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Fig. 4. The TACs for ['®F]JFEP-4MA (A) and [''C]MP4A (B) in the occipital cortex (closed triangle), cerebellum (open diamond) and striatum (closed diamond) of the monkey. The
open circles in panel A indicate the TAC of the alcoholic metabolite of ['®F]FEP-4MA in the brain, which was infused via the crural vein in the same manner as in the ['SF]FEP-4MA

experiment. All data represent decay corrected measured values.

the tracer B-value was over 0.1, ks precision was drastically decreased.
The boundary value was not dependent on the k,- and kz-value of a
tracer (data not shown). The decrease of ks precision with the
increase of the tracer ke-value may be attributed not only to the
decrease of the total counts of radioactivity due to the reduction of the
retention of the tracer, but also to the decrease of TAC sensitivity due
to the tracer 3-value being over 0.1. On the other hand, the extent of
change in TAC shape with k; change was increased when the 3-value
was close to 0, suggesting that the [3-value of a given tracer is
preferred as low as possible for static analysis. These results indicate
that, in addition to the a-value, the 3-value is an important factor in
determining tracer sensitivity.

To validate our simulation results, dynamic PET scans were
performed in a monkey using two model tracers, ['®F]JFEP-4MA and
[''C]MP4A. The biochemical and kinetic properties of both tracers
have been well characterized. The finding that the uptake of ['F]
FEP-4MA into a brain was higher than that of [''C]MP4A may reflect
the higher lipophilicity of ['®F]JFEP-4MA (Kikuchi et al., 2005). The
a-value of ['SFJFEP-4MA was within the optimal a-value range
(a=0.70). In ['®F]FEP-4MA, the values of the parameter reflecting the
elimination of tracer metabolite were relatively low; (3, ke;) = (0.085,
0.012). These properties of ['®F]FEP-4MA resulted in high k3 precision
(SE=17.4%). The high uptake of ['SF]JFEP-4MA and slow decay of '°F
compared with ''C may also be contributed to the high precision
(Supplementary Fig. B). The precision of k; estimation was also high in
["'CIMP4A (SE=10%) with (o B)=1(0.79, 0.028). These results
indicate that the availability of a tracer with metabolite elimination
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should be determined by both the o~ and B-values. On the basis of
these results, we propose that the 3-value, rather than ke-value, is a
fundamental kinetic parameter for determining the precision of k3
estimation.

Conclusions

Our results revealed that the precision of k3 estimation for a tracer
is determined by both its - and B3-value; within the optimal « range
of approximately 0.2-1, and with optimal values of B<0.1. The
incompleteness of the trapping of a tracer metabolite lowers the
tracer sensitivity to changes in k3. However, when the elimination rate
is relatively low compared with the k,-value (i.e. ke-values satisfying
the optimal 3 condition) a tracer is expected to show high sensitivity.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
doi:10.1016/j.neuroimage.2011.02.030.
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Fig. 5. The TACs of authentic ['®F]JFEP-4MA and [''C]MP4A in arterial plasma (A), and the TACs for the both tracers in occipital cortex (B) in a monkey. Open circles and open
diamonds indicate the decay corrected measured values for ['*FJFEP-4MA and [''C]MP4A, and the dotted and solid lines show fitted curves for both, respectively.
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Table 1
Rate constants of occipital cortex in monkey.

Rate constants (mean =+ SD)

Ky ka ks ket a-value
mLg™ 'min~" min~!
['8F]FEP-4MA 0.650.055 0.14+0.026 0.104+0.017 (SE 7.4%) 0.0124+0.0010 0.70
['CIMP4A 0.47 £0.0237 0.1340.012 0.1040.014 (SE 10%) 0.0036 £ 0.00137 0.79

Table shows averaged values of six ROIs in occipital cortex of a single monkey. Standard errors (SE) of k3 estimates calculated from the mean TAC of six ROIls are presented in
parentheses. TP<O.01 for each rate parameter for ['®F]FEP-4MA vs. that for [''CJMP4A in unpaired, two-tailed Student's t-tests.
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Abstract

Rationale Second-generation antipsychotics demonstrate
clinical efficacy with fewer extrapyramidal side effects com-
pared with first-generation antipsychotics. One of the pro-
posed explanations is the hypothesis of preferential
extrastriatal dopamine D, receptor occupancy (limbic selec-
tivity) by antipsychotics. In the present study, we focused on
aripiprazole, which has a unique pharmacological profile with
partial agonism at dopamine D, receptors and the minimal risk
of extrapyramidal side effects. Previous positron emission
tomography (PET) studies using high-affinity radioligands
for dopamine D, receptors have reported inconsistent results
regarding regional differences of dopamine D, receptor occu-
pancy by aripiprazole.
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Objective To test the hypothesis of preferential binding to
extrastriatal dopamine D, receptors by aripiprazole, we in-
vestigated its regional dopamine D, receptor occupancies in
healthy young subjects.

Materials and methods Using PET and two radioligands with
different affinities for dopamine D, receptors, [''Clraclopride
and [''CJFLB457, striatal and extrastriatal dopamine D, re-
ceptor bindings at baseline and after oral administration of
6 mg aripiprazole were measured in 11 male healthy subjects.
Results Our data showed that dopamine D, receptor occu-
pancies in the striatum measured with [''Clraclopride were
70.1% and 74.1%, with the corresponding values for the
extrastriatal regions measured with [''C]FLB457 ranging
from 46.6% to 58.4%.

Conclusions In the present study, preferential extrastriatal
dopamine D, receptor occupancy by aripiprazole was not
observed. Our data suggest partial agonism at dopamine D,
receptors is the most likely explanation for the minimal risk of
extrapyramidal side effects in the treatment by aripiprazole.

Keywords Antipsychotics - Dopamine D, receptor -
Occupancy - Partial agonist - Aripiprazole

Introduction

Since the first antipsychotic drug appeared in the mid-
twentieth century with the introduction of chlorpromazine,
antipsychotic drugs have been the first-line treatment for
schizophrenia and related psychotic disorders. Molecular
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imaging studies have explored potential pathways to the man-
ifestation of clinical efficacy of various antipsychotics. Past
studies revealed that dopamine D, receptor occupancy meas-
urements provide a valid predictor of antipsychotic responses
and extrapyramidal side effects (Farde et al. 1992; Kapur et al.
2000; Kapur et al. 1999; Nordstrdm et al. 1993).
Second-generation, or atypical, antipsychotics are effective
in the treatment of both positive and negative symptoms of
schizophrenia. Compared to first-generation antipsychotics,
they cause significantly fewer and less severe extrapyramidal
side effects and prolactin level elevations (Leucht et al. 2009).
Several molecular imaging studies using high-affinity radio-
ligands for dopamine D, receptors have reported regional
differences of dopamine D, receptor occupancy by second-
generation antipsychotics. Initially, using ['*I]epidepride,
Pilowsky et al. (1997) reported “limbic selectivity” of cloza-
pine, i.e., higher dopamine D, receptor occupancies in the
extrastriatal regions than in the striatum. Similar findings were
obtained with clozapine by PET studies using ["°*Br]FLB457
(Xiberas et al. 2001) and ['®F]fallypride (Griinder et al. 2006;
Kessler et al. 2006). In contrast, first-generation antipsy-
chotics were reported to show similar dopamine D, receptor
occupancies in striatal and extrastriatal regions, as measured
with ['**Ilepidepride (Bigliani et al. 1999; Pilowsky et al.
1997). Based on these findings, the hypothesis of the prefer-
ential extrastriatal dopamine D, receptor occupancy has been
suggested to explain the actions of second-generation antipsy-
chotics (Pilowsky et al. 1997). Preferential extrastriatal dopa-
mine D, receptor occupancy was also shown in other second-
generation antipsychotics, such as risperidone using ["°Br]
FLB457 (Xiberas et al. 2001) and ['23I]epidepride (Bressan
et al. 2003), olanzapine using [ °BrJFLB457 (Xiberas et al.
2001), and quetiapine using ['°F]fallypride (Kessler et al.
2000) in patients with schizophrenia. However, the results of
several other molecular imaging studies were inconsistent. For
example, studies combining [''C]FLB457 imaging for extra-
striatal D, receptors and [''C]raclopride imaging for striatal

D, receptors have reported no differences in occupancy of

dopamine D, receptors between the striatal and extrastriatal
regions in schizophrenia patients taking clozapine (Talvik et
al. 2001). The absence of preferential binding to extrastriatal
dopamine D, receptors was also reported with risperidone (Ito
et al. 2009), olanzapine (Arakawa et al. 2010; Kessler et al.
2005), and paliperidone (Arakawa et al. 2007).

In the present study, we focused on aripiprazole, which
differs from the above-mentioned first- and second-generation
antipsychotics in its unique pharmacological profile. Aripipra-
zole acts as a partial agonist at dopamine D, and serotonin 5-
HT; receptors and as an antagonist at serotonin 5-HT,
receptors (Burris et al. 2002; Davies et al. 2006). It has been
shown to be as effective as haloperidol and risperidone in the
treatment of positive and negative symptoms of schizophrenia

@ Springer
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and schizoaffective disorder. Furthermore, a lower incidence
of the known side effects associated with antipsychotics such
as extrapyramidal symptoms, weight gain, tardive dyskinesia,
prolactin level elevation, and sedation has been observed
(Bhattacharjee and El-Sayeh 2008). A PET study using [''C]
raclopride reported striatal occupancy values ranging from
60% to 95% without notable extrapyramidal side effects
(Yokoi et al. 2002). Preferential extrastriatal dopamine D,
receptor occupancy by aripiprazole has also been tested in
two PET studies using ['®F]fallypride in patients diagnosed
with schizophrenia (Griinder et al. 2008; Kegeles et al. 2008).
Kegeles et al. (2008) reported higher dopamine D, receptor
occupancies in the extrastriatum compared to the striatum in
patients with schizophrenia and schizoaffective disorder trea-
ted with aripiprazole. However, in another PET study using
the same radioligand, Griinder et al. (2008) reported no re-
gional difference in dopamine D, receptor occupancy across
brain regions by aripiprazole in 16 patients with schizophrenia
or schizoaffective disorder.

The purpose of the present study was to test the hypothesis of
preferential binding to extrastriatal dopamine D, receptors by
aripiprazole. Striatal and extrastriatal dopamine D, receptor
bindings at baseline and after oral administration of 6 mg aripi-
prazole were measured using PET in the same healthy subjects.
Based on the finding that D, receptor densities are quite differ-
ent between the striatal and extrastriatal regions (Hall et al.
1996; Hall et al. 1994), dopamine D, receptor bindings were
measured using two radioligands with different affinities—
['C]raclopride for the striatum and [''C]JFLB457 for the extra-
striatal regions (Farde et al. 1995; Suhara et al. 1999).

Materials and methods
Subjects

The study was approved by the Institutional Review Board of
the National Institute of Radiological Sciences, Chiba, Japan.
Eleven healthy male subjects [20-35 years, 23.7+4.0 (mean +
S.D.)] participated in the study. Written informed consent was
obtained from each subject after complete explanation of the
study. Subjects with current or past psychiatric disorders, sub-
stance abuse, or organic brain disease were excluded on the
basis of their medical history and magnetic resonance (MR)
imaging of the brain. Subjects also underwent a physical exam-
ination and blood and urine analysis to exclude physical illness.

PET procedures
All PET studies were performed with a Siemens ECAT HR +

system, which provides 63 sections with an axial field of view
of 15.5 cm (Brix et al. 1997). The intrinsic spatial resolution
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was 4.3 mm in-plane and 4.2 mm full-width at half maximum
axially. With a Hanning filter (cutoff frequency, 0.4 cycle/
pixel), the reconstructed in-plane resolution was 7.5 mm. Data
were acquired in three-dimensional mode. Scatter was cor-
rected using the single scatter simulation technique (Watson
et al. 1996). Ten-minute transmission scan using a **Ge-°*Ga
line source was performed for attenuation correction. A head
fixation device with thermoplastic attachments was used to
minimize the subject's head movement during the PET
measurements.

PET studies were performed under resting condition (base-
line study) and with oral administration of aripiprazole (drug
challenge study) on separate days. The average interval be-
tween baseline studies and drug challenge studies was 15.1+
17.1 days (7-63 days). In each study, the two dynamic PET
scans with [''CJraclopride and [''CJFLB457 were performed
sequentially. After the intravenous rapid bolus injection of
["'Clraclopride, dynamic PET scanning was performed for
60 min. One hour after the end of [''Clraclopride PET mea-
surement, dynamic PET scanning was performed for 90 min
after intravenous rapid bolus injection of ["'C]FLB457. The
frame sequence consisted of 12 20-s frames, 16 1-min frames,
and 10 4-min frames for [''C]raclopride, and 9 20-s frames, 5
1-min frames, 4 2-min frames, 11 4-min frames, and 6 5-min
frames for [''C]JFLB457. The injected radioactivity was 206—
235 and 184-240 MBq in baseline studies, and 211-235 and
217-229 MBq in drug challenge studies for [''Clraclopride
and [''C]JFLB457, respectively. The specific radioactivity was
131-247 and 138-361 GBqg/umol in baseline studies, and 94—
270 and 139-277 GBg/umol in drug challenge studies for
["'Clraclopride and [''C]FLB457, respectively. The injected
mass was 0.90-1.64 and 0.66—1.34 nmol in baseline studies,
and 0.78-2.51 and 0.79-1.73 nmol in drug challenge studies
for [''Clraclopride and [''C]FLB457, respectively. Paired
¢ test revealed no significant differences in injected radioac-
tivity, specific radioactivity, and injected mass between base-
line and drug challenge studies for both [''CJraclopride and
[''CIFLB457.

In the drug challenge study, 6 mg aripiprazole was orally
administered 150 min before the start of PET scan with [''C]
raclopride. To estimate the plasma concentrations of aripi-
prazole, venous blood samplings were performed at the start
and end of each PET scan. The plasma concentrations of
aripiprazole and its main metabolite, dehydroaripiprazole,
were determined by the validated liquid chromatography
coupled to mass spectrometry/mass spectrometry method
(Sumika Chemical Analysis Service Ltd, Tokyo, Japan).

All MR scans were performed with a 3.0-T MR scanner
(General Electric, Milwaukee, WI). Three-dimensional volu-
metric acquisition of T;-weighted three-dimensional fast-
spoiled gradient-recalled acquisition in the steady state
(SPGR) sequence produced gapless series of thin transverse
sections (TE 2.848 ms; TR 6.992 ms; prep time 900 ms; flip

angle 8°; field of view 260 mm; acquisition matrix 256 x256;
slice thickness 1 mm; scan time 367 s).

Regions of interest

The MR images were co-registered to each of the summation
images of all frames of dynamic PET scans for each subject
using PMOD (PMOD Technologies Ltd., Zurich, Switzer-
land). Regions of interest (ROIs) were drawn on the co-
registered MR and PET images of each subject: the cerebel-
lum and striatum (caudate head and putamen) for [''C]
raclopride studies; the cerebellum and extrastriatum (mid-
brain, thalamus, parahippocampal gyrus including amygdala,
anterior part of the cingulate cortex, frontal cortex, temporal
cortex, and parietal cortex) for [''CJFLB457 studies. Each
ROI was drawn over three adjacent sections and data were
pooled to obtain the average radioactivity concentration for
the whole volume of interest. To obtain the regional time—
activity curves, the regional radioactivity was calculated for
each frame, corrected for decay, and plotted versus time.

Calculation for dopamine D, receptor occupancy

136

For both PET studies with [''CJraclopride and [''CJFLB57, the
binding potential (BPyp) was calculated using the simplified
reference tissue model method (Lammertsma et al. 1996;
Lammertsma and Hume 1996). With this method, the time—
activity curve in the target 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:

Ci(t) = RIC:(1) + {ka — Rika /(1 + BPp)} x C,(1)
® exp{—kyt/(1 + BPxp)} (1)

where C{?) is the radioactivity concentration in the target
region, C,(?) is the radioactivity in the reference region, R; is
the ratio of K /K|’ (K, influx rate constant for the target brain
region; K,', influx rate constant for the reference region), k, is
the efflux rate constant for the target region, and ® denotes the
convolution integral. In this analysis, three parameters (BPyp,
Ry, and k) were estimated by nonlinear least-squares curve
fitting using PMOD. The cerebellum was used as reference
region. Dopamine D, receptor occupancy by aripiprazole was
calculated as follows:

Occupancy (%) =100 x (BPND.baselinc - BPND,dmg) /BPND«baseline
(2)

where BPnp, basetine 18 BPnp in the baseline study, and BPyp,
arug 18 BPnp in the drug challenge study.

The relation between the plasma concentration of anti-
psychotic drug and dopamine D, receptor occupancy can be

@ Springer
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expressed as follows (Kapur and Remington 1996; Takano
et al. 2004):

Occupancy (%) = 100 x C/(EDsy + C) (3)

where C is the plasma concentration of aripiprazole, and
EDs is the plasma concentration required to induce 50%
occupancy. EDsq values for each of the ROIs were calculat-
ed using the Prism software system (GraphPad Software
Inc., San Diego, CA, USA) to fit the dose—occupancy data
for each region, assuming a range from 0% to 100%
occupancy.

Anatomic standardization

The analysis using ROIs does not allow evaluation of
data throughout the brain. For visualization of regional
differences in dopamine D, receptor occupancies, intersub-
ject averaging of occupancy images, which requires trans-
formation of brain images of individual subjects into the
standard brain shape and size in three dimensions (anatom-
ical standardization), was performed (Fox et al. 1988).
BPyp images of [''C] raclopride and [''C] FLB457 were
calculated on a voxel-by-voxel basis by the reference tissue
model (Lammertsma et al. 1996; Lammertsma and Hume
1996) with the basis function method (Gunn et al. 1997).
Images of dopamine D, receptor occupancy were also cal-
culated on a voxel-by-voxel basis. All MR images that were
co-registered to PET images were transformed into the stan-
dard brain size and shape by linear and nonlinear parameters
with SPMS5 (Wellcome Trust Center for Neuroimaging, In-
stitute of Neurology, London, UK). The brain templates
used in SPM5 for the anatomical standardization were T
templates for MR images. All BPyp images were also trans-
formed into the standard brain size and shape using the same
parameters as MR images. Thus, brain images of all subjects
had the same anatomical format. Average images for BPyp
and dopamine D, receptor occupancy were calculated on a
voxel-by-voxel basis.

Statistical analysis

Statistical analyses were performed with SPSS, version 18.0
(SPSS, Inc., Chicago, IL, USA). Paired ¢ tests were performed
to compare (1) dopamine D, receptor occupancies between the
striatal and extrastriatal regions, and (2) plasma concentrations
of aripiprazole between [''Clraclopride and [''C]JFLB457
PET studies. In all tests, the two-tailed level of statistical
significance was set at «=0.05. Multiple comparisons with
Bonferroni corrections were performed to test the regional
differences of dopamine D, receptor occupancies in the extra-
striatal regions.

@ Springer

Results

Striatal and extrastriatal BPyp values and dopamine D,
receptor occupancies are shown in Tables | and 2. Dopa-
mine D, receptor occupancies in the striatum were 70.1%
and 74.1%, and the corresponding values for the extrastria-
tal regions ranged from 46.6% to 58.4%. Although direct
comparison of dopamine D, receptor occupancy values
between the striatal and extrastriatal regions should be inter-
preted with some caution due to the small difference of
plasma concentration of aripiprazole during the [''C]
raclopride and [''C]JFLB457 PET studies as well as system-
atic errors in occupancy for [''C]JFLB457 studies as de-
scribed in the “Discussion”, higher dopamine D, receptor
occupancies in the extrastriatal regions were not observed.
No significant difference in dopamine D, receptor occupan-
cy was found among the extrastriatal regions by multiple
comparison test with Bonferroni corrections.

Average images of BPyp at the baseline condition and
after administration of aripiprazole and dopamine D, recep-
tor occupancy for [''Clraclopride and [''C]JFLB457 are
shown in Figs. 1 and 2, respectively. Intersubject averaging
of images allowed visualization of regional differences in
dopamine D, receptor occupancy throughout the brain. Do-
pamine D, receptor occupancy by aripiprazole was almost
uniform among the cerebral cortices.

The plasma concentrations of aripiprazole and dehy-
droaripiprazole in [''Clraclopride PET studies averaged be-
tween the start and end of each scanning were 29.4+4.8 and
1.4+0.6 ng/ml (mean + S.D.), and the corresponding values
in ['"'"CJFLB457 PET studies were 25.6+2.2 and 1.7+
0.7 ng/ml (mean + S.D.), respectively. The plasma concen-
tration of aripiprazole in the [''Clraclopride studies was
higher than that in the [''C]JFLB457 studies (p<0.01). We
generated dose-occupancy curves as described in the
“Methods” section for each of the nine regions analyzed,
yielding the EDsq value for each region. The EDsq values
were 9.9 ng/ml for the striatum (#=0.40 for curve fitting),
12.2 ng/ml for the putamen (r=0.58), 29.4 ng/ml for the
midbrain (r=0.36), 24.4 ng/ml for the parahippocampal
gyrus (r=0.15), 18.9 ng/ml for the thalamus (r=0.50),
24.1 ng/ml for the anterior cingulate gyrus (r=0.29),

Table 1 Striatal binding potential (BPyp) values and dopamine D,
receptor occupancy in [''C] raclopride PET studies

Region BPup Occupancy (%)
Baseline Drug challenge

Caudate head 2.55+0.28 0.66=0.19 74.1£6.7

Putamen 3.52+0.30 1.04+0.18 70.1£6.3

Values are mean = S.D.
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Table 2 Extrastriatal binding potential (BPnp) values and dopamine
D, receptor occupancy in [''CJFLB457 PET studies

Region BPnp Occupancy
(%)
Baseline Drug
challenge
Midbrain 1.78+0.41  0.94+0.23 46.6+9.9
Thalamus 4.30+0.63  1.81+0.29 57.6+6.7
Parahippocampal 1.87+0.34  0.89%0.17 51.2+10.7
gyrus
Anterior cingulate 1.15+£0.17  0.53+0.12 51.5+6.6
Frontal cortex 1.06£0.20 0.52+0.12 51.3+9.2
Temporal cortex 1.83+0.29  0.76%0.11 58.4+3.0
Parietal cortex 1.20+£0.25 0.53+0.13 55.6+£4.8

Values are mean £ S.D.

24.3 ng/ml for the frontal cortex (+=0.25), 18.2 ng/ml for
the temporal cortex (#=0.35), and 20.4 ng/ml for the parietal
cortex (r=0.21).

Discussion

To test the hypothesis of preferential extrastriatal dopamine
D, receptor binding by aripiprazole, we performed PET
examinations using [''C] raclopride and [''C] FLB457 in
healthy subjects. The preferential extrastriatal dopamine D,
receptor occupancy by aripiprazole was not observed in this
study.

PET examinations using [''CJraclopride and [''C]JFLB457
in the present study showed higher dopamine D, receptor

Fig. 1 Average images of
binding potential at baseline
condition and after
administration of aripiprazole,
dopamine D, receptor
occupancy for [''Clraclopride,
and T,-weighted images. In the
striatum, no obvious regional
differences in dopamine D,
receptor occupancy were
observed

Drug challenge ~

Occupancy

-42 mm

occupancy. in the [”C}raclopride studies than in the [“C]
FLB457 studies, and therefore lower EDsq values were ob-
served in the striatum compared to those in the extrastriatal
regions. Two possible sources for these differences should be
considered on the basis of our previous simulation study of
regional dopamine D, receptor occupancies using the identi-
cal multiple radioligand method. First, the effects of small but
non-negligible specific binding in the cerebellum in [''C]
FLB457 PET studies need to be taken into account. We
previously showed that non-negligible specific binding in
the cerebellum can cause an underestimation of about 8% in
dopamine D, receptor occupancy measured by ["'CJFLB457
PET when BPyp in the cerebellum was 0.3 and assumed
occupancy without consideration of specific binding in the

.cerebellum was 70% (Ito et al. 2001; Ito et al. 2008). This

~22 mm
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indicated that the occupancies of dopamine D, receptors by
aripiprazole in the striatum would not be different from those
in the extrastriatal regions. Another possible source for the
difference in dopamine D, receptor occupancy between stria-
tal and extrastriatal regions is related to the time point of the
scan and plasma concentrations of aripiprazole. In the present
study, [''C]JFLB457 PET studies began 2 h after the start of
[''Clraclopride PET studies, and therefore the plasma concen-
tration of aripiprazole was slightly lower during ['' CJFLB457
studies (25.6+2.2 ng/ml) than during [''C]raclopride PET
studies (29.4:+4.8 ng/ml). When EDs, was considered to be
10 ng/ml, 29.4 and 25.6 ng/ml of the plasma concentrations of
aripiprazole were estimated to yield 75% and 72% of dopa-
mine D, receptor occupancy, respectively (Eq. 3). This
might also partially explain the higher dopamine D, receptor
occupancies in [''CJraclopride studies than in [''C]FLB457
studies. Taken together, it is concluded that aripiprazole

~14 mm -8 mm
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Fig. 2 Average images of
binding potential at baseline
condition and after
administration of aripiprazole,
dopamine D, receptor
occupancy for [''C]JFLB457,
and T,-weighted images.
Among extrastriatal regions, no
obvious regional differences in
dopamine D, receptor
occupancy were observed. Note
that dopamine D, receptor
occupancies in the striatum
could not be calculated
correctly in [}'C]FLB457
studies due to the extremely
high BPyp values. Therefore,
BPynp values higher than 10.0
were cut off from average
images, and this accounts for
the striatum appearing to have
zero occupancy values

demonstrates similar dopamine D, receptor occupancies in
the striatal and extrastriatal regions.

Aripiprazole is an antipsychotic drug with high affinity
for dopamine D, receptors (Davies et al. 2006). Past clinical
studies have shown that aripiprazole demonstrates clinical
efficacy equal to first-generation antipsychotics but with a
lower risk of extrapyramidal side effects (Bhattacharjee and
El-Sayeh 2008). To explain the clinical properties of aripi-
prazole, two hypotheses have been proposed. First, it has
been assumed that aripiprazole as a partial agonist exhibits
an intrinsic activity at dopamine D, receptors (Lawler et al.
1999). Therefore, it is theoretically possible that even at
90% receptor occupancy by aripiprazole, extrapyramidal
side effects comparable to those expected with first-
generation antipsychotics do not occur. Second, preferential
extrastriatal dopamine D, receptor binding has been pro-
posed as a possible mechanism of second-generation anti-
psychotics and aripiprazole. However, previous PET studies
using ['®F]fallypride, where regional differences of dopa-
mine D, receptor occupancy by aripiprazole were investi-
gated in patients with schizophrenia, reported inconsistent
conclusions. Kegeles et al. (2008) reported higher dopamine
D, receptor occupancies in the extrastriatal regions com-
pared to the striatum in patients with schizophrenia and
schizoaffective disorder treated with aripiprazole. Another
PET study using ['®F]fallypride was in agreement in show-
ing relatively higher EDs, values in the striatum than those
in the extrastriatal regions but reported no significant re-
gional difference in dopamine D, receptor occupancy across
brain regions by aripiprazole in patients with schizophrenia
or schizoaffective disorder (Griinder et al. 2008). Since
those two PET studies differed in scan durations, subject

@ Springer

139

36 mm

20mm

groups at baseline, and drug challenge studies, it was pos-
sible that these methodological differences caused different
results. In the present study, preferential extrastriatal dopa-
mine D, receptor occupancy was not observed by the mul-
tiple radioligands method. Thus, partial agonism at
dopamine D, receptors is the most likely explanation for
the minimal risk of extrapyramidal side effects in the treat-
ment by aripiprazole.

There are several methodological issues to be discussed.
While previous studies measured dopamine D, receptor oc-
cupancies in the striatal and extrastriatal regions using a single
high-affinity radioligand, we used [''C] raclopride and [''C]
FLB457 for the striatal and extrastriatal regions, respectively.
Since dopamine D, receptor densities are quite different be-
tween the striatal and extrastriatal regions (Hall et al. 1996;
Hail etal. 1994), different radioligands with different affinities
for dopamine D, receptors have been shown to be preferable
(Olsson and Farde 2001). It has also been pointed out that
insufficient scan durations in PET studies with a single high-
affinity radioligand could cause the underestimation of BPyp
values especially in regions with high dopamine D, receptor
densities due to a failure of reaching equilibrium (Ito et al.
2009; Olsson and Farde 2001). Although previous studies
indicated that too short data acquisition time in [''C]
FLB457 PET studies could cause the underestimation of oc-
cupancy in the extrastriatal regions (Erlandsson et al. 2003),
the accuracy of the estimation of extrastriatal BPyp and oc-
cupancy in [''CJFLB457 studies with a data acquisition time
over 60 min has been confirmed (Ito et al. 2001; Olsson and
Farde 2001; Sudo et al. 2001). Accuracy of the estimation of
striatal BPyp using [1 lC]raclopn'de was also confirmed (Ito et
al. 1998; Lammertsma et al. 1996). In the present study, we
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did not randomize the order of the two PET scans with [''C]
raclopride and [''C]JFLB457. Since washout from the brain
with ["'Clraclopride is faster than that with [''CJFLB457, we
performed PET scans with [''CJraclopride before those with
['CIFLB457. This could be a potential limitation because the
plasma concentration of aripiprazole at the time of two PET
scans significantly differed, as mentioned above.

To calculate dopamine D, receptor occupancies, we used
the subject's own baseline data to determine dopamine D,
receptor occupancies by aripiprazole. Although previous
studies showed little or no difference in dopamine D, re-
ceptor density in the striatum (Farde et al. 1990) or in the
extrastriatal regions (Suhara et al. 2002) between normal
subjects and patients with schizophrenia, individual differ-
ences in dopamine D, receptor density might potentially
lead to an error in the estimation of dopamine D, receptor
occupancy (Farde et al. 1992).

The administered dose of aripiprazole for measuring do-
pamine D, receptor occupancies should also be considered.
Aripiprazole treatment has been shown to be well tolerated
across a range of previously studied doses (2-30 mg/day)
(Bhattacharjee and El-Sayeh 2008). In Japan, the starting
dose of aripiprazole was set at 612 mg/day, and the rec-
ommended daily dose ranging from 6 to 24 mg/day in
patients with schizophrenia was confirmed (Ohmori et al.
2006). From an ethical standpoint, a relatively small dose of
aripiprazole (6 mg) was administered in the present study,
and lower plasma concentrations and dopamine D, receptor
occupancies were observed compared to the past studies.
Since it has been proposed that compounds with a long
plasma half-life and/or a high affinity are described by a
steep curve in dose—occupancy relationship (Griinder et al.
2008), the single-dose setting and the relatively small dose
of aripiprazole in the present study might have been a
limitation in the calculation of EDsq. Thus, whether aripi-
prazole has different striatal and extrastriatal occupancies at
lower/higher doses remains unclear in the present study. In a
future study, administration of lower/higher doses of aripi-
prazole should be tested in the measurement of dopamine
D, receptor occupancies to calculate accurate EDsj at a
wider range of plasma concentrations.
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ABSTRACT The central serotonergic (5-HT) system is closely involved in regulating

various mental functions such as mood and emotion. In this system, the serotonin trans-
porter (5-HTT) and the 5-HT;, receptor play important roles in the pathophysiology
and treatment of mood and anxiety disorders. However, only a few integrated databases
have considered the intraindividual relationship between pre- and postsynaptic seroto-
nergic transmission. In the present study, we constructed a database of 5-HTT and 5-
HT,s receptors using positron emission tomography (PET) with ["CIDASB and
[MLCIWAY 100635, respectively. Seventeen healthy young men participated in this study.
After anatomic standardization of original images, BPnp was calculated on a voxel-by-
voxel basis using reference tissue methods. The highest binding to 5-HTT was observed
in the dorsal raphe nucleus, striatum, and thalamus; moderate binding, in the insula
and cingulate cortex; and very low binding, in the cerebral neocortex. In contrast, the
highest binding to 5-HT;, receptors was seen in the hippocampal regions, insula, neo-
cortical regions, and dorsal raphe nucleus, and very low binding was found in the thala-
mus and basal ganglia. These distribution patterns were in agreement with those
reported in human postmortem studies and previous PET investigations. In addition,
exploratory analysis indicated significant negative correlations between the BPyp values
with both radiotracers in certain regions of the brain, such as the cingulate, insula, and
frontal, temporal and parietal cortices (Pearson’s correlation, P < 0.05). These databases
facilitate the understanding of the regional distribution of serotonergic neurotransmis-
sion function in the living human brain and the pathophysiology of various neuropsychi-
atric disorders. Synapse 65:624-633, 2011. ©2010 Wiley-Liss, Inc.

INTRODUCTION

The central serotonergic (5-hydroxytryptamine,
5-HT) system is one of the major neurotransmitters in
the brain and is intricately involved in the regulation
of various mental functions such as emotion and cogni-
tion. Therefore, dysregulation of this system has been
implicated in a variety of neuropsychiatric conditions
including mood and anxiety disorders, schizophrenia,
ete. (Cooper et al., 2002; Nestler et al., 2008).

To date, seven distinct families (5-HT-5-HT7) and at
least 16 subtypes of 5-HT receptors and a serotonin
transporter (5-HTT) have been identified (Hoyer et al.,
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2002; Kitson, 2007). Each subtype has distinct func-
tions, and their distributions in the brain are heteroge-
neous. Many attempts have been made to develop suita-
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ble radiotracers to visualize and quantify central seroto-
nergic transmission in the living human brain by using
PET and single photon emission computed tomography
(SPECT) (Brust et al., 2006; Kumar and Mann, 2007,
Meyer, 2007; Moresco et al., 2006). In the serotonergic
system, only 5-HTT, 5-HT, s, 5-HTs,, and 5-HT, recep-
tors and 5-HT synthesis have been visualized in living
human brain because of the limited availability of
radioligands for humans, although a few have been
under development (Diksic and Young, 2001; Lundquist
et al., 2006; Marner et al., 2009; Moresco et al., 2006).

The 5-HTT is responsible for the reuptake of 5-HT
from the synaptic cleft and the modulation of its extrac-
ellular concentration. Therefore, 5-HTT is the primary
target molecule of selective serotonin reuptake inhibi-
tors (SSRIs), the most commonly used antidepressants
today (Brust et al., 2006; Meyer, 2007). In contrast, the
5-HT A receptor is localized as a somatodendritic autor-
eceptor in the dorsal raphe nuclei and as a postsynaptic
receptor in the cortical and limbic serotonin terminal
fields throughout the brain. The 5-HT;, autoreceptor in
the dorsal raphe controls the firing of general 5-HT
transmission. In addition, it is the target of 5-HT 4 ago-
nists such as buspirone and tandospirone, which have
anxiolytic properties. Therefore, both serotonergic func-
tions have been reported to be closely involved in vari-
ous neuropsychiatric conditions including mood and
anxiety disorders, schizophrenia, etc. [see reviews, e.g.,
(Brust et al., 2006; Drevets et al., 2007; Kumar and
Mann, 2007; Savitz et al., 2009; Stockmeier, 2003)].

Recently, we created a normal database for the do-
paminergic neurotransmission system by studying
healthy volunteers and using five different PET radio-
tracers, although different cohorts were used for each
tracer (Ito et al., 2008). We discussed anatomic local-
ization of receptors and transporters compared with
the results of human postmortem studies using auto-
radiography. In contrast, there has been little inte-
grated database information regarding normal seroto-
nergic transmission, particularly using multiple
radioligands to examine both pre- and postsynaptic
serotonergic function in the same individuals (Lund-
berg et al., 2007). In the present study, we conducted
two PET scans for each subject using [**C]DASB and
[M'CIWAY100635 for 5-HTT and 5-HT;, receptor
imaging, respectively. We generated parametric
images with anatomic standardization of 5-HTT and
5-HT 4 binding and subsequently examined the neu-
roanatomical localization for inter- and intrasubject
comparisons.

MATERIALS AND METHODS
Subjects
This study was approved by the Ethics and Radia-
tion Safety Committee of the National Institute of Ra-
diological Sciences, Chiba, Japan. Seventeen healthy
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men aged 24.4 * 5.9 (mean * standard deviation,
(SD); range 20-40) years were recruited. All subjects
gave their informed written consent before participat-
ing in the study. Based on their medical history and
an unstructured examination by psychiatrists, the
subjects were found to be free of somatic, neurologi-
cal, and psychiatric disorders. All participants were
nonsmokers. The participants had no history of cur-
rent or previous drug abuse and had not taken any
drugs within 2 weeks before the PET studies. The du-
ration between the two PET scans was 7.2 = 8.7
(range, 0-28) days.

All participants underwent magnetic resonance
imaging (MRI) of the brain with a 1.5T MR scanner
(Philips Medical Systems, Best, The Netherlands).
Three-dimensional volumetric acquisition of a TI1-
weighted gradient echo sequence produced a gapless
series of thin transverse sections (TE: 9.2 msec; TR:
21 msec; flip angle: 30°; field of view: 256 mm; acqui-
sition matrix: 256 X 256; slice thickness: 1 mm). The
MRI results revealed no apparent structural abnor-
malities.

PET procedure

All PET studies were performed with a Siemens
ECAT Exact HR+ system (CTI-Siemens, Knoxville,
TN), which provides 63 sections with an axial field of
view of 15.5 cm. The intrinsic spatial resolution was
4.3 mm in-plane and 4.2 mm full-width at half-maxi-
mum (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 for [*'CIWAY100635 and
in two-dimensional mode for [''C]DASB, since
[MCIDASB is substantially trapped at first pass
through human lungs because of the high expression
of 5-HTT on the pulmonary membrane, leading to ex-
cessive random counts from three-dimensional head
recordings (Suhara et al., 1998). Scatter was corrected
for the three-dimensional mode (Watson et al., 1996).
A head-fixation device with thermoplastic attach-
ments (Fixster Instruments, Stockholm, Sweden) for
individual fit minimized head movement during PET
measurements. A 10-min transmission scan using a
%8Ge-%8Ga line source was performed in order to cor-
rect for attenuation. After an i.v. bolus injection of
[M'CIWAY100635 or [MCIDASB, data were acquired
for 90 min in a consecutive series of time frames. The
frame sequence consisted of nine 20-s frames, five 1-
min frames, four 2-min frames, eleven 4-min frames,
and six 5-min frames for [M'C]DASB; and twelve 20-s
frames, sixteen 1-min frames, ten 4-min frames, and
five 6-min frames for ["CIWAY100635. Injected radio-
activity was 749.7 = 37.4 MBq and 224.8 = 9.1 MBq
for [M'CIDASB and [MCJWAY100635, respectively.
Specific radioactivity was 281.7 = 92.7 GBqg/umol and
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153.9 + 61.8 GBq/umol at the time of injection for
[11CIDASB and [M'CIWAY100635, respectively.

Preprocessing

A PET summation image of all frames and dynamic
images were coregistered to each individual MR image
by using PMOD (PMOD Technologies, Zurich, Switzer-
land). The individual MR image was spatially normal-
ized to the Montreal Neurological Institute (MNI) ste-
reotaxic brain, and subsequently, the transformation pa-
rameters were applied to the coregistered PET dynamic
images. Thus, the PET and MR images of all subjects
were anatomically standardized to the MNI template.
Volumes of interest (VOIs) were manually delineated by
a rater (H.T.) in the cerebellar cortex, dorsal raphe
nuclei, thalamus, and striatum for [Y*CIDASB, and in
the cerebellar cortex and hippocampal area for
[MICIWAY100635, on the averaged and standardized
PET summation and MR images by using the PMOD
fusion tool. Circular VOIs with a diameter of 8 mm in
the transaxial planes were set for the dorsal raphe nu-
cleus from z = —38 to z = —30 in the coordinate of the
MNI template. To obtain regional time-activity curves,
regional radioactivity was calculated for each time
frame, corrected for decay and plotted versus time.

Calculation of binding potentials and genera-
tion of parametric images for both tracers

For the PET study with ["'CIWAY100635, the bind-
ing potential (BP) for nondisplaceable radioligand in
.tissue (BPnp) (Innis et al., 2007) was calculated using
a reference tissue model on a voxel-by-voxel basis
(Lammertsma and Hume, 1996).

Cr(t)=RaCr(t) + (ke — T HhP ) Cr(t) 9exp ().

where C{¢) is the radioactivity concentration in a brain
region, and Cg(¢) is the radioactivity concentration in
the reference region. R, is the ratio of KK, (K;, influx
rate constant for the brain region, K;, influx rate con-
stant for the reference region), k5 is the efflux rate con-
stant for the brain region, and ® denotes the convolu-
tion integral. In this analysis, three parameters (BPnp,
Ry, and k,;) were estimated by the basis function
method (Gunn et al., 1997, 1998). The cerebellum was
used as reference region because a postmortem study
indicated that the cerebellum cortex is almost devoid of
5-HT; 4 receptors (Varnas et al., 2004).

For the PET study with [*'C]IDASB, BPyp was cal-
culated by using a multi-linear reference tissue model
2 (MRTM2) (Ichise et al., 2003),

v (7 1 17
CT(T):—W)— Of CR(t)dt+k—72-CR(t) +7 Of Cp(t)dt

where CH(T) is the radioactivity concentration in a brain
region, and Cgr(¢) is the radioactivity concentration in
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the reference region. V and V' are the corresponding
total distribution volumes (ie., V = Ki/ks, V' = K, /ks;
ks, the efflux rate constant from the reference tissue to
plasma). & is the intercept term, which becomes con-
stant for T > ¢*. The ko value was estimated by the
MRTM method (Ichise et al., 2002) and, to minimize the
variability of ko estimation, a weighted mean ko value
according to the VOI size over the raphe nucleus, thala-
mus, and striatum was calculated with the cerebellum
as reference region, because postmortem studies indi-
cated that the cerebellum cortex is almost devoid of 5-
HTT (Kish et al., 2005; Varnas et al., 2004). BPyp is
then calculated from the two regression coefficients as,

BPup = —(v1/v2 + 1),

where v; = —V/(V'b) and v, = 1/b, respectively.

Image data analysis

VOIs were placed on the standardized BPyp images
for the bilateral putamen; caudate nucleus; globus pal-
lidus; thalamus and its subregions (pulvinar, medio-
dorsal, and anteriodorsal); hippocampal regions includ-
ing the parahippocampus, uncus, and hippocampus;
anterior and posterior cingulate; and the lateral tem-
poral cortex, basal side as well as the convex side of
the frontal cortex, parietal cortex, and occipital cortex
(Fig. 1, Table I). The same VOI set was applied for
both [M"CIWAY 100635 and [*'C]IDASB in all subjects.

Statistical analysis

Data are presented as mean *= SD. Pearson’s correla-
tion coefficient was calculated for the evaluation of cor-
relation. Correction for multiple comparisons was not
performed during the analysis because of the large
number of correlations performed, and these results
were considered exploratory. Laterality of the hemi-
spheres was tested by performing a paired ¢-test for
each region. SPSS package version 16 (SPSS, Chicago,
IL) was used for statistical analysis.

RESULTS

For both radiotracers, parametric BPyp images
with anatomic standardization were obtained from 17
participants. The averaged images for all subjects are
presented in Figures 2 and 3; mean and SD values of
BPnp are shown in Table I and Figure 4.

Distribution patterns of the 5-HTT and 5-HT;a
receptors in the human brain were measured with
radioligands [*'C]IDASB and ['CIWAY 100635, respec-
tively, and they were observed to be quite different.
The highest binding to 5-HTT was observed in the
dorsal raphe nuclei, thalamus, and striatum. Moder-
ate binding was observed in the insula, hippocampal
area, and the anterior and posterior cingulate; very
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-38 mm -28 mm

8 mm

Fig. 1. VOIs drawn on the anatomically standardized MR
images averaged for all subjects. Z = —38, —28, —18, —10, 0, 4, 8,
20, 40, 60 mm parallel to the anterior commissure and posterior
commissure (AC-PC) line in the MNI template brain. L denotes left
side of the brain; R denotes right side; 1, cerebellar cortex; 2, lateral

20mm
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-18 mm

40 mm 60 mm

temporal cortex; 3, uncus (amygdala); 4, hippocampus; 5, parahip-
pocampal gyrus; 6, dorsal raphe nucleus; 7, insula; 8, globus pal-
lidus; 9, base of frontal cortex; 10, putamen; 11, anterior cingulate;
12, head of caudate nucleus; 13, thalamus; 14, occipital cortex; 15,
frontal convexity; 16, posterior cingulate; 17, parietal cortex.

TABLE I. Representative MNI coordinates and volumes in VOIs drawn on the MNI template image

Right Left
Region X .Y VA Volume (cm?) X Y VA Volume (cm?) Total volume (cm®)
Cerebellum 25 70 -38 4.20 -31 -69 -38 4.30 8.50
Dorsal raphe nucleus 0 —-31 —-14 1.13
Striatum 1.69 1.99 3.68
Putamen 26 -1 4 1.34 -28 -2 4 1.54 2.88
Caudate head 14 14 8 0.35 -15 12 8 0.45 0.80
Globus Pallidus 20 -8 0 0.89 -18 -6 0 0.95 1.84
Thalamus 10 -23 8 1.67 -12 —22 8 1.60 3.27
Hippocampal complex 1.62 1.73 3.34
Uncus 21 -7 -18 0.70 -27 —24 -18 0.80 1.50
Hippocampus 29 —16 —18 0.19 —28 -13 —18 0.22 0.41
Parahippocampus 26 -24 -18 0.70 —-27 —24 -18 0.80 1.50
Insula 38 4 -2 1.74 -38 3 -2 1.46 3.20
Anterior cingulate 5 43 8 0.53 -7 43 8 0.58 1.10
Posterior cingulate 6 —47 40 0.91 -9 —47 40 0.72 1.63
Base side of frontal cortex 34 45 4 4.58 -36 45 4 4.66 9.24
Frontal convexity 31 29 40 3.23 -35 24 40 3.25 6.51
Lateral temporal 53 -17 -18 5.58 —55 —-17 —18 5.26 10.84
Occipital cuneus 13 -81 8 2.47 -9 -81 8 2.54 5.02
Parietal 49 ~56 40 3.17 -51 —57 40 3.30 6.46

low binding was observed in the neocortical regions.
In contrast, the highest binding to 5-HTs receptors
was observed in the medial temporal regions includ-
ing the hippocampus, uncus (amygdala), parahippo-
campus, and insula. Then, slightly lower binding was
observed in the cingulate cortex and other cortical
regions in descending order, with very low binding
being seen in the basal ganglia and thalamus. As
shown in Figure 4, when we divide brain regions into
5-HTT transporter rich regions and 5-HT;s receptor
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rich regions, the relationships between mean values
of BPnyp in 5-HTT and 5-HT;s receptors were quite
different. No linear correlation was found in 5-HTT
transporter-rich regions between the mean values of
BPyp in 5-HTT and 5-HT, 5 receptors, while a positive
linear correlation, except the occipital cortex (r =
0.862, P = 0.006), was found between them in the 5-
HT,4 receptor-rich regions.

There was no significant difference between the
two sides of the brain with either of the radiotracers,
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[1ICTWAY100635

Fig. 2. Averaged images of MRI, [''CIDASB image fused with  brain are displayed. X = 0 mm, Y = —32 mm, and Z = 4 mm indi-
MRI, and [M'C]WAY 100635 image fused with MRI for all subjects. In cate the coordinates of the three planes in the MNI template brain.
left to right columns, transaxial, saggital, and coronal planes of the R represents right; L, left. Ant indicates anterior; Post, posterior.

['CTWAY100635

&

-38mm -28mm -18mm -10mm Omm 20mm 40mm 60mm

Fig. 3. Averaged BPyp images with anatomical standardization [UCIDASB and MRI, only [MCIDASB. In left to right columns: from
of both radiotracers (axial planes). From the top row to the bottom: ventral to dorsal planes of transverse images. L denotes left side of
fused [“CJWAY100635 and MRI, only [CIWAY100635, fused the brain; R denotes right side. Color bar indicates the value of BPyp.
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TABLE II. BPND values for each VOI

[*'CIDASB [MCIWAY 100635
Region Total Right Left Total Right Left r P
Dorsal raphe nucleus 3.10 = 0.97 2.17 * 0.54 ) -0.191 0.464
Striatum 1.42 = 0.28 140 = 0.27 1.43 = 0.30 1.42 = 0.39 1.23 = 0.38 1.58 = 0.53 -0.333 0.192
Putamen 1.46 = 0.29 145 = 0.28 1.47 = 0.30 1.72 = 0.47 1.48 = 0.48 1.94 = 0.66 —0.368 0.146
Caudate head 1.25 = 0.30 1.20 = 0.28 1.29 = 0.35 0.32 = 0.23 0.29 = 0.24 0.34 = 0.25 0.208 0.423
Globus Pallidus 1.15 = 0.36 1.14 = 048 1.15 £ 0.31 0.35 + 0.20 0.30 = 0.22 0.40 = 0.24 -0.446 0.073
Thalamus 1.88 = 0.48 1.89 = 0.53 1.87 * 0.44 0.95 + 0.27 1.03 = 0.33 0.87 = 0.26 -0.210 0.420
Anterior nucleus 1.93 = 0.48 2.01 = 0.57 1.84 = 0.41 1.38 = 0.41 1.37 = 0.60 1.38 + 0.34 -0.407 0.105
Dorsomedial nucleus 2.01 = 0.51 2.08 + 0.55 1.93 = 0.50 1.23 = 0.45 1.30 = 0.55 1.16 = 0.51 -0.328 0.199
Pulvinar 2.18 + 0.73 2.08 £ 0.71 2.31 = 0.79 0.89 * 0.41 1.02 = 0.43 0.77 + 0.51 -0.079 0.762
Hippocampal complex 0.83 = 0.18 0.83 = 0.18 0.82 = 0.19 6.30 = 0.97 6.27 + 1.03 6.33 = 0.95 —0.306 0.232
Uncus 1.20 = 0.27 1.18 = 0.26 1.23 £ 0.29 5.78 = 1.05 590 = 1.10 5.66 = 1.06 ~0.268 0.297
Hippocampus 0.61 = 0.18 0.58 *= 0.22 0.65 = 0.17 7.01 + 1.34 7.34 + 1.55 6.71 = 1.36 -0.226 0.383
Parahippocampus 0.52 + 0.12 0.54 = 0.13 0.51 = 0.13 6.61 += 1.03 6.36 = 1.10 6.82 = 1.11 —0.322 0.208
Insula 0.70 = 0.17 0.75 + 0.19 0.65 = 0.15 6.65 * 1.13 6.64 = 1.14 6.67 = 1.20 —0.506 0.038
Anterior cingulate 0.45 = 0.09 0.42 = 0.11 0.47 = 0.10 5.39 = 0.83 5.46 = 0.93 5.33 = 0.90 —0.539 0.026
Posterior cingulate 0.35 = 0.07 0.37 = 0.07 0.33 £ 0.10 4.76 = 0.69 491 + 0.73 457 = 0.81 —0.484 0.049
Base side of frontal cortex 0.21 = 0.07 0.22 = 0.08 0.20 = 0.06 4.45 = 0.76 4.54 + 0.80 4.36 = 0.75 —0.539 0.026
Frontal convexity 0.20 = 0.06 0.20 + 0.06 0.19 = 0.06 4.55 + 0.82 4.53 + 0.78 4.56 + 0.87 =0.464 0.061
Lateral temporal 0.25 = 0.05 0.26 + 0.06 0.23 = 0.05 5.73 £ 0.86 5.70 = 0.86 5.76 = 0.87 "—0.603 0.010
Occipital cuneus 0.39 + 0.10 0.38 = 0.11 0.40 = 0.11 2.59 = 0.51 2.55 = 0.56 2.62 + 0.51 —0.433 0.083
Parietal 0.12 = 0.04 0.13 = 0.04 0.12 = 0.04 4.54 + 0.71 4.61 * 0.73 4.46 = 0.74 "—0.718 0.001
r indicates Pearson’s correlation coefficients between total BPND of [''CIDASB and that of [*'C]WAY 100635 for each VOL.

“Indicates P < 0.05.
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Fig. 4. Relationships between mean BPyp values of [''CIDASB
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deviation.

indicating no apparent laterality in the distribution of
5-HTT and 5-HT;s (paired ¢-test, data not shown).
Moreover, no significant correlation between age and
the binding of 5-HTT and 5-HT;, was found in any of
the brain regions within the age range (20-40 yr) of our
sample (Pearson’s correlation coefficient, P > 0.05, data
not shown). In addition, with regard to the intraindivid-
ual relationship between the binding of both [''C]DASB
and [M"CIJWAY100635 in the same region of the brain,
significant negative correlations were observed in the
anterior and posterior cingulate, insula, basal side of
the frontal cortex, lateral temporal cortex, and parietal

cortex (Table II and Fig. 5), whereas no significant posi-
tive correlation was observed.

DISCUSSION

We constructed a database of 5-HTT and 5-HT s
serotonergic function by using parametric images gen-
erated by the anatomic standardization of the brains of
17 healthy young men. Anatomical standardization
enables visualization of the entire neuroanatomy along
the same coordinates with the help of multiple radio-
tracers that permit inter- and intrasubject compari-
sons. In the current study, the distributions of the two
serotonergic markers differed. In addition, an explora-
tory study revealed significant inverse linear correla-
tions between BPnp of presynaptic 5-HTT and that of
postsynaptic 5-HT 4 receptor binding in certain areas
of the brain, such as the frontal, temporal, and parietal
cortices; insula; and anterior and posterior cingulate.

Overall, the distribution patterns of 5-HTT and 5-
HTA binding in the human brain were in accordance
with those observed in previous human PET and post-
mortem studies (Brust et al.,, 2006; Drevets et al.,
2007; Hall et al., 1997; Hoyer et al., 1986; Ito et al.,
1999; Kish et al., 2005; Laruelle et al., 1988; Pazos
et al., 1987; Rabiner et al., 2002; Savitz et al., 2009;
Stockmeier, 2003; Varnas et al., 2004).

Localization of 5-HTT and 5-HT,, in respective
regions of the brain

In general, distributions in 5-HTT and 5-HT;a
receptors are quite different, and can be categorized
into two groups, 5-HTT-rich regions and 5-HT;a re-
ceptor-rich regions (Fig. 4). In 5-HT;5 receptor-rich
regions such as the cerebral cortex and limbic
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regions, they tend to positively correlate with each 5-HTT-rich region
other except the occipital cortex. This finding could
reflect innervation of serotonergic fibers in those

regions.
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Brain stem. High binding to 5-HTT was observed
in large areas of the midbrain, and it continuously
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extended to the thalamus; this finding indicated rich
distribution in these regions. In contrast, moderate
binding to 5-HT;4 receptors was observed only in the
dorsal and medial raphe, with this distribution indi-
cating that 5-HT;, receptor exists only in these
regions of the midbrain (the sagittal section, middle
column in the bottom row in Figure 2; the transverse
sections, the first to fourth columns in the second row
from the bottom; further, refer to the volume of inter-
est 6 in Figure 1, which represents the raphe nuclei).
These distribution patterns of 5-HTT and 5-HT;4
were consistent with those observed in previous
human postmortem autoradiography studies (Hall
et al., 1997; Varnas et al., 2004). In the present study,
however, 5-HT;5 binding was not very high as com-
pared with that in other areas (Table II). For exam-
ple, the mean BPyp value in the dorsal raphe was
approximately one-third of that in the hippocampus,
which exhibited the highest value of all regions exam-
ined. Further, in a detailed human autoradiography
study with [PHIWAY100635, binding to the dorsal
raphe was highest (140 pmol/g tissue), followed by
the hippocampus (123 pmol/g tissue). However, this
discrepancy may be a result of the limited spatial re-
solution of the PET scanner, resulting in excessive
spillover from the raphe and other small structures.

Subcortical regions. In the striatum (putamen
and caudate) and globus pallidus, relatively high lev-
els of binding to 5-HTT were observed. In contrast, 5-
HT;a receptor binding was very low or absent in the
caudate nucleus and globus pallidus, while a low level
of binding was found in the putamen. However, post-
mortem autoradiography studies showed very low lev-
els of binding in the putamen, similar to those in the
caudate and globus pallidus (Hall et al., 1997; Varnas
et al., 2004); the high BPyp values in the putamen
may be attributed to spillover from the insula, which
exhibits a very high level of 5-HT;, binding.

The level of 5-HTT binding in the thalamus was
the second highest among all brain regions, after the
dorsal raphe nucleus; further, there was no marked
difference in 5-HTT distribution among the subre-
gions of the thalamus. These findings were similar to
those of a previous human postmortem study (Varnas
et al., 2004). On the other hand, the level of binding
to the 5-HT 4 receptor was very low in the thalamus,
although a little binding was observed in its medial
parts regions (Table II and Figs. 2-4); this finding
was similar to those of previous autoradiography
studies showing much less or no binding in these
regions (Hall et al., 1997; Varnas et al., 2004).

5-HT, 4 receptor-rich region

Cerebral neocortex. Relatively high binding to 5-
HT A and low binding to 5-HTT were observed in the
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neocortical regions. The 5-HT;, receptor was widely
distributed in the cerebral cortex but sparsely in the
occipital cortex. The distribution of 5-HTT was very
low in the neocortical regions as compared with other
brain regions, but was found to be homogeneous
among the cortical regions (Figs. 2—4, Table II). These
findings were consistent with those of previous post-
mortem autoradiography studies (Hall et al., 1997;
Laruelle et al., 1988; Varnas et al., 2004).

Limbic regions. In the hippocampal regions that
include the parahippocampus, hippocampus, and
uncus (amygdala), highest binding to 5-HT;, and
moderate binding to 5-HTT were observed (Figs. 2—4,
Table II). Postmortem autoradiography studies in
humans revealed that the highest binding to 5-HT;4
was observed particularly over the CA1l field in the
hippocampus (Hall et al., 1997; Varnas et al., 2004).
In contrast, binding to 5-HTT was higher in the
uncus as compared to other hippocampal regions, a
finding in agreement with a previous postmortem
study (Varnas et al., 2004).

Within the cingulate cortex, both 5-HTT and 5-
HT,A binding can be described in descending order as
follows: ventral (subcallosal) cingulate > anterior cin-
gulate > posterior cingulate (Table II and Figs 2 and
3). In particular, the ventral cingulate is thought to
be involved in the regulation of emotions and has
been repeatedly reported to be associated with
depression (Drevets et al., 2008; Seminowicz et al.,
2004).

Very high 5-HT;4 binding and intermediate 5-HTT
binding were observed in the insula. These distribu-
tions are in accordance with those found in previous
human postmortem autoradiography studies (Varnas
et al., 2004), although BPyp values in the insula can
be affected by spillover from the striatum, which
exhibits high levels of 5-HTT binding.

Our findings together suggest that the limbic
regions, including the hippocampal area, cingulate
cortex, and insula, are relatively rich in serotonergic
innervation. Thus, serotonergic transmission in these
regions might play a pivotal role in modulating emo-
tion and cognition.

Intraindividual relationship between the
binding of both ["'"C]DASB and ["'C]WAY100635
in the same region of the brain

With respect to the intraindividual relationship
between regional 5-HTT and 5-HT;, distribution, we
found significant negative linear correlations between
the binding of [""C]IDASB and [""CIWAY 100635 in the
insula; anterior and posterior cingulate; and lateral
temporal, frontal base, and parietal cortices. This
result suggests that serotonergic transmission might
be modulated by a cooperative relationship between
5-HTT and 5-HT 4.
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There have been only a few reports on pre- and
postsynaptic serotonergic functions in individuals. In
a study of 12 men, Lundberg et al. (2007) showed a
positive linear correlation between 5-HTT and 5-HT14
binding in the raphe nuclei and hippocampal complex
using [M'CIMADAM and [CIWAY100635, respec-
tively; however, a positive linear correlation was not
observed in the frontal cortex. Another study that
examined gender differences in binding using
[MCIMADAM and [*'CIWAY100635 also reported an
interrelationship between 5-HTT and 5-HT;s recep-
tors (Jovanovic et al., 2008). They found a significant
positive correlation between BPyp of 5-HTT and 5-
- HTia receptors in the hippocampus of eight women,
whereas no significant correlation was observed in
seven men. The discrepancy between their results
and ours could be attributed to the use of different 5-
HTT radiotracers, sample size, and subjects’ back-
ground. In particular, the age range of subjects in the
study by Lundberg et al. was wider than ours, and
different degrees of atrophy can cause positive corre-
lation in BPynp between 5-HTT and 5-HT;a receptor.
This is because older subjects are likely to have more
brain atrophy, because of which both BPyp values are
lower than those of young subjects. Our results sug-
gest that subjects exhibiting higher 5-HTT binding
are likely to have less 5-HT;s receptor binding and
vice versa. One possible interpretation of this inter-
subject difference is that individuals with higher 5-
HT synthesis and release show a decrease in the 5-
HT 4 receptor function to dampen the transmission
at the postsynaptic site and an increase in 5-HTT
function in order to reuptake more 5-HT at the pre-
synaptic site, whereas individuals with lower 5-HT
synthesis and release show an increase in the 5-HT,
receptor function and a decrease in 5-HTT function to
reuptake less 5-HT; that is, pre- and postsynaptic 5-
HT functions are modulated cooperatively to compen-
sate the overall 5-HT transmission. However, these
studies were done under resting condition, and there-
fore challenge study designs using drugs or stress
may help to better understand the relationship
between pre- and postsynaptic functions.

Limitation

There are several limitations to the current study.
First, the two PET studies were not always performed
on the same day. Good reproducibility for both ligands
(Kim et al., 2006; Rabiner et al., 2002), however, has
been demonstrated, and it has been shown that the
endogenous 5-HT level has no direct effect on binding
(Rabiner et al., 2002; Talbot et al., 2005); hence, it is
unlikely that the endogenous level affected the
results. Second, the sample size was small, especially
for a correlation study between pre- and postsynaptic
functions, and our study should necessarily be
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regarded as a preliminary one. Third, we focused only
on 5-HTT and 5-HT;, receptors because they report-
edly play pivotal roles in serotonergic functions. How-
ever, there are more than 10 receptor systems in the
brain that affect serotonergic transmission. In addi-
tion, monoamine oxidase as well as 5-HTT are known
to control the 5-HT concentration in the synapse (Nes-
tler et al., 2008). Finally, the current study includes
only young men, and we should expand it to women
and individuals of a wider range of ages. Such a data-
base will be helpful even for clinical studies on
depression and anxiety disorders, since these disor-
ders are known to show different prevalence and clin-
ical features depending on gender and age (Fer-
nandez et al., 1995; Gorman, 2006; Pigott, 1999). The
physiological differences in the 5-HT system based on
gender and age might explain the characteristics of
depression and anxiety disorders.

In summary, we constructed a normal database to
elucidate regional distributions of 5-HT;4 and 5-HTT
binding. The neuroanatomy of the 5-HT;, and 5-HTT
serotonergic systems was discussed mostly by compar-
ing our findings with those of previous postmortem
studies. Furthermore, we explored the linear negative
correlation between pre- and postsynaptic functions
in certain parts of the brain. The results obtained
indicate the involvement of a cooperative or comple-
mentary process in serotonergic transmission. Fur-
ther studies are required to elucidate the modulation
of 5-HT transmission in neuropsychiatric disorders
and to clarify the various serotonergic systems involv-
ing pre- and postsynaptic functions in different
regions of the brain.
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