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More is known about the dopaminergic system
than almost any other neurotransmission process.
This knowledge has led to improvements in patient
care. Over two decades ago, dopamine was found to
be deficient in Parkinson’s disease, a finding which
led eventually to the treatment of the disease by the
administration of the dopamine precursor, L-DOPA.
Neurons secreting dopamine as a neurotransmitter
lie in the substantia nigra with axons extending to
the caudate nucleus and putamen (the nigrostriatal
pathway)'¥, or in the limbic cortex, including the
amygdaloid nuclei, hippocampus, anteromedial fron-
tal cortex, and the medial and lateral habenula (the
mesolimbic pathway)!?. D2 dopamine receptors are
also believed to be located primarily on instrinsic
interneurons within the caudate and putamen'®.
Another type of dopamine receptor (the D1 receptor)
differs from the D2 type in that it is involved in that
conversion of ATP to cyclic AMP.

The direct action of dopamine on neurons is inhibi-
tory. Administration of apomorphine, a direct dopa-
mine receptor agonist, reduces the firing rate of
dopaminergic neurons. Dopamine may inhibit neur-
onal activity by direct action, but can indirectly
produce a positive response by inhibiting inhibitory
neurons. The activation of post-synaptic neurons is
the result of the interactions of multiple neurotrans-
mitters and neuroreceptors, some stimulatory and
others inhibitory, with the receptors serving as
recognition sites to increase the specific responses to

incoming pre-synaptic information. Second and third

“messengers” subsequently transduce the informa-
tion to effect the process of neurotransmission in
post-synaptic neurons.

In Parkinson’s disease, the dopaminergic system
modulates the neuronal servomechanisms that con-
trol motion. Administration of L-DOPA increases
dopamine synthesis and synaptic dopamine concen-
trations, and thereby activates post-synaptic rece-
ptors, some of which may be inhibitory. Dopamine
receptor agonists, such as bromocryptine, have
similar effects. Modulatory control of movement by
increases in dopamine synthesis improves patients
with Parkinson’s disease, who are characterized by
exceedingly low dopamine concentrations in the
caudate nucleus and putamen as a result of degenera-
tion of the dopaminergic neurons in the substatia
nigra®. Thus, Parkinson’s disease can be thought of

as a dopamine deficiency disease.

SCHIZOPHRENIA

In the 1950’s it was found that drugs that block D2
dopamine receptors improve patients suffering from
schizophrenia. These observations raised the pos-
sibility that the dopaminiergic neuronal system
might be involved. Symptoms such as excitement,
restlessness, irritability, aggressiveness, and insom-
nia are the first to be diminished by neuroleptic
drugs that block D2 dopamine receptors. Affective
symptoms, such as anxiety, depression and social

withdrawal respond next, with symptoms related to
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perception and cognition, such as delusions, halluci-
nations and thought disorders, disappearing only
after 6~~8 weeks of receptor blockade.

Carlsson of the University of Goteborg in Sweden
first proposed that abnormalities of the neurotran-
smission system involving dopamine might be
involved in schizophrenia®. He recoginzed that
drugs that help schizophrenic patients block D2
dopamine receptors, and that amphetamines, which
elevate synaptic dopamine concentrations, exacer-
bate symptoms in schizophrenic patients and
produce psychotic states resembling schizophrenia
in otherwise normal persons. Several post-mortem
studies of the brains of some schizophrenic patients
have indicated that D2 dopamine receptor densities
are increased in the caudate nucleus and putamen. In
psychotic patients, inhibiting D2 dopamine receptors
with neuroleptic drugs, such as haloperidol,
decreases hallucinations, delusions and thought
disorder*'”. In some patients with schizophrenia,
dopamine receptor blocking drugs, in addition to
their anti-psychotic effects, by inhibiting the activity
of the dopaminergic system, diminish movement,
and can cause rigidity and tremor, a syndrome called

“tardive dyskinesia.”

IMAGING DOPAMINE RECEPTORS

In 1978, Kuhar et al demonstrated the feasibility of
using autoradiography to image D2 dopamine rece-
ptors in rats’. In 1983, N-methyl spiperone (NMSP),
labeled with carbon-11 made it possible to carry out
the first successful imaging of neuroreceptors in the
brain of aliving human being'®. Most of the D2
dopamine receptors in human beings were found in
the caudate nucleus and putamen. The receptor
binding of the tracer in these regions was found to
decrease dramatically between the ages of 19 and 73
years, with most of the decrease occurring before the
ago of 40°”. Prior administration of neuroleptic

drugs that block dopamine receptors were observed

to inhibit the uptake of the tracer by the receptors.
From studies in which receptor binding of the tracer
was examined in the control state, and after the
adminstration of the receptor-inhibiting drug,
haloperidol, it was possible to calculate receptor
density and affinity in various brain regions, and to
express the results in units of picomoles/gram?>?2,
In the first studies of D2 dopamine receptros with
3-N-[11 C] methylspiperone ([11 C] NMSP), the
ratio of the tracer activity in the caudate nucleus and
putamen to that in the cerebellum was found to
increase as a linear function of time after intra-
venous injection of the tracer for at least 120
minutes. The slope of the line relating the ratio of
counts in the caudate and putamen to the count rate
in the cerebellum decreased markedly after the
administration of dopamine-receptor inhibiting
drugs, such as haloperidol. This slope also decreased
with the increasing age of normal persons?®. The
slope of the caudate/cerebellar ratio as a function of
time after injection of the high specific activity
tracer dose reflected normal or decreased availabil-
ity of the receptors, but was not sensitive to an
increase in receptor availability, because, in such
cases, the accumulation of the tracer was limited by
blood flow delivering the tracer to the regions, rath-
er than receptor density and affinity. Thus, the
caudate/cerebellar ratio at 45 minutes after injec-
tion of the tracer, or the slope of the line relating the
ratio to time after injection could be used an index
of receptor availability, but preliminary studies of
schizophrenic patients, using the high specific activ-
ity tracer, failed to reveal any differences between
schizophrenic patients and normal persons. This was
because the accumulation of the tracer in both
patients and normal persons was determined by
blood flow, so that no further increase in receptor ‘
density was detectable in schizophrenic patients.
However, administration of haloperidol revealed
differences between schizophrenic patients and nor-
mal persons. After inhibition of the receptors by
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haloperidol, more receptors remained available in
the schizophrenic patients than in the age-matched
normal controls. The performance of two studies—
one in a control state and another after receptor
inhibition with haloperidol, revealed that many
schizophrenic patients had receptor densities that
were greater than age-matched normal persons®.
Because D2 dopamine receptor density falls dramati-
cally with age, it was necessary to compare the
patients to age-matched controls. When about 50%
of the receptors had been blocked by haloperidol, the
amount of the radioligand C-11 N-methyl spiperone
accumulated by the caudate and putamen was a
function of the receptor density and affinity, rather
than primarily a reflection of blood flow. With the
receptors unblocked, the high specific activity tracer
dose was able to detect decreased but not increased
receptor density.

In the case of irreversibly-bound ligands, such as
carbon-11 methyl spiperone, kinetic modeling must
include measurement of the rate of entry of the
tracer into the receptor-rich region (the “input func-
tion”). One must be able to separate measurements
of the rate of delivery of the receptor to a region
from the rate of binding of the ligand to the receptor.
This distinction is necessary in order to calculate
receptor density (Bmax) and affinity (Kd). The rate
constants of binding of the tracer to the D2 receptor
in both the unblocked and blocked states are calcu-
lated from the time course of brain radioactivity in
the regions of interest, together with the measure-

ments of the time course of plasma radioactivity.

ASSESSING DOPAMINERGIC
NEUROTRANSMISSION

Assessment of the status of dopaminergic neurons
could provide a biological marker for certain types
of mental dysfunction. A reasonable hypothesis is
that increased dopaminergic “tone” can result in

impaired inhibition of pre-synaptic stimuli and defi-

3

cient “filtering” of exteroceptive, proprioceptive and
enteroceptive neuronal activity. Some patients with
schizophrenia have normal concentrations of D2
dopamine receptors, while others have elevated con-
centrations. Thus, diagnostic categories, such as
schizophrenia, are likely to be chemically heteroge-
neous.

It is not known whether increased synaptic dopa-
mine concentrations (which have recently been de-
scribed by Wong et al from our laboratory), or
increases in D2 dopamine receptors precede or fol-
low the development of symptoms of schizophrenia.
Probably,

dopaminergic neurons are hyperactive. Elevated D2

both pre-synaptic and post-synaptic

dopamine receptors are not found only in patients
with schizophrenia, but are elevated in patients with

psychotic depression and Tourette’s syndrome?®.

MONITORING DRUG TREATMENT

Many drugs act by stimulating or blocking rece-
ptors. Drugs that block dopamine receptors diminish
delusions and hallucinations in psychotic patients,
and improve cognitive function. Other druge that act
by inhibiting neuroreceptors are: cimetidine, which
blocks

blocks beta adrenergic receptors; and haloperidol

histamine receptors; propranolol which
which blocks dopamine receptors. The widely used
drug valium stimulates benzodiazepine receptors,
producing an inhibitory effect on neurotransmission,
which accounts for its tranquilizing effects. Dopa-
mine receptors can change their internal molecular
structure in a manner which alters their functions, at
times even switching from an excitatory to an inhibi-
tory functional state. The effects of neuroleptic
drugs in blocking dopamine receptors can be asses-
sed in experimental animals and human beings by
simplified detector systems, as well as by more

complex PET imaging.
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SPECT RADIOLIGANDS FOR THE STUDY
OF THE DOPAMINERGIC SYSTEM

Recently, both carbon-11 and iodine-123 com-
pounds have been developed for the study of the site
of dopamine re-uptake on pre-synaptic neurons. This
provides a third type of biological marker, in addi-
tion to measurement of dopamine synthesis, and the
status of post-synaptic neurons. It is likely that
increases in knowledge of the dopaminergic system

will be rapid in the next few years.
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