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Non-standard radionuclide production

for PET in Japan

Y. FUJIBAYASHI 1. 2, K. SUZUKI 2, T. FUKUMURA 2, T. MORI 1, S. KASAMATSU !

There is a limited number of non-standard positron
emission tomography (PET) radionuclides available in
Japan. At the present time, non-standard PET nuclides
(64Cu and 62Zn/62Cu generator) are available from a
medium energy cyclotron at the National Institute for
Radiological Sciences in Chiba, Japan. Targetry for a
small cyclotron has been installed on the cyclotrons of
the University of Fukui. The production and distribu-
tion of these radionuclides from these cyclotrons will be
described.

KEey worbps: Radionuclide generators - Radiopharmaceuticals -
Tomography, emission computed.

Ithough there are several medium and high ener-

gy cyclotrons in Japan, the majority of cyclotrons
utilized for radionuclide productions are installed at
commercial radiopharmaceutical companies (Nikon
Medi Physics and Fuji-film RI Pharma) and are not uti-
lized for the production of non-standard radionu-
clides. Interestingly, 123I radiopharmaceuticals are
available in Japan for routine clinical use and this
radionuclide appears to be more readily available
in Japan than in the United States. Only the AVF930
cyclotron at the National Institutes of Radiological
Sciences (NIRS) (Chiba, Japan) is used to produce
non-standard radionuclides for medical and other
life sciences research. At the University of Fukui, we
have developed targets on both the NKK super con-
ducting cyclotron and the Siemens RDS cyclotron to
produce %Cu. The target producing 64Cu is current-

Address reprint requests to: Y. Fujibayashi, Ph.D., D.Med.Sci.,
Biomedical Imaging Research Center, University of Fukui, 23-3,
Shimoaizuki, Matsuoka, Eiheiji-cho, Yoshida, Fukui, 910-1193, Japan. E-
mail: yfuji@fmsrsa.fukui-med.ac.jp
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ly being adapted to produce 77Br. It should be not-
ed that although there are over 100 small cyclotrons
installed in Japan for the production of positron
emission tomography (PET) radiopharmaceuticals,
only the University of Fukui is actively involved in
cyclotron research producing non-standard PET
radionuclides.

Production and distribution of 62Zn/62Cu
generator at at the National Institutes of
Radiological Sciences

Zinc-62 is routinely produced by the bombardment
of a natural copper target with 18.6 MeV protons. The
target system utilized is shown in Figure 1. After bom-
bardment, the irradiated target is transferred to a hot
cell using a monorail transport system and added to
the 62Zn purification system shown in Figure 2. The
purified 62Zn (yield >95% radionuclidic purity 3 h after
bombardment) can be loaded on up to 4 cation
exchange Sep-Pak plus Accell CM cartridges using
the loading module shown schematically in Figure
3.1 After the appropriate quality control the generators
can be shipped up to 4 research institutions. Typical
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Cooling gas
(He: -20°C)

Cu targots

Beam

Cooling
water

Collimator

Figure 1.—Irradiation targets utilized

i on the AV AVF930 cyclotron at the
Irradiation port National Institute for Radiological
’ Sciences in Chiba, Japan.

{73 2-way manual valve
£941 3-way manual valve
@ 2-way solenoid valve
&) 3-way solenoid valve A: c-HNO,, c-HCl, pure H,0
.| B: 2N HOI

| c.eion

D: Pure H,O

Outside of hot cel
Inside of hot cell

Dissolution
vessel

Ion exchange column
Anion exchange resin

627 n Dispensing
apparatus

Figure 2.—System utilized for the separation of 62Zn at the National Institute for Radiological Sciences cyclotron in Chiba, Japan.
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Hot cell no.2 f_% Preumatic —d—j Pneumatic
: syringe
N

v 2-way solenoid valve
@ 3-way solenoid valve
- Radiation sensor

Reservoir EtOH

62Zn
solution

Waste

Lead shielded ~
generator container

Small door

Figure 3.—Schematic of the system utilized to produce 62Zn/62Cu generators at the National Institute for Radiological Sciences in Chiba, Japan.

Cyclotron 1

Figure 4.—Cyclotrons (JFE and
Siemens RDS) utilized to produce
non-standard radionuclides at the
University of Fukui.
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64Ni (95%) target preparation by electrodeposition

64NiO was dissolved by nitric acid

v
Evaporated to dryness
v
Residue was dissolved in conc. H,SO,
v
Diluted with deionized water
and evaporated to almost
dryness (3 times)

v

The pH was adjusted to 9

with conc. amonium hydroxide

v

Ammonium sulfate was added

v

64Ni was electroplated on gold disk

Electro deposition cell

%

Figure 5.—Methodology used for the
reparation of the enriched nickel tar-
get at the University of Fukui.

Figure 6.—Photograph of the purification system at the University of
Fukui.

specifications for the generators are: generator activ-
ity (15 h post-end of bombardment [EOB]) 450-600
MBq; elution efficiency (62Cu eluted) >90%; Cu?*
radionuclidic purity >99%; metal impurities present
<0.2 ppm Cu?*; <0.5% ppm; Zn?*; Co%*; Ni?*. The gen-
erator eluate has been shown to be sterile and pyro-
gen free. The 62Cu eluted from this generator is being
utilized for research at several institutions including
NIRS, The University of Fukui, Yokohama City
University and the National Cancer Center at Kashiwa,

Vol. 52 - No. 2
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Copper-62 ATSM has been studied in humans and
the results published.2

Solid targets for positron emission
tomography cyclotrons

Through a collaboration with the University of Fukui
and Siemens (former CTI), a solid target system for
self-shielded small cyclotrons has been developed
(Figure 4). This target can be mounted inside the
shield of the self-shielded cyclotron and the metal
disk plated with the material to be irradiated auto-
matically loaded and unloaded from the holder. A
small tunnel has been installed under the cyclotron to
allow the removal of the target.

In order to produce ¢4Cu, 64Ni is electroplated on
a gold disk (Figure 5)3 in a manner similar to that ini-
tially developed at Washington University in St.
Louis, MO, USA.4 After irradiation, the target disk is
transferred to a hot cell containing an automated
copper purification system (Figure 6) developed by
the group at Fukui. This system consists of dispos-
able syringes, valves, tubing and a preloaded ion
exchange column, which allows the separation of
the 64Cu effectively and automatically. To date over
150 mCi of 64Cu (100 pAh bombardment) has been
prepared for basic research studies. The target sys-
tem and separation system can, of course, be direct-
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ly applied for the production of the other short-
lived copper radionuclides, 60Cu and $1Cu.5 The
group at Fukui is currently developing copper
selenide targets initially for the production of 77Br
and ultimately for the production of 76Br.

Conclusions

At present, the non-standard PET radionuclides dis-
cussed in this issue of the Quarterly Journal of Nuclear
Medicine have limited availability in Japan. The
methodology production of these radionuclides both
on medium energy cyclotrons, such as the one at
NIRS, and on small PET cyclotrons, such as the one at
Fukui, have been developed and are in use in these
institutions. The research utilizing these radionuclides
both in Japan and throughout the world showing the
usefulness of these non-standard PET nuclides is
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increasing dramatically and we predict that more
application of these nuclides both to basic and clini-
cal research will be carried out in Japan.
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Abstract

Background: We studied the regional characteristics within tumor masses using PET tracers and immunohistochemical methods.
Methods: The intratumoral distribution of ®*Cu-diacetyl-bis(N4-methylthiosemicarbazone) ([**Cu]Cu-ATSM) and ['*F] 2-fluoro-2-
deoxyglucose ("®F]FDG) in mice with tumors of four different origins (LLCI, Meth-A, B16 and colon26) was compared with the
immunohistochemical staining of proliferating cells (Ki67), blood vessels (CD34 or von Willebrand factor), and apoptotic cells (terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling method).

Results: With all cell lines, [**Cu]Cu-ATSM and ['®FJFDG were distributed with different gradation in the tumor mass. The
immunohistochemical study demonstrated that the high [**Cu]Cu-ATSM uptake regions were hypovascular and consisted of tumor cells
arrested in the cell cycle, whereas the high ['*F]JFDG uptake regions were hypervascular and consisted of proliferating cells.

Conclusion: In our study, it was revealed that one tumor mass contained two regions with different characteristics, which could be
distinguished by [**Cu]Cu-ATSM and ["®F]FDG. Because hypoxia and cell cycle arrest are critical factors to reduce tumor sensitivity to
radiation and conventional chemotherapy, regions with such characteristics should be treated intensively as one of the primary targets.
[®*Cu]Cu-ATSM, which can delineate hypoxic and cell cycle-arrested regions in tumors, may provide valuable information for cancer
treatment as well as possibly for treating such regions directly as an internal radiotherapy reagent.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Cu-ATSM; FDG; Hypoxia; Immunohistochemistry; Cancer imaging

1. Introduction regions within a tumor mass [3-5]. ['®F] 2-Fluoro-2-
deoxyglucose (['®FJFDG) is widely used as a tracer of
R glucose uptake by tumors. Recent studies have indicated that
therapy and some chemotherapy. In ac!dmon, it increases ['*F]FDG uptake is increased in hypoxic cells in culture and
tumor aggressiveness, metastatic poteqtlal, and angiogene- in hypoxic regions within tumor xenografts [6-8]. This
sis, Whlc}‘.l lead to mallgnant. progression [1,2]. Tberefore, suggests the possibility that PET with ['®FJFDG could
the detection of tumor hypoxia is important to predict tumor provide information about hypoxia in tumor and that the
malignancy and to determine a medical treatment plan. intratumoral distribution of ["*FJFDG and [**Cu]Cu-ATSM
Cu-diacetyl-bis(N4-methylthiosemicarbazone) (Cu- might show some similarity. However, in our previous study,
ATSM) is reduced and trapped in cells under hypoxia, but in which [**Cu]Cu-ATSM and ['®*F]FDG were coinjected into
not under normoxia. Whenﬁ(l)abelgld Wlts}; a positron-emitting rabbits with a VX2 tumor, there was a significant difference
radxolsotc?pe ofCu, such as ""Cu, *"Cu, ""Cuor Cu, it works between the intratumoral distribution of [**Cu]Cu-ATSM and
as a PET imaging agent to detect hypoxic tumors and hypoxic ['"*F]FDG: [**Cu]Cu-ATSM was highly accumulated at the
edge of the tumor, whereas ["®F)JFDG was highest inside the
—— . 64 . . .
* Corresponding author. Tel.: +81 776 61 8491; fax: +81 776 61 8170. highest [*"Cu]Cu-ATSM region, although it was fog‘?d inall
E-mail addresses: wplants@mac.com (T. Tanaka), areas [9]. This indicated that the uptake patterns of [*"Cu]Cu-
yfuji@fmsrsa.fukui-med.ac.jp (Y. Fujibayashi). ATSM and [ISF]FDG into tumor cells are different.

Tumor hypoxia is associated with resistance to radio-

0969-8051/3 — see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.nucmedbio.2006.05.005
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In this study, we first verified whether the different
intratumoral accumulation pattern of [**Cu]Cu-ATSM and
['®F]FDG is a common phenomenon shared by different
types of tumors. We selected four mouse tumor cell lines of
quite different origin to make tumor masses and studied the
intratumoral distribution of [**Cu]Cu-ATSM and ['®FIFDG
using similar methods to the previous study [9]. Second,
we examined the tumors immunohistologically, focusing on
microblood vessels and proliferating cells that represent the
source of the supply and consumption of oxygen, respective-
ly. The abundance of apoptotic cells, which has been reported
to increase under hypoxia [10-12], was also examined. We
compared regions with high [**Cu]Cu-ATSM and ['®FIFDG
uptake and revealed the relationship between the regional
characteristics and accumulation of the two tracers.

2. Materials and methods

2.1. Tracers

84Cu was produced on a small biomedical cyclotron at
the Biomedical Imaging Research Center in the University
of Fukui, Japan, according to a published method [13].
[**Cu]Cu-ATSM was synthesized by mixing 200-mM
glycine buffer containing **Cu and H, ATSM in dimethly
sulfoxide (1:100 by molar ration), as described previously
[3]. The radiochemical purity of synthesized [**Cu]Cu-
ATSM was >99%, evaluated by HPLC (LC-10ADVP;
Shimadzu, Kyoto, Japan) using a reversed phase column
(Cosmosil SC18-AR, 4.6x50 mm+4.6Xx150 mm; Nacalai
Tesque, Kyoto, Japan) [14]. ['®F]FDG was synthesized by
the method of Hamacher et al. [15] with an automated ['®F]
FDG synthesizing system (JFE, Tokyo, Japan). The specific
activity of [**Cu]Cu-ATSM was 56 GBg/umol, and that of
['8F]JFDG was 20 to 50 GBg/umol.

2.2. Animal models

Mice were treated in accordance with the animal
treatment regulations of the University of Fukui throughout
the experiments. The four mouse tumor cell lines used were
B16 (melanoma), Meth-A (sarcoma), colon26 (adenocarci-
noma) and LLC1 (Lewis lung carcinoma). Male mice,
CS57BL/6 and BALB/C, were obtained from Japan SLC
(Shizuoka, Japan) at 6 weeks old and 20 to 25 g of body
weight. The tumor cells, approximately 1x10’ cells
suspended in PBS, were injected into the hypodermis.
B16 and LLC1 were implanted into C57BL/6, and Meth-A
and colon26 into BALB/C mice. Three mice per cell line
were prepared.

2.3. Autoradiography

At 4 weeks after the implantation of tumor cells, each
mouse was injected intravenously with 74 MBq (2 mCi)
["®F]FDG and 0.37 MBq (10 uCi) [**Cu]Cu-ATSM. Sixty
minutes after the injection, the mice were sacrificed and
the tumors were removed. The removed tumors were

immediately covered with optimal cutting temperature
(OCT) compound and frozen in methanol cooled with dry
ice. They were divided into sections, and the cutting surfaces
were flattened using a cryostat (Cryocut 1800, Leica, Wetzlar,
Germany), then subjected to dual-tracer autoradiography {4].
["®F]FDG images were acquired over 3 min, exposing the
frozen sections to an imaging plate (BAS-MP 2040S; Fuji
Photo Films, Japan) in a freezer. The imaging plate was
scanned with a bioimaging analyzer (BAS-1500; Fuji Photo
Films). After waiting 40 h for 18F decay, [**Cu]Cu-ATSM
images were acquired over 45 h and the imaging plate was
scanned. The distributions of [ *F]JFDG and [**Cu]Cu-ATSM
were visualized by Mac-BAS v2.52 software (Fuji Photo
Film). The contribution of **Cu radioactivity to the FDG
image (the first autoradiography) was estimated to be around
1%, and the contribution of '®F radioactivity to the Cu-ATSM
image (the second exposure) was less than 0.1%. In each
tumor section, the highest photostimulated luminescence
region was classified as 100%, and the background was 0%.
The 0% to 100% range was divided into four parts and
colored red (75-100%), orange (50-75%), green (25-50%)
and blue (0-25%), and the background was black. The
colored image was saved in true color TIFF format.

2.4. Immunohistochemical staining

The frozen blocks used for the double tracer autoradiog-
raphy were thawed, fixed in 10% neutral-buffered formalin
and embedded in paraffin. The sections used for the
immunohistochemical staining were made from the region
within 50 um from the surface exposed for autoradiography.
After **Cu decay, immunohistochemical staining was
carried out to detect proliferating cells, blood vessels and
apoptotic cells using 2-pm-thick serial paraffin sections.

2.4.1. Proliferating cells

Ki67 is a nuclear protein expressed at all active phases of
the cell cycle (G,, S, G, and mitosis) with the highest
expression in the Go/M phase, but it is absent from the resting
cells (Gy). The proliferating cell fraction can be determined
immunohistochemically by using antibodies against Ki67
[16]. The sections were deparaffinized and rehydrated to
detect proliferating cells, then endogenous peroxidase was
blocked by 3% hydrogen peroxide. Antigen retrieval was
carried out by microwaving for 25 min in 10-mM citrate
buffer at pH 6. Nonspecific stain-blocking reagent (X0909,
Dako Cytomation, Glostrup, Denmark) was applied for
20 min at room temperature (RT). The sections were then
incubated overnight at 4°C with rat monoclonal antimouse
Ki67 antigen antibody (M7249, Dako Cytomation) in 1:50
dilution with PBS. After washing with PBS, the sections were
incubated with rabbit antirat biotinylated secondary antibody
(E0468, Dako Cytomation) in 1:200 dilution with PBS for
30 min at RT, then incubated with streptavidin conjugated to
horseradish peroxidase (streptavidin-HRP, K0673, Dako
Cytomation) for 30 min at RT. Finally, the sections were
incubated with 3,3’ -diaminobenzine tetrahydrochloride
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Cu-ATSM
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Cu ATSM

B. Meth-A

Cu-ATSM

Cu ATSM

Back 0-25% 50-75%
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Fig. 1. Representative intratumoral distributions of BEDG and **Cu-ATSM in the tumor mass of LLC1(A), Meth-A(B), B16(C) and colon26(D) are shown.
Autoradiographic images of '®FDG and **Cu-ATSM were made from the same section.

solution (DAB Liquid System, Dako Cytomation) until
suitable staining developed, then the nuclei were slightly
counterstained with hematoxylin.

2.4.2. Blood vessels

CD34 is a cell glycoprotein expressed in the endothelial
cells of small blood vessels [17]. To detect blood vessels in
the sections, we used anti-CD34 antibody for B16 and
colon26 tumors. The sections were deparaffinized and
rehydrated, and endogenous peroxidase was blocked as
described above. Antigen retrieval was performed for
15 min, and nonspecific staining was blocked as above.
The sections were then incubated overnight at 4°C with rat
antimouse CD34 antibody (HM1015; Hycult Biotechnolo-
gy, Netherlands) in 1:20 dilution with PBS. After washing
with PBS, the sections were incubated with rabbit antirat
biotinylated secondary antibody (Dako Cytomation) in
1:100 dilution with PBS for 30 min at RT, and then
incubated with streptavidin-HRP for 30 min at RT. The
detection of peroxidase activity and the counterstaining
were performed as described above.

von Willebrand factor (vWF) is synthesized by endothe-
lial cells [18] and used for blood vessel staining. Because
the anti-CD34 antibody did not work with Meth-A and
LLC1 tumor sections because of high background staining,
we used anti-vWF antibody for microvessel staining with
Meth-A and LLCI tumors. The sections were treated as
described for CD34 staining, then incubated overnight at
4°C with polyclonal rabbit antimouse vWF antibody
(A0082, Dako Cytomation) in 1:500 dilution with PBS.
After washing with PBS, the sections were incubated with
goat antirabbit immunoglobulin conjugated to peroxidase-

labeled dextran polymer (Dako EnVision+, K4002, Dako
Cytomation) for 30 min at RT. The peroxidase activity and
the counterstaining were detected as described above.

2.4.3. Apoptotic cells

To evaluate apoptosis, we used a commercially available
kit (ApopTag Peroxidase Kit, S7100; Chemicon, Temecula,
CA), which uses the terminal deoxynucleotidyltransferase
(TdT)-mediated dUTP nick end labeling method [19].
Briefly, after sections were deparaffinized and rehydrated,
and endogenous peroxidase was blocked by 3% hydrogen
peroxide, the sections were incubated with proteinase K
(Wako, Japan) in 1:50000 dilution with PBS for 30 min at
30°C. After rinsing with PBS, the sections were incubated
with equilibration buffer at RT for 13 min, then with TdT
enzyme and reaction buffer, and mixed at a 3:7 ratio, at
37°C for 60 min. The sections were then steeped in stop-
wash buffer, prepared at 1:35 dilution with PBS, at 37°C for
30 min. After washing with PBS, the sections were
incubated with anti-digoxigenin-peroxidase at RT for
30 min. Peroxidase activity and counterstaining were
detected as described above.

2.5. Image analysis

Whole images of the serial sections stained for Ki67,
CD34, vWF and apoptosis were captured by a scanner
(Epson GT-8500) and saved in JPEG format. Composite
images were made using Adobe Photoshop to compare the
autoradiographic images with those of the stained sections.
[**Cu]Cu-ATSM and ['®FJFDG images were stacked in
layers above the images of stained sections and made
translucent. A composite image was made for each tumor
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Fig. 2. Examples of immunohistochemical staining for CD34 (A, B), Ki67 (C, D) and Tunel (E, F) in colon26 sections at X200. Panels A, C and E show
regions with the highest '®FDG accumulation. Panels B, D and F show regions with the highest *Cu-ATSM accumulation. Arrows indicate blood vessels (13
vessels) in panel A; single endothelial cells, which do not constitute the vessel, in panel B; and proliferating cells (198 cells) in panel C. Few proliferating cells
(O cells) are seen in D. In E, the arrow indicates necrosis. Few apoptotic cells are seen in E. In F, arrows indicate apoptotic cells (50 cells).

mass, and three composite images were quantified for each
cell line. In each composite image, three areas from the
region of each color for [®**Cu]Cu-ATSM and ['®F]FDG
were analyzed. Digital images of the area (0.31 mm?) were
obtained at X200 magnification using a microscope
(Olympus BX50) mounted with a CCD camera and
connected to a Windows computer. Proliferating cells,
microblood vessels and apoptotic cells were counted
manually on the computer monitor. The numbers of
positively stained cells or microvessels in the nine areas

(three areas from one section, one section from one mouse
and three mice for one tumor cell line) were averaged for
each different color indication level of [**Cu]Cu-ATSM and
['®FIFDG accumulation.

2.6. Statistical analysis

Statistical analyses were performed with StatView
software, Version 5.0. For comparison, the determination of
correlation coefficients and the Mann—Whitney U test were
applied. P < .05 was considered as statistically significant.
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3. Results

3.1. Intratumoral distribution of ['®FJFDG and
[**CujCu-ATSM

To analyze the intratumoral distribution of ['*FJFDG and
[64Cu]Cu—ATSM, we performed dual autoradiography with
implanted mouse tumors of different origins. The represen-
tative images are shown in Fig. 1. [**Cu]Cu-ATSM mainly
accumulated at the edge of the tumors, and no accumulation
was seen in the center where the cells were necrotic. On the
other hand, the highest uptake region of ['*F]JFDG was seen
inner adjacent to that of [**Cu]Cu-ATSM. The highest

T. Tanaka et al. / Nuclear Medicine and Biology 33 (2006) 743-750 747

regions of ['®F]FDG and [**Cu]Cu-ATSM, colored red,
were distributed differently in all sections studied.

3.2. Microvessel density

To assess microvessel density (MVD), we counted the
number of blood vessels per view in each region differen-
tially colored according to the tracer accumulation. In the
highest ['®F]JFDG regions, abundant vessels were spreading
into the tumor tissue and seemed to be functioning as blood
vessels (Fig. 2A). Tumor cells near the vessels contained
large and round nuclei, but small necrotic regions were
frequently observed some distance from the blood vessels.
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Fig. 3. These graphs show the number of blood vessels, proliferating cells and apoptotic cells compared with the intratumoral distribution of BEDG/**Cu-
ATSM. Three tumor sections were quantified for each cell line. Each point represents the average of positively stained cells in nine views from each region
classified by the degree of "EDG or ®*Cu-ATSM accumulation. There were approximately 2000 tumor cells in the microscope view. Statistical analyses were
performed by summarizing four cell lines (**P < .01, *P< .05, ns indicates not significant).
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The vessel count in the highest uptake region of [**Cu]Cu-
ATSM was remarkably less than that of ['*F]FDG, but there
was no necrosis, and abundant viable tumor cells were seen
(Fig. 2B). The tumor cells in the highest [**Cu]Cu-ATSM
region had smaller nuclei and lower chromatin concentra-
tion compared with the highest ['*F]JFDG region.

The relationship between MVD and the accumulation of
two tracers in each tumor mass are shown in Fig. 3A and B,
in which each point represents the mean of nine blood vessel
counts from each region. Each graph summarizes the data of
144 views in 48 regions from 12 tumor sections. Positive
correlation was found between ['®F]JFDG and MVD in all
four tumor cell lines (Fig. 3A). On the other hand, the
number of vessels decreased with the increase in [**Cu]Cu-
ATSM uptake, excluding the lowest [**Cu]Cu-ATSM
uptake region (Fig. 3B). In all cell lines except colon26,
the MVD was very low in the lowest [**Cu]Cu-ATSM
region, where most tumor cells were necrotic with a
shrunken nucleus. For colon26, MVD was relatively high
compared with the other tumors in the lowest [**Cu]Cu-
ATSM region, which contained abundant blood vessels and
viable tumor cells.

3.3. Cell proliferation

To evaluate cell proliferation in each section, we
performed Ki67 immunohistochemistry. Positive nuclear
staining of Ki67 in tumor cells was abundantly observed in
the highest ['*F]JFDG region, but it was hardly observed in
that of [**Cu]Cu-ATSM (Fig. 2C and D). Similar to MVD,
the number of Ki67 positive cells increased with ['*F]FDG
uptake (Fig. 3C) and decreased with [**Cu]Cu-ATSM
uptake (Fig. 3D). Cell proliferation was active in the lowest
[**Cu]Cu-ATSM region only in the colon26 sections.

3.4. Apoptosis

To assess apoptosis, we used an ApopTag Peroxidase
Kit to stain the sections, and the number of apoptotic cells
was counted. In the highest ['®FJFDG region, few apoptotic
cells were observed (Fig. 2E). The regions in which tumor
cells with shrunken nuclei gathered were not stained,
indicating that the regions were necrotic, not apoptotic. In
the highest uptake region of [®*Cu]Cu-ATSM, more
apoptotic cells were seen compared with the ['*FJFDG
region (Fig. 2F), although the number of apoptotic cells was
less than 1% of all tumor cells. A positive correlation was
found between the apoptotic cell number and [**Cu]Cu-
ATSM accumulation (Fig. 3F), but no correlation was found
between the apoptotic cell number and ['®FJFDG accumu-
lation (Fig. 3E).

4. Discussion

In this study, we demonstrated that [**Cu]Cu-ATSM and
['®FIFDG were distributed with different gradation of the
tumor mass from all four mouse tumor cell lines (Fig. 1). At
the macroscopic level, the tumor cells of LLCI and colon26

formed a concentric circular shape around the necrosis, with
the highest [%*Cu]Cu-ATSM uptake seen in the outer region
and the highest ['*F]FDG uptake in the inner region of the
sections (Fig. 1A and D). On the other hand, with Meth-A
and B16, the tumor cells tended to form multiple tubercular
shapes when the tumor size increased and the section
diameter exceeded 2 cm. In these sections, [MCu]Cu-ATSM
was found at highest in the outer region of the tubercles, and
['®F]FDG was found at highest in the inner region of the
tubercles bordering the region accumulating [*Cu]Cu-
ATSM (Fig. 1B and C). Thus, it seemed to be a
phenomenon shared by various tumors that ['®F]FDG and
[®*Cu]Cu-ATSM were accumulated with different gradation,
forming a unique pattern of a high [**CuJCu-ATSM region
surrounding a high ['"®F]FDG region within a tumor mass.

In the high ['®F]FDG region, MVD was high and
abundant proliferating cells were observed (Fig. 2A and C).
A positive correlation was found between ["®F]FDG accu-
mulation and the number of proliferating cells (Fig. 3A). The
high ['®F]FDG regions seemed to be under normal oxygen
tension, because MVD was quite high and [**Cu]Cu-ATSM,
a hypoxic marker, did not accumulate in these regions. These
findings indicate that ['*F]JFDG was mainly taken up by
proliferating tumor cells, which are not so hypoxic that
[**Cu]Cu-ATSM will accumulate. In these regions, cell death
was mainly from necrosis, which could be caused by
environmental aggravation. Because of the abnormality of
tumor vasculature and very active cell proliferation, severe
disturbance to the microcirculation and oxygen supply would
occur, leading to tumor cell death at some distance from the
vessels. Tumor cells in the high ['®F]FDG region seemed to
have characteristics specific to malignant tumors, in which
tumor cells proliferate without limit until they die. However,
there are data by Pugachev et al. [20] that suggest that the
higher FDG uptake was indicative of tumor hypoxia, but
neither blood flow nor cellular proliferation, with the nude
mice bearing Dunning prostate tumor. There are also several
articles supporting the positive correlation between FDG
uptake and blood flow in experimental and clinical settings
[21-23]. The discrepancy can be resulted from the difference
in the tumor types, difference in the techniques to evaluate the
vascularity or blood flow (perfusion by Hoechst, microvessel
density and O-15 H,O, etc.), difference in the resolution of
the images or difference in some other conditions.

In the highest [**Cu]Cu-ATSM regions, MVD was very
low and few proliferating cells were observed (Fig. 2B
and D). A negative correlation was found between MVD
and [**Cu]Cu-ATSM accumulation (Fig. 3B), in agreement
with the hypothesis that [®*Cu]Cu-ATSM accumulates in
hypoxic regions. These regions had few necrotic cells and
mostly consisted of viable tumor cells whose nuclei were
uniform but smaller than those found in the highest
['®FJFDG regions. It has been reported that some tumor
cells survive hypoxia in environmental aggravation but are
arrested in the Gy or G, phase [24,25]. There seem to be
similarities between surviving tumor cells and cells in the
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highest [**Cu]Cu-ATSM region. The high [**Cu]Cu-ATSM
region can be described as hypovascular, and the cell cycle-
arrested region is where oxygen consumption and glucose
metabolism are reduced and tumor cells quietly wait for the
environment to improve. In addition, a positive correlation
was found between [**Cu]Cu-ATSM accumulation and the
number of apoptotic cells (Fig. 3F). It should be noted that
the number of apoptotic cells in the highest [**Cu]Cu-
ATSM region, even where apoptotic cells were most
frequently observed, was less than 1% of all tumor cells,
although it was reported that hypoxia can induce apoptotic
cell death in tumor cells [10-12]. Tumor cells in the high
[**CuJCu-ATSM region seem to have atypical character-
istics similar to malignant tumors: they can maintain self-
control. They respond to environmental changes and stop
cell proliferation, and when they die, they die of apoptosis, a
programmed cell death.

In our study, it was revealed that there are regions
containing cells of different phenotypes in the same tumor
mass, which can be distinguished using PET tracers
['*F]JFDG and [®*Cu]Cu-ATSM. As the tumor mass is
formed by cells from a single cell line, different phenotypes
should have resulted from adaptation to the intratumoral
microenvironment, such as hypoxia and malnutrition. Ra-
diotherapy and some chemotherapy are effective in malig-
nant tumors against normoxic and actively dividing cells, but
are less effective against cells with ow oxygen tension and
arrested cell cycle [26,27]. Our study implies that tumor cells
in the high ['®F]JFDG region are sensitive to therapy, but
those in the high [**Cu]Cu-ATSM region are resistant.

It was also interesting that lone endothelial cells
were often detected in the highest [**Cu]Cu-ATSM regions
(Fig. 2B). Hypoxia induces angiogenic factors such as
vascular endothelial growth factor and platelet-derived
endothelial cell growth factor [28,29]. If endothelial cells
grow and form functional blood vessels, the environment in
this region will be improved and tumor cells may start to
proliferate. It has been reported that, after reoxygenation,
tumor cells adapting to chronic hypoxia resume cell cycle
progression with acquired resistance against radiation and
anticancer drugs [30-32]. Tumor cells in the high [**Cu]Cu-
ATSM region are highly likely to turn into such death-
resistant cells.

Our study indicated that the high ['®F]FDG region is
where tumor cells actively proliferate and should receive
immediate anticancer treatment, whereas the high [**Cu]Cu-
ATSM region is likely to be less sensitive to conventional
antitumor treatment and needs more intensive and aggres-
sive therapy. In a clinical PET study with [*°Cu]Cu-ATSM,
tumors with high [*°Cu]Cu-ATSM accumulation responded
poorly to therapy, and such tumors tended to develop local
recurrence and lymph node metastasis [33,34]. Those
reports confirm the ability of [*®Cu]Cu-ATSM PET to
predict the tumor response to therapy and the prognosis,
and support our view that the high Cu-ATSM region
responds poorly to conventional therapy and needs aggres-

sive treatment. As an intensive radiotherapy to the hypoxic
region, hypoxia imaging (Cu-ATSM)-guided intensity-
modulated radiation therapy has been performed for head-
and-neck cancer patients [35]. Higher doses of radiation
to the hypoxic region can overcome hypoxic resistance
and increase the anticancer effect with minimal normal
tissue complications.

Cu-ATSM itself has potential as an intemal radiotherapy
agent directly targeting such hypoxic and cell cycle-arrested
regions when labeled with B -emitting radioisotopes such
as %*Cu or ®’Cu. In animal models with a tumor, [**Cu]Cu-
ATSM could improve the survival time without acute
toxicity [36,37). When a sufficient radiation dose of
[**Cu]Cu-ATSM was taken up into the tumor cells,
apoptotic cell death was induced because of DNA damage
by radiation from ®Cu inside the cells [38]. Because the p~
particle, the main cytotoxic agent of 84Cu, penetrates tissue
to several hundred micrometers, the cytotoxic effect of **Cu
expands to neighboring cells, which will increase the
anticancer effect.

5. Conclusion

Both ['®F]JFDG and [**Cu]Cu-ATSM provide important
information about tumors, although the accumulation of
each tracer indicates different characteristics of the tumor
tissue. Information on the regional characteristics of tumors
by [**Cu]Cu-ATSM and ['®F]JFDG PET will enable us to
make finely tuned and effective treatment plans for tumors,
especially when they are hypoxic and resistant to conven-
tional therapy.
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