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Effects of antipsychotic drugs have widely been considered to be mediated by blockade of postsynaptic dopamine D2 receptors. Effects of
antipsychotics on presynaptic functions of dopaminergic neurotransmission might also be related to therapeutic effects of antipsychot-
ics. To investigate the effects of antipsychotics on presynaptic functions of dopaminergic neurotransmission in relation with occupancy
of dopamine D2 receptors, changes in dopamine synthesis capacity by antipsychotics and occupancy of dopamine D2 receptors were
measured by positron emission tomography (PET) in healthy men. PET studies using [ 11C]raclopride and L-[�-11C]DOPA were per-
formed under resting condition and oral administration of single dose of the antipsychotic drug risperidone on separate days. Although
occupancy of dopamine D2 receptors corresponding dose of risperidone was observed, the changes in dopamine synthesis capacity by the
administration of risperidone were not significant, nor was the relation between the occupancy of dopamine D2 receptors and these
changes. A significant negative correlation was observed between the baseline dopamine synthesis capacity and the changes in dopamine
synthesis capacity by risperidone, indicating that this antipsychotic can be assumed to stabilize the dopamine synthesis capacity. The
therapeutic effects of risperidone in schizophrenia might be related to such stabilizing effects on dopaminergic neurotransmission
responsivity.

Introduction
Effects of antipsychotic drugs have widely been considered to be
mediated by blockade of postsynaptic dopamine D2 receptors
(Carlsson and Lindqvist, 1963; Creese et al., 1976; Seeman et al.,
1976). This hypothesis has been supported by positron emission
tomography (PET) studies to determine the occupancy of dopa-
mine D2 receptors in schizophrenia patients treated with first-
generation antipsychotics, e.g., haloperidol (Farde et al., 1988;
Baron et al., 1989) and second-generation antipsychotics, e.g.,
risperidone (Nyberg et al., 1993).

Effects of antipsychotics on presynaptic functions of dopami-
nergic neurotransmission might also be related to the therapeutic
effects of antipsychotics. It has been reported that antipsychotic
drugs, chlorpromazine and haloperidol, increased dopamine

metabolites in mouse brain tissue (Carlsson and Lindqvist, 1963;
O’Keeffe et al., 1970), and also that risperidone and clozapine
increased dopamine release in rat brain (Hertel et al., 1996). In-
creases and decreases in the activity of aromatic L-amino acid
decarboxylase (AADC) by antagonists and agonists of dopamine
D2 receptors were also observed in rat brain tissue, respectively
(Zhu et al., 1992, 1993). The regional activity of AADC in brain
indicating the dopamine synthesis capacity can be estimated
using radiolabeled L-DOPA (Gjedde et al., 1991). Significant in-
creases and decreases in dopamine synthesis capacities by antag-
onists and agonists of dopamine D2 receptors were observed in
animal studies using [3H]DOPA, L-[�-11C]DOPA, or 6-[18F]fluoro-L-
DOPA, respectively (Cumming et al., 1997; Torstenson et al.,
1998; Danielsen et al., 2001). These findings indicate that phar-
macological effects on dopaminergic autoreceptors might cause
changes in the presynaptic dopamine synthesis capacity (Carlsson
and Lindqvist, 1963).

Effects of antipsychotics on the dopamine synthesis capacity
in brain have been investigated in human subjects. A significant
increase in dopamine synthesis capacity after acute administra-
tion of antipsychotic drug haloperidol was observed using PET
with 6-[18F]fluoro-L-DOPA in healthy human subjects (Vernaleken
et al., 2006). On the other hand, a significant decrease in dopa-
mine synthesis capacity after chronic administration of halo-
peridol was observed using 6-[ 18F]fluoro-L-DOPA in patients
with schizophrenia (Gründer et al., 2003). A significant in-
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crease in the plasma concentration of homovanillic acid after
acute administration of antipsychotics, haloperidol or flu-
phenazine, was observed in patients with schizophrenia, indi-
cating an increase in dopamine turnover (Davila et al., 1988;
Pickar et al., 1988). During chronic administration, a significant de-
crease in the plasma concentration of homovanillic acid was also
observed (Davila et al., 1988; Pickar et al., 1988). However, the effects
of antipsychotics on the dopamine synthesis capacity have not been
investigated in relation to the occupancy of dopamine D2 receptors
in human subjects.

Recently, we have validated quantitative analyses in L-[�-
11C]DOPA PET studies (Ito et al., 2006, 2007). In the present
study, to elucidate changes in dopamine synthesis capacity by
antipsychotics in relation to the occupancy of dopamine D2 re-
ceptors, dopamine D2 receptor bindings and dopamine synthesis
capacities at resting condition and after oral administration of a
single dose of the antipsychotic drug risperidone were measured
in the same human subjects by PET with [ 11C]raclopride and
L-[�-11C]DOPA, respectively.

Materials and Methods
Subjects. The study was approved by the Ethics and Radiation Safety
Committees of the National Institute of Radiological Sciences, Chiba,
Japan. Twelve healthy men (21–29 years of age, 24.3 � 2.9 years [mean �
SD]) were recruited and written informed consent was obtained. The
subjects were free of somatic, neurological or psychiatric disorders on the
basis of their medical history and magnetic resonance (MR) imaging of
the brain. They had no history of current or previous drug abuse accord-
ing to interview.

PET procedures. All PET studies were performed with a Siemens ECAT
Exact HR� system, which provides 63 sections with an axial field of view
of 15.5 cm (Brix et al., 1997). The intrinsic spatial resolution was 4.3 mm
in-plane and 4.2 mm full-width at half maximum (FWHM) axially. With
a Hanning filter (cutoff frequency: 0.4 cycle/pixel), the reconstructed
in-plane resolution was 7.5 mm FWHM. Data were acquired in three-
dimensional mode. Scatter was corrected (Watson et al., 1996). A 10 min
transmission scan using a 68Ge- 68Ga line source was performed for cor-
rection of attenuation. A head fixation device with thermoplastic attach-
ments for individual fit minimized head movement during the PET
measurements.

PET studies were performed under resting condition (baseline
study) and oral administration of risperidone (drug challenge study)
on separate days. The interval between the 2 studies was 7 d in 10
subjects, and 14 d in 2 subjects. In each study, both PET scans with
[ 11C]raclopride and L-[�-11C]DOPA were performed sequentially.
After intravenous rapid bolus injection of [ 11C]raclopride, dynamic
PET scanning was performed for 60 min. After 1 h from the end of the
[ 11C]raclopride PET measurement, dynamic PET scanning was per-
formed for 89 min after intravenous rapid bolus injection of L-[b-
11C]DOPA. The frame sequence consisted of twelve 20 s frames,
sixteen 1 min frames, and ten 4 min frames for [ 11C]raclopride, and
seven 1 min frames, five 2 min frames, four 3 min frames, and twelve
5 min frames for L-[�-11C]DOPA. The radioactivity injected was
220 –230 MBq and 342–395 MBq in the baseline studies, and 205–274
MBq and 344 –388 MBq in the drug challenge studies for [ 11C]raclo-
pride and L-[�-11C]DOPA, respectively. The specific radioactivity
was 168 –517 GBq/�mol and 26 – 88 GBq/�mol in the baseline stud-
ies, and 162–535 GBq/�mol and 39 –90 GBq/�mol in the drug chal-
lenge studies for [ 11C]raclopride and L-[�-11C]DOPA, respectively.
A venous blood sample was taken at the beginning of L-[�-11C]DOPA
PET scanning for measurement of natural neutral amino acid (NAA)
concentration in plasma. NAA concentration was measured by HPLC
(L-8500 amino acid analyzer system, Hitachi Corp.). The amino acids
are phenylalanine, tryptophan, leucine, methionine, isoleucine, ty-
rosine, histidine, valine and threonine, which are transported via the
same carrier at the blood– brain barrier as L-DOPA (Sugaya et al.,
2001). A weighted sum of the NAAs, which was the L-DOPA corre-

sponding concentration of the nine NAAs for the carrier system, was
calculated according to our previous work (Ito et al., 2006).

In the drug challenge studies, risperidone at 0.5–2.0 mg was orally
administrated 2 h before the start of PET scanning with [ 11C]raclopride.
The dose of risperidone was 0.5 mg in 3 subjects, 1.0 mg in 3 subjects, 1.5
mg in 3 subjects, and 2.0 mg in 3 subjects. To estimate the plasma con-
centration of risperidone and its active metabolite (9-hydroxy-
risperidone), venous blood sampling was performed at the start and end
of each PET scan. The plasma concentrations of risperidone and
9-hydroxy-risperidone were determined by validated liquid chromatog-
raphy coupled to tandem mass spectrometry (LC-MS/MS) method.
Since risperidone and 9-hydroxy-risperidone have similar binding pro-
files to neuroreceptors (Leysen et al., 1994), the sum of their plasma
concentrations was used as the plasma concentration of the antipsychotic
drug in the present study.

All MR imaging studies were performed with a 1.5-tesla MR scanner
(Philips Medical Systems, Best, The Netherlands). Three-dimensional
volumetric acquisition of a T1-weighted gradient echo sequence pro-
duced a gapless series of thin transverse sections (echo time, 9.2 ms;
repetition time, 21 ms; flip angle: 30°; field of view: 256 mm; acquisition
matrix: 256 � 256; slice thickness: 1 mm).

Regions of interest. All MR images were coregistered to the PET images
with the statistical parametric mapping (SPM2) system (Friston et al.,
1990). Regions of interest (ROIs) were drawn on coregistered MR images
and transferred to the PET images. ROIs were defined for the cerebellar
cortex, putamen, caudate head, and occipital cortex. Each ROI was
drawn in three adjacent sections and data were pooled to obtain the
average radioactivity concentration for the whole volume of interest. To
obtain regional time-activity curves, regional radioactivity was calculated
for each frame, corrected for decay, and plotted versus time. In-house
software was used to draw ROIs.

Calculation of occupancy of dopamine D2 receptors. For both PET stud-
ies with [ 11C]raclopride, the binding potential (BPND) was calculated by
the reference tissue model method (Lammertsma et al., 1996; Lam-
mertsma and Hume, 1996). With this method, the time-activity curve in
the brain region is described by that in the reference region with no
specific binding, assuming that both regions have the same level of non-
displaceable radioligand binding:

C i�t� � RI � Cr�t� � �k2 � RI � k2/�1 � BPND�� � Cr�t� �

exp��k2 � t/�1 � BPND��,

where Ci is the radioactivity concentration in a brain region; Cr is the
radioactivity concentration in the reference region; RI is the ratio of
K1/K1� (K1, influx rate constant for the brain region; K1�, influx rate
constant for the reference region), k2 is the efflux rate constant for the
brain region, and R denotes the convolution integral. In this analysis,
three parameters (BPND, RI, and k2) were estimated by nonlinear
least-squares curve fitting. The cerebellum was used as a reference
region. The occupancy of dopamine D2 receptors by risperidone was
calculated as follows:

Occupancy �%� � 100 � BPND(baseline) � BPND(drug))/BPND(baseline),

where BPND(baseline) is the BPND value in the baseline study, and BPND(drug)

is the BPND value in the drug challenge study.
Calculation of dopamine synthesis capacity. The uptake rate constant for

L-[�-11C]DOPA indicating the dopamine synthesis capacity was estimated
by graphical analysis (Patlak and Blasberg, 1985; Gjedde, 1988; Hartvig et al.,

Table 1. Dose of risperidone and ranges of occupancy of dopamine D2 receptors

Dose of risperidone (mg)

Occupancy (%)

Putamen Caudate

0.5 39 – 46% 33– 44%
1.0 48 –52% 48 – 60%
1.5 61– 69% 63–71%
2.0 71–75% 75–79%
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1991), which allows for the calculation of the up-
take rate constant ki using time-activity data in a
reference brain region with no irreversible bind-
ing. The ki values can be estimated by using sim-
ple linear least-squares fitting as follows:

C i�t�

Ci��t�
� ki �

�
0

t

Ci����d�

Ci ��t�
� F t � t* ,

where Ci and Ci� are the total radioactivity con-
centrations in a brain region with and without
irreversible binding, respectively, and t* is the
equilibrium time of the compartment for un-
changed radiotracer in brain tissue. Plotting
Ci(t)/Ci�(t) versus �0

tCi����d� /Ci��t�, after time
t* yields a straight line with the slope ki and
intercept F. In the present study, the occipital
cortex was used as a reference region with no
irreversible binding, because this region is
known to have the lowest dopamine concen-
tration (Brown et al., 1979) and lowest aro-
matic L-amino acid decarboxylase activity
(Lloyd and Hornykiewicz, 1972). The range of
equilibrium time t* of 29 – 89 min was used
(Ito et al., 2006, 2007). The percentage change
in ki by oral administration of risperidone was
calculated as follows:

% change

� 100 � �ki(drug) � ki(baseline)�/ki(baseline),

where ki(baseline) is the ki value in the baseline
study, and ki(drug) is the ki value in the drug
challenge study.

Results
The ranges of occupancy of dopamine D2

receptors in the striatum for each dose
of risperidone measured by PET with
[ 11C]raclopride are given in Table 1. The
occupancies of dopamine D2 receptors
ranged from 39% to 75% in the putamen
and from 33% to 79% in the caudate. The
sums of the plasma concentrations of ris-
peridone and 9-hydroxy-risperidone dur-
ing [ 11C]raclopride and L-[�-11C]DOPA
PET studies, averaged between the start
and end of each scanning, ranged from 3.8
to 23.1 ng/ml (12.2 � 6.6 ng/ml, mean �
SD) and from 2.6 to 19.5 ng/ml (10.5 �
5.8 ng/ml), respectively.

The uptake rate constant ki of L-[�-
11C]DOPA in the striatum indicating the
dopamine synthesis capacity for baseline
and drug challenge study results are
shown in Figure 1. The ki values were
0.0136 � 0.0017 min	1 and 0.0142 �
0.0010 min	1 (mean � SD) in the puta-
men and 0.0121 � 0.0018 min	1 and
0.0125 � 0.0015 min	1 in the caudate for
baseline and drug challenge studies, respectively. No significant
differences in ki were observed between the two studies. Weighted
sums of the natural neutral amino acids (NAAs) in plasma were
1251 � 198 nmol/ml for the baseline studies and 1207 � 199

nmol/ml (mean � SD) for the drug challenge studies. No significant
differences in values were observed between the two studies.

The relations between the occupancy of dopamine D2 re-
ceptors and the percentage change in ki by drug challenge are

Figure 1. The uptake rate constant ki indicating the dopamine synthesis capacity for the baseline study and drug challenge
study with risperidone in the putamen (A) and caudate (B).

Figure 2. The relations between the occupancy of dopamine D2 receptors and the percentage change in ki by drug challenge
with risperidone in the putamen (A) and caudate (B).

Figure 3. The relations between ki in the baseline study and the percentage changes in ki by drug challenge with risperidone in
the putamen (A) and caudate (B).
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shown in Figure 2. No significant correlations were observed.
The relations between ki in the baseline study and percentage
change in ki by the drug challenge are shown in Figure 3.
Significant negative correlations were observed (putamen: p 

0.001, caudate: p 
 0.05).

Discussion
Effects of antipsychotics on presynaptic dopamine synthesis
might be caused by pharmacological activity on dopaminergic
autoreceptors (Carlsson and Lindqvist, 1963). Although occu-
pancy of dopamine D2 receptors corresponding to the dose of
risperidone was observed, no significant changes in the dopa-
mine synthesis capacity ki by administration of risperidone were
observed in the present study. Furthermore, there were no signifi-
cant correlations between the occupancy of dopamine D2 receptors
and changes in dopamine synthesis capacity ki by risperidone. No
significant changes in the dopamine synthesis capacity after acute
administration of risperidone in healthy human subjects were
also reported using 6-[ 18F]-L-m-tyrosine (Mamo et al., 2004). On
the other hand, a significant increase in the dopamine synthesis
capacity measured using 6-[ 18F]fluoro-L-DOPA and a significant
increase in the plasma concentration of homovanillic acid have
been observed after acute administration of antipsychotics, hal-
operidol or fluphenazine, in healthy human subjects (Vernaleken
et al., 2006) and patients with schizophrenia (Davila et al., 1988;
Pickar et al., 1988), respectively. The discrepancy between the
present and previous results might have resulted from the use of
different antipsychotics. However, in rat brain, it has been re-
ported that risperidone and clozapine also increased dopamine
release (Hertel et al., 1996). Another reason for this discrepancy
might due to differences in the radiotracers used. However, in ani-
mal studies with [3H]DOPA, L-[�-11C]DOPA, or 6-[18F]fluoro-L-
DOPA, significant increases and decreases in dopamine synthesis
capacities by antagonists and agonists of dopamine D2 receptors,
respectively, have been observed (Cumming et al., 1997; Torstenson
et al., 1998; Danielsen et al., 2001).

In the present study, significant negative correlations were
observed between the baseline dopamine synthesis capacity ki

and the percentage changes in the dopamine synthesis capacity by
risperidone. This indicates that the increase and decrease in do-
pamine synthesis capacity by administration of risperidone are
observed in subjects with low and high baseline dopamine syn-
thesis capacity, respectively, and the degrees of increase and de-
crease in dopamine synthesis capacity are greater as the baseline
dopamine synthesis capacities are smaller and larger, respec-
tively. Negative correlations between baseline cerebral 6-[ 18F]
fluoro-L-DOPA utilization and change in 6-[ 18F]fluoro-L-DOPA
storage capacity by haloperidol challenge have also been observed
in healthy human subjects (Vernaleken et al., 2008), correspond-
ing to our present results. In addition, the coefficients of variation
of dopamine synthesis capacity ki were smaller in studies with the
administration of risperidone than in baseline studies. Thus, the
antipsychotic drug risperidone can be assumed to stabilize
the dopamine synthesis capacity. The concept of phasic and tonic
dopamine release with relation to the modulation of dopaminer-
gic neurotransmission has been proposed, and abnormal respon-
sivity in both phasic and tonic dopamine release in schizophrenia
has been considered (Grace, 1991). The therapeutic effects of
risperidone might be related to stabilizing effects on such dopa-
minergic responsivity. In addition, it has been reported that an
antipsychotic drug, clozapine, normalized dopamine turnover in
the primate phencyclidine model, indicating that the effects of
clozapine in schizophrenia might be related to the restoration of

dopamine tone (Elsworth et al., 2008). In this study, only an acute
intervention was performed on healthy subjects, and therefore,
the chronic effects of antipsychotics on patients with schizophre-
nia should be investigated in future.

It has been reported that the working memory and learning
functions were correlated with the baseline dopamine synthesis
capacity (Cools et al., 2008, 2009). Further studies to investigate
the effects of antipsychotics on such higher brain functions in
relation with changes in dopamine synthesis capacity should be
considered (Vernaleken et al., 2008).

Serotonin 5-HT2A receptor antagonists have been reported to
modulate endogenous dopamine release (Pehek et al., 2001), and
to reduce extrapyramidal side effects (Balsara et al., 1979; Korsgaard
et al., 1985; Hicks, 1990). Risperidone is an antagonist for dopa-
mine D2 receptors and serotonin 5-HT2A receptors with high
affinity (Leysen et al., 1994), and it has been reported to modulate
endogenous dopamine release. These findings indicate that
changes in the dopamine synthesis capacity by administration of
risperidone might be due to not only pharmacological effects on
dopaminergic autoreceptors, but also on serotonin 5-HT2A re-
ceptors. Thus, the stabilizing effects of risperidone on the dopa-
mine synthesis level might also be related to its antagonism
toward serotonin 5-HT2A receptors. To elucidate this, further
studies based on the same design using a selective antagonist for
dopamine D2 receptors, such as sulpiride, should be considered.
In addition, a new antipsychotic drug aripiprazole that is a partial
agonist to dopamine D2 receptors has recently been used for
treatment of schizophrenia (Mamo et al., 2007). Further studies
to investigate the effects of aripiprazole on dopamine synthesis
capacity should also be considered.

In conclusion, dopamine D2 receptor bindings and dopamine
synthesis capacities at resting condition and after oral adminis-
tration of a single dose of the antipsychotic drug risperidone were
measured in the same human subjects. Although occupancy of
dopamine D2 receptors corresponding to the dose of risperidone
was observed, no significant changes in dopamine synthesis ca-
pacity by administration of risperidone were observed. It was also
noted that there was no significant correlation between occu-
pancy of dopamine D2 receptors and changes in dopamine syn-
thesis capacity by risperidone. On the other hand, a significant
negative correlation was observed between the baseline dopa-
mine synthesis capacity and the changes in dopamine synthesis
capacity by risperidone. This indicates that the antipsychotic
drug risperidone can be considered to stabilize the dopamine
synthesis capacity. This suggests that the therapeutic effects of
risperidone in schizophrenia might be related to the stabilizing
effects on dopaminergic neurotransmission responsivity.
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