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Relation between Presynaptic and Postsynaptic
Dopaminergic Functions Measured by Positron Emission
Tomography: Implication of Dopaminergic Tone

Hiroshi Ito, Fumitoshi Kodaka, Hidehiko Takahashi, Harumasa Takano, Ryosuke Arakawa, Hitoshi Shimada,
and Tetsuya Suhara

Clinical Neuroimaging Team, Molecular Neuroimaging Group, Molecular Imaging Center, National Institute of Radiological Sciences, Chiba 263-8555, Japan

Both presynaptic and postsynaptic dopaminergic functions can be estimated by positron emission tomography (PET). While both
presynaptic and postsynaptic dopaminergic functions would be regulated by corresponding genes and related to personality traits, the
relation between presynaptic and postsynaptic functions in terms of interindividual variation has hardly been investigated. In the present
study, both striatal dopamine D, receptor binding and endogenous dopamine synthesis rate were measured in the same healthy subjects
using PET with [''C]raclopride and 1-[3-''C]DOPA, respectively, and these two parameters were compared. Two PET studies with
["'C]raclopride and 1-[8-''C]DOPA were performed sequentially at rest condition on 14 healthy men. For [''C]raclopride PET, the
binding potential was calculated by the reference tissue model method. For -[ 3-''C]DOPA PET, the endogenous dopamine synthesis rate
was estimated by graphical analysis. A significant negative correlation was observed between the binding potential of dopamine D,
receptors and endogenous dopamine synthesis rate (r = —0.66, p < 0.05). Although the interindividual variation of binding potential of
["'C]raclopride would be due to both the interindividual difference in the receptor density and that in the concentration of endogenous
dopamine in the synaptic cleft, the negative correlation between parameters for both presynaptic and postsynaptic functions might

indicate a compensative relation between the two functions.

Introduction

The central dopaminergic system is of interest in the pathophys-
iology of schizophrenia and other neuropsychiatric disorders.
Both presynaptic and postsynaptic dopaminergic functions can
be estimated by positron emission tomography (PET) using sev-
eral radiotracers. The binding of dopamine receptors represent-
ing postsynaptic functions in the striatum can be measured for
each of D, and D, subtypes using [ ''C]SCH23390 (Halldin et al.,
1986; Farde et al., 1987) and [ ''C]raclopride (Farde et al., 1985;
Kohler et al., 1985; Ito et al., 1998), respectively. The relative
activity of cerebral aromatic L-amino acid decarboxylase (AADC)
representing endogenous dopamine synthesis rate measured by
6-[ "*F]fluoro-L-DOPA (Gjedde, 1988; Gjedde et al., 1991; Huang
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etal,, 1991) and L-[B- ''C]DOPA (Hartvig et al., 1991; Tedroff et
al., 1992) can indicate the presynaptic dopaminergic function.
Using PET, interindividual variations in both presynaptic and
postsynaptic dopaminergic functions in the striatum of normal
living human brain were observed (Ito et al., 2008).

It has been reported that the dopamine D, receptor density was
related to polymorphisms in the dopamine D, receptor gene in hu-
mans (Jonsson et al., 1999). Genotypes of human monoamine-
synthesizing enzymes, e.g., tyrosine hydroxylase (TH) and AADC,
were also determined (Nagatsu, 1991), and TH genotypes were re-
ported to participate in the regulation of monoamine turnover in the
CNS (Jonsson et al., 1996). It has been reported that dopamine D,
receptor binding and the endogenous dopamine synthesis rate mea-
sured by PET were correlated with personality traits (Farde et al.,
1997; Breier et al., 1998; Laakso et al., 2003).

While both presynaptic and postsynaptic dopaminergic func-
tions would be regulated by corresponding genes and related to per-
sonality traits, the relation between presynaptic and postsynaptic
functions in interindividual variation has hardly been investigated.
In the present study, both striatal dopamine D, receptor binding and
endogenous dopamine synthesis rate were measured in the same
healthy subjects using PET with [''C]raclopride and L-[B8-''C]
DOPA, respectively, and these two parameters were compared.

Materials and Methods

Subjects. The study was approved by the Ethics and Radiation Safety
Committees of the National Institute of Radiological Sciences, Chiba,
Japan. Fourteen healthy men [20-29 years of age, 23.8 = 2.9 years
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(mean * SD)] were recruited and written informed consent was ob-
tained. 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.

PET procedures. Al 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 recon-
structed 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 *®Ge—°®Ga line source was performed
for correction of attenuation. A head fixation device with thermoplastic
attachments for individual fit minimized head movement during PET
measurements. Two PET studies with [''C]raclopride and 1-[B-''C]
DOPA were performed sequentially at rest condition. After intravenous
rapid bolus injection of [''Clraclopride, dynamic PET scanning was
performed for 60 min. After 1 h from the end of [ ''C]raclopride PET
measurement, dynamic PET scanning was performed for 89 min after
intravenous rapid bolus injection of L-[ 8- ''C]DOPA. In one subject, the
L-[B-"'C]DOPA PET measurement was performed 5 d after the [ ''C]ra-
clopride PET measurement. The frame sequence consisted of twelve 20 s
frames, sixteen 1 min frames, and ten 4 min frames for [ ! 'C]raclopride,
and seven 1 min frames, five 2 min frames, four 3 min frames, and twelve
5 min frames for L-[B-''C]DOPA. The radioactivity injected was 194 —
230 MBq and 342-395 MBq for [ ''C]raclopride and 1-[3-''C]DOPA,
respectively. The specific radioactivity was 168—517 GBq/pumol and
26-88 GBq/umol for [''CJraclopride and 1-[B-''C]DOPA, respec-
tively. A venous blood sample was taken at the beginning of L-[B-
""C]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). The amino acids
are phenylalanine, tryptophan, leucine, methionine, isoleucine, tyrosine,
histidine, valine, and threonine, which are transported via the same car-
rier at the blood—brain barrier as L-DOPA (Sugaya et al.,, 2001). A
weighted sum of the NAAs, which was the L.-DOPA-corresponding con-
centration of the nine NAAs for the carrier system, was calculated accord-
ing to our previous study (Ito et al., 2006).

All MR imaging studies were performed with a 1.5 tesla MR scanner
(Philips Medical Systems). Three-dimensional volumetric acquisition of
a T1-weighted gradient echo sequence produced a gapless series of thin
transverse sections (TE: 9.2 ms; TR: 21 ms; flip angle: 30°; field of view:
256 mm; acquisition matrix: 256 X 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, caudate head, putamen, 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. The
radioactivity concentration of the striatum was calculated as the average
of values of caudate head and putamen. To obtain regional time—activity
curves, regional radioactivity was calculated for each frame, corrected for
decay, and plotted versus time. No software correction for head move-
ment during PET measurements was applied to the dynamic PET images.

Calculation of dopamine D, receptor binding. For PET studies with
[ "'Clraclopride, the binding potential (BPy,) was calculated by the ref-
erence tissue model method (Lammertsma and Hume, 1996; Lam-
mertsma et al., 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 nondisplace-
able radioligand binding:

Ci(t) = RI' Cr(t) + {kz - R]' kz/(l + BPND)}. Cr(t)
® exp{—k,-t/(1 + BPyp)},

where C; is the radioactivity concentration in a brain region; C, is the
radioactivity concentration in the reference region; R; is the ratio of
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Table 1. The binding potential (BPy;) of ["'Clraclopride studies and dopamine
synthesis rate k. of L-[ 8-"'CJDOPA studies

(audate head

Putamen Striatum

3.40 £ 0.29
0.0135 % 0.0016

3.15£0.26
0.0129 * 0.0015

BPyp 266 + 0.3
kios (min =) 0.0118 = 00019

Values are mean = SD.

K,/K] (K, influx rate constant for the brain region; K, influx rate con-
stant for the reference region); k, is the efflux rate constant for the brain
region; and 196 denotes the convolution integral. BPy, is defined as
BPyp = fupBavail/ K> where B, is the receptor density available to bind
radiotracer in vivo and K, is the dissociation constant indicating affinity
of radiotracer to receptors (Innis et al., 2007). fy, is the free fraction of
radiotracer in the compartment of nondisplaceable binding. In this anal-
ysis, three parameters (BPyp, R, and k,) were estimated by nonlinear
least-squares curve fitting. The cerebellum was used as reference region.

Calculation of dopamine synthesis rate. The uptake rate constant for
L-[B-""C]DOPA indicating the dopamine synthesis rate was estimated
using graphical analysis (Patlak and Blasberg, 1985; Gjedde, 1988; Ito et
al., 2006), which allows for the calculation of the uptake rate constant
(k..¢) using time—activity data in a reference brain region with no irre-
versible binding. k. values can be estimated by using simple linear least-
squares fitting as follows:

t

fC,-’(T)dT

Ci(t) o
BT

Ci(r)

+ F t>1,

where C; and C; are the total radioactivity concentrations in a brain
region with and without irreversible binding, respectively, and t* is the
equilibrium time of the compartment for unchanged radiotracer in brain
tissue. Plotting C,(1)/Ci(t) versus [(Ci(7)dT/C(t), after time t*, yields a
straight line with the slope k¢ and intercept F. In the present study, the
occipital cortex was used as a reference region with no irreversible bind-
ing, because this region is known to have the lowest dopamine concen-
tration (Brown et al., 1979) and lowest AADC activity (Lloyd and
Hornykiewicz, 1972). The equilibrium time #* was set to be 29 min, and
data plots of 29—89 min were used for linear least-squares fitting (Ito et
al., 2006, 2007).

Results

The BPyp, of the [ ''C]raclopride studies and dopamine synthesis
rate k. of the L-[3-""C]DOPA studies are shown in Table 1.
Weighted sum of the NAAs in plasma was 1262 * 186 nmol/ml
(mean * SD) for L-[B-''C]DOPA studies. No significant corre-
lation was observed between weighted sum of the NAAs and the
dopamine synthesis rate k. of L-[3-''C]DOPA.

Relations between BPy, and k,.¢ in the striatum are shown in
Figure 1. A significant negative correlation was observed between
BPypand k.. (y = —0.0038x + 0.025, x: BPyp, ¥: kepp 7 = —0.66,
p < 0.05). A trend of negative correlation was observed between
BPyp and k,.¢in the putamen ( y = —0.0028x + 0.023, x: BPy, ¥
k.. r= —0.51, p <0.1). No significant correlation was observed in
the caudate head (y = —0.0028x + 0.019, x: BPyp, 2 kiepp 7 =
—0.35). Typical images of BPy, of subjects with low and high BPy,
and corresponding images indicating dopamine synthesis rate are
shown in Figure 2.

Discussion

To our knowledge, there are only a few reports concerning the
relation between striatal dopamine D, receptor binding and en-
dogenous dopamine synthesis ability in the living human brain,
and no significant correlation was observed (Heinz et al., 2005;
Kienast et al., 2008). Although the coefficient of variation of
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BP,p, values for [ ''Clraclopride studies and k., values for L-[3-
"'C]DOPA studies were relatively small (8% for BPy, and 12%
for k.. in the striatum), a significant negative correlation was
observed between the parameters for both presynaptic and post-
synaptic functions. One possible reason for this is the competi-
tion between [''C]raclopride and endogenous dopamine at
dopamine D, receptor sites (Reeves et al., 2007). When the en-
dogenous dopamine synthesis rate measured by PET is either
small or large, the concentration of endogenous dopamine in the
synaptic cleft must be either low or high, and therefore [ ''C]ra-
clopride binding to dopamine D, receptors might become large
or small due to competition with the endogenous dopamine,
respectively. Recently, the increases in L-[ 8- ''C]DOPA metabo-
lites, [''C]3,4-dihydroxyphenylacetic acid ([''C]DOPAC) and
["'C]homovanillic acid ([ **C]HVA) in the extracellular space of
the rat striatum after intravenous infusion of L-[3-''C]DOPA
was reported using microdialysis, indicating that the endogenous
dopamine synthesis rate measured by PET can reflect the concen-
tration of endogenous dopamine in the synaptic cleft (Okada et
al., 2011). While interindividual variations of BPy, ( fypBavail/
Kp) of [ 'Clraclopride were observed in normal human subjects
(Tto et al., 2008), it has been reported that interindividual differ-
ence in B,,,; was significant, but not that in Kj,, in human
["'C]raclopride PET studies (Farde et al., 1995). This indicates
that the interindividual variation of BPy,
would be mainly due to the interindi-
vidual difference in B,,,; rather than K.
B,yail 1s the receptor density available to
bind radiotracer in vivo, and it might be
smaller than the receptor density in vitro
assays due to the competition with endog-
enous dopamine (Innis etal., 2007). Thus,
the interindividual variation of BPyp
would be due to both the interindividual
difference in the receptor density and that
in the concentration of endogenous dopa-
mine in the synaptic cleft.

Another possible reason for a signifi-
cant negative correlation between presyn-
aptic and postsynaptic dopaminergic
functions might be a compensative rela-
tion between the two functions. The
mechanism for the regulation of dopamine
release from presynapse has been explained
by both phasic and tonic dopamine release
(Grace, 1991). Phasic dopamine release
would be caused by firing of dopaminergic
neuron, and tonic dopamine release would
set the background level of dopamine recep-
tor stimulation. If the endogenous dopa-
mine synthesis ability at rest condition
measured by 1-[3-"'C]DOPA PET can in-
dicate tonic dopamine release, the background level of dopamine
receptor stimulation by tonic dopamine release might be compen-
satively related to the dopamine D, receptor density, indicating that
the tone of dopaminergic neurotransmission might not be so differ-
ent between subjects. In addition, the TaqIA1 allele of dopamine D,
receptor gene has been reported to be associated with a low density of
dopamine D, receptors (Jonsson et al., 1999) and with increased
striatal activity of AADC in healthy human subjects (Laakso et al.,
2005), supporting our present results. They attempted to explain
these findings by a lower dopamine D, receptor expression leading
to decreased autoreceptor function, and therefore increased dopa-

['C]raclopride

L-[B-"C]DOPA
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Figure2. Typicalimages of BP, of [ "'Clraclopride studies for subjects with low and high BP,, (subjects 1and 2, respectively)
and corresponding images indicating dopamine synthesis rate calculated as the ratio of time-integrated radioactivities from 29 to
89 min of 1-[ 3- TICIDOPA studies between brain regions and the occipital cortex (Ito et al., 2007).

mine synthesis. However, further studies, including animal studies
in vitro and in vivo, will be required to explain the negative correla-
tion between presynaptic and postsynaptic dopaminergic functions
in the present study.

Increased striatal dopamine synthesis rate in neuroleptic-
naive or -free patients with schizophrenia has been reported us-
ing PET with L-[8-"'"C]DOPA (Lindstrom et al., 1999; Nozaki et
al., 2009) or 6-[ "*F]fluoro-L-DOPA (Hietala et al., 1995). On the
other hand, no significant change in striatal dopamine D, recep-
tor density in patients with schizophrenia has been reported us-
ing PET with [''C]raclopride (Farde et al., 1990). It might be
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valuable to investigate the relation between presynaptic and post-
synaptic dopaminergic functions in patients with schizophrenia
whether such compensative relation in the striatum was evident
or disrupted in patients.

It has been reported that the dopamine D, receptor density
measured by PET with [ ''CJraclopride was significantly corre-
lated with a certain personality trait, the detachment score of
Karolinska Scales of Personality (Farde et al., 1997; Breier et al.,
1998), while no significant correlation was observed between the
endogenous dopamine synthesis rate measured by PET with
6-[ "8F]fluoro-L.-DOPA and the detachment score (Laakso et al.,
2003). On the other hand, endogenous dopamine synthesis was
significantly correlated with anxiety-related personality scales of
Karolinska Scales of Personality (Laakso et al., 2003). These find-
ings indicate that dopamine D, receptor density and the endog-
enous dopamine synthesis rate might be related to personality
traits independently, although a significant negative correlation
was observed between parameters for both presynaptic and post-
synaptic functions in the present study. The relations between
personality traits and presynaptic or postsynaptic dopaminergic
functions should be further investigated in large series of subjects.

NAAs are transported by the neutral amino acid carrier sys-
tem in the blood—brain barrier in a competitive fashion (Olden-
dorf, 1971; Pardridge, 1977; Ito et al., 1995), and the competitive
transport of L-DOPA with NAAs at the blood—brain barrier has
been revealed (Ito et al., 2006). We have previously reported a
significant negative correlation between the weighted sum of the
NAAs and the overall uptake rate constant of L-[3-''C]DOPA
calculated using the arterial input function (Ito et al., 2006). The
overall uptake rate constant calculated using the arterial input
function includes the influx rate constant at the blood—brain
barrier, and therefore negatively correlated with the weighted
sum of the NAAs due to the competitive transport at the blood—
brain barrier. In the present study, no significant correlation was
observed between the weighted sum of NAAs in plasma and the
dopamine synthesis rate k.. of L-[8-''C]JDOPA. Because k,.. is
calculated using time—activity data in a reference brain region,
not in arterial plasma, this parameter does not reflect the influx
rate constant at the blood—brain barrier (Ito et al., 2006, 2007).
Thus, the dopamine synthesis rate k. of L-[3-''C]DOPA is in-
dependent of the NAA concentration.

In conclusion, a significant negative correlation was observed
between parameters for both presynaptic and postsynaptic dopa-
minergic functions in the striatum of normal human subjects.
Although the interindividual variation of BP, would be due to
both the interindividual difference in the receptor density and
that in the concentration of endogenous dopamine in the syn-
aptic cleft, this relation might indicate a compensative relation
between the two functions. Further studies to elucidate the
interindividual variation in dopaminergic neurotransmission
tone of neuropsychiatric disorders will be required.
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