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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 D,-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 D,-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 D,-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 '"'In. 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



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



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 ["*F]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 D,-dopamine receptors in the living
human brain with the tracer [''C]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.



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 [''C]-labeled WIN 45-428
and of the postsynaptic dopamine receptors with [''C]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 [''C] and
[''F] and, to a lesser degree, N and ""O. SPECT primarily uses
iodine- 123 (['®I]) or technetium-99m (Tc-99m). The major problem
with PET is related to the short half-life of [''C] (20 minutes) and ["*F]
(2 hours). The half-life of Tc-99m is 6 hours and that of ['*I] 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 [''C]. Chemistry will always be easier with [''C] than it will
be with ['I] 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 D,-dopamine receptors and
transporters. First, [''CINMSP was developed; its success led to the
development of ['*I]-labeled benzamides for the study of D,-dopamine
receptors by SPECT. The presynaptic transporter initially was
examined with a [''C] tracer that is specific for the dopamine
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transporter. The SPECT tracer-['*’I] 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 [''C] compound.

Another advantage of the ['*I] 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 [''C]-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?



*  What can be done about it?
¢ s the problem being solved?

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

The development of a SPECT tracer of D,-dopamine receptors called
['*Iliodobenzamide 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 ['*IJiodobenzamide studies of D,-
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 '''In 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



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 downy-
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 [''CJraclopride by the D,-dopamine
receptors, so more dopamine receptors were available for binding
[''C]raclopride. Dopamine secretion inhibited the release of
acetylcholine by cholinergic neurons; this inhibition was reflected in
increased binding of [''C]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.



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
['"CINMSP. 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 [''C]methionine accumulation in the brain of living
dogs. When nonradioactive phenylalanine was given before the dose
of ["'C]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 ["'C]methionine transport,

Another study (Lee et al. 1988) addressed the question of how long a
50-mg dose of naltrexone blocks opiate receptors. When



[''C]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 [''C] and ["*F]. 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 ['*I] because of their
longer half-lives. The half-lives of these tracers will never
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change—for [“C], 20 minutes; for [ISF], 2 hours; for Tc-99m, 6 hours;
and for ['*I], 13 hours. At the 1992 Society of Nuclear Medicine
meeting mentioned previously, 51 papers were based on the use of
[''C] compounds. Forty papers (not all discussing [''C]) involved the
dopaminergic system, and 125 papers involved ["°F]. Ninety papers
were based on ["°F]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 ["°F]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 [°O], [°N], [''C], and ["*F]. 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; Siesjo 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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['*F]fluorodeoxy-glucose (FDG) (Phelps et al. 1979; Reivich et al.
1979) or [''C]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. 19904), psychomotor stimulants
(Wolkin et al. 1987; London et al. 19905), A’-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 PaCO, 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. 19905). 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 A’-tetrahydrocannabinol does not consistently reduce rCMRglc.
Instead the most robust finding withA’-tetrahydrocannabinol is a
stimulation of rCMRglc in the cerebellum (Volkow et al. 1991), an
area that shows a high