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D
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Healthy Subjects

 

N.P.L.G. Verhoeff, M.D., Ph.D., S. Kapur, M.D., Ph.D., D. Hussey, B.Sc., M. Lee, B.Sc., 

 

B. Christensen, Ph.D., C.Psych., G. Papatheodorou, M.D., and R.B. Zipursky, M.D.

 

The effect of endogenous dopamine (DA) on measurement of 
neostriatal DA D

 

2

 

 receptor binding potential (D

 

2

 

RBP) 

 

in 
vivo

 

 was evaluated with positron emission tomography 
(PET) and the radiotracer [

 

11

 

C]raclopride by comparing the 
D

 

2

 

RBP before and after acute DA depletion. DA depletion 
was achieved by per-oral administration of 4.5 g 

 

�

 

-methyl-
para-tyrosine (AMPT) given in 25 h. Six healthy subjects 
completed the protocol. The AMPT treatment increased 
D

 

2

 

RBP significantly from 3.11 

 

�

 

 0.25 to 3.68 

 

�

 

 0.23 and 
decreased plasma levels of the DA metabolite homovanillic 
acid by 71 

 

�

 

 11% and levels of the norepinephrine 
metabolite 3-methoxy-4-hydroxyphenethyleneglycol by 53 

 

�

 

 7%. Increase in D

 

2

 

RBP correlated with decrease in 
attentiveness and with increase in errors of commission 
from Conners’ Continuous Performance Test. On AMPT, a 
significant decrease in subjective happiness scores was 
observed. The results imply that a noninvasive 
[

 

11

 

C]raclopride PET protocol coupled with relatively brief 
administration of a rather low total dose of AMPT resulted 
in measurable acute DA depletion that might provide 
estimates of synaptic neostriatal DA concentration. 

 

[Neuropsychopharmacology 25:213–223, 2001]
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Endogenous dopamine (DA) levels have recently been
estimated in humans 

 

in vivo

 

 with positron emission to-
mography (PET) and with single photon emission com-

puted tomography (SPECT). DA levels during stimu-
lant-induced release have been estimated by comparing
radiotracer binding at baseline and after amphetamine
or methylphenidate challenges using PET and the DA
D

 

2

 

 receptor (D

 

2

 

R) radiotracer [

 

11

 

C]raclopride (Volkow
et al. 1994; Breier et al. 1997) as well as SPECT and
[

 

123

 

I](

 

S

 

)-(-)-3-iodo-2-hydroxy-6-methoxy-

 

N

 

-[(1-ethyl-
2-pyrrolidinyl)methyl]benzamide ([

 

123

 

I]IBZM) (Booij et
al. 1997; Abi-Dargham et al. 1998). DA levels during
baseline release have been estimated by comparing ra-
diotracer binding at baseline and after a rapid DA de-
pletion induced by the competitive and reversible

 

tyrosine hydroxylase inhibitor 

 

�

 

-methyl-para-tyrosine
(AMPT) (Engelman et al. 1968) using SPECT and
[

 

123

 

I]IBZM (Laruelle et al. 1997; Abi-Dargham et al.
2000) or [

 

123

 

I]epidepride (Fujita et al. 2000).
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One recent [

 

123

 

I]IBZM SPECT study showed a larger
increase in neostriatal D

 

2

 

R availability with AMPT-
induced DA depletion in 18 untreated schizophrenic
patients compared to 18 matched controls (Abi-
Dargham et al. 2000). These findings, which suggest
that schizophrenic patients have elevated neostriatal
DA levels, will need to be replicated in independent
studies. In order to be able to do this with PET, we im-
plemented a modified protocol for AMPT-induced DA
depletion using the simplified 3-parameter reference
tissue model (SRTM) (Lammertsma and Hume 1996)
which only requires 60 min dynamic PET scanning fol-
lowing a bolus injection of [

 

11

 

C]raclopride. The good re-
sponse of [

 

11

 

C]raclopride to changes in extracellular DA
makes this tracer, so far, a good candidate for the PET
measurement of changes in synaptic DA levels (Mo-
resco et al. 1999; Laruelle 2000). This PET study design
required more work before injection of the tracer and
more effort analyzing the results after the data were ac-
quired, but was very patient friendly, in contrast to the
previously applied bolus infusion technique that re-
quired less work before and after imaging data acquisi-
tion, but that was not so patient friendly (Laruelle et al.
1997; Abi-Dargham et al. 2000).

In the two previous DA depletion imaging studies in
healthy subjects, 8 g AMPT was administered over two
days (Laruelle et al. 1997; Abi-Dargham et al. 2000), and
5.5 g/70 kg body weight of AMPT were given over 37
hours in a third study (Fujita et al. 2000). In the 67
healthy subjects who participated in these three studies,
the following adverse effects were attributed to AMPT:
eight developed acute dystonias, six had akathisia of suf-
ficient severity to warrant psychotropic medication, four
developed crystalluria, two showed significant increases
in dysphoric mood states (anxiety and tension), and one
diarrhoea. The administration of AMPT orally 1 g, t.i.d.
for 24 hours has been reported to result in minimum lev-
els of the DA metabolite homovanillic acid (HVA) and
of the norepinephrine (NE) metabolite 3-methoxy-4-
hydroxyphenethyleneglycol (MHPG) (Anand et al. 1999).
HVA depletion following AMPT has been reported to re-
flect neostriatal DA depletion (Mignot and Laude 1985;
Laruelle et al. 1997). Therefore, in order to prevent seri-
ous adverse effects of AMPT but still obtain adequate
DA depletion, we decided to reduce the total amount of
AMPT administered to 4.5 g orally over 28 hours. AMPT
plasma levels were measured to assess whether this dos-
ing regimen resulted in a sufficient AMPT concentration
to substantially inhibit tyrosine hydroxylase (Laruelle et
al. 1997). The amount of catecholamine depletion was
also estimated by measuring plasma levels of HVA,
MHPG and prolactin.

Previously AMPT has been reported to induce not
only acute dystonias in a minority but also mild signs of
Parkinsonism in the majority of healthy subjects
(Laruelle et al. 1997; Abi-Dargham et al. 2000; Fujita et

al. 2000). We, therefore, monitored our subjects regu-
larly for possible extrapyramidal symptoms. Since
AMPT was reported to affect subjective feelings in
healthy subjects with significant decreases in happiness
and increases in sleepiness and restlessness (McCann et
al. 1993; Laruelle et al. 1997), subjects reported subjec-
tive feelings both in a continuous visual analog and in
an ordinal scale fashion.

As alterations in DAergic transmission may be in-
volved in selective attention (Servan-Schreiber et al.
1998), this was tested in the healthy subjects at baseline
and at different stages of AMPT-induced DA depletion.
A finger tapping task was included in order to control
for possible effects of DA depletion on motor speed.
Since self-reported sleepiness during AMPT depletion
has been reported to be a good predictor of poor perfor-
mance on cognitive tests (McCann et al. 1992), objective
ratings were obtained for sedation during each series of
cognitive tests.

 

MATERIALS AND METHODS

Human Subjects

 

The study was approved by the Human Subjects Review
Committee of the University of Toronto and has been
carried out in accordance with the Helsinki Declaration
of 1975. Five men and three women, age 27 

 

�

 

 5 years (all
values in this article are expressed as average 

 

�

 

 standard
deviation) and all right-handed, entered the study. Ex-
clusion criteria were: 1) psychiatric diagnosis on Axis I as
assessed by the Structured Clinical Interview for DSM-
IV, nonpatient version; 2) serious medical or neurologi-
cal illness or significant head injury by history or on
physical examination or based on laboratory studies
(complete blood count, fasting blood glucose, basic urea
nitrogen, creatinine, electrolytes, thyroid function tests,
liver function tests, urinalysis, EKG); 3) lifetime history
of alcohol or substance dependence; 4) history of alcohol
or substance abuse during the six months preceding the
study; 5) recent substance use on urine toxicology screen;
6) treatment with any psychotropic medications by his-
tory or on urine toxicology screen; and 7) pregnancy by
history or on urine 

 

�

 

HCG test.

 

Depletion Regimen and Clinical Monitoring

 

Each subject was scanned twice, in the baseline state
(PET1, day 1) and after DA depletion (PET2, day 3). DA
depletion was induced by oral administration of in total
4500 mg AMPT over 25 hours. AMPT was administered
orally in doses of 750 mg each at the following times: at
10AM, 1.30PM, 6PM, and 10PM on day 2, and at 7AM
and 11AM on day 3. During AMPT administration,
subjects remained under direct observation at the PET
Centre during the day and on a psychiatric inpatient
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unit during the night. To prevent the formation of
AMPT crystals in the urine, subjects were instructed to
drink at least 4 L of fluids per day, starting on day 2
(Engelman et al. 1968). In addition, in order to alkalin-
ize the urine which increased AMPT solubility, sodium
bicarbonate 1.2 g orally was given at 10 p.m. on day 1
and at 7 a.m. on day 2. Urine samples were collected at
3 p.m. on day 2 and at 7 a.m. on day 3 to examine the
presence of AMPT crystals.

Subjects were evaluated five times using clinical rat-
ing scales for adverse effects and mood states pre
AMPT (on day 1 and on day 2) and post AMPT (cumu-
lative oral doses of 750 mg on day 2, and 3750 mg and
4500 mg on day 3). The presence of adverse effects such
as parkinsonian symptoms, acute dystonias, and abnor-
mal involuntary movements, was monitored using the
Extrapyramidal Symptom Rating Scale (ESRS) (Choui-
nard et al. 1980). The subjects rated 19 subjective feel-
ings on a continuous visual analog scale (VAS) ranging
from 0% (“not at all”) to 100% (“most ever”). Subjective
feelings were also rated using the ordinal Profile Of
Mood States (POMS) (McNair et al. 1981). In addition,
subjects rated depressive symptoms using the Beck De-
pression Inventory, Short Form (BDI) (Beck et al. 1974).

The subjects performed the Conners’ Continuous
Performance Test (CPT) (Conners 1995) and the Finger
Tapping Test (FTT) (Reitan and Wolfson 1985) pre
AMPT (day 1), post 1500 mg AMPT (day 2), and post
3750 mg AMPT (day 3). The FTT was applied using a
Finger Tapper board (Psychological Assessment Re-
sources, Inc., Odessa, FL). After one 10-second practice
trial for each hand, 10-second trials were administered
alternating between the right and left hand, allowing
for a 15-second rest period between trials for each hand.
Trials were administered until five consecutive trials
rendered scores within a five-tap range, and average
scores of these five trials were obtained. If this criterion
was not reached, 10 trials were administered and aver-
age scores of these 10 trials were obtained. Subjects
were rated during these tests regarding level of seda-
tion using the Observer’s Assessment of Alertness/Se-
dation Scale (OAASS) (Chernik et al. 1990).

 

Catecholamine Metabolites Plasma Analysis

 

Plasma HVA and MHPG samples were collected at 10
a.m. (day 1), at 10 a.m. (day 2 pre AMPT), at 3 p.m. (day
2 post 1500 mg AMPT), and at 1 p.m. (day 3 post 4500
mg AMPT).

Plasma HVA levels were measured as the methy-
lated then acetylated derivative using Gas Chromatog-
raphy-Mass spectrometry (GCMS) with selected ion
monitoring (Warsh et al. 1987). Plasma MHPG levels
were measured as the 4-acetyl-di-trifluoro-acetyl deriv-
ative using GCMS with selected ion monitoring (Taka-
hashi et al. 1977).

 

AMPT Plasma Analysis

 

Plasma AMPT samples were collected at 10 a.m. (day
1), at 10 a.m. (day 2 pre AMPT), at 3 p.m. (day 2 post
1500 mg AMPT), and at 1 p.m. (day 3 post 4500 mg
AMPT). Plasma AMPT concentrations were measured
as the pentafluorobenzoyl derivative using GCMS with
selected ion monitoring (Roy et al. 1984).

 

Prolactin Plasma Analysis

 

Plasma prolactin samples were collected at 10 a.m. (day
1), at 10 a.m. (day 2 pre AMPT), at 3 p.m. (day 2 post
1500 mg AMPT), and at 1 p.m. (day 3 post 4500 mg
AMPT). Plasma prolactin levels were measured using
microparticle enzyme immunoassay technology (Ab-
bott Laboratories 1997).

 

[

 

11

 

C]raclopride PET Data Acquisition

 

PET images were obtained with a GEMS PC2048–15B
camera (General Electric Medical Systems, Milwaukee,
WI) in five 1-minute frames followed by twenty 2-min-
ute frames and three 5-minute frames after [

 

11

 

C]raclo-
pride bolus injection (pre AMPT: 370 

 

�

 

 34 MBq (9.99 

 

�

 

0.93 mCi), specific activity 53,095 

 

�

 

 17,649 GBq/mmol
(1435 

 

�

 

 477 Ci/mmol); post AMPT: 385 

 

�

 

 42 MBq
(10.41 

 

�

 

 1.14 mCi), specific activity 56,795 

 

�

 

 18,648
GBq/mmol (1535 

 

�

 

 504 Ci/mmol)). There was no sig-
nificant difference in the pre- and post-AMPT injected
radioactivity and specific activity (two-tailed paired Stu-
dent’s t-test: df 

 

�

 

 5, 

 

p

 

 

 

�

 

 .552 and 

 

p

 

 

 

�

 

 .673, respectively).
The images were corrected for attenuation with a 

 

68

 

Ge
transmission scan and reconstructed using filtered back
projection (Hanning filter, 5 mm full width at half max-
imum) and fifteen 6.5 mm-thick transaxial slices were
obtained (total axial field of view 9.75 cm; covering area
from the canto-meatal line upwards; part of cerebral
cortex from vertex downward not covered).

 

Image Analysis

 

Regions of interest (ROIs) were manually drawn fol-
lowing the contour of the striata (pre AMPT: 3371 

 

�

 

 465
mm

 

3

 

; post AMPT: 3202 

 

�

 

 553 mm

 

3

 

) and cerebellum
(pre AMPT: 13893 

 

�

 

 1549 mm

 

3

 

; post AMPT: 13698 

 

�

 

1264 mm

 

3

 

) on two adjacent transaxial PET slices. There
were no significant differences in the pre- and post-
AMPT sizes of the ROIs of the striata and cerebellum
(two-tailed paired Student’s t-test: df 

 

�

 

 5, 

 

p

 

 

 

�

 

 .394 and

 

p

 

 

 

�

 

 .819, respectively). For [

 

11

 

C]raclopride PET data,
ROIs selected from the PET images have been shown to
be almost identical to those obtained from coregistered
MRI images (Wang et al. 1996a).

The neostriatal DA D

 

2

 

 receptor binding potential
(D

 

2

 

RBP), the product of the total D

 

2

 

R density (B

 

max

 

), and
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the affinity (1/K

 

d

 

) of [

 

11

 

C]raclopride for D

 

2

 

R, were cal-
culated using the SRTM (Lammertsma and Hume
1996). For [

 

11

 

C]raclopride PET data, the SRTM has been
shown to provide similar results as the 4-parameter ref-
erence tissue model (Lammertsma and Hume 1996),
whereas the 4-parameter reference tissue model pro-
duced similar results as 1- and 2-tissue compartment
models requiring metabolite-corrected plasma curves
(Lammertsma et al. 1996; Ito et al. 1998) and as the sus-
tained equilibrium method after bolus plus continuous
infusion (Ito et al. 1998). The SRTM was applied using a
flexible kinetic modeling tool (Burger and Buck 1997)
which also allowed us to construct parametric D

 

2

 

RBP
images (Gunn et al. 1997). The parametric D

 

2

 

RBP im-
ages were spatially normalized within the standard
Montreal Neurologic Institute brain space using Statis-
tical Parametric Mapping version 99 (SPM99) (Friston
et al. 1995) and the D

 

2

 

R ligand specific template tech-
nique (Meyer et al. 1999).

 

Outcome Measures

 

Our method is based on the finding that endogenous
DA competes with the binding of [

 

11

 

C]raclopride. When
tracer amounts of high-specific activity [

 

11

 

C]raclopride
are injected and approach equilibrium, the ratio of the
[

 

11

 

C]raclopride bound specifically to the D

 

2

 

R (S

 

rac

 

) to
that which is free in the extracellular fluid close to the
D

 

2

 

R (F

 

rac

 

) is equal to the product of Bmax times 1/Kd,
provided there is no endogenous DA:

As Frac cannot be measured directly, this is estimated
from the count rate density (i.e., Frac plus nonspecific
binding) in the cerebellum, a brain region almost de-
void of D2R (Martres et al. 1985). However, in vivo the
endogenous DA competes with [11C]raclopride for the
D2R. This competition can be represented as:

where D2RBPbaseline � D2RBP measurement at baseline,
DAconc � neostriatal DA concentration, and Ki � equi-
librium inhibitory constant for DA regarding inhibition
of raclopride binding.

However, D2RBPbaseline is confounded by endoge-
nous DA. If one depletes DA and thereby removes the
competition and the DAconc term in the denominator,
one can obtain a more accurate estimate of D2RBP
(D2RBPdepleted). Therefore, under DA depletion, equa-
tion 2 functionally becomes:

Srac

Frac
---------

Bmax

Kd
------------

Number of D2 receptors

1 Affinity of raclopride for D2 receptors⁄
--------------------------------------------------------------------------------------------------- D2RBP

= =

=

D2RBPbaseline

Srac

Frac
---------

Bmax

Kd 1 DAconc Ki⁄+( )
---------------------------------------------------= =

The foregoing discussion illustrates that: 1) D2RBPbaseline

is confounded by endogenous DA, and the higher the
concentration of DA the lower the value of D2BP that
will be obtained; 2) D2RBPdepleted more accurately re-
flects the true status of D2R; 3) by combining equations
2 and 3 it can be shown that the fractional increase in
D2RBP [i.e., (D2RBPdepleted � D2RBPbaseline)/D2RBPbaseline �
D2RBPshift] is linearly proportional to the baseline DAconc,
provided the process of DA depletion does not change
the number and affinity of the D2R. Thus, D2RBPshift, un-
der appropriate assumptions, is a semiquantitative in-
dex of endogenous DA levels.

Statistical Analyses

Data were monitored for meeting the criteria for a nor-
mal distribution by testing for skewness, curtosis and
outlyers, and for homogeneity of variance (Tabachnick
and Fidell 1996). Correlations between PET data and
clinical parameters were tested for using Pearson’s
product-moment correlation coefficient (r) if the criteria
for a normal distribution were met and using Spear-
man’s rank correlation coefficient (Rho) if these criteria
were not met. AMPT effects on clinical ratings and
plasma levels were assessed by repeated measures
ANOVA, if the criteria for a normal distribution and
homogeneity of variance were met and by Friedman’s
test if these criteria were not met. Similarly, AMPT ef-
fects on PET measurements were assessed by two-
tailed paired Student’s t-tests if the criteria were met
and by Wilcoxon’s signed ranks test if the criteria were
not met. All tests were 2-tailed and probability values
of 0.05 were used as the significance level. No correc-
tions for multiple comparisons were applied. Statistical
analyses were performed with SPSS for Windows, re-
lease 10.0.0 (SPSS Inc., Chicago, IL, 1999).

For the parametric D2RBP images the equivalent of a
2-tailed paired Student’s t-test pre versus post AMPT
was done using SPM99. This was done because: 1) in-
creased uptake has been observed in similar extrastriatal
regions with [11C]raclopride PET (Wang et al. 1993) as
with [123I]epidepride SPECT (Fujita et al. 2000), suggest-
ing visualization of extrastriatal D2R; 2) decrements in
uptake in some of those regions (i.e., in the thalamus and
temporal insula) have been reported with age, in concor-
dance with the D2R decline with age in those regions ob-
served post mortem (Wang et al. 1996b); and 3) baseline
occupancy of extrastriatal D2R by dopamine has been
demonstrated using [123I]epidepride SPECT and AMPT-
induced dopamine depletion (Fujita et al. 2000).

As SPM has been reported to be successful in detecting
receptor changes in brain areas that were not defined a
priori (Weeks et al. 1997), this technique might help us in

D2RBPdepleted

Srac

Frac
---------

Bmax

Kd 1 0 Ki⁄+( )
----------------------------------

Bmax

Kd
------------= = =
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3.68 � 0.23 post AMPT (paired t-test: t � �22.666, df �
5, p � .001) (Figure 1). The D2RBPshift was 0.185 � 0.030.

The analysis of the parametric D2RBP images in
SPM99 showed two clusters of significant change at the
levels of the right and left striatum, respectively (cor-
rected p-values for both clusters � .0001) (Figure 2). No
significant differences at cluster or voxel level were ob-
served in any other brain regions.

A negative correlation was observed between age
and D2RBPbaseline (r � �0.941, p � .005). This correlation
with age persisted for D2RBPdepleted (r � �0.833; p �
.040) since D2RBPbaseline and D2RBPdepleted were posi-
tively correlated (r � 0.969, p � .001). There was a trend
for a negative correlation between D2RBPshift and
D2RBPbaseline (r � �0.788, p � .063).

Plasma Measurements

Plasma Catecholamine Metabolites. Effects of AMPT
on plasma HVA and MHPG levels are shown in Table
1. The AMPT-induced decrease in plasma HVA was
significantly larger than that in MHPG (paired t-test, df �
5, t � 4.409, p � .007).

Plasma AMPT. AMPT levels were 10 � 3 �g/mL on
day 2 post 1500 mg AMPT and 21 � 12 �g/mL on day 3
post 4500 mg AMPT.

Plasma Prolactin. Effects of AMPT on plasma pro-
lactin levels are shown in Table 1. AMPT significantly
increased plasma prolactin.

Clinical Effects of AMPT

Only very mild Parkinsonian symptoms and akathisia
were induced by AMPT in three of our subjects. No
acute dystonias or abnormal involuntary movements
were observed. Effects of AMPT on VAS scores are
shown in Table 2. On AMPT, scores for happiness were
significantly decreased whereas scores for tiredness,
sleepiness and drowsiness were significantly increased.
There was a tendency for subjects to feel less energetic
on AMPT whereas scores for hungriness were quite
variable at different times without a clear dose depen-
dence on AMPT. No significant changes on AMPT were
observed for the other VAS scores, in order of decreas-
ing significance: talkative, depressed, anxious, high,
nervous, sad, irritable, calm, mellow, fearful, mania,
restless, and angry. Percentage decrease in happiness
scores was significantly correlated to percentage
MHPG decrease (r � 0.935, p � 0.006) but not to per-
centage HVA decrease or to D2RBPshift.

None of six dimensions derived from POMS scores
(in order of decreasing significance: vigor, confusion,
fatigue, tension, depression, and anger) changed signif-
icantly on AMPT. BDI scores were very low and did not
change with AMPT treatment.

Figure 1. Comparison of neostriatal dopamine D2 receptor
binding potential (D2RBP), determined from Positron Emis-
sion Tomography data obtained from 0 to 60 min after
[11C]raclopride bolus injection, in six healthy subjects pre
versus post AMPT. In each subject, the D2RBP post AMPT
was larger than pre AMPT (2-tailed paired t-test: t �
�22.666, p � .001).

detecting possible increases in extrastriatal D2RBP post
AMPT. No global normalization was carried out. This
provided a comparison between groups of the D2RBP val-
ues. A threshold of 80%, discarding all values smaller than
80% of the whole brain average D2RBP value, was used to
delineate gray matter voxels. Corrected p-values � .05 at
cluster or voxel level were considered significant.

RESULTS

Compliance with Protocol

Four men and two women, age 27 � 6 years (average �
s.d.) completed the protocol. A 30-year-old man and a
24-year-old woman initiated the study but did not com-
plete the protocol. The man left due to mild symptoms
(moderate dizziness when standing up, mild restless-
ness, mild hand tremors and mild slowness of move-
ment) and the woman left the study as she did not like
the overnight stay in the psychiatric inpatient unit.

[11C]raclopride PET

The D2RBP, obtained using manually drawn ROIs, was
3.11 � 0.25 at baseline and increased significantly to
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Effects of AMPT on cognitive test performance are
shown in Table 3. The OAASS overall scores decreased
significantly on AMPT. Significant effects of AMPT on
several CPT items were observed: Number of Commis-
sions and Hit Response Time Standard Error increased
whereas Attentiveness (d’) decreased. Other CPT items
showed trends for significance on AMPT: Hit Response
Time Change over Inter Stimulus Intervals and the

Overall Index increased. The remaining CPT items did
not show any (trend for) significant change on AMPT.

D2RBPshift was significantly correlated with percent-
age increase in Number of Commissions (r � 0.837, p �
.038) and with percentage decrease in Attentiveness (d’)
(r � 0.890, p � .018). No significant AMPT-induced

Table 1. Effect of AMPT Administration on Various 
Plasma Levels

Plasma Level Baseline
AMPT

1500 mg
AMPT

4500 mg
Significance
of Change*

HVA (nmol/L) 93 � 35 38 � 11 25 � 10 0.002^
MHPG (nmol/L) 60 � 23 50 � 16 28 � 10 �0.001
Prolactin (�g/L) 11 � 2 47 � 24 30 � 13 0.003

Levels of significance of change in plasma levels over three cumulative
oral doses of AMPT: 0 mg (average of two measurements per subject),
1500 mg, and 4500 mg (one measurement each per subject). Values ex-
pressed as mean � standard deviation. For calculation of % change, the
average baseline value of each subject was considered to be 100%.

*P-values from repeated measured ANOVA (if data met criteria for
normal distribution) are not marked, whereas p-values from Friedman’s
test (if data did not meet criteria for normal distribution) are marked
with ^.

Table 2. Effect of AMPT on Subjective Mood Ratings with 
the Visual Analog Scale

VAS Item Baseline
AMPT
750 mg

AMPT
3750 mg

AMPT
4500 mg

Significance
of Change*

Happy 68 � 13 55 � 19 40 � 27 40 � 30 0.002
Tired 41 � 22 57 � 37 71 � 36 32 � 26 0.025
Sleepy 46 � 23 64 � 27 73 � 37 41 � 29 0.041
Drowsy 42 � 18 59 � 26 74 � 37 48 � 29 0.052
Hungry 19 � 24  5 � 10 36 � 30 15 � 19 0.084^
Energetic 49 � 14 27 � 21 35 � 22 49 � 18 0.096

Levels of significance of change in VAS mood ratings over four cumu-
lative oral doses of AMPT: 0 mg (average of two measurements per sub-
ject), 750 mg, 3750 mg, and 4500 mg (one measurement each per subject).
Values expressed as mean � standard deviation.

*P-values from repeated measured ANOVA (if data met criteria for
normal distribution) are not marked, whereas p-values from Friedman’s
test (if data did not meet criteria for normal distribution) are marked
with ^.

Figure 2. Results from the Statistical Parametric Mapping 99 analysis of the parametric dopamine D2 receptor binding
potential (D2RBP) images in six healthy subjects pre versus post AMPT determined from Positron Emission Tomography
data obtained from 0 to 60 min after [11C]raclopride bolus injection. Transaxial slices of spatially normalized brains within the
standard Montreal Neurologic Institute brain space in standard neurological orientation. The slices are parallel to and from 2
mm to 18 mm above the intercommissural line. Voxels with significant T statistics (corrected p-values � .05), indicating signif-
icant D2RBP increases post versus pre AMPT, are indicated in hot color scale (ranging from 0–20 for the T statistic values).
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changes or correlations with age were noted on FTT
scores (left and right index fingers).

DISCUSSION

[11C]raclopride PET

An 18.5 � 3.0% neostriatal D2RBP increase was ob-
served in the six subjects who completed the AMPT DA
depletion protocol. This is in accordance with D2RBP
increases reported with [123I]IBZM SPECT in two inde-
pendent samples: 28 � 16% in nine healthy subjects 25 �
4 years old (Laruelle et al. 1997) and 9 � 7% in 18
healthy subjects 31 � 8 years old (Abi-Dargham et al.
2000).

Assuming partial depletion, we estimated a DAconc of
27 � 6 nM [by multiplying the DAconc, calculated as-
suming full depletion and taking for Ki a value of 100
nM (Fisher et al. 1995; Ginovart et al. 1997), with
HVAPET1/(HVAPET1-HVAPET2) (Laruelle et al. 1997)]. Es-
timations in vivo for the DAconc have been 40–60 nM in
mice (Ross and Jackson 1989), 51–56 nM in Cynomolgus
monkeys (Ginovart et al. 1997), 45 � 25 nM (assuming
full depletion) to 72 � 40 nM (assuming partial deple-
tion) in humans (Laruelle et al. 1997). Based on a litera-
ture review, the average DAconc in humans has been es-
timated to be 100 nM at baseline and 200 nM during
activation (Fisher et al. 1995). Therefore, our estimation
of the DAconc at baseline is in the same order of magni-
tude as estimations from the literature. However, cau-
tion should be exercised when estimating the baseline
DAconc from the D2RBPshift, as we did in this study, since
at least eight potential in vivo modulators of the
D2RBPshift must be considered.

1. The AMPT dose used in our study may not have re-
sulted in optimum DA depletion with minimal ad-
verse effects. Our dose rate was similar to the 1 g PO

q.i.d. administered by Laruelle et al. (1997) and Abi-
Dargham et al. (2000), whereas the duration was
similar to the 24 hours suggested by Anand et al.
(1999). We performed clinical ratings and plasma
metabolite measures at various points during our
study to monitor the effect of various total dosages
of AMPT. Validation of these preliminary results
may require producing placebo-controlled dose re-
sponse curves.

2. In our study, the order of PET scanning at baseline
and with DA depletion was not randomized. This
because of a possible carry-over effect if PET on
AMPT depletion would have been done first. Thus,
we cannot fully rule out a time or order effect on our
imaging data.

3. The neostriatal D2RBP increase after AMPT adminis-
tration might have reflected D2R upregulation rather
than removal of endogenous DA. However, previ-
ous animal studies indicated that dopamine deple-
tion for two days did not cause receptor upregula-
tion. In rodents, DA depletion induced by reserpine
(Ross and Jackson 1989), 6-hydroxydopamine (Iwata
et al. 1992; Hume et al. 1995; Narang and Wamsley
1995) or AMPT (Laruelle et al. 1997) did not cause
any significant neostriatal D2R upregulation in two
days to three weeks. In Cynomolgus monkeys, reser-
pine-induced DA depletion did not change Bmax in
vivo (Ginovart et al. 1997). Given the brief duration of
our AMPT administration protocol, receptor upreg-
ulation does not seem to have contributed to the
D2RBP increase.

4. Differences in neostriatal D2RBP increase could re-
flect different proportions of high- and low-affinity
state D2R. In general, agonists predominantly label
high-affinity state and antagonists label both high-
and low-affinity state D2R (Sibley et al. 1982). The
proportion of these two states varies among brain re-
gions (Camps et al. 1989) and may differ in vivo from
in vitro (Richfield et al. 1986).

Table 3. Effect of AMPT on Cognitive Test Performance

Cognitive Test Item Baseline AMPT 500 mg AMPT 3750 mg
Significance
of Change*

Sedation
OAASS total score 5.0 � 0.0 4.5 � 0.5 4.0 � 0.0 0.011^

Conners CPT
Number of Commissions 8 � 6 7 � 3 13 � 5 0.011
Hit Response Time SE 4.91 � 0.89 5.37 � 0.93 6.18 � 1.44 0.055
Attentiveness (d’) 3.60 � 0.75 3.39 � 0.41 2.68 � 0.47 0.061
Hit RT ISI Change 0.05 � 0.03 0.06 � 0.03 0.08 � 0.03 0.073
Overall index 3.33 � 3.98 2.52 � 6.17 6.79 � 7.74 0.092^

Levels of significance of change in plasma levels over three cumulative oral doses of AMPT: 0 mg (average of two measurements per subject), 1500
mg, and 4500 mg (one measurement each per subject). Values expressed as mean � standard deviation.

*P-values from repeated measured ANOVA (if data met criteria for normal distribution) are not marked, whereas p-values from Friedman’s test (if
data did not meet criteria for normal distribution) are marked with ^.
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5. It is generally believed that agonists cause internal-
ization of D2R (Ito et al. 1999), which in vivo results in
an increased affinity for butyrophenones and in a de-
creased affinity for benzamides (Laruelle 2000). The
latter may be due to the changed internal milieu
with D2R internalization such as decreasing sodium
and increasing proton concentrations which are both
known to decrease the affinity of benzamides for
D2R (Laruelle 2000). It is unlikely to be due to de-
creased access of benzamides to internalized D2R
since all effective neuroreceptor ligands must pass
the blood brain barrier, which is essentially com-
posed of a lipophilic membrane. Thus, such tracers
should pass the plasma membrane and have access
to internalized receptors. This is supported by data
showing that [123I]IBZM diffuses well within periph-
eral blood cells in humans in vivo (Costa et al. 1990).

6. There may be interindividual differences in pharma-
codynamic effects of AMPT on tyrosine hydroxylase.
In fact, four isoforms of this enzyme were found in
human brain showing different regional distribu-
tions (Lewis et al. 1993).

7. A significant number of D2R are located extrasynap-
tically (Khan et al. 1998) where the DA concentration
is lower than in the synapse (Fisher et al. 1995). Thus,
DA may occupy a smaller percentage of extrasynap-
tic receptors compared to those within the synapse
and there may be interindividual differences in the
proportion of synaptic versus extrasynaptic D2R.

8. Benzamides label both dimers and monomers of D2R
whereas butyrophenones label only monomers (Ver-
hoeff 1999; Laruelle 2000). However, the actual rela-
tionship between D2R oligomeric states, D2R inter-
nalization and vulnerability to endogenous DA
competition has to our knowledge not been docu-
mented (Laruelle 2000).

We observed a negative correlation between age and
neostriatal D2RBP at baseline which was preserved af-
ter DA depletion. Negative correlations between age
and neostriatal D2RBP have been consistently reported
in imaging studies of healthy subjects in which endoge-
nous DA competed with the radiotracers used (Verho-
eff 1999). The preliminary findings in our study suggest
that these negative correlations may remain valid with
DA depletion.

A trend for a negative correlation between D2RBPshift

and D2RBPbaseline was observed both in our study and
by Laruelle et al. (1997). This suggests that a relatively
high D2R occupancy by DA might contribute to a rela-
tively low D2RBPbaseline.

Plasma Catecholamine Metabolites

The AMPT-induced decreases in plasma HVA by 71 �
11% and in plasma MHPG by 53 � 7% in our study are

compatible with the decreases of 70 � 12% and 66 �
6%, respectively, obtained by Laruelle et al. (1997) and
with the decreases of 64 � 11% and 51 � 11%, respec-
tively, observed by Fujita et al. (2000).

Plasma AMPT

The AMPT levels in our study were 21.1 � 11.7 �g/mL
prior to PET2. These values are compatible with the
steady-state levels of 21 � 7 �g/mL obtained by
Laruelle et al. (1997) and 21.4 � 8.0 �g/ml obtained by
Fujita et al. (2000).

Plasma Prolactin

The AMPT-induced increases in plasma prolactin by
340 � 249% on day 2 and by 176 � 118% on day 3 were
larger than the 93 � 56% (rested) and 152 � 86% (sleep-
deprived) increases observed post 5250 mg AMPT over
a 33-hour period in 40 healthy male volunteers (Mc-
Cann et al. 1992). The increases in prolactin in our study
were larger in the two women (range on day 2: 241–
820% ; on day 3: 204–390%) than in the four men (range
on day 2: 100–352%; on day 3: 40–170%). An increased
AMPT-induced prolactin secretion in women has also
been observed by Zimmermann et al. (1996) and this
gender difference could well be the reason for the larger
prolactin increases in our study than those observed by
McCann et al. (1992).

As prolactin levels have been reported to be constant
between 10 a.m. and 5 p.m. (Sassin et al. 1972), the
higher levels on day 2 than on day 3 cannot be ascribed
to circadian variation. The decreasing prolactin levels
with increasing duration on AMPT may be due to the
fact that the rise in prolactin may be related to the rate
of DA depletion rather than to a constant amount of DA
depletion, and that with more constant DA depletion
internal feedback circuits are increasingly able to miti-
gate the effect of DA depletion on prolactin levels.

Clinical Effects of AMPT

The significant decreases in happiness and increases in
tiredness and sleepiness VAS scores on AMPT in our
study have also been observed by others in healthy sub-
jects (McCann et al. 1993; Laruelle et al. 1997). The fact
that decrease in happiness was highly and significantly
correlated to MHPG decrease but not HVA decrease
suggests a larger role for NE depletion than for DA de-
pletion.

Moreover, we could not confirm the significant posi-
tive correlation between D2RBP increase and decrease
in VAS happiness scores described by Laruelle et al.
(1997). This may be due to the fact that not DA but NE
depletion seems to be more related to the decrease in
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happiness. However, interpretation of our results is
limited by: 1) the lower number of subjects reducing the
power to detect such correlations; and 2) the lack of a
placebo group.

Attentiveness (d’), the measure for selective atten-
tiveness of the CPT, decreased significantly on AMPT
and this decrease was significantly positively correlated
with D2RBPshift. In parallel, the number of errors of com-
mission increased significantly on AMPT and this in-
crease was significantly positively correlated with
D2RBPshift. These data are in accordance with data
showing an improvement in selective attention in
healthy subjects after d-amphetamine administration in
healthy subjects (Servan-Schreiber et al. 1998). Based on
those data and on our study, it seems that increasing
DAergic transmission improves and decreasing DAer-
gic transmission worsens selective attention in healthy
subjects. Whereas d-amphetamine induced a speeding
of reaction time overall and an improvement of accu-
racy at fast reaction times (Servan-Schreiber et al. 1998),
AMPT in our study did not affect reaction time and re-
duced accuracy by increasing errors of commission.

Since the FTT results in our study were unaffected by
AMPT administration, AMPT was found to primarily af-
fect catecholamine transmission in cognitive rather than
motor networks. This was similar for d-amphetamine in
the study of Servan-Schreiber et al. (1998). However,
the lack of any significant change of FTT scores with
AMPT-induced DA depletion and with age in our
study is in contrast with findings of Volkow et al. (1998)
who observed significant and high positive correlations
between D2R availability and FTT scores, both without
and with partialing out the significant age effect in their
study on both D2R availability and FTT scores. Given
the limited sample size and age range in this study, we
do not feel confident that we can rule out an age effect
on the FTT scores. The D2RBP decrease with age is more
chronic and likely to be differentially related to synaptic
DA levels and DA transmission than the acute D2RBP
increase on AMPT, therefore resulting in a differential
relationship with FTT scores. We intend to expand the
sample size and age range of healthy subjects to obtain
more informative data on these relationships.

We conclude that the noninvasive [11C]raclopride
PET protocol used in our study, coupled with relatively
brief administration of a relatively low total dose of
AMPT, resulted in measurable acute DA depletion that
might reflect estimates of synaptic neostriatal DA con-
centration.
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