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4. Molecular Imaging Center

Iwao Kanno started his professional career at Akita Research Institute of Brain
and Blood Vessels in 1970, where he was an active researcher for 36 years. In
1977, he developed a custom radionuclide emission tomography system using a
handmade rotational dentist chair. In 1979 in collaboration with Shimadzu, he
developed a hybrid type of emission tomography which combined positron emission
tomography (PET) and single photon emission computed tomography (SPECT).
His efforts were also directed to developing methodology for quantitative
assessment of physiological and biochemical parameters from PET and SPECT
images.

Iwao Kanno, Ph. D.
Director, Molecular Imaging Center

Progress in molecular biology has opened the
window to understanding the molecular mechanisms of
living healthy and diseased organs. Molecular imaging
is a new interdisciplinary field that integrates imaging
technology and molecular biology to help visualize
molecular behaviors spanning the microscopic to
macroscopic scales. Positron emission tomography
(PET), magnetic resonance imaging (MRI) and optical
imaging will provide clear and comprehensive images
demonstrating molecular functions. The Molecular
Imaging Center consists of four research groups,
Diagnostic Imaging Group, Molecular Neuroimaging
Group, Molecular Probe Group and Biophysics Group,
and the Research Promotion Unit. The Molecular
Imaging Center aims to image molecular functions of
living animals in both healthy and diseased conditions.
Of several methodologies for imaging molecular
functions, the center covers in vivo molecular imaging
from rodents to humans. It is already a world leader in
the development of PET probes and technologies, and
it also has invested efforts in other promising
technologies such as MRI. Our primary goals are to
move towards understanding the mechanism of brain
function and cancer pathology and to use this
knowledge in clinical applications.

The Diagnostic Imaging Group continued our clinical
PET study with FLT, a marker of cell proliferation, in
the evaluation of effectiveness of carbon ion
radiotherapy in lung and head & neck cancer patients in
collaboration with the Research Center for Charged
Particle Therapy. A multi-center study of PET with
62Cu-ATSM, a marker of tumor hypoxia, is also ongoing.
To identify novel targets of mesothelioma, large-scale
functional screening using siRNA was conducted and 39
genes were newly identified to have an anti-apoptotic

function. We also found that cellular content of trace
metals such as Mn and Cu is increased in various
mesothelioma cells, indicating the possibility that these
heavy metals are involved in the development and
progression of mesothelioma. We established
subcutaneous and orthotopic transplant model of
fluorescent cancer cells in mice and evaluated the
change of fluorescent intensity and uptake of various
PET tracers in the tumor with/without treatment.
Research on the development of an antibody probe for
PET/SPECT tumor imaging was continued using anti-
c-kit and anti-ERC/mesothelin monoclonal antibodies
and a tumor xenograft was successfully imaged by
In-111 labeled antibodies. Our investigation on the PET
imaging of mesothelioma-bearing mice using FDG and
FLT has shown that suitable PET tracers differ
according to the histological subtypes. The study on
the development of novel reporter gene imaging has
moved to in vivo investigation. When ferritin heavy
chain gene was electroporated into a subcutaneous
tumor, significant reduction in signal intensity was
observed on T2-weighted MR imaging.

The Molecular Neuroimaging Group carried out
mapping of peripheral benzodiazepine receptors in
Alzheimer's disease. A normal database for the pre- and
postsynaptic dopaminergic functions in the living
human brain using PET was constructed. Dopamine
transporters in schizophrenia were measured using
[11C] PE2I and no significant difference was observed
between schizophrenia patients and controls in any
brain regions. Regional differences in receptor
occupancy by antipsychotic drugs were investigated
and no regional difference was found in occupancy of
dopamine D2 receptors by an atypical antipsychotic
drug. Clarification of molecular mechanisms linking
imaging-based biomarkers and psychiatric symptoms
by behavioral analyses was carried out. Further
investigations of transgenic mouse models using PET
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and [18F]fluoroethyl-DAA1106 also revealed deleterious
roles of activated microglia in the Alzheimer's disease
pathogenesis. In vivo studies of monkeys and rats using
PET and [11C] MNPA, a novel agonistic PET tracer
for dopamine D2 receptor, indicated that changes in the
release of endogenous dopamine after pharmacological
challenges are measurable in the living brains.
Functional roles played by the central substance P
neurotransmission system by in vivo imaging of
substance P receptors were elucidated. [18F]
fluoroethyl-SPA-RQ measurements delineated
consistency in the distribution of the central substance
P receptors across species and potential utility of these
animals for preclinical assessments of pharmaceutical
agents targeting the substance P neurotransmission.

The Molecular Probe Group developed a probe for
quantitative assessment of brain efflux function.
Targeting multi-drug resistance-associated protein
(MRP), we designed 6-halo-purine derivatives. A novel
thymidine analog, 4'- [methyl-11C] thiothymidine ([11C]
S-dThd), was further evaluated to assess DNA
synthesis in tumor bearing rats. We found that [14C]
S-dThd is a promising marker for DNA synthesis. A
practical route for preparing [18F] ligand containing
[18F] fluorobenzene moiety by employing a reaction of
diphenyliodonium salt with [18F] F－was adopted for the
synthesis of 18FDOPA under a no added carrier
condition. [11C] Acetyl chloride ([11C] AcCl), prepared
in a loop method by reacting methylmagnesium
bromide with [11C] CO2and followed by treatment with
oxalyl choride, was applied for the preparation of [11C]
oseltamivir and its activated form ([11C] Ro64-0802).
A new labeling method generating 11C-C bonds was

developed by using [11C]nitromethane. C-carboxylation
of [11C] nitromethane was accomplished from [11C]
methyl nitronate and 1-ethoxycarbonylbenzotriazole to
afford [2-11C] ethyl nitroacetate in a radiochemical yield
of 75±6%. In vitro binding of [11C] raclopride with
ultra-high specific activity (SA) in the striatum and
cerebral cortex of rat brain was characterized. The
radionuclide 62Zn was produced by the nuclear reaction
63Cu (p, 2n) 62Zn with the AVF cyclotron at NIRS. The
62Zn/62Cu generator was prepared remotely and
distributed to three PET facilities (Fukui University,
Yokohama City University, and the National Cancer
Center). Four new PET radiopharmaceuticals ([11C]
MNPA, [11C] AC5216, [11C] Gefinitib, and [18F] -
labeled compound for -Amyloid imaging) were
released for the clinical use and approved by the
Institutional Review Board at NIRS.

The Biophysics Group together carried out
development of a patch antenna array (PAAC) RF coil
for ultra-high magnetic field MRI. When imaging a
human body using an ultra-high magnetic field MRI
system, artifacts may be caused by the dielectric effect

etc. induced by the shortness of the wavelength. It is
difficult to create a big volume coil because of the short
wavelength. Within the Physics Group, four individual
teams carried out separate projects. The Magnetic
Resonance Molecular Imaging Team was involved in
the following developments : immunocyte labeling and
tracking using manganese contrast agents ;
development of multimodal probes using quantum-
dots ; and in-vivo detection of reactive gliosis in the rat
stroke model. The Biosignal Physiology Team covers
two kinds of signals, human MRI data and animal two-
photon microscopy data ; diffusion functional MRI,
GSH-edited 1H MRS for schizophrenia and new
diffusion tensor parameter for cancer diagnosis etc. The
Data Analysis Team developed and evaluated some new
algorithms : omission of arterial blood sampling using
an intersectional searching algorithm and clustering
and a denoising algorithm for voxel-based model
estimation using Wavelet transformation. However, it
is difficult to conduct due to the small size of mice. The
team is investigating an invasive system for arterial
sampling from mice. The Imaging Physics Team
demonstrated the imaging capability of the jPET-D4, a
prototype brain PET scanner. The jPET-D4 consists of
novel detectors which provide 4-layer depth-of-
interaction (DOI) information of multi-layered thin
crystals.
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4.1. Research on Molecular Imaging of Cancer

Dr. Saga received a Ph.D. from Kyoto University in 1991 for his investigations
on cancer targeting of radiolabeled monoclonal antibodies. He continued his
research on antibody targeting at National Institutes of Health (1991-1993) and
at Kyoto University (1995-2006). In addition, for the last 9 years, he has been
conducting clinical and basic research covering the wide area of cancer imaging.
Since 2006, he has been the leader of the Diagnostic Imaging Group at NIRS ; this
group works to further advance the basic and clinical research on molecular imaging
of cancers.

: saga@nirs. go. jp
Tsuneo Saga, Ph. D.
Director, Diagnostic Imaging Group

Diagnostic Imaging Group is conducting research on
functional imaging of cancer by PET and other
modalities. By using various cancer-specific probes,
the characteristics of an individual cancer growth such
as malignancy grade and responsiveness to treatment
can be clarified. This information can be used for
treatment planning and evaluation of therapeutic effect.
Although several PET probes such as FDG and 11C-
methionine are now routinely available for clinical
studies, development of new imaging probes is
necessary for more comprehensive evaluation of
cancers and to further contribute to the management of
cancer patients.

The Clinical Diagnosis Team focuses on clinical
research of functional cancer imaging and is aiming to
contribute to the management of cancer patients
including those considered for carbon ion radiotherapy
conducted in the Hospital of the Research Center for
Charged Particle Therapy. In addition to the clinical
research using routine PET probes, such as FDG and
11C-methionine, we are evaluating newly developed
cancer-imaging probes, such as 18F-fluorothymidine
(FLT) and 62Cu-ATSM, to determine their clinical
usefulness in the characterization and early diagnosis of
various cancers.

The Molecular Diagnosis Team conducts basic
molecular imaging researches focusing on designing
and evaluation of PET probes that capture and depict
the changes of biomolecules specifically associated with
cancers and other diseases to realize effective non-
invasive diagnoses. We also develop novel in vivo
reporter gene imaging systems to facilitate the
establishment of new therapies such as gene therapy
and regenerative therapy.

The Biomolecule Team focuses on the elucidation of
genetic/molecular events occurring during
carcinogenesis, searching for suitable targets of
molecular imaging of cancers. By using functional
screening of genes related to cell growth or radiation
susceptibility, and proteome analysis of the blood and
tissue samples of cancer patients, we select the genes
and proteins specifically expressed in cancers. Through
the exploration of the targets with high specificity, we
are aiming for the development of novel molecular
imaging methods which can non-invasively depict the
characters of each cancer.

1) Clinical studies on cancer imaging using various PET
probes
We are conducting clinical PET research using FLT,

a marker of cell proliferation, in the evaluation of
effectiveness of carbon ion radiotherapy (CIRT) in lung
and head & neck cancer patients in collaboration with
the Research Center for Charged Particle Therapy.
Preliminary data from less than 20 lung cancer patients
showed that tumor uptake of FLT significantly
decreased 3 months after CIRT (Fig. 5). However,
we observed FLT uptake in the area of radiation
pneumonitis, which made the post-treatment
evaluation difficult. Longer follow-up of a larger number
of patients is necessary to evaluate the relationship of
tumor FLT uptake and the development of recurrence
and/or metastasis.
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Clinical investigation of PET with 62Cu-ATSM, a
marker of tumor hypoxia, has been ongoing as a multi-
center study. In NIRS, 62Cu-ATSM-PET is conducted
for uterine cervical cancer patients in collaboration with
the Research Center for Charged Particle Therapy. The
uptake pattern of 62Cu-ATSM varied from that of 11C-
methionine probably reflecting the difference in
oxygenation pattern and amino acid metabolism within
the tumor tissue. By comparing the treatment response
with the uptake pattern of 62Cu-ATSM for individual
patients, we are expecting that 62Cu-ATSM-PET can
afford information on the selection of appropriate
treatment strategy reflecting the grade of tumor
hypoxia.

2) Loss of function screen identifies therapeutic and
diagnostic potential targets in malignant
mesothelioma

Malignant mesothelioma is a highly aggressive tumor
arising from serosal surfaces of the pleura. Currently
no single widely accepted treatment for mesothelioma
results in a cure. To identify therapeutic and/or imaging
molecular targets, we conducted a large-scale
functional screening of mesothelioma cells using small
interfering RNAs against 8,589 human genes. We
determined that knockdown of 39 genes apparently
suppressed mesothelioma cell proliferation. At least
seven of these 39 genes would be involved in anti-
apoptotic function. One of them was highly expressed
in a sarcomatoid mesothelioma cell line, but not in
normal mesothelial cells, epithelioid mesothelioma
cells, and other tumor cells. This gene would be useful
for developing effective therapeutic agents and a new
diagnostic marker of sarcomatoid mesothelioma.
Functional characterization of these genes identified by
our screening should provide clues to the underlying
new molecular mechanisms of apoptosis and potentiate
the development of new therapy and diagnosis for
malignant mesothelioma.

3) Investigation on novel targets of imaging by means
of metabolome analysis

Metabolome analysis of various cultured cancer cell
lines showed that cancer cells release more acetate into
culture medium than normal cells do and that the
acetate production in cancer cells further increased
under hypoxic condition, which was not observed in
normal cells. The up-regulation of acetate metabolism,
both uptake and production, seemed to be mediated by
the enzyme acetyl-CoA synthase 2 (Accs 2). The
findings indicate that imaging with radiolabeled acetate
is capturing tumor-specific and hypoxia-specific
metabolism in cancerous tissue. We also identified a
few more cancer cell-specific metabolites, which may
lead to development of new tumor imaging PET
tracers.

4) Development of animal models for the evaluation of
imaging probes
To facilitate the evaluation of imaging probes,

mesothelioma cell lines expressing red fluorescent
proteins were established. In vivo optical imaging was
performed for mice bearing heterotopic (subcutaneous)
and orthotopic (pleural) transplants of red fluorescent
mesothelioma cells, which gave positive images of the
tumor. The models were proved to be useful to monitor
tumor growth by measuring fluorescence intensity,
while the response of tumor to chemotherapy was
better monitored by PET tracer uptake. Among PET
tracers tested, FLT seemed especially useful to
monitor tumor response to pemetrexed which is
approved for clinical use in combination with cisplatin
for the treatment of mesothelioma.

5) Development of PET/SPECT tumor imaging using
antibody probes
To image c-kit-positive tumors such as

gastrointestinal stromal tumors (GIST), we labeled
anti-c-kit monoclonal antibodies with 125I and 111In, and
assessed their in vitro and in vivo characteristics (Fig.
6). According to cell binding, competitive inhibition
and internalization assays in vitro, and biodistribution
and SPECT imaging in vivo, the radiolabeled antibodies
specifically bound to c-kit expressing cells and were
internalized, and 111In labeled antibody highly
accumulated in xenografted tumors which were readily
visualized by SPECT (Fig. 7).

Fig.5
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To image epithelioid mesothelioma, a radiolabeled
monoclonal antibody recognizing mesothelioma related
antigen (ERC/mesothelin) was assessed for its in vitro
and in vivo characteristics. The radiolabeled antibody
specifically bound to epithelioid mesothelioma cells and
was internalized after binding, and 111In labeled antibody
highly accumulated in xenografted tumors which were
readily visualized by SPECT.

6) PET imaging of malignant mesothelioma in model
mice
Malignant pleural mesothelioma (MPM) is a highly

aggressive tumor and the prognosis with current
treatment remains poor. Thus, development of more
effective treatments has been required. Noninvasive
imaging is essential for assessment of the efficacy of
new treatment. To establish noninvasive imaging for
MPM, we compared tumor uptake of three PET
tracers, 18F-FDG, 18F-FLT and 11C-thiothymidine. We
established subcutaneous and orthotopic models of
epithelioid and sarcomatoid MPM in mice, and
conducted biodistribution study and PET imaging. Two
thymidine analogues, FLT and thiothymidine, were
highly accumulated in epithelioid MPM, while glucose

analogue, FDG, was highly accumulated in sarcomatoid
MPM. Our results suggest that the suitable PET tracer
is different for the evaluation of epithelioid and
sarcomatoid MPM.

7) Development of novel reporter gene imaging
In order to develop a novel PET/MRI dual modality

reporter gene imaging system, we are examining
ferritin heavy chain (FHC) gene as a reporter. In vitro
experiments demonstrated that cells transiently
expressing FHC gene showed increased cellular uptake
of iron resulting in the decreased T2 weighted (T2W)
MR signal. When FHC gene was electroporated into
mouse subcutaneous tumor, a localized region of
lowered T2W signal was observed which coincided with
the gene delivery.

8) Search for specific molecular target of asbestos-
induced mesothelioma imaging through investigation
of the mechanism of carcinogenesis
For the early detection of asbestos-induced

mesothelioma, we investigated the mechanism of
carcinogenesis associated with asbestos exposure. We
found that exposure of normal mesothelial cells to
asbestos caused the increased expression of ferritin
heavy chain gene, and some mesothelioma cell lines
had increased levels of FCH expression. Our study
indicated that increased expression of FHC was
involved in mesothelioma formation through
decreasing the production of reactive oxygen species
induced by asbestos exposure. It is proposed that the
acquired resistance to apoptosis caused mesothelial
cells to survive under additional carcinogenic stimuli
which lead to mesothelioma formation.

We also found that the contents of other heavy metals,
such as manganese (Mn) and copper (Cu), in various
mesothelioma cell lines are increased compared to
normal mesothelial cells, indicating the possibility that
these heavy metals are involved in mesothelioma
formation and/or progression.

9) Development of neovascularization and tumor
imaging by PET
Tumor neovascularization is important not only in the

local growth of tumors, but also in tumor invasion and
metastasis. Integrin V ３ is expressed on the surface
of endothelial cells of newly formed vessels in tumors
and on some tumor cells themselves. Various analogs
of RGD peptides bind to integrins and have been used
for imaging tumor neovasculature. Among them,
RAFT-c (RGD)４ developed by Dr. Dumy containing 4
cyclic RGDs in a single molecule (RGD tetramer) is
a very specific and high affinity ligand for integrin V ３,
and fluorescence (cy5) -labeled RAFT-c (RGD)４
successfully imaged integrin V ３ expressing tumors.

Fig.6

Fig.7
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In collaboration with Dr. Dumy's group, we have
synthesized cyclam conjugated RAFT-c (RGD)４ and
now are optimizing its labeling condition with positron
emitting Cu isotopes for PET imaging.

10) Development of PET probes for EGFR imaging
EGFR (epidermal growth factor receptor) is often

overexpressed and/or mutated in many cancer cells and
its abnormal activation is implicated in carcinogenesis
and cancer progression. There have been several
pharmaceuticals developed for molecular targeting of
EGFR. To characterize the cancer and aid treatment
planning, we attempted to develop imaging probes to
capture the activated state of EGFR. We designed a
peptide probe binding to activated EGFR and are now
validating the feasibility of the design.

1) Aung W, Hasegawa S, Furukawa T, Saga T :
Potential role of ferritin heavy chain in oxidative
stress and apoptosis in human mesothelial and
mesothelioma cells : implications for asbestos-
induced oncogenesis. Carcinogenesis 28 : 2047-52,
2007.

2) Koizumi M, Koyama M, Tada K, Nishimura S,
Miyagi Y, Makita M, Yoshimoto M, Iwase T, Horii
R, Akiyama F, Saga T : The feasibility of sentinel
node biopsy in the previously treated breast. Eur J
Surg Oncol 34 : 365-8, 2008.

3) Sudo H, Tsuji AB, Sugyo A, Imai T, Saga T,
Harada YN : A loss of function screen identifies nine
new radiation susceptibility genes. Biochem Biophys
Res Commun. 364 : 695-701, 2007.
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4.2. Molecular Neuroimaging Research

Dr. Suhara began working at NIRS in 1989. He received the Ph. D. from Jikei
University School of Medicine in 1991 for his study of dopamine receptor binding in
vivo. In 1992-1993, he studied in the PET Group of the Department of Clinical
Neuroscience, Karolinska Hospital, Sweden. He has had a long-time research
interest in brain functional imaging. Since 2004, he has been a visiting professor
in the Department of Neuropsychiatry, Nippon Medical School ; since 2006, he
has held a similar position in the Graduate School of Medicine, Yokohama City
University.

: suhara@nirs. go. jp

Tetsuya Suhara, M. D., Ph. D.
Director, MolecularNeuroimaging
Group

1) Clinical Neuroimaging
a) Development of quantitation and imaging methods

of the noradrenalin transporter, NK1 receptor and
dopamine synthesis.

b) Construction of the database for normal functions
of the serotonergic and dopaminergic
neurotransmission systems.

c) Investigation ofthechanges intheneurotransmission
functions in schizophrenia and nicotine addictions.

d) Pathological and therapeutic investigations in
Alzheimer's disease (AD) and schizophrenia using
PET.

2) Molecular Neurobiology
a) Clarification of thecorrelation between abnormalities

of the monoaminergic neurotransmission and
behavior in murine models of psychiatric
conditions, including calmodulin/calcium-
dependent kinase II? knockout (CaMKII -KO)
mice, for gaining insights into the molecular
etiology of mental disorders.

b) Establishment of in vivo imaging systems for
genetically engineered mice in the search for
pathology-based biomarkers applicable to the
diagnosis and therapeutic evaluation of AD.

c) Elucidation of roles of monoaminergic and
glutamatergic receptors in the pathogenesis of
drug-induced psychosis by means of combined
imaging and electrophysiological assays.

d) Pursuit of activated glia in experimental models
using imaging biomarkers leading toward the
development of diagnostic and therapeutic
approaches to neuropsychiatric disorders.

3) System Neurochemistry
a) Exploration of the differences in brain function

between dopamine D1 and D2 receptors with
awake monkeys well-trained in a sophisticated
manner to further understanding of the
neuropharmacological mechanism of anti-
psychotic drugs and the pathophysiology of
neuropsychiatric disorders.

b) Functional specialization responsible for drug
addiction and investigation of extrastriatal
dopaminergic aberrant function in addicted
monkeys using PET in the awake condition.

1) Clinical Neuroimaging
a) Non-invasive and simple methods for quantitation

of noradrenalin transporter with [18F] FMeNER
and NK1 receptor with [18F] FE-SPARQ could be
established. The rapid calculation method for
imaging of dopamine synthesis has been developed
for [11C] DOPA PET studies.

b) The normal database of the serotonergic
neurotransmission functions has been constructed
and their in vivo distributions were clarified. By
refinement of the normal database of dopaminergic
neurotransmission functions, their distributions
have been demonstrated to be in good agreement
with those from human postmortem studies.

c) A significant correlation has been shown between
the binding potential of [11C] Ro15-4513 to the
central benzodiazepine receptors and the negative
symptoms in patients with schizophrenia. An fMRI
study of the schizophrenia delineated that the
pattern of the transmission of inhibitory signals
from insula to amygdala was different from normal
signals. A PET study with [11C] raclopride
suggested that nicotine dependence in smokers
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was related to the nicotine-induced dopamine
release in the ventral striatum.

d) A PET study with [11C] PIB demonstrated that
the deposition of -amyloid in the patients with
mild cognitive impairment was observed in the
parietal cortex and in AD patients it extended to
the frontal and temporal cortices, excluding the
sensorimotor area. No differences in dopamine D2
receptor occupancies with atypical antipsychotics
olanzapine between the striatal and extrastriatal
regions were shown in patients with
schizophrenia.

2) Molecular Neurobiology
a) By visualization of monoaminergic dysfunctions in

CaMKII -KO mice using microPET, we have
established an biochemical monitoring
technique that can be employed in conjunction
with behavioral tests for longitudinal assessments
of these animal models. This experimental system
should be particularly powerful in the discovery of
drugs targeting monoaminergic neurotransmissions
and should be capable of counteracting behavioral
phenotypes.

b) Comparative PET, autoradiographic and
immunohistochemical assays for brains of human
AD and transgenic mice modeling amyloid-
peptide (A ) pathologies in AD have revealed
that the primary high-affinity binding sites for
amyloid probes, as exemplified by [11C] Pittsburgh
Compound-B ([11C] PIB), is composed of N-
terminally cleaved and modified A subspecies,
A N3 (pE), which would thus be a target molecule
for the diagnosis and treatment of AD. Studies of
these model mice have also demonstrated that
therapeutic elimination of AD-like amyloid lesions
and associated microglial activation following
treatments with anti-A antibodies can be
quantified by microPET scans with [11C] PIB and
[18F] fluoroethyl-DAA1106, respectively. In
collaboration with Tohoku University, a new 18F-
labeled PET probe for amyloid imaging named [18F]
Fluorinated Amyloid-binding Compound of Tohoku
University ([18F] FACT) was characterized by a
side-by-side comparison of [18F] FACT and [11C]
PIB in model mice, proving the potential utility of
[18F] FACT in preclinical and clinical applications.
We have also provided the first demonstration of in
vivo visualization of neurofibrillary tau lesions,
which are pathological hallmarks in AD along with
A amyloid, in tau transgenic mice; this was done
with the aid of newly designed and/or screened
imaging agents.

c) Modulation of the dopaminergic neurotransmission

by glutamate receptors has been visualized in
living monkeys and rats by using PET and an
agonistic radioligand for dopamine D2 receptors,
(R) -2-11CH3O-N-n-propylnorapomorphine ([11C]
MNPA). The mechanism of actions by which
glutamatergic suppressions lead to a reversal of
drug-induced dopaminergic overflows was further
clarified by obtaining electrophysiological data
linkable to the [11C] MNPA-PET results.

d) The peripheral benzodiazepine receptors (PBR)
were demonstrated to be expressed in not only
microglia but also astrocytes during the time
course of toxicant-provoked brain injuries.
Subsequent analyses of PBR in animal models of
diverse neurological conditions have indicated
mechanistic relationships between astrocytic PBR
and neurotrophic/neuroprotective supports by
activated glia, providing implications of the PBR
imaging for therapeutic evaluations of neuroglial
pathologies.

3) System Neurochemistry
a) In normal rhesus monkeys, the spatial differences

of the brain in distributions of dopamine D1 and D2
receptors are consistent and the quantitation of
PET data in some brain regions is unlikely to be
reliable. Parkinson's disease model with monkeys
showed the reduction in binding potentials of D1
and D2 receptors in extrastriatal regions, such as
the frontal (lateral and medial), parietal and
temporal cortices and the thalamus.

b) Iin collaboration with Juntendo University, we
obtained monkey PET results, focusing on the
information processing of temporal order
judgment (TOJ). The results identified the regional
activation in the brain when the monkey had to
make a decision of temporal order for serial tactile
stimuli presented at its both its hands in a
sequential manner. To validate the causal
relationship between rCBF increase and neurons
residing at one of the activated area (secondary
somatosensory area II ; SII) , we investigated
the effect of local inactivation of SII by muscimol,
GABAA agonist, on TOJ performance, in
conjunction with a unit recording of neuronal
mapping.

c) Drug addiction is characterized by psychic
dependence, namely constant uncontrollable
craving for drugs. It is well known that as an animal
model, drug addiction (psychic dependence) can
be represented by intravenous self-administration
of the drug, especially with a progressive ratio
(PR) schedule of reinforcement, in which the
number of lever presses required on each
consecutive run is increased by a fixed gain. We
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are examining in vivo functional substrates
underlying the psychic dependence on cocaine by
measuring regional cerebral blood flow (rCBF)
using PET with O-15 labeled water when
macaques were performing intravenous self-
administration of cocaine on a PR schedule. Our
PET results have shown increases of rCBF in
dorsolateral prefrontal cortex (PFC), orbitofrontal
cortex, anterior cingulate cortex, nucleus
accumbens (NAc), striatum, thalamus, and
ventral tegmental area (VTA) in the cocaine
reinforcement condition, relative to a food
(banana-flavored pellet) reinforcement condition
as control. These findings are consistent with
reports from a series of in vitro studies showing
plasticity, starting with LTP in VTA, NAc to PFC.
Therefore, PET measurements may be very useful
for demonstrating in vivo functional organization
responsible for drug addiction. As well, our
preliminary results suggest that the binding
potentials of D1 and D2 are likely to decrease in
the anterior cingulate and frontal cortices and the
thalamus after cocaine addiction.

1. Ito H, Shidahara M, Takano H, Suhara T: Mapping
of central dopamine synthesis in man using positron
emission tomography with L- [ -11C] DOPA. Ann
Nucl Med 21 : 355-360, 2007

2. Maeda J, Ji B, Irie T, Maruyama M, Okauchi T,
Staufenbiel M, Iwata N, Saido CT, Suzuki K, Higuchi
M, Suhara T: Longitudinal, quantitative assessment
of amyloid, neuroinflammation and anti-amyloid
treatment in a living mouse model of Alzheimer's
disease enabled by PET. J Neurosci 27:10957-10968,
2007

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

4. Asai Y, Takano A, Ito H, Okubo Y, Matsuura M,
Otsuka A, Takahashi H, Ando T, Ito S, Arakawa
R, Asai K, Suhara T : GABAA benzodiazepine
receptor binding in patients with schizophrenia using
[11C] Ro15-4513, a radioligand with relatively high
affinity for 5. Schiozophr Res 99 : 333-340, 2008

5. Takahashi H, Fujimura Y, Hayashi M, Takano H,
Kato M, Okubo Y, Ito H, Suhara T : Enhanced
dopamine release by nicotine in cigarette smokers.
Int J Neuropsychopharmacol 39 : 483-491, 2008
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4.3. Studies on Molecular Probes and Radiopharmaceuticals

Kazutoshi Suzuki, Ph.D.
Director, MolecularProbeGroup

Molecular probes play essentially important roles in
the rapidly developing molecular imaging field. The
purposes of the Molecular Probe Group are : 1)
developing novel probes assessing in vivo biological and
physiological functions (Probe Research Team) ; 2)
developing a new labeling method to expand the
possibility of producing a wider variety of probes at high
yield and high quality (Radiochemistry Team) ; 3)
developing a new integrated system for the production
of safe probes considering the GMP standard, without
radiation exposure to personnel by automation
(Production System Team) ; and 4) establishing
production methods and quality control methods of
developed probes for clinical applications
(Radiopharmaceutical Production Team).

The Probe Research Team has objectives to develop
novel probes for quantitative assessment of oxidative
stress and/or disruption of homeostasis and brain efflux
function targeting multidrug resistance-associated
protein (MRP). This team also takes part in the
development of novel tumor imaging probes to assess
DNA synthesis in tumor cell proliferation and in the
development of novel receptor ligands. The
Radiochemistry Team has objectives to develop new
labeling methods with PET radionuclides ; in particular,
the team is working on a direct fluorination method for
18F- to a benzene ring and to achieve higher specific
activity for various kinds of PET probes. The
Production System Team and Radiopharmaceutical
Production Team have not only the above objectives but
also missions to support research activities for PET
molecular imaging in collaboration with the Planning
and Promotion Unit. The research activities of FY2007
are summarized below.

1) Probe Research Team
We have addressed the development of novel probes

to assess in vivo biological and physiological functions
by talking approaches with a rationale-based design, as
well as modification of potent probes. Our targets are
molecules and/or functions involved in bio-defense
systems, judgment of malignancy and a therapeutic
response in tumors, and neurotransmission. The
following studies were carried out.

In the research on probes assessing oxidative stress
and/or disruption of homeostasis, two subjects have
been investigated. A probe study was launched to
assess glutathione S-transferase activity, a key enzyme
related to GSH maintenance, in the brain. A series of
compounds were designed based on a metabolic
trapping principle and their reactivity with GSH was
examined to evaluate properties as a probe. Another
probe study focused on quantitative assessment of
brain efflux function. Targeting multidrug resistance-
associated protein (MRP), we designed 6-halo-purine
derivatives were designed on the basis of a metabolite
extrusion method and some of them were found to be
promising.

A novel thymidine analog, 4'- [methyl-14C]
thiothymidine ([14C] S-dThd), was further evaluated
to assess DNA synthesis in tumor cell proliferation.
The result provided us with evidence that [14C] S-dThd
is a promising marker for DNA synthesis.

In collaboration with a clinical-research group, we
investigated 11C-MP4A/PET (for AChE) and 11C-PIB/
PET (for amyloid) for application to diseases with
dementia symptoms.

2) Radiochemistry Team
a) Labeling Technique

A practical route for preparing [18F] ligand
containing [18F] fluorobenzene moiety was developed
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by employing a reaction of diphenyliodonium salt
with [18F] F－. Using this method, [18F] FDOPA,
a PET radiopharmaceutical for the imaging of
dopaminergic presynaptic function, was synthesized
in a high yield (20-30% radiochemical yield based on
18F－) and high specific activity (1Ci/ mol).

we prepared [11C] acetyl chloride ([11C] AcCl) in
a loop method by reacting methylmagnesium
bromide with [11C] CO2, followed by treatment with
oxalyl choride. [11C] AcCl was applied for the
preparation of [11C] oseltamivir and its activated form
([11C] Ro64-0802), which are . After reaction, [11C]
AcCl was purified by distillation as a radiochemically
pure product and it could be used for high efficiency
acylation for nucleophilic substrates such as phenol
and amine.

A new labeling method generating 11C-C bond was
developed by using [11C] nitromethane. C-
carboxylation of [11C]nitromethane was accomplished
from [11C] methyl nitronate and 1-ethoxycarbony-
lbenzotriazole to afford [2-11C] ethyl nitroacetate in
a radiochemical yield of 75±6%. [2-11C] Glycine
ethyl ester was synthesized as a simple application of
[2-11C] ethyl nitroacetate.
b) Specific activity

binding of [11C] raclopride with ultra-high
specific activity (SA) in the striatum and cerebral
cortex of rat brain was characterized. The
homogenate assay demonstrated that high SA [11C]
raclopride (>2500 GBq/ mol) had two affinity
binding sites in the striatum and cerebral cortex of rat
brain. By contrast, using low SA [11C] raclopride
(44 GBq/ mol), only one binding site was found in
the striatum and no binding site was identified in the
cerebral cortex.
c) Novel PET ligand

[11C] AC-5216 was synthesized and evaluated as a
PET ligand for imaging PBR in primate brain. A PET
study on the monkey brain determined that [11C]
AC-5216 had relatively high uptake in the occipital
cortex which is known as a rich PBR dense area in
the primate brain. Pretreatment with non-
radioactive AC-5216 and PK11195 reduced the
radioactivity of [11C] AC-5216 in the occipital cortex
significantly, suggesting it had highly specific binding
with PBR in the brain.

3) Radiopharmaceutical Production Team
A highly sensitive microdialysis-radio-LC system

was developed and evaluated for the metabolite analysis
of PET radiopharmaceuticals in a rat brain. This system
made it possible to determine the metabolites of the
PET probes automatically in a small animal brain with
extremely high sensitivity (2 Bq), high-resolution,
and high-throughput.

The team supported research conducted in the
Molecular Imaging Center and HIMAC and the
production and quality control of short-lived PET
radiopharmaceuticals was carried out for both for
clinical and animal experiments. Four new PET
radiopharmaceuticals ([11C] MNPA, [11C] AC5216,
[11C] Gefinitib, and [18F] -labeled compound for -
Amyloid imaging) were approved for the clinical use by
the Institutional Review Board at NIRS.

The contracts for the analysis of FDG solutions were
made with four private companies. Under the contracts,
216 samples from 86 PET facilities in Japan were
accepted for analysis.

1) T. Okamura, T. Kikuchi, K. Fukushi, Y. Arano,
T. Irie : A novel noninvasive method for assessing
glutathione-conjugate efflux systems in the brain,
Bioorganic & Medicinal Chemistry, 15 (9),
3127-3133, 2007

2) R. Nakao, K. Furutsuka, M. Yamaguchi, K.
Suzuki : Quality control of PET radiopharmaceuticals
using HPLC with electrochemical detection, Nuclear
Medicine and Biology, 33 (3), 441-447, 2006

3) M. Zhang, K. Suzuki : [18F] Fluoroalkyl Agents:
Synthesis, Reactivity and Application for
Development of PET Ligands in Molecular Imaging,
Current Topics in Medicinal Chemistry, 7 (18),
1817-1828, 2007

4) M. Zhang, K. Kumata, K. Suzuki : A practical
route for synthesizing a PET ligand containing [18F]
fluorobenzene using reaction of diphenyliodonium
salt with [18F] F-, Tetrahedron Letters, 48 (49),
8632-8635, 2007

5) J. Noguchi, M. Zhang, K. Yanamoto, R. Nakao,
K. Suzuki : In vitro binding of [11C] raclopride with
ultrahigh specific activity in rat brain determined by
homogenate assay and autoradiography., Nuclear
Medicine and Biology, 35 (1), 19-27, 2008
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4.4. Research and Development of the Next-generation Technology for Molecular Imaging

Iwao Kanno started his professional career at Akita Research Institute of Brain
and Blood Vessels in 1970, where he was an active researcher for 36 years. In
1977, he developed a custom radionuclide emission tomography system using a
handmade rotational dentist chair. In 1979 in collaboration with Shimadzu, he
developed a hybrid type of emission tomography which combined positron emission
tomography (PET) and single photon emission computed tomography (SPECT).
His efforts were also directed to developing methodology for quantitative
assessment of physiological and biochemical parameters from PET and SPECT
images.

Iwao Kanno, Ph. D.
Director, Biophysics Group

The Biophysics Group works to develop
methodologies and technologies for watching,
detecting, analyzing and understanding the molecular
and physiological signals emitted from humans and the
living animals. This is done by using the kinetics of
radioactive molecular probes, magnetic resonances
signals of protons interacting with molecular probes,
multi-photon laser microscopy and engineering physics
for detection and imaging of positron annihilations. The
group consists of four research teams. The Imaging
Physics Team covers software and engineering physics
involved in PET instrument systems. The Biosignal
Physiology Team combines molecular information and
physiological information measured from MRI and the
microcirculation facilities on hemodynamic signals
relating to neurovascular coupling during neuronal
activation. The Data Analysis Team aims to extract
quantitative parameters from dynamic PET images
taken from patients and healthy subjects after
radioactive ligand administrations. The Magnetic
Resonance Molecular Imaging Team develops methods
for detecting the variable signals from the high tesla
(7T) MRI. These four teams collaborate to assess
quantitative molecular mechanisms from in vivo
measurements on humans and other animals. The
Biophysics Group is thus supporting research and
applications of other groups working on molecular
diagnostic imaging and molecular neuropsychiatric
imaging at the Molecular Imaging Center.

1) Magnetic Resonance Molecular Imaging Team
a) Immunocyte labeling and tracking

Non-invasive in vivo detection of transplanted cells
is an important technique for regenerative biology
and medicine. We developed a new nontoxic method

for labeling immunocytes that provides MRI signal
enhancement. The labeled immunocytes were
intramuscularly administered to a rat ischemic leg
and heart model and imaged with the 7T MRI.
b) Quantum-dots

Multimodal probes were developed from quantum-
dot nanoparticles for both MR and optical imaging.
Quantum-dots have higher fluorescence properties
than conventional organic dyes. The fluorescence
properties were protected by using a hydrophobic
structure around the nanoparticle core and MRI
contrast agents were facilitated by adding a further
amphiphilic silica shell structure.
c) Reactive gliosis

Reactive gliosis is an important neuronal response
after stroke or spinal cord injury. Recently, it has
been a subject of interest in regenerative medicine.
We proved that a manganese MRI contrast agent can
provide good image contrast for studying reactive
gliosis in a rat stroke model.
d) Macaque brain anatomy

The Macaque monkey has a similar brain structure
to humans so that its embryology can provide useful
information for human neuroembryology as an
example of "translational research". MRI can provide
non-destructive and 3D anatomical mapping
including molecular/cellular information. We
developed a method for making stable MRI
measurements using high field MRI and we traced
embryo development in the macaque brain exvivo.
e) Mouse spinal cord

Visualization of spinal cord is needed not only for
injury treatment but also for transplantation and
regeneration therapy/research. Although there are
many useful transgenic mouse models, the mouse
spinal cord is difficult to visualize by MRI because of
the small size (under 1 mm2). We developed a two
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channel phased array coil for mouse spinal cord and
obtained images with in-plane resolution of less than
75 m.
f) Drug delivery imaging

We tested the possibility of liposomal drug delivery
imaging in vivo. The liposomes can contain both MRI
contrast agent and anti-cancer drugs. They are a good
candidate for achieving molecular/cellular MR
imaging using a drug delivery technique.
g) Diffusion and functional imaging

We prepared the environment and methods
necessary for detecting functional and diffusion MRI
in animals. High quality images successfully obtained
of rat brain at high diffusion-weighting (b=5000 s/
mm2) with and without the injection of a USPIO
contrast agent. Preliminary tests were done for
functional imaging using a somatosensory
stimulation model, and we successfully obtained an
acceptable response.
h) RF coil development

When imaging a human body using an ultra-high
magnetic field MRI system (a magnetic flux density
7 T or more), artifacts may be caused by the influence
of the dielectric effect etc. induced by the shortness
of the wavelength. It is difficult to create a big
volume coil because the target wavelength is short.
To overcome these problems, we developed a Patch
Antenna Array Coil (PAAC), which is a coil
configured as a combination of patch antennas. We
prototyped this type of coil for 7 T proton MRI,
imaged a monkey brain, and confirmed that it is
usable as an RF coil for ultra-high field MRI.

2) Biosignal Physiology Team
a) Diffusion functional MRI

Recently, it has been suggested that diffusion-
weighted fMRI could provide a more direct method of
observing neuronal activity. Signala originated from
the brain during hypercapnia and visual stimulation
diffusion-weighted fMRI experiments were
decomposed into intravascular, fast-diffusion phase,
and slow-diffusion phase components. It was
concluded that the slow-diffusion phase signal change
must reflect neural activation, although the exact
mechanism remains unclear.
b) GSH-edited 1H MRS for schizophrenia

Glutathione (GSH), a major intracellular
antioxidant, plays a role in NMDA receptor-mediated
neurotransmission, which is involved in the
pathophysiology of schizophrenia. We wanted to
investigate whether GSH levels are altered in the
posterior medial frontal cortex of schizophrenic
patients. Twenty schizophrenia patients and 16 age-
and gender-matched normal controls were enrolled
to examine the levels of GSH using 3T 1H-MRS with

the spectral editing technique, MEGA-PRESS.
Clinical variables of patients were assessed by the
Scale for the Assessment of Negative Symptoms
(SANS). There was a significant negative correlation
between GSH levels and the severity of negative
symptoms (SANS total score and negative symptom
subscore) in schizophrenic patients, suggesting that
GSH levels in the posterior medial frontal cortex may
be related to negative symptoms in them. Therefore,
agents that increase GSH levels in the brain could be
potential therapeutic drugs for negative symptoms in
schizophrenia.
c) New diffusion tensor parameter for cancer

diagnosis
The apparent diffusion coefficient (ADC) provides

the possibility of adding information for an accurate
diagnosis of prostate cancer. The ADC use only
eigenvalues from the DTI information. It is
suspected that the structure will show deformities if
prostate cancer exists. Eigenvectors of the DTI
might be applicable to estimate tissue structures. We
propose a quantitative evaluation method, the inner
product of intervoxel eigenvector (IPIE) method,
to assess structural tissue changes from
eigenvectors. The IPIE values in the prostate cancer
region are significantly changed before and after
carbon ion radiotherapy. These results suggest the
IPIE method can quantitatively evaluate changes of
tissue structure.
d) Direct visualization with fluorescent microscopy

An area (5 mm x 7 mm) on the rat left parietal
bone was thinned. For visualization of cortical
vasculature, a bolus of Qdot605 (1 M) was
intravenously injected (0.2 to 0.4 ml), and three-
dimensional vascular structure was visualized with in
vivo multi-photon excitation fluorescent microscopy
(TCS SP5, Leica Microsysems CMS GmbH). The
region of interest (0.9 mm × 0.9 mm square) was
determined, and was centered at 1.0 ± 0.4 mm
caudally and 2.6 ± 0.5 mm laterally from the Bregma
(Mean ± SD, N = 5), thus avoiding a relatively large
pial vessel area in the primary somatosensory cortex.
The vein emerging from the parenchyma was
identified by tracking the pial venous networks, and
its cross-sectional diameter was measured at the
focal point. Three-dimensional vascular images were
obtained from the cortical surface to a depth of 0.9
mm with a 0.01-mm z-step. The number density and
cross-sectional diameter of veins continuing from the
pial networks to the parenchyma were measured at a
depth of 0.4 mm.
e) Number density and cross-section diameter of

emerging veins with fluorescent microscopy
Cross-sectional images of emerging veins were

clearly observed from the cortical surface up to a 0.5
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mm depth under our experimental conditions. Most
of the capillary networks could be continuously
tracked from the branching of penetrating arterioles
to veins. However, some vessels hiding behind the
large pial veins were not completely visualized. In
this study, we focused on the number of veins diving
from the pial venous networks to the parenchyma up
to a depth of 0.4 mm. The mean of the cross-sectional
diameter was 17 ± 10 m (n = 59 veins, N = 5
animals) and the number density was 13 ± 4
numbers per mm2 at a depth of 0.4 mm. The
histogram showed a dense distribution of relatively
small sized veins compared to a sparse distribution of
large sized veins.

3) Image Analysis Team
This team aims to realize algorithms to measure and

visualize various functionalities of humans and animals
using PET. For fully quantitative PET molecular
imaging, a parametric model analysis based on kinetics
of an administered radiopharmaceutical in tissues is
conducted. In a practical situation, large noise in the
PET data is problematic. To realize PET functional
imaging, mathematical and image processing
techniques should be adopted. We developed and
evaluated some new algorithms : omission of arterial
blood sampling using an intersectional searching
algorithm and clustering and a denoising algorithm for
voxel-based model estimation using Wavelet
transformation. Moreover, a quantitative PET scan
for mice is important for molecular imaging
investigations because of the large variety of
genetically modified mice. The parametric analysis
requires some radioactivity be introduced into the
arterial blood. However, this is difficult to do because
of the small size of the mice. The team is investigating
surgical methods to insert a small catheter into a mouse
artery and a system for arterial sampling.

4) Imaging Physics Team
This team demonstrated the imaging capability of the

jPET-D4, a prototype brain PET scanner. The jPET-
D4 consists of novel detectors which provide 4-layer
depth-of-interaction (DOI) information of multi-layered
thin crystals . Initial evaluation results showed that the
jPET-D4 had almost uniform spatial resolution of
around 3mm and more than 11% sensitivity for a
centered point source with a standard 400keV - 600keV
energy window. In order to compare the jPET-D4 with
a commercial PET scanner, six healthy volunteers
were scanned by the ECAT EXACT HR+ and the
jPET-D4. Detailed analysis of this is now underway.
The technology for discriminating 4-layer DOI
information was applied to a higher resolution DOI
detector for small animal imaging .

It has been pointed out that the long patient port of
the state-of-the-art PET scanners such as the jPET-D4
tends to put stress on patients. Therefore we proposed
an OpenPET geometry, which consists of two axially
separated detector rings (Fig. 8). We have shown a
number of points. First, a long and continuous FOV
including a 360-degree open gap between two detector
rings can be imaged, allowing a fully 3D image
reconstruction of all the possible lines-of-response
(LORs). Second, OpenPET is practical when iterative
image reconstruction methods are applied even though
image reconstruction of OpenPET is analytically an
incomplete problem. Third, we see that axial spatial
resolution, which is degraded with the extended gap
due to the parallax error, can be recovered by utilizing
DOI detectors.

In order to evaluate imaging performance of the
proposed open PET geometry, we simulated a dual
scanner (ring diameter of D=827 mm, axial length of
W=154 mm x 2) separated by a variable gap. The gap
W was the maximum limit to have axially continuous
FOV of 3W though the maximum diameter of FOV at
the central slice was limited to D/2. We also tested the
open PET geometry using experimental data obtained
by the jPET-D4. The jPET-D4 has 5 rings of 24 detector
blocks. We simulated the open jPET-D4 with a gap of
66 mm by eliminating 1 block-ring from experimental
data. Although some artifacts were seen at both ends
of the opened gap, very similar images were obtained
with and without the gap. The proposed open PET
geometry is expected to lead to realization of in-beam
PET, which is a method for an in situ monitoring of
charged particle therapy, by letting the beams pass
through the gap. The proposed open PET geometry
will also allow simultaneous PET/CT measurements of
the same PET FOV as the CT FOV, in contrast to the
conventional PET/CT where each FOV is separated by
several tens of centimeters.

Fig. 8. ProposedOpenPET geometryapplied for in-beam
PET (left) and for simultaneous PET/CT (right).

(Magnetic Resonance Molecular Imaging Team)
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Photonics, 1 (9), 487-489, 2007
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