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ABSTRACT A major line of evidence that supports the
hypothesis of dopamine overactivity in schizophrenia is the
psychomimetic potential of agents such as amphetamine that
stimulate dopamine outf low. A novel brain imaging method
provides an indirect measure of in vivo synaptic dopamine
concentration by quantifying the change in dopamine receptor
radiotracer binding produced by agents that alter dopamine
release but do not themselves bind to dopamine receptors. The
purpose of this investigation is (i) to determine the sensitivity
(i.e., amount of dopamine ref lected in radiotracer binding
changes) of this method by examining the relationship be-
tween amphetamine-induced changes in simultaneously de-
rived striatal extracellular dopamine levels with in vivo mi-
crodialysis and striatal binding levels with the dopamine
D2yD3 positron-emission tomography radioligand [11C]raclo-
pride in nonhuman primates, and (ii) to test the hypothesis of
elevated amphetamine-induced synaptic dopamine levels in
schizophrenia. In the nonhuman primate study (n 5 4),
doubling the amphetamine dose produced a doubling in
[11C]raclopride specific binding reductions. In addition, the
ratio of percent mean dopamine increase to percent mean
striatal binding reduction for amphetamine (0.2 mgykg) was
44:1, demonstrating that relatively small binding changes
ref lect large changes in dopamine outf low. In the clinical
study, patients with schizophrenia (n 5 11) compared with
healthy volunteers (n 5 12) had significantly greater amphet-
amine-related reductions in [11C]raclopride specific binding
(mean 6 SEM): 222.3% (62.7) vs. 215.5% (61.8), P 5 0.04,
respectively. Inferences from the preclinical study suggest that
the patients’ elevation in synaptic dopamine concentrations
was substantially greater than controls. These data provide
direct evidence for the hypothesis of elevated amphetamine-
induced synaptic dopamine concentrations in schizophrenia.

Dopamine overactivity has been the predominant pathophys-
iologic hypothesis of schizophrenia for the past two decades
(1–3). A major line of evidence used to support dopamine’s
involvement in schizophrenia is the psychotomimetic effects of
agents that stimulate dopamine outflow, such as the psycho-
stimulant amphetamine. Psychostimulants can produce a para-
noid psychosis in healthy individuals (4) and cause symptom-
atic worsening in approximately one-third of patients with
schizophrenia (5). These data support the hypothesis that at
least a subgroup of schizophrenia is associated with increased
synaptic dopamine concentrations. This hypothesis, however,
could not be directly tested because, prior to the introduction

of the experimental paradigm described here (6, 7), there has
been no method to quantify in vivo synaptic dopamine levels
in clinical populations.
A relatively new application of in vivo brain imaging provides

an estimate of changes in synaptic dopamine concentrations.
This approach determines the change in striatal radiotracer
binding levels following administration of pharmacologic
agents that affect dopamine outflow but do not themselves
bind to dopamine receptors (6, 7). The change in striatal
radiotracer binding levels is attributable to changes in synaptic
dopamine that competes with the radiotracer for receptor
binding. In a recently published report using the D2 ligand
123I-IBZM (iodobenzamide) and single photon emission to-
mography (SPECT), Laruelle et al. (8) found that schizo-
phrenic patients compared with controls had significantly
greater reductions in amphetamine-induced striatal radio-
tracer binding ratios, which supports enhanced dopamine
outflow. Although this method has undergone extensive val-
idation (6, 7, 9–12), there has yet to be a direct comparison
between simultaneous changes in extracellular dopamine lev-
els and changes in radiotracer binding levels in mammalian
brain. These data would provide an important measure of
sensitivity (i.e., amount of dopamine reflected in radiotracer
binding changes), which would allow inferences about the
magnitude of dopamine responses in clinical populations.
In this paper, we report results from two experiments. The

first examined the relationship between changes in extracel-
lular striatal dopamine and striatal dopamine receptor radio-
tracer binding in nonhuman primates. The effects of two doses
of amphetamine (0.2 and 0.4 mgykg) on extracellular striatal
dopamine levels derived with in vivo microdialysis and striatal
dopamine receptor radiotracer binding levels determined with
positron-emission tomography (PET) were assessed simulta-
neously. Our brain imaging approach involved a constant
infusion of the PET radiotracer [11C]raclopride (13, 14) until
tracer equilibrium was reached. [11C]raclopride has high se-
lectivity and low affinity for dopamine D2yD3 receptors and
avidly competes with synaptic dopamine for receptor occu-
pancy (15–19). Then, amphetamine was administered which
increases synaptic dopamine which in turn displaces [11C]ra-
clopride striatal binding. In the second experiment, we em-
ployed this brain imaging method to test the hypothesis that
schizophrenic patients, in comparison to healthy controls, have
greater amphetamine-induced striatal synaptic dopamine con-
centrations. Data from the first experiment were used to draw
inferences about the magnitude of dopamine response differ-
ences between controls and patients.
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MATERIALS AND METHODS

In Vivo MicrodialysisyPET Study. Subjects. Four adult rhe-
sus monkeys (Macaca mulatta) were used in this study (weight,
7.4–11.2 kg). They were housed individually on a 12-hr lighty
dark cycle. Food and water were available ad libitum. All
procedures were carried out with strict adherence to the NIH
Guide for the Care and Use of Laboratory Animals and had been
approved by the National Institute of Mental Health Animal
Care and Use Committee.
Microdialysis Probes and Probe Placement. The microdi-

alysis probes were constructed as described earlier (20, 21).
Briefly, we used two fused silica barrels, the inner barrel
extending 3–5 mm beyond the distal end of the outer barrel. A
short piece (4–6 mm) of dialysis membrane tubing (AN 69
polyacrylonitrile membrane, 240 mm i.d., 300 mm o.d., 40,000
Mr cutoff; Hospal Dasco, Bologna, Italy) was placed over the
extended portion of the inner barrel and glued to the inside
surface of the outer barrel using cyanoacrylate instant adhe-
sive. All probes were tested in vitro for dopamine recovery. The
probes were placed in a beaker containing 10–7 M dopamine
(Sigma) in artificial cerebrospinal f luid buffered with 1.0 mM
phosphate (pH 7.4) and supplemented with 0.15mMascorbate
at 378C. The probes were perfused at 1 mlymin flow rate for
2 hr before three 25-min collections were made for chromato-
graphic analysis of recovered dopamine utilizing electrochem-
ical detection. The mean recovery from three collections of
each probe was considered as the criteria for selecting a probe
for in vivo dialysis, with recovery values.30% used for in vivo
microdialysis (21, 22). Stereotactic coordinates for the head of
the caudate nucleus were determined for individual animals
usingMRI (23). Specially constructed guide holders were fixed
to the skull under sterile surgical conditions to position and
secure the probes into the targeted brain regions (24). The
animals were allowed to recover for 2–3 weeks prior to any in
vivo microdialysis experiments.
In VivoMicrodialysis.On the morning of each study, monkeys

were initially sedated with ketamine (ketamine hydrochloride, 10
mgykg, i.m.), intubated, and anesthetized with gas isofluorane
(1–3%). Animals were kept under light gaseous anesthesia
throughout the procedure. Each animal was wrapped in a heating
blanket (378C) and vital signs (heart rate, temperature, and
respiration) were monitored throughout the experimental ses-
sion. Two probes were placed into the head of the caudate
nucleus. Artificial cerebrospinal fluid (CSF; 147 mMNa1, 3 mM
K1, 1.3 mMCa21, 1.0 mMMg21, 155 mMCl2, buffered with 1.0
mM phosphate, pH 7.3–7.4) supplemented with 0.15 mM ascor-
bate was continuously perfused through the probes at 1.5 mlymin
flow rate using a Harvard microinfusion pump (Harvard Appa-
ratus). Dialysate samples (15 ml) were collected every 10 min in
amber-colored glass vials and immediately frozen on dry ice.
They were assayed for dopamine usingmicroboreHPLC coupled
to electrochemical detection (21). Analytical reagent-grade
chemicals were used for preparation of artificial CSF (Mallinck-
rodt).
PET Procedure. Animal studies were conducted on a Scandit-

ronix (Uppsala) model PC 2048–15B scanner. Animals were
positioned in a head holder developed for nonhuman primate
PET studies, and slices were obtained in the coronal plane.
Following a transmission scan, [11C]raclopride (2–6 mCi; 1 Ci 5
37 GBq) was administered in a bolusyconstant infusion over 90
min (25). The bolus dose was equivalent to 40% of the total dose
administered and produced nearly constant radioactivity levels by
25–30min postinjection. Fortyminutes after the raclopride bolus,
the first dose of amphetamine, 0.2 mgykg, was administered i.v.
Beginning with the raclopride bolus, 31 PET scans (15 slices each;
in-plane resolution, 7 mm; slice width, 6 mm) were obtained over
90min,which concluded the first raclopride study. Therewas then
an '90-min rest period until the second raclopride study com-
menced. The second study involved repeating the procedure from

the first study except that 0.4 mgykg of amphetamine was
administered 40 min after the second raclopride bolus.
Dopamine Data Analysis. Dopamine response was deter-

mined by percent change from baseline. Baseline for both 0.2
and 0.4 mgykg amphetamine studies was determined from a
mean of four consecutive samples collected immediately pre-
ceding the 0.2 mgykg amphetamine administration. Postam-
phetamine dopamine effects were determined using a mean of
four consecutive samples following the 0.2 and 0.4 mgykg
amphetamine administrations.
PET Data Processing and Analysis. Image processing was

performed with MIRAGE software developed by the National
Institutes of Health PET Center. The images corresponding to
0–5 min of raclopride infusion were added together to form a
single ‘‘sum’’ image. Volumes of interest (VOIs) were drawn
in the cerebellum and on the left and right striatum (consisting
of caudate and putamen combined). After visual inspection,
these VOIs were then overlaid onto their corresponding
position in each of the 31 individual scans, and samples (mean
pixel values) were generated for each VOI. Left and right
striatal VOIs were averaged to a single striatal value. These
data from five consecutive scans 25–40 min after injection and
immediately before amphetamine injection (baseline) and five
consecutive scans 65–90 min post-raclopride bolus adminis-
tration (postamphetamine) were averaged. The specific bind-
ing was computed as striatumycerebellum21 (26).
Clinical Study. Subject Characteristics. All subjects gave

informed written consent to an institutional review board-
approved protocol. Eleven patients with schizophrenia disor-
der diagnosed according toDiagnostic and Statistical Manual of
Mental Disorders, 4th Ed. (DSM-IV) criteria participated in the
study. Diagnoses were determined by a diagnostic conference
utilizing data from a structured diagnostic interview (SCID)
(27), clinical interview by a research psychiatrist, past psychi-
atric and medical records, and informant interviews. Patients
were excluded if they had a history of illegal drug dependance
andyor significant drug abuse, severe head trauma resulting in
loss of consciousness, and any medical condition that made
amphetamine administration contraindicated. The schizo-
phrenic patients were ill for (mean 6 SEM) 6.6 6 1.8 years
prior to study participation. Six of the 11 patients had either no
or minimal previous antipsychotic drug exposure and were
termed the neuroleptic-naive subgroup (four patients had no
antipsychotic drug exposure and two had less than 1 week of
low-dose neuroleptic exposure occurring more than 3 years
before entry into the study). The remaining five were with-
drawn from antipsychotic treatment prior to participation
(days drug-free, mean 6 SEM, 23.2 6 7.2 days; range, 14–48
days). The control group was 12 healthy volunteers who were
free of past and current psychiatric disorders as determined by
a structured diagnostic interview. There were no significant
differences (P . 0.4, mean 6 SEM) between schizophrenics
and controls, respectively, for age (32.4 6 3.0 vs. 29.2 6 2.6
years), gender (MyF, 8y3 vs. 9y3), and body weight (85.66 3.8
vs. 80.0 6 7.0 kg).
PET Scanning Protocol. Clinical studies were conducted on a

General Electric (GE)Advance scanner at theNational Institutes
of Health Clinical Center. Acquisitions were done with the
interplane septa retracted and a wide axial acceptance angle.
Each scan yielded 35 planes, 4.25 mm apart. The effective
resolution of the reconstruction was 6 mm both axially and
in-plane. A transmission scan was performed using two rotating
68Ge sources and was used for attenuation correction.
Subjects were positioned in the scanner such that acquired

planes would be parallel to the orbital-meatal line. Head move-
mentwasminimizedwith individually fitted thermoplastermasks,
and patches were applied over the orbits to reduce incoming light.
[11C]raclopride (2–8 mCi) was administered as bolusyconstant
infusion over 2 hr. The bolus dose was 53% of the total amount
administered. Beginning with the raclopride bolus, 29 scans were
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acquired over the 2-hr period every 3–5 min. Fifty minutes after
commencement of raclopride administration, amphetamine (0.2
mgykg i.v.) was infused over 60 sec. A 50-min baseline period (as
opposed to 40 min used in experiment 1) was used because it
provided a longer tracer equilibrium period. A longer scanning
period was permitted by the enhanced sensitivity of the GE
Advance scanner compared with the Scanditronix used in the
monkey study. The dose of amphetamine was selected based on
the nonhuman primate data that demonstrated robust increases
in dopamine levels (see below) and because it was well tolerated
in terms of cardiovascular and behavioral effects in schizophrenic
patients. For ethical and safety reasons, we elected not to use
higher doses so that the likelihood of inducing a psychotic
exacerbation was minimized. Plasma samples for amphetamine
levels were drawn 40 min after amphetamine administration.
Behavioral responses were examined with the Brief Psychiatric

Rating Scale (BPRS; ref. 28). The BPRS is a commonly used
clinical rating scale that is composed of 18 different psychiatric
symptoms. Four of the items are psychotic symptoms (i.e.,
hallucinations, paranoia, delusions, and conceptual disorganiza-
tion) and are grouped together as the BPRS psychosis subfactor.
Both the BPRS total score, reflecting global symptomatology,
and the BPRS psychosis subfactor score were used in this study.
The scale was administered in a clinical interview by a research

psychiatrist at baseline (before raclopride administration), 15min
after amphetamine administration (during-drug), and at the end
of the study. The BPRS total score and the psychosis subfactor
score were derived by summing each symptom (rated from 1, not
present, to 7, severe). During-drug minus baseline change scores
were used for correlative analyses with changes in raclopride
binding ratios.
Data Processing and Analysis. Image processing and PET

data analysis were performed as described in the preclinical
study with the following exceptions. Ratio data from five
consecutive scans 30–50 min after injection and immediately
before amphetamine administration (baseline) and five con-
secutive scans 75–100 min post-raclopride bolus injection
(postamphetamine) were averaged (see Fig. 1). Individual
group comparisons were conducted with paired and unpaired
t tests where appropriate. Behavioral data (BPRS total score
and psychosis subfactor score) were analyzed with a repeated-
measures ANOVA with ‘‘time’’ (i.e., baseline, during-drug,
and end-of-study ratings) and ‘‘group’’ (i.e., schizophrenics vs.
controls) as factors. Change in behavior (from baseline to
during-drug) were correlated with change in percent [11C]ra-
clopride striatal binding ratios using a Pearson’s correlation
coefficient. All comparisons were two-tailed and group data
were presented as mean 6 SEM.

FIG. 1. The effects of amphetamine (0.2 mgy
kg) on [11C]raclopride binding in a patient with
schizophrenia. Amphetamine was injected at 50
min. (Upper) ‘‘Sum’’ images of five [11C]raclo-
pride PET scans obtained before (Left) and after
(Right) amphetamine injection. (Lower) Time-
activated curves obtained in the striatum (green)
and cerebellum (blue) with a bolusyconstant
infusion of [11C]raclopride. This patient had a
220.6% reduction in pre- vs. post-[11C]raclo-
pride specific binding (striatumycerebellum21).
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RESULTS
In VivoMicrodialysisyPET Study. Amphetamine (0.2 mgykg)

increased striatal dopamine levels 459% (6221) from baseline
levels and 0.4mgykg caused increases of 1365%(6485) (Table 1).
Simultaneously derived pre- and poststriatal [11C]raclopride
binding ratios for 0.2 mgykg were 2.0 6 0.1 and 1.0 6 0.2,
respectively; and for 0.4 mgykg were 1.9 6 0.1 and 1.5 6 0.2,
respectively. Percent reductions in binding ratios for the two
amphetamine doses were 10.5% (65.4) and 21.3% (65.4), re-
spectively (Table 2). Thus, doubling amphetamine dose caused an
approximate doubling in mean striatal binding reductions. The
magnitude of dopamine responses was several-fold greater than
the corresponding reductions in [11C]raclopride binding. The
ratio of mean percent dopamine increases to mean percent
binding reductions was 44:1 for 0.2mgykg, and 64:1 for 0.4mgykg
amphetamine. The range in amphetamine-induced increases
from baseline among the four monkeys for 0.2 mgykg was
84.1–1006.9%, and for 0.4 mgykg was 288.5–2470.7%. Thus, the
most conservative ratio based on data from the monkey with the
lowest dopamine pulse for 0.2 mgykg and a binding reduction of
10.5% was 8:1 and for 0.4 mgykg and a binding reduction of
21.3%was 14:1. Using a compartmental model that incorporated
the in vivomicrodialysis data, we confirmed a linear relationship
between amphetamine-related dopamine pulses and striatal
binding changes (29).
Clinical Study. Amphetamine produced highly significant

decreases in [11C]raclopride striatal binding ratios (baseline vs.
postamphetamine levels) in both healthy controls (2.56 0.1 vs.
2.1 6 0.1; t 5 6.7, P 5 0.00004) and schizophrenic patients
(2.56 0.2 vs. 2.06 0.1; t5 4.8, P5 0.0007) (Fig. 2). There were
no significant differences in baseline striatal binding ratios
between controls and schizophrenic patients (t 5 0.02, P 5
0.99). Schizophrenic patients had greater amphetamine-
induced changes in [11C]raclopride striatal binding than con-
trols. The patients had a 22.3% (62.7) reduction in [11C]ra-
clopride specific striatal binding from baseline to postamphet-
amine compared with a 15.5% (61.8) reduction in healthy
controls (t 5 2.1, P 5 .04) (Fig. 3). Similar results were found
when the groups were compared with nonparametric analysis
(Mann–Whitney U Test; z 5 2.0, P 5 0.048). There were no
significant differences in plasma amphetamine levels (ngyml)
between controls (55.3 6 4.3) and schizophrenic patients
(59.3 6 4.7; t 5 0.6, P 5 0.5), and plasma levels were not
significantly correlated with percent mean binding changes. In
addition, there were no significant differences in amphet-
amine-induced percent change in [11C]raclopride striatal bind-
ing between the subgroups of six neuroleptic-naive (24.1%,
65.0) and five neuroleptic withdrawn (20.3%, 64.7); t 5 0.6,

P 5 0.5) schizophrenic patients indicating that previous neu-
roleptic treatment was not responsible for binding differences
between schizophrenic patients and controls.
Analysis of BPRS total score (mean 6 SEM; baseline,

during-drug, and end of study, respectively) for controls
(18.1 6 0.3, 22.2 6 2.7, and 18.3 6 0.5) and patients (28.8 6
7.2, 29.4 6 6.6, and 27.5 6 9.8) revealed a significant ‘‘time’’
effect (F 5 7.8, P 5 0.001) but not a significant ‘‘time vs.
group’’ interaction (F5 2.5, P5 0.1). The time effect indicates
amphetamine affected global symptomatology, and the lack of
a significant interaction indicates the groups did not differ in
their responses to amphetamine. For the BPRS psychosis
subfactor for controls (4.0 6 0.0, 4.4 6 0.7, and 4.0 6 0.0) and
patients (6.7 6 2.8, 6.8 6 2.8, and 6.5 6 2.2), there were no
significant ‘‘time’’ (F 5 1.4, P 5 0.3) or ‘‘time vs. group’’ (F 5
0.3, P 5 0.8) effects. Only one schizophrenic patient and no
controls had increases of 2 points or more on any one of the
four items comprising the BPRS psychosis subfactor. Percent
change in [11C]raclopride striatal binding ratios were positively
correlated with change in BPRS total symptom scores in the
patients (Fig. 4) but not controls, and significant correlations
with the psychosis subfactor change scores were not found in
either patients or controls.

DISCUSSION
The results of our clinical study indicated that patients with
schizophrenia have significantly greater decrements in am-
phetamine-related [11C]raclopride striatal binding than
healthy controls. The preclinical study provides data suggest-
ing that the patients’ amphetamine-induced elevation in syn-
aptic dopamine concentration is substantially greater than
controls. These data support the hypothesis that schizophrenia
is associated with increased psychostimulant-induced synaptic
dopamine concentrations.
The clinical data are similar to a recently published report

by Laruelle et al. (8), who, using the D2 ligand 123I-IBZM and
SPECT, found that schizophrenic patients compared with
controls had significantly greater reductions in amphetamine-
induced striatal radiotracer binding ratios. Approximately
one-third of schizophrenic patients in our study (4 of 11) and
in the Laruelle study (6 of 15) had striatal binding ratios that
were greater and nonoverlapping with the total normal control
range, demonstrating agreement between the studies. These
data are consistent with the clinical literature that indicates
psychostimulants (i.e., amphetamine and methylphenidate)
worsen symptoms in approximately one-third of schizophrenic
patients, while the remainder of patients either did not change
or clinically improved (5). Taken together, these data suggest

Table 1. Effects of two doses of amphetamine (0.2 and 0.4 mgykg) on striatal extracellular dopamine levels (nmolyliter)
in four Rhesus monkeys

Monkey Baseline 0.2 mgykg % baseline 0.4 mgykg % baseline

1 5.9 43.6 1632.2 114.4 11820.5
2 4.6 51.6 11006.9 120.0 12470.7
3 6.6 14.4 1116.5 65.4 1881.3
4 4.5 8.3 184.1 17.6 1288.5
Mean (6SEM) 5.4 (60.5) 29.5 (610.6) 1459.9* (6221.4) 79.3 (623.9) 11365.2* (6485.0)

*t 5 3.3, P 5 0.045; % baseline, 0.2 mgykg vs. % baseline, 0.4 mgykg.

Table 2. Effects of two doses of amphetamine (0.2 and 0.4 mgykg) on [11C]raclopride binding ratios
(striatumycerebellum 21) in four Rhesus monkeys

Monkey Baseline 0.2 mgykg % baseline Baseline 0.4 mgykg % baseline

1 1.9 1.6 217.5 1.8 1.2 233.3
2 2.0 2.1 14.9 1.9 1.8 27.8
3 1.7 1.4 219.2 1.6 1.2 225.5
4 2.3 2.1 210.1 2.1 1.7 218.4
Mean (6SEM) 2.0 (60.1) 1.8 (60.1) 210.5* (65.5) 1.8 (60.101) 1.4 (60.1) 221.3* (65.4)

*t 5 5.0, P 5 0.015; % baseline, 0.2 mgykg vs. % baseline, 0.4 mgykg.
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the possibility that there may be a subgroup of perhaps
one-third of schizophrenic patients who have enhanced am-
phetamine-induced synaptic dopamine concentrations. Our
finding is not secondary to prior antipsychotic drug exposure
because the neuroleptic-naive subgroup had [11C]raclopride
binding decrements that were not significantly different from
the schizophrenic patients withdrawn from neuroleptic treat-
ment. In addition, gender, age, weight, and amphetamine
blood level cannot explain the findings because the groups
were well matched for these variables.
Several caveats must be considered before drawing inferences

from the preclinical study to assist in interpreting the clinical data.
First, in vivo microdialysis measures extracellular dopamine lev-
els, and changes in synaptic dopamine concentrations are re-
flected in radiotracer binding changes. In addition, extrapolations
from monkey to human, the small sample size, and the large
degree of individual variability in dopamine responses limit the
generalizability of the data to clinical populations. Nonetheless,
our data are consistent with previous reports indicating that
amphetamine produces a rapid and robust increase in dopamine
outflow in rodents (30, 31) andmonkeys (21, 32).Wehave further
demonstrated that very large increases in synaptic dopamine
concentrations are reflected in comparatively smaller changes in
[11C]raclopride binding. The ratio of mean percent dopamine
increases to mean percent binding reductions was 44:1 for am-

phetamine (0.2 mgykg). This high ratio may be related, in part, to
radiolabeled extrasynaptic D2 receptors, which may be less sen-
sitive to displacement by synaptic dopamine. Using the dopa-
mineybinding ratio of 44:1 and the mean binding difference
between patients and controls of 6.8% (22.3%2 15.5%5 6.8%),
there is a difference in synaptic dopamine concentrations be-
tween patients and controls of'300% of baseline (6.8%3 445
299.2%). Themost conservative interpretation of the data (based
on the monkey with the smallest dopamine pulse) resulted in a
dopamineybinding ratio that was still quite substantial. Future
studies will be needed to further clarify the relationship between
dopamine release and striatal radiotracer binding levels.
Previous reports have provided important validation for this

brain imaging method. Studies in rodents (17–19, 33), nonhuman
primates (6, 7, 9, 25, 34), andman (10, 11) have demonstrated that
endogenous dopamine competes with dopamine receptor radio-
tracers for dopamine receptor occupancy, a crucial element of in
vivo brain imaging methods for estimating dopamine outflow.
Raclopride has distinct advantages for deriving estimates of
synaptic dopamine levels because it is highly selective and has
relatively low affinity for D2 and D3 receptors, so that extracel-
lular dopamine avidly competes with raclopride for binding
(12–18). Innis et al. (6) have shown in primates that amphetamine
decreased binding of 123I-IBZM in a SPECT study, an effect that
was prevented by dopamine depletion by reserpine. Dewey et al.
(7) reported that in nonhuman primates, striatal [11C]raclopride
total binding was significantly decreased (percent binding
change) by amphetamine (16.2%), the potent dopamine uptake
inhibitor GBR-12909 (22.1%), and the biogenic amine-depleting
agent tetrabenazine (28.3%). Laruelle et al. (11), using IBZMy
SPECT, found that amphetamine (0.3 mgykg) causes a 15%
decrease in striatal D2 binding in eight healthy human subjects,
data that resembles changes observed in our healthy controls.
Psychostimulants decrease blood flow in the striatum so that
radiotracer reduction there is not secondary to washout by
enhanced blood flow (12). It has also been shown that increasing
age is related to decreases in psychostimulant-induced synaptic
dopamine concentrations (10), a variable controlled for in the
present study.
Baseline (preamphetamine administration) striatal binding

ratios were not significantly different between controls and
schizophrenic patients. These data are similar to several
previous PET and SPECT studies reporting no differences in
striatal D2 receptor densities between controls and schizo-
phrenic patients (8, 35–39), and are in contrast to work with
spiperone radiotracers (40, 41), which showed elevated D2
levels in schizophrenic patients. Note that our specific binding
index measures free receptor concentrations, so we cannot
exclude the possibility that there are group differences in
resting dopamine levels andyor total D2 levels.
The behavioral response to amphetamine observed in this

study was modest. No control and only one schizophrenic patient
experienced an exacerbation in psychosis. Studies in healthy
populations indicate that chronic amphetamine use, as opposed
to a single dose, is more consistently associated with induction of
psychosis (4). In addition, a relatively low amphetamine dose (0.2
mgykg) was selected for safety and ethical reasons, which may
have contributed to modest psychotogenic responses. We found
a significant correlation for amphetamine-induced changes in
BPRS total scores, a measure of global symptomatology, and
binding changes in the schizophrenic patients, suggesting that
these clinical changes are related to the magnitude of released
dopamine. As noted in the scatter plot (Fig. 4), some patients had
amild increase in global symptomatology while others had amild
decrease. This heterogenous behavioral amphetamine response is
well documented in the clinical literature (5). We failed to
observe a significant relationship between changes in binding and
changes in the psychosis subfactor, which might be explained by
the limited range in amphetamine-related behavioral change
scores.

FIG. 2. The effects of amphetamine (0.2 mgykg) on striatal [11C]ra-
clopride specific binding in normal controls (n5 12) and patients with
schizophrenia (n 5 11). The data are presented as [11C]raclopride
specific binding ratios (striatumycerebellum21).

FIG. 3. A comparison between amphetamine (0.2 mgykg)-induced
changes in [11C]raclopride specific binding in normal controls (n 5 12)
and patients with schizophrenia (n5 11). Data are presented as percent
change from baseline in striatal binding ratios (striatumycerebellum2 1).
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A hypothesis that could account for enhanced amphet-
amine-induced dopamine outflow in schizophrenia is an al-
teration in the distribution of intracellular dopamine. Intra-
cellular dopamine exists in free cytoplasmic pools and bound
vesicular pools (42). Amphetamine, particularly in low doses,
is thought to selectively release cytoplasmic dopamine through
a process of Ca21-independent accelerative exchange-
diffusion involving expression of dopamine into the extracel-
lular space via the transporter (43). Thus, schizophrenia may
be associated with greater free-to-bound intracellular dopa-
mine ratios than controls. Because cytoplasmic dopamine is
derived from newly synthesized dopamine prior to vesicular-
ization and dopamine retrieved from the extracellular space,
mechanisms involved in dopamine synthesis, vesicular forma-
tion, and uptake are reasonable candidates to explain en-
hanced dopamine release in this illness. Other mechanisms by
which amphetamine increases extracellular dopamine include
inhibition of monoamine oxidase (44, 45) and uptake blockade
(46), but these mechanisms appear to play a physiologic role
at only very high amphetamine doses (47) and may not be
relevant to this study.
In summary, we tested the hypothesis proposed more than

two decades ago (1, 3) that schizophrenia is associated with
increased amphetamine-induced synaptic dopamine concen-
trations by employing a relatively novel in vivo brain imaging
technique. We found that schizophrenic patients had greater
reductions in amphetamine-related [11C]raclopride striatal
binding ratios than controls, which reflected larger increases in
synaptic dopamine levels. Inferences drawn from a study of the
simultaneous examination of amphetamine-induced changes
in striatal extracellular dopamine levels and [11C]raclopride
binding ratios in nonhuman primates suggest that binding
differences between patients and controls reflect substantial
differences in dopamine levels. This experiment provides
direct evidence for the hypothesis of elevated psychostimulant-
induced synaptic dopamine concentrations in this illness.
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FIG. 4. The relationship between amphetamine (0.2 mgykg)-
induced changes in percent [11C]raclopride specific binding and be-
havioral effects in schizophrenia patients (n 5 11). Behavioral effects
were assessed pre- and postamphetamine administration using the
total score of BPRS.
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