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PET, SPECT, and Probes in Drug
Design and Development
Henry N. Wagner, Jr.

INTRODUCTION

The technology of nuclear medicine has the potential of bringing
together three approaches to drug design and development: genetic,
biochemical, and pharmacologic (Burns et al. 1993; Bice et al. 1986;
Jefferies et al., submitted; Swann 1988). For example, using
polymerase chain reaction, one can synthesize large quantities of
complementary RNA related to the production of a specific
biochemical such as D2-dopamine receptors. The structure of the
receptor can be determined by means of x-ray crystallography. The
essential features of the structure of the receptor that relate to the
binding and activation of D2-dopamine receptors can be determined.
Using positron-emitting tracers, one can determine the site, quantity,
and degree of occupancy of the receptors and examine the reuptake of
dopamine into presynaptic dopaminergic neurons through the dopamine
transporter (Gamett et al. 1983; Wagner et al. 1983). Thus, the status
of both the presynaptic and postsynaptic neurons can be examined. If
one can successfully label oligonucleotides such as the antisense
oligonucleotide related to dopamine receptor synthesis, factors affecting
the synthesis of D2-dopamine receptors could be examined. In essence,
nuclear medicine makes it possible to relate genotypes, chemotypes,
and phenotypes. The essence of modem nuclear medicine is in vivo
biochemistry of living human beings.

At the annual meeting of the Society of Nuclear Medicine held in Los
Angeles in June 1992, Dewanjee and colleagues (1992) from the
University of Miami reported that they had labeled an antisense
oligonucleotide with a diethylenetriaminepenta-acetic acid (DTPA)
chelate of 111In. When injected intravenously, the tracer bound to
leukocytes. Many problems such as nonspecific binding remain to be
solved, but, if the oligonucleotide binds successfully to messenger
RNA (mRNA), it could represent a major focus of radiotracer
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development for in vivo studies. The primary message is that carried
by mRNA, which controls the synthesis of polypeptides or proteins.

By looking at the receptors themselves, it is possible to determine the
required shape, hydrophilicity, charge, and other factors that result in
binding by the receptor with a high affinity. It is possible to design
tracers as well as therapeutic agents to conform to the structural
requirements. The pharmacokinetics of these agents can be examined
and the relationship between structure and function assessed.

Even with complete knowledge of the genome, it would be necessary
to examine the biochemical expression of the genome. One important
genetic principle is pleotropism, which states that an abnormal gene
can result in many different diseases. A defective polypeptide can
result in failure of multiple systems, resulting in many different
phenotypic manifestations of disease. A second principle is genetic
heterogeneity, which states that many different gene abnormalities can
result in or produce the same disease manifestations. Thus, the
approaches to disease should be genetic, biochemical, and
pharmacologic.

USING PET AND SPECT TO TREAT DISEASE

With positron emission tomography (PET) and single photon emission
computed tomography (SPECT), researchers can begin to close the
circle between brain chemistry and behavior. Not only amine receptors
but also polypeptide receptors have been studied successfully.
Peptides are bound by specific receptors, are inexpensive to produce
by genetic engineering techniques, and are quickly cleared from the
blood. Most of the 50-odd peptides are amenable to radiotracer
development. One characteristic of peptides is that they do not cross
the blood-brain barrier. With the application of the ability to examine
various parts of neuroreceptor systems, including the dopamine and
opiate systems, it is now possible to examine a whole new approach to
drug therapy-the direct installation of amines or peptides into specific
regions of the brain. Examples of potential applications of the
approach are the treatment of Parkinson’s disease (PD) by the infusion
of amines or nerve growth factors, of epilepsy by local infusion of
drugs (Frost et al. 1985; Mazziotta and Engel 1984), or of intractable
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pain by blocking pain receptors. This approach of direct infusion into
specific regions of the brain might be useful for the treatment of
persons suffering from substance abuse.

PET and SPECT technology could help develop increasingly specific
drugs by adding in vivo biochemistry to physiology in drug design and
development. The vasopressin story is a prototype. The vaso-
constrictive effect of native vasopressin was removed from the
antidiuretic effect of vasopressin, which makes it more effective in the
treatment of diabetes insipidus. Genetic engineering produces an
effective drug that has only an antidiuretic effect. Biochemical tracing
and biochemical treatment are two sides of the same coin-molecular
medicine. More and more specific tracers directed toward particular
biochemical recognition sites have been developed.

From the beginning of the pioneering studies with [18F]deoxyglucose,
PET was concerned primarily with bioenergetics (Phelps et al. 1986).
Today, both PET and SPECT make it possible to examine intercellular
communication in living human beings. Life is maintained because
atoms and molecules can recognize each other. More diseases are
being characterized as problems with intracellular communication. In
the absence of vasopressin receptors, a person develops congenital
diabetes insipidus because vasopressin cannot be recognized.

Another example of a disease involving neurotransmission is PD. In
the mid-1960s, it was discovered that patients with PD have a
deficiency of dopamine in the basal ganglia as a result of degeneration
of dopaminergic neurons in the substantia nigra. In 1983, it became
possible to image and quantify D2-dopamine receptors in the living
human brain with the tracer [11C]N-methyl spiperone (NMSP). Since
that time, both PET and SPECT have been used to examine many
aspects of dopamine biochemistry in the human brain. For example,
dopamine synthesis can be examined with fluorine-labeled L-dopa.
The secretion of dopamine can be measured by its competitive
inhibition of tracers that bind to dopamine receptors. It is possible to
assess the availability of both presynaptic and postsynaptic receptors,
including the presynaptic dopamine transporter involved in the action
of cocaine.
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Although the state of the art of PET and SPECT imaging has a spatial
resolution of about 5 mm, specific chemicals can be used to
differentiate the effects of drugs on structures that are only micro-
meters apart. For example, if one produces a unilateral lesion of
presynaptic dopaminergic neurons by injecting the neurotoxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) into a single
internal carotid artery, the impairment of presynaptic neurons, but not
postsynaptic neurons, can be documented by quantitative imaging of
the presynaptic dopamine transporter with [11C]-labeled WIN 45-428
and of the postsynaptic dopamine receptors with [11C]NMSP.

The dopaminergic system has been studied extensively by PET, and
the serotonergic system also is becoming a major focus. For example,
there is now an effective tracer of the serotonin presynaptic transporter
available in both active and inactive isomeric forms that makes
possible subtraction images and facilitates quantification.

COMPARISONS BETWEEN PET AND SPECT

What about the relative merits of PET and SPECT in drug design and
development? The most fundamental difference lies in the radio-
nuclides that each employs. PET tracers are chiefly those of [11C] and
[11F] and, to a lesser degree, 12N and 15O. SPECT primarily uses
iodine- 123 ([123I]) or technetium-99m (Tc-99m). The major problem
with PET is related to the short half-life of [11C] (20 minutes) and [18F]
(2 hours). The half-life of Tc-99m is 6 hours and that of [123I] is
13 hours, which greatly decreases the demands of the study. If a study
can be carried out successfully with SPECT, it should be used. Many
studies cannot be done with SPECT. The chief advantage of PET is
related to [11C]. Chemistry will always be easier with [11C] than it will
be with [123I] or Tc-99m, so many new tracers can be developed faster
with PET than with SPECT. However, PET successes are translated
into more widespread use by extending them to SPECT.

Using PET facilitated the study of D2-dopamine receptors and
transporters. First, [11C]NMSP was developed; its success led to the
development of [123I]-labeled benzamides for the study of D2-dopamine
receptors by SPECT. The presynaptic transporter initially was
examined with a [11C] tracer that is specific for the dopamine
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transporter. The SPECT tracer-[123I] RTI-55-was then developed
and found to bind to both serotonin and dopamine presynaptic
transporters. The iodinated tracer also was found to have a higher
affinity for the transporter than the [11C] compound.

Another advantage of the [123I] tracers is related to their 13-hour half-
life, which makes it possible to carry out studies for 24 or more hours
after injection of the tracer. By that time, nonspecific binding is less
than that observed soon after injection of the [11C]-labeled tracer
because of its 20-minute half-life.

USING PET AND SPECT TO PLAN TREATMENT

The purpose of studies with these new tracers of recognition sites is to
characterize patients biochemically, as well as physiologically, and
then plan treatment for them on the basis of their chemical
abnormalities. Because the classification is biochemical, the treatment
often can be chemical, and the response to treatment can be assessed
chemically. PET and SPECT do not just provide new tests for “old”
diseases. They provide a whole new way of looking at disease-an
approach based on in vivo biochemistry (i.e., molecular medicine).

An example of an “old” disease is Alzheimer’s disease. Dementia is
the primary presenting problem; senile plaques and neurofibrillary
tangles in histopathological sections of the brain are the basis of
classification. Dementia is analogous to heart failure in representing a
heterogeneous population. It is naive to search for a single biological
marker that will characterize all patients who meet the phenotypical
criteria for schizophrenia as described in the Diagnostic and Statistical
Manual of Mental Disorders (American Psychiatric Association 1987).
Schizophrenics are also a very heterogeneous population of patients.
The status of specific neuronal systems, the perturbation of which may
help the patients, must be determined. In vivo chemistry can be used
to try to answer the five basic questions that describe the practice of
medicine:

What is wrong with the patient?
How did it happen?
What is going to happen?
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What can be done about it?
Is the problem being solved?

The approach to movement disorders is a good example. In patients
with typical idiopathic PD, both D1- and D2-dopamine receptors are
intact, and patients benefit from being given L-dopa to increase
dopamine synthesis or bromocriptine to stimulate the intact D2-
receptors. Other patients with movement disorders involving
nigrostriatal degeneration have impaired D2-dopamine receptors and
will not be helped by either L-dopa or bromocriptine treatment.

The development of a SPECT tracer of D2-dopamine receptors called
[123I]iodobenzamide extended the PET studies to larger numbers of
patients with movement disorders. A recent study (Dewanjee et al.
1992) included 60 patients with idiopathic PD, 17 controls, and 30
patients with Parkinson’s syndrome. Quantification with PET was
more accurate than with SPECT. Some investigators (e.g., Dewanjee
et al. 1992) have used simple indices such as the basal ganglia to
frontal cortex activity ratios in [123I]iodobenzamide studies of D2-
dopamine receptors. There is a dangerous tendency to oversimplify
when a method becomes simple. SPECT studies should be carried out
drawing on the lessons learned from decades of PET. Attenuation
correction, positioning, errors related to the limitations in spatial
resolution, and many other technical factors are as important for
SPECT as for PET.

ROLE OF SOMATOSTATIN RECEPTORS IN CANCER
DIAGNOSIS

An example of an advance made recently in SPECT is the study of
somatostatin receptors by Krenning and colleagues (1992a) from the
Netherlands. They used an 8-amino acid polypeptide analog of
somatostatin, a growth suppressor. The tracer, octreotide-111, was
labeled with an 111In DTPA chelate. Developed in Sandoz Research
Institute, the labeled octreotide was investigated initially at the
University of Rotterdam by Krenning and colleagues. To date, they
have studied more than 1,000 patients with various types of
neuroendocrine and other tumors. Among the findings was the fact

6



that 70 percent of 70 patients with carcinoma of the breast had
somatostatin receptors.

Somatostatin receptor imaging should not be considered a test for
breast cancer. It is a test for somatostatin receptors. If a tumor has
somatostatin receptors, the patient is a candidate for somatostatin
therapy. Somatostatin is a stable drug.

An important finding by Krenning and colleagues (1992b) was that
patients with hyperthyroidism and exophthalmus have large numbers of
somatostatin receptors in the T lymphocytes behind the eyes. The
degree of accumulation of octreotide-111 behind the eyes was related
to the degree of the malignant exophthalmus. This finding is
important in planning treatment. If the disease is active, the patient
can be treated with steroids or an immunosuppressive drug. If there is
no evidence of activity of the disease, the exophthalmus is treated
better by surgery to remove the fibrous tissue behind the eyes. Thus,
again, one sees the sequence: chemical characterization of the disease,
planning of treatment, and monitoring of treatment on the basis of
chemistry.

An example of how effectively PET and SPECT technology can be
used to study the action of drugs is the recent report of Dewey and
colleagues (1992) from Brookhaven National Laboratory, who studied
the effects of a suicide inhibitor of the enzyme that breaks down
aminobutyric acid (GABA), an inhibitory neurotransmitter. Inhibition
of the metabolizing enzyme resulted in decreased production of
GABA. This in turn disinhibited the dopaminergic neurons, so
synaptic dopamine secretion increased. The secretion of dopamine
competed with the binding of [11C]raclopride by the D2-dopamine
receptors, so more dopamine receptors were available for binding
[11C]raclopride. Dopamine secretion inhibited the release of
acetylcholine by cholinergic neurons; this inhibition was reflected in
increased binding of [11C]benzotropine because less acetylcholine was
bound to the acetylcholine receptor. Thus, Dewey and colleagues
(1992) were able to demonstrate serial neurochemical effects among
three neurotransmitters-GABA, dopamine, and acetylcholine. Their
studies were also a demonstration of how endogenous neurotransmitter
release can be measured by competitive inhibition of radioligand
binding.
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SIMPLE PROBE SYSTEM USES

Some types of problems do not need the spatial resolution provided by
PET or SPECT. Much simpler dual-detector systems can be used to
look at either the entire brain or specific regions such as the frontal
lobes or cerebellum. The use of the simple probe systems shows that
it is not necessary to use expensive high-spatial-resolution PET or
SPECT imaging to solve problems in which spatial resolution does not
have to be high. Probes are simple and less expensive by a factor of
30 or 50. The radiation dose also is reduced by orders of magnitude
compared with high-resolution imaging, in which the statistical
limitations are related to the number of counts per picture element.

Particularly in the study of drug effects, it is often not necessary to
have a high degree of spatial resolution. For example, a high-
resolution system is not needed to measure the quantitative effect of
naltrexone or naloxone on opiate receptors. The antagonists affect all
the u-type opiate receptors regardless of location. Conversely, in a
problem such as temporal lobe epilepsy, in which the search is for a
focus in the temporal or frontal lobe, a high degree of spatial
resolution is required.

A probe device developed at The Johns Hopkins University has been
used to study mice, rats, dogs, baboons, and human beings. For
example, in living mice it was possible to obtain a dose/response curve
showing the blocking effect of haloperidol on the binding of
[11C]NMSP. Similar dose/response curves were obtained in human
beings, and the results correlated well with PET studies of the same
persons. One study (Brust et al. 1992) examined the effect of
vasopressin on [11C]methionine accumulation in the brain of living
dogs. When nonradioactive phenylalanine was given before the dose
of [11C]methionine, the rate of transport of methionine decreased
because of competitive inhibition. The purpose of the vasopressin
study was to test the hypothesis that vasopressin’s effect on memory
might be through amino acid transport because vasopressin itself does
not cross the blood-brain barrier. Vasopressin administration did
inhibit [11C]methionine transport,

Another study (Lee et al. 1988) addressed the question of how long a
50-mg dose of naltrexone blocks opiate receptors. When
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[11C]carfentanil was used at various times after the administration of an
oral 50-mg dose of naltrexone, it was found that the half-time of
blockade of the receptors was 72 hours. Thus, even though a 50-mg
dose blocks the p-opiate receptors for about a week, it is recommended
that the dose be given every day, primarily because of the rapid blood
clearance of the drug. By examining the state of the receptors
themselves, one can get closer to the site of action of the drug than
one can get by measuring only plasma concentrations of the drug.
This study exemplifies the marriage of nuclear medicine technology
and drug design and development.

Probe-based systems have the potential of opening up PET and SPECT
studies to basic neuroscientists. It is unlikely that human-oriented PET
or SPECT scanners can be provided to basic neuroscientists, but
simpler systems can be used to take advantage of the new tracers
rapidly being developed. Probe studies also can be carried out safely
and effectively in public health studies. In the author’s laboratory, for
example, the effects of lead toxicity on brain neurochemistry are being
investigated. At present, only laboratory animals are being studied, but
it is hoped that the studies soon will extend to human beings. It is
unlikely that PET imaging could be used in public health studies.

Another direction is the development of less expensive imaging
devices for the study of animals. Green and colleagues (1992) at the
National Institutes of Health have developed a SPECT scanner for
animals that costs less than $50,000.

CONCLUSION

The main engine of nuclear medicine technology is the cyclotron
because of its chemical capabilities, chiefly [11C] and [18F]. PET
studies are beginning to be used in community hospitals and research
centers from centrally located cyclotrons, some under commercial
sponsorship. One commercial supplier of cyclotron-produced
radiotracers is in Los Angeles; another is in Phoenix, where PET
imaging is carried out in community hospitals and health centers using
tracers supplied from a central cyclotron. More research and patient
studies can be carried out with Tc-99m and [123I] because of their
longer half-lives. The half-lives of these tracers will never
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change—for [11C], 20 minutes; for [18F], 2 hours; for Tc-99m, 6 hours;
and for [123I], 13 hours. At the 1992 Society of Nuclear Medicine
meeting mentioned previously, 51 papers were based on the use of
[11C] compounds. Forty papers (not all discussing [11C]) involved the
dopaminergic system, and 125 papers involved [18F]. Ninety papers
were based on [18F]deoxyglucose to study bioenergetics. Half of the
nearly 900 papers presented at the meeting involved PET or SPECT.

The number of studies of neuroreceptors continues to increase every
year. Blood flow and metabolism also are important topics. A major
area of research is the study of drug effects. Someday, a psychiatrist
or other physician will be measuring brain chemistry with simple probe
detectors the way physicians now use the sphygmomanometer to
measure blood pressure.

A description of a patient who presented with a lesion of the brain that
was seen in a magnetic resonance imaging study illustrates the use of
various imaging techniques. Was it a tumor? Was it radiation
necrosis? A [18F]deoxyglucose study showed that the lesion was
hypometabolic and therefore not a tumor. The pituitary was very
hypermetabolic, indicating a tumor. The next question was whether
the tumor had dopamine receptors on its membrane, as is the case with
many pituitary tumors. If a pituitary tumor manifests dopamine
receptors, dopamine receptor agonists are helpful because the
dopaminergic system is inhibitory of cell growth, acting through
prolactin-secreting cells. This tumor contained dopamine receptors, so
bromocriptine (a dopamine agonist) therapy was begun. By studying
the metabolism of either deoxyglucose or amino acids, in 1 day it was
determined whether the metabolic activity of the tumor had been
reduced. If the metabolism was not affected, there was no reason to
treat the patient for months, waiting for anatomical changes to occur.
Thus, in 1 day it was possible to characterize the tumor, plan the
treatment, and monitor the effect of the treatment (Di Chiro, personal
communication, 1992).

Is there a competition between PET and SPECT? Their synergism is
documented by that fact that, as noted above, the use of both has been
increasing to the point that they were discussed in 50 percent of the
papers presented at the 1992 Society of Nuclear Medicine meeting.
PET and SPECT are like two hands with which complicated problems
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can be approached. To emphasize one without the other is like tying
one hand behind the back. If SPECT can solve a problem, it should
be used; but PET will always be able to do things that SPECT cannot
do because this is a world of carbon, and there never will be a good
SPECT tracer for carbon. That is physics, and that is forever. There
is a PET and SPECT continuum, in which both will flourish and in
which SPECT extends PET. Yet, advances often will be made initially
by SPECT because of the greater simplicity and greater numbers of
patients who can be studied. PET, however, is unique in the
possibility of labeling pharmacological compounds without changing
their pharmacological behavior. Evaluating the behavior of a drug in
vivo through time is now a PET domain.
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Positron Emission Tomography
in Studies of Drug Abuse

Edythe D. London

INTRODUCTION

Positron emission tomography (PET) is a nuclear medicine procedure
that uses radiopharmaceuticals that are labeled with positron-emitting
radionuclides such as [15O], [13N], [11C], and [18F]. In human
volunteers, PET scanning can be used to map and quantitate
biochemical processes in the brain. Applications include the labeling
of receptors for drugs and neurotransmitters, or functional studies, such
as assessments of regional cerebral blood flow and glucose
metabolism. This chapter focuses on how studies of glucose
metabolism have been applied to understanding the euphoriant actions
of drugs of abuse.

USING PET TO MEASURE CEREBRAL GLUCOSE
METABOLISM

The metabolic rate for glucose is an index of brain function because
glucose is the major metabolic substrate of the adult brain (Sokoloff
1972; Siesjö 1978). Physiological perturbations that increase energy
metabolism of the brain also increase the metabolism of glucose,
although nonoxidative metabolism of glucose also can be stimulated
(Lear and Ackermann 1989). A method for measuring the regional
cerebral metabolic rate(s) for glucose (rCMRglc) in intact animals was
developed using ex vivo autoradiography (Sokoloff et al. 1977). The
procedure involves the intravenous injection of radiolabeled 2-deoxy-
D-glucose and the collection of timed arterial blood samples for
estimation of radioactivity and glucose in plasma. An operational
equation allows calculation of rCMRglc from these data and tissue
radioactivity, as determined by quantitative autoradiography of
individual brain regions. This method had been adapted for non-
invasive use in human subjects with PET scanning and the use of
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[18F]fluorodeoxy-glucose (FDG) (Phelps et al. 1979; Reivich et al.
1979) or [11C]deoxyglucose (Reivich et al. 1982).

Studies of glucose metabolism can provide important insights into
normal brain function as well as the pathophysiology of diseases
(Reivich et al. 1983). For example, in patients with Alzheimer’s
disease, there are rCMRglc deficits in the temporoparietal cortex
(Friedland et al. 1983) and correlations between asymmetries in
rCMRglc and neuropsychological performance (Grady et al. 1986).
The FDG method also has been used to study regional brain function
in schizophrenia (Farkas et al. 1980; Gur et al. 1987) and in
neurological diseases, including stroke, neurodegenerative disorders,
and epilepsy (Kuhl 1983; Engel et al. 1983).

Measurements of rCMRglc obtained by the FDG method also have
been useful in drug abuse research. Studies of the acute cerebral
metabolic responses to drugs of abuse have been performed using this
method in human volunteers. Although only some of these studies
were designed to elucidate the neurobiological determinants of drug-
induced euphoria, the results from all of them provide information
about the mechanisms by which drugs of abuse produce their effects
on mood and feeling state. Drugs that have been studied in this way
include morphine (London et al. 1990a), psychomotor stimulants
(Wolkin et al. 1987; London et al. 1990b), A9-tetrahydrocannabinol
(Volkow et al. 1991), benzodiazepines (Buchsbaum et al. 1987; Foster
et al. 1987; de Wit et al. 1991), nicotine (Stapleton et al. 1992), and
alcohol (de Wit et al. 1990; Volkow et al. 1990).

In PET scan studies of substance abuse at the Addiction Research
Center, most of the subjects were male polydrug abusers who resided
on a closed research ward. The subjects underwent screening
procedures, including psychological and medical assessments. After a
drug-free period of several weeks, the subjects participated in
simulation sessions designed to reduce the novelty of the procedures
and also to provide training in the completion of specific
questionnaires. Each subject received either an x-ray computed
tomography scan or a magnetic resonance imaging scan. These
structural images were used to exclude individuals with frank structural
brain abnormalities and to aid in localization of specific regions of
interest in the functional images obtained by PET.
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The subjects participated in two PET sessions, with placebo or active
drug administered in random sequence. During the measurement of
rCMRglc, subjective self-reports of mood and feeling state were
obtained. Questionnaires that are sensitive to the effects of
psychoactive drugs were administered before and after the PET scan
measurements and, in some cases, during the radiotracer uptake period.
These included the Addiction Research Center Inventory, composed of
the following three subscales:

Morphine-Benzedrine Group subscale, which is sensitive to the
positive (euphoriant) properties of opioids and psychomotor
stimulants;

Pentobarbital Chlorpromazine Alcohol Group subscale, which is
sensitive to fatigue and low motivation; and

Lysergic Acid Diethylamide (LSD) subscale, which contains items
that reflect weird feelings, increased awareness of somatic
sensations, and depersonalization (Haertzen 1974).

The Cocaine-Sensitive Scale (Sherer 1988; Muntaner et al. 1989) was
administered during the radiotracer uptake period after the injection of
either cocaine or placebo.

The responses to 30 mg morphine, injected intramuscularly, included
elevations on the Morphine-Benzedrine and Pentobarbital
Chlorpromazine Alcohol Group subscales of the Addiction Research
Center Inventory, indicating the presence of euphoria and, to a lesser
extent, of sedation and disorientation (London et al. 1990a). At the
same time, global cerebral glucose metabolism was reduced (10
percent reduction from placebo values), with statistically significant
decrements in six of the cortical areas assayed when controlling for the
contribution of PaCO2 by partial correlation analysis. The major
conclusion from this study was that opioid euphoria involved a
reduction of cortical activity, as indicated by rCMRglc. It seems
reasonable that reduced cortical activity could be a necessary
component of the production of opioid euphoria or that, alternatively,
the reduced activity is a response to the positive affective state that is
produced.
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When polydrug abusers with histories of intravenous use of cocaine
were tested similarly, self-report ratings on items of the Cocaine-
Sensitive Scale indicated intense “rush” immediately after the injection
of cocaine; the response declined to negligible values within 20 min
(London et al. 1990b). Similarly, subjects reported feeling high,
pleasant, and powerful. These subjective ratings were accompanied by
an increase in beta activity in the spontaneous electroencephalogram
(R. Herning, R.L. Phillips, B. Glover, and E.D. London, unpublished
observations). Simultaneous measures of cerebral glucose utilization
showed a global decrease (mean reduction of 14 percent), and most of
the regions of interest that were assayed showed statistically significant
decrements in rCMRglc (5 percent to 26 percent). Thus, the
intravenous dose of cocaine that was used produced a more widespread
decrease in rCMRglc than the morphine dose used in the previous
study.

It is intriguing that drugs as different as morphine and cocaine would
produce similar effects on cerebral metabolism. While morphine
produces a constellation of effects, including sedation and decreases in
body temperature, cocaine produces restlessness, cardiovascular
stimulation, and increases in body temperature. Nonetheless, these
drugs share the common property of inducing a positive affective state,
termed “euphoria.” It is now a common view that this euphoria is
linked to a common brain mechanism, involving systems that use
dopamine as a transmitter. A variety of evidence, obtained from
studies in animal models for human drug abuse, suggests that the
primary sites in the brain that mediate reinforcement due to opiates and
psychomotor stimulants are different (for reviews, see Koob and
Bloom 1988; Hubner and Koob 1993). Specifically, studies in rats
suggest that opiates produce reinforcement by primary actions in the
ventral tegmental area, which contains the cell bodies of mesolimbic
dopaminergic neurons (Broekkamp and Phillips 1979; Bozarth and
Wise 1980; Joyce et al. 1981). In contrast, psychomotor stimulants
such as amphetamine and cocaine appear to produce reward by
primary actions on the terminals of mesolimbic dopaminergic neurons
(Carr and White 1983; Goeders and Smith 1983). Nonetheless.
irrespective of the initial target sites, the effect of opioid or
psychomotor stimulant action would be the same in that both classes of
drugs would increase intrasynaptic dopamine in terminal fields of the
mesolimbic dopamine system. Thus, the overall reduction of cerebral
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glucose metabolism, particularly in the cortex, could result from
enhanced dopaminergic activity.

If one extends an examination of the effects of drugs of abuse on
cerebral glucose metabolism beyond studies of acute morphine and
cocaine effects, the emergent finding is that almost all euphoriants that
are compulsively self-administered reduce cerebral glucose utilization
(table 1). This statement derives from observations that amphetamine
(Wolkin et al. 1987) benzodiazepines (Buchsbaum et al. 1987; Foster
et al. 1987; de Wit et al. 1991), and ethanol (de Wit et al. 1990;
Volkow et al. 1990) all reduce rCMRglc. Similarly, preliminary
studies at the Addiction Research Center also indicate that intravenous
nicotine (Stapleton et al. 1992) and buprenorphine (Walsh et al. 1992)
produce liking and other positive subjective self-reports while
decreasing rCMRglc in experienced users of tobacco products and
opioids, respectively. An exception is the finding that an intoxicating
dose of -tetrahydrocannabinol does not consistently reduce rCMRglc.
Instead the most robust finding with -tetrahydrocannabinol is a
stimulation of rCMRglc in the cerebellum (Volkow et al. 1991), an
area that shows a high density of cannabinoid receptors (Herkenham et
al. 1990). Additional studies with euphorigenic doses of -tetra-
hydrocannabinol may be warranted. In general, the aforementioned
findings indicate that a decrease in cerebral glucose metabolism may
be a fundamental component of drug-induced euphoria.

TABLE 1. Reduction of rCMRglc by drugs of abuse

Morphine (London et al. 1990a)
Cocaine (London et al. 1990b)
Amphetamine (Wolkin et al. 1987)
Nicotine (Stapleton et al. 1992)
Benzodiazepines (Buchsbaum et al. 1987; Foster et al. 1987; de Wit et

al. 1991)
Ethanol (de Wit et al. 1990; Volkow et al. 1990)
Barbiturates (Theodore et al. 1986)
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CONCLUSION

PET scanning is a valuable approach to understanding the brain
mechanisms that support drug abuse in human subjects. In particular,
functional studies using the FDG method have revealed that drugs of
abuse generally reduce rCMRglc when the drugs are given at
euphorigenic doses. Future investigations of brain mechanisms in
substance abuse might use such methodology to study the
physiological processes in the brain that underlie persistent states such
as craving and physiological dependence that are induced by drugs of
abuse.
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Imaging Brain Function in
Animals To Understand Drugs of
Abuse and Potential
Pharmacotherapies
M. F. Piercey

INTRODUCTION

Most central nervous system (CNS) drugs, including those involved in
drug abuse, act by enhancing or depressing activities in specific brain
pathways. Some of these pathways are involved in acute reinforcing
properties such as euphoric or psychostimulant phenomena. Others are
involved with alterations in sensory perception or autonomic drug
effects. Thus, to understand functional effects of drugs of abuse, as
well as to design potential pharmacotherapies to treat drug abusers, it
is critical to define which neuronal structures are altered and how they
are altered (i.e., stimulated or inhibited).

Evaluating specific brain structures is challenging because of the large
number of such structures, many of which are extremely small.
Indeed, drugs frequently affect parts of the same structure differently.
To solve this problem, animal neuroscientists have turned to
autoradiography to map the functional neuroanatomy of the brain. The
development of positron emission tomography (PET) for imaging the
functional neuroanatomy of the human brain has at the same time
opened opportunities for evaluating how specific neuronal circuits
altered in animals are affected by the same drugs in humans.

IMAGING TECHNIQUES

Receptor binding autoradiography, usually carried out in vitro, is used
to determine the distribution of a specific receptor subtype among the
myriad brain structures (Kuhar 1985). When used in vivo, the
anatomy of receptor occupancy can be determined at doses known to
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have biological effects. Receptor binding autoradiography uses
specific high-affinity radioligands to identify receptor sites. When
ligands interact with more than one receptor site, other drugs can
sometimes be used to mask the complicating receptors. Additionally,
drugs without apparent high affinity for any one site can be evaluated
for their ability to displace high-affinity ligands for well-documented
sites.

Nonspecific binding of radioactive ligands represents a potential
contaminating influence in receptor binding autoradiography.
Nonspecific binding can be isolated by removal of specific binding
with a nonlabeled ligand competing for the same receptor. Since
receptor-specific binding is saturable, whereas nonspecific binding is
not, cold ligand can be used to mask specific binding of the identical
radioactive ligand. Using adjacent brain sections and computer
imaging techniques, nonspecific binding is removed pixel by pixel to
yield the specific receptor binding image. Receptor binding identifies
where a drug can potentially act, but it does not actually reveal
whether any meaningful effect occurs.

2-Deoxyglucose (2-DG) autoradiography (Sokoloff et al. 1977) can be
used to determine drug effects, both stimulatory and inhibitory, on
brain energy metabolism, an indirect measure of neuronal activity.
This technique relies upon the fact that brain energy metabolism is
totally dependent upon blood glucose, since the brain does not store
glycogen. A steady state exists whereby glucose metabolism is equal
to glucose transported into the neurons. Tracer amounts of C14 2-DG
enter brain neurons by competing with glucose for the transporter.
Once inside neurons, 2-DG is phosphorylated but not metabolized
further. 2-DG phosphate cannot diffuse outside cells, so radioactivity
accumulates at a rate proportional to glucose metabolism. If one
knows 2-DG and glucose concentrations, one needs only their
transporter affinities to obtain absolute amounts of glucose
metabolized. In practice, this is done by measuring timed samples of
arterial plasma glucose and radioactivity, measuring total radioactivity
in each brain region, and plugging the values into the equation
developed by Sokoloff and colleagues (1977) to quantitatively measure
glucose metabolism.
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2-DG autoradiography measures not only a drug’s direct effects at sites
where its receptors are located but also its indirect effects occurring
downstream from these receptor sites. For example, phencyclidine
(PCP, “angel dust”) receptors are located throughout the circuit of
Papez, except in the mammillary body (MB). Nonetheless, PCP
intensely excites the MB by recruitment through activation of the
entire Papez circuit. Interestingly, indirect activation of the MB may
be important for PCP’s psychotropic effects (Piercey and Ray 1988a,
1988b; Piercey and Hoffmann 1989).

A major advantage of 2-DG imaging over receptor binding
autoradiography is that one does not need to know the mechanistic
effects or the receptor identity of the drug under study. In addition,
this technique does not require the development of a new high-affinity
ligand since C14 2-DG is readily available. However, because brain
energy metabolism occurs in all tissues, including those not responding
to a drug, 2-DG imaging patterns are superimposed over an active
background, which tends to “blur” the image. In contrast, receptor
binding imaging negates nonspecific binding of its ligands. Thus,
receptor binding images are presented over essentially uniform inactive
black backgrounds. For this reason, receptor binding gives “sharper”
images that pinpoint active sites more clearly than 2-DG imaging.

In addition to receptor binding and 2-DG autoradiography, other brain
imaging techniques also are used. In particular, radiolabeled genetic
probes for in situ hybridization of messenger ribonucleic acid (mRNA)
(Uhl 1986) are being used with increasing frequency, particularly for
those receptors for which high-affinity receptor ligands are not
available. However, it must be remembered that receptor mRNA is a
measure of receptor synthesis, which quantitatively can be quite
different from the actual distribution of receptor protein. Antibody
staining of receptors occasionally has been used with some success
(McVittie et al. 1991). In addition to autoradiography and PET,
magnetic resonance imaging has some potential for evaluating drug
effects on some measures of brain function (Eastwood et al. 1985).
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SITES OF DRUG ACTION

Receptor binding autoradiography, although dependent upon some
knowledge of the drug receptors activated by a drug, is probably the
most accurate method for identification of specific brain sites directly
affected by a drug. PCP, for example, binds to specific high-affinity
binding sites throughout the limbic system, especially the circuit of
Papez and the dopaminergic system (Gundlach et al. 1986a) .
Interestingly, this high-affinity PCP receptor is codistributed with the
NMDA receptor subtype for the excitatory amino acid neuro-
transmitter, glutamate (Maragos et al. 1988). Electrophysiology
experiments confirm that PCP can block activation of NMDA ion
channels (Anis et al. 1983). The nonopioid sigma receptor has been
suggested as another major receptor involved in PCP’s
pharmacological effects. This receptor is distributed more caudally
than the high-affinity PCP receptor, with particularly high receptor
concentrations in the brain stem (Gundlach et al. 1986b).

Receptor binding autoradiography identifies where a drug binds to its
receptors but not necessarily where a drug induces its major biological
effects. By means of 2-DG autoradiography, PCP was found to induce
very large increases in energy metabolism in the forebrain, particularly
in the cerebral cortex, the dopaminergic system, and the limbic system
(especially the circuit of Papez). These excitatory effects were not
observed in the caudal brain or brain stem, although inhibitory effects
were seen occasionally (e.g., in the inferior colliculus) (Piercey and
Ray 1988a, 1988b; Piercey and Hoffmann 1989). Comparison of
binding and 2-DG data demonstrated a positive correlation between
PCP’s excitatory effects and those sites where the high-affinity PCP
receptor (i.e., NMDA channel) was located. In contrast, there was a
negative correlation between these sites for PCP excitation and those
where high concentrations of sigma receptors were found. It was
concluded that PCP’s stimulant effects are evoked through the high-
affinity PCP site (Piercey and Ray 1988a, 1988b).

Knowing where a drug acts often can give great insight into how a
drug could produce some of its specific effects. For example,
excitation in dopaminergic areas could be responsible for many of the
psychotomimetic effects of PCP (Luisada 1978) since hyperactivity in
dopaminergic systems is thought to represent a major neurobiological
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basis of schizophrenia (Matthysse and Sugarman 1978). However,
some of the more bizarre aspects of PCP intoxication could involve
excitatory effects in Papez’ circuit. Papez himself thought the circuit
to be involved in the integration of emotional sensation and expression,
with the MB in particular being critical for emotional outbursts (Papez
1937).

Where a drug acts is often dependent upon dose. High-dose effects
sometimes can be used to get an overall view of the pattern of actions
of a drug. Such patterns are particularly useful when using brain
imaging to identify what pharmacological class a drug belongs to (see
below, “Identification of Pharmacological Class”). Conversely, lower
doses may more specifically activate neuronal pathways responsible for
the dominant behavioral effects of the drug. For example, Porrino and
colleagues (1988) found that, at an intravenous (IV) dose of 0.5 mg/kg,
cocaine excited only the medial prefrontal cortex and nucleus
accumbens. Higher cocaine doses led to broader stimulation of
dopamine-related structures, especially those in the extrapyramidal
regions, accompanied by increases in locomotor activity. Porrino and
colleagues (1988) concluded that the nucleus accumbens and prefrontal
cortex may be involved in the reinforcing effects of cocaine and that
the extrapyramidal areas are more involved in the general stimulant
effects of the drug. Many of these conclusions are consistent with the
dopaminergic theory of drug reinforcement (Wise and Rompre 1989).

Other factors affecting sites of drug action include route and
sometimes time of injection relative to injection of the 2-DG. For
example, using intraperitoneal injections, London and colleagues
(1986) found that cocaine did not excite the nucleus accumbens at all.
Hoffmann and colleagues (1991) also did not observe excitation of the
nucleus accumbens or many of the other major dopaminergic areas
when cocaine was injected intravenously 10 minutes prior to the
injection of the 2-DG label. By comparison, Porrino and colleagues
(1988) injected cocaine only 2 minutes prior to 2-DG. Subsequent
(unpublished) experiments in the author’s laboratory in which cocaine
was injected 2 minutes prior to 2-DG resulted in a pattern of
stimulation extremely similar to that reported by Porrino and
colleagues (1988). Such sensitivity to timing seems likely to be
related to the short duration of action for cocaine, particularly
regarding its reinforcing effects (Gawin 1991).
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A rarely discussed additional issue is the fact that, while most imaging
scientists would probably agree that a certain section of the brain can
be identified as a given brain nucleus, the specific component of that
nucleus used in the evaluation of the image probably varies greatly
among laboratories. This represents a problem since drug receptors
and responses to drugs often are not uniform within a brain area. For
example, even when cocaine is injected 2 minutes prior to the 2-DG
injection, this author’s laboratory did not see excitatory effects in the
nucleus accumbens measured at two different levels. However, neither
of these levels were as anterior as the area where Porrino and
colleagues (1988) observed the high nucleus accumbens sensitivity
(Porrino, personal communication, 1992). Thus, it probably would be
useful for authors to publish the atlases to identify precisely where
they analyze each brain area. In some cases, standardization might be
useful. However, this needs to be weighed against the need to explore
more brain regions.

IDENTIFICATION OF PHARMACOLOGICAL CLASS

Drugs acting through common mechanisms can be expected to affect
similar or identical brain areas. MK-801, like PCP, is an NMDA
channel blocking agent (Woodruff et al. 1987). Like PCP, MK-801
excites dopaminergic structures, Papez’ circuit, and other limbic and
cortical structures (Piercey et al. 1988). However, other psycho-
stimulants such as amphetamine and cocaine excite dopaminergic
structures but have relatively fewer effects than MK-801 and PCP in
limbic areas (Porrino et al. 1988; Piercey and Hoffmann 1989). It is
interesting that amphetamine and cocaine, both of which increase
synaptic dopamine (albeit by different receptor mechanisms), in general
excite similar structures, according to 2-DG autoradiography. It also is
interesting that all of the psychostimulants excite dopaminergic
structures. This observation is consistent with the hypothesis that a
dopamine reward system may be responsible for the reinforcing effects
of these and possibly other agents (Wise and Rompre 1989). Also, as
noted previously, the fact that all of these drugs stimulate dopa-
minergic structures may account for some of the psychotomimetic
effects common to this group of compounds.
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Identification of pharmacological class is not limited to psycho-
stimulants; it applies to other classes of drugs as well. For example,
the hypnotic zolpidem acts through benzodiazepine receptors, even
though it is chemically not a benzodiazepine (Langer et al. 1988). In
2-DG autoradiography experiments, it was demonstrated that zolpidem
and triazolam (a benzodiazepine hypnotic) depressed metabolism in
precisely the same regions of the brain (Piercey et al. 1991). Indeed, a
strong positive linear correlation was demonstrated to exist between the
percent of depression exerted by both drugs over all regions of the
brain, whether or not the level of depression was statistically
significant. Thus, the distribution of pharmacological effects is linked
inextricably to what receptor is affected and not to the precise
chemical nature of the ligand.

DRUG INTERACTIONS

The 2-DG autoradiography method allows evaluation of the
interactions between centrally acting drugs, Such interactions can
occur between drugs acting at the same receptor and those acting at
different receptors. Receptor binding autoradiography can be used to
establish whether interacting drugs interact at the same receptor since,
when this is true, both will displace the same radioactive ligand.

Numerous imaging studies have demonstrated interactions between
drugs acting at the same receptors. McCulloch and colleagues (1982)
showed that the dopamine receptor antagonist, haloperidol, completely
eliminated the effects of the dopamine receptor agonist, apomorphine,
in all brain regions where apomorphine affected brain energy
metabolism. Similarly, flumazenil, a benzodiazepine receptor
antagonist, eliminates the effects of the benzodiazepine agonist,
diazepam (Ableitner et al. 1985). The benzodiazepine receptor partial
agonist, U-78875, also antagonized the effects of the benzodiazepine
agonist, alprazolam (Piercey et al. 1990). However, in this case,
antagonism was observed only in those brain areas where the drug had
low efficacy of its own. Areas of high efficacy presumably have large
receptor reserves, allowing full agonist effects even with low intrinsic
activity.
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Meaningful interactions also occur between drugs acting on similar
systems but through different receptors. Piercey and Ray (1988b )
demonstrated that haloperidol altered the effects of PCP, particularly in
areas where dopamine is thought to be a major neurotransmitter.
Hoffmann and colleagues (1991) showed that cocaine’s stimulant
effects could be altered by treatment with a stimulant dopamine
antagonist. In both these studies, the antagonist interacted directly
with dopamine receptors, but the agonists’ actions at these sites were
mediated indirectly through dopamine released from endogenous
stores.

Interactions also can be demonstrated between agonists acting at
different receptors. Ray and colleagues (1992), for example, found
that the dopamine D1 receptor agonist, SKF 38393, and the dopamine
D2 receptor agonist, quinpirole, have different actions and interactions,
depending upon brain site. In some areas, there are clear synergistic
interactions, whereas in others there are antagonistic interactions. Yet,
in other brain areas, one of the drugs produced significant alterations,
whereas the other did not affect metabolism either by itself or interact
with the active drug.

ANIMAL/HUMAN CORRELATIONS

One of the more exciting opportunities for brain imaging is the
possibility of comparing effects observed in animals to those
observable in humans. It has been demonstrated, for example, that
there is a positive correlation between rodent and human brains when
comparing energy metabolism among different brain regions in the two
species (Blinn et al. 1991). When comparing drug effects, it is
interesting that while the distribution of effects may, in general, be
similar between animals and man, the directions of these pharma-
cological effects are sometimes opposite. For example, whereas PCP,
amphetamine, and cocaine mostly increase energy metabolism in
rodents, they produce predominantly inhibitory effects in humans
(Wolkin et al. 1987; London et al. 1990).
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IMAGING OF POTENTIAL PHARMACOTHERAPIES FOR
DRUG ADDICTION

It is hoped that through greater understanding of how drugs of abuse
act, it will be possible to design specific pharmacotherapies to treat
drug abuse as a clinical disorder.

Knowledge that stimulation of dopaminergic structures is a common
finding for euphoric psychostimulants suggests that dopamine
antagonists might be therapeutic in this condition. Unfortunately, in
addict populations, dopamine antagonists tend to promote the
anhedonias (inability to perceive pleasure) associated with drug craving
(Gawin 1991). Thus, some alternative approach is probably necessary.
Whatever the approach, imaging experiments can, along with a full
battery of pharmacological evaluations, be helpful in appreciating the
proposed mechanism of any pharmacotherapy being considered for
human testing. In addition, by comparing autoradiographic imaging in
animals to PET scans in humans, imaging experiments almost uniquely
can be used to determine if the critical neurobiological effects observed
in animals actually occur in man as well.

One possible mechanism for treating cocaine and other psycho-
stimulant abuse is the use of a dopamine partial agonist. To date, no
imaging experiments involving dopamine partial agonists have been
published. However, 2-DG autoradiography potentially can be used to
demonstrate partial agonist and antagonist pharmacology, as has been
done with the benzodiazepine partial agonist U-78875 (Piercey et al.
1990). It is hoped that benzodiazepine partial agonists will lack the
drug dependence associated with full agonists.

Another drug class with potential for use in treating cocaine abuse is
the stimulant dopamine antagonists such as (±)-AJ 76. The mechanism
for (±)-AJ 76’s stimulant effects is not clearly delineated, but the
stimulant effects may be due to a preferential blockade of dopamine
autoreceptors (Svensson et al. 1986). Although it antagonizes
amphetamine and cocaine locomotor activity, (±)-AJ 76 weakly
increases locomotor activity like a weak psychostimulant (Svensson et
al. 1986; Piercey et al. 1992). (±)-AJ 76 partially generalizes to
cocaine’s subjective cue (Callahan et al. 1992) but antagonizes cocaine
self-administration (Richardson et al., in press). In 2-DG experiments,
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(±)-AJ 76 by itself sometimes weakly excites dopaminergic structures,
but it antagonizes the excitatory effects of cocaine and amphetamine
(Hoffmann et al. 1988, 1991; table 1). Because it can weakly stimulate
dopaminergic structures, it is possible that (±)-AJ 76 will not produce
anhedonias like other dopamine antagonists (Gawin 1991).

TABLE 1. Antagonism of cocaine stimulation by (+)-AJ 761

Control Cocaine2
Cocaine +
(+)-AJ 763

Subthalamus 100 ± 10 138 ± 6* 103 ± 2+

AV Thalamus 100 ± 12 132 ± 3* 97 ± 7+

VL Thalamus 100 ± 9 138 ± 3* 107 ± 6+

Lateral Septum 100 ± 6 147 ± 3* 108 ± 8+

PAG 100 ± 5 138 ± 8* 136 ± 8+

Dorsal Horn 100 ± 12 125 ± 5* 112±4 +

1Glucose utilization, µmole/100 g brain/min expressed as percent
control.
2Cocaine, 5 mg/kg IV injection, 10 min before 2-DG injection plus
vehicle IV injection at 5 min before 2-DG injection.
3Cocaine, 5 mg/kg IV injection, 10 min before 2-DG injection plus
(+)-AJ 76, 15 mg/kg IV injection, 5 min before 2-DG injection.
* p < 0.05 versus control, ANOVA.
+ p < 0.05 versus cocaine alone, ANOVA.

Piercey and Ray (1988b) noted that haloperidol either significantly
reduced or destroyed PCP’s effects in dopaminergic areas. However,
the importance of this finding may be more related to treatment of
behavioral toxicity rather than the drug abuse itself.

Drug development begins with chemical synthesis and pharmacological
testing. Brain imaging experiments in animals represent only one
component of the pharmacological evaluation of a drug. Only one
compound of many thousands synthesized is generally found to have a
sufficiently delineated mechanism of action combined with good
pharmacokinetic and toxicological profiles to justify evaluation in
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humans. New chemical entities tested in humans do not always
produce the desired effect. It is not always clear whether this is due to
differences in drug pharmacokinetics and distribution, to some altered
pharmacological properties in humans, or to a general failure of the
proposed mechanism for treatment. The complexity of the nervous
system has made it difficult for both animal and clinical scientists to
compare their results to answer these questions. However, with the
parallel development of brain imaging techniques in both animals and
humans, it is now possible to compare a drug’s effects across species.
It seems likely that brain imaging techniques will, over time, play a
larger role in the development of drugs to treat psychiatric conditions
such as drug abuse.

SUMMARY

Brain imaging studies can be used to enhance current understanding of
how CNS drugs act. Because the brain is in reality a collection of
independent, albeit interconnected, neural organs, identification of sites
of brain action are critical to an appraisal of how each drug exerts its
different behavioral and physiological effects. For new drugs not yet
tested in humans, identification of which neuronal structures are
affected by a drug can give clues as to what to expect from the drug if
it is eventually exposed to clinical testing.

Receptor binding autoradiography, more than any other technique,
pinpoints the distribution of those sites at which a given drug acts.
When combined with 2-DG autoradiography, the intensity and
direction of the action at each of these sites, as well as the impact of
these actions on additional sites, can be appreciated. In addition to
identification of sites of drug action, brain imaging studies can be used
to identify classes of drug action, interactions between drugs, and,
perhaps more than any other technique, enhance the appreciation of the
similarities and differences between the effects in animals and those in
humans.

When applied to drugs of abuse, brain imaging studies can be used to
help identify key physiological events underlying drug reinforcement
as well as those important for various physiological effects of each
drug. Armed with such information, brain imaging techniques can
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play a unique role as one component of an effort to discover
pharmacotherapies for drug abuse.
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Brain-Imaging Studies of the
Combined Use of Cocaine and
Alcohol and of the
Pharmacokinetics of
Cocaethylene
Nora D. Volkow and Joanna S. Fowler

INTRODUCTION

The simultaneous use of cocaine and alcohol is one of the most
frequent patterns of combined drug use (Grant and Harford 1990;
Sands and Ciraulo 1992). Alcohol is combined with cocaine to reduce
the dysphoria experienced after a cocaine binge (crash) and also to
prolong the euphoria. Recent epidemiological studies have shown that
combined use of cocaine and alcohol may be synergistically toxic
(Boag and Havard 1985). It has been estimated that the combined use
of cocaine and alcohol results in an eighteenfold increase in the risk of
sudden death (Rose et al. 1990). Although the factors mediating the
increased risk associated with the combined use of cocaine and alcohol
are not fully understood, recent studies have suggested that coca-
ethylene, a metabolite of cocaine formed in the presence of alcohol,
may contribute to enhanced morbidity and mortality (Hear-n et al.
1991a). Preclinical neurochemical and behavioral data on cocaethylene
have shown that it has pharmacological properties similar to those of
cocaine (Hearn et al. 1991a). Cocaethylene, like cocaine, binds to the
dopamine transporter, inhibiting dopamine uptake and indirectly
increasing the presynaptic concentration of dopamine (Jatlow et al.
1991; Woodward et al. l991), and it has been shown to be more toxic
than cocaine (Hearn et al. 1991b; Katz et al. 1992).

Although cocaine and cocaethylene are similar in structure, differences
in physical properties such as lipophilicity, plasma protein binding, and
the ability to serve as substrates for cholinesterases in plasma might be
expected to result in a different uptake and residence time in target
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organs. Differences in availability could result in higher drug-tissue
concentrations and longer drug duration, which could accentuate and
prolong the effects of cocaine.

However, other factors also could explain the enhanced behavioral and
toxic properties of cocaine when combined with alcohol. The
enhanced behavioral effects could relate to the combination of two
drugs that enhance dopamine concentrations in the nucleus accumbens
(Ritz et al. 1987; Seeman and Lee 1974; Di Chiara and Imperato
1988). Also, cocaine’s metabolism and pharmacokinetics could be
changed in the presence of ethanol, leading to higher and longer
lasting concentrations of cocaine or active metabolites. Such an effect
of alcohol in drug pharmacokinetics has been demonstrated for
amphetamine where coadministration with alcohol prolongs the blood
and brain levels of amphetamine (Jonsson and Lewander 1973) and for
cocaine where coadministration with alcohol results in higher blood
levels of cocaine (Perez-Reyes and Jeffcoat 1992). The direct actions
of cocaine and alcohol on target organs such as the heart also could
account for the synergistic toxicity (Masur et al. 1989).

Positron emission tomography (PET) is a nuclear-imaging technique
that allows the direct measurement of drug distribution and
pharmacokinetics in the living human brain and body (Fowler et al.
1990). Investigations on the uptake and pharmacokinetics of
[11C]cocaine in the living human and nonhuman primate brain using
PET have been done (Fowler et al. 1989, 1992a). In the current study,
the authors used [11C]-labeled cocaethylene to investigate the
pharmacokinetics of cocaethylene in the baboon brain, heart, and
plasma; the findings were compared with those for [11C]cocaine
(Fowler et al. 1992b). To assess whether alcohol affects the
pharmacokinetics of cocaine, the authors have performed PET studies
with [11C]cocaine in human subjects scanned without alcohol and
during alcohol intoxication.
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MATERIALS AND METODS

Baboon Studies

The baboon studies were designed to investigate the properties of
[11C]cocaethylene as they compare with those of [11C]cocaine.
Radiotracers synthesis occurred as follows: [N-11C-methyl]cocaine
was prepared by the methylation of norcocaine with [11C]methyliodide
(Langstrom and Lundqvist 1976; Fowler et al. 1989).
[N-11C-methyl]cocaethylene was prepared by the methylation of
norcocaethylene (Fowler et al. 1992a). Cocaine, norcocaine, and
cocaethylene were supplied by the National Institute on Drug Abuse
(NIDA).

Five adult female baboons (Papio Anubis) were anesthetized,
catheterized, and prepared for the PET study (Dewey et al. 1990).
Scanning was carried out on a CTI 931-08 Computer Technologies,
Inc., tomograph (spatial resolution of 6x6x6.5 mm full width half
maximum). Each baboon was scanned twice, 2 hours apart, to
compare [11C]cocaine with [11C]cocaethylene. Seven paired studies
were done, five with [11C]cocaine preceding [11C]cocaethylene and two
scans with [11C]cocaethylene preceding [11C]cocaine. For the studies,
[11C]cocaethylene (5 to 8 mCi:3 to 10 µg) or cocaine (5 to 8 mCi:4 to
6 µg) were injected sequentially. Dynamic scans were started
immediately after injection of the tracer and were continued for 50
minutes.

Plasma analyses were done on arterial samples to measure total
radioactivity and unchanged labeled tracer. Also, procedures regarding
blood sampling and analysis were done (Fowler et al. 1992a). The
concentration of the unchanged labeled tracer in plasma was used for
the data analysis. The amount of [11C]cocaine and [11C]cocaethylene
bound to plasma proteins also was determined for these studies
(Fowler et al. 1992a).

For the analysis of the PET images, regions of interest were drawn
directly on the images. An approximate value for whole brain uptake
was obtained by averaging the activity in the five central slices.
Regions for the striatum, cerebellum, and thalamus were obtained in
the various slices where the regions were identified (Dewey et al.
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1990). 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 plasma
were used to calculate the transport constant between plasma and tissue
(K1) and to obtain the distribution volume for the various regions using
a graphical analysis technique (Logan et al. 1990). The distribution
volume is a measure of Bmax/Kd.

Human Studies

Seven normal male volunteers (ages 22 to 26 years) were studied with
[11C]cocaine (Fowler et al. 1989, 1992b ). Subjects were screened for
absence of medical, psychiatric, and neurological disease. Subjects
with a past or present history of alcohol or other drug abuse in
themselves or in first-degree relatives were excluded from the
investigation. Urine samples were taken prior to the PET scan to
ensure lack of psychoactive substance consumption. Each subject
received two scans with [11C]cocaine. The first scan was done with no
pharmacological intervention, and the second scan was done 2 hours
later during alcohol intoxication. Alcohol was given orally as 1 g/kg
of ethanol during a 45-minute period, and scans were done 40 minutes
later. For three subjects, scans were obtained for their brains; for four
subjects, scans were obtained for their hearts.

Blood samples from a radial artery were obtained to quantitate total
radioactivity, unchanged [11C]cocaine, and blood alcohol concentration.
A plasma sample drawn 10 minutes after injection of [11C]cocaine was
subjected to high-pressure liquid chromatography analysis to quantitate
for labeled cocaethylene (Fowler et al. 1992b).

Regions of interest were obtained directly on the emission scans.
Regions for striatum, cerebellum, thalamus, and frontal cortex were
drawn on the various planes where they were identified, and a
“composite” value was obtained using their weighted average (Fowler
et al. 1989). Regions in the heart were obtained for the left ventricle,
septum, and left atrium (Volkow et al. 1992). The tissue and plasma
concentrations of tracer were used to calculate the distribution volume
as described for the baboon studies.
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RESULTS

Baboon Studies

Figures 1 and 2 show brain images for [11C]cocaine and for
[11C]cocaethylene taken 3 to 6 minutes and 24 to 54 minutes after
tracer injection. The pattern of distribution for both tracers in the
brain was similar during the early scanning period (3 to 6 minutes).
Maximal uptake for both tracers was obtained in the basal ganglia.
Kinetic analysis of [11C]cocaine and [11C]cocaethylene in the brain
revealed that peak uptake occurred for both tracers between 3 and 5
minutes for striatum and between 2 and 5 minutes for cortex, thalamus,
and cerebellum. The peak uptake for these two tracers (expressed as
percent dose/cm3 of tissue) was not significantly different for any of
the brain regions analyzed. In contrast to the similar pattern of uptake
for these two tracers, significant differences were observed for their
clearance; [11C]cocaethylene cleared more slowly than [11C]cocaine
from the brain.

Figure 3 shows the time-activity curve for [11C]cocaine and
[11C]cocaethylene in the whole brain (global), basal ganglia, and
cerebellum and illustrates the slower clearance for [11C]cocaethylene
(CE) relative to that of [11C]cocaine (C). The averages of the
clearance half-time are shown in table 1.

Analyses of the rate of unchanged tracer in plasma revealed that there
was a significantly higher percentage of unchanged tracer for
[11C]cocaethylene than for [11C]cocaine. Average percentages of
unchanged tracer in plasma at 10 minutes were C = 32±9.4 percent
and CE = 39.7±8.9 percent; at 30 minutes they were C=16.6±6.8
percent and CE = 22.3±4.1 percent.

The values for the distribution volume in basal ganglia were not
significantly different for [11C]cocaine (7.4±1.9 mL/g) and
[11C]cocaethylene (7.7±1.9 mL/g). However, they were significantly
larger for [11C]cocaethylene than for [11C]cocaine in the whole brain,
basal ganglia, thalamus, and cerebellum. The distribution volume
values are shown in table 2.
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IFIGURE 1. Brain images for [11C]cocaine and [11C]cocaethylene obtained 3 to 6 minutes postinjection
(PI). Brain images correspond to sequential planes at the level where the basal ganglia are
located. Darker areas denote the brain regions with the highest uptake. For both tracers,
highest uptake occurs in basal ganglia and, secondly, in thalamus.



FIGURE 2. Brain images for [11C]cocaine and [11C]cocaethylene obtained 24 to 54 minutes PI. Brain
images correspond to the same planes as for figure 1. Notice the clearance of [11C]cocaine
in basal ganglia, whereas there is still a high concentration of [11C]cocaethylene.



FIGURE 3. Time-activity curves for [11C]cocaine and
[11C]cocaethylene (X) in whole brain (global), basal
ganglia, and cerebellum. Notice the slower clearance of
[11C]cocaethylene than of [11C]cocaine.
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TABLE 1. Averages of the clearance half-time in min

CLEARANCE
REGION HALF-TIME

AVERAGES

Whole Brain C = 14.3 ± 4.3
CE = 9.13 ± 4.7

Striatum C = 17.2 ± 4.5
CE = 22.8 ± 3.2

Thalamus C = 10.7 ± 3
CE = 315.4 ± 4

Cerebellum C = 7.9 ± 1.9
CE = 12.0 ± 2.4

KEY: C = cocaine; CE = cocaethylene

Incubation of samples of labeled cocaine and labeled cocaethylene with
baboon plasma for 40 minutes at room temperature, followed by thin-
layer chromatography analysis, showed that cocaine is metabolized at a
faster rate than cocaethylene. After 40 minutes, hydrolysis of cocaine
to ecgonine methyl ester is 45-percent complete, whereas hydrolysis of
cocaethylene to ecgonine ethyl ester is 15-percent complete. The
plasma-free fraction for cocaine was 33.5 percent, and for cocaethylene
it was 30.5 percent (Fowler et al. 1992b).

Human Studies

Alcohol intoxication did not significantly affect [11C]cocaine
pharmacokinetics as reflected by the rate of uptake and clearance of
cocaine from the brain and heart. Also, alcohol intoxication did not
affect the pattern of distribution of [11C]cocaine nor its uptake in the
brain or heart, nor did it affect rate of metabolism of [11C]cocaine
in plasma.
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TABLE 2. Values for the distribution volume in mL/g

REGION DISTRIBUTION
VOLUME VALUES

Whole Brain C = 4.9 ± 1
CE = 5.5 ± 1.3

Basal Ganglia C = 7.4 ± 1.9
CE = 7.7 ± 1.9

Thalamus C = 5.8 ± 1.3
CE = 6.7 ± 1.7

Cerebellum C = 4.6 ± 1.1
CE = 5.4 ± 1.4

KEY: C = cocaine; CE = cocaethylene

NOTE: p < 0.01 paired t-test, two-tail

Distribution volumes before and during alcohol intoxication for the
brain regions were not significantly different from each other and were
within the variations previously reported for studies done on the same
subject without intervention (Logan et al. 1990). The 10-minute
plasma sample did not detect the presence of labeled cocaethylene
(Fowler et al. 1992b).

DISCUSSION

The similar rate of uptake of [11C]cocaethylene in the brain to that of
[11C]cocaine suggests that both drugs cross the blood-brain barrier to
the same extent. The distribution of [11C]cocaethylene in the baboon
brain was also similar to that of [11C]cocaine. For both tracers, the
highest uptake was basal ganglia > thalamus > cortex = cerebellum.
Both these drugs reached peak concentration in the brain at the same
time (average 2 to 5 minutes after injection). The high uptake of
[11C]cocaethylene in the basal ganglia probably represents binding to
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the dopamine transporter as shown for [11C]cocaine by Fowler and
colleagues (1989). This is likely because pharmacological studies have
shown that the affinity of cocaethylene for the dopamine transporter is
similar to that of cocaine (Heam et al. 1991a). Thus, differences
between cocaine and cocaethylene do not seem to be due to either a
difference in (1) the rate or speed of brain uptake or (2) their pattern
of regional distribution. Interestingly, the rate of clearance of
[11C]cocaethylene from the brain was slower than that of [11C]cocaine.
This slower clearance could prolong the pharmacological effects when
cocaine and alcohol are taken in combination. Similarly, the slower
clearance in plasma of cocaethylene than that of cocaine could lead to
more prolonged effects. However, the extent to which the differences
in pharmacokinetics and metabolism between the two drugs could
explain the enhanced behavioral and toxic effects of cocaine is not
clear because tolerance to cocaine develops rapidly, and decreased
cardiovascular and behavioral responses are observed even with steady-
state plasma concentrations of cocaine (Ambre 1989).

The human studies were unable to document an effect of alcohol
intoxication on the pharmacokinetics and distribution of [11C]cocaine.
This is different from what has been reported for alcohol and
amphetamines. Also, these studies were unable to document the
presence of labeled cocaethylene during the 10 minutes after
administration of [11C]cocaine.

In interpreting these results, one has to realize that the studies differ
from real-life situations in the following manner: (1) a tracer dose of
[11C]cocaine was used rather than a pharmacologically active dose; (2)
alcohol was administered prior to cocaine, and usually drug abusers
consume alcohol after they have been administering cocaine; (3) a
single administration of [11C]cocaine was given as opposed to the
repeated “binge” administration of cocaine by cocaine abusers; and (4)
the study does not reproduce the conditions of the chronic drug abuser
in whom metabolism of cocaine or alcohol may be impaired by
long-term exposure to these drugs.

The inability to detect [11C]cocaine and cocaethylene 10 minutes after
injection of [11C]cocaine during alcohol consumption is consistent with
a recent study in humans showing that cocaethylene does not peak
until 90 to 120 minutes after coadministration of cocaine and alcohol.
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The amount of cocaethylene seen at peak is relatively low, corre-
sponding to one-sixth of that for cocaine (McCance-Katz et al. 1991).
Another study (Perez-Reyes and Jeffcoat 1992) reported a similar low
conversion, which is consistent with a recent study on the enzymatic
transesterification of cocaine in the presence of ethanol (Boyer and
Petersen 1992).

Although cocaethylene may play a role in the amount of toxicity seen
in cocaine and alcohol coadministration, other variables are probably as
important and need to be considered. In fact, it may be the direct
action of cocaine and alcohol, not their interactions, that is mainly
responsible for the enhanced toxicity when used in combination. For
example, the cardiovascular enhanced toxicity could relate to the fact
that both these drugs (1) are directly toxic to the myocardium
(Urbano-Marquez et al. 1989; Przywara and Dambach 1989), (2)
release catecholamines from adrenals (Pohorecky and Brick 1988;
Chiueh and Kopin 1978), and (3) induce vasoconstriction (Pohorecky
and Brick 1988). Similarly, the acute behavioral effects of cocaine and
alcohol could result from their effects on the same brain reward
systems (Seeman and Lee 1974; Di Chiara and Imperato 1988).

In explaining the enhanced behavioral and toxic effects seen with
coadministration of cocaine and alcohol and relating them to the
formation of cocaethylene, one has to be aware that these effects are
not specific to this particular drug combination. In fact, combination
of other stimulant drugs with alcohol or other sedative hypnotics, such
as benzodiazepines, has been shown to enhance behavioral and toxic
effects of the individual drug (Rech et al. 1976; Iverson et al. 1975;
Coleman and Evans 1975). The latter studies and the current findings
emphasize the need to consider the direct actions of alcohol and of
cocaine as one of the underlying mechanisms for their enhanced
toxicity when used in combination.
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INTRODUCTION

Abuse of the highly addictive drug cocaine results in adverse
psychological and medical consequences. The addictive properties of
the drug appear to be related, in part, to the rapid entry of the drug
into the brain, association with the brain’s dopamine systems, and short
duration of action. Swift metabolism leads to multiple and frequent
dosing with the drug, which is an added risk for getting Acquired
Immunodeficiency Syndrome (AIDS) by the intravenous route. These
sequelae have catalyzed efforts to develop drug therapeutic approaches
for cocaine addiction, particularly in view of the reported benefits of
methadone and nicotine replacement for heroin and tobacco addictions.

Brain imaging techniques can contribute to and expedite the
development of therapeutic agents, Positron emission tomography
(PET) imaging is a sensitive method for localizing drug receptors in
living brain tissue. The method can be applied to detect receptor
occupancy of candidate therapeutic drugs and to determine whether
occupancy is associated with therapeutic benefit. This chapter surveys
preliminary studies by the authors to apply PET imaging to medica-
tions development. As converging evidence suggests that brain
dopamine systems are principal targets of cocaine in the brain, the
authors’ studies focused on these systems.
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PARAMETERS OF THE STUDIES

The Dopamine Transporter

The dopamine transporter is localized on dopamine neurons and
suspends the effects of dopamine by transporting the neurotransmitter
back into the terminals from which it was released. Although cocaine
is a relatively nonselective inhibitor of the dopamine, serotonin, and
norepinephrine transport, blockade of the dopamine transporter is
strongly implicated in mediating the reinforcing properties of the drug
(Ritz et al. 1987; Madras et al. 1989a; Bergman et al. 1989). Imaging
of the dopamine transporter in vivo may be useful for monitoring
behaviorally relevant cocaine recognition sites in the brain and for
monitoring occupancy of potential drug therapies.

Cocaine Analogs as Probes for the Dopamine Transporter

The affinity of cocaine for the dopamine transporter in primate brain is
relatively low (Madras et al. 1989a), its dissociation from these sites
occurs within seconds, and approximately 25 to 30 percent of the
[3H]cocaine binding is associated with targets unrelated to the
dopamine transporter. In recent years, a number of dopamine transport
inhibitors structurally dissimilar to cocaine, including GBR 12935 and
nomifensine, were proposed as probes for the dopamine transporter
(Kuhar et al. 1990). Their suitability as probes for the dopamine
transporter, however, is limited by their association with sites in
addition to the dopamine transporter (Andersen et al. 1987, 1989;
Seeman and Niznik 1990). This limitation, combined with the
possibility that cocaine and its congeners may bind differently to the
dopamine transporter than compounds of other chemical classes (Fahey
et al. 1989; Rothman 1990), suggested the need for novel approaches
to this problem. In 1989, the high-affinity cocaine congener WIN
35,428 (Clarke et al. 1973) was proposed as a probe for the dopamine
transporter (Madras et al. 1989a).

[3H]WIN 35,428, also designated [3H]CFT, offers several advantages
over [3H]cocaine as a probe (Madras et al. 1989b, table 1). The sites
labeled by [3H]CFT are of similar density and have virtually the same
pharmacological specificity as [3H]cocaine. Furthermore, the binding
isotherms of [3H]CFT model to two affinity components, a property
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TABLE 1. Comparison of the binding properties of [3H]cocaine and
[3H]CFT ([3H]WIN 35,428, Madras et al. 1989a, 1989b)

SIMILARITIES

Site density
High/Low affinity
NaCl requirement

[3H]Cocaine [3H]CFT
431 pmol/g 388 pmol/g

yes yes
yes yes

DIFFERENCES

[3H]Cocaine [3H]CFT
Affinity 283 nM 16 nM
Dissociation time seconds 23 min
Nonspecific binding 20 to 30 percent 3 to 9 percent

characteristic of [3H]cocaine binding. However, [3H]CFT is superior to
[3H]cocaine inasmuch as its affinity is higher and its dissociation from
these sites is slower (> 20 min versus seconds), which results in highly
reproducible binding data. Most significantly for brain imaging,
nonspecific binding of [3H]CFT is less than 10 percent, and frequently
less than 5 percent, a value considerably lower than that of [3H]cocaine
(20 to 30 percent). The markedly low level of nonspecific binding
observed in homogenates was the authors’ initial impetus to develop
radiolabeled CFT and similar congeners as imaging agents.

Brain Distribution of [3H]CFT (WIN 35,428)

Subsequent experimental findings with [3H]CFT supported the authors’
initial proposal and the progressive development of [3H]CFT for this
application. [3H]CFT distributed primarily to dopamine-rich regions of
primate brain (Canfield et al. 1990; Kaufman et al. 1991; Kaufman and
Madras 1992). [3H]CFT binding sites in the caudate-putamen and
nucleus accumbus were relevant to the behavioral effects of cocaine
(Madras 1989c). The sites were localized presynaptically (Kaufman
and Madras 1991). In this regard, earlier studies reported a severe
depletion of [3H]CFT binding in post-mortem human Parkinson’s
diseased caudate and putamen compared with controls (Madras et al.
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1990; Kaufman and Madras 1991). These brain regions undergo a
marked loss of dopamine fibers in the course of Parkinson’s disease.
An additional advantage of [3H]CFT was the high striatum:cerebellum
ratio (3.3:5.6) observed by ex vivo autoradiography between 30 and 90
min, a period of time corresponding to a serviceable timeframe for a
PET imaging procedure (Kaufman and Madras 1992, 1993). Finally,
whereas a number of cocaine congeners bind to both the dopamine and
serotonin transporter (Boja et al. 1992; Kaufman and Madras 1992;
Laruelle et al. 1993), CFT demonstrated the highest selectivity,
fifteenfold, for the dopamine compared with the serotonin transporter
of compounds available during this period (Meltzer et al. 1993).

[11C]CFT as a PET Ligand

A project was initiated to evaluate [11C]CFT as a PET imaging probe
for cocaine recognition sites associated with the dopamine transporter.
Adult male and female cynomolgus monkeys (Macacafascicularis)
were used for the imaging studies. PET imaging was conducted with a
high-resolution positron emission tomograph (PCR-1, Brownell et al.
1985). The resolution of PCR-1 for a point source at the center is 4.5
mm, and the sensitivity is 46,000 counts per s for a source 20 cm in
diameter with a concentration of 1 uCi/ml and a plane thickness of 1
cm. The plane thickness, 5 mm, used in these studies were obtained
by the use of cylindrical collimators, which limited the effective height
of the detectors. Each monkey was anesthetized, and PET imaging
was conducted as described previously (Hantraye et al. 1992).
Indwelling venous and arterial catheters were used for drug injections
and for monitoring blood levels of [11C]CFT. Sequential dynamic
imaging for 90 min was carried out at earbar levels corresponding to
30 mm, 25 mm, 20 mm, 15 mm, 10 mm, -5 mm, and - 10 mm. Data
were corrected for sensitivity and attenuation using a mathematical
correction. For image reconstruction, a Hanning windowed filter
convolution backprojection was used. Calibration of the camera was
performed using a cylindrical plastic phantom (0 = 6 cm) and 18F-
solution, and cross calibration with the same solution was conducted
using a gamma counter. Regions of interest (ROI) were drawn over
the caudate, putamen, cortex, and cerebellum, and subsequently
striatal:cerebellar and cortical:cerebellar ratios were calculated.
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RESULTS

[11C]CFT Accumulation in the Striatum

The accumulation of [11C]CFT in the brain was evident within 2.5 min,
and it was observed initially in the cortex, striatum, and additional
brain regions. Within 40 min, regions other than the striatum were
cleared of the radioligand, and dynamic images showed high uptake of
[11C]CFT in the caudate and putamen, which increased as a function of
time for at least 100 min (figure 1). The ratio of specific to non-
specific binding was determined by comparing the uptake in the
caudate nucleus and putamen with the uptake in the cerebellum. At 90
min, the striatum:cerebellum ratio was 4.21±0.02 and 4.88±0.25 for the
caudate nucleus and putamen, respectively. The ratio for the putamen
was consistently 15 percent higher, a finding that corresponded with an
earlier report using [3H]CFT (Kaufman et al. 1991).

Pharmacological Specificity of [11C]CFT Binding Sites

In order to determine whether binding was principally to the dopamine
transporter, the effects of a number of selective and nonselective
dopamine transport inhibitors on [11C]CFT accumulation was
determined. The dopamine transport inhibitors (-)-cocaine, GBR
12909, and mazindol, at doses that produce behavioral stimulation
(Spealman et al. 1989), attenuated the accumulation of [11C]CFT
(Madras et al. 1991). In contrast, the selective and high-affinity
serotonin transport inhibitor citalopram did not appreciably alter the
accumulation of [11C]CFT in striatum at low doses, but it did so at
higher doses.

The present results clearly indicate that [11C]CFT is a promising ligand
for monitoring behaviorally relevant cocaine binding sites in striatum
and for monitoring dopamine terminals. Its striatum:cerebellum ratio is
higher than other PET ligands targeted to the dopamine transporter, its
pharmacokinetic properties are suitable for imaging, and its initial
metabolism is minimal (Kaufman and Madras 1992). Consequently,
PET imaging of the dopamine transporter may expedite research in
cocaine abuse. Equally important, it may serve as a powerful method
for measuring the onset time and length of occupancy of cocaine
therapeutic agents targeted to the dopamine transporter.
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FIGURE 1. Accumulation of [11C]CFT in monkey striatum as a function of time



The low level of nonspecific binding also suggested that radiolabeled
CFT may be a marker for Parkinson’s disease. This application for
both [11H]CFT and [11C]CFT has been documented (Madras et al. 1990;
Kaufman and Madras 1991; Hantraye et al. 1992), and it demonstrates
an unanticipated benefit of cocaine research.

IMPLICATIONS

Applications of [11C]CPT for Medications Development

The mounting evidence that dopamine contributes significantly to
mediating the effects of cocaine offers several avenues for medications
development. Among classes of drugs to be considered are com-
pounds that target the dopamine transporter or dopamine receptors,
including potential cocaine antagonists (Kitayama et al. 1992). Drug
substitutes are the most frequently prescribed and effective medications
used in the treatment of drug abuse. Cocaine substitutes require a
careful consideration of the potential benefits of candidate compounds.
In addition to efficacy, factors to be considered are comparisons
between candidate compounds and cocaine with regard to abuse
liability; behavioral, physiological, neurochemical, and toxic sequelae;
and oral efficacy. Such information is needed to weigh carefully the
risks and benefits of such an approach. Although a number of
dopamine transport inhibitors are thought to exhibit less abuse liability
than cocaine, this assumption should be validated by comparing the
effects of candidate compounds when administered by the same routes
as cocaine.

Criteria for therapeutic agents that target the dopamine transporter have
not been clearly established. A candidate therapeutic agent that
demonstrates a longer onset time and prolonged duration of action may
offer some advantages. In this regard, the slow onset may result in
diminished euphoric effects compared with cocaine, and the long
duration of action may minimize frequent dosing, thereby reducing the
risk of acquiring AIDS by the intravenous route. One example of such
a drug is indantraline (Lu 19-005), which has a relatively slow onset
and long duration of action (> 2 d) in primates (Rosenzweig-Lipson et
al. 1992).
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The authors administered indantraline (0.2 mg/kg) 24 h prior to onset
of a PET imaging procedure. At this low dose, equivalent to one-fifth
the dose that generated behavioral stimulation for longer than 2 d,
uptake of [11C]CFT was reduced in two of three animals. At 60 min
into the PET imaging procedure, [11C]CFT accumulation was reduced
by 31 percent in the caudate nucleus and by 25 percent in the
putamen. These results suggest that prolonged stimulation by
indantraline may be related directly to occupancy of the dopamine
transporter. Furthermore, the results demonstrate the feasibility of
using PET imaging to identify whether candidate compounds occupy
the dopamine transporter in the brain and to measure the occupancy
period.

The long duration of action of indantraline may be related to its high
affinity (0.081 pM) for the dopamine transporter in monkey brain and
possibly to its occupancy of the serotonin transporter in the periphery
(Madras et al. 1993). In this regard, another high-affinity serotonin
transport inhibitor, RTI-55 (Boja et al. 1992), was shown to accumu-
late in high concentrations in lung, a potential depot for drugs that are
potent inhibitors of serotonin transport (Kaufman and Madras 1992).

PET Imaging of the D1 Dopamine Receptor

Because they are the indirect targets of cocaine, dopamine receptors
represent another potential target for therapeutic agents. Although two
families of dopamine receptors are found in the brain, D1 and D2, the
majority of drugs currently available are of the D2 type. D2 agonists
and antagonists have received attention as possible therapeutic agents
(Preston et al. 1992). The adverse side effects of agonists
(dyskinesias) and antagonists (extrapyramidal signs) has focused
interest on antagonists with reduced extrapyramidal signs. Recently,
researchers have focused more attention on drugs that target the D1

dopamine receptor. The authors have initiated studies to determine
whether D1 agonists occupy D1 dopamine receptors in vivo. The D1

receptor was imaged with [11C]SCH 39166, a selective D1 receptor
antagonist that accumulates in high concentrations in the striatum. A
preliminary study using an MPTP-treated monkey has demonstrated D1

receptor occupancy by the selective D1 agonist, SKF 81297 (Madras et
al. 1992).
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CONCLUSION

These preliminary studies demonstrate the potential utility of PET as a
technique for imaging the dopamine transporter, a principal target of
cocaine in the brain. Furthermore, they illustrate a potential appli-
cation of PET imaging in medications development. PET imaging
appears to be useful for identifying the receptor targets of candidate
compounds. PET also may be useful for assessing whether a com-
pound, which produces prolonged stimulant effects, occupies the
dopamine transporter during the timeframe that behavioral effects are
measurable. Thus, combined with other strategies, PET imaging
studies can accelerate preclinical evaluation of potential cocaine
therapeutic agents.
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Metabolic Mapping Methods for
the Identification of the Neural
Substrates of the Effects of
Novel Tropane Analogs
Linda J. Porrino, Lisa Williams-Hemby, and Huw M.L. Davies

INTRODUCTION

The administration of any psychoactive drug to an organism produces
a variety of pharmacological actions that may include both central and
peripheral effects. These physiological and behavioral responses are
unlikely to result from a single action in a single brain region; they are
more likely to be the product of multiple processes at a number of
distinct anatomical sites. In addition, most drugs, particularly when
administered over a broad range of doses, may not act on only one
neurotransmitter system or receptor subtype but on some combination
thereof. These issues are particularly pertinent when new compounds
are to be investigated. Such compounds may have actions in vivo not
necessarily predictable from in vitro characterizations.

In order, then, to determine the neural substrates of the actions of a
drug, especially when the actions of the drug are not completely
specified (as is the case when drugs are in development), it is
necessary to identify neural events in circuits and pathways throughout
the brain, not just at one location. This requires either that researchers
investigate small portions of the brain one at a time, as with electro-
physiological or in vivo microdialysis methods, or that they use
methods capable of surveying the entire brain simultaneously. The
development of the 2-[14C]deoxyglucose (2-DG) method by Sokoloff
and colleagues (1977) has provided the means to accomplish the latter
approach. The 2-DG method is a means with which functional events
in the brain related to various physiological, pharmacological, and
behavioral states can be investigated. It has been used extensively in
neuropharmacology to identify the neural circuits that mediate the
effects of a wide variety of pharmacological agents (for reviews cf.
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McCulloch 1982; Porrino and Pontieri 1993). This chapter will
describe the 2-DG method and its application to the study of a series
of novel tropane analogs recently synthesized by Davies and colleagues
(1991, 1993).

MEASUREMENT OF RATES OF GLUCOSE UTILIZATION

The 2-DG method measures rates of local cerebral glucose utilization
(LCGU) throughout all portions of the central nervous system (CNS).
It is a biochemical method that measures a biological process-
glucose utilization or the rate at which energy is consumed in neuro-
anatomically defined regions in the CNS of conscious animals. The
value of the measurement of rates of glucose utilization stems from the
fact that in the brain, as in other tissues that do physicochemical work,
the amount of energy used is correlated with the amount of work done
in that tissue. Glucose utilization in the brain is a measure of energy
use under normal physiological conditions because glucose is virtually
the exclusive substrate for energy metabolism. The basic rationale of
the 2-DG method is that functional activity in any given brain region is
related directly to energy metabolism in that region. It is possible,
therefore, through the measurement of changes in rates of glucose
utilization to identify brain regions in which functional activity is
altered during various experimental manipulations.

Although there are a number of energy-requiring processes in the brain
that contribute to basal rates of glucose utilization, transmitter synthe-
sis, release and reuptake, and protein synthesis, the largest portion of
energy in the CNS, however, is used to maintain and restore ionic
gradients. It has been estimated that 80 percent of the energy gener-
ated in the brain is used for this purpose (Kurumaji et al. 1993). It is
important to appreciate that the changes in rates of glucose utilization
that are evoked by an experimental manipulation are thought to result
mainly from increases or decreases in electrical activity or synaptic
activity in the CNS. These changes in electrical activity in turn
produce corresponding increases or decreases in the activity of Na+,
K+,ATPase, the energy consuming enzyme involved in the restoration
of neuronal ionic gradients to their resting state. Experi-ments with 2-
DG have shown that the coupling of glucose utilization to functional
activity is dependent on Na+, K+-ATPase activity in that ouabain, an
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ATPase inhibitor, can block the increases in glucose utilization that
accompany electrical stimulation (Mata et al. 1980).

The measurement of rates of glucose utilization follows the basic
principles for the measurement of rates of any reaction with radioactive
tracers. The amount of product formed over an interval of time is
determined, related to the integrated specific activity (i.e., the ratio of
the labeled precursor to the total precursor pool integrated over the
time of measurement), and corrected for kinetic differences between
the labeled and unlabeled compounds. Rates of LCGU are measured
with a radioactively labeled analog of glucose, 2-DG, that, like
glucose, is transported into cerebral tissue by the same carrier and
phosphorylated by hexokinase but, unlike glucose, is not metabolized
further and is, therefore, trapped within cells. It is this sequestration
within cells that allows quantitative autoradiography to be used to
measure actual rates of glucose utilization in individual brain regions.

The details of the derivation of the 2-DG method and an extensive
discussion of its theoretical basis are beyond the scope of this chapter,
but for further discussion see Sokoloff and colleagues (1977, 1982)
and Sokoloff and Porrino (1986). The techniques used for the
application of the 2-DG method have also been described in detail
elsewhere (Porrino and Crane 1990).

ADVANTAGES AND DISADVANTAGES OF THE 2-DG
METHOD

Advantages

One of the principal advantages of the 2-DG method is the use of
autoradiography, which permits the visualization of individual struc-
tures within the brain as well as anatomical subdivisions within a given
structure. The resolution of the 2-DG method is approximately 100µ.
The limiting factors are the energy of the isotope and the diffusion and
migration of the labeled compound in the tissue during freezing and
cutting of the brain. Even in the rat, though, it is possible to distin-
guish subdivisions of a structure as small as the lateral habenula. For
example, glucose utilization in the lateral portion of the lateral
habenula is decreased significantly following the administration of
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dopaminergic agonists (McCulloch et al. 1982; Wechsler et al. 1979;
Porrino et al. 1984, 1988). With many other neurochemical methods,
such as in vivo microdialysis or neurotransmitter turnover determina-
tions, it is not possible to ascribe effects to particular divisions or
subdivisions of brain regions because the areas sampled are by
necessity rather large. In 2-DG studies, the use of quantitative
autoradiography makes it possible to evaluate changes in functional
activity in highly circumscribed brain regions.

Another advantage is that a broad survey of effects at all levels of the
brain is possible. This means that investigations are not limited to
those sites in which effects are expected, a particularly important factor
when a drug has not been characterized completely. If the whole brain
is examined, effects of a pharmacological agent may be seen that
otherwise would have gone unnoticed. In a study of the effects of
lesions of the substantia nigra of primates induced by the infusion of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, alterations in cerebral
glucose utilization rates were evident not just within the basal ganglia
as expected but also in circuits mediating eye movements (Porrino et
al. 1987). Using this kind of an approach, it is possible to survey
effects in a number of systems without using different sets of animals.

Although earlier experiments with the 2-DG method were conducted in
restrained or partially restrained animals, methods have been developed
that permit the use of the 2-DG method in freely moving, conscious
animals (Crane and Porrino 1989). This approach allows the applica-
tion of the method to the study of behavior. In pharmacological
studies, behavioral effects produced by drug administration can be
related directly to changes in functional activity in specific brain
regions.

One problem with the 2-DG method is that the uptake of 2-deoxy-
glucose is dependent on variables such as blood pressure, cardiac
output, and plasma glucose levels. Overall differences in uptake based
on these variables could obscure differences between groups that are
the result of changes in functional activity, particularly if non- or semi-
quantitative methods are used. Because the calculation of absolute
rates of glucose utilization with the 2-DG method takes these variables
into account, however, valid comparisons can be made between
groups, allowing both the identification of brain areas with altered
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functional activity and the magnitude of these changes. This is clearly
an advantage in pharmacological studies in which the physiological
status of the animal frequently is altered by drug administration.

Disadvantages

Despite its advantages, the 2-DG method has a number of limitations.
Foremost among these is the inability to differentiate between direct
and indirect effects of a given stimulus. An entire pathway or circuit
may be activated metabolically, even though the direct action of the
stimulus may occur only at the origin of or at some point along the
pathway. The 2-DG method, therefore, cannot identify the sites at
which a drug binds or the sites at which a drug initiates its actions.
This is illustrated by the results of a study in which the effects of
diazepam on cerebral metabolism were measured (Ableitner et al.
1985). Little overlap was evident between regions in which significant
changes in rates of metabolism were found and those areas identified
as having high benzodiazepine binding. More specifically, glucose
utilization was increased in the lateral thalamus, an area low in binding
sites, and not altered in areas such as the ventromedial hypothalamus
and medial amygdala, both rich in binding sites. It is important to
consider that glucose utilization changes reflect only a corresponding
change in afferent input to that region and not a change in the func-
tional activity of cell bodies in that structure. An entire pathway may
be activated, even though the direct action of the drug occurred only at
the origin of the circuit. Although this lack of specificity may be a
limitation in some instances, as in the case of determining the primary
site of action of a drug, it is an advantage when the goal is to identify
the neural circuits or pathways that mediate a specific behavioral
response.

Other disadvantages include the fact that it is not possible to identify
the specific neurotransmitters, neuromodulators, or receptor types that
are responsible for changes in functional activity and the inability to
distinguish between inhibitory and excitatory processes on the basis of
increases or decreases in 2-DG uptake. Both excitation and inhibition
at the neuronal level involve similar metabolic processes in that
maintenance and restoration of ionic gradients have similar energy
requirements, regardless of whether excitatory or inhibitory neuro-
transmitters are secreted at synaptic terminals.
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The 2-DG method also has poor time resolution. The rather long
experimental time period can be a significant limitation in drug studies
because steady state or constant conditions need to be maintained for
accurate measurement of rates of glucose utilization. Physiological and
behavioral responses to drug administration can vary significantly
across the 45 minutes required for the application of the 2-DG method.
For example, although the total experimental time is 45 minutes, the
uptake and phosphorylation of 2-DG in the brain reflect predominantly
its metabolism in the first 5 to 10 minutes of this period. This is
because the tissue concentrations of free 2-DG available for metabo-
lism are highest during the first 5 to 10 minutes after its injection
(Sokoloff et al. 1977). Correct choice of the optimal time for drug
administration in relation to the time of injection of 2-DG is, then,
important to ensure maximal sensitivity of the method as well as to
ensure that data will be comparable across treatments. Drug adminis-
tration should be timed so that the maximum drug response coincides
with the time of maximum incorporation of 2-DG.

A final disadvantage that should be noted is that repeated measure-
ments are not possible in the same animal. Groups of separate animals
must be used to determine the effects of each experimental condition,
which increases variability as well as the number of animals necessary.

Despite these constraints, the 2-DG method has been applied effec-
tively in many neuropharmacological studies. The method can provide
novel information about the identity of brain regions functionally
involved in mediating the effects of a given drug. It can be particu-
larly useful when the actions of the drug in question have not been
described completely. An example of such an application is discussed
in the next section.

NOVEL TROPANE ANALOGS

One approach to the study of the neurobiological actions of cocaine
has been through the use of cocaine analogs. Because many of the
important behavioral and physiological effects of cocaine, in particular
its euphorogenic properties, have been attributed to its actions at
dopaminergic synapses, tropane analogs that mimic or are more potent
than cocaine at these sites can be useful tools. A variety of tropane

76



analogs have been synthesized by a number of investigators to date
(Abraham et al. 1992; Lewin et al. 1992; Carroll et al. 1992a; 1992b;
Davies et al. 1991; Kozikowski et al. 1991).

One such series of novel tropane analogs was reported recently by
Davies and colleagues (1991, 1993). These analogs are synthesized
with a novel strategy utilizing vinylcarbenoid precursors instead of
more traditional methods in which cocaine is used as the starting
material. Characterization of these compounds in vitro has shown that
several of the compounds are as much as 900 to 1300 times more
potent than cocaine in displacing [125I]RTI-55 binding in rat striatal
membrane preparations (Davies et al. 1993). In addition to being more
potent than cocaine at dopamine transporters, some analogs in this
series also were significantly more potent than cocaine in binding to
serotonin transporters in rat frontal cortex. As with cocaine, many of
the analogs tended to be comparatively nonselective with respect to
dopamine and serotonin (Childers, Bennett, Sexton, Saikali, and
Davies, unpublished observations). Several of the analogs, however,
demonstrated a relative selectivity for dopamine, including 2ß-
propanoyl-3ß-(4-toluyl) tropane (PTT), which displayed at least a
twentyfold selectivity for dopamine in binding assays. Results from
uptake studies have confirmed both the potencies and specificities of
these tropanes as well (Bennett, Hyde, Saikali, and Davies, unpub-
lished observations).

To date, PTT has been the only analog that has undergone a thorough
evaluation in vivo. These studies have verified that, like cocaine, PTT
acts as a stimulant in many respects (Porrino et al., submitted). These
studies, however, also show that PTT differs from cocaine qualitatively
in other aspects, as might be expected from an analog with a different
specificity than cocaine. For example, PTT produced significant dose-
dependent behavioral activating effects when administered to rats
intraperitoneally. Within the range of doses tested in these comparison
studies, PTT was approximately 10 to 30 times more potent than
cocaine in stimulating locomotor activity (Porrino et al., submitted).
This corresponds closely to the relative potency of this novel tropane
analog at binding to the dopamine transporter as well as its potency at
inhibiting dopamine uptake (Davies et al. 1993). There is, then, good
agreement between the relative potencies of PTT and cocaine in
in vitro and in vivo behavioral studies,
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The behavioral effects of PTT, however, did not always coincide with
those of cocaine when examined more closely (Porrino et al., sub-
mitted). Animals treated with low doses of PTT, for example,
exhibited little movement. These rats remained awake and alert but
relatively motionless for long periods. In contrast, at moderate doses
PTT produced cocaine-like behavioral effects in the form of increases
in exploratory behaviors such as sniffing, rearing, and forward loco-
motion, and the administration of higher doses of PTT were accom-
panied by intense patterns of stereotypic head movements. PTT
elicited a far greater degree of stereotypic movements than cocaine,
and the character of these behaviors also was quite different. Even at
the highest dose tested in this assay, cocaine treatment was associated
mainly with forward locomotion and rearing with few stereotyped
behaviors evident, whereas PTT administration produced focused,
circular head bobbing restricted to one comer of the test chamber. The
differences in the behavioral effects elicited by cocaine and PTT sup-
port the view that they are qualitatively different in vivo.

METABOLIC MAPPING OF PTT

To investigate the differences between PTT and cocaine further and to
determine the neuroanatomical substrates of these differences, meta-
bolic mapping with the quantitative autoradiographic 2-DG method
was utilized (Porrino, unpublished observations). The purpose of this
study was to identify the effects of PTT on functional activity and to
compare these effects to those of cocaine. The effects of the acute
intravenous (IV) administration of low (0.1 mg/kg), moderate (0.5
mg/kg), and high (1.0 mg/kg) doses of PTT on rates of LCGU were
measured in portions of the dopaminergic mesocorticolimbic and
nigrostriatal systems as well as in limbic, cortical, and thalamic
regions.

At moderate and high doses, widespread increases in LCGU were seen
in all portions of the nigrostriatal motor system (see figure 1 for
example) and throughout the thalamus and cortex. PTT at these doses
also elevated rates of cerebral metabolism in all portions of the meso-
corticolimbic system with the largest increases in medial prefrontal
cortex, olfactory tubercle, and nucleus accumbens (see figure 2 for
example). This distribution of LCGU changes closely parallels the
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dose-dependent metabolic changes observed following cocaine admin-
istration (Porrino et al. 1988). The similarities between PTT and other
psychostimulants are depicted in figures 3 and 4 in which the effects
of high, medium, and low doses of PTT, cocaine, and methamphet-
amine on rates of cerebral metabolism in portions of the nigrostriatal
and mesocorticolimbic systems are compared. The similarities are
consistent with increased activity that accompany treatment with these
drugs.

In contrast, at low doses, PTT had few effects on LCGU in most brain
regions but significantly decreased metabolism in the mesocortico-
limbic system (figure 2). These metabolic changes may reflect the
behavioral suppression seen at low doses in the activity studies
previously described. The depression of metabolic activity in the
nucleus accumbens, olfactory tubercle, and medial prefrontal cortex
following PTT administration clearly is different from the pattern of
changes produced by cocaine, which at low doses produces selective
increases in metabolism in these same brain regions (Porrino et al.
1988). Figure 4 compares the effects of high, medium, and low doses
of PTT, cocaine, and methamphetamine on cerebral metabolism in the
olfactory tubercle and nucleus accumbens. The decreases in metab-
olism evident following PTT administration are not seen following
acute treatment with other psychostimulants or other dopaminergic
drugs, regardless of the dose range tested. PTT, then, is unique in its
effects at low doses, although at higher doses its effects strongly
resemble those of other psychostimulants.

CONCLUSIONS

The 2-DG method has provided a comprehensive view of the func-
tional involvement of various brain areas in response to the administra-
tion of a novel tropane analog and has furnished information about the
specific neural substrates responsible for the behavioral and physio-
logical effects of PTT. As demonstrated here, this method can reveal
unexpected actions of a drug not immediately obvious with either
behavioral testing or in vitro pharmacological assays. The significance
of the 2-DG method for medication development, then, is that it can
provide a powerful tool for investigating the nature, specificity,
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anatomical substrates, and potential neurotoxicity of medications
developed for treatment of substance abuse or other diseases.

FIGURE 1. Effects of various doses of PTT on rates of LCGU in the
dorsomedial caudate (left) and dorsolateral caudate (right).
Values represent means and standard errors of rates of
glucose utilization (µmol/100 g/min), n = 4 in each group.

FIGURE 2. Effects of various doses of PTT on rates of LCGU in the
nucleus accumbens (left) and medial prefrontal cortex
(right). Values represent means and standard errors of
rates of glucose utilization (µmol/100 g/min), n = 4 in each
group.
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FIGURE 3. Comparison of the alterations in LCGU accompanying the
administration of PTT and other psychostimulants in the
globus pallidus (left) and the entopeduncular nucleus
(right). Values are percent change from control for low,
medium, and high doses of PTT = 2ß-propanoyl-3ß-(4-
toluyl)-tropane (0.1, 0.5, and 1.0 mg/kg, IV; Porrino et al.
in preparation); Cocaine (0.25, 1.0, and 5.0 mg/kg, IV,
Porrino et al. 1988); and Meth = methamphetamine (0.5,
1.0, and 2.5 mg/kg, IV; Pontieri et al. 1990). Note the
similarities in the pattern of changes across the three drugs.
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FIGURE 4. Comparison of the alterations in LCGU accompanying the
administration of PTT and other psychostimulants in the
olfactory tubercle (left) and the nucleus accumbens (right).
Values are percent change from control for low, medium,
and high doses of PTT = 2ß-propanoyl-3ß-(4-toluyl)-
tropane (0.1, 0.5, and 1.0 mg/kg, IV; Porrino et al., in
preparation); Cocaine = (0.25, 1.0, and 5.0 mg/kg, IV;
Porrino et al. 1988); and Meth = methamphetamine (0.5,
1.0, and 2.5 mg/kg, IV; Pontieri et al. 1990). Note the
differences in the patterns of glucose utilization changes
between PTT and cocaine and methamphetamine. Low
doses of PTT produce depressions in glucose utilization in
these structures not seen with cocaine or methamphetamine.
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Noninvasive Evaluation of the
Sympathetic Nervous System of
the Heart by Nuclear Imaging
Procedures

Markus Schwaiger, James C. Sisson, and Donald Wieland

INTRODUCTION

The autonomic nervous system plays an important role in the
regulation of cardiovascular performance under physiologic and
pathophysiologic conditions. The sympathetic and parasympathetic
innervations of the heart facilitate the electrophysiologic and hemo-
dynamic adaptations to changing cardiovascular demands. Both
sympathetic and parasympathetic tones control the rate of electro-
physiologic stimulation, whereas the contractile performance of the
heart is modulated primarily by sympathetic neurotransmission. The
evaluation of the sympathetic nervous system has been limited in the
past to catheterization of the coronary sinus vein and measurement of
plasma levels of norepinephrine (NE) and its metabolites in arterial
and venous blood across the heart (Goldstein et al. 1988). These
procedures are invasive and do not provide regional assessment of
neuronal integrity within the heart. More recently, radiolabeled
pharmaceuticals have been introduced for the noninvasive assessment
of the sympathetic nervous system using nuclear medicine imaging
approaches (Wieland et al. 1983). Improvement in radiochemistry and
imaging technology allows the specific visualization of sympathetic
nerve terminals and adrenergic receptors of the living heart. Iodinated
compounds have been used with planar and tomographic gamma
camera imaging for the delineation of sympathetic nerve terminals.
Recently, positron emission tomography (PET) has been employed to
assess more specifically uptake as well as synthesis of neurotrans-
mitters in the heart. This new imaging modality, in combination with
short-lived isotopes, permits the quantitative definition of regional
myocardial tracer distribution, which may be useful for the quantifica-
tion of regional neuronal function in the living human heart.
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This chapter addresses the emerging role of nuclear imaging pro-
cedures in the noninvasive characterization of the cardiac sympathetic
nervous system. It addresses the physiology of the sympathetic
nervous system and discusses radiochemical approaches to tracing
sympathetic neurotransmission. Finally, it describes initial experi-
mental and clinical experience with these radiopharmaceuticals in the
animal model and in human patients with various cardiac diseases.

PHYSIOLOGY OF THE SYMPATHETIC NERVOUS SYSTEM

Presynaptic Nerve Terminal

The postganglionic sympathetic fibers travel along vascular structures
on the surface of the heart. On entering the myocardial wall, the fibers
branch into multiple sympathetic nerve terminals. These terminals
include vesicles, which are the storage pools for neurotransmitters,
enzymes, and other proteins. NE, the dominant neurotransmitter in
cardiac sympathetic nerve terminals, is synthesized from the amino
acid tyrosine by several enzymatic steps (figure 1). Synthesis of dopa
from tyrosine is the rate-limiting step in the biosynthesis of cate-
cholamines. Dopamine, converted from dopa, is transported into
storage vesicles by an active transport mechanism. Within the storage
vesicles, NE is synthesized, stored, and released on nerve stimulation
by exocytosis (Levitt et al. 1965). The regulation of neuronal NE
release is complex. Alpha-2-receptors have been postulated to exist on
the membrane of the presynaptic nerve terminal. Activation of these
receptors by NE leads to a negative feedback of the exocytotic process.
In addition to the presynaptic -2-receptors, the presence of other
inhibitory presynaptic receptors suggests that multiple control mecha-
nisms modulate the NE release from sympathetic nerve terminals
(Francis 1988).

The reuptake of released NE by the nerve terminal from the synaptic
cleft is an important and efficient mechanism to maintain the stores of
neurotransmitters. As much as 80 percent of the NE that is released
from the nerve terminal is taken up through this mechanism (uptake-I
mechanism). Following reuptake, NE recycles into the storage vesicles
by active transport (Goldstein et al. 1988).
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FIGURE 1. Schematic display of the sympathetic nerve terminal. NE is
synthesized from dopamine by the dopamine-beta-
hydroxylase and stored in vesicles. Released NE undergoes
reuptake by the nerve terminal (uptake I). Only a small
amount of NE binds to the adrenergic receptors or is taken
up by nonneuronal tissue (uptake II).

A fraction of the released NE diffuses back into the vascular space
where it can be measured as NE spillover in the coronary sinus venous
blood (Goldstein 1981). Only a small amount of NE in the synaptic
cleft is actually available to activate receptors on the surface of the
myocyte or to enter the cardiac cell directly (uptake-II mechanism).
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NE undergoes rapid metabolism in neuronal and extraneuronal tissue.
Metabolism of the neurotransmitter in the neuronal cytosol is by
monoamine oxidase (MAO), whereas extraneuronal NE is metabolized
by the catechol-o-methyltransferase (COMT) enzyme system (Axelrod
1960; Hertting et al. 1961).

Adrenergic Receptors

General classes of postsynaptic adrenergic receptors are designated as
or ß-receptors. This distinction is based on pharmacological studies

describing specific functional responses of each receptor system
(Lefkowitz and Caron 1988). A positive inotropic response to cate-
cholamine stimulation is mediated primarily by ß-receptors. In the
normal left and right ventricular myocardium, the subset of receptors,
ß1, makes up about 80 percent of the total pool of ß-receptors (Stiles
et al. 1983). It has been speculated that ß2-receptors are most preva-
lent in the atria and that ß2-selective agonists elicit a more chrono-
tropic response than do ß1-selective drugs (Carlsson et al. 1977).
Recent investigations indicate that functional ß-receptors of the heart
exist on the surface of cell membranes, but other nonfunctional ß-
receptors are within the cells. Internalization of the receptors may be
in response to homologous desensitization (a method of regulation) of
ß-receptors under various physiologic and pathophysiologic conditions
(Lefkowitz and Caron 1988; Bristow et al. 1982).

RADIOPHARMACEUTICALS

The complex neurophysiology of cardiac innervation makes it apparent
that the noninvasive characterization of neuronal function by a single
tracer is difficult. Physiologic function of the sympathetic nerve
terminal includes the synthesis and release of NE as well as reuptake
and metabolism of neurotransmitters. The characterization of this
complex physiologic system by radiopharmaceuticals requires detailed
understanding of their physiologic behavior. Several approaches of
tracer design that can be pursued for the evaluation of the sympathetic
nervous system include the use of analogs, neurotransmitter precursors,
and receptor antagonists. Table 1 lists radiopharmaceuticals currently
used for the characterization of the sympathetic nervous system by
nuclear medicine procedures.

90



TABLE 1. Currently available tracers for the noninvasive
characterization of presynaptic and postsynaptic
sympathetic nervous system

NE Analogs

Radiopharmaceutical research efforts have focused initially on the
design of radiotracers that serve as markers for the presynaptic neuron.
An obvious tracer for the delineation of adrenergic nerve terminal is
NE. The first in vivo image of the heart based on adrenergic nerve
accumulation of a radiotracer was accomplished, appropriately, with
[11C]NE in 1975 (Fowler et al. 1975). In the early 1980s, MIBG was
developed at the University of Michigan for selective mapping of the
heart’s sympathetic nerve endings using conventional nuclear medicine
procedures (figure 2) (Wieland et al. 1981a).

Recently, radiopharmaceuticals have been developed at the University
of Michigan for the PET characterization of the autonomic nervous
system. Development of these radiopharmaceuticals centered around
the false neurotransmitter metaraminol, which is a close structural
analog of NE (figure 2). Metaraminol has been used extensively in
animal models as a tool to study the transport characteristic of the
neuronal uptake (Anton and Berk 1977). This tracer has high affinity
for the catecholamine uptake mechanism, and its retention in tissue is
not complicated by neuronal metabolism. The metabolic refractoriness
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FIGURE 2. Chemical structure of NE, MIBG, and [11C]HED

of metaraminol relative to NE is caused by the presence of the
methyl group that effectively blocks the action of MAO and the
absence of a catechol group that confers resistance to COMT.
Following the initial validation of titrated metaraminol as a suitable
presynaptic tracer of the heart, [18F]metaraminol was synthesized using
the electrophilic fluorination method (Wieland et al. 1990). However,
the specific activity of [18F]metaraminol achievable with this synthetic
method was not high enough to avoid pharmacological effects if
injected intravenously.

Another analog of metaraminol subsequently has been synthesized at
the authors’ laboratory (Rosenspire et al. 1990). HED is structurally
very similar to metaraminol, but it can be labeled with [11C] to yield a
radiopharmaceutical with very high specific activity (figure 2). This
radiopharmaceutical behaves very similarly to [11F]metaraminol, but,
because of a short physical half-life, it can be administered in large
doses and in combination with other PET tracers such as flow and
metabolic markers.

NE Precursors

A biochemical parameter that can be used to assess sympathetic func-
tion is the rate of endogenous NE synthesis. [18F]Fluorodopamine
allows imaging of sympathetic nerve terminals as demonstrated in
animal experiments (Eisenhofer et al. 1989; Goldstein et al. 1990).
Because this tracer is converted to [18F]NE within the sympathetic

92



nerve terminals, synthesis and release can be studied using this radio-
pharmaceutical. However, the tracer kinetics are expected to be com-
plicated, and sophisticated tracer kinetic modeling will be necessary to
deconvolute synthesis and neuronal release of this radiotracer in the
living heart. Because secreted NE is taken up by the neuron terminal,
pharmacological interventions to inhibit the uptake-I pathway are
needed to quantify the neuronal release rate of NE using
[18F]fluorodopamine.

Adrenergic-Receptor Ligands

A number of receptor sites or uptake carriers in the adrenergic
neuron could be targeted with labeled ligands. Numerous reports
exist on the subject of radiolabeled adrenergic-receptor antagonists.
[11C]Propanolol and [11C]practolol have been synthesized and evaluated
for PET imaging (Syrota 1990). [123I]ICYP has been proposed as a
marker for the assessment of myocardial ß-receptor density using
camera imaging techniques. However, these tracers are lipophilic and
exhibit considerable binding to lung tissue, limiting the accurate
quantification of regional receptor binding by imaging approaches.
Recently, a hydrophilic ß-receptor antagonist (CGP12177) was labeled
with [11C] for use in combination with PET (Syrota 1990). Initial
results in the animal model are promising for the noninvasive quanti-
fication of myocardial ß-receptor density. However, such radiophar-
maceuticals are still considered experimental.

EXPERIMENTAL AND CLINICAL IMAGING OF THE
SYMPATHETIC NERVOUS SYSTEM

Radiolabeled MIBG

Labeled with [131I], MIBG concentrates in adrenergic tumors, and the
radiopharmaceutical has become popular to portray scintigraphically
the locations of pheochromocytomas (Shapiro et al. 1985; Sisson et al.
1981) and neuroblastomas (Geatti et al. 1985; Hoefnagel et al. 1987).
MIBG also can be labeled with [123I], a radionuclide that, relative to
[131I], is safer in larger doses and exhibits more favorable imaging
characteristics. Thus, [123I]MIBG was selected to depict the adrenergic
neurons in the heart (Kline et al. 1981).
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Studies in Cell Cultures and Animals. The pharmacology of
MIBG largely has been delineated. The agent enters adrenergic cells,
including neuron terminals, through the uptake-I pathway (Jaques et al.
1984). Some MIBG may enter the adrenergic tissues by diffusion
(Jaques et al. 1984), but, under ordinary conditions, it seems likely that
this route carries only a small fraction of the radiopharmaceutical.
Within an adrenergic cell, MIBG is retained in specialized storage
vesicles (Gasnier et al. 1986; Wieland et al. 1981b). These charac-
teristics enable the uptake and retention of MIBG to represent the
integrity of adrenergic neurons, particularly those in the heart. Pre-
treatment with the neurotoxin 6-hydroxydopamine (De Champlain and
Nadeau 1971) caused a generalized decrease in the MIBG uptake
retention in the hearts of rats, indicating the specificity of this tracer
for nerve terminals (Sisson et al. 1987a). Regional denervation can be
produced by the application of phenol to localized areas of pericardium
(Barber et al. 1984). This type of treatment produced, within the
region of neuronal injury, decreases in MIBG concentrations that were
easily detectable by scintigraphic imaging procedures (Dae et al. 1989;
Minardo et al. 1988; Sisson et al. 1988).

Thus, images of the heart made with [123I]MIBG are capable of demon-
strating neuronal injuries (i.e., denervation) that are either global or
regional in extent. Minardo and coworkers (1988) employed this
approach for the delineation of denervated, viable myocardium fol-
lowing an ischemic injury. Regions of infarction can be identified by
flow tracers such as thallium-201(201TI) and subtracted from the defect
appearing on the [123I]MIBG image, which includes both denervated
and infarcted myocardium. However, the effects of reduced blood
flow on the delivery of the MIBG to the peri-infarct myocardium must
be taken into account (Sisson et al. 1990a). Large regions of peri-
infarct denervation can be visualized readily (Minardo et al. 1988), but
the identification of smaller regions and the quantification of dener-
vation will require new and sophisticated approaches to the analysis of
neuron integrity and regional myocardial perfusion.

In images of the heart made soon after injection of MIBG, the non-
neuronal uptake of the radiopharmaceutical appeared to be as much as
20 percent. However, after several hours, the vast majority of MIBG
probably resides within neurons (Sisson et al. 1987a). The physiologic
function of adrenergic neurons leads to secretion of NE by exocytosis,
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and MIBG exits the neuron terminals by this same mechanism (Jaques
and Tobes 1985). The rate of loss of NE from the neurons in an organ
such as the heart appears to be proportional to the functional activity
of these nerves (Hasking et al. 1986); the NE “spills over” into the
circulation. The rate of loss of MIBG from the rat heart followed a
pattern similar to that of NE, but the rate for MIBG was more rapid
(Sisson et al. 1987a). MIBG possibly exits more rapidly from neurons
because a greater fraction of MIBG than of NE is extravesicular, where
leakage from a neuron may be independent of functional activity in the
nerve. Nevertheless, changes in neuron activity are reflected in
changes in the rates of loss of MIBG from the heart. This was true
when nerve traffic was increased by eating (Sisson et al. 1987b ) or
stimulated by the pharmacologic action of yohimbine (Sisson et al.
1990b) and when the nerve function was decreased by inhibition with
clonidine (Sisson et al. 1990b).

The animal studies indicate that scintigraphic portrayal of uptake and
retention (over hours) of [123I]MIBG will identify healthy neurons in
the heart, and injured or destroyed neurons will be depicted by
diminished or absent uptake and retention. In addition, quantified
changes in rates of loss of the radiopharmaceutical may provide an
index of changes in nerve activity within that organ.

Studies in Human Subjects. As in dog hearts, [123I]MIBG in the
normal human myocardium appears to be homogeneously distributed
throughout the walls of the left ventricle (Sisson et al. 1987b) (figure
3); the apical segments contain lesser quantities because there is less
myocardium and diminished innervation (Pierpont et al. 1985). The
nonneuronal component of MIBG in the human heart probably is
reduced to low levels by 2 hours after injection (Sisson et al. 1987b ) .

Transplanted hearts are denervated, at least for many months, and,
hence, represent a model in which neuronal function is absent. In such
hearts, the uptake of MIBG, even at 1 hour, was virtually undetectable
(Glowniak et al. 1989). Accordingly, generalized adrenergic neuro-
pathies affecting the heart are associated with diminished concentra-
tions of MIBG throughout most of the heart. However, the neuronal
injuries may not be uniform (Sisson et al. 1987b). Uneven patterns of
MIBG conceivably may define the heterogenous nature of neuronal
injury and detect patterns that predict serious arrhythmias (Kahn et al.
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FIGURE 3. Tomographic images of a normal volunteer 20 hours after
injection of [123I] MIBG. Left: short axis (oblique) slice
through midheart; the left ventricle wall is most prominent,
but activity can be seen in the right ventricle (to the left).
Activity below is in the liver. Mid-oblique coronal slice
showing left ventricle walls and apex; right ventricle is
again seen. Right: oblique sagittal slice showing only left
ventricle.

1988). The rapid early egress of MIBG from the hearts of patients
with autonomic neuropathy (Nakajo et al. 1985) may be the conse-
quence of a greater proportion of the more transient, nonneuronal
MIBG, or from neurons with a lesser capacity to retain MIBG, or both.

During heart failure, the adrenergic nervous system becomes dysfunc-
tional, a state associated with diminished levels of NE in the myocar-
dium (Chidsey et al. 1966; DeQuattro et al. 1973). However, the
increase (Hasking et al. 1986) and decrease (DeQuattro et al. 1973) of
the synthesis of NE in failing myocardium suggest that the identified
abnormalities of neurons vary and possibly change during the course of
the disease. Reports of cardiac uptake and retention of [123I]MIBG in
patients with heart failure caused by congestive cardiomyopathy have
recorded differing results. When the concen-trations of MIBG were
measured between 15 and 85 minutes after injection, the hearts of
normal subjects showed no change, but those of patients with cardio-
myopathy exhibited a significant loss of 25 percent (Henderson et al.
1988). In contrast, other investigators observed, by visual assessment
of images, that patients with subnormal ejection fractions had low or
absent levels of cardiac MIBG at 2 hours, but there was no appreciable
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change over the next 4 hours (Schofer et al. 1988). Another group
found, by quantifying the radiopharmaceutical in the heart, a sustained
decline in concentrations of MIBG over a time period of from 1 to 16
hours and a more rapid loss in the patients with cardiomyopathy
(Glowniak et al. 1989). Summarizing these reports indicates the
probability that the rates of loss of MIBG from the cardiomyopathic
heart are increased. This more rapid exit of MIBG possibly signifies
an increased rate of loss of NE as well, but the concentrations of NE
are low in these hearts (Schofer et al. 1988); thus, the total adrenergic
nerve function, measured as the total NE secretion, may not be ele-
vated. Moreover, it is possible that some of the effects occur because
of neuron injury (perhaps ischemia), and the increase in rate of escape
of MIBG and of NE loss occurs through a pathway unrelated to the
physiologic activity of the nerves.

It is important to remember that generalized decreases in the uptake
and retention of MIBG may be caused by a number of factors, some
of which are not related directly to heart and nerve function. For
example, elevated levels of catecholamines (Nakajo et al. 1983) and a
variety of drugs (Sisson et al. 1987b; Khafagi et al. 1989) will
diminish the uptake of MIBG by the heart.

[18F]Metaraminol and [11C]HED

Animal Validation. Extensive testing with [18F]metaraminol and
[11C]HED has been carried out in animal models. To determine
whether [18F]metaraminol or [11C]HED is actually stored in the vesicles
of sympathetic nerve terminals, the retention of both tracers was
assessed in the myocardial tissue of a second group of animals that had
been pretreated with reserpine to inhibit vesicular storage. Reset-pine
reduced the retention of [18F]metaraminol and [11C]HED by more than
70 percent, suggesting that the majority of the tracer is retained in the
vesicles of the sympathetic nerve terminals. Furthermore, the tracer
retention was reduced following treatment with 6-hydroxydopamine,
which destroys sympathetic neurons in the heart (Wieland et al. 1990).
The results of these pharmacological interventions confirmed that the
nonneuronal binding of both tracers in myocardial tissue is very low.

An animal model with a short period of regional ischemia and
subsequent reperfusion was used to demonstrate the sensitivity
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of sympathetic neurons to ischemia (Schwaiger et al. 1990a).
[18F]Metaraminol was injected into an open-chest dog model, fol-
lowing a 30-minute occlusion of the left anterior descending artery,
and tissue activity was determined 30 minutes after intravenous injec-
tion. Despite restoration of blood flow, [18F]metaraminol retention in
the reperfused myocardium was reduced significantly as compared with
the control myocardium. These data confirmed previous observations
that neuronal dysfunction can occur without myocardial necrosis.
Tracers such as [18F]metaraminol and [11C]HED can be used to delin-
eate the integrity of the neuronal uptake mechanism of catecholamines.
Because NE is stored in the vesicles with a high concentration
gradient, it is expected that this storage mechanism is sensitive to
deprivation of oxygen and high-energy phosphates. Further longi-
tudinal studies are needed to define the possible recovery of neuronal
function following an ischemic injury.

Clinical Application. The only PET radiopharmaceutical available for
the evaluation of the sympathetic nervous system in humans at the
present time is [11C]HED (Schwaiger et al. 1990b). Figure 4 shows
[11C]HED images obtained in a normal volunteer following intravenous
injection of the tracer. These cross-sectional images through the left
ventricle were obtained 40 minutes after injection and demonstrate the
high image quality achievable with this tracer. Although [11C]HED
clears rapidly from blood, levels of the agent remain stable in the
myocardium. The heart-to-blood ratio increases rapidly and averages
at 5 minutes after injection more than 5:l. The retention of [11C]HED
is homogeneous throughout the left ventricle, reflecting the distribution
of sympathetic nerve terminals in this organ. The findings in normal
volunteers were compared with those obtained in patients with cardiac
transplantation, which provides a unique clinical model of sympathetic
denervation. [11C]HED uptake in the left ventricle was reduced
markedly in the transplant patients (figure 5). The relative retention of
[11C]HED was reduced by 76 percent in five patients with recent
cardiac transplantation as compared with the control population. This
indicates a relatively high specificity of [11C]HED for the sympathetic
nervous system in the human heart.

It is interesting to note that regional [11C]HED uptake in patients with
remote cardiac transplant showed a heterogeneous pattern. In particu-
lar, the basal aspects of the left ventricle appeared to extract [11C]HED

98



FIGURE 4. Cross-sectional PET images obtained in normal volunteer
40 minutes following injection of [11C]HED (above). Note
the high contrast between myocardial and blood pool
activity. For comparison, blood flow images with (82Rb) are
displayed below.

to a greater extent than early after surgery. These data offered the first
direct evidence of sympathetic reinnervation of the human cardiac
transplant. Such reinnervation has been documented extensively in the
animal model, but there is ongoing controversy about reinnervation in
the human transplant (Schwaiger et al. 1990c).

Figure 6 shows a [11C]HED study obtained in a patient with acute
anterior myocardial infarction. This patient underwent thrombolytic
therapy, and the [11C]HED PET study was obtained within 3 days after
the therapy. The blood flow images (82Rb) indicate reduced blood
flow in the anteroapical regions of the left ventricle. The [11C]HED
study clearly indicates a larger defect of tracer retention. The
combined tracer approach using a blood flow tracer in [11C]HED
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FIGURE 5. [11C]HED PET images obtained in a patient with dilated
cardiomyopathy. Short-axis images from base (left upper
row) to apex (right lower row) are displayed. The tracer
distribution is heterogenous with an uptake gradient from
base to apex of the left ventricle indicating nonuniform
neuronal damage in patients with dilated cardiomyopathy.

allows accurate delineation of neuronal dysfunction in relation to the
infarct territory. Thus, [11C]HED may be useful in the evaluation of
neuronal integrity in patients with ischemic heart disease. Since
heterogeneity of sympathetic tone has been linked to dysrhythmias in
patients with ischemic heart disease, such an imaging approach may
provide prognostic information for the identification of high-risk
patients.
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FIGURE 6. [11C]HED (right) and 82Rb (left) images obtained in a
patient with recent anterior myocardial infraction. The
arrows indicate the flow and neuronal defect within the
anterior wall. Please note the larger [11C]HED defect
suggesting neuronal dysfunction beyond the infarct area
depicted by the flow tracer.

As discussed above, alterations of the sympathetic system have been
observed in patients with heart failure. Reduced cardiac-pump func-
tion leads to increased sympathetic tone involving high plasma NE
levels and increased central stimulation of the cardiac sympathetic
nerves. Because the reuptake and storage of NE in the presynaptic
nerve terminals are important mechanisms to regulate NE content, the
dysfunction of the nerve terminals may be an important pathophysio-
logic factor of the overexposure of the postsynaptic receptor sites to
catecholamines. [11C]HED allows assessment of the integrity of
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presynaptic nerve terminals in these patients. Myocardial retention of
[11C]HED was quantified in patients with dilated cardiomyopathy.
Figure 6 displays the [11C]HED images in a patient with dilated cardio-
myopathy. [11C]HED retention is heterogeneously reduced with
gradient from base to apex of left ventricle. The neuronal cate-
cholamine storage capacity as assessed by quantitation of [11C]HED
tissue retention was reduced markedly in patients with cardiomyopathy,
approaching values found in the denervated transplanted heart
(Schwaiger et al. 1990d). The relatively large standard deviation of
the measurements in patients with cardiomyopathy indicates a large
variability of findings. These quantitative data obtainable by PET
indicate that the presynaptic uptake of catecholamines is altered
severely in patients with cardiomyopathy; this may affect the reuptake
of extraneuronal NE by sympathetic nerve terminals and, hence, result
in an overexposure of myocytes to NE. This hypothesis is supported
by recent findings that indicate a beneficial effect of ß-receptor
blockade in patients with congestive heart failure (Waagstein et al.
1989). Thus, the quantitative delineation of the sympathetic nervous
function in such patients by PET may aid in the selection of indi-
viduals for therapy with ß-receptor blockers and enhance under-
standing of the cardiac sympathetic nervous system in patients with
dilated cardiomyopathy.

The Effect of Cocaine on [11C]HED Kinetics

Cocaine has well-documented cardiotoxicity. Acute exposure to this
drug results in coronary vasoconstriction, which together with
increased oxygen demand may lead to myocardial ischemia. Although
the pharmacology of cocaine is well described, little is known about its
direct effect on cardiac neurons. Imaging approaches using [11C]HED
allow the investigation of the pharmacokinetics of cocaine on the
uptake of catecholamines in the sympathetic nerve terminal. Prelimi-
nary results by Melon and colleagues from the authors’ institution
demonstrate the marked reduction of [11C]HED uptake in the canine
heart following intravenous injection. The effect of one injection is
sustained for several hours (Melon et al. 1992). These studies suggest
that PET may be uniquely suited to define the time course and inten-
sity of drug effects on cardiac sympathetic neurons. Future studies in
human drug abuse may define possible alterations of sympathetic
innervation following chronic drug abuse.
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Development of PET/SPECT
Ligands for the Serotonin
Transporter
Ursula Scheffel, Robert F. Dannals, Makiko Suehiro,
George A. Ricaurte, F. Ivy Carroll, Michael J. Kuhar, and
Henry N. Wagner, Jr.

INTRODUCTION

There is clear evidence in rodents and nonhuman primates that the
widely abused “designer” drug, 3,4-methylenedioxymethamphetamine
(MDMA, “ecstasy”), causes loss of central serotonergic (5-hydroxy-
tryptamine [5-HTJ]) neurons (Commins et al. 1986; Ricaurte et al.
1988a). Doses of MDMA that approximate those typically taken by
humans have been shown to be toxic to serotonergic nerve fibers in the
monkey brain (Ricaurte et al. 1988b; Slikker et al. 1988). Of similar
or greater concern are neurochemical studies showing that the anorectic
agent fenfluramine causes serotonergic damage in rodents as well as in
primates (Harvey et al. 1975; Schuster et al. 1986). Currently,
fenfluramine is a clinically prescribed drug in both the United States
and Europe. It is used to treat obesity with doses that closely
approach those that produce neurotoxic effects in animals (0.2 to 2.0
mg/kg). At this time, it is not known whether regeneration of 5-HT
neurons occurs in nonhuman primates and, if so, what the timeframe
for recovery is.

Long-term neurotoxic damage caused by MDMA and fenfluramine
appears to be restricted to the presynaptic element of the serotonergic
nerve fiber. Recent investigations on the effect of MDMA on
postsynaptic 5-HT2 receptors in the rat brain have shown that, although
there is an initial down-regulation of these postsynaptic receptors, it is
of short duration. Approximately 1 week after administration of
MDMA (eight subcutaneous injections [20 mg/kg], twice daily for 4
days), the number of 5-HT2-ligand binding sites returns to control
levels (Scheffel et al. 1992a). In contrast, 5-HT uptake sites, located
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on presynaptic nerve endings in the rat brain, recover very slowly after
MDMA treatment: their number remains decreased for up to 12
months (Battaglia et al. 1988a).

Several methods have been employed to test for serotonin neuro-
toxicity in humans, including measurement of the serotonin metabolite
5-hydroxyindoleacetic acid in cerebrospinal fluid (Moir et al. 1970)
and endocrine challenge using intravenously administered
L-tryptophane (Heninger et al. 1984). All these tests are indirect and
cannot accurately reflect the state of the central serotonergic neuron.
Therefore, a presynaptic marker is needed to indicate serotonergic
neurotoxicity in the living human brain.

This chapter describes work performed in the authors’ laboratories in
the development and in vivo testing of radiolabeled ligands for the
serotonin uptake site suitable for single photon emission computed
tomography (SPECT) or positron emission tomography (PET) imaging.
Several compounds with known in vitro affinity for the 5-HT uptake
site were labeled with [123I] for SPECT studies or with either [11C] or
[18F] for investigations using PET. The radiotracers were characterized
in rodents for their in vivo kinetics, distribution, and specificity of
binding to the 5-HT uptake site.

PAROXETINE, N-[11C]METHYL PAROXETINE, AND
[18F]FLUOROALKYLATED PAROXETINE ANALOGS

Paroxetine, first described in the late 1970s (Petersen et al. 1977; Buus
Lassen 1978), is an antidepressant drug with high affinity and selec-
tivity for the 5-HT uptake site in platelets and presynaptic neurons in
the central nervous system (CNS) (Habert et al. 1985; Marcusson et al.
1988). In its tritiated form, paroxetine has been used to characterize
the binding to the 5-HT uptake site (Mellerup et al. 1983; Mellerup
and Plenge 1986) and to determine the density and distribution of
5-HT uptake sites in the rat and human brain (Battaglia et al. 19886;
Cortes et al. 1988).

Studies by Scheffel and Hartig (1989) indicated that [3H]paroxetine is
a potent and selective agent for in vivo labeling of cerebral serotonin
uptake sites. Furthermore, Scheffel and Ricaurte (1990) demonstrated
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that paroxetine can serve as an in vivo indicator of MDMA neuro-
toxicity. They concluded that labeling paroxetine with [11C] (t1/2 = 20
min) or [18F] (t 1/2 = 110 min) would yield a useful PET tracer for
imaging and quantitating 5-HT uptake sites in the CNS of living mam-
mals and humans, However, introduction of a positron emitter label
into the authentic paroxetine molecule has not been accomplished yet.

Several analogs of paroxetine that could be labeled more easily with
[11C] or [18F] than authentic paroxetine were prepared (Villemagne et
al. 1989; Suehiro et al. 1991). However, in vitro binding assays
demonstrated a considerable loss of affinity of these analogs:
N-(methyl) paroxetine displaced [3H]paroxetine binding to 5-HT uptake
sites 25 times less potently than authentic paroxetine; N-(3-fluoroethyl)
and N-(3-fluoropropyl) paroxetine had 424 and 1,220 times lower
potencies, respectively (table 1).

TABLE 1. Potencies of paroxetine and analogs in inhibiting
[3H]paroxetine binding to 5-HT uptake sites in rat
cortical homogenates. Ki values are means of four
assays performed in triplicate.

Inhibitor Ki(M)

Paroxetine* 5.9x10-11

N-(methyl) paroxetine† 1.5x10-9

N-(2-fluoroethyl) paroxetine* 2.5x10-8

N-(3-fluoropropyl) paroxetine* 7.2x10-8

SOURCE: *Suehiro et al. 1991; †Plenge et al. 1987

Similar results were obtained in in vivo studies using N-([11C]methyl)
paroxetine and N-(3-[18F]fluoropropyl) paroxetine (figure 1). After
intravenous (IV) injection of these high specific activity tracers into
mice, the radioactivity concentrations in different areas of the brain
were measured by dissecting the brain regions and weighing and
counting the tissue samples. Ratios of the radioactivities in the hypo-
thalamus, an area known to contain high densities of 5-HT uptake
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FIGURE 1.

KEY:

Comparison of the in vivo binding of [3H]paroxetine with
that of its analogs, N-([11C]methyl) paroxetine and N-(3-
[18F]fluoropropyl) paroxetine. Time course of
hypothalamus to cerebellar radioactivity ratios in the mouse
brain.

= [3H]paroxetine; =N-([11C]methyl) paroxetine;
= N-(3-[18F]fluoropropyl) paroxetine

sites, and in the cerebellum, a region relatively devoid of binding sites,
were calculated to estimate total/nonspecific binding. With
N-([11C]methyl) paroxetine, the highest hypothalamus-to-cerebellar
ratio was 1.8:1 at 60 min after administration. For N-(3-
[18F]fluoropropyl) paroxetine, the hypothalamus-to-cerebellar ratio
climbed to only 1.3:1 at 3 hours after injection. Ratios for
[3H]paroxetine (Scheffel and Hartig 1989) were plotted for comparison.

Attempts to derivatize paroxetine for SPECT have been made. Mathis
and coworkers (1991) recently reported on several iodinated paroxetine

114



analogs, of which (±)-2’-[125I]iodo paroxetine appeared to be the most
promising. However, subsequent in vivo experiments showed that this
tracer penetrated the blood-brain barrier rather poorly, and nonspecific
binding was too high for the tracer to be useful for SPECT studies.

[11C]CITALOPRAM, [11C]FLUOXETINE, AND CIS-[11C]DDPI

Citalopram, fluoxetine, and cis-N,N,-dimethyl-3-(2’,4’-dichlorophenyl)-
indanamine (cis-DDPI) are known to be potent and selective serotonin
uptake site blockers (Hyttel 1982; Fuller and Wong 1977; Bogeso et
al. 1985). These compounds were radiolabeled with [11C] to assess
their potential use as PET ligands.

[11C]Citalopram, [11C]fluoxetine, and cis-[11C]DDPI were synthesized
from their respective precursors and [11C]iodomethane (Dannals et al.
1990; Kilboum 1988; Suehiro et al. 1992a). The biological activity of
these compounds was studied in mice (Scheffel et al. 1990; Suehiro et
al. 1992a). [11C]Citalopram, [11C]fluoxetine, and cis-[11C]DDPI pene-
trated the blood-brain barrier well with 1.3, 3.1, and 3.6 percent of the
injected dose (%D), respectively, in the whole mouse brain at 15 min
after IV injection.

As shown in figure 2, [11C]fluoxetine did not exhibit any specific
binding to 5-HT uptake sites during the time of observation (15 to 90
min after injection). At no time after administration did [11C]fluoxetine
distribution agree with that of 5-HT uptake site densities, nor did
preinjection of the high-affinity uptake site blocker paroxetine (1
mg/kg) cause any inhibition of the accumulation of the tracer. The
reasons for the failure of [11C]fluoxetine to bind to 5-HT uptake sites
in vivo are unknown. However, it is possible that metabolism of the
radioligand occurred before specific binding in the CNS could take
place. Conversely, cis-[11C]DDPI showed specific accumulation in
areas rich in 5HT uptake sites (e.g., the hypo-thalamus, olfactory
tubercles, and prefrontal cortex). This binding could be blocked 60 to
80 percent by preinjection of 1 mg paroxetine/ kg bodyweight. How-
ever, because nonspecific binding was high and the clearance of this
nonspecifically bound fraction was slow, the ratio between total to
nonspecific binding reached only 1.4:1 at 60 to 90 min after injection
(figure 2).
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FIGURE 2. Hypothalamus-to-cerebellar ratios of [11C] concentrations
at different times afer IV injection of 300 to 500 µCi of
either [11C]fluoxetine, cis-[11C]DDPI, [11C]citalopram,
[11C]RTI-SS, or trans(+)[11C]McN-5652-X into mice
weighing 25 to 35 g. The specific activity at time of
injection of each of the tracers was approximately 3,000
mCi/µmol. Data are means ±1 standard deviation, and
n = 3 to 4 mice for each time point.

[11C]Citalopram was the most promising of the three candidate ligands.
Hypothalamus-to-cerebellar ratios rose to 2.0:1 at 60 min (figure 2).
Regional [11C]citalopram distribution at this time was in agreement
with 5-HT uptake site densities, and preadministration of a blocking
dose of paroxetine did significantly inhibit tracer binding. Although
these results were encouraging, the ratios between specific and
nonspecific binding were not high enough to guarantee successful
imaging of 5-HT uptake sites by PET.
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TRANS(±)[11C]McN-5652-Z AND (+)[11C]McN-5652-X

Trans(±)McN-5652-Z was described by Shank and colleagues (1968)
as a highly potent serotonin uptake inhibitor. In addition, several
stereoisomers of this compound were isolated and tested for their
binding to presynaptic monoaminergic neurotransmitter uptake sites
(Shank et al. 1968). Trans(±)McN-5652-X was shown to exhibit the
highest affinity toward the 5-HT uptake site (Ki for inhibition of
[3H]5-HT = 0.4 nM), followed by trans(±)McN-5652-X (Ki = 0.6 nM)
and cis McN-5655 (Ki = 16.6 nM); the trans(-)McN-5652-W isomer
was approximately 150 times less potent (Ki = 58.4 nM) than the
corresponding (+) isomer. All these compounds showed moderate in
vitro affinity for the norepinephrine (NE) uptake site (i.e., five times
lower than for the 5-HT uptake site) and little or no affinity for the
dopamine (DA) uptake site.

Trans(±)McN-5652-Z trans(+)McN-5652-X, trans(-)McN-5652-W, and
cis McN-5655-Z were labeled recently with [11C] (Suehiro et al.
1992b, in press). The synthesis of these tracers was performed by
S-methylation of the respective precursors with [11C]iodomethane. The
specific activity determined at the end of synthesis ranged from 3,300
to 4,250 mCi/µmol.

As shown in figure 2, [11C]McN-5652-X, the trans(+) isomer, far
exceeded all previously tested radioligands in specific binding to the
5-HT transporter in the mouse brain. Ratios between hypothalamus
and cerebellar radioactivity concentrations reached 5.9:1 and 6.2:1,
respectively, at 60 and 90 min after IV injection of the tracer. In
contrast, [11C]McN-5652-W, the trans(-) isomer, displayed little
specific binding. For this compound, the ratio of the radioactivity
concentration in the hypothalamus to the nonspecifically bound
radioactivity concentration in the cerebellum was 1.3:l at 60 min and
1.9:1 at 90 min after administration.

[11C]McN-5652-Z, the racemic (±) mixture of the optical isomers (+)
and (-) [11C]McN-5652, was prepared to study the selectivity of in vivo
binding to the 5-HT uptake site in the mouse model. Blocking doses
of drugs known to bind to specific monoamine neurotransmitter sites
were injected intravenously 5 min before tracer injection. Tissue-to-
cerebellar radioactivity ratios in different brain regions were deter-
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FIGURE 3.

KEY:

SOURCE:

Effect of blocking doses (5 mg/kg) of paroxetine (specific for
the 5-HT uptake site), GBR 12909 (DA uptake site), and
desipramine (NE uptake site) on [11C]McN-5652-Z binding.
The drugs were injected intravenously 5 minutes before
administration of the tracer. Tissue-to-cerebellar ratios
were determined 60 minutes after tracer injection. Data are
means ±1 standard deviation (n = 4).

OLF = olfactory tubercles; HYP = hypothalamus; HIPP =
hippocampus; STR = striatum; FTCTX = prefrontal cortex;
CTX = cortex; THAL = thalamus

Suehiro et al. 1993. Copyright 1993 by Society of Nuclear
Medicine.

mined 60 min after tracer injection and compared with those of saline-
injected controls. The results of these studies are shown in figure 3.

Paroxetine (5 mg/kg) significantly decreased the specific binding of
[11C]McN-5652-Z in all areas examined. In contrast, GBR 12909, a
DA uptake site-specific drug, and desipramine, which blocks the NE
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uptake sites, had no effect. The results indicate that [11C]McN-5652-Z
is a highly selective in vivo label for the serotonin transporter.

The ability of [11C]McN-5652-Z to detect serotonergic damage in the
CNS was shown in rats lesioned with the known 5-HT neurotoxin
5,7-dihydroxytryptamine (5,7-DHT) (200 µg 5,7-DHT in 10 µL
0.01 percent ascorbic acid, injected intracerebroventricularly after NE
uptake sites were blocked by pretreatment of the animals with
desipramine [25 mg/kg, IV]) 13 days before the tracer study.
[11C]McN-5652-Z was injected intravenously 60 min before sacrifice of
the animals. As shown in figure 4, specific [11C]McN-5652-Z binding
(expressed as %D/g tissue minus %D/g in cerebellum) was reduced by
50 to 90 percent in different brain regions of the 5,7-DHT lesioned
rats. Moreover, the regional decreases in [11C]McN-5652-Z binding
after 5,7-DHT treatment corresponded with those observed using
[3H]paroxetine as the in vivo indicator. These results indicate that
[11C]McN-5652-Z can be used to quantify the extent of serotonergic
damage.

[125I]-RTI-55 AND [11C]-RTI-55

Recently, several cocaine analogs have been synthesized, radiolabeled,
and tested for their in vitro and in vivo affinities for monoaminergic
neurotransmitter uptake sites. (For a recent overview of this work, see
Boja et al. 1992a). Of these compounds, [123/125I] 2ß-carbomethoxy-3ß-
(4-iodophenyl)tropane ([123/125I]RTI-55) (Carroll et al. 1991; Neumeyer
et al. 1991) was found to bind to both the DA and 5-HT transporters
in homogenate binding assays (Boja et al. 1992b) as well as after IV
injection in the brain of rodents and baboons (Cline et al. 1992; Innis
et al. 1991; Scheffel et al. 1992b). The affinity of RTI-55 was approx-
imately 100 times greater than that of (-) cocaine for both the DA and
the 5-HT transporters (Boja et al. 1992b).

Studies in rats demonstrated that the in vivo distribution of
[123I]RTI-55 in CNS areas rich in serotonin uptake sites correlated well
with regional densities of [3H]serotonin uptake sites (figure 5). Maxi-
mal target-to-nontarget ratios (up to 7.4) in 5-HT uptake site-rich areas
in the rat brain were reached 5 hours after IV injection (figure 6).
However, as mentioned before, [123I]RTI-55 labels not only 5-HT but
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FIGURE 4. Effect of 5,7-DHT lesioning on the specific binding (%D/g
tissue-%D/g cerebellum) of [11C]McN-5652-Z at 60
minutes after tracer injection. Rat brains were lesioned by
intracerebroventricular injection of 5,7-DHT 13 days before
the trucer study. Data are means ±1 standard deviation,
n = 3.

KEY: OLF = olfactory tubercles; HYP = hypothalamus; HIPP =
hippocampus; STR = striatum; FTCTX = prefrontal cortex;
CTX = cortex; THAL = thalamus; S.COLL = superior
colliculi

SOURCE: Suehiro et al. 1993. Copyright 1993 by Society of Nuclear
Medicine.

DA transporters as well. At the time when [123I]RTI-55 specific
binding in 5-HT uptake site-rich areas was highest (the hypothalamus-
to-cerebellar ratio was 7.4:1), the striatal-to-cerebellar ratio was 22.7:1.
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FIGURE 5. Comparison between [123I]RTI-55 concentrations (%D/g
tissue) in various regions of the rat brain at 2 hours after IV
injection and the proportional distribution of [3H]serotonin
uptake in synaptosomal preparations of these regions as
published by Leysen (1985), where [3H]serotonin uptake in
the frontal cortex is set at 100 percent.

KEY: CB = cerebellum, HIPP = hippocampus, THAL = thalamus,
FTCTX = prefrontal cortex, HYP = hypothalamus

Despite the fact that [123I]RTI-55 is not selective for the serotonin
uptake site, it is anticipated that the tracer will be useful for quanti-
tating 5-HT uptake sites in vivo by SPECT. In rats, neurotoxic doses
of fenfluramine caused decreases of 66 percent (in the hypothalamus)
to 83 percent (in the superior colliculi) of specific [123I]RTI-55 binding
in all areas except in the striatum and the olfactory tubercles (regions
rich in DA transporters) (Scheffel et al. 1992b). In baboons, Innis and
colleagues (1991) and Laruelle and coworkers (1992) observed specific
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FIGURE 6.

KEY:

SOURCE:

Time course of tissue-to-cerebellar radioactivity ratios in
selected areas of the rat brain after IV injection of
(123I]RTI-55. Data are means ± SEM; n = 2 to 4 rats/time
point.

THAL = thalamus; CB = cerebellum; S.COLL = superior
colliculi; HYP = hypothalamus; FTCTX = prefrontal cortex;
CTX = cortex

Scheffel et al. 1992b. Copyright 1992 by Wiley-Liss.

binding of [123I]RTI-55 in the midbrain that was associated primarily
with 5HT transporters. A more selective SPECT agent for the sero-
tonin transporter has recently been described by Mathis and colleagues
(1992). Studies with [125I]-iodo-6-nitroquipazine showed excellent
target-to-nontarget ratios in 5-HT transporter-rich regions of the rat
brain; a hypothalamus-to-cerebellar ratio of 6.3:1 at 6 hours after
injection was reported.
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FIGURE 7. Time course for hypothalamus-to-cerebellar ratios in the
mouse brain after injection of either [125I]RTI-5.5 or
[11C]RTI-55

SOURCE: [125]RTI-55 data are from Cline and colleagues (1992).

RTI-55 recently was labeled with [11C] (Dannals, unpublished results),
and studies in mice were performed to compare the specificity and
selectivity of [11C]RTI-55 binding to 5-HT uptake sites with that of
[123I]RTI-55. Similar results were obtained with both tracers (figure 7)
[11C]RTI-55 is being evaluated in nonhuman primates as a PET tracer
for 5-HT and DA uptake sites.
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SUMMARY

There is a great need for PET and SPECT ligands with high affinity
and selectivity for the serotonin uptake site. These imaging agents
would be useful in screening human populations at risk (e.g., indi-
viduals exposed to neurotoxic amphetamines such as MDMA and
fenfluramine). Moreover, these radioligands would allow the study of
serotonergic function in the normal living human brain, and they also
would be useful in the examination of altered serotonergic neuro-
transmission in diseases such as depression and obsessive-compulsive
and other neuropsychiatric disorders.

Over the past several years, a number of radioligands have been
studied in several laboratories for their in vivo binding to 5-HT uptake
sites. Although [3H]paroxetine showed promising binding charac-
teristics, conversion of authentic paroxetine into a PET or SPECT
tracer turned out to be difficult and has not been achieved yet. Ana-
logs of paroxetine displayed considerable loss of binding affinity and
were, therefore, not useful for imaging purposes. For [11C]fluoxetine,
[11C]citalopram, and cis-[11C]DDPI, target-to-nontarget (hypothalamus-
to-cerebellar) ratios remained less than 2.0:1 over a 90-min period after
injection. The most promising PET agents identified today are
[11C]RTI-55 and [11C]McN-5652-X. [11C]RTI-55 labels both 5-HT and
DA uptake sites. [11C]McN-5652-X is highly selective for 5-HT
uptake sites, and its distribution is consistent with the neuroanatomical
distribution of the 5-HT uptake site. Because [11C]McN-5652-Z is a
racemic mixture of two stereoisomers, of which the (+) isomer (McN-
5652-X) binds to the 5-HT uptake site in vivo and the (-) isomer
(McN-5652-W) does not, the possibility exists that regional-specific
binding can be determined by subtracting nonspecific binding of the
(-) isomer from total radioactivity counts obtained with the (+) isomer.
[11C]McN-5652-X is the best PET radioligand for the 5-HT uptake site
described thus far. This tracer warrants further testing in nonhuman
primates. Efforts are underway to obtain an investigational new drug
application for use of the tracer in humans.

Promising candidates as SPECT imaging agents for the 5-HT uptake
site are [123I]RTI-55 and [123I]-iodo-6-nitroquipazine. Both agents are
under intense investigation in different laboratories in the United
States.
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SPECT Imaging of Dopamine and
Serotonin Transporters in
Nonhuman Primate Brain

Marc Laruelle, Ronald M. Baldwin, and Robert B. Innis

INTRODUCTION

Since the recent introduction of high affinity iodinated ligands and
high-resolution, brain-dedicated, single photon emission computerized
tomography (SPECT) devices, SPECT has been used to visualize
various neuroreceptors, including the acetylcholine muscarinic receptor
(Eckelman et al. 1985), the dopamine D2 receptor (Kung et al. 1989,
1990), and the benzodiazepine receptor (Innis et al. 1991a) .

The ability to visualize and quantify dopamine (DA) and serotonin
(5-HT) transporters presumably would lead to several clinical
applications. Alteration of these transporters has been described in
Parkinson’s disease (Cash et al. 1985; Raisman et al. 1986; Janowsky
et al. 1987; Hirai et al. 1988; Maloteaux et al. 1988; Kaufman and
Madras 1991; Niznik et al. 1991), Alzheimer’s disease (Allard et al.
1990), suicide victims (Stanley et al. 1982), patients with major
affective disorders (Perry et al. 1983; Crow et al. 1984; Paul et al.
1984), and schizophrenia (Joyce et al. 1993; Laruelle et al., in press-a).
In addition to their association with pathophysiological processes, DA
and 5-HT transporters are implicated in the mechanism of some
antidepressant drugs (Glowinsky and Axelrod 1964) and addictive
substances like cocaine (Kuhar et al. 1991). Therefore, radiolabeled
tracers suitable for visualization and quantification of these sites may
provide valuable tools for the diagnosis and treatment of several
neuropsychiatric disorders.

Multiple saturable binding sites for [3H]cocaine have been identified in
the central nervous system, the majority of which being associated
with DA, 5-HT, and norepinephrine (NE) transporters (Reith et al.
1980, 1983). Some of the cocaine phenyltropane congeners are more
potent than cocaine itself in behavioral stimulation, monoamine uptake
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inhibition, and affinity for the monoamine transporters (Clarke et al.
1973; Madras et al. 1989a; Ritz et al. 1990; Balster et al. 1991).
For example, the radiolabeled phenyltropane fluoro derivative
[3H]2P-carbomethoxy-3ß-(4-fluorophenyl)tropane (WIN 35, 428, also
designated CFT, figure 1) is used as a potent in vitro ligand for the
DA transporter (Madras et al. 1989a).

The search for an iodinated analog of CFT led to the development of
methyl 3ß-(4-iodophenyl)tropane-2ß-carboxylate (figure 1), designated
as ß-CIT in analogy to CFT (Neumeyer et al. 1991) and by the code
number RTI-55 (Carroll et al. 1991). This chapter presents the major
steps in the development of radiolabeled ß-CIT as a SPECT tracer for
visualization of the DA and 5-HT transporters in nonhuman primates:
in vitro binding studies, radiolabeling, pharmacokinetics, metabolites
analysis, brain uptake kinetics, and in vivo pharmacology. This work
has been published previously in a series of articles by the authors and
others (Boja et al. 1991, 1992; Carroll et al. 1991; Innis et al. 1991b ;
Neumeyer et al. 1991; Cline et al. 1992; Scheffel et al. 1992; Shaya et
al. 1992; Baldwin et al. 1993; Laruelle et al. 1993a).

METHODS

Binding Studies

Binding studies were performed with unlabeled ß-CIT. The affinity of
ß-CIT for DA and 5-HT transporters was evaluated by measuring the
IC50 of ß-CIT for displacing [3H]CFT from DA transporters and
[3H]paroxetine from 5-HT transporters in baboon striatum and rat
cortex, respectively. Assays were performed according to previously
published methods (Laruelle et al. 1988; Madras et al. 1989b ). ß-CIT
was compared with cocaine, CFT, and CIT (the C-2 epimer of
ß-CIT).

Radiolabeling

[123I]ß-CIT was prepared by oxidative iododestannylation of the
corresponding tributylstannyl precursor (Neumeyer et al. 1991;
Baldwin et al. 1993), and, in turn, was synthesized from ß-CIT by
palladium catalyzed reaction with the bis(trialkyl)distannane
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FIGURE 1. Chemical formula of cocaine and its phenyltropane
congeners, CFT and ß-CIT

(Azizian et al. 1981). The radiolabeling of the precursor with 123I was
performed using the following method: To a vial containing 50 µg
(0.094 µmol) methyl 3ß-(4-tributylstannylphenyl)tropane-2ß-
carboxylate was added, in the following order, 50 µL ethanol, 150 µL
0.5 M H3PO4, 125-500 µL (20-30 mCi) Na123I solution, and 100 µL
(4.2 µmol) 0.32 percent peracetic acid (freshly prepared from 32
percent CH3CO3H). After 20-30 min at room temperature, 50 µL
(5 mg) 100 mg/mL aqueous NaHSO3 solution was added, and the vial
headspace was purged into charcoal with a stream of N2 or Ar for
10 min. Saturated NaHCO3 solution (1 mL) was added, and the mix-
ture was extracted with 3x1 mL ethyl acetate; the combined extracts
were passed through a small column of anhydrous Na2SO4 and
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evaporated on a rotary evaporator with a stream of N2 at a bath tem-
perature of 37 °C. The residue was dissolved in 50 µL CH3OH, mixed
with 100 µL mobile phase, and injected into the High Performance
Liquid Chromatography (HPLC). The fraction eluting at the retention
time of ß-CIT was collected in a 50 mL pear-shaped flask containing
100 µL (100 µg; 5.7 µmol) 1 mg/mL L-ascorbic acid. The solvent was
evaporated as above, and the residue was dissolved in 400 µL ethanol
and diluted with 6-8 ml 0.9 percent NaCl. The final solution (approxi-
mately 5 percent ethanol and 0.1 mM ascorbic acid at a pH of 5-5.5)
was filtered through a 0.2 µ membrane filter into a sterile 10 mL
serum vial or 10 mL syringe. The radiochemical purity was measured
by HPLC immediately after preparation and again after storage at room
temperature for 15-28 h. Specific activity was measured by comparing
the UV response of the sample with that of known concentrations of
ß-CIT. Radiolabeling yield was calculated as the fraction extracted by
ethyl acetate times the fraction of product in the extract measured by
HPLC. Radiochemical yield was calculated by dividing the radio-
activity in the final purified product, corrected for decay (T1/2 13.2 h)
by the amount of starting [123I]NaI. Radioactivities were measured in a
gamma ionization chamber calibrated for each geometry and vessel
configuration.

Anesthesia Procedure

Pharmacokinetic and SPECT brain imaging experiments were per-
formed with 11-14 kg baboons (Papio anubis) and 6-7 kg vervet
monkeys (Cercopiftzecus aethiops). Fasted animals were immobilized
with ketamine (10 mg/kg intramuscular [i.m.]) and anesthetized with
2.5 percent isoflurane through an endotracheal tube. Glycopyrrolate
(10 µg/kg i.m.), a long-acting peripheral anticholinergic drug, was
administered at the beginning of the study to decrease respiratory and
digestive secretions. Vital signs were monitored every 30 min, and the
temperature was kept constant at 36.5-37.5 °C with heated water
blankets. An IV perfusion line with 0.9 percent NaCl was maintained
during the experiment and used for the injection of radiotracer and
nonradioactive drugs. The animal’s head was immobilized within the
camera gantry with a “bean bag” that hardens on evacuation.
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Pharmacokinetics and Plasma Metabolites Analysis

Plasma pharmacokinetics were studied in one baboon and two vervet
monkeys, with each animal studied in two separate experiments 28-33
days apart. [123I]ß-CIT (9.8-13.5 mCi for the baboon and 3.2-6.5 mCi
for the vervets) was injected intravenously. Arterial blood samples
were collected every 10 s up to 2 min and at longer intervals there-
after, up to 300-360 min after administration of the tracer. Selected
venous samples were taken from the contralateral vein.

Plasma was extracted with ethyl acetate, and selected samples were
analyzed by HPLC, estimating intermediate values by linear inter-
polation. Control samples incubated with whole blood and treated in
the same way were used to calculate the recovery coefficient for
[123I]ß-CIT and to verify stability of the compound in blood under the
storage conditions (18-22 h at 4 °C). Extraction values for plasma
samples were corrected by dividing by the recovery coefficient. The
precision of the extraction method, measured by extracting five
repeated aliquots of a single large plasma sample from one baboon
experiment, was 0.5 percent expressed as the coefficient of variation.
Control experiments in which [123I]ß-CIT was added to whole blood
and subjected to the metabolite extraction procedure produced a
recovery of 92.0±0.6 percent (n = 6). The stability of the compound
in blood was demonstrated in each experiment by adding one aliquot
to a sample of blood at the time of administration to the animal and
comparing the result after overnight storage with that of a fresh sample
added at the time of metabolite analysis. The content of parent
[123I]ß-CIT was similar in both samples, averaging 92.6±0.5 percent
versus 91.3±0.6 percent (n = 6) at an average time interval of 20.3±
0.5 h between the first and second incubation. Plasma protein binding
was measured by ultrafiltration with membranes having a 30,000 mol
wt cutoff. A control sample consisting of tracer diluted with 0.9 per-
cent NaCl was run concurrently.

Plasma total parent concentrations were fitted to a three exponential
function with a weighted least squares program. The half-life T1/2

derived from the relation T1/2 = (ln 2)/ with as the rate constant of
each exponential.
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SPECT Data Acquisition and Analysis

Data were acquired with two brain-dedicated SPECT cameras: the
multislice CERASPECT device (Digital Scintigraphics, Cambridge;
Holman et al. 1990) and the single slice 810X Brain Imager
(Strichman Medical Equipment, Medfield, MA; Stoddart and Stoddart
1979). The injected dose of [123I]ß-CIT was 6.52±.5 mCi, with these
and subsequent data expressed as mean ± SEM.

Scans were acquired in continuous mode for 3 min throughout the
experiments. Scanning experiments (n = 39) lasted 329±8 min
yielding 94±3 acquisitions per experiment. Tomographic backpro-
jection and image reconstruction were performed as previously
described (Laruelle et al. 1993a). Attenuation correction was per-
formed assuming uniform attenuation equal to that of water (attenua-
tion coefficient µ = 0.150 cm2/g) within an ellipse drawn around the
brain (Chang 1987). Four regions of interest (ROIs) were examined
on both Strichman and CERASPECT scans (striatum, occipital, hypo-
thalamic/midbrain area, and cerebellum). In addition, frontal pole was
examined on the CERASPECT scans. The ROIs were positioned by
reference to the activity distribution, using a baboon brain atlas (Riche
et al. 1988) and magnetic resonance imaging (MRI) scans, performed
in three of the animals and coregistered to the SPECT images (Malison
et al., in press). ROI activities were decay corrected to the time of
injection.

Pharmacological Selectivity

The pharmacological nature of in vivo [123I]ß-CIT binding was
investigated by displacement studies, achieved by IV injections of
pharmacological doses of nonradioactive compounds with known
pharmacological properties.

[123I]ß-CIT binding to DA, 5-HT, and NE transporters was evaluated
with four non-cocaine-related monoamine uptake inhibitors: LU
19-005, a nonspecific monoamine uptake inhibitor (Hyttel and Larsen
1985); GBR 12909, a specific DA uptake inhibitor (Andersen 1989);
citalopram, a specific 5-HT uptake inhibitor (Hyttel 1982); and mapro-
tiline, a specific NE uptake inhibitor (Hyttel 1982). Displacement
experiments were analyzed by comparing the ROI activity after
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injection of the displacing agent to the projected ROI activity in the
absence of its injection, estimated using the kinetic parameters derived
from the control scans.

In Vivo Potencies of Cocaine Analogs

The authors investigated the ability of [123I]ß-CIT SPECT imaging to
provide quantitative information about the level of in vivo site occu-
pancy reached by IV injection of cocaine (n = 5), CFT (n = 4), and
ß-CIT (n = 8). The level of site occupancy induced by the injection
of a given dose of the drug was estimated as the difference between
the level of [123I]ß-CIT specific uptake before injection and the level at
which the uptake curve stabilized after injection. The percentage dis-
placements (P) were logit transformed as ln[P/(100-P)] and plotted
versus 1n dose or 1n cumulative dose in case of multiple injections.
The dose inducing 50 percent site occupancy (ED50) was calculated as
the x-axis intercept and expressed in µmol/kg. The Hill coefficient
was calculated as the slope of the regression line divided by 2.303.
The relationship between the in vivo ED50 and the in vitro IC50 was
investigated by linear regression analysis (IC50-3.8 nM), where IC50 is
the concentration of drug required to displace 50 percent of the specifi-
cally bound radiotracer.

RESULTS

Binding Studies

ß-CIT showed high potency for displacing both [3H]CFT (IC50 = 1.6
nM) from DA transporter sites and [3H]paroxetine from 5-HT trans-
porter sites (IC50 = 3.8 nM; table 1). The binding was stereoselective:
the affinity of the isomer a-CIT was much lower (IC50 of 87.6 nM and
210 nM for DA and 5-HT transporters, respectively). ß-CIT was 10
times and 100 times more potent than CFT for DA transporters (IC50 =
15.3 nM) and 5-HT transporters (IC50 = 479 nM), respectively. ß-CIT
also displayed greater potency than cocaine at each of these sites (IC50

of 221 nM and 207 nM for DA and 5-HT transporters, respectively).
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TABLE 1. ß-CIT, CFT, and Cocaine: Comparison between in vitro
ID50 for DA and 5-HT transporters and in vivo ED50 for
displacing striatal [123I]ß-CIT specific binding

ß-CIT

CFT

In vitro In vitro
[3H]CFT [3H]paroxetine

IC50
a IC50

b

nM nM

1.6 ± 0.15 3.8 ± 0.53

15.3 ± 1.2 479 ± 59

In vivo
[123I]ß-CIT

ED50
c

µmol/kg

0.11

0.40

Cocaine 221 ± 14 207 ± 66 9.6

aMeasured in baboon caudate homogenates membranes, according to
Madras et al. (1989b); n = 4.

bMeasured in rat cortical homogenates membranes, according to
Laruelle et al. (1988); n = 4.

cMeasured in baboon striatum with SPECT and Logit-log transform of
displacement data (see Methods).

Radiolabeling

The radiolabeling yield averaged 65.2±2.3 percent (n = 18), and over-
all radiochemical yield averaged 54.4±2.2 percent. The radiolabeled
product was stable for at least 28 h at room temperature in normal
saline containing about 5 percent ethanol and 0.1 mM ascorbic acid;
radiochemical purity averaged 97.5±0.5 percent immediately after
preparation and 96.0±0.6 percent measured 21.1±0.8 h later. The
specific activity of the final product was estimated to be 500-1,200
Ci/mmol, due to the presence in the tributylstannyl precursor of about
7 mol percent ß-CIT that was carried through the radiosynthesis and
detected by HPLC of the tributylstannyl precursor.
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Pharmacokinetics and Plasma Metabolites Analysis

Protein Binding. Plasma protein binding of [123I]ß-CIT measured in
vitro by ultrafiltration was 74.8±l.4 percent (n = 6), whether incubated
in plasma or in whole blood for up to 22 h. Control binding of tracer
to the ultrafiltration membrane in the absence of plasma was 6.2±0.2
percent (n = 6).

Metabolites. Plasma metabolites were characterized by solvent
extraction followed by HPLC of the organic extract. The major meta-
bolite was a polar, nonextractable fraction that increased to > 50
percent of the plasma activity by 30-45 min postinjection (p.i.). An
extractable metabolite, less lipophilic than ß-CIT on HPLC, also was
observed, increasing to about 4 percent of the plasma activity after
2-3 h.

Plasma Kinetics. After IV administration of [123I]ß-CIT, peak arterial
plasma levels of total 123I and of unmetabolized parent were reached
within 40-80 sec. In two experiments in which both arterial and
venous samples were taken, venous plasma levels initially were lower
than arterial levels but converged within 2 min in one experiment and
within 30 min in the other. Arterial plasma concentration of parent
compound was observed to match a triexponential function, with a
terminal half-life of 77-166 min in baboons and 108-153 min in
vervets.

Brain Uptake

Brain activity was concentrated in two areas. The most superior
activity concentrations overlaid the right and left striatum. A second
area of activity was detected consistently on the midline about 15 mm
below the level of the striatal slice. This activity extended inferiorly
and posteriorly over about 12 mm. This area was identified by refer-
ence to brain atlas diagrams and MRI coregistered scans (Malison et
al., in press), as located at the level of the lower diencephalon
(including the hypothalamus) and the mesencephalon (including the
substantia nigra, the raphe nuclei, and the colliculi). Since the
anatomical resolution of the camera did not allow differentiating the
individual contributions of each of these structures to the activity, the
ROI placed on the anterior/superior part of this area was labeled as
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hypothalamic/midbrain ROI. Typical time activity curves in the
striatum, hypothalamic/midbrain, occipital, frontal, and cerebellar
regions are shown in figure 2.

Striatum. Striatum time activity curves were characterized by a
prolonged phase of increasing activity, peaking at about 142±10 min
and followed by an almost negligible washout (0.6±0.2 percent/h).
The target-to-background (i.e., striatal-to-cerebellar) ratio increased
consistently over the course of the experiments reaching 7.33±0.88 at
300 min. Despite the stability of the striatal plateau phase, [123I]ß-CIT
uptake was found to be reversible as the injection of an excess dose of
nonradioactive ß-CIT at 180 min (figure 3) induced a displacement of
striatal activity to a level similar to the cerebellar activity. This experi-
ment showed that, at 180 min, more than 75 percent of striatal activity
was associated with saturable sites.

Hypothalamic/Midbrain Area. Activity in the hypothalamic/midbrain
area reached a peak at 47±2 min at a level equivalent to 63±3 percent
of the striatal peak activity. Activity decreased thereafter at a rate of
14.4±0.9 percent/h. Despite the fact that the absolute number of
counts reached a peak value at 47±2 min, the target-to-background
ratio continued to increase for a longer period to 1.69±0.10 at 60 min,
2.57±0.18 at 180 min, and 2.32±0.38 at 300 min. Injection of non-
radioactive ß-CIT at 180 min displaced at least 50 percent of the
activity in the hypothalamic/midbrain area (figure 3).

Occipital, Frontal, and Cerebellar Areas. The time course of
activities in these three regions was similar. Activities peaked within
the first 30 min. Peak activities in these regions also were within a
similar range; the occipital had values (46±3 percent) slightly higher
than the cerebellar and frontal regions (36+3 percent and 38±3 percent,
respectively). The washout rate was high in all three regions (20 to 30
percent/h). The injection of nonradioactive ß-CIT at 180 min did
notaffect the activity in these cortical areas, suggesting that, at that
time, most of the activity was not associated with saturable sites.

140



FIGURE 2. Kinetic of brain uptake of [123I]ß-CIT in various regions
of the baboon’s brain, following the injection of 3.2 mCi
[123I]ß-UT: striatum, average of left and right (closed
circles), hypothalamic/midbrain area (open circles),
occipital pole (closed squares), frontal pole (open
squares), and cerebellum (open triangles). The striaral
activity increased during the first three hours and
remained stable thereafter. Hypothalamic/midbrain
activity exhibited a peak between 45 and 60 min and then
washed out at a rate of 14 percent of the peak value per
h. Occipital, frontal, and cerebellar activities displayed
similar kinetics, characterized by an early peak (20-30
min), followed by a rapid washout (20-30 percent of peak
value per h). Data were acquired on the CERASPECT
camera and are expressed in CPM/pixel.
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FIGURE 3. Effects of injection of receptor saturating dose of ß-CIT
on [123I]ß-CIT uptake in baboon. Nonradioactive ß-CIT
(0.94 µmol/kg IV) was injected IV 210 min (arrow)
following the injection of 6.0 mCi [123I]ß-CIT and caused
displacement of 70-80 percent striatal activity and 50-60
percent of hypothalamic/midbrain activity. No effects
were observed in the cortical and cerebellar regions.
Data were acquired on the CERASPECT camera and are
expressed in CPM/pixel.

Pharmacological Selectivity

The pharmacological identity of the saturable sites associated with
[123I]ß-CIT uptake in the striatum was studied by injection of non-
radioactive drugs during the plateau phase of the striatal uptake
(180-200 min, “late injections”). Uptake in the hypothalamic/midbrain
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area was investigated more specifically by injections performed shortly
after peak time (60 min, “early injections”).

LU 19-005. Injection of LU 19-005 (3 µmol/kg IV), a nonspecific
uptake inhibitor, at 180 min displaced both the striatal and hypo-
thalamic/midbrain activities.

GBR 12909. Injections of GBR 12909 (3.4 and 6.8 µmol/kg IV)
were performed at 200 min in two experiments and induced 47-50
percent displacement of striatal [123I]ß-CIT (figure 4). The hypo-
thalamic/midbrain [123I]ß-CIT binding was unaffected, as demonstrated
by an unchanged washout rate after the injection (13.3 percent/h).

Citalopram. Injection of citalopram (7.4 µmol/kg IV) at 180 min had
no noticeable affect on striatal activity. However, it induced a marked
increase in washout rate of the hypothalamic/midbrain area from 13.6
percent/h before the injection to 35.5 percent/h during the 60 min
following the injection (figure 5). In three other experiments, citalo-
pram was injected after 60 min at 7.4, 11.1, and 14.8 µmol/kg IV,
respectively. The hypothalamic/midbrain washout rates, calculated
during 60 min following the injection, increased to 45, 34, and 41
percent/h, respectively.

Maprotiline. Injection of maprotiline (13.9 µmol/kg IV) at 60 min
failed to induce apparent changes in the uptake kinetics in either
striatal or hypothalamic/midbrain areas.

In Vivo Potencies of Cocaine Analogs

The prolonged phase of stable striatal uptake allowed the authors to
perform up to three displacements in a single experiment. Since
thespontaneous washout was negligible, no correction was needed in
computing the percentage of displacement. Striatal specific binding
was defined operationally as the difference between striatal and
cerebellar activity. The validity of this subtraction technique in the
late phase of the scan was supported by displacement experiments with
high doses of ß-CIT, as the level of nondisplaceable striatal activity
was similar to the cerebellar activity (figure 3).
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FIGURE 4. Effects of the selective DA uptake inhibitor GBR 12909 on
[123I]ß-CIT uptake in baboon. GBR 12909 (6.8 µmol/kg)
was injected IV 180 min after in injection of 4.1 mCi
[123I]b-CIT and induced a displacement of 49 percent of
striatal activity. Hypothalamic/midbrain area was
unaffected by the injection of GBR 12909, as the washout
rate was unchanged by the injection. Cerebellum activity
was unaffected. Data were acquired on the 810X Brain
Imager camera and are expressed in SMU/pixel, with
SMU corresponding to the count rate recorded from a
untform flood source containing 100 Bq/ml of 99mTc point
source.

Results of five experiments with a total of eight injections of various
doses of nonradioactive cocaine were analyzed with the logit-log plot
method (figure 6). Linear regression (r2 = 0.92) allowed calculation of
the ED50 as the inverse logarithm of the x-axis intercept (cocaine ED50

= 9.6 µmol/kg). The ED50 of ß-CIT and CFT were calculated with a
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FIGURE 5. Effects of the selective 5-HT uptake inhibitor citalopram
on [123I]ß-CIT uptake in baboon striatum (closed circles),
hypothalamic/midbrain area (open circles), and
cerebellum (open triangles). Citalopram (7.4 µmol/kg)
was injected IV 180 min after the injection of 13.5 mCi
[123I]ß-CIT and induced an increase in the
hypothalamic/midbrain activity washout from 13.6
percent/h before the injection to 35.5 percent/h during the
60 min period after the injection. Striatal and cerebellar
activities were unaffected by the injection of citalopram.
Data were acquired on the CERASPECT camera and are
expressed in CPM/pixel.

similar method and found to be 0.11 and 0.40 µmol/kg, respectively.
The relationship between the in vivo ED50 of the three investigated
cocaine-like drugs and their in vitro IC50 for displacing [3H]CFT from
DA transporters in monkey striatum appeared linear (r2 = 0.96; figure
7). There was no apparent relationship with their in vitro IC50 for
displacing [3H]paroxetine from 5-HT transporters in rat cortical
membranes (r2 = 0.27).
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FIGURE 6. Logit-log plot of four displacements performed with various
doses of CFT. Data were acquired during four scanning
experiments. To linearize the relationship between the
injected dose and site occupancy, the percent displacement
(P) was logit transformted as ln[P/(100-P)] and plotted
versus ln dose. In this graph, 50 percent site occupancy
corresponded to the 0 value on the y axis. Data were
analyzed by linear regression (r2 = 0.96). The inverse
logarithm of the x intercept of the regression line was used
as the estimation of the ED50 (0.40 µmol/kg).

DISCUSSION

These studies suggest that [123I]ß-CIT is a potentially useful ligand to
label DA and 5-HT transporters in the living human brain.
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FIGURE 7. Relarionship between the in vivo ED50 (µmol/kg) of
cocaine, CFT, and ß-UT for displacing [123I]ß-CIT
binding in monkey striatum and their in vitro IC50(nM) for
displacing [3H]CFT from DA transporters in monkey
striatum. There was a significant relationship between in
vivo ED50 values and in vitro [3H]CFT IC50 values (r2 =
0.96). Such a relationship was not found between the in
vivo ED50 values and [3H]paroxetine IC50 values (r2 =
0.27).

Binding Studies

ß-CIT displayed a similar high affinity for both DA and 5-HT trans-
porters. Further pharmacological characterization with [125I]ß-CIT
demonstrated a good correlation between the potency of various drugs
to inhibit DA uptake and to displace [125I]ß-CIT binding in rat striatum
(Boja et al. 1992). In the cortex, a similar correlation was found with
the potency of various drugs to inhibit 5-HT uptake (Boja et al. 1992).
The authors recently observed that displacement of [125I]ß-CIT binding
in rat and monkey striatum by citalopram was best fit with a two-site
model, the first site corresponding to 5-10 percent of the binding
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(Laruelle et al., in press- b). Since the IC50 of this first site was close
to the affinity of citalopram for 5-HT transporter, the authors
believethat 5-10 percent of [125I]ß-CIT in vitro striatal binding is
related to the 5-HT transporter. This value is in accordance with the
density ratio of [3H]GBR 12909 and [3H]paroxetine binding sites in
human striatum (Laruelle et al. 1988; Marcusson and Erikson 1988;
Backstrom et al. 1989; De Keyser et al. 1989).

Pharmacokinetics

Studies of clearance from arterial plasma of the parent compound
showed slow terminal half-lives (77-166 min in baboons and 108-153
min in vervets). Misra and colleagues (1977) reported a plasma
terminal half-life of [3H]cocaine in rhesus monkey of 79 min. Thus,
these data suggested that ß-CIT might be metabolized more slowly
than cocaine. The major metabolite was a polar, nonextractable
fraction, and, thus, is expected not to cross the blood-brain barrier.
This was confirmed by experiments in which monkeys (n = 3
[2 vervets and 1 baboon]) were euthanized 90-120 min after
[125I]ß-CIT injection. The parent compound represented 75 to 90
percent of the activity in the caudate but only 10 to 30 percent of the
activity in the plasma.

Brain Uptake

The total brain uptake of the tracer was high, as attested by a high
count rate within the field of view. The high brain uptake was
measured more accurately with whole body dosimetry (Baldwin et al.
1993) that showed that 6 to 7 percent of the activity was present in the
brain during the first h postinjection.

The activity was concentrated in the striatum and the midbrain/ hypo-
thalamic area. This localization was confirmed with ex vivo autoradio-
graphic studies in three animals performed at 120 min after injection of
[123I]ß-CIT. In these experiments, the authors found high levels of
activities in the striatum, the hypothalamus, the colliculi, the substantia
nigra, and the raphe nuclei.

The striatal activity increased for a prolonged period (2 to 3 h) and
showed a remarkably stable plateau phase thereafter, with a negligible
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washout phase (< 1 percent/h). As a result, the striatum-to-cerebellum
ratio was very high at the end of the study (about 7 to 1). In contrast,
the hypothalamic/midbrain activity peaked and washed out more
quickly.

Pharmacological Specificity

Displacement experiments performed with unlabeled ß-CIT and the
nonselective monoamine inhibitor LU 19-005 demonstrated that
activity in the striatum and midbrain/hypothalamic area was associated
with binding to saturable sites. Selective monoamine uptake inhibitors
were then used to define the pharmacological identity of these sites.

At 300 min, the striatal activity was displaceable by GBR 12909, a DA
selective drug, but not by citalopram, a 5-HT selective drug. This
indicates that, at 300 min, the striatal uptake was primarily associated
with DA transporters. The inverse was observed in the hypothalamic/
midbrain area, showing that the activity in this region was associated
predominantly with 5-HT transporters. These results confirmed similar
in vivo observations in rodents (Cline et al. 1992; Scheffel et al. 1992).

The absence of a citalopram effect in the striatum contrasted with in
vitro experiments in which citalopram displaced about 10 percent of
[125I]ß-CIT equilibrium binding in the monkey caudate. The in vivo
conditions are, however, very different from the in vitro equilibrium
conditions. The rapid washout of the midbrain/hypothalamic area
suggested that the uptake associated with 5-HT transporters washed out
more quickly than the uptake associated with DA transporter. Thus,
the component of striatal uptake associated with 5-HT transporter
might have washed away at 300 min when the displacement
experiments were performed.

Citalopram was the only drug found to be effective in increasing the
washout rate in the hypothalamic/midbrain area. This is consistent
with the fact that 5-HT transporters are more abundant than DA
transporters in this region (Cortes et al. 1988; Laruelle et al. 1988;
De Keyser et al. 1989). DA transporters are, however, present in the
substantia nigra, but [123I]ß-CIT binding to these sites was not demon-
strated by the GBR 12909 injections. The interpretation of displace-
ment experiments was more difficult in the hypothalamic/midbrain area
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than in the striatum because of the absence of a prolonged plateau
phase. This difficulty could be overcome by inducing a state of pro-
longed equilibrium by a constant infusion of the radiotracer. This
paradigm, applied successfully for [123I]iomazenil (Laruelle et al.
1993b), does allow a stable baseline of activity that increases the
sensitivity to displacement experiments.

In Vivo Potencies of Cocaine Analogs

The stable baseline of [123I]ß-CIT activity in the striatum allowed
calculating the receptor occupancy ED50 of three related compounds:
ß-CIT, cocaine, and CFT. There was a good relationship between the
in vivo ED50 of these compounds and their in vitro IC50 for displacing
[3H]CFT (r2 = 0.96) but not with their IC50 for displacing
[3H]paroxetine (r2 = 0.27). Several conclusions can be made from this
series of experiments. First, in vivo [123I]ß-CIT binding in striatum is
associated predominantly with DA transporters. Second, the affinity
for the DA transporters is the main factor that explains the differences
in ED50 between these drugs. Differences in peripheral clearance and
blood-brain barrier permeability, if any, do not seem to have a signifi-
cant contribution to the observed ED50 differences. Third, this para-
digm has potential useful applications in humans to the study of the
relationship between behavioral effects of cocaine-related drugs and
kinetics of transporter occupancy.

[123I]ß-ClT as a SPECT Radiotracer

[123I]ß-CIT appears to be a promising SPECT radiotracer for labeling
DA and 5-HT transporters. Some of the characteristics of the ligand
are clearly advantageous: high brain uptake, slow peripheral clearance,
low levels of metabolites in the brain, and low nonspecific binding and
corresponding high levels of target-to-background ratio. Other charac-
teristics (e.g., selectivity and high affinity) can be interpreted as posi-
tive or negative, depending on the intended application.

The lack of specificity for either the DA or the 5-HT transporter is not
an ideal situation for the quantification of these sites in each brain
region. However, it appears that binding to these transporters has a
different kinetic profile, such that the striatal signal becomes predomi-
nantly associated with DA transporters after 180 min, and the peak of
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uptake in the hypothalamic/midbrain activity is predominantly asso-
ciated with 5-HT transporters. Thus, binding to each of these sites can
be distinguished both anatomically and kinetically. If this observation
is replicated in humans, it opens the opportunity to obtain information
on both systems in one scanning session. This might be cost effective
in clinical situations when alterations of both sites have been des-
cribed, as in Parkinson’s disease or in chronic cocaine abuse. More
specific ligands, such as [123I]isopropyl-CIT ([123I]RTI-121; Scheffel et
al. 1993) or [123I]5-iodo-6-nitroquipazine (Mathis et al. 1992), are
presently under development and might broaden the range of options
available to the clinician.

The high affinity of [123I]ß-CIT for the DA transporter, inducing a
prolonged plateau phase in the striatum, is an ideal situation for
pharmacological challenge tests, as performed here with cocaine
analogs. This kinetic profile, however, creates a difficulty for the
quantification of the binding sites. A ligand with a high tissue
equilibrium volume of distribution (i.e., a high maximal number of
binding sites (Bmax)-to-equilibrium binding constant [KD] ratio) is not
likely to reach equilibrium during the timeframe of the imaging session
(Gjedde and Wong 1990), and equilibrium is required for measurement
of Bmax and KD. In the absence of equilibrium, only the rate of asso-
ciation to the receptor can be measured (the product Bmax kon, with kon

being the association rate constant).

Furthermore, if equilibrium is not reached and if the association to the
receptor is rapid as compared to the blood-brain barrier permeability,
the activity in the region of interest reflects the blood flow more than
the density of receptors, as observed with high affinity ligands like
[123I]qunuclidinyl benzilate (QNB) (Gibson et al. 1984) and
[N-methyl-11C]scopolamine (Vora et al. 1983; Frey et al. 1987). Under
these conditions, little quantitative information can be gained by
empirical methods, such as ratio methods, as opposed to model-based
methods (Carson 1991) that are more difficult to implement in the
clinical setting. Additional experiments comparing empirical methods
to model-based methods with [123I]ß-CIT are needed to explore this
issue.
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CONCLUSION

In conclusion, [123I]ß-CIT appears to be a promising ligand for
visualization and pharmacological studies of DA and 5-HT trans-
porters. More experiments are needed to assess the protocol and
methods necessary for measurement of the density and affinity of these
sites. Development of these methods and evaluation of the tracer in
humans currently are being performed in the authors’ laboratory.
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Cerebral Blood Flow Changes
With Acute Cocaine Intoxication:
Clinical Correlations With
SPECT, CT, and MRI
I. Mena, R.J. Giombetti, B.L. Miller, K. Garrett,
J. Villanueva-Meyer, C. Mody, and M.A. Goldberg

INTRODUCTION

Fourteen consecutive patients with acute cocaine intoxication and
neurological symptoms were studied using computerized axial tomog-
raphy (CT) and single photon emission computerized tomography
(SPECT). Symptoms included transient ischemic attacks, stroke,
seizures, and confusional states. Cerebral blood flow (CBF) was
imaged with 99mTechnetium [99mTc] d,l, hexamethylpropyleneamine-
oxime (HMPAO) and was measured using Xenon-133 (133Xe). Focal,
multifocal, or diffuse areas of hypoperfusion were found in all 14
patients with either [99mTc]HMPAO SPECT or 133Xe. Multiple
small, superficial, or deep areas of hypoperfusion causing a “scalloped”
appearance on SPECT were seen in 12 patients, and this pattern is
observed frequently in cocaine abuse. The mean CBF measured with
133Xe was diminished at 43.6+3.4 ml/100 g/min compared to 55.1+1.4
ml/100 g/mm in normals. Brain SPECT was useful in the evaluation
of patients who were symptomatic from cocaine abuse, and cortical
and subcortical vascular abnormalities not seen on CT or magnetic
resonance imaging (MRI) were often found with SPECT.

Cocaine continues to be a major public health problem in the United
States, with as many as 5 million daily users (U.S. Department of
Health and Human Services 1990). While the general medical compli-
cations of cocaine have been reported extensively, neurological disease
has received less attention and only recently have cocaine-induced
seizures, transient ischemic attacks (TIA), and strokes been described
(Brust and Richter 1977; Caplan et al. 1981; Mody et al. 1988; Levine
and Welch 1988; Levine et al. 1990; Root and Rowbotham 1988).
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Although vasospasm has been proposed as a possible mechanism for
cocaine-induced TIA and ischemic stroke, angiography is often normal
in these patients (Mody et al. 1988). The combined use of the 133Xe
washout to quantify CBF and [99mTc]HMPAO SPECT to obtain a
high-resolution image of CBF may help delineate the pathophysio-
logical mechanisms associated with cocaine-induced neurological
disease.

The authors evaluated CBF changes in 14 patients with neurological
symptoms due to acute cocaine intoxication. CBF was assessed
quantitatively with 133Xe, while high-resolution tomographic images
of CBF were obtained with [99mTc]HMPAO. Clinical diagnoses were
correlated with CT, MRI, and SPECT.

PATIENTS

Patients entering the emergency room at the Harbor-University of
California, Los Angeles (UCLA) Medical Center with cocaine intoxi-
cation and neurological symptomatology were referred for study. In
all, cocaine abuse (mostly “crack” cocaine) had occurred within the
past 48 hours, and subjects with a history of polysubstance abuse were
excluded. The history of cocaine abuse was obtained from the patient
and relatives or friends, and urine toxicology was performed. All
patients were evaluated with neurological examinations, CT or MRI,
and SPECT. Cerebral angiography and lumbar puncture were per-
formed when clinically indicated.

Regional CBF (rCBF)

133Xe was used for absolute measurements of rCBF. 1110 Mega-
becquerel (MBq) (30 millicuries [mCi]) of 133Xe was injected
intravenously, and CBF was measured using a lo-probe system in a
self-contained bedside structure. After intravenous injection of 133Xe,
measurements were performed for 10 minutes. The slow and fast
component of the cerebral washout was calculated, beginning at the
time when the exhaled air dropped to 20 percent of maximum. The
slow exponential was subtracted from the observed brain curves, and a
fast component was defined. CBF was derived using the inert gas
equation as defined initially by Kety and Schmidt (1945), and the
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results were expressed in ml/100 g/min. CBF was calculated for all
patients, and a mean and standard error of the 10-probe measurements
was reported.

The authors used [99mTc]HMPAO as a cerebral perfusion imaging
molecule for the study (Neirinckx et al. 1987; Sharp et al. 1986).
Each patient received 740 MBq (20 mCi) of [99mTc]HMPAO, injected
intravenously within 20 minutes after reconstitution. SPECT scanning
started 2 hours after injection to clear soft tissue background activity.
[99mTc]HMPAO brain SPECT was performed using a large field-of-
view rotating gamma camera with a truncated detector. The camera
was equipped with a high-resolution parallel-hole collimator and
operated on a step-and-shoot modality. The orbit was circular-360
degrees. Sixty images (one image for every 6-degree step) were
gathered. Each image took 30 seconds, and total acquisition time was
30 minutes. Reconstruction was performed using backprojection
reconstruction with Hanning filtering. Transaxial, coronal, and sagittal
sets of images were obtained. Each set had 14 to 16 images,
depending on the volume of the brain. The images were displayed
using a color scale that denoted abnormally diminished uptake-
defined by a drop below 60 percent of maximal brain activity.

The [99mTc]HMPAO brain SPECT lesions were categorized as
demon-strating: no abnormalities, multiple superficial cortical lesions,
multi-focal deep periventricular lesions (periventricular scalloping), or
focal wedge-shaped hypoperfusion. Lesions also were defined as to
their location. Abnormalities were described qualitatively by a radiolo-
gist blinded to the patients’ clinical state. A data base collection of 10
age-matched normal volunteers (age 32±5 years) was used as a
reference.

RESULTS

Clinical Description

Fourteen patients were enrolled in the study. The patients’ problems
included ischemic stroke (4), TIA (3), brain hemorrhage (2), gener-
alized seizures (2), and confusional states (3). The mean patient age
was 32.9±2.7 standard error of the mean (SEM) years, and there were
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eight females and six males. Overall, the patients were free of pre-
existing medical conditions, although one had chronic hypertension
(patient #1) and another had a history of migraine headaches (pa-
tient #5).

lschemic Stroke. Three patients with ischemic strokes had cerebral
localization verified by CT or MRI (patients #2, #3, and #4) while a
fourth (patient #1) had normal CT and MRI but an abnormal SPECT.
Patient #3 had a right frontal (anterior cerebral artery distribution)
infarct, patient #2 had bilateral occipital (posterior cerebral artery)
infarcts, and patient #4 had a pontine infarct. Patient #1 had a
suspected right hemispheric stroke because he developed left hemi-
paresis with hemisensory loss to pinprick. However, head CT, MRI,
and cerebral angiography were all normal, and focal abnormalities that
correlated with clinical symptoms were evident only on SPECT.

T/A. Two patients developed symptoms of middle cerebral artery
distribution TIA (patients #6 and #7). Symptoms and focal deficits
had resolved by the time of neurological consultation in both patients
(within 8 hours). Patient #6 had both a CT and cerebral angiography
that were normal. Patient #7 also had a normal CT, but angiography
was not performed. In both, SPECT was abnormal.

A third patient (#5) had TIA-like symptoms minutes after intranasal
cocaine abuse. The episode started with scintillating scotoma des-
cribed as “clear, moving needles” and was followed by right visual
field loss, word-finding difficulty, and right upper extremity numbness
that lasted 20 minutes. No headache was associated with this episode,
but the patient had a history of two previous episodes of visual dis-
turbances followed by hemicranial headaches not associated with
cocaine abuse. The patient’s CT was normal, and a diagnosis of
cocaine-induced migraine versus TIA was made.

Cerebral Hemorrhage. Two patients (#8 and #9) had large bleeds in
the basal ganglia (#8) and thalamus (#9) demonstrated with CT.
Although the hemorrhages occurred in places typical for hypertensive
hemorrhage, neither patient had a history of hypertension.

Confusional States. Three patients (#10, #11, and #12) presented
with confusional states characterized by drowsiness, inattention, and
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fluctuating level of consciousness. All had normal head CT, and all
improved to baseline mental status within 48 hours.

Seizures. Two patients (#13 and #14) came to the hospital due to
generalized tonic-clonic seizures. Neither patient had a history of
seizures, and both the neurological examination, electroencephalo-
gram, and head CT were normal.

SPECT

Absolute CBF was measured in all patients with 133Xe. Mean CBF
was 43.6+3.4 ml/100 g/min compared to a CBF of 55.1+1.4 ml/100
g/min in a group of age-matched normals. Nine patients had markedly
diminished CBF (< 45 ml/100 g/min) while in five it was > 45 ml/100
g/min. All 14 patients had abnormal cerebral perfusion with
[99mTc]HMPAO SPECT. Multiple superficial or deep lesions
(periventricular scalloping) occurred in 12 patients (86 percent). The
most common focal cortical lesions were unilateral parietal-occipital
lesions (43 percent) and bilateral frontal lesions (29 percent). The
SPECT results are summarized in table 1.

Two patients did not demonstrate cortical scalloping, one had a pontine
stroke (patient #4) and the other had a confusional state (patient #10).
Patient #10 came to the hospital in a stupor, but she was alert and
oriented when her SPECT was performed 10 hours after the onset of
symptoms. At that time, she was irritable, hostile, and disinhibited.
These symptoms resolved within 48 hours. On SPECT, scalloping was
not found, although CBF measured with 133Xe was extremely low at
21 ml/100 g/min and brain SPECT revealed large areas of frontal
hypoperfusion bilaterally.

There was not a one-to-one correlation between clinical symptoms, CT,
MRI, and SPECT, although SPECT appeared extremely sensitive to
symptoms of focal ischemia. In only one stroke patient (#2) did
findings on CT, MRI, and SPECT strongly correlate, although SPECT
also revealed temporal hypoperfusion and diffuse scalloping. Patient
#1 had a grossly abnormal SPECT with marked right parietal
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TABLE 1. Demographic data
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arCBF in ml/100 g/min

hHMPAO SPECT location of hypoperfusion

KEY: L = left; R = right; NL = normal; B/L = bilateral; ND = not
done; PAR = parietal; TEMP = temporal; PCA = posterior
cerebral artery; OCC = occipital; ACA = anterior cerebral
artery; MCA = middle cerebral artery

hypoperfusion that corresponded to his clinical stroke, even though his
CT and MRI were normal. Also, severe periventricular scalloping and
small cortical perfusion deficits were seen. Patient #3 had multiple
deficits on SPECT, but the findings did not correlate with abnormali-
ties on CT and MRI, which fit better with his clinical syndrome.
Patient #4 had posterior circulation hypoperfusion on SPECT that was
consistent with the pontine stroke seen on CT. All three patients (#5,
#6, and #7) with TIA had cerebral hypoperfusion that correlated with
clinical symptoms, although CT was normal in all three. In patients
with cerebral hemorrhage (#8 and #9), diffuse cerebral hypoperfusion
was seen in addition to the decreased flow at the site of hemorrhage.

In those patients with confusional states or seizures (#10 to #14)
diffuse and multifocal deficits were found in all, except in patient #10.
There were no clinical symptoms or neurological deficits to correspond
to brain SPECT abnormalities, but rather these findings appear to be
evidence of the diffuse cerebral effects of cocaine.
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DISCUSSION

Acute cocaine intoxication caused both generalized and focally dimin-
ished CBF. Mean CBF was 43.6 ml/100 g/min, and in nine it was
diminished markedly at < 45 ml/100 g/min. In all 14 patients abnor-
malities were visualized with [99mTc]HMPAO. The most striking
abnormalities seen were multifocal small cortical and sometimes deep
areas of hypoperfusion. A characteristic and unusual scalloping pattern
of periventricular perfusion was noted. The authors previously had
seen this perfusion pattern in patients with both cerebral vasculitis and
with acquired immunodeficiency syndrome (AIDS) dementia syn-
drome. It was not present in any of the control patients.

Recent findings show vasoconstriction in coronary vessels during
catheterization after small doses of cocaine (Lange et al. 1989; Kaye
and Fainstat 1987; Krendel et al. 1990), and brain SPECT appears to
be a sensitive way to detect similar phenomena in cerebral vessels.
The authors suspect that this periventricular subcortical hypoperfusion
(scalloping) is the manifestation of cerebral vasoconstriction and is a
characteristic of vasoconstrictive agents such as cocaine. The scal-
loping may be due to the constriction of small- and medium-sized
arteries, although for reasons that are still undetermined. The deep
white matter appears to show selective involvement with cocaine. A
second hypothesis is that focal areas of hypoperfusion are secondary to
clusters of cells damaged during the acute, intense, prolonged vaso-
constriction induced by cocaine. Primary hypofunction will induce a
focal secondary hypoperfusion.

Also, large wedge-shaped cortical perfusion defects were seen fre-
quently. These deficits appeared to be caused by vasoconstriction of
larger arteries or confluence of multiple constricted smaller arteries,
This pattern was found in three of four stroke patients and two patients
with TIA. Unlike the scalloping and multifocal cortical deficits that
had uncertain clinical significance, these large SPECT deficits corre-
sponded to focal clinical symptomatology. These wedge-shaped areas
of hypoperfusion are seen in patients with other causes of cerebral
ischemia.
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Frontal lobe hypopetfusion was found in over one-quarter of the
patients, and the patients with this abnormality were irritable and
disinhibited-characteristics of patients with frontal lobe dysfunction
(Stuss and Benson 1986; Miller et al. 1989). A previous study of CBF
in cocaine abusers was performed by Volkow and colleagues (1988),
who used positron emission tomography (PET) to assess cerebral
perfusion with oxygen-labeled water. Patients for that study were
recruited from a drug rehabilitation center and were, by definition,
without major medical or neurological illness. The patients in this
study differed in this respect because all had neurological symptoms.
In Volkow’s study, diffuse patchy areas of hypoperfusion were
observed, and marked hypoperfusion was seen in the prefrontal cortex.
Repeat scans performed 10 days later revealed persistent deficits. The
authors’ findings of multifocal hypoperfusion and frontal hypoper-
fusion appear consistent with this earlier PET work. More recent
studies by Volkow and colleagues (1991) in subjects during the first
week of withdrawal from cocaine showed increased metabolism of
glucose in the orbital-frontal cortex and basal ganglia.

Like Volkow and colleagues (1991), the authors found a substantial
group of patients with frontal hypoperfusion. Although these changes
may have been secondary to alterations in metabolism induced by the
cocaine, it is possible that ischemia vasospasm involving frontal lobes
may have been the primary event responsible for these patients’
behavioral changes (Miller et al. 1989). Cocaine intoxication often
leads to behavioral disinhibition, and it is conceivable that these
behavioral disturbances are due to frontal lobe dysfunction induced by
focal ischemia. Alternately, the frontal hypoperfusion could have been
a premorbid characteristic of the subjects who will abuse cocaine,
although this seems unlikely. A third explanation would be that the
hypoperfusion was secondary to a metabolic disturbance induced by
changes in neurotransmitters associated with cocaine.

Both of the patients with seizures had brief generalized tonic-clonic
spells, but both were clinically normal by the time that SPECT was
performed. The SPECT findings in these patients were nonspecific
and revealed diffuse areas of hypoperfusion and scalloping-
abnormalities that were seen in patients with other diagnoses. Neither
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of the patients had focal seizures where SPECT has been reported to
show focal hypoperfusion in the postictal state (Katz et al. 1990).

SUMMARY AND CONCLUSIONS

In summary, these data suggest that widespread primary or secondary
cerebral vasoconstriction is common in patients with neurological
complications from cocaine. In most patients, SPECT showed wide-
spread hypoperfusion in regions that had no clear clinical significance
(e.g., the periventricular area). In many, the SPECT was performed
more than 24 hours after the onset of neurological symptomatology.
These findings raise several questions.

It has been assumed that these SPECT changes in patients with acute
neurological symptoms are temporary, although it will be important to
determine whether these areas of hypoperfusion persist after symptoms
have abated. Recently, Holman and colleagues (1991) found multi-
focal and deep areas of hypoperfusion with SPECT in 16 of 18
patients with a history of chronic cocaine abuse. Although most of the
subjects tested positive for cocaine, several had abstained from cocaine
use for weeks prior to the study. All 18 subjects had neuropsycho-
logical deficits, 13 mild and 5 moderate. Similarly, Pascual-Leone and
colleagues (1991) have shown that CT scan atrophy strongly correlates
with the duration of cocaine abuse, suggesting that brain injury may
occur with continued use of cocaine. It is the authors’ concern that
cocaine abuse might produce permanent changes in cerebral perfusion.

In conclusion, brain SPECT was found to be a useful procedure in the
evaluation of acute cocaine intoxication. Brain SPECT revealed focal
cortical lesions not seen on head CT or MRI, which corresponded to
clinical deficits. In addition, [99mTc]HMPAO brain SPECT had a
characteristic scalloped appearance, and this may be a marker for acute
intoxication with cocaine. This study further supports the contention
that cocaine causes neurological disease by its vasoconstrictive action.
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An Introduction to Magnetic
Resonance Methods for Clinical
Research
Gerald G. Blackwell

INTRODUCTION

Nuclear magnetic resonance (NMR) analytical methods have been an
integral part of basic biochemistry laboratories since NMR’s intro-
duction approximately 40 years ago. In recent years, however, these
powerful methods have found a niche in diagnostic medical imaging
and basic biomedical research. The purpose of this brief chapter is to
introduce the reader to basic NMR methods so as to foster thought for
applications in the arena of drug development.

BASIC PRINCIPLES

NMR methods exploit the magnetic properties of certain atomic nuclei
(Saini et al. 1988). Nuclei possessing an odd number of protons,
neutrons, or both have a small electromagnetic field associated with
their nuclear spin. Different nuclear species spin at different frequen-
cies, but, importantly, all nuclei of a given element will spin at
precisely the same frequency. This frequency is described by the
Larmor equation: frequency = gyromagnetic ratio x magnetic field
strength. The Larmor frequency for atomic nuclei occurs in the
radiofrequency range of the electromagnetic spectrum, and specialized
instruments enable researchers to interact with atomic nuclei using this
nonionizing radiation (Doyle and Blackwell 1992).

The instruments designed to acquire magnetic resonance images and
spectra are composed of a magnet set, a coil capable of both trans-
mitting and receiving radiofrequency signals, and a computer that
coordinates and integrates instructions to the instrument. The magnet
set determines the external field strength and also can be manipulated
to produce transient gradients that allow spatial localization. The
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radiofrequency coil is “tuned” to interrogate the desired nuclear
species, and the computer faithfully records the resultant signal (Doyle
and Blackwell 1992).

The nucleus most easily interrogated by NMR methods is hydrogen.
The hydrogen nucleus is widely distributed in all organic compounds,
and its electromagnetic signal can be detected easily. Other species
that are NMR “visible” and of potential medical relevance are given in
table 1. Specialized techniques can produce three-dimensional displays
of nuclear magnetic resonance distribution (magnetic resonance
imaging-MRI) or, alternatively, displays of nuclear composition and
concentration (magnetic resonance spectroscopy). Most medical
research to date has focused on the imaging of hydrogen nuclei and
spectroscopy of phosphorus nuclei.

TABLE 1. NMR “visible” nuclei of potential medical relevance

*MHz/T = Megahertz/Tesla
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It must be recognized that the appearance of magnetic resonance
images and spectra is dependent upon a complex interaction between
equipment acquisition parameters and the local chemical environment
of the nucleus in question. Detailed descriptions of these principles
are beyond the scope of this article, and the interested reader can
consult several comprehensive reviews and texts (Higgins et al. 1992;
Bottomley et al. 1984; Pykett 1982; Horowitz 1989; Nelson et al.
1984).

MAGNETIC RESONANCE IMAGING

The first human magnetic resonance images were obtained approxi-
mately 20 years ago, but, through the collaboration of basic scientists
and clinicians, MRI applications have expanded rapidly (Lauterbur
1973). The clarity and resolution of magnetic resonance images are
unparalleled, and MRI is established firmly as the imaging method of
choice for diseases involving many organ systems. The advantages of
MRI, compared with other imaging techniques, include the ability to
manipulate image contrast by changing acquisition parameters and the
ability to assess function and flow. Tissue contrast also can be
improved in certain situations by the use of paramagnetic contrast
agents (Canby et al. 1987). Most clinical imaging to date has focused
on central nervous system (CNS) and musculoskeletal applications.
Magnetic resonance images are degraded by motion, and applications
to organ systems such as the cardiovascular system have been slower
to develop. Gating techniques and ultrafast imaging sequences reduce
motion artifact, and applications for this technology are expanding
(Lotan et al. 1988; Blackwell et al. 1992).

The CNS is well suited for study by MRI. Unprecedented insight into
both normal and abnormal brain structure has been provided using
current clinical instruments. Preliminary work in the author’s labora-
tory using a very high field strength 4.1 tesla instrument offers hope
that new frontiers in human CNS imaging will be opened. The tissue
contrast and spatial resolution achieved at this high field strength may
exceed what is obtainable on standard clinical instruments (figure 1).
Continued research may add to existing knowledge of structure and
function relationships within the CNS.
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FIGURE 1.

SOURCE:

Inversion recovery gradient echo image of the human brain
obtained at a field strength of 4.1 tesla. Slice thickness is 3
mm with an in-plane resolution of 450 microns. Tissue
contrast and spatial resolution may be improved using this
highfield strength.

Image courtesy of Dr. Hoby Hetherington, Center for
Nuclear Imaging Research, University of Alabama at
Birmingham.
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MAGNETIC RESONANCE SPECTROSCOPY

In addition to providing high-resolution images, biochemical
information also can be obtained noninvasively using magnetic
resonance spectroscopy. Many chemical moieties can be interrogated
using the nuclei shown in table 1. Because of the central role of
phosphorus-containing compounds in cellular energetics, much of the
work to date has focused on phosphorus-31 spectroscopy (Bottomley et
al. 1990; Robitaille et al. 1989; Schaefer et al. 1989). Using magnetic
resonance techniques, measurements can be made of compounds such
as phosphocreatine (PCr), inorganic phosphate (Pi), and adenosine
triphosphate (ATP). Figure 2 is an example of a normal in vivo
phosphorus spectrum from human myocardium.

In vivo and in vitro spectroscopy research also is being performed
utilizing compounds that contain hydrogen, 13C, and 23Na (Barany et al.
1988; Evanochko et al. 1987; Reeves et al. 1989). Many organic
compounds (e.g., lipids and lactate) can be studied through hydrogen
and carbon spectroscopy, and sodium spectroscopy may facilitate
insight into intracellular and extracellular fluid distribution and
membrane integrity.

Realizing that acquisitions may be manipulated to obtain either images
or spectra, researchers recently have focused on providing images of
different compounds, so-called spectroscopic imaging. Figure 3 is an
example of such an image. With spectroscopic imaging, anatomic
maps can be derived of a specific chemical moiety. Much work has
been carried out at lower field strengths, but research using high field
strength instruments with their inherently improved signal-to-noise
ratio is ongoing in the author’s laboratory and other laboratories. It is
anticipated that the combination of high field strength instruments and
better radiofrequency coil design will greatly advance these techniques.

SUMMARY

It is very early in the era of exploiting the power of magnetic reso-
nance methods. Great strides have been made in both diagnostic
medical imaging and spectroscopy. Using high field strength
instruments, normal and abnormal biochemistry within specific CNS

179



FIGURE 2. Normal phosphorous spectrum from the human myocardium
obtained at 1.5 tesla. Note separate peaks for the three
phosphorus atoms in ATP.

KEY: Pi = inorganic phosphate; PCr = phosphocreatine; ATP =
adenosine triphosphate

SOURCE: Reproduced from Blackwell, G.; Cranney, G.; and Pohost,
G., eds. MRI: Cardiovascular System. New York: Gower
Medical Publishing, 1992.

regions and their response to interventions ultimately may be discem-
ible. With technological improvements, it is to be expected that image
quality will improve, and in vivo spectroscopy may move rapidly from
the research environment into the clinical arena.
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FIGURE 3.

SOURCE:

Spectroscopic image of the human brain obtained at 4.1
tesla. The right panel is a standard transverse scout image.
The left panel represents distribution of the compound N-
acetylaspartate within this slice. Voxel resolution 0.5 cm3.
Using this technology, anatomic distribution of many
different compounds can be discerned.

Image courtesy of Dr. Hoby Hetherington, Center for
Nuclear Imaging Research, University of Alabama at
Birmingham.
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