
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 of the MIC is

based on collaboration among diverse areas as follows:

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

labeling of the molecular probes with a suitable radioisotope

for diagnosis/therapy, and radionuclide production.

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

ment systems such as PET and SPECT, including the neces-

sary hardware and software.

(3) Basic evaluations and clinical applications 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 developed by

researchers in the MIC and its clinical applications are expected

to be a key for further progress in this field.

Molecular Probe Program
1) Radiolabeling technique

To develop PET probes with various chemical functional groups,

we determined a reliable technique for producing [11C]carbon

monoxide as a useful radiolabeling agent. We constructed an

automated module for production of [11C]carbon monoxide and

synthesis of PET probes containing [11C]amide, urea and

urethane moieties. We have continued to employ [11C]methyl io-

dide, [18F]fluoroethyl bromide and [18F]fluorine ion for develop-

ment of novel PET probes.

2) Development of novel molecular probes

We developed several novel PET probes for imaging of TSPO in

animals and validated usability of [18F]FEDAC for assessing TSPO

change in brain, liver and lung diseases. On the other hand, we

performed a clinical study with [11C]ITMM, a novel PET probe de-

veloped in our program, for imaging and quantitative analysis of

mGluR1 in human brains.

3) Production of radionuclides for diagnosis/therapy of tumors

We have determined techniques for production and purification

of 67Cu and 211At and transferred the techniques for producing

several radionuclides to facilities outside NIRS.

4) Production of useful PET probes for clinical use

We are routinely producing more than 80 PET probes for clinical

studies of cancer and the brain, and also for basic research in

NIRS. This year, we established rapid and reliable production and

quality control methods of two new PET probes, evaluated toxicity

and safety of these probes, and transferred the documents and

techniques for producing [11C]]PBB3 to more than 10 PET facilities.

At the same time, we have obtained the certificate for produc-

ing a novel PET probe that complies with the Japanese Society of

Nuclear Medicine GMP standard for PET radiopharmaceuticals.

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

We performed quantitative analysis and provided certificates

for chemical impurities in several PET radiopharmaceuticals in-

cluding [18F]FDG formulations which were produced in more than

100 PET facilities in Japan.

Biophysics Program
The Biophysics Program aims at development of the next gen-

eration PET technologies and 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 the next generation PET instrumen-

tations and imaging algorithms. A depth-of-interaction (DOI) de-

tector is a key device to get any significant improvement in sensi-

tivity while maintaining high spatial resolution. DOI measurement

also has a potential to expand applications of PET to new fields
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because it allows for more flexible detector arrangement. We are

developing an OpenPET, which leads to PET imaging during treat-

ment. This year, we developed a prototype OpenPET using the

dual-ring geometry to show a proof-of-concept of in-beam particle

-therapy imaging. The DOI detector itself continues to be evolved

with the help of recently developed semiconductor photodetec-

tors, often referred to as silicon photomultipliers. We are develop-

ing a novel MRI head coil with PET detectors, which can be ap-

plied to any existing MRI scanners.

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 imaging for Alzheimer’s disease, a method

for correcting the partial volume effect was applied to PET images

with [11C]PIB widely used for amyloid imaging, and this method

improved the reliability of discrimination between normal and Al-

zheimer’s disease tissues. In addition, the quantitative analysis

method for the new tau ligand [11C]PBB3 was evaluated to estab-

lish an index of tau deposition in the brain affected by Alzheimer’s

disease. In a multi-modal study with PET and MRI, a method for

evaluating the relationship between the binding potential of nore-

pinephrine transporter and the neuromelanin-related signal in the

locus ceruleus was developed. In the optical imaging, the vasodi-

lation function for the arterioles covered with amyloid was as-

sessed using two-photon laser scanning microscopy before and

after anti-amyloid antibody therapy in mouse, and the vasodilation

function was demonstrated to be restored after the treatment.

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

Clinical research using 18F-FAZA PET/CT in patients with ad-

vanced non-small cell lung cancer has shown that pretreatment

18F-FAZA uptake was a significant prognostic indicator. Using a

radiation-induced thymic lymphoma model, we carried out PET

and MRI analysis to find the key event occurring in bone marrow

and thymus soon after irradiation by comparing with histological

changes. We developed amino acid-based PET probes and

evaluated their efficacy for cancer imaging. A novel method for 3

D culturing of cancer spheroids was developed that was applica-

ble for effective screening of anti-cancer agents and companion

PET probes.

2) Development of antibody/peptide probes for targeted imaging

and therapy of cancer

A peptide targeting integrin α5β1 was labeled with 18F and was

applied for PET imaging of cancer xenograft expressing the tar-

get. For the targeted imaging of pancreatic cancer, human mono-

clonal antibody recognizing integrin □6□4 was labeled with 89Zr

and ICG and was applied for PET and optical imaging. The thera-

peutic effect of 90Y-labeled anti-CD147 antibody was evaluated in

mice bearing pancreatic cancer xenografts, and for the enhancement

of treatment effect, a combination therapy with anti-cancer agent

was also performed. Internal radiotherapy targeting αvβ3 integrin

using 64Cu and 67Cu-labeled tetramer of cRGD peptide has been

started and promising preliminary results were obtained.

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

multi-functional probes and their application in various disease models

We succeeded in improving sensitivity of a functional probe de-

tecting the cellular redox status and also developed a novel func-

tional probe to evaluate mitochondrial function. Based on the

technology of a soft nano-probe that is excreted from the kidney, a

probe that can release an anti-cancer agent in response to irra-

diation was newly developed. We also developed a novel nano-

particle based on glucosamine that is safe and degrades in the

body and accumulates in cancer xenograft.

Molecular Neuroimaging Program
The Molecular Neuroimaging Program focuses on the patho-

physiology of neuropsychiatric disorders including Alzheimer’s

disease, the evaluation of drugs and the molecular mechanisms

of human behavior. From basic research using transgenic mice to

clinical study, we use PET, MRI, and laser microscope to analyze

the molecular function of disease.

The major topic in 2014 was the initiation of the multicenter

study of [11C]PBB3 in Japan. This multicenter study includes re-

searchers at five PET centers and four neuropathology sites. The

aims of the study are to accumulate patient data including rare

genetic tauopathy such as FTDP-17 and to investigate the details

of the binding characteristics of [11C]PBB3 using postmortem hu-

man brain. The five PET centers prepared the radiosynthesis and

other procedures to allow the [11C]PBB3 clinical study to be con-

ducted rather quickly. The clinical study was started at all five PET

centers within 2014. We analyzed the [11C]PBB3 clinical data and

found that distributions of tau accumulation seemed to match well

the regions responsible for the neurological symptoms. Within

healthy subjects, elderly subjects showed tau accumulation in the

medial temporal cortex. This finding suggested that tau accumulation

in the medial temporal cortex would be the first sign of aging.

Other than the clinical study of tau imaging, an important topic

in basic neuroscience was development of in vivo imaging of a

designer receptor that enables modification of reward-related be-

havior in monkeys. DREADDs (Designer Receptors Exclusively

Activated by Designer Drugs) are chemo-genetic agents, when

expressed on neuronal cell membranes and activated through

systemic delivery of the targeting drug, that will inhibit (or excite)

activity of all neurons expressing the DREADD. Using the hM4Di

receptor, an inhibitory DREADD that can be activated by

clozapine-n-oxide (CNO), we have been able to (1) monitor the lo-

cation and intensity of receptor expression by in vivo PET-

imaging, and (2) modify a monkey’s behavior reversibly. Given

that PET-imaging is capable of monitoring in vivo DREADD ex-

pression, the DREADD provides a novel tool to study the neural

mechanism of higher brain functions in nonhuman primates and,

also, contributes to the development of human therapeutic settings.

Fig.1 Developments of next generation PET technologies: a

novel MRI head coil with PET detectors and the world’s

first open-type PET “OpenPET”.
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Objectives
Accumulation of intracellular tau fibrils is a neuropathologic hall-

mark of Alzheimer disease (AD) and related tau-positive neurode-

generative disorders, which are collectively referred to as tauopa-

thies [1]. Understanding of the mechanistic roles played by pa-

thologic tau in AD and related tauopathies has stimulated increas-

ing interest in the development of imaging probes that facilitate

visualization of tau pathology in the brains of living humans and

animal models of tauopathies.
11C-PBB3 is a new class of tau ligand developed in NIRS. 11C-

PBB3 was applied to clinical PET studies and was demonstrated

to effectively display tau pathology in patients with AD and non-

AD tauopathies. Notably, there was high-level retention of 11C-PBB

3 in the AD hippocampus wherein tau pathology is enriched

sharply [2].

Here, we determined the radiosynthetic conditions for 11C-PBB3

to obtain an appropriate amount of radioactivity with a reliable

quality for clinical applications. To validate whether the radioactiv-

ity signals in the mouse and human brains were derived from 11C-

PBB3 itself, we performed metabolite analysis of 11C-PBB3 for the

mouse plasma and brain homogenate [3].

Radiosynthesis of 11C-PBB3
11C-methyl iodide (11C-CH3I) was synthesized from cyclotron-

produced 11C-CO2 using an automated synthesis system devel-

oped in-house. The produced 11C-CH3I was trapped in a mixture

of the tert-butyldimethylsilyl group-protected desmethyl precursor

1 (Fig.1) in anhydrous dimethylsulfoxide and KOH suspended in

anhydrous dimethylsulfoxide at room temperature. Heating the re-

action mixture at 125℃ produced 5-((1E,3E)-4-(6-(tert-

butyldimethylsilyloxy)benzo[d] thiazol-2-yl)buta-1,3-dienyl)-N-2-11

C-methylpyridin-2-amine (11C-2). Subsequent deprotection of the

tert-butyldimethylsilyl group in 11C-2 was performed using H2O.

After HPLC solvent was added to the reaction vessel, the radioac-

tive mixture was loaded into a preparative HPLC system for sepa-

ration. The fraction corresponding to 11C-PBB3 was collected into

a flask in which 25% ascorbic acid and polysorbate-80 in ethanol

Fig.1 Radiosynthesis of 11C-PBB3.

Cited from J Nucl Med , 55, 1532-8, 2014
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had been added before radiosynthesis, and this mixture was then

evaporated to dryness. The residue was dissolved in physiologic

saline and sterilized.

All radiosynthesis and subsequent quality control procedures

were performed without fluorescent lighting to prevent photo-

isomerization of 11C-PBB3. If necessary, an ultraviolet cutoff flash-

light was used to monitor these procedures for a short time.

Metabolite Analysis in Brain and Plasma
11C-PBB3 was injected into the tail vein of mice, and the mice

were sacrificed by cervical dislocation at 1 and 5 min after injec-

tion. Blood samples were obtained and centrifuged. The plasma

was separated and transferred to a tube containing acetonitrile.

The mixture was stirred in a vortex mixer and centrifuged to sepa-

rate the precipitate from the aqueous phase. The half brain was

placed in test tubes, each containing ice-cooled saline, and ho-

mogenized. Radioactivity (%ID/g) in the left brain was measured

at the same time. The homogenized brain tissue was transferred

to a tube containing acetonitrile and centrifuged. The precipitate

and supernatant were separated and measured for radioactivity.

The supernatants of the plasma and brain homogenates were

analyzed using an HPLC system equipped with a highly sensitive

detector for radioactivity.

All the procedures in this section were conducted with the fluo-

rescent lighting switched off.

Results
11C-PBB3 was successfully obtained with a sufficient amount of

radioactivity. At the end of the synthesis, 11C-PBB3 of 1.6-3.1 GBq

was obtained as an injectable solution of sterile normal saline after

30－35 min of proton bombardment at a beam current of 18 mA.

The decay-corrected radiochemical yield of 11C-PBB3 based on
11C-CO2 was 15.4%± 2.8% (n = 50) at the end of bombardment,

and the specific activity was 180.2 ± 44.3 GBq/μmol (n = 50) at

the end of synthesis. The total synthesis time was approximately

35 min from the end of bombardment.

In the results of the quality control assessment for 3 different lots

of 11C-PBB3 production, the physical appearance of the product

solution was clear and without particles. The pH was 6.7± 0.8. In

sterility testing, no viable bacteria or microorganisms were ob-

served in soybean-casein digest broth or fluid thioglycollate me-

dium. The endotoxin content was undetectable. The radiochemi-

cal purity of 11C-PBB3 was 98.2% ± 2.2% (n = 3) at the end of

synthesis and was within the range of 97.0%± 0.8% after 60 min.

The residual amounts of ethanol and acetonitrile in the 11C-PBB3

injection sample were 6.7± 0.6 ppm and 1 ppm, respectively.

Fig.2 shows the HPLC chromatograms for the plasma and brain

homogenate samples after injection of 11C-PBB3. In the plasma,

the percentage of 11C-PBB3 rapidly decreased and a radiola-

beled metabolite was observed as early as 1 min after injection

(Fig.2A). The fraction corresponding to unchanged 11C-PBB3 in

the plasma was 1.9%± 0.53% at 5 min (Fig.2B) and was not de-

tectable at 15 min. Despite the rapid metabolism in plasma, the

percentage of unchanged 11C-PBB3 in the brain homogenate was

82% at 1 min (Fig.2C) and 70% at 5 min (Fig.2D). A radiolabeled

metabolite was also detected in the HPLC charts of the brain sam-

ples, and its tR was similar to that of the metabolite in the plasma.

Calculated from the total brain uptake (%ID/g), which was simulta-

neously measured for the same mice, radioactivity levels repre-

senting unchanged 11C-PBB3 and 11C-metabolite in the brain

were found to be 1.58 ± 0.25 and 0.35 ± 0.06 %ID/g, respec-

tively, at 1 min and 0.83 ± 0.06 and 0.35 ± 0.04 %ID/g, respec-

tively, at 5 min. Recovery of radioactivity from HPLC analysis for all

samples was greater than 95%. Because of the low radioactivity

level, no further metabolite analysis was performed for the brain

samples collected beyond 5 min.

Metabolite analysis demonstrated that this probe was rapidly

decomposed to a polar radiolabeled metabolite in the plasma

(Fig. 2). Despite its high abundance in the plasma, this metabo-

lite, which was more hydrophilic than 11C-PBB3, showed limited

entry into the brain. This finding indicates that uptake of radioac-

tivity into the mouse brain was attributable mainly to unchanged
11C-PBB3.

In mice, the rapid entry of 11C-PBB3 into the brain and prompt

reduction of the parent probe in the plasma imply that the levels of
11C-PBB3 in the brain may be dependent largely on its first-pass

extraction. This characteristic, along with its minimal nonspecific

binding of 11C-PBB3 to the myelin rich components [2], resulted in

a rapid washout of this probe from the brain, thereby reducing the

background signal in the brain.

In conclusion, 11C-PBB3, a clinically useful PET probe for tau

pathology in the brains of humans and transgenic mouse models,

was successfully synthesized. We have so far achieved more than

200 production runs of 11C-PBB3 in our facility for various re-

search purposes, including translational PET imaging of mouse

models and clinical PET assessments of patients diagnosed as

having AD and non-AD neurodegenerative disorders. The present

results demonstrate the reliable production and widespread clini-

cal potential of 11C-PBB3.

Fig.2 HPLC chromatograms for metabolite analysis of 11C-PBB3 (A) at 1

min in mouse plasma; (B) at 5 min in mouse plasma; (C) at 1 min in

mouse brain; (D) at 5 min in mouse brain.

Cited from J Nucl Med , 55, 1532-8, 2014
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Objectives
Development of specific PET probes by targeting the key mo-

lecular events in cancers, has opened a post-FDG era of molecu-

lar imaging in oncology. Via these specific radioprobes, onco-

genic events can be monitored noninvasively and quantitatively at

multiple time points and at the whole-body level, by integrating

oncogene signatures into functional molecular imaging data, thus

contributing to personalized drug development, clinical trials, and

patient management.

Metabotropic glutamate 1 (mGlu1) receptor is a G protein-

coupled receptor normally expressed in brain that functions in

learning and memory formation and neuronal development. In

past years, for mapping and quantifying the mGlu1 expression in

brain, we have developed several specific PET probes, like [18F]

FITM that image and measure brain mGlu1 [1]. An analog of [18F]

FITM, [11C]ITMM, is also being used in clinical studies of human

brain mGlu1.

Recently, following the applications to brain studies, mGlu1 was

found ectopically in melanoma, the most serious type of skin can-

cer, and it exhibited oncogenic characteristics that independently

drive carcinogenesis of melanocytes; therefore the ectopic mGlu1

is becoming an important target for personalized diagnosis and

treatment strategies for melanomas [2]. To better understand

mGlu1-induced oncologic events in melanomas and to promote

individualized planning of therapeutic strategies with mGlu1-

targeted drugs, using the mGlu1-specific radioprobe [18F]FITM,

we constructed an oncoprotein-based PET imaging platform for

noninvasive visualization and quantification of the ectopic mGlu1

in melanomas and melanoma metastasis [3]. In this report, we

summarize the fruits of our exploration of oncoimaging by target-

ing the mGlu1 in melanoma.

Overview
[18F]FITM was synthesized by [18F]fluorination of a nitro precur-

sor with [18F]KF according to our previously reported method [1].

Considering the genetic heterogeneity of melanomas, two C57BL/

6-derived melanoma cell lines, B16F1 and B16F10, with heteroge-

neous genetic variation and drug-resistance variance, and a con-

trol hepatoma cell line, Hepa1-6, derived in syngeneic mice were

adopted to create the evaluation system of [18F]FITM oncoimag-

ing in vitro and in vivo.

By immunofluorescence staining of the 3 cell lines, we verified

the expression of mGlu1 protein in most of the B16F1 and B16F10

cells, with negligible expression in Hepa1-6 cells. The proportion

of mGlu1-positive cells was 95.94± 1.72% in the B16F1 cells and

84.31 ± 3.23% in the B16F10 cells. Cellular affinity of [18F]FITM

was measured in the tumor culture systems with different concen-

trations of unlabeled FITM. [18F]FITM showed appropriate binding

affinity for the 2 mGlu1-positive melanoma, with IC50 values of

0.13μM and 0.10μM in B16F1 cells and B16F10 cells, respec-

Fig.1 Representative cororal [18F]FITM PET/CT images in B16F1. B16F10.

and Heca1-6-bearing mice. Green circles indicare subcutaneous

tumars.
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tively. On the other hand, the mGlu1-negative Hepa1-6 cells

showed no [18F]FITM binding and had no detectable IC50 until 103

μM unlabeled FITM had been added.

To explore the potential of [18F]FITM PET for identifying the mGlu

1 oncoprotein in vivo, we transplanted subcutaneously the 3 tu-

mor lines into C57BL/6 mice, with normal distribution of melano-

cytes - the cellular origin of melanoma development, to construct

the whole-body evaluation system of [18F]FITM. Dynamic PET/CT

scans were performed at 0－120 min after [18F]FITM injection in

the subcutaneous tumor-bearing mice. [18F]FITM showed rapid

tumor penetration and accumulation in mGlu1-positive B16F1 and

B16F10 grafts, with tumor uptake of 5.75－7.46 %ID/g at 120 min

post-injection, fast blood clearance and minimized whole-body

retention of radioactivity. The in vivo specificity of [18F]FITM was

verified by pre-injection of unlabeled FITM to completely block the

uptake in the 2 melanoma grafts, similar to the very low uptake of

0.47 %ID/g in mGlu1-negative Hepa1-6 grafts. As shown in Fig.1,

dense radioactivity with very low background signals was seen in

the melanoma grafts of the left flank (green circle) in B16F1- and

B16F10-bearing mice, while no specific radioactivity was seen in

the Hepa1-6 control grafts. The quantitative results by PET

showed higher uptake in B16F1 than in B16F10 melanomas,

which closely reflected levels of mGlu1 protein expression. In vivo

biodistribution confirmed the PET/CT results, and validated the

excellent tumor to background ratios, including tumor to blood ra-

tio of 27.20－38.53, tumor to muscle ratio of 24.55－46.93, and tu-

mor to skin ratio of 21.32－36.89, in the melanoma-bearing mice,

but only minimum ratios, tumor to blood ratio of 1.71, tumor to

muscle ratio of 0.87, and tumor to skin ratio of 3.28, in the Hepa1-

6 models, at 120 min after [18F]FITM injection. These results dem-

onstrated that the [18F]FITM imaging platform can selectively visu-

alize and quantify mGlu1 with high specificity and low back-

ground in melanomas in vivo.

Metastasis is an important predictor of melanoma patients’

prognosis, and lung is the most common organ targeted by mela-

noma metastasis. The favorable in vivo pharmacokinetics of [18F]

FITM, namely the dense and specific accumulation in mGlu1-

positive melanomas versus mGlu1-negative hepatoma and nor-

mal tissues, prompted us to explore the capability of the [18F]FITM

imaging platform for detecting metastasis. A representative pul-

monary metastatic melanoma model was established via tail vein

injection of B16F10 cells into C57BL/6 mice. Based on the phar-

macokinetic results, on day 12 after inoculation, PET/CT scans

were performed on the mice at 90－120 min after [18F]FITM ad-

ministration. Fig.2 reproduces representative summation images

for the pulmonary metastatic melanomas. Intense and definite ac-

cumulation of radioactivity was seen in the lungs bearing B16F10

metastasis, with an uptake plateau of 7% ID/g at 90－120 min

post-injection, without interfering signals from the tissues sur-

rounding lung, including heart, blood pool, skin, and liver. En-

hanced CT images confirmed higher retention of radioactivity oc-

curred in the more severe metastatic lesions. Pre-injection with un-

labeled FITM significantly inhibited the radioactivity in mice with

pulmonary metastatic melanomas. The results strongly suggest

that the [18F]FITM imaging platform can be used for sensitive visu-

alization of mGlu1-positive melanoma metastasis with a high con-

trast image and a large imaging window.

Taken together, our study has demonstrated that [18F]FITM has

high tumor binding with excellent selectivity and specificity for

mGlu1 in melanomas. The [18F]FITM PET imaging platform may

have considerable potential as a noninvasive personalized diag-

nostic tool for melanoma patients. The integration by oncogenic

signatures of [18F]FITM into PET images will help open up new

avenues to understand mGlu1-triggered oncologic events in

melanomas, and it is valuable for the emerging work of individual-

ized planning of therapeutic strategies with mGlu1-targeting. Fur-

ther, the rapid tumor penetration and fast blood clearance of [18F]

FITM may be especially well suited for targeted radiotherapy,

where the radioprobe could provide high isotope doses to mGlu1

tumors while minimizing off-target and especially bone marrow

exposure. Now, using [18F]FITM as a lead compound, we are de-

veloping new radioprobes to move beyond molecular imaging

into targeted radiotherapy of mGlu1-positive melanomas.

Fig.2 Representative coronal and axial [18F]FITM PET/CT images in mice

with pulmonary metastatic melanoma and control mice without me-

tastasis.
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Introduction
PET/MRI is a new imaging modality realized by combining posi-

tron emission tomography (PET) and magnetic resonance imag-

ing (MRI) just as PET and CT have been combined (PET/CT). The

PET/MRI system can reduce radiation dose during imaging, com-

pared with PET/CT, because MRI obtains morphological images

without x-ray irradiation. In addition, the PET/MRI can make fused

images of two functional images obtained by PET and MRI. There-

fore, many prototype systems have been developed by various

research groups. Currently, several manufacturers have released

commercial PET/MRI scanners.

We are also developing a PET/MRI system to improve perform-

ance of the PET imaging for brain study. The commercially avail-

able PET/MRI scanners are whole body systems which have large

diameter rings of PET detectors. Therefore, the small solid angle

of the large PET detector ring causes low scanner sensitivity and

the large ring diameter leads to degraded spatial resolution due

to colinearity of the annihilation photons, compared with brain

dedicated systems. On the other hand, in the case of small ring

PET scanners, the spatial resolutions are generally degraded in

the periphery of the field-of-view by the annihilation photons enter-

ing scintillation crystals obliquely. Although depth-of-interaction

(DOI) techniques can suppress this problem, most PET/MRI pro-

totypes developed by other groups consist of PET detectors with-

out the DOI capability.

In our proposed PET/MRI system, the 4-layered DOI-PET detec-

tors previously developed [1] are integrated with a birdcage RF-

coil as shown in fig.1 [2]. The PET detectors which consist of a

scintillator block, photo sensors and front-end circuits are placed

close to a human brain [3]. The photo sensors and front-end cir-

cuits are shielded to minimize RF noises from the MRI and influ-

ence of noise from the PET detectors on MRI imaging. If the

shielding material is inside the RF coils, the RF pulse is blocked

by the shielding material and then complete images cannot be

obtained. Therefore, each RF coil element is inserted between the

scintillator blocks and then medially-placed in the shielding mate-

rials as shown in fig 1. As a result, this system geometry can

achieve smaller PET ring than that of the other systems. In addi-

tion, both high sensitivity and high spatial resolution of the PET

system even at the edge of the field of view are achieved by the

DOI measurement.

We developed a one-ring prototype PET/MRI system and evalu-

ated its performance in simultaneous measurement with a 3T MRI

system.

Prototype PET/MRI system
Fig.2 shows a photograph of the one-ring prototype system.

The prototype system consists of eight DOI-PET detector modules

and the developed birdcage RF-coil. Each PET detector consists

of six monolithic multi-pixel photon counter arrays (MPPC arrays,

S11064-050P), a readout circuit, a four-layer DOI scintillator block

and a shielding box. Each MPPC array has 4 × 4 readout pixels.

The six MPPC arrays are arranged on a line and soldered on the

readout circuit board. LYSO crystal elements arranged in a 38 ×

Fig.1 The proposed PET/MRI system. Small orange circles are RF coil

elements. Blue and gray boxes indicate scintillator blocks and

shielding boxes including photo sensors and electrical circuits.
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6× 4 layer with reflectors are mounted on the 1× 6 arrays of the

MPPCs. The size of each crystal element is 2.0× 2.0× 5.0 mm3.

Copper foil used for the shielding boxes is 35 μm thick. The RF

coil is dedicated to a 3 T MRI (MAGNETOM Verio, Siemens). The

diameter of the RF-coil elements is 27.5cm. There are eight RF-

coil elements and the eight PET detectors are mounted on gaps

between the RF-coil elements. The scintillator blocks of the four-

layer DOI-PET detector are 136 mm from the center of the head

coil. The PET detectors, the head coil and cables are in the MRI

room. A data acquisition system, power supplies for the MPPCs

and the preamplifiers and a control PC are outside the MRI room

and connected to all the detectors through a penetration panel

using 10 m cables.

Experiment
We evaluated performance of the prototype four-layer DOI de-

tector and influence of PET measurements on MRI images. A 22Na

point-like source and a cylindrical phantom (nickel chloride solu-

tion, φ220mm×120mm length) were used for evaluation of the

PET and MRI images, respectively. Fast spin echo (FSE) and echo

planar imaging (EPI) techniques were used in the simultaneous

measurements.

Fig.3 shows energy spectra for the 511keV annihilation radia-

tions with and without the MRI measurements. Differences of light

yield between the crystals were corrected for each energy spec-

trum. Energy resolutions of 19.3 % (without MRI), 19.3 % (FSE)

and 19.4 % (EPI) were obtained. From these results, no degrada-

tion of the energy resolution was observed in simultaneous meas-

urements.

Fig.4 shows spatial resolutions obtained by the OSEM at each

source position without and with the MRI measurement (FSE and

EPI). The spatial resolutions were lower than 1.6 mm for all the po-

sitions. In addition, degradation of the spatial resolution at the pe-

riphery of the FOV was suppressed due to the DOI capability. The

same as for the results of the energy resolution, no degradation of

the imaging performance was observed in simultaneous meas-

urements at all source positions.

Fig.5 shows magnitude images measured for the cylindrical

phantom by the spin echo method, without and with the PET

measurement. The signal-to-noise ratios of the phantom images

were 259.7 and 209.4, respectively. The degradation of the SNR

was caused by noise contamination from the power supplies and

can be reduced by using a band-pass filter at the penetration

panel.

Conclusion
We developed a full-ring prototype of a RF-coil integrated with

DOI-PET detectors and evaluated imaging performance in simul-

taneous measurements. The spatial resolutions in the PET image

were lower than 1.6 mm in the whole FOV due to the DOI capabil-

ity. In addition, the influence of the simultaneous measurements

on the PET performance was negligible. On the other hand, the

SNR of the phantom image in the magnitude images was de-

graded from 259.7 to 209.4. Currently, we are designing a second

prototype of the proposed integrated PET/MRI system to improve

the imaging performance based on the evaluation results.

Fig.2 The full-ring prototype system of the proposed PET/MRI system

Fig.3 Energy spectra for without (w/o) MRI measurement, with MRI meas-

urement (FSE) and with MRI measurement (EPI).

Fig.4 Position dependence of the spatial resolution obtained by OSEM

without MRI measurement, with MRI measurement (FSE) and with

MRI measurement (EPI).

Fig.5 Magnitude images measured for the cylindrical phantom by the fast

spin echo method (a) without and (b) with PET measurement.
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Functions of neurotransmission systems (dopaminergic system,

serotonergic system, etc.) and glucose metabolism, which can be

measured by positron emission tomography (PET), are closely as-

sociated with the other brain functions, including neural activation,

oxygen metabolism and cerebral blood flow (CBF). Combinations

of PET and other imaging systems may clarify effects of physi-

ological parameters on PET measurements and offer a feasible

approach to signal compensation and validation of results ob-

tained using PET alone. Such findings are important to develop an

objective diagnosis method for brain diseases. Moreover, the mul-

timodal imaging system should be useful for understanding the

complex interaction of physiological parameters and clarifying the

mechanism of brain diseases.

Animal studies, in which invasive procedures can be applied,

have been useful for investigating the mechanism of brain func-

tions and several diseases. Using a surgical procedure, vital func-

tions can be directly measured by in vivo imaging methods at

high spatial and time resolutions. Especially, optical imaging us-

ing a microscope and CCD camera in animal studies is ideally

suited to measuring the physiological parameters, including CBF,

neural activation and oxygen metabolism. Recently, we also de-

veloped an optical imaging system of oxygen metabolism, hemo-

dynamic [1] and neural activity using awake mice (Fig.1). Com-

bining this measurement with a small-animal PET dynamic scan

for the quantitative analysis would be challenging work.

In this study, we developed a measurement system for simulta-

neous optical imaging and PET for awake mice (Fig.2). The key

element of this system is an open PET device that allows it to be

used in combination with another device [2]. A prototype of a

Fig.1 A) The experimental set-up for optical imaging of brain function in

awake mice. B) Baseline-subtracted optical imaging map in soma-

tosensory cortex during whisker stimulation. This system can visual-

ize the % change in neural activation, oxygen metabolism, cerebral

blood flow and cerebral blood volume from the same brain area un-

der the awake state.

Fig.2 The left photograph is the combined system of SROP, fluorescence

microscope and hand-made fixation apparatus for awake mice. The

right is a photograph with an overlaid diagram of our system. An

acrylic plate was attached to the mouse head. The head acrylic

plate was secured on a head holder and the mouse was placed on

a styrofoam ball. The mouse could exercise freely on the ball during

the PET scan. Mouse brain was placed at the center of the PET de-

tectors. Objective lens and laser diode were set outside the range

of PET detection.
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single-ring OpenPET (SROP), which provides an easily accessi-

ble open space, was used. The objective lens of microscope with

CCD cameras (MiCAM02, Brainvision, Tokyo, Japan) was put in-

side the open space of the SROP (Fig.2B). Subjects were C57BL/

6J mice, 7-weeks old. An awake animal was set on a hand-made

fixation apparatus in the SROP. This apparatus consisted of a

head holder and styrofoam ball floating on a jet of air under the

mouse. This allows the mouse to walk freely on the ball during PET

scanning and optical imaging.

As mentioned above, our multimodal imaging system (which we

named the optical/SROP imaging system) is combined with

SROP, the fluorescent microscope and hand-made fixation appa-

ratus for holding the awake mouse. As a first application of this

system, simultaneous measurements of cerebral blood flow (CBF)

with laser speckle imaging (LSI) and radioactivity concentration of

[11C]raclopride with PET were performed under control and hyper-

capnia conditions. CBF was measured with LSI through a chronic

cranial window at the brain in the awake mouse. In PET measure-

ment, a dynamic scan was performed for 60 min after intravenous

infusion of [11C]raclopride, a radioligand for dopamine D2 recep-

tors.

Our apparatus successfully obtained CBF (Figs. 3A, B) and

[11C]raclopride radioactivity concentration simultaneously (Figs. 4

A, B). This is the first simultaneous observation of accumulation of

[11C]raclopride in striatum and CBF. Increase in CBF was ob-

served under the hypercapnia condition (Fig.3B) as compared

with CBF under the normocapnia condition (Fig.3A). Time-

response curve of LSI under the control condition was relatively

stable throughout the PET scan time (Fig.3C). Meanwhile, an in-

crease in CBF was observed under the hypercapnia condition at

the timing of CO2 inhalation (Fig.3D). Mean % change in CBF un-

der hypercapnia was 16.7 ± 11.6 % (N = 2) and the results

agreed well with values from previous studies, obtained from

awake mice under 5% CO2 inhalation (mean ± SD) 14.8 ± 3.5%

[1]; 18.9± 4.9% [2]). Based on these results, we concluded that

accurate evaluation of CBF by LSI in awake mice can be per-

formed inside the SROP. High accumulation of [11C]raclopride

was observed in the striatum (Fig.4A). On the other hand, accu-

mulation of [11C]raclopride was relatively low at the cerebellum

where the specific binding to receptors is negligible (Fig.4B). The

image of accumulation of 11C[raclopride] in striatum was also in

good agreement with the previous studies. In our imaging system,

we could not observe any image artifacts of PET due to optical im-

aging.

In addition, our system can measures brain function under the

awake condition. Isoflurane anesthesia, which is commonly used

in animal studies, increases CBF at the resting state and attenu-

ates hemodynamic response to neural activity. Adachi et al. [3]

reported that changes in dopamine release induced by isoflurane

anesthesia were observed in the rat striatum using in vivo mi-

crodialysis techniques. Based on the results of previous studies,

the awake animal condition is essential for the accurate estimation

of dopamine release and CBF.

In summary, we developed a new simultaneous PET and optical

imaging system for awake animals and demonstrated simultane-

ous measurements of [11C]raclopride-PET and LSI. In our optical/

SROP imaging system, the CCD camera can be attached near

the animal head and there is no source of noise between the PET

detector and the animal. Therefore, the SROP detectors and the

CCD camera can directly detect the radiation and reflection light

from the animal, respectively. Because the percentage change in

fluorescence associated with brain activation were very small,

high sensitivity for the subject was essential for the fluorescence

imaging (e.g. voltage sensitive dye imaging and flavoprotein auto-

fluorescence imaging). Thus, our system may be especially useful

for the simultaneous PET and fluorescent imaging in animal stud-

ies. We concluded that our imaging system allows users to com-

bine several PET tracers and optical imaging and should be use-

ful for signal compensation and investigating the mechanism of

brain diseases.

All experiments were performed in accordance with the institu-

tional guidelines on humane care and use of laboratory animals

and were approved by the Institutional Committee for Animal Ex-

perimentation.

Fig.3 Representative data of CBF map under normocapnia (A) and hy-

percapnia (B). Time-response curves of CBF under normocapnia

(C) and hypercapnia (D). Gray bars indicate the period of 5% CO2

inhalation.

Fig.4 [11C]raclopride-PET / MR fused image of striatum (A) and cerebel-

lum (B). Time-response curve of [11C]raclopride-PET under normo-

capnia.
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Carcinogenesis is a multistep process in which successive ge-

netic alterations occur in incipient cancer cells and a multicellular

tumor microenvironment actively contributes to form a fully malig-

nant tumor. Because each of these events is potentially a strategic

target for cancer treatment and prevention, quantitative and spa-

tiotemporal analysis of tumorigenic events in vivo is an important

issue. Such analysis, however, still includes many challenging

problems.

Mouse radiation-induced thymic lymphomagenesis: A
classical animal model for the study of radiation car-
cinogenesis

NIRS has a long history of involvement in the study of radiation

carcinogenesis and NIRS researchers have published many re-

ports about this discipline. For example, we previously reported

that human H-ferritin transgenic mice showed promotion of radia-

tion carcinogenesis [1]. Radiation-induced thymic lymphoma

(RITL) is one of the most intensively studied animal models for the

study of radiation carcinogenesis. In this model, fractionated X-

ray irradiation (FX) to whole body of C57BL/6 mice induces lym-

phoma arising from the thymus in more than 90% of the irradiated

mice. This model has some advantages for the study of radiation

carcinogenesis; simple protocol for tumor induction, high inci-

dence of tumor occurrence with a highly reproducible fashion,

tissue-specific tumor development, and availability of many data

accumulated since 1950’s. Furthermore, this model has two

unique features in tumor biology: Tumor prevention by bone mar-

row transplantation (BMT) and indirect tumor induction. The for-

mer means that transplanting unirradiated BM cells to the irradi-

ated mice dramatically reduces the incidence of RITL. The latter,

often referred it as an “indirect mechanism”, means that thymic

lymphoma occurs even from unirradiated thymus if the bone mar-

row is irradiated. The mechanism of this “indirect mechanism” re-

mains unknown.

PET and MRI as analytical tools for in vivo study
Positron emission tomography (PET) and magnetic resonance

imaging (MRI) are imaging modalities directly translatable from

experimental studies to clinical studies. Those modalities are con-

sidered as analytical tools to monitor molecular and cellular dy-

namics in living subjects. Therefore, those modalities are powerful

tools not only for clinical medicine but also for experimental medi-

cine. We aimed to investigate the feasibility of PET and MRI to

monitor post-irradiation cellular events in the thymus and bone

marrow that are critical for RITL development. This study demon-

strated that PET and MRI were powerful tools for noninvasive

monitoring of tumorigenic cellular process in mouse radiation thy-

mic lymphomagenesis [2].

MRI quantitatively detects FX-induced bone marrow
transplantation changes

We first investigated whether diffusion-weighted MRI (DWI)

could quantitatively detect FX-induced bone marrow transplanta-

tion (FX-iBMT) changes (Fig.1). DWI is an MRI method and pro-

vides image contrast by water diffusion. Apparent diffusion coeffi-

cient (ADC), which is calculated from DWI, has been shown to be

a quantitative marker of cellularity. We hypothesized that FX

should change the BM cellularity drastically, because BM cells

are very sensitive to radiation. This is the reason why we selected

DWI to make the quantitative evaluation of bone marrow after FX.

As expected, the ADC map calculated from DWI could quantita-

tively detect the bone marrow changes and these changes were

plotted as ADC changes. Furthermore, the ADC value of the irra-

diated BM with BMT was rapidly restored to the ADC level of non-

irradiated control BM (iBMT in the figure) sooner than the mice

without BMT. Importantly, these changes of the ADC values were

well accounted for by the pathological changes of the BM irradi-

ated mice. Reduced BM cellularity during FX dramatically in-

creased ADC values and fatty marrow changes restricted free

water diffusion in the BM, by which ADC values decreased.
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PET quantitatively detects FX-induced thymic changes
We next investigated whether PET could quantitatively detect

FX-induced thymic changes. To do this, we used 4’-[methyl-11C]

thiothymidine ([11C]4DST) as a PET tracer (Fig.2). [11C]4DST is a

PET tracer for assessing cell proliferation, which was newly devel-

oped by researchers at NIRS [3]. Increased uptake of this PET

tracer indicates the augmented cell proliferation. After FX, thymic

cell proliferation was longitudinally assessed by [11C]4DST-PET in

the mice that had received the FX. Interestingly, the SUVmean, a

quantitative value for tracer uptake, significantly increased in mice

that had received the FX at 1 week after it compared with that of

age-matched unirradiated mice. More interestingly, this increased

tracer uptake completely disappeared in mice that had received

the FX and the following BMT (iBMT in the figure). The thymus that

had received the FX and the following BMT showed higher tracer

uptake from 2 weeks after FX and BMT compared to unirradiated

mice and mice that had received only FX. These data tell us the in

vivo process of RITL development: (1) Cells transiently proliferate

after FX in the irradiated thymus. (2) BMT suppresses the aberrant

cell proliferation that occurred due to FX. (3) BMT accelerates thy-

mic regeneration of the thymus damaged by FX.

Summary
Quantifying tumorigenic process in vivo is important in cancer

research, but still a challenging issue. Elucidating genetic and

cellular mechanisms of RITL development will provide new insight

into the pathogenesis of lymphoma and offer a basis for develop-

ing novel cancer diagnostics, therapy and prevention.

Fig.1 Changes in the BM ADC values of FX-only (blue, round), FX-iBMT (red, triangle), and unirra-

diated (black, square) mice. Means± SD (N = 3－4). ns; not significant. Modified from fig-

ures in [2].

Fig.2 PET images and SUVmean in the thymus in unirradiated, FX-only, and FX-iBMT mice. Representative coronal slices (upper) and plots (lower). (Left)

One week after FX (FX-only, N = 10) or iBMT (FX-iBMT, N = 5) and in age-matched unirradiated mice (N = 10). (Middle) Two weeks after FX (FX-only, N

= 12) or iBMT (FX-iBMT, N = 6) and in age-matched unirradiated mice (N = 11). (Right) Four weeks after FX (FX-only, N = 10) or iBMT (FX-iBMT, N = 6)

and in age-matched unirradiated mice (N = 10). Mean± SD. **P < 0.01, ***P < 0.001. ns; not significant. The color scale indicates the SUV, shown on

the right side of the images. Modified from figures in [2].
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We developed a radiosynthesis method for a new PET probe 5-

amino-4-oxo[6-11C]hexanoic acid ([11C]MALA) [1] and evaluated it

both in vitro and in vivo as a probe to estimate protoporphyrin IX

(PpIX) accumulation in tumors [1,2]. These studies are summa-

rized in this Highlight.

Introduction
Fluorescence-guided resection (FGR), and photodynamic and

sonodynamic therapies (PDT/SDT) using 5-aminolevulinic acid

(ALA)-induced PpIX accumulation are promising therapeutic

strategies for several cancers. ALA is a non-fluorescent and pho-

todynamically inert prodrug, which induces PpIX accumulation in

tumor tissues selectively. Exogenous administration of ALA en-

ables intraoperative identification of tumors in FGR and tumor-

selective cytotoxicity by photo- or sono-irradiation in PDT/SDT

with low toxicity in normal tissues. Despite the promising results

obtained in FGR and PDT with ALA, several studies showed that

there are various degrees and distributions of PpIX accumulation

in each tumor. The different PpIX accumulations in tumor cells

would be a key factor affecting the sensitivity of FGR and the

therapeutic efficacy of ALA-based PDT/SDT. Therefore, the preop-

erative assessment of ALA-induced PpIX accumulation and its lo-

calization in tumors could provide useful information for complete

resection of tumors and predicting the therapeutic effects of PDT

and SDT. We developed a new PET probe [11C]MALA to estimate

the ALA-induced PpIX accumulation [1,2].

Probe design
The influx of ALA into cells and expression levels of ALA dehy-

dratase (ALAD) that catalyzes the first step of PpIX synthesis from

ALA are reported to play a major and rate-determining role in

regulating tumor accumulation of PpIX. Accordingly, a PET tracer

to target ALA influx and ALAD expression would be useful for pre-

dicting PpIX accumulation in tumors. An ALA analog, MALA, is

expected to display a similar distribution in the body and incorpo-

ration into tumor cells because of its structural similarity to ALA. In

addition, MALA is reported to be an inhibitor of ALAD by covalent

binding with the catalytic center of ALAD. After incorporation into

tumor cells, MALA is expected to be intracellularly retained de-

pending on the ALAD expression level (Fig.1). Therefore, MALA

uptake and intracellular retention could be candidate predictive

factors to estimate the accumulation of ALA-induced PpIX in tu-

mor cells.

Radiosynthesis of [11C]MALA
[11C]MALA was synthesized via 11C-methylation of a Schiff-base

-activated precursor, followed by the hydrolysis of ester and imine

groups (Scheme 1, [1]). The Schiff-base-activated precursor 2
was synthesized by transimination using methyl 5-aminolevulinate

(1) and benzophenone imine, and then subjected to 11C-

methylation with [11C]methyl iodide ([11C]H3I) in the presence of

tetrabutylammonium fluoride (TBAF). The influence of the amount

of TBAF and the timing of TBAF addition was investigated to opti-

mize the radiochemical conversion (RCC) of 3. Higher RCC of 11C

-methylation of 2 was yielded when 1.0－1.5 μmol of TBAF was

added to the solution of 2 just after the addition of [11C]H3I com-

pared to when an excess amount of TBAF was added or when

TBAF was added 10 min before the addition of [11C]H3I. The fast

deprotonation of 2 and/or the instability of the resulting anion, and

the side-reaction of [11C]H3I with excess TBAF could retard the

desired 11C-methylation of 2. [11C]MALA was obtained with high

RCC by the treatment with 0.1 M NaOH aqueous solution at room

temperature for 90 s, followed by the treatment with 0.2 M HCl

aqueous solution. Using a remote-controlled synthesis module,

[11C]MALA was obtained in a radiochemical yield (decay uncor-

rected, relative to [11C]carbon dioxide) of 4.4 ± 1.7% within 35

min from the end of bombardment.

Fig.1 Putative accumulation mechanism of [11C]MALA in a tumor.
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Biological evaluation of [11C]MALA
To evaluate the properties of [11C]MALA as a PET probe to esti-

mate tumor accumulation of PpIX induced by ALA administration,

we examined the biological properties of [11C]MALA and the rela-

tionship between [11C]MALA and ALA-induced PpIX accumula-

tion in several tumors [1,2].

In vitro uptake of [11C]MALA and [3H]ALA were determined in

five tumor cell lines (AsPC-1, Sk-Br-3, U-87 MG, BxPC-3, and MIA

PaCa-2) after 10-min incubation with each tracer at 37℃.

[11C]MALA uptake was not correlated with [3H]ALA uptake in tu-

mor cells even though [11C]MALA uptake was dose-dependently

inhibited by the addition of excess unlabeled ALA. These results

suggested that [11C]MALA was incorporated into tumor cells

through transport systems similar to those of ALA and there were

some differences in intracellular behavior, such as metabolism

and/or efflux, between [3H]ALA and [11C]MALA after the incorpo-

ration. [11C]MALA uptake was strongly correlated with ALAD ex-

pression, determined by western blot analysis, and ALA-induced

PpIX accumulation. Taken together, [11C]MALA would evaluate

both ALA influx and ALAD expression level, resulting in estimating

PpIX accumulation in tumor cells.

In vivo distribution of [11C]MALA and [3H]ALA, and dynamic

PET studies with [11C]MALA were conducted in tumor-bearing

mice. [11C]MALA was rapidly incorporated into tumors and the

tumor-to-muscle ratio of [11C]MALA at 1 min after injection was

significantly correlated with that of [3H]ALA. [11C]MALA in tumors

continuously decreased thereafter, and the elimination rate of

[11C]MALA from AsPC-1 tumors with the highest ALAD expression

level was slower compared with those from other tumors with

lower expression levels. These results suggested that the influx

and intracellular retention of [11C]MALA would reflect ALA influx

and ALAD expression levels, respectively. Furthermore, the block-

ing studies, in which excess unlabeled ALA was co-injected with

[11C]MALA, showed decreases in initial tumor uptake and accel-

eration of the elimination rate from tumors dose-dependently,

even though blood clearance hardly changed. These results indi-

cated that not only the influx of [11C]MALA into cells but also the

mechanism of intracellular retention of [11C]MALA was competi-

tively inhibited by excess ALA, suggesting that [11C]MALA could

be intracellularly retained through the formation of [11C]MALA-

ALAD complex after incorporation into tumor cells. The highest

PpIX accumulation was observed in AsPC-1 tumors among the

four tumors 4 h post-injection of ALA and tumor accumulation of

[11C]MALA at the latter phase (Fig.2), which would reflect both the

initial uptake and intracellular retention of [11C]MALA, was strongly

correlated with PpIX accumulation in tumor tissues (R2 = 0.96, P <

0.05). This suggested that [11C]MALA-PET could estimate the ALA

-induced PpIX accumulation defined by the influx and metabolism

of ALA.

Conclusion
We designed, radiosynthesized, and evaluated [11C]MALA as a

PET probe to estimate the tumor accumulation of PpIX induced by

ALA administration. [11C]MALA was radiosynthesized with high ra-

diochemical yield and purity using the one-pot procedure imple-

mented by a remote-controlled system. The pharmacokinetics of

[11C]MALA reflects ALA influx into tumor cells and ALAD expres-

sion levels, resulting in estimating the ALA-induced PpIX accumu-

lation. [11C]MALA-PET therefore has the potential to noninvasively

evaluate the accumulation of ALA-induced PpIX in tumor tissues

in patients before therapy, and provide helpful information for im-

proving the efficacy of ALA-based FGR and PDT/SDT.

Scheme1 Synthesis of [11C]MALA. Reagent: (a) benzophenone imine, dichloromethane;

(b) [11C]H3I, TBAF, DMSO, room temperature (rt), 90 s; (c) NaOH aq., H2O, rt,

90 s; (d) HCl aq., H2O, rt, 90 s.

Fig.2 Transaxial PET images of mice bearing tumor xenografts (arrow-

heads indicate tumors) at 60－75 min post-injection of [11C]MALA.
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Fear and anxiety are both emotional reactions to real or antici-

pated threats, but are dissociable; fear is generally held to be a

reaction to an explicit threatening stimulus, whereas anxiety is

usually considered a more general state of distress, more long-

lasting, prompted by less explicit or more generalized cues. Al-

though these emotions are adaptive responses to negative situ-

ations, when the negative emotions become excessive, they fall

under a pathological state as observed in neuropsychiatric disor-

ders such as anxiety disorders and depression.

A large number of animal studies, mainly with rodents, have ex-

amined the neurobiological mechanisms of fear and anxiety, and

their key brain structures (e.g., amygdala and bed nucleus of stria

terminalis) and major target neurochemicals (e.g., benzodi-

azepine) were proposed. For a better understanding of the patho-

logical state and for developing treatments, non-human primate

models of fear/anxiety have been developed that exploit their ad-

vantages of a neurobiological proximity to humans, such as a de-

veloped prefrontal cortex, as well as similar physiological and be-

havioral responses to situational contexts as humans demon-

strate. However, objective and dissociable measures of fear and

anxiety in non-human primates have not been fully established.

Vocalization associated with anxiety and fear in the
common marmoset

Vocalization is one of the main channels of emotional expres-

sion and affective communication in non-human primates. The

marmoset, a New World primate, employs rich vocal repertoires

and vocal communication (Fig.1). To identify the vocalization in-

dex in relation to fear and anxiety, we examined vocalizations re-

sponses under conditions in which these negative emotions were

provoked [1].

Social separation has often been used as one of the experimen-

tal conditions that provoke anxiety in non-human primates, where

the absence of social members and exposure to unfamiliar envi-

ronments may lead to anticipated threats. We found that tsik-egg

calls were frequently vocalized, especially in the first session of

social separation, and they became less frequent as the sessions

progressed (Figs. 2A, B). The anticipated threat level was as-

sumed to be highest in the first session because the subjects did

not know whether they could return to their home cage safely until

Fig.1 Common marmoset.

Fig.2 Specific marmoset vocalizations were evoked depending on their

negative emotional state. A. Sonograms of two vocalizations, tsik-

egg and tsik. B. Number of tsik-egg vocalization as a function of

isolation session. C. Number of vocalization during pharmacologi-

cal test. D. Number of tsik calls during stimulus presentation test.

Modified form [1].
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the session ended. It was then likely to become lower as the sub-

jects were repetitively exposed to the same situation. This sug-

gests that vocalization of tsik-egg calls can be a behavioral or

emotional response to anxiety-provoking feature in our isolated

environment. The possibility was further tested in a pharmacologi-

cal test, in which the subjects were injected with the anxiogenic

drug FG-7142 and were isolated in the environment to which they

had already become habituated. FG-7142 is a partial inverse ago-

nist at the benzodiazepine allosteric site of the GABAA receptor

and it changes neural signaling in multiple functional circuits re-

lated to anxiety. We found that tsik-egg calls were specifically in-

creased by the treatments whereas other call types and behav-

ioral patterns were not different among treatments (Fig.2C). Col-

lectively, tsik-egg calls were specifically induced under isolation in

unfamiliar situations and with anxiogenic drug treatment, both of

which are anxiety-provoking conditions. The relative frequency of

tsik-egg calls may reflect the intensity of anxiety within the sub-

ject.

According to the clinical dissociation of fear and anxiety, con-

fronting a specific threat is considered as a fear-provoking situ-

ation. When marmosets were exposed to predatory photo stimuli,

tsik calls were significantly emitted (Fig.2D). This observation is

consistent with the previous studies reporting that tsik calls (i.e.,

tsik-tsik calls) were vocalized when marmosets were exposed to a

taxidermized predator (e.g., hawk, snake or wild cat), but not to a

non-predatory toy.

From these results, we conclude that marmosets dissociate to

vocalize tsik/tsik-egg calls under conditions related to fear/anxi-

ety. Conversely, these vocalizations allow us to infer negative

emotion in marmosets; tsik-egg solo vocalizations indicate anxiety

whereas mixed vocalizations indicate fear. Analyzing tsik-egg and

tsik calls may allow us to dissociate fear/anxiety of marmosets and

to understand the underlying biological mechanisms. Below we

show examples of neurophysiological and neurochemical investi-

gations.

Marmosets’ vocalization provides a valuable mean for
evaluation of anxiolytic drug efficacy

In order to test the sensitivity of the vocalization indices to an

anxiolytic substance, we examined the effects of diazepam on the

anxiety measures. Diazepam is an agonist at the benzodiazepine

allosteric site of the GABAA receptor, which possesses anxiolytic

properties and is commonly used to treat anxiety disorders. After

habituation in the isolation condition, acute injection of metham-

phetamine in marmosets (n = 2) produced the anxiety state, indi-

cated by a large number of tsik-egg vocalizations. This increase

of vocalizations was completely blocked by pretreatment with di-

azepam (Fig.3). This result demonstrates that vocalization index is

useful for evaluation of anxiolytic drug efficacy [2].

Fear-related brain activity measure by PET
Previous studies have identified the key brain structure for fear

and anxiety. For example, the amygdala is widely known as a fear-

related brain region. To confirm the brain circuit would be re-

cruited in the marmoset negative emotional model, 18F-labelled

deoxyglucose positron-emission tomography (FDG-PET) was

used to examine regional brain activity during a fear-associated

condition. A marmoset was injected with FDG immediately before

being put into the isolation condition. After either exposure to a

fearful stimulus or to a non-picture stimulus (anxiety- and fear-

provoking situations, respectively), the marmoset was anaesthe-

tized and placed in a high-resolution microPET scanner to meas-

ure the FDG uptake that occurred during the isolation. FDG is a

glucose analogue with a half-life of 110 min that is trapped by me-

tabolically active cells. We found that the activity of the amygdala

was 16% higher than in the control condition (Fig.4).

Summary
We developed a primate model of fear/anxiety, and selective

and sensitive behavioral indices for those two emotions. As de-

scribed here, analyzing tsik-egg and tsik calls allows us to disso-

ciate fear/anxiety of marmosets and to understand the underlying

biological mechanisms. A third study by another group also used

tsik/tsik-egg calls as one of the behavioral markers to dissociate

marmosets’ fear/anxiety state, and demonstrated the contribution

of prefrontal cortices to controlling negative emotions [3]. Tsik-egg

/ tsik vocalization analysis under contextual-induced or

pharmacological-induced negative emotion, combined with PET

imaging and neurochemical investigation, will provide a promising

avenue for addressing many intriguing questions regarding the

neural mechanism of fear/anxiety in primates, including the

search for novel anxiolytic drugs.

Fig.3 Marmosets’ vocalization provides a valuable means for evaluation

of anxiolytic drug efficacy. Treatment with the anxiolytic drug, diaze-

pam, blocked the production of tsik-egg vocalization evoked under

a methamphetamine-induced negative emotional state. Modified

from [2].

Fig.4 PET activation study using [18F]FDG during non-fearful control

(Control) and facing a fearful stimulus (Fearful). A metabolic activity

increase of about 16% was found in the amygdala.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative

disorder characterized by two pathological hallmarks, amyloid-β
peptide (Aβ) plaques and neurofibrillary tangles. In vivo non-

invasive detection of Aβ deposition with nuclear medicine tech-

nologies such as positron emission tomography (PET) and single

photon emission computed tomography (SPECT) is important for

diagnosis and treatment of AD at a prodromal stage, since fibril-

lary Aβ has already been accumulating in the brain for a few dec-

ades prior to the clinical onset of AD. In comparison with PET, ra-

dioisotopes used in SPECT, such as 123I (half-life: 13.22 h), have a

longer half-life and therefore enable longer-distance delivery of ra-

dioligands and less expensive operation, and more SPECT scan-

ners have also been installed for routine clinical examinations,

making SPECT more suitable for primary screening for prodromal

AD patients, especially in developing countries with large territo-

ries. In the present study, we newly developed a SPECT ligand,
123I-DRM106, and compared its performance with 11C-labeled

Pittsburgh compound B (11C-PiB), the most widely used PET

ligand for amyloid imaging, in the detectability of Aβ deposition in

living model mice with AD-like amyloid pathology.

Results
Radiosynthesis of Radioligands

123I-DRM106 was prepared by the reaction of its precursor with
123I-NaI in the presence of chloramine T (Fig.1). The radiolabelling

efficiency of 123I-DRM106 was 65-80% based on radio-TLC meas-

urement. The radiochemical purity was > 95% at the end of syn-

thesis and the theoretical value of the specific activity was 714

GBq/μmol.

In Vivo Imaging with 123I-DRM106 SPECT and 11C-PiB PET
To investigate the capability of 123I-DRM106 for in vivo detection

of amyloid deposition, we performed in vivo imaging with 123I-DRM

106 and 11C-PiB in the same mice and compared their quantita-

tive analysis results. The accumulation of 11C-PiB in the frontal/pa-

rietal cortex (CT) and hippocampus (Hip) regions enriched with

amyloid deposition was more abundant compared with that in

other brain regions in AD model (Tg2576) mice, while no regional

difference in radioactivity accumulation was detectable in age-

matched normal mice. In vivo images of 123I-DRM106 showed

great similarity to those of 11C-PiB except for more intense accu-

mulation in the cerebellum (CB) (Fig.2A). Quantitative image

analysis results showed significantly positive correlations between

amyloid depositions detected by these two radioligands (Fig.2B),

demonstrating that SPECT imaging with 123I-DRM106 has similar

binding property and sensitivity as PET with 11C-PiB in the living

brain of this model mouse [1].

Fig.1 Radiosynthesis of 123I-DRM106.

* Cited from J Nucl Med , 56, 120-126, 2015.
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Binding of 125I-DRM106 and 11C-PiB in Postmortem
Human Brain

To evaluate binding sites of 125I-DRM106 in AD brain, we com-

pared the in vitro autoradiographic images of 125I-DRM106 with
11C-PiB in AD brain sections containing the Hip and lateral tempo-

ral cortex (LTCx) regions. Both 125I-DRM106 and 11C-PiB showed

detectable specific binding in LTCx regions harboring numerous

plaques including dense-cored or neuritic plaques and diffuse

plaques, and in the hippocampal CA1 sector enriched with Aβ
deposition composed of numerous dense-cored or neuritic

plaques and a few diffuse plaques. The LTCx-to-CA1 ratio of DRM

106 binding was significantly lower than that of PiB (Fig.3), sug-

gesting that 125I-DRM106 might preferentially bind to the dense-

cored or neuritic plaques, closely associated with dysfunction of

neuronal synapses and neuron loss [1].

Conclusion
In this study, we have successfully captured Aβ deposition in a

living AD model mouse with a newly developed SPECT agent, 123I-

DRM106. 123I-DRM106 has a high potential for further clinical ap-

plications and, in fact, might preferentially capture the deposition

of dense-cored/neuritic plaques.

Fig.2 In vivo imaging with 11C-PiB and 123I-DRM106

A: Representative images a 28-month-old female Tg (Tg2576) and an age-

matched non-Tg littermate mouse brains, and in vivo images were overlaid

on the MRI template. B: Correlation of in vivo binding between 11C-PiB and
123I-DRM106

* Cited from J Nucl Med , 56, 120－126, 2015 with modification.

Fig.3 In vitro binding of 125I-DRM106 and 11C-PiB in postmortem brain Fluorescent coun-

terstaining of dense-cored/neuritic (yellow arrowheads) and diffuse (red arrow-

heads) plaques with FSB in CA1 and LTCx regions.

* Cited from J Nucl Med , 56, 120－126, 2015 with modification.
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