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Fig. 5. Areas showing significant correlations of BPyp values between [MCIDASB and
[*CIWAY100635 in intrasubject comparisons. (a) insula, (b) anterior cingulate, (c) posterior cingulate,
(d) base side of frontal cortex, (e) lateral temporal cortex, (f) parietal cortex.

regions, they tend to positively correlate with each
other except the occipital eortex. This finding could
reflect innervation of serotonergic fibers in those
regions.

Synapse

5-HTT-rich region

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-HTys
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;, 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 [H]WAY100635, 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 cbserved. In contrast, 5-
HT,, 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; 5 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 Il 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 5 receptor-rich region

Cerebral neocortex. Relatively high binding to 5-
HT;s and low binding to 5-HTT were observed in the
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neocortical regions. The 5-HT\4 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;4 and
moderate binding to 5-HTT were observed (Figs. 24,
Table II). Postmortem autoradiography studies in
humans revealed that the highest binding to 5-HT'5
was observed particularly over the CAl 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;, binding can be described in descending order as
follows: ventral (subcallosal) cingulate > anterior cin-
gulate > posterior cingulate (Table IT 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,, binding and intermediate 5-HTT
binding were observed in the insula. These distribu-
tions are in accordance with those found in previous
human postmortermn 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 [**CIDASB and [*'CIWAY100635 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.

Synapse
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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-HT,s
binding in the raphe nuclei and hippocampal complex
using [Y'CIMADAM and [MCJWAY100635, respec-
tively; however, a positive linear correlation was not
observed in the frontal cortex. Another study that
examined gender differences in binding using
[M'CIMADAM and [*'C]WAY100635 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-
HT, 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 BPyp between 5-HTT and 5-HT,, 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;, 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;, 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;4
receptor function and a decrease in 5-HT'T 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,;4 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, 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.

ACKNOWLEDGMENTS

The authors thank Mr. Katuyuki Tanimoto, Mr.
Takahiro Shiraishi, and Mr. Akira Ando for their as-
sistance in performing PET examinations at the
National Institute of Radiological Sciences. The
authors are also grateful to Ms. Yoshiko Fukushima
for the help as a clinical research coordinator.

REFERENCES

Brust P, Hesse S, Muller U, Szabo Z. 2006. Neurcimaging of the se-
rotonin transporter. Curr Psychiatry Rev 2:111-149.

Cooper JR, Bloom FE, Roth RH. 2002. The biochemical basis of neuro-
pharmacology, 8th ed. New York, USA: Oxford University Press.

Diksic M, Young SN. 2001. Study of the brain serotonergic system
with labeled alpha-methyl-1-tryptophan. J Neurochem 78:1185-
1200.

Drevets WC, Savitz J, Trimble M. 2008. The subgenual anterior cin-
gulate cortex in mood disorders. CNS Spectr 13:663-681.

Drevets WC, Thase ME, Moses-Kolko EL, Price J, Frank E, Kupfer
DJd, Mathis C. 2007. Serotonin-1A receptor imaging in recurrent
depression: replication and literature review. Nucl Med Biol
34:865-877.

Fernandez F, Levy JK, Lachar BL, Small GW. 1995. The manage-
ment of depression and anxiety in the elderly. J Clin Psychiatry
56(Suppl 2):20~29.

Gorman JM. 2006. Gender differences in depression and response to
psychotropic medication. Gend Med 3:93-109.



PET STUDY QF SEROTONIN TRANSMISSION IN HUMAN BRAIN

Gunn RN, Lammertsma AA, Hume SP, Cunningham VJ. 1997.
Parametric imaging of ligand-receptor binding in PET using a
simplified reference region model. Neuroimage 6:279-287.

Gunn RN, Sargent PA, Bench CJ, Rabiner EA, Osman S, Pike VW,
Hume SP, Grasby PM, Lammertsma AA. 1998. Tracer kinetic
modeling of the 5-HT1A receptor ligand [carbonyl-''CIWAY-
100635 for PET. Neuroimage 8:426-440.

Hall H, Lundkvist C, Halldin C, Farde L, Pike VW, McCarron JA,
Fletcher A, Cliffe IA, Barf T, Wikstrom H, Sedvall G. 1997. Auto-
radiographic localization of 5-HT, receptors in the post-mortem
human brain using [*HJWAY-100635 and ['C]wey-100635. Brain
Res 745:96~108.

Hoyer D, Hannon JP, Martin GR. 2002. Molecular, pharmacological
and functional diversity of 5-HT receptors. Pharmacol Biochem
Behav 71:533-554.

Hoyer D, Pazos A, Probst A, Palacios JM. 1986. Serotonin receptors
in the human brain. I. Characterization and autoradiographic
localization of 5-HT:, recognition sites. Apparent absence of 5-
HTg recognition sites. Brain Res 376:85-96.

Ichize M, Liow JS, Lu JQ, Takanc A, Model K, Toyama H, Suhara
T, Suzuki K, Innis RB, Carson RE. 2003. Linearized reference tis-
sue parametric imaging methods: application to ["'CIDASB posi-
tron emission tomography studies of the serotonin transporter in
human brain. J Cereb Blood Flow Metab 23:1096-1112.

Ichise M, Toyama H, Innis RB, Carson RE. 2002. Strategies to
improve neuroreceptor parameter estimation by linear regression
analysis. J Cereb Blood Flow Metab 22:1271-1281.

Innis RB, Cunningham VJ, Delforge J, Fujita M, Gjedde A, Gunn
RN, Holden J, Houle S, Huang SC, Ichise M, Iida H, Ito H,
Kimura Y, Koeppe RA, Knudsen GM, Knuuti J, Lammertsma AA,
Laruelle M, Logan J, Maguire RP, Mintun MA, Morris ED, Parsey
R, Price JC, Slifstein M, Sossi V, Suhara T, Votaw JR, Wong DF,
Carson RE. 2007. Consensus nomenclature for in vivo imaging of
reversibly binding radioligands. J Cereb Blood Flow Metab
27:1533-1539.

Tto H, Halldin C, Farde L. 1999. Localization of 5-HT,, receptors in
the living human brain using [carbonyl-*CIWAY-100635: PET
with anatomic standardization technique. J Nucl Med 40:102-109.

Ito H, Takahashi H, Arakawa R, Takano H, Suhara T. 2008. Normal
database of dopaminergic neurotransmission system in human
brain measured by positron emission tomography. Neuroimage
39:555-565.

Jovanovic H, Lundberg J, Karlsson P, Cerin A, Saijo T, Varrone A,
Hoalldin C, Nordstrrom A-L. 2008. Sex differences in the serotonin
1A receptor and serotonin transporter binding in the human brain
measured by PET. Neuroimage 39:1408-1419.

Kim J8, Ichise M, Sangare J, Innis RB. 2006. PET imaging of sero-
tonin transporters with [YCIDASB: test-retest reproducibility
using a multilinear reference tissue parametric imaging method.
J Nucl Med 47:208-214.

Kish SJ, Furukawa Y, Chang LJ, Tong J, Ginovart N, Wilson A,
Houle S, Meyer JH. 2005. Regional distribution of serotonin
transporter protein in postmortem human brain: is the cerebellum
a SERT-free brain region? Nucl Med Biol 32:123-128.

Kitson SL. 2007. 5-hydroxytryptamine (5-HT) receptor ligands. Curr
Pharm Des 13:2621-2637.

Kumar JSD, Mann JJ. 2007. PET tracers for 5-HT(1A) receptors
and uses thereof. Drug Discov Today 12:748-756.

633

Lammertsma AA, Hume SP. 1996. Simplified reference tissue model
for PET receptor studies. Neuroimage 4:153-158.

Laruelle M, Vanisberg MA, Maloteauz JM, 1988. Regional and sub-
cellular localization in human brain of [*Hjparoxetine binding, a
marker of serotonin uptake sites. Biol Psychiatry 24:299-309.

Lundberg J, Borg J, Halldin C, Farde L. 2007. A PET study on re-
gional coexpression of 5-HT, 4 receptors and 5-HTT in the human
brain. Psychopharmacolegy 195:425-433.

Lundquist P, Blomquist G, Hartvig P, Hagberg GE, Torstenson R,
Hammarlund-Udenaes M, Langstrom B. 2006. Validation studies
on the 5-hydroxy-1-fbeta-"C}-tryptophan/PET method for probing
the decarboxylase step in serotonin synthesis. Synapse 59:521~
531.

Marner L, Gillings N, Comley RA, Baare WF, Rabiner EA, Wilson
AA, Houle S, Hasselbalch SG, Svarer C, Gunn RN, Laruelle M,
Knudsen GM. 2009. Kinetic modeling of 'C-SB207145 binding to
5-HT, receptors in the human brain in vivo. J Nucl Med 50:900—
908,

Meyer JH. 2007. Imaging the serotonin transporter during major
depressive disorder and antidepressant treatment. J Psychiatry
Neurosci 32:86-102.

Moresco RM, Matarrese M, Fazio F. 2006. PET and SPET molecular
imaging: Focus on serotonin system. Curr Top Med Chem 6:2027-
2034,

Nestler E, Hyman S, Malenka R. 2008. Molecular neuropharmacol-
ogy: A foundation for clinical neuroscience, 2nd ed. New York,
USA: McGraw-Hill Professional.

Pazos A, Probst A, Palacios JM. 1987. Serotonin receptors in the
human brain. III. Autoradiographic mapping of serotonin-1 recep-
tors. Neuroscience 21:97-122.

Pigott TA. 1999. Gender differences in the epidemiology and treat-
ment of anxiety disorders. J Clin Psychiatry 60(Supp! 18):4-15.
Rabiner EA, Messa C, Sargent PA, Husted-Kjaer K, Montgomery A,
Lawrence AD, Bench CJ, Gunn RN, Cowen P, Grasby PM. 2002.
A database of ['C]WAY-100635 binding to 5-HT,, receptors in
normal male volunteers: Normative data and relationship to
methodological, demographic, physiological, and behavioral varia-

bles. Neuroimage 15:620-632.

Savitz J, Lucki I, Drevets WC. 2009. 5-HT,, receptor function in
magjor depressive disorder. Prog Neurobiol 88:17-31.

Seminowicz DA, Mayberg HS, McIntosh AR, Goldapple K, Kennedy
S, Segal Z, Rafi-Tari S. 2004. Limbic-frontal circuitry in major
depression: A path modeling metanalysis. Neurcimage 22:409—
418.

Stockmeier CA. 2003. Involvement of serotonin in depression: Evi-
dence from postmortem and imaging studies of serotonin recep-
tors and the serotonin transporter. J Psychiatr Res 37:357-373.

Suhara T, Sudo Y, Yoshida K, Okubo Y, Fukuda H, Obata T, Yoshi-
kawa K, Suzuki K, Sasaki Y. 1998. Lung as reservoir for antide-
pressants in pharmacokinetic drug interactions. Lancet 351:382—
335.

Talbot PS, Frankle WG, Hwang DR, Huang Y, Suckow RF, Slifstein
M, Abi-Dargham A, Laruelle M. 2005, Effects of reduced endoge-
nous 5-HT on the in vivo binding of the serotonin transporter ra-
dioligand 'C-DASB in healthy humans. Synapse 55:164-175.

Varnas K, Halldin C, Hall H. 2004. Autoradiographic distribution of
serotonin transporters and receptor subtypes in human brain.
Hum Brain Mapp 22:246-260.

Synapse



Psychopharmacology (2010) 209:285-290
DOI 10.1007/s00213-010-1783-1

ORIGINAL INVESTIGATION

Dopamine D, receptor occupancy by perospirone: a positron
emission tomography study in patients with schizophrenia

and healthy subjects

Ryosuke Arakawa - Hiroshi Ito - Akihiro Takano -
Masaki Okumura - Hidehiko Takahashi -
Harumasa Takano - Yoshiro Okubo - Tetsuya Suhara

Received: 3 September 2009 / Accepted: 18 January 2010 /Published online: 27 March 2010

© Springer-Verlag 2010

Abstract

Rationale Perospirone is a novel second-generation antipsy-
chotic drug with high affinity to dopamine D, receptor and
short half-life of plasma concentration. There has been no
investigation of dopamine D, receptor occupancy in patients
with schizophrenia and the time course of occupancy by
antipsychotics with perospirone-like properties.

Objective We investigated dopamine D, receptor occupan-
cy by perospirone in patients with schizophrenia and the
time course of occupancy in healthy subjects.

Materials and methods Six patients with schizophrenia
taking 16-48 mg/day of perospirone participated. Positron
emission tomography (PET) scans using [''C]JFLB457 were
performed on each subject, and dopamine D, receptor
occupancies were calculated. Moreover, baseline and three
serial PET using [“C]raclopride were performed at 1.5, 8,
and 25.5 h after administration of a single dose of 16 mg of
perospirone on four healthy male subjects, and occupancy
was calculated for each scan.

Results Dopamine D, receptor occupancy in the temporal
cortex of patients ranged from 39.6% to 83.8%. Especially,
occupancy in two patients who took 16 mg of perospirone
2.5 h before PET was over 70%. Mean occupancy in the
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striatum of healthy subjects was 74.8% at 1.5 h, 60.1% at
8 h, and 31.9% at 25.5 h after administration.

Conclusion Sixteen milligrams of perospirone caused over
70% dopamine D, receptor occupancy near its peak level,
and then occupancy dropped to about half after 22 h. The
time courses of receptor occupancy and plasma concentra-
tion were quite different. This single dosage may be
sufficient for the treatment of schizophrenia and might be
useful as a new dosing schedule choice.

Keywords Dopamine D, receptor occupancy -
Perospirone - Positron emission tomography -
Schizophrenia - Time course

Introduction

Perospirone is a novel second-generation antipsychotic
drug used in Japan (Onrust and McClellan 2001). This
drug shows high affinity to dopamine D, receptor (K;=
1.77 nM) and serotonin 5-HT, receptor (K;=0.06 nM;
Takahashi et al. 1998), and its plasma concentration has a
short half-life (7,=1.9 h; Yasui-Furukori et al. 2004). A
previous positron emission tomography (PET) study using
['Clraclopride and [''CINMSP in healthy subjects with
single 8 mg of perospirone showed blockage of both
dopamine D, receptor and serotonin 5-HT, receptor
(Sekine et al. 2006), but the optimal dose of perospirone
in patients with schizophrenia has not been investigated.
Kapur et al. (2000b) reported that transient high
dopamine D, receptor occupancy by quetiapine showed
clinical effects for patients with schizophrenia. They
suggested that this transient occupancy was related to
“atypical” features of second-generation antipsychotics
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with low affinity for dopamine D, receptor (Kapur and
Seeman 2001). Plasma pharmacokinetics and affinity for
receptor were considered to affect the time course of
receptor occupancy (Kapur and Seeman 2001; Takano et
al. 2004). However, the time course of receptor occupancy
by antipsychotics with high affinity for dopamine D,
receptor and a short half-life of plasma concentration has
not been investigated.

In this study, we investigated dopamine D, receptor
occupancy by several doses of perospirone in patients with
schizophrenia. Moreover, we investigated the time course
of dopamine D, receptor occupancy by perospirone with
serial PET scanning in healthy subjects.

Materials and methods

This study was approved by the Ethics and Radiation Safety
Committee of the National Institute of Radiological Sciences,
Chiba, Japan. After complete explanation of this study, written
informed consent was obtained from all subjects.

Patient study
Subjects and study protocol

Six patients aged 2644 years (34.9+£7.1, mean + SD),
diagnosed with schizophrenia according to Diagnostic and
Statistical Manual of Mental Disorders-IV criteria, partici-
pated in this study (Table 1). Exclusion criteria were current
or past substance abuse, brain tumor or vascular disease,
and history of severe head injury or epilepsy. Subjects with
severe liver or renal dysfunction, or having undergone
electroconvulsive therapy within 90 days prior to this study
were also excluded. The patients had been taking fixed
dosages of perospirone for more than 2 weeks before this
study. Doses of perospirone were 16 mg/day in one patient,
24 mg/day in two patients, and 48 mg/day in three patients.
The interval between the last administration of perospirone

and PET scan was from 2.5 to 17.5 h. Clinical symptoms
were assessed by positive and negative symptom scale
(PANSS). Venous blood samples were taken before and
after PET scanning to measure the plasma concentration of
perospirone and ID-15036, an active metabolite of per-
ospirone (hydroxyperospirone). The average values of pre-
and post-PET scanning were used.

PET procedure

A PET scanner system, ECAT EXACT HR+ (CTI-Siemens,
Knoxville, TN, USA), was used for all subjects. A head
fixation device was used to minimize head movement.
Before the dynamic scan, a transmission scan for attenua-
tion correction was performed using a %3Ge-%*Ga source.
The dynamic PET scan was performed for 90 min after
intravenous bolus injection of 204.0-225.0 MBq (218.5+
7.7 MBq, mean + SD) of [''C]JFLB 457. The specific
radioactivity of [''C]JFLB 457 was 129.6-219.4 MBg/nmol
(175.4+34.3 MBg/nmol, mean + SD). Magnetic resonance
images of the brain were acquired with 1.5 Tesla magnetic
resonance imaging (MRI), Gyroscan NT (Philips Medical
Systems, Best, Netherlands). T1-weighted images at 1-mm
slices were obtained.

Data analysis

All emission scan data were reconstructed with a Hanning
filter. Regions-of-interest (ROIs) were defined for the
temporal cortex and cerebellar cortex. ROIs were drawn
manually on PET images with reference to the individual
MR images. The values of ROIs for right and left sides were
averaged. Binding potential (BPnp), defined as the specific
binding compared to nondisplaceable uptake, of dopamine D,
receptor in the temporal cortex was calculated using a three-
parameter simplified reference tissue model (SRTM; Innis et
al. 2007; Lammertsma and Hume 1996). The cerebellum was
used as reference tissue because of its negligible density of
dopamine D, receptors (Suhara et al. 1999).

Table 1 Patient characteristics, plasma concentration, and dopamine D, receptor occupancy

Number Age (year) Sex PANSS Dose (mg/day) Interval: last Last dose (mg) Plasma concentration Receptor
dose~PET (h) occupancy (%)

Perospirone  ID-15036
(ng/ml) (ng/ml)

1 38 M 59 16 25 16 4.5 23.3 83.8

2 30 F 69 24 7.5 0.6 3.05 61.8

3 44 F 62 24 9.0 0 0.75 39.6

4 26 M 81 48 25 1.25 8.45 60.8

5 30 F 46 48 25 16 0.25 8.35 70.1

6 42 F 80 48 173 32 0.85 2.1 65.0
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Receptor occupancy of perospirone is expressed as
follows: Occupancy(%) = (BPuaseiine — BPunsg) /BPageiine X
100, where BPyacciine 1S BPyp in the drug-free state, and
BPyryg is BPnp after administration of the drug. Mean BPnp
of age-matched ten normal male subjects (age range 25-
43 years; 34.8+6.7 years, mean + SD) measured by the same
procedure as for the patients was used as BPy, because of
the lack of individual baseline BPyp.

The relationship between receptor occupancy and plasma
concentration of antipsychotic drug can be expressed as
follows: Occupancy(%) = C/(C + ECsg) x 100, where C
is the plasma concentration of perospirone or ID-15036, and
ECs, is the concentration required to induce 50% occupancy.

Measurement of plasma concentration of perospirone

Plasma concentrations of perospirone and ID-15036 were
determined using a validated high performance liquid
chromatography method (Yasui-Furukori et al. 2003; MP-
Technopharma Corporation, Fukuoka, Japan). The lower
limit of quantification was 0.1 ng/ml for both perospirone
and ID-15036.

Healthy subject study
Subjects and study protocol

Four healthy male subjects aged 22-32 years (26.8£4.1,
mean + SD) participated in the other part of this study.
None had a history of psychiatric, neurological, or somatic
disorders. None had taken any medication for at least
2 weeks prior to this study. The baseline PET scan was
performed within 2 weeks before taking perospirone. All
subjects took a single dose of 16 mg of perospirone, and then
three serial PET scans were performed at 1.5, 8, and 25.5 h
after its administration. Venous blood samples were taken 11
times, at 0.5, 1.0, 1.5, 2.5, 3.5, 5.0, 6.5, 8.0, 9.0, 25.5, and
26.5 h after perospirone administration, to measure the
plasma concentrations of perospirone and ID-15036.

PET procedure

A PET scanner system, ECAT EXACT HR+, was used for
all subjects. A head fixation device was used to minimize
head movement. Before the dynamic scan, a transmission
scan for attenuation correction was performed using a
8Ge-%%Ga source. The dynamic PET scan was performed
for 60 min after intravenous bolus injection of 179.6—
246.8 MBq (217.0+16.5 MBq, mean + SD) of [''C]
raclopride. The specific radioactivity of [''Clraclopride
was 138.0-320.9 MBg/nmol (235.4+65.8 MBg/nmol,
mean + SD). Tl-weighted images at 1-mm slices of the
brain were acquired with 1.5 Tesla MRI, Gyroscan NT.

Data analysis

All emission scan data were reconstructed with a Hanning
filter. ROIs were defined for the striatum and cerebellar
cortex and were drawn manually on the PET images with
reference to individuat MR images. The values of ROIs for
right and left sides were averaged. BPyp of dopamine D,
receptor in the striatum was calculated using SRTM. The
cerebellum was used as reference tissue. Receptor occu-
pancy was calculated using the individual BPyp values of
baseline and drug administration.

Results
Patient study

Dopamine D, receptor occupancy of patients with schizo-
phrenia in the temporal cortex ranged from 39.6% to 83.8%
(Table 1). Plasma concentrations of perospirone and ID-
15036 ranged from O to 4.5 and 0.75 to 23.3 ng/ml,
respectively. The plasma concentrations of perospirone and
ID-15036 were fitted curvilinearly to the dopamine D,
receptor occupancy (Fig. la, b). Estimated ECs, values of
perospirone and ID-15036 were 0.31 and 1.90 ng/ml,
respectively. The total PANSS score ranged from 46 to
81, and the average score of all patients was 66.2+13.4.
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Fig. 1 Relationship between dopamine D, receptor occupancy and
perospirone (a) and 1D-15036 (b) in the patients study

@ Springer



288

Psychopharmacology (2010) 209:285-290

Healthy subject study

Mean dopamine D, receptor occupancies in the striatum
were 74.8+8.0% at 1.5 h, 60.1£5.6% at 8 h, and 31.9+6.4%
at 25.5 h after administration of 16 mg of perospirone in
healthy subjects (Fig. 2). The mean plasma concentrations of
both perospirone and ID-15036 reached a peak at 1 h after
administration, then rapidly decreased, and were not detect-
able at 25.5 h after (Fig. 3a, b). Estimated half.lives of
plasma concentrations of perospirone and ID-15036 were 2.2
and 1.9 h, respectively. No subject complained of severe side
effects such as extrapyramidal symptoms or sleepiness.

Discussion
Clinical dose of perospirone

A previous study reported that dopamine D, receptor
occupancy using [''Clraclopride was 44.4% with 8 mg of
perospirone at 1 h post-administration (Sekine et al. 2006).
PET studies have suggested that more than 70% dopamine
D, receptor occupancy is necessary for antipsychotic effect
and that 80% occupancy causes extrapyramidal symptoms
(Farde et al. 1992; Kapur et al. 2000a; Nordstrom et al.
1993). Two patients (numbers 1 and 5) administered
perospirone at 16 mg 2.5 h before PET scanning showed over
70% occupancy. On the other hand, one patient (number 4)
taking 8 mg did not reach 70% occupancy in spite of a short
interval between the last administration and PET scan. In
healthy subjects, a peak of about 75% occupancy was also
obtained with 16 mg of perospirone. Although some patients
could be maintained at less than 70% occupancy, 16 mg of
perospirone seems to be the necessary dose for achieving
antipsychotic effect. The plasma concentrations of perospir-
one and ID-15036 inducing 70% occupancy (EC5,) were 0.72
and 4.43 ng/ml, respectively. Side effects could not be
evaluated in this study because some patients were taking
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Fig. 2 Time course of mean dopamine D, receptor occupancy in
healthy subject study. Bars represent standard deviation of mean
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Fig. 3 Time course of mean plasma concentrations of perospirone (a)
and ID-15036 (b) in healthy subjects study. Bars represent standard
deviation of mean

benzodiazepines or anti-Parkinson drugs, and plasma prolac-
tin levels were not measured.

Pharmacokinetics and contributions to receptor occupancy
of perospirone and ID-15036

In healthy subjects, plasma concentrations of perospirone
and ID-15036 peaked at 1 h after administration, with the
half-lives of plasma concentrations being 2.2 and 1.9 h,
respectively. The plasma concentration of ID-15036 was
fourfold that of perospirone. These results were in good
agreement with the previous study showing that the 7).,
values were 0.8 (perospirone) and 1.1 h (ID-15036), and T,
was 1.9 h (perospirone; Yasui-Furukori et al. 2004). As ID-
15036 has affinity for the dopamine D, receptor (K=
5.84 nM) and blocks the dopamine D, receptor of the in
vivo rat brain (Takahashi et al. 1998), both perospirone and
ID-15036 contributed to dopamine D, receptor occupancy,
and the plasma concentrations of both were fitted to the
occupancy curve.

Effects of affinity and pharmacokinetics of antipsychotics
on time course of receptor occupancy

Dopamine D, receptor occupancy was about 75% at 1.5 h
after perospirone administration and then showed a rela-
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tively rapid decline. After 25.5 h, about 30% occupancy
remained, although plasma concentrations of perospirone
and ID-15036 were not detectable. The time to reach half of
the peak occupancy of 75% was 22 h. The time courses of
receptor occupancy and plasma concentration were quite
different. In comparison, risperidone and olanzapine
showed sustained occupancy; about 80% occupancy 5 or
6 h after administration decreased to only 70% after 24 h
(Takano et al. 2004; Tauscher et al. 2002). On the other
hand, quetiapine showed transient occupancy; 64% occu-
pancy after 2 h decreased to 0% after 24 h (Kapur et al.
2000b). Some factors such as the time course of plasma
concentration of antipsychotics or affinity for dopamine D,
receptor were considered to affect the time course of
receptor occupancy (Kapur and Seeman 2001; Takano et
al. 2004). For example, high affinity and long half-life of
plasma concentration (e.g., risperidone (K;=1.1 oM, Ty,=
17.8 h) and olanzapine (X;=5.1 nM, T;,=19.5 h))
expressed sustained occupancy, and low affinity and short
half-life of plasma concentration (e.g., quetiapine (K=
122 nM, Ty,=3.2 h)) expressed transient occupancy
(Gefvert et al. 1998; Seeman 2002; Takano et al. 2004;
Tauscher et al. 2002). Perospirone has high affinity for
dopamine D, receptor and a short half-life of plasma
concentration (Takahashi et al. 1998; Yasui-Furukori et al.
2004). These features may cause relatively rapid decrease
in occupancy, from 75% at 1.5 h of perospirone adminis-
tration to 32% after 25.5 h, but the occupancy did not
completely disappear within a day. In patients taking 32 mg
perospirone {(number 6), dopamine D, receptor occupancy
was 65% at 17.5 h after, supporting an intermediate time
course between sustained and transient occupancy.

Possibility of new dosing schedule with perospirone

There are several opinions conceming the dosing schedule
of antipsychotics. A recent clinical study reported that
extended antipsychotic dosing {every second or third day)
was effective and decreased side effects for chronic patients
with schizophrenia (Remington et al. 2005). An animal
study reported that transient antipsychotic medication was
more effective for amphetamine-induced behavioral abnor-
mality than continuous one (Samaha et al. 2008). These
findings indicate that sustained occupancy might not neces-
sarity be required for antipsychotic therapy of schizophrenia.
In prodromal episode-based intervention, antipsychotic drugs
were used occasionally, and long antipsychotic-free periods
were sometimes inserted. However, some studies reported that
intermittent medication increased the relapse rate in schizo-
phrenia (Gaebel et al. 2002; Herz et al. 1991; Schooler et al.
1997). Because perospirone shows an intermediate time
course between sustained and transient occupancy, its single
administration may become a new dosing schedule choice

for an antipsychotic drug. Indeed, the administration of
perospirone once a day indicated antipsychotic effects and
preventions from relapse for chronic patients with schizo-
phrenia (Kusumi et al. 2008). Four patients in the present
study (numbers 1, 4, 5, and 6) taking 16 mg or more at least
once a day were maintained for more than 6 months. Further
study of relationships between clinical response and receptor
occupancy of various dosing schedules in patients with
schizophrenia will be needed.

Regional difference of dopamine D, receptor occupancy

Regional differences of dopamine D, receptor occupancy
between the striamm and extrastriatum in some second-
generation antipsychotic drugs have been discussed (Arakawa
et al. 2008; Ito et al. 2009; Pilowsky et al. 1997; Talvik et al.
2001). In the present study, the mean occupancy of four
healthy subject and two patients (number 1 and 5) in a short
interval between the administration of 16 mg of perospirone
and PET scanning seemed to differ very little (75.1% in the
striatum with [''Clraclopride and 77.0% in the temporal
cortex with [''C]FLB 457). It is suggested that there were no
regional differences of dopamine D, receptor occupancy
between the striatom and extrastriatum with perospirone
despite the subjects, study protocols, and radioligands being
different.

Conclusion

Sixteen milligrams of perospirone caused over 70% dopa-
mine D, receptor occupancy near its peak level, then
becoming about half after 22 h. The time courses of
receptor occupancy and plasma concentration were quite
different. This single dosage may be sufficient for the
treatment of schizophrenia and might be useful as a new
dosing schedule choice.
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Chronic repetitive transcranial magnetic stimulation failed
to change dopamine synthesis rate: Preliminary
L-[B-''C]|DOPA positron emission tomography study in

patients with depression
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We have examined the effects of repetitive transcranial
magnetic stimulation (rTMS) on central dopaminer-
gic function in patients with depression using
positron emission tomography with L-[B-''"C]|DOPA,
a ligand to assess the rate of endogenous dopamine
synthesis. Eight patients were treated with 10-daily
sessions of r'TMS over the left dorsolateral prefrontal
cortex. Positron emission tomography scanning was
performed in each patient twice, before the first

session and 1 day after the last session. Although four
out of eight patients responded to rTMS, there were no
changes in the striatal dopamine synthesis rate (k)
following rTMS. These results suggest that chronic
rTMS had a limited effect on the dopaminergic system.

Key words: depression, dopamine synthesis, L-[B-
HC]DOPA, positron emission tomography, repetitive
transcranial magnetic stimulation.

TRANSCRANIAL MAGNETIC STIMULATION is a
non-invasive method of brain stimulation in
which magnetic fields are used to induce electric cui-
rents in the cerebral cortex, depolarizing neurons.
Though it has been reported that repetitive transcra-
nial magnetic stimulation (fTMS) applied to the left
dorsolateral prefrontal cortex (DLPFC) is an effective
treatment for depression,’? its precise mechanisms
are poorly understood. However, the involvement of
the dopaminergic system has been suggested in elu-
cidating the therapeutic mechanisms of rTMS. Several
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human studies demonstrated that acute rTMS
induced the release of endogenous dopamine in the
striatum.>* Nevertheless, we recently reported that
there were no changes in [''C|raclopride binding in
the striatum after 10-daily rTMS treatment in the
patients with depression.® In the present study, we
have examined the effects of 10-daily sessions of
1TMS on dopaminergic function in depressed
patients using positron emission tomography (PET)
with L-{B-""C]DOPA. L-[-''C]DOPA can be used to
assess the rate of endogenous dopamine synthesis as
a way to estimate presynaptic function of the centrai
dopaminergic system.’

METHOD

Eight patients (four women and four men aged
36.8 = 6.4 years [mean = SD]) with a DSM-IV-TR
diagnosis of major depressive disorder participated in
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this study. Three patients had a recurrent type of
depressive disorder (one patient had two previous
episodes and two patients had one previous
episode). Duration of the present episodes was
20.5 = 13.3 months. They were all right-handed. The
patients were free of somatic or neurological disor-
ders on the basis of their medical history, blood test,
electrocardiogram, chest X-rays, brain computed
tomography and electroencephalogram. Their clini-
cal pictures were melancholic without psychotic or
catatonic features. Their suicide ideas were not
strong. They had no comorbid psychiatric disorders,
such as anxiety disorders, alcohol dependence or per-
sonality disorders. The patients were resistant to or
intolerant of drug treatment. One patient did not
respond to electroconvulsive therapy. Three patients
were resistant to two adequate trials of antidepres-
sants. Two patients did not respond to one adequate
antidepressant trial. Three patients had taken atypical
antipsychotics as augmentation agents. They had at
least a 4-week washout period from their previous
medication. Fluvoxamine and lorazepam were
allowed during the washout period with little clinical
improvement and pharmacological dosages were
kept constant during the study. The average dose of
fluvoxamine during the study was 115.6 = 88.6 mg/
day. Six patients had not been able to take fluvoxam-
ine in sufficient dosage, more than 150 mg/day,
because of side-effects, such as sleepiness, anxiety,
and nausea. This study was approved by the human
ethics committees of Tokyo Medical and Dental Uni-
versity, Tokyo, Japan, and the National Institute of
Radiological Sciences, Chiba, Japan. Following a
description of all procedures, subjects provided
written informed consent.

The Magstim Rapid System (Magstim Company
Limited, Spring Gardens, Whitland, UK) with an
eight-shaped coil was used to administer the rTMS
treatments. Each patient was treated with 10 sessions
(five times per week for 2 weeks) using the following
parameters per session: 10 Hz frequency, 20 trains of
5 s duration separated by 25 s, and an intensity of
100% motor threshold (MT). These parameters were
within the safety criteria.® At entry, each patient’s MT
was determined using the visual method with the
right first dorsal interosseous (FDI) musde as the
target muscle.” MT was defined as the stimulus inten-
sity that produced visibly observable right FDI
muscle contractions at least five times out of 10
stimuli. ©TMS was performed over the left dorsolat-
eral prefrontal cortex (DLPFC). The point of left

© 2010 The Authors
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DLPFC was determined by moving the coil 5cm
anteriorly from the point of MT determination. The
point of stimulation was marked for reference with
an indelible skin marker. MT and coil placement were
rechecked after the fifth treatment to assess, but
neither MT nor coil placement was readjusted for any
patient. During 1TMS the patients wore earplugs to
dampen the loud noise from the discharging coil.

To assess improvement of the clinical symptoms,
all patients were evaluated with the 17-item Hamil-
ton Rating Scale for Depression (HRSD)' twice:
1 day before and 1 day after a series of rTMS.

The first study was performed before a series of
ITMS and the second study was performed 1 day
after the last session of rTMS. Each PET scan began
more than 3 h after the last medication. All PET
studies were performed with an ECAT EXACT HR+
(CT1-Siemens, Knoxville, TN, USA) in 3-D mode,
which provides 63 planes with a 15.5-cm axial field
of view.

L-[B-"'C]DOPA was synthesized from [''C]carbon
dioxide via D,L-[3-"'Clalanine as described previ-
ously.'™? After a 10-min transmission scan with a
%Ge-*Ga source, a bolus of L-[B-''CJDOPA was
rapidly injected into the antecubital vein with a 20-ml
saline flush. Injected dose was 9.9 + 1.8 mCi and
10.2 £ 0.5 mCi before and after rTMS, respectively.
The specific radioactivity was 78.3 + 42.5 GBq/umol
and 52.3 * 16.2 GBg/pmol before and after rTMS,
respectively. Dynamic PET scanning was started
immediately after the injection and continued for
60 min." A head fixation device with thermoplastic
attachments for individual fit minimized head move-
ment during PET measurements. All emission scans
were reconstructed using a Hanning filter with a cut-
off frequency of 0.4 cycle/pixel (FWHM [full width at
half maximum] = 7.5 mm).

Magnetic resonance (MR) images were obtained
with a Philips Gyroscan NT, 1.5 tesla. Scan param-
eters were 1-mm thick 3-D T1-weighted images with
a transverse plane. All MR images were coregistered to
the PET images using statistical parametric mapping
2 (SPM2; htip://www fil.ion.ucl.ac.uk/spm/software/

- spm2/). Regions of interest (ROI) were manually

placed on coregistered MR images and transferred to
the corresponding PET images. ROI were set to cover
three adjacent slices for the right and left caudate
nucleus, right and left putamen and occipital cortex.
Then, time-activity curves were obtained. For quanti-
fication of the striatal utilization of L-[3-''"C]JDOPA,
the graphical analysis method using reference brain

Psychiatry and Clinical Neurosciences © 2010 Japanese Society of Psychiatry and Neurology
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Table 1. Changes in k values of L-|[B-''C]DOPA in the
striatum

Region k before TMS k after TMS

R Caudate 0.01435 * 0.00327 0.01264 *+ 0.00171
L Caudate 0.01400 = 0.00184 0.01361 = 0.00430
R Putamen 0.01495 * 0.00145 0.01475 * 0.00234
L Putamen 0.01507 = 0.00223 0.01446 * 0.00150

Values are mean *+ SD.
L, Left; R, right; TMS, transcranial magnetic stimulation.

- region (occipital cortex) developed by Patlak and
Blasberg’!* was used to calculate dopamine synthesis
rate (k).

Response to treatment was defined as an HRSD less
than 10 points or a 50% decrease in HRSD 1 day after
ITMS. Paired t-test was used to statistically analyze
the difference between HRSD scores 1 day before the
first session and 1 day after the last session of ITMS.
Values of P < 0.05 were considered significant.

Statistical analysis of the difference between k&
values in patients measured before rTMS and 1 day
after the last session of rTMS was performed using
two-way repeated ANOVA to find interaction between
time (before and after) and regions (right and left
caudate nucleus, right and left putamen). When we
found any interaction, post-hoc Bonferroni correc-
tion was used for multiple comparisons. Values of
P < 0.05 were considered significant.

RESULTS

All patients tolerated rTMS without severe complica-
tions. HRSD scores decreased significantly following
a series of rTMS (17.0 = 2.4 before treatment;
10.6 = 6.4 after treatment; P = 0.005, paired #-test).
Four out of eight patients responded to rTMS.

Two-way repeated ANOVA revealed no significant
interactions between time and regions with regard
to k-values for L-[B-''CJDOPA [F (3, 5)=0.382,
P=0.771] (Table 1).

DISCUSSION

This study has demonstrated that k-values of L-[B-
"'C]DOPA did not change in the striatum following
ITMS. These results suggest that the rate of dopamine
synthesis in the striatum did not significantly change
1 day after the last session of rTMS.

ITMS and L-[B-"'C|DOPA PET in depression 661

In our previous study, rTMS induced no significant
changes in ['"C]raclopride binding in the striatum.®
The results were not consistent with previous
reports,®>~* showing that rTMS caused a reduction in
[!!'C]raclopride or ['ZIJIBZM binding, indicating
increased release of endogenous dopamine. This dis-
crepancy could be explained by the following two
reasons: first, we started [''C]raclopride PET scans
about 24 h after the last session of ’TMS, whereas the
other authors started them soon after the 1TMS
session. Second, we applied chronic s«TMS (multiple
treatments), whereas the other authors used acute
ITMS (single treatment). Therefore, we suggest that
release of striatal dopamine induced by 'TMS might
only be transient, or that dopamine release may be
attenuated following chronic rTMS. Tsukada et al.
reported that dopamine synthesis rate, as measured
by L-[B-""C]DOPA, could be more sensitive to evalu-
ate the changes in dopaminergic neuronal activity
than the ligand-receptor binding. Thus, present PET
studies using L-[B-"'C]JDOPA also indicated that
chronic rTMS had limited effect on the dopaminergic
system.®

A major limitation of this study is the small sample
size. Another shortcoming was the study design of an
open trial lacking a sham-treated fTMS group.
Placebo clinical effects could not be excluded. The
drugs might have influenced dopamine synthesis as
three patients had taken atypical antipsychotics and
all of the patients had been previously treated with
antidepressants. Because treatment duration and
stimulation intensity in this study were insufficient
by today’s standards,’ further larger sample sizes and
sham-controlled studies with longer duration and
higher intensity on drug-free patients are needed.

In conclusion, although rTMS showed some effi-
cacy for the treatment of depression, 'TMS failed to
change the striatal dopamine synthesis rate, as mea-
sured by L-[B-"C]DOPA PET. These results suggest
that chronic rTMS had limited effect on the dopam-
inergic system.
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