
ma concentration of unchanged tracer between normals 
and cocaine abusers during early or late detoxification 
(Table 3). 

As in our previous study, this subgroup of cocaine 
abusers had significantly lower values for the "ratio 
index" than controls; normals = 3.10 :±: 0.49, cocaine 
abusers = 2.51 :±: 0.5; p < .05. The correlation analysis 
between the DVBG/DVcs for [11C]cocaine and the "ratio 
index" for [18F]NMS was not significant (r = 0.15) (Fig
ure 4). 

DISCUSSION 

This study documents decreases in brain uptake of [11C]
cocaine in chronic cocaine abusers relative to normal 
subjects. The decreases in brain uptake of [11C]cocaine 
persisted in the four patients who completed a 3-month 
inpatient detoxification program suggesting that they 
do not represent a temporary adaptation process but 
rather a long-lasting effect. The decreased brain uptake 
was not due to differences in rate of [11C]cocaine metabo
lism, because the total plasma concentration of unchanged 
[11C]cocaine was comparable for both groups of subjects. 
Furthermore, because both groups of subjects did not 
differ in their weight (normals = 189 :±: 39 lb, cocaine 
abusers= 195 :±: 34 lb), it is also unlikely that differences 
represent differences in distribution of cocaine in body 
compartments such as fat tissue. Because cocaine is 
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Figure 2. Graphical analysis for the distribution volumes in basal ganglia and cerebellum in a normal control (A) and in a 
cocaine abuser (B) ROI(T) refers to radioactivity in the region of interest at time T. Cp(t) is the plasma radioactivity corrected 
for metabolites. Notice the smaller slopes in the cocaine abuser than in the control. 

highly permeable (Mule et al. 1976) under conditions of 
decreased cerebral blood flow (CBF), its delivery could 
become rate limiting. Hence decreased brain uptake of 
cocaine in cocaine abusers could reflect the marked re
ductions in CBF associated with chronic cocaine abuse 
(Volkow et al. 1988). 

The reduced cocaine uptake in the brain of cocaine 
abusers differs from the animal studies that have shown 
increases in brain concentration of cocaine (Pan et al. 
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Figure 3. Values for the DV for [11C]cocaine in basal gan
glia (BG), thalamus (TH), occiptal cortex (OC) and cerebel
lum (CB) in normals and cocaine abusers. The DV measures 
were significantly lower in cocaine abusers than in controls 
(p < .05). 

1991; Izenwasser and Cox 1992) as well as differences in 
brain pharmacokinetics of cocaine (Nayak et al. 1976) 
after chronic cocaine administration. These discrepan
cies could relate to species differences, routes of admin
istration as well as differences associated with the chronic 
administration of cocaine in an experimental setting ver
sus those observed in the real life situation. For exam
ple, increased brain concentration after chronic cocaine 
was observed when cocaine was administered intra
peritoneally but not when it was administered intrave
nously, and the increases were found to be related to 
changes in cocaine absorption in the intraperitoneal 
cavity (Pan et al. 1991). Also, increases in brain cocaine 
after chronic cocaine concentration were reported when 
cocaine was administered intermittently but not when 
it was administered via minipumps (Reith et al. 1987; 
Izenwasser and Cox 1992). 

This study also documents a decrease in binding poten
tial of cocaine in the brain of cocaine abusers as assessed 
by the DV. Though reductions in CBF could limit the 
uptake of [11C]cocaine in brain, the DV measurements 
that represent a steady-state quantity (although it is not 
necessary to measure it under steady-state conditions) 
should not be affected by CBF. The DV has been shown 
to be insensitive to physiologic changes in blood flow 
(Holthoff et al. 1991; Logan et al. 1994). It is more likely 
that the reduced DV in cocaine abusers could reflect 
decreased uptake due to an increase in plasma protein 
binding or a general decrease in permeability of blood
brain barrier to the uptake (but not the loss) of cocaine. 
In principle the reduced DV values for C-11 cocaine in 
cocaine abusers could reflect a decrease in the plasma
free fraction for C-11 cocaine. If the free fraction differs 
between the cocaine abuser and control groups, then our 
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Table 2. Test-Retest Reproducibility for [11C]cocaine in Controls and Effects of 
Detoxification in Cocaine Abusers 

Normal Cocaine Abusers 

First Scan Second Scan Early Detox Late Detox 
(n = 8) (n = 8) (n = 4) (n = 4) 

Brain uptake 
(% dose) 7.00 ± 1.23 7.20 ± 1.84 6.50 ± 1.16 5.78 ± 0.35 
DVBG 4.40 ± 1.06 4.41 ± 0.85 3.43 ± 0.39 3.88 ± 0.53" 
DVrn 3.33 ± 0.78 3.10 ± 0.61 2.81 ± 0.17 3.06 ± 0.25 
DVcB 2.52 ± 0.52 2.56 ± 0.45 2.07 ± 0.28 2.35 ± 0.39 
DVBc/DVcB 1.74 ± 0.14 1.72 ± 0.70 1.66 ± 0.08 1.66 ± 0.07 
DVrn/DVcB 1.32 ± 0.22 1.23 ± 0.05 1.30 ± 0.14 1.22 ± 0.14 

Averaged values for repeated studies done with [11C]cocaine in normal controls to assess test-retest repro
ducibility and in cocaine abusers to assess the effects of 3 months of detoxification. Abbreviations are as for 
Table 1. Comparisons between repeated measurements used paired t tests (two-tail). 

a p < .05. 
None of the parameters changed in the repeated measurements in the controls. In the cocaine abusers the 

only significant change with detoxification was an increase in the DV in BG. 

use of the total plasma concentration as the input func
tion for DV calculations may not be appropriate. The 
alternative explanation that cocaine abusers exhibit a 
general decrease in the permeability of the blood-brain 
barrier to the uptake, but not the loss, of cocaine is un
likely, as cocaine is presumed to enter the brain by pas
sive diffusion related to its lipophilicity. 

In contrast to changes in the DV values for the indi
vidual regions, the DY ratios including the DVBGIDVcB 
did not differ between the two groups of subjects. The 
DBBclDV CB for [11C]cocaine has been used as a model 
parameter to estimate DA transporter availability-a 
measure pertaining to DA transporters that are avail
able to interact with the tracer and not necessarily to
tal DA transporter concentration. The DVBG/DVCB for 
[ 11C]cocaine is reduced by relatively low doses of cocaine 
as well as by drugs that inhibit the DA transporter 
(Volkow et al. 1995) and has been found to be sensitive 
to decreases in DA transporters with aging (Volkow et 
al. 1994). It mainly reflects cocaine binding to the high 
affinity DA transporter (Volkow et al. 1995). The fact 

that we were unable to document changes in cocaine 
abusers would indicate that there are no changes in 
high affinity DA transporter availability in cocaine abus
ers after protracted withdrawal. These results are in 
agreement with animals studies (Benmansour et al. 
1992; Kula and Baldessarini 1991; Allard et al. 1990; 
Peris et al. 1990), which have indicated no evidence of 
changes in DA transporters with chronic change. Though 
studies have also shown that chronic cocaine decreases 
DA transporters (Farfel et al. 1992; Sharpe et al. 1991; 
Hitri and Wyatt 1993; Hitri et al. 1994; Hurd and Herken
ham 1993) as well as DA transporter mRNA (Cerruti et 
al. 1993) those changes have been documented predom
inantly in the nucleus accumbens and in the prefrontal 
cortex and not in striatum (except for Hurd and Herken
ham 1993). The PET measurements predominantly reflect 
dorsal striatum and not ventral striatum where the nu
cleus accumbens is located. It is also possible that we 
failed to document changes in DA transporter availabil
ity in cocaine abusers due to the fact that these changes 
tend to recover relatively rapidly after detoxification. A 

Table 3. Concentration of Unchanged [11C]Cocaine in Plasma and Percent Metabolized 
[11C]Cocaine in Controls and Cocaine Abusers 

Integral of [11C]cocaine 
in plasma 

Percent metabolized 

Normal 

IO min 

3,071 ± 400 
9.8 ± 8.0 

30min 

4,505 ± 770 
19.6 ± 3.0 

Cocaine Abusers 

IO min 

2,727 ± 628 
10.6 ± 4.0 

30min 

4,015 ± 1,162 
28.7 ± 12.0 

Values for the integrated concentration of unchanged [11C]cocaine in plasma and for percentage of metabo
lized [11C]cocaine at 10 and at 30 minutes after injection of [11C]cocaine, for the normal controls and for the 
cocaine abusers. Both groups had comparable concentrations of unchanged [11C]cocaine in plasma. 
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Figure 4. Correlation between the ratio of the DV in BG to 
that in CB (DVBc/DVcB) obtained with [11C]cocaine as an 
estimate of DA transporter availability and the "ratio index" 
obtained with [18F]N-methylspiroperidol as an estimate of 
DA D2 receptor availability. Normal controls are indicated 
with closed circles and cocaine abusers with open circles. The 
correlation between these two parameters was not sig
nificant. 

preliminary study that evaluated DA transporter avail
ability in cocaine abusers with SPECT and [1231]!3-CIT 
documented increases immediately after detoxification 
which recover 2 to 4 weeks after detoxification (Malison 
et al. 1994). Similarly, an autoradiographic study showed 
decreases in DA transporters in the brain of chronically 
treated rats immediately after cocaine withdrawal and 
increases 4 days after cocaine discontinuation (Graham 
et al. 1994). It has also been noted (Hitri et al. 1994) that 
most studies that documented decreases in DA transport
ers with chronic cocaine used cocaine analogue ligands, 
whereas those that did not document changes used 
noncocaine-related ligands. It is therefore possible that 
changes in the conformation of the DA transporter with 
chronic cocaine could affect the binding of some ligands 
but not of others. In fact, one study has documented 
decreased striatal binding of a cocaine analogue (WIN 
35428) but not of a noncocaine-related DA transporter 
ligand (GBR 12935) after withdrawal (3 weeks) from 
chronic cocaine (Wilson et al. 1992). 

In interpreting the failure to observe changes in DA 
transporter availability in cocaine abusers some of the 
limitations of the experimental strategies should be ad
dressed. One is the relatively low specific to nonspecific 
binding ratio of [11C]cocaine, which limits its sensitivity 
as a tracer to measure DA transporter availability. Another 
confounding factor was the finding of reduced DV in CB 
of cocaine abusers, which may have led to an overesti
mation of DA transporter availability as assessed by the 
DVBGIDVCB. 

The value for DA D2 receptor availability was not 
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associated with the value for DA transporter availabil
ity measured within the same subject. In the cocaine 
abusers, the lack of a significant association is also evi
denced by the significant decreases in DA D2 receptor 
but not in DA transporter availability. Dopamine D2 
receptors, as measured with PET, predominantly label 
postsynaptic receptors, which are mostly located in 
GABAergic and acetylcholine neurons (Drukarch et al. 
1990; Stoof and Kebabian 1982), whereas DA transport
ers are located in the terminals of DA neurons. Thus, 
our results suggest that the decreases in DA D2 recep
tors in cocaine abusers indicate changes in GABA and 
perhaps acetylcholine neurons rather than DA neurons. 
Therefore the abnormal responses observed in cocaine 
abusers after DA agonists (Hollander et al. 1990; Hitze
mann et al. in press) and antagonists (Choy Kwang and 
Lipton 1989; Kumor et al. 1987; Hegarty et al. 1990) could 
reflect dysfunction of GABAergic and or cholinergic 
cells and not just dysfunction of DA cells. Obviously 
more work is required to determine the extent to which 
GABAergic and acetylcholine neurons are involved in 
the changes observed in chronic cocaine abusers. 

The relatively high uptake of [11C]cocaine in thala
mus is intriguing for although studies have reported 
the presence of DA D2 receptors in thalamus (Kessler et 
al. 1993), none to our knowledge has reported the pres
ence of DA transporters. If one considers DVBGIDVCB 
as Bmax/K<i + 1, then specific binding (Bmax/K<i) corre
sponds to 0.71 for BG and 0.2-0.3 for thalamus, that is 
thalamic-specific binding is 30% to 42% that of basal 
ganglia. These results are similar to those reported in 
autoradiographic studies in nonhuman primate brain 
with [3H]cocaine for which thalamic/ cerebellum ratios 
were 36% to 45% of those for stria tum/ cerebellum 
(Madras and Kaufman 1994). Relatively high thalamic 
binding was also reported for [11C]nomifensine another 
ligand for the DA transporter (Salmon et al. 1990). For 
the active S-enantiomer of [11C]nomifensine the specific 
binding in thalamus was approximately 31 % that of 
striatum (Salmon et al. 1990). Although thalamic bind
ing of [11C]cocaine and [11C]nomifensine may reflect 
binding to norepinephrine transporters, it is also possi
ble that it reflects binding to DA transporters. In this 
respect it is interesting to note that specific binding for 
the DA D2 receptor PET ligands [11C]raclopride and 
[18F]-N-methylspiroperidol in thalamus is 30% to 40% 
that in basal ganglia (Wang et al. 1993). The similar 
thalamic to striatal rates observed for PET ligands for 
the DA transporter and those for the DA D2 receptors 
suggests that thalamic binding for [11C]cocaine and 
[11C]nomifensine is in part due to binding to DA trans
porters. However, characterization of [11C]cocaine bind
ing in the human brain is required to determine if 
thalamic binding represents binding to DA transporters 
and/ or binding to serotonin and/ or norepinephrine 
transporters. 
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Reduction of brain uptake of cocaine in brain as a 
consequence of abuse would make cocaine, in principle, 
less reinforcing for it would be the equivalent of inject
ing smaller doses. This effect would be accentuated by 
decreases in DA D2 receptor availability in cocaine abus
ers. These mechanisms might explain in part the increas
ingly higher doses of cocaine used by cocaine abusers 
with time (Gold 1992). However this study cannot rule 
out the possibility that differences between cocaine abus
ers and controls antedated the cocaine use or that tracer 
doses of cocaine may not parallel the behavior of a phar
macologic dose. 

In conclusion, this study documents decreased brain 
uptake of cocaine as well as decreases in regional DVs 
for cocaine in the brain of cocaine abusers. However, 
there was no evidence of changes in DA transporter avail
ability in detoxified cocaine abusers. 
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