
NIRS has a long history of research and development in clinical

applications of radiation, especially in the field of nuclear medi-

cine including positron emission tomography (PET), single photon

emission tomography (SPECT) and internal radiation therapy.

Based on these accomplishments, the Molecular Imaging Center

(MIC) was established in 2006. At present, research carried out in

the MIC is based on collaboration among diverse areas as fol-

lows:

(1) Drug design for target-selective delivery (molecular probes),

labeling of the molecular probes with a suitable radionuclide

for diagnosis/therapy, and radionuclide production.

(2) Development of three-dimensional quantum photon measure-

ment systems such as PET and SPECT, including hardware

and software.

(3) Basic evaluation and clinical application for diagnosis/ther-

apy of tumors, psychiatric and neurodegenerative disorders,

and aging-related diseases such as inflammatory diseases.

The MIC also promotes research on magnetic resonance imag-

ing (MRI), X-ray-CT imaging and optical imaging. These imaging

techniques are an integral part of diagnostic imaging, so called

multimodal imaging. Recently, PET-MR has been approved for

clinical medicine, and development of its clinical applications will

be a key task for MIC.

Molecular Probe Program
1) Radiolabeling technique

We used [11C]methyl iodide, [18F]fluoroethyl bromide and [18F]

fluorine ion to label a variety of precursors and thereby develop

novel PET probes with various functional groups. [11C]Formalde-

hyde was used to label an oligopeptide containing tryptophan hy-

drochloride. We found that the use of tetrabutylammonium fluoride

could promote N- and O-[11C]methylation reactions with [11C]

methyl iodide in dimethyl sulfoxide.

2) Development of novel molecular probes

We developed diverse PET probes for receptors, transporters

and enzymes. Of these probes, [11C]ITMM is undergoing clinical

study for the imaging and quantitative analysis of mGluR1 in hu-

man brain. Further, neuroprotective effects were successfully

monitored using PET with [11C]ITMM. On the other hand, we devel-

oped several lipophilic 11C-labeled compounds that will enter the

brain and undergo glutathione conjugation to form hydrophilic

and MRP1-specific radiometabolites in the brain.

3) Production of non-standard PET, beta-, and alpha radionu-

clides

We have developed two production systems for the useful radi-

onuclides 68Ge and 211At.

4) Production of useful PET probes for clinical use

We routinely produce more than 70 PET probes for clinical and

basic research. In fiscal year 2013, we established rapid and reli-

able production and quality control methods of three new PET

probes and evaluated the toxicity and safety of these probes. We

improved the production equipment, systems and documents to

comply with the Japanese Society of Nuclear Medicine GMP stan-

dard for PET radiopharmaceuticals (JSNM GMP standard), and

passed the audit from the auditing organization for the JSNM

GMP standard.

5) Contribution to the quality control of clinical PET in Japan

We performed quantitative analyses and provided certificates

for chemical impurities in several radiopharmaceuticals including

[18F]FDG formulations which are produced in greater than 80 PET

facilities in Japan.

Biophysics Program
The Biophysics Program aims to develop next generation PET

technologies and to develop the methods for quantitative analy-

ses of in vivo imaging.

1) Imaging Physics Team

The Imaging Physics Team carries out research and develop-

ment of novel technologies for next generation PET instrumenta-

tions and imaging algorithms. A depth-of-interaction (DOI) detec-

tor is a key device to get any significant improvement in sensitivity
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while maintaining high spatial resolution. DOI measurement also

has a potential to expand application of PET to new fields be-

cause it allows for more flexible detector arrangement. We are de-

veloping an OpenPET, which will lead to PET imaging during treat-

ment. Following our first idea of a dual-ring geometry, we invented

a single-ring geometry as the 2nd generation OpenPET. The DOI

detector itself continues to evolve with the help of recently devel-

oped semiconductor photodetectors, often referred to as silicon

photomultipliers (SiPMs). We are developing a SiPM-based DOI

detector named X’tal cube to achieve sub-mm spatial resolution,

which is reaching the theoretical limitation of PET imaging. We

have developed a prototype for 1mm isotropic detector resolution,

which equals the world record.

2) Imaging Physiology Team

The Imaging Physiology Team develops the methods for quanti-

tative analyses of in vivo imaging obtained from PET, MRI, and op-

tical imaging. In PET receptor imaging, a method for measure-

ment of dopamine release by a single PET scan with multiple in-

jections of [11C]raclopride was developed. The kinetics of radi-

oligands for neuroreceptors was evaluated using the graphic plot

analysis previously developed in simulated brain tissue time-

activity curves with various binding parameters. A semi-

automated classification of vascular components in mouse brain

from a two-photon laser scanning microscopy was developed to

determine the ratio of each vascular component including artery,

capillary, and vein in cerebral blood volume for correction of in-

travascular radioactivity in PET studies. The relation between au-

toregulatory vasodilatation due to stenoocculusive vascular lesion

and vascular response to hypercapnia in microvasculature was

evaluated using two-photon laser scanning microscopy in mice.

Fig.1 Developments of next generation PET technologies: the world’s fin-

est PET detector “X’tal cube” and the world’s first open-type PET

“OpenPET”. A small type equipped with transformable mechanism

was developed.

Diagnostic Imaging Program
1) Basic clinical research studies on pathophysiological imaging

We continued clinical research using the hypoxia PET probe, [18

F]FAZA, to clarify the relationship between [18F]FAZA tumor uptake

and responsiveness to treatment. In the radiation-induced thymic

lymphoma model, early changes of bone marrow and thymus af-

ter irradiation were evaluated by PET and MRI to elucidate the key

event related to carcinogenesis. For internal radiotherapy target-

ing a hypoxic microenvironment using [64Cu]ATSM, we developed

methods to increase the therapeutic effect and to reduce the side

effects. We proved that PET with [11C]acetate can predict the re-

sponsiveness to treatment targeting fatty acid synthase (see the

Highlight for details). We also developed a PET probe derived

from aminolevulinic acid for prediction of the effect of photody-

namic therapy.

2) Development of antibody/peptide probes for the targeted im-

aging of cancer-related molecules

For the targeted cancer imaging, we labeled antibodies against

cancer targets such as CD144 (see the Highlight for details) and

fibrin with 89Zr and successfully carried out PET imaging in mouse

xenograft models. In addition, experimental radioimmunotherapy

was performed using 90Y-labeled anti-transferrin receptor antibody

in mice having pancreatic cancer xenografts. A peptide probe

targeting αvβ3 inetgrin, 64Cu-labled tetramer of cRGD, was ap-

plied to the pancreatic cancer model and we successfully visual-

ized orthotopically-implanted cancer in the pancreas. A method to

decrease high renal uptake of this probe was also established.

3) Development of MRI-based functional probes and nano-sized

multi-functional probes and their application in various disease

models

MRI-based functional probes to measure tissue redox status

were applied for various disease models such as Parkinson’s dis-

ease and we succeeded in detecting high production of reactive

oxygen species. We developed a novel probe that accumulates in

mucosal epithelium and applied it for the spontaneous colon can-

cer model. We also developed various nano-sized probes for the

detection of very small cancers, LN metastases, resistance to

treatment, and so on, and evaluated their usefulness in disease

models.

Molecular Neuroimaging Program
The Molecular Neuroimaging Program focuses on pathophysi-

ology of neuropsychiatric disorders including Alzheimer’s dis-

ease, evaluation of drugs and the molecular mechanism of human

behavior. From basic research using transgenic mice to clinical

studies, we use PET, MRI, and laser microscopy to analyze the

molecular function of disease.

The major topic in 2013 was the publication of a new tau ligand

from basic research to clinical application. The study was origi-

nally started in the Neuromolecular team lead by Dr. Higuchi. He

designed the structure of the new tau ligand PBB3 and labeled it

with C-11 in collaboration with staff of the Molecular Probe Pro-

gram. Then the clinical study was carried out by Clinical Neuroi-

maging Team; this presents a good example of collaboration with

other teams and programs. We received a Japanese patent for

the tau ligand within a year. The impact of the new tau ligand on

the scientific community has been large and it was features in the

journals, Nature and Nature Reviews Neuroscience. We are cur-

rently starting several collaborative projects both within and out-

side Japan.

Other than the new tau ligand we have done several studies to

evaluate drug effects. Norepinephrine transporter (NET) is being

targeted as an important antidepressant. There have been limited

reports about the occupancy of NET and the clinical threshold of

the NET occupancy has not been clarified yet. We have measured

the NET occupancy by antidepressants using (S,S)-[18F]FMeNER-

D2. Based on the NET occupancy of the tricyclic antidepressant

nortriptyline, we estimated that more than 50% occupancy would

be needed for the clinical effect. This is the first report to indicate

the clinical threshold of the NET occupancy.
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Background and objectives
The ATP-binding cassette (ABC) transporter ABCC1 serves as

a primary active transporter using the energy from ATP hydrolysis.

This protein has an unusually broad substrate specificity and

eliminates numerous substances including lipophilic therapeutic

agents and hydrophilic metabolites from cells or tissues. ABCC1

is expressed in many tissues, with a relatively high level in the

lungs. The prominent expression of ABCC1 in the lungs may

serve as a defense mechanism against exogenous and endoge-

nous toxic compounds, and the alteration of ABCC1 expression is

associated with certain lung diseases such as chronic obstructive

pulmonary disease. Imaging of pulmonary ABCC1 activity would

therefore be useful for elucidating pathological conditions of lung

diseases. However, few reports are available on methods for im-

aging of ABCC1 activity in the lungs. Here, we introduce a paper

that examines the feasibility of imaging pulmonary ABCC1 activity

using 6-bromo-7-[11C]methylpurine ([11C]7M6BP) [1]. This com-

pound has recently been developed as a probe for the assess-

ment of cerebral ABCC1 activity and is found to be enzymatically

converted to its GSH conjugate (GS-P), a substrate for ABCC1, in

the brain [2].

Approach for imaging of pulmonary ABCC1 activity
and probe requirements

Fig.1 shows the model for imaging ABCC1 activity with a probe

for positron emission tomography (PET), an imaging technique

that can quantify the pharmacokinetics of the probe following in-

jection. A PET probe diffuses into cells after intravenous injection

and undergoes conversion to a hydrophilic substrate that is then

extruded by ABCC1. In the early phase after injection, the radio-

active species in cells are a mixture of the PET probe and the hy-

drophilic substrate but gradually they change to the hydrophilic

substrate alone. Since it is unlikely that the hydrophilic substrate

formed within cells is eliminated by simple diffusion, the rate of re-

duction in radioactivity would reflect pulmonary ABCC1 activity in

vivo after the PET probe completely disappears. The PET probe [11

C]7M6BP should thus possess the following characteristics: high

extraction to the lung tissue and efficient conversion to the GSH

conjugate.

Major findings
In our approach, [11C]7M6BP should enter the lung tissue by

simple diffusion, whereas its GSH conjugate (GS-P) should not. To

Fig.1 Model for the imaging of ABCC1 activity

When a lipophilic probe is administered intravenously, it enters cells

by simple diffusion. While a portion of the incorporated probe dif-

fuses from the cells, the rest is converted into a hydrophilic sub-

strate for ABCC1 (A). If the conversion to the substrate is rapid, the

probe will no longer exist in cells or the lung tissue within a short

time after its administration (B). In this situation, any decrease in ra-

dioactivity will depend on ABCC1 activity alone.

Development and Production of PET Probes for Molecular Imaging

Imaging of activity of the ATP-binding cassette
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confirm this, the uptake of the two compounds into the lungs was

examined in wild-type mice. The PET probe [11C]7M6BP showed

high uptake in the lungs 1 min after injection. By contrast, the in-

itial uptake of [35S]GS-P in the lungs was low and comparable to

that in the blood. The lung-to-blood ratio of [35S]GS-P at 1 min after

injection was much lower than that of [11C]7M6BP, and the uptake

of [35S]GS-P into the lung via simple diffusion would thus be negli-

gible.

The PET imaging of ABCC1 activity also requires that [11C]7M6

BP should be efficiently converted to [11C]GS-P in the lung tissue.

To test this, we analyzed the chemical form of radioactive com-

pounds in the lungs 5 min after an intravenous injection of [11C]7M

6BP into the wild-type and Abcc1-/- mice by HPLC. The parent

compound [11C]7M6BP completely disappeared from the lung tis-

sue of the two strains of mice, and the radioactive species in the

lungs were present primarily in the form of the GSH conjugate, al-

though an unknown metabolite, which might be a degradation

product of the GSH conjugate formed by metabolic enzymes, was

observed in the lungs of the wild-type mice.

A PET study with [11C]7M6BP was performed in wild-type mice,

Abcc1-/- mice and triple knockout mice lacking the genes for

Abcb1a/1b (P-glycoprotein) and Abcg2 (breast cancer resis-

tance protein). Lung radioactivity in wild-type and Abcc1-/- mice

reached a maximum level immediately after the injection of [11C]7

M6BP. Thereafter, radioactivity was rapidly decreased from the

lungs of wild-type mice, whereas it was mostly constant up to 60

min later in lungs of Abcc1-/- mice. The efflux half-lives determined

from the time-radioactivity curves during the period of 5 to 15 min

were 6.3 min for the wild-type mice and 108 min for the Abcc1-/-

mice. A significant increase in the efflux half-life was observed in

the lung tissue of Abcc1-/- mice. The kinetics of [11C]7M6BP in the

lungs of Abcb1a/1b-/-/Abcg2-/- mice was quite similar to that of wild

-type mice, and the lung radioactivity in the Abcb1a/1b-/-/Abcg2-/-

mice was rapidly reduced after reaching a maximum level. PET

summation images of wild-type, Abcc1-/-, and Abcb1a/1b-/-/Abcg

2-/- mice are shown in Fig.2. A high accumulation of radioactivity

was observed in the lungs of Abcc1-/- mice, whereas extremely

low levels of radioactivity were found in the lungs of the wild-type

and Abcb1a/1b-/-/Abcg2-/- mice.

Fig.3 shows the effects of MK571 (ABCC1 inhibitor) on the ki-

netics of [11C]7M6BP in the lungs. The clearance of radioactivity

from the lungs was delayed by the treatment with MK571 (100 mg/

kg) compared with control mice. The high dose treatment (300 mg

/kg) resulted in a further delay in the washout of radioactivity com-

pared with the low dose treatment. The efflux half-lives were 6.9

min for the vehicle treatment, 7.9 min for the low dose (100 mg/kg)

treatment, and 16 min for the high dose (300 mg/kg) treatment.

There were significant differences in the efflux half-life between

the control and low dose groups, and between the low and high

dose groups

In conclusion, these results suggest that [11C]7M6BP enters the

lung tissue by simple diffusion after injection and becomes con-

verted into the hydrophilic GSH conjugate, which is then specifi-

cally extruded by ABCC1; therefore [11C]7M6BP allows for the im-

aging of in vivo ABCC1 activity in the lungs.

Future expectations
Overexpression of efflux pumps such as ABCC1 and ABCB1 is

associated with drug resistance, which is one of the big problems

in cancer treatment. The therapeutic efficacy could be enhanced

by the coadministration of ABCC1 inhibitors with anticancer

drugs, but the inhibitors may also result in inhibition of essential

physiological functions of ABCC1 not only in the lungs but also in

other tissues. It is hence desirable to estimate the degree of inhi-

bition of pulmonary ABCC1 activity in vivo by inhibitors to en-

hance therapeutic effects and to lessen side effects. The PET

probe [11C]7M6BP is expected to be helpful for such an estima-

tion. It could also be used for assessment of patients with lung

diseases such as chronic obstructive pulmonary disease (COPD),

which shows low expression of ABCC1 as compared with healthy

controls [3]. Furthermore, recent reports suggest the association

of single nucleotide polymorphisms in ABCC1 with lung function

and inflammatory markers in COPD. The PET probe [11C]7M6BP

might be useful for investigating the relationship between ABCC1

activity and genetic polymorphisms, although further studies are

required for the clinical use of [11C]7M6BP.

Fig.2 PET images after the administration of [11C]7M6BP to wild-type (A),

Abcc1-/- (B), and (C) Abcb1a/1b-/-/Abcg2-/- mice. Coronal summed

images from 0-60 minutes after the administration are shown. Ar-

rows indicate lungs.

Fig.3 The effect of the ABCC1 inhibitor (MK571) on kinetics of [11C]7M6BP

in the lungs

References

[1] Okamura T, Kikuchi T, Okada M, et al.: Imaging of activity of multidrug

resistance-associated protein 1 in the lungs, Am J Respir Cell Mol Biol 49,

335-340, 2013.

[2] Okamura T, Kikuchi T, Okada M, et al.: Noninvasive and quantitative as-

sessment of the function of multidrug resistance-associated protein 1 in

the living brain, J Cereb Blood Flow Metab 29, 504-511, 2009.

[3] van der Deen M, Marks H, Willemse BW, et al.: Diminished expression of

multidrug resistance-associated protein 1 (MRP1) in bronchial epithelium

of COPD patients, Virchows Arch 449, 682-688, 2006.

M
olecularIm

aging
Research

forFunctionalDiagnosis

National Institute of Radiological Sciences Annual Report 2013 35



Objectives
Some low molecular weight oligopeptides have been consid-

ered as potential imaging agent with good permeability properties

that can permit rapid access to the target tissues. One of the main

challenges of PET for radiochemists is the development of rapid

synthetic methods for the introduction of short-lived positron-

emitting radionuclides, such as carbon-11 (T1/2 = 20.4 min), into

the peptide of interest. Several methods have been developed for

the synthesis of 11C-labelled oligopeptides using general 11C-

labelled agent such as [11C]CH3I [1]. However, these require com-

plex synthetic procedures to be carried out over long time periods

relative to the short half-life of carbon-11, and this has limited their

application. The development of procedures amenable to the syn-

thesis of novel carbon-11 labeled agents for use as tracers in bio-

medical research is important to move PET imaging techniques

forward.

[11C]Formaldehyde ([11C]CH2O) is a carbon-11 labeled agent for

compounds required in PET studies. However, synthetic methods

for [11C]CH2O in the preparation of PET compounds have to be

performed at very low temperature under rigid control. The use of

[11C]CH2O has not been developed to any great extent because

the current labeling approaches using [11C]CH2O are generally in-

accessible. Hooker et al. [2] recently reported a simple and fast

method for the preparation of [11C]CH2O. Furthermore, the treat-

ment of tryptamine with [11C]CH2O under acidic conditions pro-

vided [11C]2,3,4,9-tetrahydro-1H-β-carboline in a good radio-

chemical yield. We envisaged that the treatment of Trp with [11C]

CH2O under acidic conditions would provide [1-11C]1,2,3,4-

tetrahydro-β-carboline-3-carboxylic acid ([11C]Tpi) as well as sev-

eral related analogues. Herein, we describe the manual and

remote-controlled synthesis of [11C]Tpi-containing oligopeptide via

a Pictet-Spengler reaction using [11C]CH2O [3].

Over View
The synthesis of [1-11C]Tpi was initially examined under the con-

ventional acid catalyzed Pictet-Spengler conditions using Trp and

a solution of [11C]CH2O in DMF (Fig.1.). The radiosynthesis of

[1-11C]Tpi was conducted by mixing a solution of [11C]CH2O in

DMF with a solution of p-toluenesulfonic acid (TsOH) in DMF, and

using Trp instead of tryptamine according to the previously de-

scribed method [2]. The desired product was obtained with a

moderate radiochemical yield (Table 1, entry 1). The radiosynthe-

sis was then conducted using an aqueous solution of TsOH be-

cause the Trp was poorly soluble in the TsOH/DMF solution at

room temperature. These reaction conditions provided a similar

result (Table 1, entry 2) to the initial conditions, indicating that the

reaction between [11C]CH2O and Trp in the DMF/water solution did

not have any discernible impact on the radiolabeling of [1-11C]Tpi.

The choice of solvent used in this reaction was found to be par-

ticularly important because the synthesis of [1-11C]Tpi from [11C]

CH3I occurred over two steps but was conducted in one-pot. We

proceeded to evaluate the Pictet-Spengler reaction using 1 mol/L

HCl as the reaction solvent (Table 1, entry 3). Under these reac-

tion conditions, the radiochemical yield of [1-11C]Tpi was found to

be similar to those reported above (Table 1, entries 1-2). The

Pictet-Spengler reaction proceeded smoothly when an aqueous

solution of Trp�HCl was used without the addition of an acid cata-

lyst to give the desired product in a 45.2% radiochemical yield

(Table 1, entry 4).

Development and Production of PET Probes for Molecular Imaging
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Table 1 Survey conditions for the preparation of [1-11C]Tpi a

Entry Acid Solvents Substrate RCY b (n=4)

1
TsOH

(0.1 mmol)
DMF Trp 42.3±3.2 %

2
TsOH

(0.1 mmol)
H2O Trp 45.3±2.1 %

3 - 1 M HCl Trp 44.8±2.9 %
4 - H2O Trp�HCl 45.2±3.6 %

a Reaction condition: [11C]CH2O/DMF (37-370 MBq) 200 μl; substrate (15
μmol); Solvents 200 μl; reaction time 5 min; reaction temperature 100℃.

b Determined by a radiochromatogram of the analytical HPLC.
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The Pictet-Spengler reaction between [11C]CH2O and Trp�HCl

was found to proceed in the absence of an additional acid cata-

lyst when the materials were heated in aqueous DMF. This proce-

dure represents an effective radiolabeling method because it re-

quires particularly mild conditions. The radiolabeling of bioactive

oligopeptides containing Trp�HCl with [11C]CH2O via a Pictet-

Spengler reaction could therefore be a useful procedure.

Cyclic RGD peptides, such as cyclo[Arg-Gly-Asp-D-Tyr-Lys],

are potent antagonists for the αvβ3 integrin receptor. A variety of

different cyclic RGD peptides conjugated to a radioactive tracer

have been reported for the PET imaging of tumors that over-

express the αvβ3 integrin receptor. With this in mind and to estab-

lish further potential uses for our new labeling method, we investi-

gated the application of our direct labeling method using [11C]

CH2O to the model cyclic RGD peptide cyclo[Arg-Gly-Asp-D-Tyr-

Lys(Trp)] hydrochloride (1). The reaction of compound 1 with [11C]

CH2O under the conventional manual synthetic procedure pro-

ceeded smoothly to give the desired product cyclo[Arg-Gly-Asp-

D-Tyr-Lys(1-[11C]Tpi)] ([11C]Tpi-RGD, Fig.2.) with a radiochemical

yield of 22.3±4.3% (not decay-corrected). Interestingly, the

guanidino, phenolic hydroxy, carboxylic acid and amide groups

of [11C]Tpi-RGD remained intact under the reaction conditions.

Based on this result, it is therefore clear that this procedure could

be particularly effective for the direct formation of cyclic C-C

bonds for the radiolabeling of oligopeptides without the need for

protecting groups.

Based on the reaction conditions determined in the current

study, we proceeded to investigate the remote-controlled radi-

osynthesis of [11C]Tpi-RGD using an automatic production system

to generate the [11C]CH3I. The one-pot synthesis of [11C]Tpi-RGD

from [11C]CH3I was successfully carried out using an automatic

production system. From a starting point in the range of 21.0-22.2

GBq for the [11C]CO2, [11C]Tpi-RGD was obtained at the end of

synthesis in the range of 0.8-1.4 GBq.

The average time required for the synthesis was found to be 35

min from the end of the bombardment. The identity of [11C]Tpi-

RGD was confirmed by its co-injection with authentic sample in an

analytical HPLC system. The radiochemical purity of [11C]Tpi-RGD

was found to be greater than 98% and its specific activity was

85.7±9.4 GBq/μmol.

In conclusion, we have successfully achieved the preparation

of [11C]Tpi-RGD via a Pictet-Spengler reaction. This labeling reac-

tion was completed under mild reaction conditions over a short re-

action time in only one step using the HCl salt of the precursor

having Trp on the terminal site, except for the C-terminal side,

without the need for a protecting group. In addition, this labeling

technique could be used to increase the overall utility of 11C-

labeled oligopeptides as PET probes because this method allows

for the incorporation of carbon-11 into a cyclic C-C bond. This re-

action could be readily applied to an automated radiolabeling

platform using commercially available automated synthetic appa-

ratus for [11C]CH3I. The results obtained in the current study can

be extended to further studies aimed at the preparation of 11C-

labeled oligopeptides.

Fig.1 Radiolabeling method via the Pictet-Spengler reaction using [11C]

CH2O.

Fig.2 Structure of cyclo[Arg-Gly-Asp-D-Tyr-Lys(1-[11C]Tpi)] ([11C]Tpi-RGD)
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Introduction
Positron emission tomography (PET) and magnetic resonance

imaging (MRI) are useful diagnostic imaging technologies. PET

visualizes internal biological processes of the neurotransmission

system and cancer cell metabolism using radiotracers. MRI pro-

vides detailed anatomical structure of tissue with high spatial

resolution (～1 mm in a clinical scanner) and great soft tissue con-

trast. In addition, MRI visualizes physiological information such as

tissue microstructure via water molecule diffusion, local blood

oxygenation change and accumulation of specific molecules that

change magnetic properties of tissue. Because PET and MRI pro-

vide complementary information, the integrated analysis of met-

rics from these modalities will provide new interpretations on

pathophysiology of diseases and improve diagnoses.

The central dopaminergic system is of great interest to investi-

gate the pathophysiology of neurological diseases such as

Parkinson’s disease. The dopaminergic neurons are mainly lo-

cated in the substantia nigra (SN) in the midbrain. Nigral

dopaminergic neurons contain neuromelanin (NM) pigment that is

synthesized from excess dopamine in cytosomes and stored in

lysosome-like organelles with iron. The amount of iron is related to

T1-shortening strength in MRI, which enables us to measure the

NM concentration related signal [1]. There are also various ra-

diotracers available for PET imaging of the human dopaminergic

neuronal system [2]. The specific radiotracer binding to dopamine

transporter (DAT) is found in SN. Assuming that DAT controls in-

tracellular and extracellular concentrations of dopamine, the

amount of DAT may be related to NM concentration in the SN.

To examine this hypothesis, we performed multimodal imaging

with NM MRI and PET with [18F]FE-PE2I, which selectively binds to

the dopamine transporter, to measure dopaminergic neuronal

functions in the SN.

Methods
1) Subjects

PET and MR Images were acquired from young healthy sub-

jects (YHS: N=6), aged healthy subjects (AHS: N=6) and aged

Parkinson disease patients (APD: N=7).

2) PET and MR images acquisition

A dose of [18F]FE-PE2I was intravenously injected and sequen-

tial PET scans were performed for 90 min with a SET-3000 GCT/X

(Shimadzu).

MR scan were performed with the MAGNETOM Verio 3.0T (Sie-

mens). Anatomical T1-weighted images (T1WI) and NM MR im-

ages were acquired with a 3D MPRAGE sequence and a 2D fast

spin echo sequence, respectively.

3) Image processing

The non-displaceable binding potential to dopamine trans-

porter (DAT-BPND) was calculated from dynamic PET data ac-

quired over 90 min with a simplified reference tissue model using

the cerebellar gray matter as a reference region. In the NM MR im-

age, the ratio of the pixel intensities in the SN and decussation of

the superior cerebellar peduncles (RNM) was calculated to assess

NM content. The shape of each subject was normalized to a

stereotactic template for each of the two age-matched healthy

subject groups. The anatomical normalization of the subjects was

performed by the DARTEL tool on SPM8 software package.

Results
Fig.1 shows images of the DAT-BPND and RNM averaged within

each subject group around SN [3]. Both DAT-BPND and RNM

showed higher intensity in SN than surrounding regions in the

midbrain. The RNM values were 1.18± 0.03, 1.20± 0.02 and 1.17

± 0.03 for YHS, AHS and APD, respectively. Similarly, the DAT-

BPND values in SN were 0.64 ± 0.06, 0.44 ± 0.16 and 1.29 ±
0.04 for YHS, AHS and APD, respectively. Fig.2 is a scatter plot of

DAT-BPND versus RNM [3]. Negative correlations between DAT-BPND

and RNM were found (-0.11, -0.26 and -0.53 for YHS, AHS and

APD, respectively), but the results were not statistically significant.
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Discussions
The age-related decrease of DAT-BPND and increase of RNM were

observed in healthy subject groups. Previous studies with post-

mortem human samples showed normal aging leads to the in-

crease of NM pigment and the decrease of DAT immunoactive

neurons in SN. These indicate an increase in NM accumulation

and a loss of the DA neurons in SN with aging, which suggest that

the aging effect should be considered when using these metrics

in research analyses and diagnoses.

The DAT-BPND and RNM of APD were lower than those of AHS,

which indicates the loss of dopaminergic neurons in SN, behavior

that is well known in the pathophysiology of Parkinson’s disease.

On one hand, there was an overlap for the APD and AHS when

using either metric alone. On the other hand, there was a clear

border for the two groups in the scatter plot of DAT-BPND and RNM,

which indicates the multimodal imaging produces more accurate

measurements for the diagnosis of Parkinson’s disease.

In the present study, small negative correlations were observed

between DAT-BPND and RNM for all subject groups but these were

not statistically significant. In SN, DATs are located in neuronal

dendrites and in the places where they were specifically trans-

ported These localizations suggest that DAT modulates the intra-

cellular and extracellular dopamine levels of nigral neurons. The

NM apparently is synthesized by accumulation of cytosolic

dopamine and DOPA, the precursor of dopamine, derivatives

formed in the cytosol. The higher NM accumulation would be

caused by the smaller DAT expression in SN neurons, which

would be a reason for the small negative correlation between DAT-

BPND and RNM. The other possible factor concerned with NM accu-

mulation would be the amount of vesicular monoamine transporter

2 (VMAT2) in a DA neuron. VMAT2 transports dopamine from cel-

lular cytosol into synaptic vesicles. If VMAT2 is expressed highly,

there would be less NM accumulating in neurons because the ex-

cess dopamine produces NM. A postmortem brain study in the lit-

erature has shown that there was an inverse relationship between

VMAT2 immunostaining intensity and neuromelanin pigment in the

SN.

In conclusion, our results suggest 1) the aging effect should be

considered when using DAT BPND and RNM, 2) the multimodal im-

aging produces more accurate measurements for the diagnosis

of Parkinson’s disease, and 3) the RNM provides information about

the dopaminergic neuronal function in the SN that is supplemen-

tary to DAT PET.

Fig.1 Image of the average DAT-BPND and RNM for young healthy subjects (YHS), aged healthy

subjects (AHS) and aged Parkinson’s disease patients (APD). DAT-BPND and RNM were su-

perimposed on the averaged T1-weighted image [3].

Fig.2 Relationship between DAT-BPND and RNM [3].
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Introduction
X’tal (crystal) cube is the PET detector which has been devel-

oped by our team for the purpose of achieving high detector spa-

tial resolution in all three dimensions while maintaining high sensi-

tivity. Last year, we reported that we could resolve 1 mm differ-

ence of the radiation detected position in the X’tal cube by using a

monolithic scintillator fabricated by laser processing. As the next

stage, considering mass production, we newly proposed to use

plate scintillators, which should contribute to easier construction

of the X’tal cube and showed that an X’tal cube composed of the

plate scintillators could have 2 mm detector spatial resolution [1].

In this study, we aimed for higher spatial resolution of 1 mm and

measured performance of a prototype X’tal cube.

Structure of the prototype X’tal cube
Fig.1(a) illustrates the structure of an X’tal cube. It is composed

of a scintillation crystal block and 4× 4 multi-pixel photon count-

ers (MPPCs) on each crystal block surface. The MPPC is a photo-

detector and is thin and small enough not to interfere in radiation

detection even if it is coupled on the surface of the radiation en-

trance. The crystal block is segmented 3-dimensionally into small

cubes whose size determines detector resolution. Unlike a gen-

eral PET detector, there is no reflector between the segments so

that scintillation light originating in a radiation detected segment

spreads to all six surfaces and is detected by all MPPCs. Seg-

ment identification is then performed by a 3D position histogram

in which the response corresponding to each crystal segment is

made as a result of a simple Anger-type calculation with all the

MPPC signals.

For scintillator, we used Lu2(1-x)Y2xSiO5 (LYSO, x = 0.1, Crystal

Photonics Inc.; USA). While all 3D segmentation in the crystal

block was processed by laser previously, in the prototype X’tal

cube, the crystal block was composed of the stack of LYSO scin-

tillator plates segmented into the 2D array by laser processing

(Fig.1(a)). The surface of the LYSO plates was mechanically pol-

ished; this was a requirement for the laser processing. The LYSO

plates were 18 mm × 18 mm square and 1.0 mm thick and seg-

mented into an 18× 18 array of 1.0 mm× 1.0 mm in the x and y

directions. We stacked 18 of the LYSO plates in the z direction for

the crystal block. Between the plates, air gaps remained.

The MPPCs we used were model S10931-050P (Hamamatsu

Photonics K.K., Japan; 3600 micro-pixels of 50 μm× 50 μm size,

61.5 % fill factor; 3.0 mm × 3.0 mm active area).They were cou-

pled onto each crystal block surface with RTV rubber (KE420,

Shin-Etsu Chemical Co., Ltd., Japan; 1.45 refractive index). The

area between the MPPC active area was covered with reflector so

as not to lose scintillation light. As the reflector, we used multilayer

Fig.1 (a) Structure of an X’tal cube. The crystal block for the proto-

type X’tal cube was composed of scintillator plates. (b) Loca-

tion of MPPC active area on the crystal segment array.
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polymer mirrors (Sumitomo 3M, Ltd., Japan; 98% reflectivity,

0.065 mm thickness). The location of the 4 × 4 MPPC active ar-

eas on 18× 18 crystal segments is indicated in Fig.1(b).

An advantage of using the scintillator plates is easier process-

ing compared to a thick monolithic scintillation crystal because fo-

cusing the laser to an intended point is difficult deep into the scin-

tillator. Additionally, we can process many scintillator plates at a

time as shown in Fig.2(a). And in case a crystal block gets

cracked, we can replace part of the crystal block using scintillator

plates (Fig.2(b)).

Performance of the prototype X’tal cube
Fig.3(a) shows the 3D position histogram of the prototype X’tal

cube obtained by uniform irradiation of gamma-rays from 22Na

point source. Response alignment is straight and that is advanta-

geous in the process of segment identification such as creating

look-up-tables. The scintillator parts where the response distribu-

tion is shrunk correspond to the plates covered with the reflector

on their side faces (Fig.1(b)). Figs.3(b) and (c) are 2D position his-

tograms extracted from the 3D position histogram at the ex-

panded and shrunk parts, respectively. Outer responses of Fig.3

(c) are overlapped. However, because the overlap should be

caused by the reflector, we expect that the use of array-type

MPPCs which have little dead space between active areas will

solve this problem.

Fig.4 shows energy performance of the crystal segments #1 to

#4. #1 was located on a MPPC active area and #3 was covered

with reflector. #2 and #4 were placed on the inner part of the seg-

ment lines of #1 and #3, respectively. Light outputs and energy

resolutions are indicated with blue and pink characters, respec-

tively. Light outputs are expressed as relative values to the output

of the #1. #1 showed better performance. Despite inferior seg-

ment identification performance of #3 (Fig.3(c)), it showed com-

parable energy performance with #2 and #4. And although #4

was located far from the MPPCs, it showed similar light output to

the other three segments.

Conclusion
We examined the use of scintillator plates for the X’tal cube

when the crystal segments become small cubes such as 1.0 mm

× 1.0 mm × 1.0 mm. While the X’tal cube with the monolithic

crystal block having 3D laser processing achieved segment iden-

tification of that size, the use of the scintillator plates caused deg-

radation in segment identification at some outer parts (Fig.3). En-

ergy resolution was around 10% independent of segment location

and conditions: outer or inner part and direct or indirect coupling

to MPPCs.

Fig.2 Advantages of using the scintillator plates: (a) in laser proc-

essing and (b) repair of the crystal block.

Fig.3 (a) 3D position histogram of the prototype X’tal cube. (b) 2D

position histograms extracted from (a) at the expanded and

(c) shrunk parts.

Fig.4 Pulse height distribution of the summed signals of all MPPCs for

outer and center segments in the plate crystal block.
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We have developed several antibody-based imaging probes

for targeting tumors. Here, we focus on the radiolabeled anti-CD

147 antibody 059-053 as a positron emission tomography (PET)

probe in a pancreatic cancer model. We assessed its in vitro and

in vivo properties in an article published in PLOS One in 2013 [1].

Pancreatic cancer is a commonly diagnosed cancer and the

eighth leading cause of cancer deaths worldwide, accounting for

278,684 of the estimated new cancer cases and 266,669 of the

estimated cancer deaths annually (GLOBOCAN 2008, http://glo-

bocan.iarc.fr/). Pancreatic cancer patients present only minor

symptoms at a medical evaluation, and the silent nature of this

disease that nothing is apparent until late in the disease progres-

sion contributes to a very poor prognosis. Only 7% of patients pre-

sent with localized, potentially curable tumors at diagnosis and

approximately 50% of pancreatic cancer patients are diagnosed

at advanced stages of the disease. The overall 5-year survival

rate among patients with pancreatic cancer is 6% in the United

States. Therefore, additional effective anticancer therapy is re-

quired to augment and/or complement the present treatment

strategies such as surgery and chemo/radiotherapy, especially

for patients with metastatic cancer.

CD147 is a 55-kDa transmembrane protein of the immuno-

globulin superfamily and expresses in many types of tumors in-

cluding pancreatic cancer. CD147 induces expression of matrix

metalloproteinases, such as MMP-1, MMP-2, MMP-9, MT1-MMP,

and vascular endothelial growth factor. Overexpression of CD147

in breast cancer cells by expression vector transfection results in

increased tumor growth and metastasis. These findings suggest

that CD147 is involved in invasion, metastasis, angiogenesis and

tumor proliferation, and therefore is a good candidate for targeted

cancer therapy. Depletion of CD147 by RNA interference or spe-

cific antibody reduces the proliferation, invasion, metastasis of tu-

mors and blood vessel formation, and therefore clinical trials of

CD147-targeted therapy have been conducted. Although the inci-

dence of CD147 expression is high (87%) in pancreatic cancer,

some tumors do not express CD147 and thus are not suitable

candidates for CD147-targeted therapy. It is therefore important to

use a noninvasive imaging method to evaluate the CD147 status

in an individual tumor at the time of treatment planning to select

appropriate patients for CD147-targeted therapy.

We recently isolated a novel fully human monoclonal IgG1 anti-

body designated as 059-053 against CD147 from a large-scale

human antibody library constructed using a phage-display sys-

tem that incorporated a highly efficient screening method termed

isolation of antigen-antibody complexes through organic solvent,

with living pancreatic cancer cells [2]. This antibody induces

antibody-dependent cell-mediated cytotoxicity and inhibits cell

proliferation of pancreatic cancer cells. We therefore radiolabeled

059-053, and evaluated the in vitro and in vivo properties as a

new PET probe for imaging CD147-expressing tumors in a pan-

creatic cancer model.

First, we evaluated CD147 protein expression of four pancreatic

cancer cell lines (MIA PaCa-2, PANC-1, BxPC-3, and AsPC-1) by

western blotting and immunofluorescence staining to select a suit-

able cell line to assess radiolabeled 059-053. The MIA PaCa-2

cell line showed the highest expression as determined by western

blotting and immunofluorescence staining analysis. In addition,

we confirmed that MIA PaCa-2 cells formed subcutaneous and or-

thotopic tumors in nude mice and high CD147 expression in these

tumors was determined by immunohistochemical staining. A4

cells showed no CD147 protein expression either in vitro or in

vivo. We therefore chose MIA PaCa-2 cells as a positive control

and A4 cells as a negative control for the following evaluation.

Next, we radiolabeled 059-053 with 125I, 67Ga, or 89Zr and evalu-

ated in vitro properties. Cell binding and competitive inhibition as-

says revealed that 059-053 bound specifically to MIA PaCa-2

cells with high affinity, but not to A4 cells. The immunoreactive

fraction of radiolabeled antibodies was more than 0.8, indicating

that the loss of immunoreactivity by radiolabeling procedures was

minimal. The internalization assay showed that protein-bound

fractions in culture medium rapidly increased after incubation at
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37℃, and the internalized fraction was low. This suggests that CD

147-antibody complex is easily detached from the plasma mem-

brane under the conditions/procedures of this internalization ex-

periment. In this study, although we employed 67Ga in place of 89Zr

for the internalization assay, this result is thought to be consistent

with that using 89Zr-labeled antibody because desferrioxamine,

used as a chelate in this study, forms complexes with both these

radiometals, and their desferrioxamine complexes are known to

be stable in vitro and in vivo, and the in vivo distribution has been

reported to be similar between 68Ga- and 89Zr-labeled antibodies.

In contrast to the results of internalization assay, the in vivo distri-

bution studies demonstrated that uptake of [89Zr]059-053 in MIA

PaCa-2 tumors was very high and increased with time, suggest-

ing that the CD147-antibody complex did not detach from the

membrane in vivo. Furthermore, the difference in tumor uptake

patterns between [89Zr]059-053 and [125I]059-053 strongly sug-

gests that radiolabeled 059-053 was internalized in cells after

binding to CD147 on the cell surface in vivo. Taken together,

trypsinization of cells probably caused the results we observed in

the internalization assay, even though the duration of trypsiniza-

tion was made as short as possible to minimize damage to CD147

on the cell surface by trypsin. In vivo distribution and serial PET

studies demonstrated that [89Zr]059-053 highly accumulated in

MIA PaCa-2 tumors, but not in A4 tumors (Fig.1). This suggests

that [89Zr]059-053 is a promising PET probe for the detection of

CD147-expressing tumors and in the selection of appropriate pa-

tients for anti-CD147 therapy. However, because our anti-CD147

antibody 059-053 does not bind to mouse CD147, our results in

the murine model may not fully predict the distribution in human

patients. CD147 expression is reported to be high in most cancer

tissues, but it is limited in normal tissues. Scintigraphy with 131I-

labeled anti-CD147 F(ab’)2 in patients with hepatocellular carci-

noma has shown lower uptake in normal organs than in hepato-

cellular carcinoma tissues. Therefore, the anti-CD147 antibody

059-053 is expected to show low accumulation in normal organs

of patients, although further clinical study will be necessary to pre-

cisely evaluate normal organ uptake.

Subcutaneous tumor models are powerful tools for oncological

investigations, but these models cannot always mimic clinical

findings. For example, the tumor microenvironment influences cell

migration such that orthotopic xenografts give rise to a higher inci-

dence of metastatic lesions than do subcutaneous xenografts. We

conducted PET/CT imaging in the orthotopic pancreatic tumor

mouse model and demonstrated that [89Zr]059-053 visualized or-

thotopically implanted tumors. Thus, [89Zr]059-053 could be useful

for studies investigating CD147-targeted therapy efficacy or the

metastatic process in orthotopic pancreatic cancer models.

CD147 highly expresses not only in pancreatic cancer but also

in many other types of cancers, such as glioma, ovarian cancer,

renal cell carcinomas, bladder carcinoma, and hepatocellular car-

cinoma. Moreover, its increased expression is associated with

poor prognosis in several cancers, such as breast, cervical, liver,

colorectal, and bladder cancers, and it is considered to be

caused by increased metastatic rates and treatment resistance.

In the present study, we showed that [89Zr]059-053 uptake in ma-

jor organs was low. Taken together, [89Zr]059-053 could detect CD

147-expressing tumors not only in the pancreas but also in other

organs, and it could be used to assess the metastatic potential

and treatment resistance of these tumors, although further studies

will be necessary to prove these potential uses.

In conclusion, we radiolabeled a fully human anti-CD147 mono-

clonal antibody 059-053 and evaluated its in vitro and in vivo

properties for use as a new CD147-targeted PET imaging probe in

a model of pancreatic cancer. [89Zr]059-053 highly accumulated

in CD147-expressing tumors and clearly visualized subcutane-

ously and orthotopically implanted xenografts. PET with [89Zr]059-

053 is a promising noninvasive imaging method to provide useful

information for the selection of appropriate cancer patients who

could gain benefits from CD147-targeted therapy, although further

clinical studies are necessary.

Fig.1 Serial PET images (maximum-intensity-projection) of a nude mouse bearing MIA PaCa-2 (yellow arrowhead) and A4 (white arrowhead) xenografted tu-

mors at 30 min, and days 1, 2, 4, and 6 after intravenous injection of 3.7 MBq [89Zr]059-053. (From the reference [1])
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Fatty acid synthase (FASN) is a key enzyme in fatty acid synthe-

sis from acetyl CoA. FASN is over-expressed in several human

cancers, including prostate, breast, lung, ovary, bladder, stom-

ach, oral cavity and melanoma, and the over-expression is known

to be associated with poor prognosis. In recent years, inhibitors of

FASN has been developed and reported to have antitumor activ-

ity. Orlistat, a selective inhibitor of FASN, is one of those poised for

clinical use, particularly since orlistat is already used as an over-

the-counter drug for obesity in the United States and European

Union. Thus, FASN-targeted therapy is expected to be effective

against FASN-expressing tumors, which show malignant behav-

iors. However, large variations in FASN expression levels in indi-

vidual tumors have been observed by pathological studies, and

methods to predict FASN-targeted therapy outcome before treat-

ment are required to reduce unnecessary treatment.

Development of the method to predict FASN-targeted
therapy outcome

Here, we show the method to predict FASN-targeted therapy

outcome using [1-11C]acetate PET [1-3]. First, we examined rela-

tionships between uptake of radiolabeled acetate, FASN expres-

sion, and sensitivity to orlistat treatment in vitro with human pros-

tate cancer cell lines (LNCaP, PC3, 22Rv1, and DU145) (Fig.1).

From the [1-14C]acetate uptake study, high uptake of [1-14C]ace-

tate was observed in LNCaP cells, while that in PC3 and 22Rv1

was lower, and that in DU145 was very low (Fig.1A). FASN expres-

sion showed a similar trend to that observed in the uptake of

[1-14C]acetate (Fig.1B) and LNCaP cells showed higher FASN ex-

pression compared to the other cell lines. There was a strong

positive correlation between uptake of [1-14C]acetate and FASN

expression. Fig.1C shows % cell viability after orlistat treatment in

vitro. Under the low dose orlistat treatment at 12.5 μM, LNCaP

cells, which had shown high uptake of [1-14C]acetate and FASN

expression, showed a significant decrease in % cell viability, but

there were no significant decreases in % cell viability in other cell

lines. With 25 μM orlistat treatment, besides LNCaP cells, PC3

and 22Rv1 cells, which had shown relatively low uptake of [1-14C]

acetate and FASN expression, showed a significant decrease in

% cell viability, while DU145 cells, which had shown very low up-

take of [1-14C]acetate and FASN expression, showed no decrease

in cell viability. With over 50 μM orlistat treatment, all cell lines ex-

amined showed a significant decrease in % cell viability, but the

changes in DU145 cells were moderate. There was a significant

negative correlation between % cell viability, and uptake of [1-14C]

acetate and FASN expression, respectively, under low-dose orlis-

tat treatment at 12.5 μM. Thus, our data demonstrated higher sen-

sitivity to orlistat treatment in the cells with higher FASN expres-

sion and uptake of acetate.

Fig.1 In vitro study on relationships between uptake of radiolabeled ace-

tate, FASN expression, and sensitivity to orlistat treatment
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Next, we conducted an in vivo study with mice bearing LNCaP

(high FASN expression), PC3 (low FASN expression), or DU145

(very low FASN expression) tumors. To examine absolute uptake

of radiolabeled acetate in these xenograft tumors, we performed a

biodistribution study. As a result, at 30 min after injection of [1-14C]

acetate, LNCaP tumors (0.27 ± 0.05 %ID/g) showed 2.2-fold

higher uptake of [1-14C]acetate than PC3 tumors (0.13 ± 0.01 %

ID/g; P < 0.01) and 5.5-fold higher uptake than DU145 tumors

(0.06 ± 0.01 %ID/g; P < 0.001). Then, a small animal PET study

with [1-11C]acetate was also done. The images demonstrated the

same tendency as the biodistribution study; [1-11C]acetate

showed clear tumor accumulation in LNCaP tumors, while moder-

ate or low accumulation of [1-11C]acetate was observed in PC3

and DU145 tumors (Fig.2A). We further examined sensitivity of

FASN-targeted therapy with orlistat in each tumor model in vivo

(Fig.2B). We observed that tumor volume in LNCaP tumors treated

with orlistat had decreased markedly at day 14. In contrast, PC3

and DU145 tumors showed progressive increases in tumor vol-

ume even after orlistat treatment. No serious body weight loss and

side effects were observed during treatment. Therefore, our in

vivo data demonstrated that uptake of radiolabeled acetate re-

flects sensitivity of FASN-targeted therapy with orlistat and that

FASN-targeted therapy with orlistat is highly effective against tu-

mors with high FASN expression indicated by high uptake of ra-

diolabeled acetate.

Collectively, our data demonstrated that [1-11C]acetate PET is a

useful tool to predict FASN-targeted therapy outcome.

Mechanisms of FASN-targeted therapy
In addition, how FASN inhibition affects tumor progression still

remains unclear. In this study, we therefore examined mecha-

nisms of FASN inhibition to provide the treatment strategy of FASN

-targeted therapy [1-2]. First, we established FASN knockdown

LNCaP cells by transduction of short-hairpin RNA against FASN

and investigated the detailed characteristics by analyses on mor-

phology and cell behavior and microarray-based gene expres-

sion profiling (Fig.3). We found that FASN inhibition not only sup-

pressed cell proliferation but also prevented pseudopodia forma-

tion and suppressed cell adhesion, migration, and invasion, which

are essential for tumor progression. FASN inhibition also sup-

pressed genes involved in production of intracellular second mes-

senger arachidonic acid and androgen hormones, both of which

have a function to promote tumor progression. This indicates that

FASN-targeted therapy could be an effective treatment to sup-

press multiple tumor essential functions involved in tumor pro-

gression and metastasis in prostate cancers.

In summary, our study suggests that [1-11C]acetate PET could

be a powerful tool to accomplish personalized FASN-targeted

therapy by non-invasive visualization of tumor acetate uptake and

selection of responsive tumors. The FASN-targeted therapy could

be an effective treatment strategy to suppress multiple mecha-

nisms related to tumor progression in cancers selected by [1-11C]

acetate PET.

Fig.2 In vivo study; [1-14C]acetate PET and FASN-targeted therapy with orlistat

Fig.3 Mechanisms of FASN-targeted therapy
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Background
Intracellular inclusions of pathological tau fibrils are hallmark le-

sions in Alzheimer’s disease (AD) and associated tauopathies,

and there has been a growing interest in the mechanistic links be-

tween fibrillar tau accumulation and neuronal deterioration. Char-

acteristic symptoms of tauopathies are known to be associated

with regional distribution of fibrillary tau lesions. In-vivo tau imag-

ing would accordingly facilitate precise clinical diagnosis of

tauopathies and objective staging of the disease in living patients

on a neuropathological basis. Here, we aimed at developing a

positron emission tomographic (PET) imaging agent capable of

capturing tau inclusions in patients with AD and non-AD tauopa-

thies.

Methods
1) In-vitro screening for candidate tau imaging probes using brain

slices of tau transgenic (Tg) mice and human tauopathies

Brain sections were generated from Tg mice for a human tau

isoform (T34) with the P301S mutation causative of familial

tauopathy (PS19 mice) [1]. We also used slices of the brains pro-

vided by University of Pennsylvania. These samples were labeled

with fluorescent chemicals potentially reacting with tau aggre-

gates, and their binding to tau lesions was assessed by confocal

microscopy. Affinity of these compounds with tau inclusions was

further proven by immunohistochemical staining of the same sec-

tions by a phosphorylated tau antibody (AT8).

2) In-vivo two-photon fluorescence imaging and quantitative PET

imaging for tau Tg mice

Fluorescence signals from the intravenously administered can-

didate tau imaging probe which was selected by the above-

mentioned in-vitro screening were captured by in vivo two-photon

laser scanning microscopic imaging of the spinal cord of laminec-

tomized PS19 mice. To demonstrate transfer of the probe from

blood vessels into the brain parenchima, Sulforhodamine 101 (MP

Biomedicals), a blood vessel marker, was intraperitoneally admin-

istered before intravenous injection of the probe.

PET scans of mice anesthetized by isoflurane were performed

using a microPET Focus 220 animal scanner (Siemens Medical

Solutions). The probes radiolabeled with 11C were intravenously in-

jected from the tail vein, and each mouse was scanned for 90 min.

Scan data were analyzed using PMOD image analysis software

(PMOD Technologies) with reference to an anatomical MRI tem-

plate. After completion of PET imaging, mice were dissected, and

brain sections were stained by FSB (1-fluoro-2,5-bis(3-carboxy-4-

hydroxystyryl)benzene), a prototypical chemical compound rec-

ognizing fibrillar tau inclusions. A 11C-labeled probe conceived to

be the most suitable for in vivo PET imaging was then applied to

the following clinical assays.

3) Clinical human PET imaging

A clinical study was approved by the Ethics and Radiation

Safety Committees, NIRS. Written informed consent was obtained

from the subjects or their family members. PET scans were con-

ducted with a Siemens ECAT EXACT HR+ scanner (CTI PET Sys-

tems). Individual MRI data were coregistered to the PET images

using PMOD software (PMOD Technologies). Volumes of interest

were drawn on the coregistered MR images and were transferred

to the PET images. To analyze the distribution of amyloid and tau

lesions, PET scans with 11C-labeled tau probe and an amyloid ra-

dioprobe, [11C]Pittsburgh Compound-B ([11C]PIB) were conducted

for the same individuals, including patients with AD and non-AD

tauopathies and age-matched nondemented controls.

Results and Discussion
1) Generation of new ligands for diverse tau inclusions in a mouse

model and human tauopathies

We screened an array of fluorescent chemicals for candidate

tau imaging agents by microscopically assaying their reactivities

with tau inclusions on brain slices from PS19 mice and patients

with AD and diverse other tauopathies. Chemical properties of the
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compounds, including structural dimensions and hydrophilicities,

were found to be correlated with affinity and selectivity for tau in-

clusions in a wide range of tauopathies. Based on this observa-

tion, we developed a new class of fluorescent tau ligands, phenyl/

pyridinyl-butadienyl-benzothiazoles/benzothiazoliums (PBBs), for

multimodal optical and PET visualization of diverse tau inclusions

in brains of living patients including AD and mice modeling these

disorders (Fig.1) [2].

2) In-vivo two-photon laser scanning fluorescence microscopy and

microPET imaging of model mice for characterization of tau

probes

Fluorescence signals of a pyridinated PBB, PBB3, which was

injected from the tail vein were rapidly penetrated into the brain as

assessed by real-time in-vivo two-photon laser scanning micros-

copy. Labeling of putative intraneuronal tau inclusions (arrow-

head: Fig.2-A) was found in PS19 mice at 3-5 min after intrave-

nous PBB3 injection but not in wild-type mice.

PET imaging of PS19 mice demonstrated increased retention of

[11C]PBB3 in the brainstem of PS19 mice enriched with abundant

tau lesions, which was postmortemly confirmed by FSB staining,

in contrast to low-level radioactivity in the same region of wild-type

mice (arrowhead: Fig.2-B). The target to reference contrast of

[11C]PBB3 was the highest among the radiolabeled PBBs exam-

ined in this study.

3) Detection of tau pathologies in living patients with AD and non-

AD tauopathy by [11C]PBB3-PET

We then applied [11C]PBB3 to a clinical PET study, and found in-

tense PBB3 signals retained in the medial temporal region of AD

subjects but not elderly controls. By contrast, [11C]PIB produced

minimal binding to this area relative to other neocortical regions

[3], supporting the selectivity of [11C]PBB3 for tau aggregates ver-

sus amyloid. In addition, distribution of [11C]PBB3 binding spread

from the hippocampal formation to the entire limbic system and

subsequently to the extensive neocortical areas in transition from

normal aging to advanced AD (arrowhead: Fig.3-A), indicating the

utility of [11C]PBB3-PET data as an objective measure of the dis-

ease progression. Furthermore, increased [11C]PBB3 signals were

found in a corticobasal syndrome patient who was negative for [11

C]PIB-PET. Moreover, the area showing intense PBB3 signals cor-

responded to the putative focus of the clinical symptoms (arrow-

head: Fig.3-B).

While 11C-labeled ligands are advantageous for performing tau

and amyloid PET scans in a single day and for reducing radioac-

tive exposure, 18F-labeled PBB3 derivatives are also being devel-

oped to ensure wider availability. In-vivo visualization of tau le-

sions would thus serve pre-clinical and clinical needs for diagnos-

tic and therapeutic assessments of tauopathies, leading to further

investigation of the molecular etiology of these neurodegenerative

disorders.

Fig.1 Binding of a new series of tau probes (PBBs) to tau lesions of model

mouse and human tauopathies.

PBB: phenyl/pyridinyl-butadienyl-benzothiazoles/benzothiazoliums

IHC: Immunohistochemical stain

Fig.2 A. Real-time microscopical PBB3 fluorescence imaging of tau

lesions. B. Pre-clinical assessment of [11C]-PBB3 PET imaging.

FSB: 1-Fluoro-2,5-bis(3-carboxy-4-hydroxystyryl)benzene

Fig.3 A. PBB3 accumulation corresponding with disease severity in AD.

B. PIB and PBB3 image of a case of corticobasal syndrome.

MMSE : Mini-Mental State Examination PIB : Pittsburgh Compound-B
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Introduction
Depression is one of the most common psychiatric disorders,

and its lifetime prevalence is estimated to be around 10%. It has

also been reported as one of the most burdensome diseases

worldwide. Antidepressants have been developed since the

1960’s; central monoamines, including dopamine, serotonin, and

norepinephrine, are closely involved in the pathophysiology of de-

pression and most antidepressants demonstrate their efficacy

through these systems. Norepinephrine (NE) plays crucial roles in

various cognitive functions such as arousal, attention, emotion,

and motivation. The norepinephrine transporter (NET) is one of the

major targets of some antidepressants such as certain tricyclic

antidepressants (TCAs) and serotonin and norepinephrine reup-

take inhibitors (SNRIs). The NET selective drug atomoxetine is

used to treat attention-deficit hyperactivity disorder (ADHD).

Development of (S ,S )-[18F]FMeNER-D2

Although PET probes to evaluate the serotonin transporter (5-

HTT) and the dopamine transporter (DAT) have been developed

since the late 1990’s, the development of NET-specific probes

was delayed because of the lack of suitable probes. In the mid

2000s, a highly selective NET probe, (S ,S )-[18F]FMeNER-D2

(Fig.1), an analog of reboxetine, was developed at the Karolinska

Institute in Sweden. We have developed a less invasive method

for the quantification of NET binding in the brain [1] and utilized it

in a variety of clinical studies (Fig.2).

NET occupancy of antidepressants
Central drug occupancy indicates how drugs act on the target

site in the brain, and it is obtained using the following formula:

Occupancy (%) = 100× (BPreference‐BPdrug)/BPreference,

where BPreference is the binding potential (BP) of the reference (mean

for healthy volunteers or baseline) and BPdrug is the BP of the pa-

tients with drug treatment (or BP of subjects after drug challenge).

NET occupancy by nortriptyline
Nortriptyline is a NET-selective TCA that has been widely used

for the treatment of depression. Previous PET studies have dem-

onstrated that serotonin transporter occupancy of over 80% is

needed for the clinical efficacy of SSRIs [2, 3]; however, there

have been no reports of NET occupancy in patients treated with

NET-selective antidepressants. After we confirmed the dose-

dependent NET occupancy in the thalamus of healthy subjects

following a single dose of nortriptyline using PET and (S,S)-[18F]

FMeNER-D2 [4], we investigated NET occupancy in patients with

depression who were taking various repeated doses of nortrip-

tyline [5]. Reference data for the calculation of occupancy was

obtained from age-matched healthy controls (Fig.3). The result

demonstrated approximately 50-70% NET occupancy resulting

from the administration of 75-200 mg/day of nortriptyline. The esti-

mated effective dose (ED50) and concentration (EC50) required to

induce 50% occupancy was 65.9 mg/day and 79.8 ng/mL, re-

spectively. Since the minimum therapeutic level of plasma nortrip-

tyline for the treatment of depression is 70 ng/mL[6], our data

show that this plasma nortriptyline level corresponds to approxi-

mately 50% NET occupancy measured using PET. This suggests

that the central NET occupancy of more than 50% would be ap-

propriate for nortriptyline treatment in patients with depression

(Fig.4).Fig.1 Structure of (S ,S )-[18F]FMeNER-D2

Fig.2 Time activity curves of (S ,S )-[18F]FMeNER-D2 in brain regions
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NET and 5-HTT occupancy by milnacipran
Similarly, we estimated both NET and 5-HTT occupancies in the

brain using (S ,S )-[18F]FMeNER-D2 and [11C]DASB, respectively, in

patients with depression taking various doses of milnacipran, an

SNRI [7. As Fig.5 illustrates, the occupancy of both NET and 5-

HTT was approximately 40% for milnacipran at 100 mg/day, the

dose most commonly administered to patients with depression.

Considering the reported minimum therapeutic occupancy for

NET and 5-HTT, the results for milnacipran were low for both trans-

porters. Taken together with reports that the clinical efficacy of mil-

nacipran is improved with higher doses (150-300 mg/day), the

clinical dose prescribed for milnacipran might currently be too

low, although we cannot exclude the possibility of an interaction

between NET and 5-HTT.

Future Directions and Conclusion
Thus far, there have been no reports on NET binding in patients

with depression before the initiation of treatment, and this informa-

tion could likely clarify the pathophysiology of depression and the

pathogenesis of clinical symptoms, in terms of norepinephrine

neurotransmission. In addition, careful observation of any

changes in symptoms and cognitive function is required following

a course of treatment. Molecular imaging techniques such as PET

provide us with opportunities to explore the mechanisms of action

of pharmacotherapies in neuropsychiatric disorders and obtain

information that is helpful for clinical practice.

Fig.3 Summated transverse images of (S ,S )-[18F]FMeNER-D2 at the level

of the thalamus for a subject at baseline (left) and after nortriptyline

administration (right)

Fig.4 Estimated central NET occupancy for daily dose (top) and plasma

levels of nortriptyline (bottom) in patients with depression

Fig.5 Estimated central NET (top) and 5-HTT (bottom) occupancy and

daily dose of milnacipran in patients with depression
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