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INTRODUCTION

The frequent use of cocaine in the United States has resulted in a high
degree of morbidity and mortality. Although cocaine was initially
believed to be arelatively safe drug, there is now evidence that cocaine
is one of the most toxic drugs of abuse (Johanson and Fishman

1989). Infact, laboratory animals given free access to cocaine will
self-administer until death (Koob and Bloom 1988). Though cocaine
istoxic to various organs in the body, the most frequently involved
are the brain and the heart (Dackis and Gold 1990).

Cardiac toxicity is the most frequent complication of cocaine abuse.
Cocaine use can trigger myocardial infarction (Huester 1987; Isner et
al. 1986) and lethal cardiac arrhythmias (Gradman 1988). Both
central (Jones and Tackett 1990; Wilkerson 1988) and peripheral
mechanisms (Beckman et al. 1991; Hale et al. 1988; Pitts and Marwah
1989) are responsible for cocaine's cardiotoxic properties. Cocaine's
peripheral actions involve the release of adrenaline and noradrenaline
from the adrenals (Chiueh and Kopin 1978), inhibition of
noradrenaline reuptake sites in myocardial tissue (Iversen 1965), and
local anesthetic effectsin myocardial cells (Seifen et al. 1989).

Cocaine is directly toxic to the myocardium (Peng et al. 1989;
Przywara and Dambach 1989), and its anesthetic properties can
trigger cardiac asystole (Nanji and Filipenko 1984). Thereis
evidence from postmortem studies in subjects who died of cocaine
overdose that there is significant accumulation in myocardial tissue
(Poklis et al. 1987). Therefore, it isimportant to determine the extent
to which there is an accumulation of cocaine in the human heart in
vivo. One approach is to measure the distribution and behavior of
cocaine in the living heart and compare it with that of its distribution
in other organs of the human body. Another approach is to assess the
effects of cocaine on specific physiologic and neurochemical
processes in the heart.
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This chapter describes positron emission tomography (PET) studies
that investigated the pharmacokinetics of cocaine in the heart and the
dynamics for cocaine-induced inhibition of the norepinephrine (NE)
transporter. PET was used in two separate studies: One study assessed
the pharmaco-kinetics of cocaine in the living heart, and the other
evaluated the effects of cocaine in the NE transporter.

PHARMACOKINETICS OF COCAINE IN THE HEART

[11C]Cocaine was used to assess the kinetics and binding of cocaine
in the baboon and human heart. Baboon studies were done in order
to assess the effects of various pharmacological challenges on the
binding of cocaine in heart. This approach was used to characterize
the pattern of cocaine binding in myocardial tissue in vivo. [N-11C-
methyl] cocaine was prepared by the methylation of nor-cocaine with
[11C]methyl iodide (Langstrom and Lundqvist 1976) as previously
described (Fowler et al. 1989).

Baboon Studies

Studies were done in adult femal e baboons (Papio Annubis). For
each of the seven paired studies, the baboons were scanned twice, 2-
hours apart. The first scan for each animal was always done with no
pharmacological intervention and was used as baseline to compare the
effects of the interventions on the second scan. The following
interventions were done prior to the second scan:

1. For one of the animals, the second scan was also done with no
pharmacological intervention to assess test-retest reproducibility of
[11C]cocainein heart.

2. The second scan of one animal was done 2 minutes after
intravenous (1V) administration of 2 milligrams per kilogram (mg/kg)
cocaine to assess the specificity of cocaine's binding to the heart.

3. For two animals, the second scan was done 30 minutes after 1V
administration of 0.5 mg/kg desipramine. Another animal was
scanned 30 minutes after administration of tomoxetine (0.5 mg/kg) to
determine the extent of [11C]cocaine binding to the NE transporter.

4. For one animal, the second scan was done 30 minutes after 1V

administration of nomifensine (2mg/kg) to assess binding to
dopamine transporters.
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5. For one animal, the second scan was done 60 minutes after 1V
administration of benztropine mesylate (0.1 mg/kg) to assess binding
to muscarinic receptors as well as to dopamine transporters.

Human Studies

Ten healthy human volunteers (male, age range 21 to 47 years) were
studied. Five of the subjects received two scans with a 2- to 3-hour
time interval between doses. For one subject, the scans were done with
no pharmacological intervention to assess the reproducibility of the
cardiac uptake of [11C]cocaine between measurements. For four
subjects, the second scan was done 40 minutes after the IV injection of
2 mg benztropine mesylate (Dewey et al. 1990) to determine the
extent to which uptake of cocaine in the heart represented binding to
muscarinic receptors and/or dopamine transporters.

Dynamic scans were done inmediately after IV administration of 5 to
10millicuries (mCi) of [11C]cocaine to (7 to 13 micrograms (lg)
cocaine per injection). In the human subjects, dynamic scans were
obtained for atotal of 45 minutes, and in the baboons for atotal of 54
minutes. The baboons were anesthetized, catheterized, and prepared
for the PET study as previously described (Dewey et al. 1990).
Details on scanning procedure and preparation have been published
both for the human (Volkow et al. 1992) as well as for the baboon
studies (Dewey et al. 1990). Arterial blood was sampled to measure
total radioactivity concentration as well as unchanged tracer in plasma
as previously described. Regionsin left atrium, left ventricle, and
septum were obtained as described (Fowler et al. 1994; Volkow et al.
1992). Time-activity curves for tissue concentration in heart were
plotted for the various interventions.

EFFECTS OF COCAINE ON THE MYOCARDIAL
NOREPINEPHRINE TRANSPORTER

[18F]Norepinephrine, aligand for which uptake in heart reflects the
func-tion of the NE transporter, was used to evaluate the function of
the NE transporter. The effects of cocaine on the uptake of

[18F] norepinephrine in the baboon heart were evaluated with PET
(Fowler et al. 1994). Studies were done in two adult female baboons:
One was scanned five different times, and the other four different
times, with a 9- to 14-day interval between scans. The first scan was
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done with no pharmacological intervention and was used as baseline.
The experimental strategies were as follows:

1. In one baboon, the four additional [18F]fluoronorepinephrine
scans were done 5 minutes, 30 minutes, 66 minutes, and 24 hours after
IV administration of 2 mg/kg cocaine.

2. Inthe second baboon, the three additional
[ 18F]fluoronorepinephrine scans were performed 30 minutes, 78
minutes, and 24 hours after IV administration of 2 mg/kg cocaine.

Dynamic scans were started inmediately after injection of 0.9 to 4.2
mCi of [18F]fluoronorepinephrine (0.17 mg/mCi) and were
continued for atotal of 100 minutes. Arterial plasmainput functions
were measured for each study as described previously (Ding et al.
1993). Heart and res-piratory rates were monitored during the PET
study. Details on scanning protocol for the

[ 18F]fluoronorepinephrine and synthesis of [18F]norepine-phrine
have been published (Ding et al. 1993).

For the analysis of the PET images, regions of interest were drawn
directly on the myocardial emission images as previously described
(Ding et al. 1993). The activity in these regions of interest was used
to obtain the time activity curve for regional tissue concentration. The
time-activity curves for tissue concentration and for unchanged tracer
in plasmawere used to cal culate the transport constant between plasma
and tissue (K1) and to obtain the retention fraction (ratio of heart
radioactivity to integral of plasma radioactivity at 30 minutes) (Ding
et al. 1993).

RESULTS

Pharmacokinetics of Cocaine in the Heart

There was high uptake of radioactivity into the human and baboon
heart after 1V injection of [11C]cocaine (figure 1). Regional analysis

of radioactive isotope in the heart showed homogeneous distribution
with similar uptake in left ventricle, atrium, and septum.
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In the human heart, peak carbon-11 concentrations for the left
ventricle, septum, and atrium corresponded to 0.007 (standard
deviation (SD) 0.001), 0.006 (SD 0.002), and 0.007 percent (SD
0.001) dose/cc of tissue respectively. The peak uptake is equivalent to
that observed for the basal ganglia, which also corresponded to 0.007
percent dose/cc tissue. Peak uptake of carbon-11 in the heart
occurred 2 to 3 minutes after admini-stration of the tracer. The
clearance of [11C] cocaine from the heart was also very fast, with half-
peak activity seen 10 minutes after injection (figure 2). In contrast,
there was no retention of radioactivity by the lung, where the activity
paralled that of the tracer in plasma. Figure 2 shows the kinetics of
carbon-11 uptake in heart, lung, and arterial plasmafor one
representative subject.

Benztropine mesylate, a drug that binds to muscarinic receptors and
dopamine transporters, did not change binding of [11C]cocaine in the
human heart (figure 3).
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In the baboon, peak [11C]cocaine concentration ranged from 0.036
to 0.055percent dose/cc tissue, which (asin humans) was also similar
to peak uptake in basal ganglia (0.05 percent (SD 0.01) dose/cc
tissue). Serial PET studies showed atest-retest variability of less than
5 percent for the uptake of [11C]cocaine in heart. The time-activity
curves for both studies were super-imposable on each other (data not
shown). Preadministration of cocaine prior to tracer injection
decreased the clearance of [11C]cocaine (half-life (t_): 12.3 minutes
(cocaine) versus 9 minutes (baseline)) (figure 4).

Slowing of the clearance may have reflected a higher plasma
concentra-tion of [11C] cocaine throughout the study, when the
animal was pre-administered pharmacological doses of cocaine
(figure 5). This plasma increase probably reflects alarger
bioavailability of [11C]cocaine, as a result of the occupation by
cocaine of its binding sites.

Neither tomoxetine, desipramine, nomifensine, nor benztropine
mesylate inhibited the uptake of [11C]cocaine in the heart, nor did
they change its pharmacokinetics (figure 6 shows the time-activity
curves for the tomoxetine study).
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Effects of Cocaine on the Myocardial Norepinephrine Transporter

Studies with [18F]norepinephrine revealed the characteristic pattern of
high uptake of radioactive isotope into the heart that peaks almost
immediately after injection and plateaus thereafter (Ding et al. 1993).
Cocaine preadministration inhibited [ 18F] norepinephrine uptake into
the heart by 90 percent when the studies were done 5 minutes after
cocaine administration. This profound inhibition of

[ 18F] norepinephrine uptake is equivalent to that observed after
pretreatment with desi pramine using doses that had failed to inhibit
[11C]cocaine in heart (Ding et al. 1993). In contrast to the fast
pharmacokinetics of cocaine in the heart, cocaine-induced inhibtion
of the NE transporter was prolonged. Sixty-six minutes after cocaine
administration, the retention fraction for [ 18F] norepinephrine was 29
percent of the baseline value for one baboon. At 78minutes after
cocaine administration, the retention fraction for [ 18F]norepinephrine
was 57 percent of the baseline value for the other baboon. By 24
hours, the retention fraction for [18F]norepinephrine approached
baseline values.
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Time-activity curves for [ 18F] norepinephrine are shown in figure 7
for [ 18F]fluoronorepinephrine scans done at baseline and at 5
minutes, 30minutes, 66 minutes, and 24 hours after administration of
cocaine to one baboon.

Discussion

This study documented significant uptake of [11C] cocaine by the
human heart. In a heart weighing 350 gm, 2.5 percent of the injected
dose was in the heart 2 to 3 minutes after 1V administration. The
uptake and clearance of carbon-11 from the heart were faster than in
the brain (Fowler et a. 1989). In the heart, the time for clearance to
50percent of maximum uptake was 10 minutes, whereas in the brain it
was 25 minutes (Fowler et al. 1989). The 2- to 3-minute postinjection
peak corresponds with the time required to reach maximal
chronotropic response after IV cocaine (Rowbotham et al. 1987).
However, the kinetics of cocaine clearance from the heart do not
correspond to the longer lasting chronotropic effects of cocaine (Foltin
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and Fischman 1991). Similarly, the chronotropic effects of cocaine
are of much longer duration than the kinetics of cocaine in brain.

The discrepancy in the duration of the chronotropic effects of cocaine
and the kinetics of cocaine in heart or brain suggests either that
cocaine induces a prolonged change in the transporters and/or
receptors with which it inter-acts or that the actions are indirect.
Indirect chronotropic effects on the heart could be due to central
effects and/or to catecholamine release from the adrenal (Nahas et al.
1991). Alternatively, these effects could be the results of a cocaine
metabolite.

The finding that there is significant accumulation of cocaine in the
human heart suggests that cocaine could affect myocardial tissue
directly viaitsinteraction with noradrenergic transportersin
myocardial cells (Lew and Angus 1981) or viaits local anesthetic
properties at this site (Boni et al. 1991). Both of these properties may
act synergistically to enhance cocaine's toxic effects. Although the
cardiac accumulation of cocaineis
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TABLE 1. [“F]Norepinephrine ([**F]NE) heart uptake after cocaine
pretreatment (2 mg/kg) at different times prior to tracer injection.
Heart uptake is expressed as retention fraction (the ratio of the heart
uptake to the arterial plasmaintegral for [**F]NE at 30 minutes). The
peak uptake of the tracer in heart for this study (0.060 percent dose/cc
tissue) was 10percent lower than that for the baseline (0.067 percent
dose/cc tissue).

Intervention time Retention %
Intervention prior to [18F]NE fraction (RF) inhibitio
n
0.41 100
Baboon1 baseline NA
cocaine 5 minutes postcocaine  0.032 92
cocaine 30 minutes postcocaine 0-090 78
cocaine 66 minutes postcocaine 0.12 71
cocaine 1440 minutes * *
postcocaine
Baboon 2  baseline NA 0.28 100
cocaine 30 minutes postcocaine 0.089 68
cocaine 78 minutes postcocaine 0.16 43
cocaine 1440 minutes 0.24 14
postcocaine

KEY: * = Blood measurements lost due to technical error; NA = not applicable.

transient after a single administration, under conditions of repeated
administration (as in the cocaine abuser), one would expect high
concentrations throughout the period of drug administration.

Pretreatment with desipramine, nomifensine, and benztropine did not
affect the binding of [11C]cocaine to the heart. These results could
be interpreted as showing no binding of cocaine to NE transporters,
dopa-mine transporters, or to muscarinic receptors, but it is unlikely
since postmortem studies have demonstrated binding of cocaine to NE
trans-porters (Lew et al. 1981) and to muscarinic receptors (Sharkey
et al. 1988) in the heart. It ismore likely that these results reflect
insufficient sensitivity of PET to detect binding when the
concentration (Bmax) or the affinity (Kd) of the transporters or the
receptorsislow.
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Even though the authors were unable to document binding of cocaine
into the NE transporter as assessed by the inability of desipramine to
block [11C]cocaine uptake, inhibition of the NE transporter by
cocaine was demonstrated by the blockade of [18F]norepinephrine
uptake. This apparent discrepancy could be due to the lack of PET
sensitivity to detect binding sites with relatively low concentration per
cc of tissue, but it may also indicate different sites of interaction of
desipramine and cocaine at the NE transporter site. These results
highlight the importance of com-bining more than one tracer in
imaging studies that investigate the actions of agiven drug in a
receptor or transporter.

Another interesting finding from this investigation was the
discrepancy between the short pharmacokinetics of cocaine in heart
and the long-lasting cocaine-induced inhibition of the NE transporter.
At 66 minutes, when there was no [11C]cocaine left in the
myocardium, there was still 71percent inhibition of the transporter.
Even 24 hours after adminis-tration of cocaine, there still appeared to
be some functional inhibition of the NE transporter. The long-lasting
inhibition of the NE transporter by cocaine despite its short
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pharmacokinetics could represent competition for the transporter by
circulating catecholamines induced as aresult of cocaine's actionsin
the adrenals (Powis et a. 1989). However, it is aso possible that the
long-lasting NE transporter inhibition reflects a cocaine-induced
change in the conformation of the transporter. Further work is
required to evaluate if acute cocaine administration does in fact alter
the conformation of the NE transporter.

SUMMARY

This study documented marked accumulation of cocaine in the
human and baboon heart, which was not inhibited by desipramine
pretreatment. However, cocaine inhibited 6-
[18F]fluoronorepinephrine uptake in heart to the same degree as did
desipramine (Fowler et al. 1994). Since uptake of
[18F]norepinephrine in the heart is a function of its uptake by the NE
transporter (Fowler et al. 1994), its inhibition by cocaine corroborates
in vivo a significant interaction of cocaine with this transporter.
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