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Applications of SPECT imaging of dopaminergic neurotransmission

in neuropsychiatric disorders
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Single photon emission computed tomography (SPECT) tracers selective for pre- and post-synaptic
targets have allowed measurements of several aspects of dopaminergic (DA) neurotransmission. In
this article, we will first review our DA transporter imaging in Parkinson’s disease. We have
developed the in vivo dopamine transporter (DAT) imaging with ['2*[] 8-CIT ((1R)-23-Carbomethoxy-
33-(4-iodophenyl)tropane). This method showed that patients with Parkinson’s disease have
markedly reduced DAT levels in striatum, which correlated with disease severity and disease
progression. Second, we applied DA imaging techniques in patients with schizophrenia. Using
amphetamine as a releaser of DA, we observed the enhanced DA release, which was measured by
imaging D2 receptors with ['2*I]IBZM (iodobenzamide), in schizophrenics. Further we developed
the measurement of basal synaptic DA levels by AMPT (alpha-methyl-paratyrosine)-induced
unmasking of D2 receptors. Finally, we expanded our techniques to the measurement of extrastriatal
DA receptors using ['Z1]epidepride.

The findings suggest that SPECT is a useful technique to measure DA transmission in human
brain and may further our understanding of the pathophysiology of neuropsychiatric disorders.
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INTRODUCTION

RECENT BRAIN IMAGING METHODS afford unprecedented
opportunities for the in vivo study of central nervous
system (CNS) function. To understand the pathophysiol-
ogy of neuropsychiatric disorders such as Parkinson’s
disease, schizophrenia, substance abuse and mood disor-
ders, the methods have played an important role and
highlighted abnormalities in CNS neurotransmission.
Single photon emission computed tomography (SPECT)
tracers selective pre- and post-synaptic targets have
allowed measurements of several aspects of neurotrans-
mission including dopaminergic (DA) transmission.
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Focusing on the abnormalities in DA transmission, to
apply SPECT methods to Parkinson’s disease or schizo-
phrenia will be interesting and in fact the methods has
been contributing to recent significant findings about the
DA abnormalities in these disorders. In this review, we
will review our progress in DA imaging by SPECT in
Parkinson’s disease and schizophrenia.

DOPAMINE TRANSPORTER IMAGING
IN PARKINSON’S DISEASE

1) In vivo brain imaging in Parkinson’s disease
Parkinson’s disease is a progressive neurodegenerative
disorder, characterized clinically by bradykinesia, tremor,
rigidity and postural instability, and characterized patho-
logically by loss of pigmented neurons in the brainstem,
particularly DA neurons in the substantia nigra pars
compacta.!~ However, the pathological processes under-
lying the continued clinical progression in Parkinson’s
disease remain unknown.

Specific markers for the DA system have been widely
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used to evaluate patients with Parkinson’s disease. Sev-
eral investigators have used positron emission tomogra-
phy (PET) imaging with ['®F]JFDOPA (6-fluoro-L-3,4-
dihydroxyphenylalanine) and shown 50-60% decrease in
putamenal activity and 20-25% decrease in caudate activ-
ity in patients with early Parkinson’s disease.’® Dopa-
mine transporter (DAT) imaging using both PET and
SPECT have demonstrated a similar reduction in striatal
uptake in early Parkinson’s disease patients.”!0 In ad-
dition, the reduction in DAT striatal uptake correlated
with severity of Parkinson’s disease in a larger patient
cohort.!011

Three in vivo imaging studies have been reported
evaluating the reduction of ['3FJFDOPA activity in se-
quential PET scan in Parkinson’s disease patients. The
rate of reduction in the ['3F]JFDOPA uptake varied from
1.7%-12.5%/annum in the three studies.!?"'* In these
studies, the reduction in ['®F]JFDOPA activity was
significantly greater in PD patients than in healthy sub-
jects. The work of Morrish (1996) suggests that early
patients have an increased rate of progression compared
to more severely affected patients.'* Extrapolation of
results from these progression studies have suggested to
the authors that the pre-clinical phase of Parkinson’s
disease may range from between 3 and 40 years.'2!4
These studies clearly do not provide definitive evidence to
establish the rate of DA neuronal degeneration and of
clinical progression in Parkinson’s disease.

2) DAT imaging using ['Z1]B-CIT

A. Kinetics of ['31]B-CIT uptake in humans

We have developed the in vivo DAT imaging with ['231] 3
CIT ((1R)-23-Carbomethoxy-3 3-(4-iodophenyl)tropane).
A typical time-activity curve for ['2*I]3-CIT is shown in
Figure 1. Striatal activity reached a plateau 20 h after
injection, changing less than 1%/h thereafter. Occipital
and cerebellar activity peaked at about 30 to 45 min, then
stabilized 100 to 200 min after injection. The midbrain
activity reached a plateau after 4 h. The slow striatal
uptake of ['2*[] 3-CIT was caused in part by the exception-
ally slow clearance of tracer from the plasma. The termi-
nal half-life of plasma clearance is greater than 48 h,
which caused a state of near equilibrium binding condi-
tions on the day after injection. Our group has performed
kinetic modeling of arterial input function and brain
activity for the first 8 h after injection of ['ZI]3-CIT in 8
healthy subjects.!” The compartmentally modeled results
of equilibrium distribution volumes from day 1 data
closely matched the results obtained from day 2 imaging
in these same individuals. These results provide strong
support for the simple calculation of striatal uptake as the
ratio of specific to nonspecific uptake (termed V3”) and
calculated as (striatal — occipital)/occipital activity. As
shown in earlier works,'¢17 the value of V3”= (Bmax/Kp)/
V2, where Bmax” is transporter density, 1/Kp is affinity,
and V2 is the nonspecific volume of distribution (e.g.,
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Fig. 1 Regional brain activities (uCi/mL) after injection of 370
MBq (10 mCi) ['2}1]B-CIT in human. Subject was a 24 years old
healthy female. Striatal activity (closed circles) increased dur-
ing the first day (0 to 500 min). On day 2 (1100 to 1500 min),
striatum displayed stable activity level. Midbrain activity (open
triangles) increased for the first three hours, then displayed
stable levels until the end of the experiment. Occipital activity
(open triangle) showed an early peak (30 to 60 min), followed by
decreasing levels until stabilization (at approximately 200 min).

occipital). Thus, this relatively simple outcome measure
is linearly related to DAT density and is now used as the
primary outcome measure for all groups using this ra-
diotracer.

This simple method for Vi” measurement was sup-
ported by the following two findings: 1. Striatal, mid-
brain, and occipital activities were very stable during the
interval 18-24 h post injection and decreased by less than
1%/h, as observed in over 33 subjects to date'8; and 2.
Compartmental analyses of the day 1 kinetic data pro-
vided the same V3” values as that obtained from a simple
ratio of SPECT brain activities measured on day 2.13

B. Effects of aging on DAT

In vitro studies of human tissue demonstrate a decline in
DAT with age of approximately 8% per decade.!*?° To
explore the sensitivity of ['2I]B-CIT to detect DAT
changes with normal aging, we studied 28 healthy con-
trols at 18-24 h after single bolus injection of ['2I]3-

* CIT.!8 Both outcome measures, striatal V3” and percent

striatal uptake, demonstrated linear age-related de-
creases of 0.07 £ 0.01 V3” units per year. Expressed
relative to the average 18 year extrapolated baseline, this
linear decline corresponded to ~8% per decade. This
study has been extended to a total of 103 healthy subjects
and has shown a similar decline of about 8% per decade.
These data demonstrate that studies require either an age-
correction of the outcome measure or the use of age-
matched controls.

3) DAT imaging with ['1]B-CIT in Parkinson’s disease
A. Decreased [1%1]B-CIT uptake in Parkinson’s disease
To determine the sensitivity of ['2*I] 3-CIT to distinguish
patients with Parkinson’s disease and healthy subjects,
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we evaluated 55 (28 patients and 27 healthy) subjects with
SPECT acquisitions at 18, 21, and 24 h after injection of
['1]B-CIT.!"' PD patients met standard criteria for diag-
nosis and were responsive to L-dopa and were of varying
severity (Hoehn and Yahr 1-4) and age (43-78 years).
Striatal ['2I]8-CIT uptake was measured in the putamen
and caudate; and the side contralateral and ipsilateral to
initial symptoms was identified. Results demonstrated
that a dramatic reduction in putamenal and caudate ['2*1] 3-
CIT uptake. The age-corrected uptake in the patients with
Parkinson’s disease (expressed as a % of values in healthy
subjects) was 30% in contralateral putamen, 38% in
ipsilateral putamen, 47% in contralateral caudate, 56% in
ipsilateral caudate. Linear discriminant analysis showed
that ['2I]B-CIT uptake in the four striatal regions cor-
rectly predicted the category of the 55 subjects in this
study with 100% accuracy.!!

B. ['331]B-CIT SPECT in hemiparkinson patients

To further assess whether ['2*I]-CIT SPECT striatal
uptake to distinguish the most mildly affected patients
from healthy subjects, we examined eight Hoehn & Yahr
I patients with Parkinson’s disease (hemiparkinsonian).®
Patients were imaged at 18,21, and 24 h following bolus
injection of ['Z3I]B-CIT. V3” in the putamen was reduced
both contralateral (47 £ 11% of control) and ipsilateral (63
* 14% of control) to the symptomatic side compared with
age and gender-matched healthy controls (Fig. 2). The
reduction in V3” was greater in the putamen than that in
the caudate. An asymmetry index (A.I) was calculated as
the absolute value of (left-right)/(mean left and right)
expressed as a percent. The A I value was 30.0% + 11.1%
for the patients with Parkinson’s disease and 3.2% + 3.9%
for controls. These data demonstrate that ['231]3-CIT
SPECT can identify patients at the threshold of their
disease and possibly prior to the development of motor
symptoms.

C. Disease severity and DAT

After establishing the sensitivity of ['231) 8-CIT uptake as
a diagnostic marker of Parkinson’s disease, further analy-
ses were completed to assess the correlation between
Parkinson’s disease severity and DAT loss. As previously
described 28 L-dopa-responsive patients with Parkinson’s
disease (Hoehn & Yahr stages I-V) underwent SPECT
brain scans at 18, 21, and 24 h after bolus injection of 9.6
* 1.1 mCi ['3]] 3-CIT. Data were analyzed relative to the
two measures; V3”and specific striatal activity expressed
as a percent of injected radiotracer and corrected for
patient age. Both V3”and percent uptake were correlated
with disease severity as measured by the “defined off”
medication total Uni-fied Parkinson’s disease Rating Scale
(UPDRS) score (r? = 0.41, p = 0.0004, 2 = 0.46, p = 0.001,
respectively (Fig. 3)).!! Patients with Parkinson’s disease
demonstrated greater reductions of uptake in putamen
compared to caudate with average caudate/putamen
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Fig. 2 ['1]B-CIT striatal uptake in eight hemi-Parkinson’s
disease/healthy subject pairs (mean age of pair indicated). For
each pair the ratio of the specific to non-displaceable striatal
uptake (V3”, y-axis) is compared in right and left striatum in the
healthy subjects to striatum ipsilateral to symptoms (Ipsi) and
contralateral to symptoms (Contra) in the hemi-Parkinson’s
disease patients.

ratios of 2.1 + 0.42 in patients and 1.3 £ 0.17 for control
values determined in 27 healthy subjects.

D. Anti-parkinson medication

Since patients with Parkinson’s disease require dopamin-
ergic medications for symptomatic treatment, we exam-
ined the effect of L-dopa on ['2I]B-CIT uptake. Eight
patients who had not previously been treated with L-dopa
were evaluated with ['2I]-CIT SPECT at baseline, after
treatment with L-dopa for six weeks up to a daily dose of
750 mg, and again after 2 day withdrawal.?! All patients
responded clinically to L-dopa therapy. However, there
was no significant change in ['23I]8-CIT striatal uptake.
The V3" values (mean + SD) were: baseline (3.1 £ 0.8), on
medication with 6 weeks treatment (3.0 + 0.9), and after
withdrawal (3.2 £ 0.5).

Another group of 8 patients were examined for the
effects of L-selegiline on ['231]8-CIT imaging.2! Subjects
were scanned at baseline, after 6 weeks treatment with L-
selegiline (10 mg/day), and after 2 days withdrawal. The
striatal V3” values showed no significant changes: baseline
(3.0 £ 0.6), on medication with 6 weeks treatment (2.8 +
0.7), and after withdrawal (2.8 + 0.6).

These studies suggest that concurrent treatment with
either L-dopa or L-selegiline does not significantly inter-
fere with ['2[]8-CIT imaging.

E. Sequential imaging to monitor disease progression

To investigate the rate of reduction of [23]] 3-CIT uptake
and therefore the rate of degeneration of DA terminals,
patients with Parkinson’s disease have been imaged se-
quentially with scan intervals from 6 to 48 months.
Preliminary analysis of the data suggest that the annual-
ized rate of loss in patients is more than 10 times faster
than that in healthy, age-matched subjects imaged over

Review 3



o 7T ~
= o U ,
§ 6 - 0 5 R’=0.408
2851 5 p= 00004
[+] 1
ex, | 00O T=on o
SE&, | rl g 0
'g E i) [L G I
o2 -
& .
® 11
5 | |
= | | |
g ° T | | | |
0 20 40 60 80 100
Total UPDRS

0 20 40 60 80 100
Total UPDRS

Fig. 3 Correlation of V3" (striatal specific: nonspecific binding ratio) and percent striatal uptake with
total UPDRS scores in 25 idiopathic PD patients. Both outcome measures demonstrate robust
correlation with UPDRS ratings obtained off medication. UPDRS: Unified Parkinson’s Disease Rating

Scale

similar time intervals. These data suggest that DA termi-
nal degeneration can be measured by ['2*I]3-CIT SPECT,
and this method is useful to assess Parkinson’s disease
progression and to assess the efficacy of neuroprotective
therapies.

DA IMAGING IN SCHIZOPHRENIA

The “classical” DA hypothesis of schizophrenia proposed
that hyperactivity of DA transmission is responsible for
the symptoms of the disorder?? and was supported by two
observations: 1) the correlation between the antipsychotic
potency of neuroleptics and their potency to block D2
receptors?324 and 2) the psychotogenic effect of amphet-
amine and other DA enhancing drugs such as meth-
ylphenidate and L-DOPA (for review see).?> The DA
hypothesis of schizophrenia, formulated more than 30
years ago, still lacks definitive experimental validation
(for reviews see).26-29

Increased density of striatal D2 receptors in patients
with schizophrenia has been a relatively consistent find-
ing in postmortem studies, although patient values show
significant overlap with those of control subjects.?6:3031
Studies with limited samples of subjects with no prior
neuroleptic exposure or who have been drug free for more
than 1 year have also shown upregulation of striatal D2
receptors.’2-3 Studies of D2 density in drug naive
schizophrenic patients with PET have generated con-
flicting results. Elevated D2 density in drug free schizo-
phrenics compared to controls has been observed using
the tracer [''C]N-methylspiperone3®7 but not with
['!CJraclopride.*®3? Negative results were also reported
with the SPECT tracer ['2’I]IBZM (iodobenzamide).*
Considering these results, two reasonable conclusions are
that striatal D2 receptors are elevated in some (but not all)
schizophrenics and that additional pathophysiological
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processes must underlie the disorder.

Recently, competition between neurotransmitters and
radioligands for neuroreceptor binding allows measuring
changes in synaptic neurotransmitter levels with in vivo
binding techniques.*!*> We have developed and vali-
dated a SPECT method both to quantify striatal D2
receptors with ['2’[]IBZM and to monitor stimulant-
induced release of DA.

1) Imaging amphetamine-induced DA release

A. Measurement of DA release

Striatal D2 receptor availability is measured before and
after treatment with intravenous amphetamine. This stimu-
lant releases DA into the synapse, which then displaces
the tracer from the D2 receptor. This paradigm was first
developed in monkeys and validated with concurrent in
vivo microdialysis measurements.*>* ['Z3[]IBZM is ad-
ministered as a bolus plus constant infusion to establish in
about 4 h stable levels of both brain activity and parent
tracer in plasma. At this point, the body as a whole is in a
steady state condition, with equal rates of administration
(i.e., constant infusion) and clearance of the tracer. The
stable free levels of tracer in the brain create conditions
equivalent to those of equilibrium receptor binding in
tissue homogenate studies. These steady state/equilib-
rium binding conditions provide stable values against
which to assess the effects of displacing agents. Within a
single experiment, the baseline scan prior to amphet-
amine administration provides the standard measurement
of D2 receptor availability, and the decrease in signal
induced by amphetamine provides a measure of stimulant
induced release of DA. The decrease in D2 receptor
Binding Potential (BP = Bnax/Kp) and D2 V3 are equiva-
lent, assuming that the nonspecific volume of distribution
is unaffected by amphetamine injection. Thus, we can
express the outcome measure by the term AV3” (i.e., the
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Table 1 Measurement of D2 receptor availability at baseline and after amphetamine (modified from ref 47)

Measure

Control Schizophrenia

Baseline ['2*1]IBZM binding potential, m//g

17812 (14) 20415  (14)

Amphetamine effect on ['B1IBZM binding potential, % decrease —7.6+2.1% (15) —19.5+4.1% (15)*

Values are mean = SEM. Number of subjects are in parentheses.

*Unpaired two-tailed t test; p = 0.014.

percent reduction in V3” calculated as 100%(1 — V3”/
Vi1”y); where the subscript “a” denotes after amphet-
amine; “b” denotes before amphetamine). Because mea-
surements are taken at equilibrium, these ratios are inde-
pendent of any potential effects which amphetamine
might have on regional cerebral blood flow and/or periph-
eral radiotracer clearance.

Amphetamine (0.3-1.0 mg/kg i.v.) caused a dose-
dependent displacement of striatal activity in monkeys,
with no effects in background regions such as occipital
lobe and cerebellum.* The displacement induced by
amphetamine (but not that by raclopride) could be blocked
by prior treatment of the animal with AMPT (alpha-
methyl-paratyrosine), an inhibitor of DA synthesis. Thus,
AMPT treatment distinguished an indirectly acting agent
such as amphetamine (which requires tissue levels of DA)
from a direct acting agent such as raclopride (which itself
binds to the D2 receptor). Concurrent in vivo microdialysis
studies showed that the displacement of ['2*I]IBZM in-
duced by amphetamine was correlated in a dose-depen-
dent manner with the peak increase in extracellular DA.

The bolus plus constant infusion paradigm with
[!B1)IBZM was extended to human subjects and com-
bined with a d-amphetamine challenge.* In human sub-
jects, stable levels of brain and plasma activity were
achieved in 2-3 h and were maintained for the duration of
the infusion (up to 7-8 h). Baseline D2 receptor scans
were typically acquired at 3-4 h; d-amphetamine sulfate
(0.3 mg/kg i.v.) was administered at 4 h; the subject
removed from the camera for an hour for behavioral
measurements; and a second scanning session of 1 hour
obtained from 5-6 h. Subjects had two scanning session
each—once with injection of placebo (to assess stability
of the measurement) and a second time with injection of
amphetamine. The specific to nonspecific ratio (V3”) was
stable from 150 to 420 min. In the same subjects, under
identical experimental conditions, amphetamine 0.3 mg/
kg i.v. induced a 15 * 4% decrease in this ratio. The
magnitude of this decrease was comparable to the de-
crease in [131]IBZM V3” observed in baboons after the
same dose of amphetamine (20 + 4%) and to previously
published values from PET studies using [!'C]raclopride:
10+ 5%, n = 3% and 23 + 15%, n = 6.%? Furthermore, the
magnitude of the decrease in D2 receptor availability was
correlated with behavioral activation reported by the
subjects on self-rating scales.
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B. Increased DA release in schizophrenic patients

We have measured amphetamine-induced DA release in
fifteen drug-free schizophrenic patients and fifteen healthy
controls.*” The baseline D2 receptor binding and DAT
levels were not significantly different between the patient
and control groups. In contrast, the amphetamine-induced
decrease in ['Z1]IBZM BP was significantly larger in
schizophrenic patients (=19.5 % 4.1%) than in controls
(7.6 +2.1%; t test: p = 0.014; Mann Whitney U test: p=
0.034) (Table 1). No significant between-group differ-
ences were observed in amphetamine plasma levels (35 +
9 vs. 32 £ 3 ng/mL), and no correlation was observed
between amphetamine plasma levels and amphetamine-
induced decreases in ['2*I]IBZM BP (r = 0.08). Thus,
between-group differences in amphetamine-induced
['231]IBZM BP could not be attributed to differences in
amphetamine’s peripheral disposition. Finally, the per-
cent displacement of striatal activity in the patients was
positively correlated with the transient increase in posi-
tive symptoms.

This study has been replicated at Yale in a new cohort
of 15 drug free patients and 15 matched healthy sub-
jects.*® When the results of the two cohorts were pooled,
the amphetamine-induced displacement of ['23I]IBZM in
schizophrenics was 2.3 fold greater than that in the healthy
subjects (p < 0.001) and was significantly correlated with
transient increase in positive symptoms (r? = 0.31; p <
0.001). Similar results in schizophrenic patients have
been obtained with PET imaging using [''C]raclopride by
groups at NIMH*® and Johns Hopkins.*® Taken together,
these studies strongly support both an abnormal DA
responsiveness in schizophrenia and the involvement of
DA in positive psychotic symptomatology.

2) Measurement of basal DA level using AMPT

To measure the basal DA level in human brain will be
interesting. Synaptic DA levels were assessed by un-
masking of D2 receptors induced by AMPT, which inhib-
its tyrosine hydroxylase, the rate-limiting enzyme in DA
synthesis.”!

A. Non-human study

We conducted a study on DA depletion and D2 receptor
imaging in monkeys.* Using in vivo microdialysis, an
infusion of AMPT (275 mg/kg given over 4 h) depleted
baseline extracellular DA by 80%. In a separate group of
primates, two baboons underwent one SPECT imaging
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session after pretreatment with a dose of AMPT identical
to that used in the in vivo microdialysis studies (i.e., 275
mg/kg i.v. over 4 h). Results of these experiments were
compared to those from experiments performed under
control conditions (i.e., non-AMPT pretreated). In both
animals, baseline AV3” was increased (~29%) compared
to control experiments (0.85 vs. 0.66 for baboon A and
1.07 vs. 0.82 for baboon B). This increase was far in
excess of our test/retest reproducibility for measurements
of D2 BP in baboons (coefficient of variation of 6%, n =
12). Thus, these results indicate that baseline levels of DA
compete with radiotracer binding and suggest the feasibil-
ity of D2 receptor imaging to provide an indirect index of
basal DA levels.

B. Human study

To assess a similar paradigm in human subjects, we
compared ['ZI]IBZM V3” before and after 2 days (48 h)
of oral AMPT administration (1 g PO q 6 h or a total of 4
g per day) in 9 healthy human subjects.32 Clinical and
preclinical evidence have previously shown that this
regimen induces a near complete depletion of brain DA.53
Over the course of AMPT treatment, subjects demon-
strated increases in sleepiness, restlessness, and Parkin-
sonism (akinesia and tremor) and decreases in mood
consistent with a clinically meaningful depletion of DA.

A comparison of baseline ['Z1]IBZM V3” to that fol-
lowing AMPT depletion indicated a statistically robust (p
< 0.0003) increase (mean + SD A = 28 + 16%; range 4—
54%) in D2 receptor availability. These values agree
closely both with previously published rodent data using
reserpine>* and our own data using AMPT in nonhuman
primates (vide supra). In addition, AMPT significantly
decreased plasma HVA by 70 £ 12% (p < 0.0001; range
54% to 84%).

Since D2 receptor upregulation requires at least one
week of DA depletion, this increase is likely not due to
receptor upregulation.®> To confirm these findings, rats
were treated with 7 times the human dose of AMPT and
sacrificed after two days treatment. The two days treat-
ment caused no significant increase in D2 receptor bind-
ing.

Taken together, these data suggest that AMPT-induced
increase in ['2IJIBZM binding was due to a decrease in
D2 receptor occupancy by DA and that roughly one third
of D2 receptors are occupied by DA at baseline.

3) Imaging the extrastriatal DA system

Pycock et al. (1980) examined the interaction of cortical
and subcortical DA activity in rats. The destruction of
frontal cortical DA afferents with local injection of 6-
hydroxydopamine caused an upregulation of subcortical
DA transmission.>® The measurements of DA transmis-
sion included increased turnover (i.e., homovanillic acid
concentration), increased densities of D2 receptors, and
increased responsiveness to d-amphetamine. The refor-
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mulation of the DA hypothesis of schizophrenia have
built upon these findings and emphasized an imbalance
between cortical and subcortical systems.2%%7

However, almost all D2 receptor imaging studies to
date have measured only the neostriatum, because of the
low densities of these sites in extrastriatal regions. Qur
studies with ['2*I]IBZM exemplify the problem, since this
tracer can reliably detect uptake higher than background
(e.g., cerebellum) only in the striatal region. ['Z1]IBZM
presumably binds to D2 receptors in extrastriatal regions,
but the relatively small signal can not be detected above
high nonspecific binding. Even in the striatum, the ratio of
target to background activity (i.e., striatum/occipital) is
only 1.8 for ['?*I]JIBZM (which corresponds to a specific
to nonspecific ratio of 0.8). High affinity ligands have
recently been developed to study extrastriatal D2
receptors with SPECT (['*’I]epidepride)’® and PET
(['8F]fallypride)>%0 and [''C] or [76Br] (5)-N-((1-ethyl-
2-pyrrolidinyl)methyl)-5-bromo-2,3-dimethoxybenz-
amide (FLB 457)).61-62 [123[]Epidepride (EPID) and other
related analogs have very high affinity for the D2 receptor
(approximately 20 pM). We conducted extrastriatal D2
receptor imaging with ['ZI]EPID.

A. Kinetic and equilibrium imaging with ['**I]EPID
Quantitative SPECT measures with ['2IJEPID is compli-
cated by its high affinity and lipophilic metabolites. The
method for quantification has been established by com-
paring bolus/kinetic and bolus plus constant infusion (B/
I)/equilibrium paradigms in healthy subjects.®>* To fully
characterize the kinetics of this high affinity tracer, data
were acquired for long duration. To take into account the
influence of the metabolites, a model with two input
functions (parent (P) and lipophilic metabolites (M)) were
applied in kinetic paradigm in addition to the conven-
tional mode! with one input function (P). Data were
acquired for 14 h in kinetic (n = 11) and for 32 h in
equilibrium studies (n = 7: all seven subjects participated
in the kinetic studies) (B/I = 10 h). High (striatum) and
low (temporal cortex) density regions were studied. In
receptor-rich regions, the distribution volumes in
nondisplaceable compartments were fixed to those in
cerebellum. In addition, in the two input function model,
K’ /KM was fixed to the values in the cerebellum. The one
input function model provided V3’ values (= f1 * Bmax/Kp)
which were consistent with those obtained in equilibrium
studies in both receptor-rich regions, while the two input
function model provided consistent values only in stria-
tum. Poor identifiability of the rate constants of metabo-
lites seemed to be the source of errors in the two input
function model. These results suggest that correct V3’
values can be obtained with the one input function model
both in high and low density regions.

In equilibrium paradigm, V3’ can be obtained without
arterial blood sampling. However, to achieve equilibrium
in all brain regions including striatum, about 20 h infusion
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is required and count rates in temporal cortex become
very low. To overcome this drawback, we have developed
an alternative method to measure V3’ only in extrastriatal
regions in equilibrium paradigm with a lower B/I ratio of
6 h and a shorter infusion for 9 h.5% A test-retest study
performed on ten healthy subjects showed good reproduc-
ibility in V3" measurement with variability of 13.3 and
13.4% in thalamus and temporal cortex respectively.

B. Effect of AMPT on extrastriatal D2 receptor imaging
The effect of endogenous DA on D2 receptors in
extrastriatal regions was evaluated with SPECT and
('**T]EPID by comparing the binding potential before and
after acute DA depletion.®® DA depletion was achieved by
per-oral administration of 5.5 g/70 kg body weight AMPT
given in 37 h. ['2I]EPID was administered with a total
dose of 314+ 13 MBq (bolus: 142 + 6.5 MBq and constant
infusion: 172 £ 6.7 MBq), bolus to infusion ratio of 6.00
£ 0.03 h, and duration of 8.82 + 0.08 h (baseline studies)
and 8.78 £ 0.08 h (during AMPT administration). AMPT
treatment increased the binding potential significantly in
the temporal cortex (13 £ 15%, p = 0.036) but not in the
thalamus (2 + 9%). These results suggested that V3’ at
equilibrium in the temporal cortex was affected by en-
dogenous DA levels while V3 in the thalamus was not.
Although none of the five clinical dimensions of the
Positive and Negative Symptom Scale (PANSS)®” showed
a significant change by the AMPT administration after
correction for multiple comparison, the increase of the
binding potential in the temporal cortex correlated strongly
with the increase of dysphoric mood evaluated by the
PANSS (Spearman’s p = 0.88, p = 0.004). These results
imply that ['ZI]EPID, coupled with acute DA depletion
might provide estimates of synaptic DA concentration
and DA dysfunction in the temporal cortex might be
related to dysphoric mood.

4) Discussion

The result of the increased DA release in patients with
schizophrenia has been replicated at Yale in a new cohort
of 15 drug free patients and 15 matched healthy sub-
jects.5® When the results of the two cohorts were pooled,
the amphetamine-induced displacement of ['31]IBZM in
schizophrenics was 2.3 fold greater than that in the healthy
subjects (p < 0.001) and was significantly correlated with
transient increase in positive symptoms (r> = 0.31; p <
0.001). Taken together with the other institutes’ results,
this finding is very reliable and well reflecting the abnor-
malities in DA transmission in schizophrenics. Further,
the additional data from our group suggested that the
increased DA release is present in schizophrenia during
the initial episode and subsequent relapses, but not in
periods of remission.®® These findings strongly suggest
that a hyperdopaminergic state exists in schizophrenics
during a certain period. The mechanisms responsible for
increased DA release in the disorder are unclear buy could
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involve pre- or postsynaptic adaptations.”®

Imagings of basal DA level or extrastriatal DA receptor
will be important methods to examine the reformulated
DA hypothesis of schizophrenia, that is, an imbalance
between cortical and subcortical systems in the disorder.

CONCLUSION"

SPECT imaging or neurochemical brain imaging has
great potential to elucidate pathophysiological mecha-
nisms in neuropsychiatric disorders. Significant under-
standing is likely to occur with the development of new
probes and enhanced instrument technology. These tech-
niques will provide not only better understanding of
pathophysiology but also more precise evaluation of
clinical status or more specific treatment in the disorders.

REFERENCES

1. Bernheimer H, Birkmayer W, Homykiewicz O, Jellinger K,
Seitelberger F. Brain dopamine and the syndromes of
Parkinson and Huntington: clinical, morphological, and
neurochemical correlations. J Neurol Sci 20: 415-455,
1973.

2. Kish SJ, Shannak K, Hornykiewicz O. Uneven pattern of
dopamine loss in the stratum of patients with idiopathic
Parkinson’s disease. New Eng J Med 318: 876-880, 1988.

3. McGeer PL, Itagaki S, Akiyama S, McGeer EG. Rate of cell
death in Parkinsonism is an active neuropathological pro-
cess. Ann Neurol 24: 574, 1988.

4. Fearnley J, Lees A. Striatonigral degeneration: a clinico-
pathological study. Brain 113: 1823-1842, 1990.

5. Calne DB, Langston JW, Martin WRW, Stoessl AJ, Ruth
TJ, Adam MJ, et al. PET after MPTP: observations relating
to the cause of Parkinson’s disease. Nature 317: 246-248,
1985.

6. Eidelberg D, Moeller JR, Dhawan V, Sidtis JJ, Ginos JZ,
Strother SC, et al. The metabolic anatomy of Parkinson’s
disease complementary ['8F] flourodopa positron emission
tomographic studies. Mov Disord 5: 203-213, 1990.

7. Leenders KL, Salmon EP, Tyrrell P, Perani D, Brooks DJ,
Sager H, et al. The nigrostriatal dopaminergic system as-
sessed in vivo by PET in healthy volunteer subjects and
patients with Parkinson’s disease. Arch Neurol 47 (Dec):
1290-1298, 1990.

8. Brooks DJ. Functional imaging in relation to parkinsonian
syndromes. J Neurol Sci 115: 1-17, 1993.

9. Marek KL, Seibyl JP, Zoghbi SS, Zea-Ponce Y, Baldwin
RM, Fussell B, et al. [!23[]3-CIT SPECT imaging demon-
strates bilateral loss of dopamine transporters in hemi-
Parkinson’s disease. Neurology 46: 231-237, 1996.

10. Asenbaum S, Briicke T, Pirker W, Podreka I, Angelberger
P, Wenger S, et al. Imaging of dopamine transporters with
iodine-123-B-CIT and SPECT in Parkinson’s disease. J
Nucl Med 38: 1-6, 1997.

11. Seibyl JP, Marek KL, Quinlan D, Sheff K, Zoghbi SS, Zea-
Ponce Y, et al. Decreased single-photon emission computed
tomographic [123[]B-CIT striatal uptake correlates with
symptom severity in idiopathic Parkinson’s disease. Ann

Review 7



12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Neurol 38: 589-598, 1995.

Vingerhoets FJG, Snow BJ, Lee CS, Schulzer M, Mak E,
Calne DB. Longitudinal fluorodopa positron emission to-
mographic studies of the evolution of idiopathic Parkin-
sonism. Ann Neurol 36: 759-764, 1994.

. Leenders K, Antonini A. PET '®F-Fluorodopa (FD) uptake

and disease progression in Parkinson’s disease. Neurology
45: A220, 1995.

Morrish PK, Sawle GV, Brooks DJ. An ['*F]dopa-PET and
clinical study of the rate of progression in Parkinson’s
disease. Brain 119: 585-591, 1996.

Laruelie M, Wallace E, Seibyl JP, Baldwin RM, Zea-Ponce
Y, Zoghbi S§, et al. Graphical, kinetic, and equilibrium
analyses of in vivo [\ 1}B-CIT binding to dopamine trans-
porters in healthy human subjects. J Cereb Blood Flow
Metab 14: 982-994, 1994.

Laruelle M, Baldwin RM, Rattner Z, Al-Tikriti MS, Zea-
Ponce Y, Zoghbi SS, et al. SPECT quantification of
['2I]iomazenil binding to benzodiazepine receptors in non-
human primates. I. Kinetic modeling of single bolus experi-
ments. J Cereb Blood Flow Metab 14: 439452, 1994.
Laruelle M, Abi-Dargham A, Al-Tikriti MS, Baldwin RM,
Zea-Ponce Y, Zoghbi SS, et al. SPECT quantification of
['ZI]iomazenil binding to benzodiazepine receptors in non-
human primates. II. Equilibrium analysis of constant infu-
sion experiments and correlation with in vitro parameters.
J Cereb Blood Flow Metab 14: 453465, 1994.

van Dyck CH, Seibyl JP, Malison RT, Wallace E, Zoghbi
SS, Zea-Ponce Y, et al. Age-related decline in dopamine
transporter binding in human striatum with ['2*[]8-CIT
SPECT. J Nucl Med 36: 1175-1181, 1995.

Zelnik N, Angel I, Paul SM, Kleinman JE. Decreased
density of human striatal dopamine uptake sites with age.
Eur J Pharmacol 126: 175-176, 1986.

De Keyser ID, Ebinger G, Vauquelin G. Age-related changes
in the human nigrostriatal dopaminergic system. Ann Neurol
27: 157-161, 1990.

Innis RB, Marek K, Sheff K, Zoghbi S, Castronovo J, Feigin
A, et al. Effect of treatment with L-dopa/carbidopa or L-
selegiline on striatal dopamine transporter imaging with
['B11B-CIT. Mov Disord, submitted.

Carlsson A, Lindqvist M. Effect of chlorpromazine or
haloperidol on formation of 3-methoxytyramine and
normetanephrine in mouse brain. Acta Pharmacol Toxicol
20: 140-144, 1963.

Seeman P, Lee T. Antisychotic drugs: direct correlation
between clinical potency and presynaptic action on dopa-
mine neurons. Science 188: 1217-1219, 1975.

Creese I, Burt DR, Snyder SH. Dopamine receptor binding
predicts clinical and pharmacological potencies of anti-
schizophrenic drugs. Science 192: 481483, 1976.
Lieberman JA, Kane JM, Alvir J. Provocative tests with
psychostimulant drugs in schizophrenia. Psychopharma-
cology 91: 415-433, 1987.

Seeman P. Dopamine receptors and the dopamine hypoth-
esis of schizophrenia. Synapse 1: 133-152, 1987.
Carlsson A. The current status of the dopamine hypothesis
of schizophrenia. Neuropsychopharmacology 1: 179-186,
1988.

Reynolds GP. Beyond the dopamine hypothesis, the neuro-
chemical pathology of schizophrenia. Br J Psychiatry 155:

Akira Kugaya, Masahiro Fujita and Robert B. Innis

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

305-316, 1989.

Davis KL, Kahn RS, Ko G, Davidson M. Dopamine in
schizophrenia: a review and reconceptualization. Am J
Psychiatry 148: 1474-1486, 1991.

Lee T, Seeman P, Tourtelotte WW, Farley 1J, Hornykiewicz
0. Binding of *H-neuroleptics and *H-apomorphine in
schizophrenic brains. Nature 274: 897-900, 1978.

Owen F, Cross AJ, Longden A, Poulter MGJR. Increased
dopamine-receptor sensitivity in schizophrenia. Lancet:
223-226, 1978.

Cross AJ, Crow TJ, Owen F. *H-Flupenthixol binding in
postmortem brains of schizophenics: evidence for a selec-
tive increase in dopamine D2 receptors. Psychopharmacol-
ogy 74: 122-124, 1981.

Crow TJ, Johnstone EC, Longden AJ, Owen F. Dopamin-
ergic mechanisms in schizophrenia: the antipsychotic effect
and the disease process. Life Sci 23: 563-567, 1978.
Taeber K, Zapf R, Rupp W. Pharmacodynamic comparison
of the acute effects of nomifensine, amphetamine and
placebo in healthy volunteers. Int J Clin Pharmacol
Biopharm 139: 991-997, 1979.

Toru M, Watanabe S, Shibuya H, Nishikawa T, Noda K,
Ichikawa HM, et al. Neurotransmitters, receptors and neu-
ropeptides in post-mortem brains of chronic schizophrenic
paients. Acta Psychiatr Scand 78: 121-137, 1988.

Wong DF, Wagner HN Jr, Tune LE, Dannals RF, Pearlson
GD, Links JM, et al. Positron emission tomography reveals
elevated D2 dopamine receptors in drug naive schizophren-
ics. Science 234: 1558-1563, 1986.

Tune LE, Wong DF, Pearlson G, Strauss M, Young T,
Shaya EK, et al. Dopamine D2 receptor density estimates in
schizophrenia: a positron emission tomography study with
11C-N-Methylspiperone. Psychiatry Res 49: 219-237, 1993.
Farde L, Wiesel F-A, Stone-Elander S, Halldin C, Nordstrom
A-L, Hall H, et al. D2 dopamine receptors in neuroleptic-
naive schizophrenic patients. Arch Gen Psychiatry 47: 213—
219, 1990.

Hietala J, Syvalahti E, Vuorio K, Nagren K, Lehikoinen
PUR, et al. Striatal D2 receptor characteristics in neurolep-
tic-naive schizophrenic patients studied with positron emis-
sion tomography. Arch Gen Psychiatry 51: 116-123, 1994.
Pilowsky LS, Costa DC, Ell PJ, Verhoeff NPLG, Murray
RM, Kerwin RW. D2 dopamine receptor binding in the
basal ganglia of antipsychotic-free schizophrenic patients.
An '23[.IBZM single photon emission computerized to-
mography study. Br J Psychiatry 164: 16-26, 1994.
Farde L, Nordstrom AL, Wiesel FA, Pauli S, Halldin C,
Sedvall G. Positron emission tomography analysis of cen-
tral D1 and D2 dopamine receptor occupancy in patients
treated with classical neuroleptics and clozapine. Arch Gen
Psychiatry 49: 538-544, 1992.

Volkow ND, Wang G-J, Fowler JS, Logan J, Schlyer D,
Hitzemann R, et al. Imaging endogenous dopamine compe-
tition with ['!C]Jraclopride in the human brain. Synapse 16:
255-262, 1994.

Innis RB, Malison RT, Al-Tikriti M, Hoffer PB, Sybirska
EH, Seibyl JP, et al. Amphetamine-stimulated dopamine
release competes in vivo for ['IJIBZM binding to the D2
receptor in nonhuman primates. Synapse 10: 177-184,
1992.

Laruelle M, Iyer R, Al-Tikriti M, Zea-Ponce Y, Malison R,

Annals of Nuclear Medicine



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Zoghbi S, et al. Microdialysis and SPECT measurements of
amphetamine-induced dopamine release in nonhuman pri-
mates. Synapse 25: 1-14, 1997.

Laruelle M, Abi-Dargham A, van Dyck CH, Rosenblat W,
Zea-Ponce Y, Zoghbi SS, et al. SPECT imaging of striatal
dopamine release after amphetamine challenge in humans.
J Nucl Med 36: 1182-1190, 1995.

Farde L, Nordstrom A-L, Wiesel F-A, Pauli S, Halldin C,
Sedvall G. PET analysis of central D1 and D2 dopamine
receptor occupancy in patients treated with classic neuro-
leptics and clozapine—relationship to extrapyramidal side
effects. Arch Gen Psychiatry 49: 538-544, 1992.
Laruelle M, Abi-Dargham A, van Dyck C, Gil R, D’Souza
C, Erdos J, et al. Single photon computerized tomography
of amphetamine induced dopamine release in drug-free
schizophrenic subjects. Proc Natl Acad Sci USA 93: 9235-
9240, 1996.

Abi-Dargham A, Laruelle M, Krystal J, D’Souza C, Zoghbi
S, Baldwin RM, et al. No evidence of altered in vivo
benzodiazepine receptor binding in schizophrenia. Neuro-
psychopharmacol 20: 650-661, 1999.

Breier A, Su TP, Saunders R, Carson RE, Kolachana BS,
deBartolomeis A, et al. Schizophrenia is associated with
elevated amphetamine-induced synaptic dopamine con-
centrations: Evidence from a novel positron emission to-
mography method. Proc Natl Acad Sci USA 94 (6): 2569—
2574, 1997.

Wong DF, Yokoi F, Grunder G, Hong C, Szymanski S,
Dogun A, et al. The effect of intrasynaptic dopamine release
on measuring Bmax and Bmax/Kp in schizophrenia by PET
(abstract). J Nucl Med 38: 11P, 1997. .
Spector S, Sjoerdsma A, Udenfriend S. Blockade of endog-
enous norepinephrine synthesis by alpha-methyltyrosine,
an inhibitor of tyrosine hydroxylase. J Pharmacol Exp
Therap 147: 86-95, 1965.

Laruelle M, D’Souza C, Baldwin RM, Abi-Dargham A,
Kanes S, Fingado CL, et al. Imaging D2 receptor occupancy
by endogenous dopamine in humans. Neuropsychophar-
macology 17: 162-174, 1997.

Engelman K, Horwitz D, Jéquier E, Sjoerdsma A. Bio-
chemical and pharmacological effects of alpha-methyl-
tyrosine in man. J Clin Invest 47: 577-594, 1968.

Ross SB. Synaptic concentration of dopamine in the mouse
striatum in relationship to the kinetic properties of the
dopamine receptors and uptake mechanism. J Neurochem
56:22-29, 1991.

Narang N, Wamsley JK. Time dependent changes in DA
uptake sites, D1 and D2 receptor binding and mRNA after
6-OHDA lesions of the medial forebrain bundle in the rat
brain. J Chem Neuroanat 9 (1): 41-53, 1995.

Pycock CJ, Kerwin RW, Carter CJ. Effect of lesion of
cortical dopamine terminals on subcortical dopamine re-
ceptors in rats. Nature 286: 74-77, 1980.

Weinberger DR. Implications of normal brain development
for the pathogenesis of schizophrenia. Arch Gen Psychiatry
44: 660-669, 1987.

Vol. 14, No. 1, 2000

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Kessler RM, Mason NS, Votaw JR, Depaulis T, Clanton JA,
Ansari MS, et al. Visualization of extrastriatal dopamine D,
receptors in the human brain. Eur J Pharmacol 223 (1):
105-107, 1992.

Mukherjee J, Yang ZY, Das MK, Brown T. Fluorinated
benzamide neuroleptics. I11. Development of (S)-N-[(1-
allyl-2-pyrrolidinyl)methyl]-5-(3-[**F]fluoropropyl)-2,3-
dimethoxybenzamide as an improved dopamine D-2 recep-
tor tracer. Nucl Med Biol 22: 283-296, 1995.

Rieck R, Ansari M, Mason N, Whetsell W, Kessler R.
Selective distribution of dopamine D2 and D3 receptors
subtypes within the human thalamus defined with in vivo
PET imaging and receptor autoradiography in postmortem
tissue. J Nucl Med 38: 81, 1997.

Farde L, Suhara T, Nyberg S, Karlsson P, Nakashima Y,
Hietala J, et al. A PET-study of [!'C]FLB 457 binding to
extrastriatal D2-dopamine receptors in healthy subjects and
antipsychotic drug-treated patients. Psychopharmacology
133: 396404, 1997.

Delforge J, Bottlaender M, Loc’h C, Guenther I, Bendriem
C, Syrota A, et al. Quantitation of extrastriatal D2 receptors
using a very high-affinity ligand (FLB 457) and the multi-
injection approach. J Cereb Blood Flow Metab 19: 533-
546, 1999.

Fujita M, Seibyl JP, Verhoeff NP, Ichise M, Baldwin RM,
Zoghbi SS, et al. Kinetic and equilibrium analyses of
['?*I]epidepride binding to striatal and extrastriatal dopa-
mine D3 receptors. Synapse 34: 290-304, 1999.

Ichise M, Fujita M, Seiby! JP, Verhoeff NP, Baldwin RM,
Zoghbi SS, et al. Graphical analysis and simplified quanti-
fication of striatal and extrastriatal dopamine D2 receptor
binding with iodine-123-epidepride SPECT. J Nucl Med
40: 1902-1912, 1999.

Varrone A, Fujita M, Verhoef N, Zoghbi S, Baldwin R,
Seibyl J, et al. Test-retest reproducibility of extrastriatal
dopamine D2 receptor imaging with [I-123]epidepride
SPECT in humans. J Nucl Med, in press.

Fujita M, Verhoeff N, Varrone A, Zoghbi S, Baldwin R,
Jatlow P, et al. Imaging of extrastriatal D2 receptor occu-
pancy by endogenous dopamine in healthy humans. Eur J
Pharmacol, in press.

White L, Harvey P, Opler L, Lindenmayer J. Empirical
assessment of the factorial structure of clinical symptoms in
schizophrenia. A multisite, multimodel evaluation of the
factorial structure of the Positive and Negative Syndrome
Scale. The PANSS Study Group. Psychopathology 30:
263-274, 1997.

Abi-Dargham A, Gil R, Krystal J, Baldwin RM, Seibyl JP,
Bowers M, et al. Increased striatal dopamine transmission
in schizophrenia: results in a second cohort. Am J Psychia-
try 155: 761-767, 1998.

Laruelle M, Abi-Dargham A, Gil R, Innis R. Increased
dopamine transmission in schizophrenia: relationship to
illness phases. Biol Psychiatry, in press.

Soares J, Innis R. Neurochemical brain imaging investiga-
tions of schizophrenia. Biol Psychiatry, in press.

Review 9



