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Fig. 7 Extracellular Zn* levels in the cortex during MCAO.
Data are expressed as the mean + S.D. *p < 0.05 for significantly different from the pre-ischemic level (Dunnett’s test).

course is consistent with that of glutamate. At the peak,
the extracellular zinc concentration was about twice the
basal level, in contrast with the amount of glutamate
which increased about 50 fold. These results suggest that,
the concentration of zinc released during MCAO could
not reach a toxic level. In this model, intracerebroven-
tricular (i.c.v.) injection of Ca-EDTA 30 min prior to oc-
clusion, accelerated the increasc of infarction volume
(Fig. 8). N-(6-mcthoxy-8-quinolyl)-p-toluenesulfonami-
de (TSQ) staining revealed that there no zinc accumu-
lated in the infarcted area or at its boundary. These re-
sults suggest that, in the rat MCAO model, the zinc re-
leased from synaptic vesicles may provide protection
against ischemic neuronal injury. These results suggest
that the effect of zinc on ischemic neuronal death differs
depending on the ischemic region or severity.

2.2.2. Development of a highly membrane perme-
able zinc complex providing protection
against ischemic neuronal injury

As shown in 2.2.1, Zn** blocks NMDA-induced depo-
larizing currents and protects cultured cortical necurons
from the NMDA receptor-mediated ncurotoxicity of glu-
tamate. The results suggested the potential usefulness of
zinc for the prevention of ischemic ncuronal damage in
the brain.

The basic requirements for therapeutic drugs to effec-
tively prevent ischemic neuronal damage in the brain in-
clude high membrane permeability resulting in a rapid
and significant uptake in the brain and protective action
against glutamate’s toxicity. However, Zn** does not
readily permeate the blood brain barrier due to its high
polarity [29]. Thus, a zinc compound that can cross cell

300
[ }Saline
~ 250 -
T [F]Cca-EDTA
E 200
g -Zn-EDTA
2 150
(@]
>
B 100 |
O
b1 *
= 50 |
0 1

3hbr

6 hr 24 hr

Fig. 8 Effect of Ca- and Zn-EDTA on the development of infarcted areas after MCAO.
Data are expressed as means = S.D. (n= 3- 5). *P< 0.01 for significantly different from the saline-treated group (Dun-

nett’s test).
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Uptake was expressed as % dose/ g of tissue at 1 h post-injection of radiolabeled compounds into mice.

membranes and provide protection against NMDA
receptor-mediated glutamate neurotoxicity, would seem
to be a therapeutic drug for the prevention of ischemic
neuronal damage.

Our previous studies demonstrated that bis(thiosemi-
carbazone) (BTS) derivatives formed stable chelates with
divalent cations like copper and zinc ions, and that cer-
tain BTS complexes of Cu™ were readily distributed in
cerebral tissues because of greater membrane permeabil-
ity [30-34]. Thus, we synthesized several Zn-BTS
chelates and assessed their biodistribution, especially
their uptake into the brain. It was found that the uptake
basically increased along with the lipophilicity of the
compound and, among the zinc complexes tested, the 2,3
-butanedione bis(N-dimethylthiosemicarbazonato) zinc
complex (Zn-ATSM;) displayed the highest cerebral
level, 2.7-fold that of Zn** at 1 h post-injection (Fig. 9)
[31]. No adverse effect on behavior was observed after

the administration of these zinc compounds [35].

The protective effect of Zn-ATSM: on the neurotoxic-
ity of glutamate was examined in cultured retinal neurons
and compared with that of Zn** because the retina is rich
in glutamatergic neurons [36]. Glutamate treatment
markedly reduced cell viability and the addition of Zn*
markedly reversed this tendency. Zn-ATSM. provided
protection against this neurotoxicity and the effect was
similar to that of Zn’', whereas the ligand, ATSM., did
not affect cell viability (Fig 10) [37].

Furthermore, we examined the effects in vivo of sys-
temically administered Zn-ATSM; on ischemic neuronal
injury using the rodent model. Compared with the con-
trol group, the infarct volume in the Zn-ATSM.-treated
groups 30min before the onset of occlusion and immedi-
ately after reperfusion, was significantly reduced. Fur-
thermore, no morphological or physiological alterations
were observed after the injection of Zn-ATSM.. Thus, Zn
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Fig. 10 The effects of Zn-ATSM., Zn’" on glutamate-induced retinal neurotoxicity.
Neurotoxicity was induced by 1 mM glutamate (Glu). *P < 0.05 vs. Group treated with glutamate (Student’s t-test).

Values are the mean + SEM. (n = 5).
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-ATSM: with good ability to permeate the blood-brain
barrier, had protective effects on the brain when systemi-
cally administered early in a model of temporary focal
ischemia.
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Abstract

Introduction Increased '®F-fluorodeoxyglucose (FDG) uptake
in inflammatory lesions, particularly in granulomatous inflam-
mation (e.g., sarcoidosis), males it difficult to differentiate

malignant tumors from benign lesions and is the main source of
false-positive FDG-PET findings in oncology. Here, we

developed a rat granuloma model and examined FDG uptake
in the granuloma. The effects of corticosteroid on FDG uptake in
the granuloma were compared with those in a malignant tumor.
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Methods Rats were inoculated with Mycobacterium bovis

bacillus Calmette-Guérin (BCG) or allogenic hepatoma cells,

and subdivided into control and pretreated (methylprednis-

olone acetate, 8 mg/kg i.m.) groups. Radioactivity in tissues

was determined 1 h after the FDG injection. FDG-PET was

performed in rats bearing BCG granulomas or tumors before
and after prednisolone treatment.

Results Mature epithelioid cell granuloma-formation and

massive lymphocyte-infiltration were observed in the control

group of granuloma, histologically similar to sarcoidosis.

The mean FDG uptake in the granuloma was comparable to

that in the hepatoma. Prednisolone reduced epithelioid cell

granuloma-formation and lymphocyte-infiltration. Prednis-

olone significantly decreased the level of FDG uptake in the

granuloma (52% of control), but not in the hepatoma. The

FDG uptake levels in the granulomas and tumors were

clearly imaged with PET.

Conclusion We developed an intramuscular granuloma rat

model that showed a high FDG uptake comparable to that

of the tumor. The effect of prednisolone pretreatment on FDG
uptake was greater in the granuloma than in the tumor. These
results suggest that BCG-induced granuloma may be a valuable
model and may provide a biological basis for FDG studies.

Keywords FDG - Granuloma - Tumor - Corticosteroid - Rat

Introduction

PET using FDG has become a very useful imaging tool not
only for detecting and staging malignant tumors but also for
monitoring therapy response and for differentiating malig-
nant tumors from benign lesions {1]. These applications are
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based on the increased FDG uptake due to enhanced glucose
utilization in most tumors. Recent investigations, however,
have shown that FDG accumulates not only in malignant
tumors but also in various forms of inflammatory lesions,
particularly in granulomatous lesions, such as sarcoidosis
or active inflammatory processes after chemoradiotherapy
[2-4]. Increased FDG uptake in such inflammatory lesions
makes it difficult to differentiate malignant tumors from
benign lesions and is the main source of false-positive
FDG-PET findings in oncology [5]. Thus, it is of great
importance to investigate FDG uptake in granulomatous
lesions for accurately differentiating malignant and benign
lesions by FDG-PET. However, FDG uptake in granulo-
matous lesions remains unclarified, mainly due to the lack
of suitable animal models. To the best of our knowledge,
there have been no studies of FDG uptake in experimental
granulomatous lesions to date, although increased FDG
uptake in inflammatory lesions has been reported in exper-
imental inflammation induced by intramuscular injection of
Staphylococcus aureus (S. aureus) or turpentine oil [5, 6].
Thus, we developed a granuloma rat model.

In the present study, we induced granuloma in the muscle
of rats by BCG inoculation and examined FDG uptake in the
granuloma in comparison with that in a tumor. In addition,
we determined the effect of predonisolone pretreatment on
FDG uptake in the granuloma to evaluate whether cortico-
steroid pretreatment facilitates the differentiation of malig-
nant tumors from benign lesions by FDG -PET.

Materials and methods
Animal studies

All experimental protocols were approved by the Laboratory
Animal Care and Use Committee of Hokkaido University.
Eight-week-old male Wistar King Aptekman/hok (WKAH)
rats (supplied by the Experimental Animal Institute, Graduate
School of Medicine, Hokkaido University, Sapporo) were
used in all experiments. The Mycobacterium bovis bacillus
Calmette-Guérin (BCG), Japan strain, was grown on
Middlebrook 7H1! agar (Difco Laboratories, Detroit, Mich),
suspended in PBS with 0.05% Tween 20, and stocked at-80°C.
A 1x107 CFU/rat dose of BCG, which was determined in
our preliminary experiments, was inoculated into the left
calf muscle of rats to induce appropriate sizes and numbers
of granulomatous lesions. To produce an experimental
tumor, rats were inoculated with a suspension of allogenic
hepatoma cells (KDH-8, 1x10° cells/rat) into the left calf
muscle [7]. Nineteen days after BCG inoculation or 14 days
after KDH-8 inoculation, when the BCG-induced granulo-
matous lesions were 3-8 mm in diameter, or when the
KDH-8-induced tumor tissues were 20-30 mm in diameter,

the rats were fasted overnight and then randomly divided
into two subgroups: prednisolone (PRE)-pretreated and
control (untreated) (n=>5-6, in each group). The sizes of
the granuloma and tumors were checked under palpation,
and then measured using calipers. The rats in the PRE-
pretreated group were intramuscularly injected with meth-
ylprednisolone acetate (8 mg/kg body weight) in the left
brachialis muscle 20 h before the FDG injection, according
to the methods reported by Gemma et al. [8]. Each rat was
anaesthetized with pentobarbital (50 mg/kg body weight,
i.p.) and was injected in the tail vein with 5-6 MBq of
FDG. The rats were kept under anaesthesia for the rest
of the experiment. Sixty minutes after the FDG injection,
the animals were sacrificed and tumor, granuloma tissues,
and other organs were excised. The tissues and blood
samples were weighed, and radioactivity was determined
using a gamma counter (1480 WIZARDTM3”; Wallac
Co., Ltd.). FDG uptake in the tissues was expressed as the
percentage of injected dose per gram of tissue after being
normalized to the animal’s weight (%ID/g x kg). The lesion
(granuloma or tumor)-to-muscle (L/M) ratio and the lesion
(granuloma or tumor)-to-blood (L/B) ratio of FDG uptake
were calculated from the (%ID/g)xkg value of each tissue
[6]. By using tissue samples from the tumors and granulo-
mas, frozen specimens and formalin-fixed, paraffin-embed-
ded specimens were prepared for subsequent histologic
staining. Blood samples for glucose measurement were
obtained immediately before FDG injection and immediately
before sacrifice. Blood glucose level was determined using a
biochemical analyzer (MediSense, Dainobot Co., Ltd.).

Histochemical studies

Immunohistochemical staining for immune-associated anti-
gen (Ia) was performed using a monoclonal antibody (mAb)
(mouse IgG, MRC 0X-6, Oxford Biotechnology Ltd.) that
recognizes a monomorphic determinant of the rat Ia, MHC
class II present on B lymphocytes, dendritic cells, some
macrophages, and certain ephithelial cells. To further sup-
port the Ia-positive (la+) staining, other mAbs, namely,
MRC OX-3 and MRC OX-17 were also used. The MRC
0OX-3 mAD (Serotec), a mouse anti-rat RT1Bu mAb, recog-
nizes a polymorphic determinant of the rat Ia-A antigen
RT1Bu (class II polymorphic) found on B cells, dendritic
cells, and certain epithelial cells. The MRC OX-17 mAb
(Serotec) recognizes a monomorphic determinant of the rat
RT-1D (class II monomorphic), the rat homologue of the
mouse Ia-E, which has a similar structure to the la-A
antigen and reacts with anti-Ia alloantibodies. The MRC
OX-17 mAb does not cross-react with the rat [a-A (RT-1B)
antigen, while both class II monomorphic MRC OX-6 and
MRC OX-17 mAbs were active against determinants found
in all rat strains. The different cell types were characterized

@ Springer
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by positive staining with several monoclonal antibodies, i.e.,
RM-4 (Cosmo Bio Co., Ltd.) for macrophages, MRC OX-8
(mouse anti-rat CD8 alpha mAb, Serotec) for nonhelper T cells,
and MRC OX-35 (mouse anti-rat CD4 mAb, Serotec) for
helper T cells. The epithelioid cells and macrophages found
around epithelioid cell granulomas were determined by
positive staining with RM-4 (Fig. 2c). T cell subsets were
characterized using MRC OX-35 and MRC OX-8.

The formalin-fixed, paraffin-embedded tumor and gran-
uloma tissues were sectioned at 3 um thickness and stained
with hematoxylin and eosin (HE), whereas the frozen
granuloma tissues were cut at 4 um thickness. Immunohis-
tochemical staining was carried out according to a standard
immunostaining procedure [7-9]. Briefly, after deparaffiza-
tion and rehydration (for MRC OX-6, MRC OX-8, and
RM-4 mAbs), tissue sections were heated at 121°C for
15 min in 10 mM sodium citrate buffer, pH 6.0, for antigen
retrieval (MRC OX-6 mAb). Frozen sections were fixed in
ethanol (for MRC OX-3, MRC 0OX-17, and MRC OX-35
mAbs). Endogenous peroxidase activity was blocked for
5 min in methanol containing 3% hydrogen peroxide.
Thereafter, slides were incubated with primary antibodies
for 30 min at room temperature. The bound antibody was
visualized by the avidin/biotin conjugate immunoperox-
idase procedure using the HISTOFINE SAB 2 system HRP
(Dako, Japan) and 3,3'-diaminobenzidine tetrahydrochlo-
ride (DAB) (Dako, Japan). Counterstaining was performed
with hematoxylin.

Fig. 1 Microscopic images
(x 400) of HE-stained (a, ¢)
and immunostained granuloma
(b, d) for Ia antigen with MRC
0X-6 mAb in control (a, b) and
pretreated rats (¢, d). a Mature
epithelioid cell granuloma-
formation and massive lympho-
cyte-infiltration. b Infiltrations
of Ta-positive epithelioid cells
and macrophages in granuloma
and la-positive lymphocytes in
granuloma periphery (for MRC
0X-6). ¢ Reduction of epitheli-
oid cell granuloma-formation

PET imaging

PET experiments were performed in rats bearing BCG
granulomas or KDH-8 tumors before (control) and after a
prednisolone treatment. Eighteen days after BCG inoculation
or 13 days after KDH-8 inoculation, the rats (=3 for BCG
granulomas and KDH-8 tumors, respectively) were fasted
overnight, and anesthetized with pentobarbital (50 mg/kg
body weight, i.p.). The rats were placed in a PET scanner
(SHR-7700L, Hamamatsu Photonics, Hamamatsu, Japan) in
a supine position and injected with FDG (28-30 MBg/rat) in
the lateral tail vein. Sixty minutes after the injection of FDG,
the rats underwent a first PET scanning for 15 min. After the
PET scanning, the rats were treated with methylprednisolone
acetate (8 mg/kg body weight). Twenty hours after the
prednisolone treatment, a second FDG-PET scan was carried
out using the same procedures as the first PET scan. The
PET images were reconstructed by a standard filtered back-
projection using a Hamming filter into a 256x 256 x 31
(0.6 x0.6x3.6 mm) matrix. The spatial resolution of the
reconstructed images was 2.7 mm in the plane [10].

Statistical analysis

All values are expressed as mean * standard deviation.
To evaluate the significance of the differences in the
values obtained between the control group and the
treated group, an unpaired student’s ¢ test was performed.
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A two-tailed value of P<0.05 was considered significant.
The statistical program Stat View 5.0 was used for the data
assessment.

Results
Histopathological findings

In the control animals inoculated with BCG, mature
epithelioid cell granuloma-formation and massive lympho-
cyte-infiltration were observed in the calf muscle (Fig. 1a).
Immunohistochemical staining with the MRC OX-6 mAb
showed the accumulation of Ia" macrophages and Ia*
lymphocytes into the periphery of the granuloma
(Fig. 1b). In the prednisolone pretreatment group, reduction
in the levels of epithelioid cell granuloma-formation and
lymphocyte-infiltration and in the levels of Ia" macro-
phage-infiltration and Ia® lymphocyte-infiltration were
observed (Fig. lc and d). Immunostaining with MRC OX-

Fig. 2 Microscopic images

(x 400) of immunostained for Ia
antigen with MRC OX-3 (a),
MRC OX-17 mAbs (b), and cell
type characterization (c-e) in
granulomas of control rats. a
Accumulation of Ia+ epithelioid
cells, la+ macrophages and la+
lymphocytes were characterized
by MRC OX-3 mAb. b Accu-
mulation of [a+ epithelioid cells,
Ia+ macrophages, and la+ lym-
phocytes were characterized by
MRC OX-17 mAb. ¢ The epi-
thelioid cells and macrophages
were determined by RM-4 pos-
itive staining. d CD4+ T cells
(helper T cells) were determined
by MRC OX-35 mAb.e CD8+ T
cells (nonhelper T cells) were
determined by MRC OX-8 mAb.
Black arrow head indicates
epithelioid cell granuloma; hlack
arrow, macrophage infiltration;
white arrow, lymphocyte
infiltration

3 and MRC OX-17 mAbs also showed the accumulation of
la+ macrophages and Ia+ lymphocytes into the periphery of
the granulomas in the control animals (Fig. 2a and b).

The different cell types in the granulomatous tissues
were characterized by positive staining with several
monoclonal antibodies. The epithelioid cells and macro-
phages determined by positive staining with RM-4 were
found in the epithelioid cell granulomas and around
epithelioid cell granulomas (Fig. 2¢). Immunohistochemical
staining of CD4 and CD8 showed numerous CD4+ (helper
T cells) and CD8+ T cells (nonhelper T cells) surrounding
the granulomas (Fig. 2d and e).

In the control animals inoculated with KDH-8, massive
viable and proliferating cancer cells were observed by HE
staining (Fig. 3a). Immunohistochemical staining with the
MRC OX-6 mAb showed scattered Ia’ macrophages-
infiltration and Ia* lymphocytes-infiltration into the viable
tumor cells (Fig. 3b). There were no histopathological
changes for tumor tissue after treatment with prednisolone
(Fig. 3c and d).
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Fig. 3 Microscopic images

(% 400) of HE-staining (a, ¢)
and immunostaining with MRC
OX-6 mAb for [a antigen (b, d)
in the control (a, b) and pre-
treated (c, d) rats bearing KDH-
8 tumors. No pathological
changes were observed in the
tumor tissues between the un-
treated (control) and predniso-
lone-treated groups. Black
arrow indicates macrophage in-
filtration; white arrow, lympho-
cyte infiltration

Uptake of FDG

FDG uptakes in the granuloma and tumor are summarized in
Table | and Fig. 4. In the control groups, the level of FDG
uptake in the granuloma was 0.909+0.142 (%ID/g) x kg
which was comparable to that in the hepatoma (0.929x
0.164 (%ID/g) x kg). There was no significant difference in
the level of FDG uptake between the granuloma and the
tumor tissues (P=NS).

Prednisolone pretreatment significantly decreased the
level of FDG uptake in the granuloma to 52% of the
control value (P<0.001), while that in the tumor did not
decrease significantly (85% of the control value; P=NS).

Table 1 FDG uptake in granuloma and tumor

The uptake levels of FDG in the granuloma and tumor
tissues in the prednisolone pretreated group were 0.477+
0.139 and 0.788+0.080 (%ID/g) x kg, respectively, and the
difference was significant (P<0.01) (Fig. 4).

The granuloma-to-muscle (L/M) and the granuloma-to-
blood (L/B) ratios of FDG uptake were 33.5+9.7 and 9.4+
1.9 in the control group, respectively. Both the L/M ratio and
L/B ratio of FDG uptake of the granuloma in the prednis-
olone pretreated group were significantly lower (14.4+4.0,
P<0.01 for L/M ratio and 6.0+1.8, P<0.05 for L/B ratio)
than those in the control group. Both the L/M ratio and L/B
ratio of FDG uptake of the tumor were not significantly
affected by the prednisolone pretreatment (Table 1).

FDG uptake ((%ID/g) * kg) Granuloma Tumor

Control (n=5) Steroid (n=6) Control (n=6) Steroid (n=35)
Granuloma or tumor 0.909+0.142 0.477+0.139** 0.929+0.164 0.788+0.080
Muscle 0.028+0.005 0.033+£0.003 0.025+0.011 0.027+0.006
Blood 0.098+0.006 0.080+£0.007** 0.060+0.017 0.054+0.015
L/M ratio 33.5+9.7 14.414.0** 41.0£109 29.6+6.0
L/B ratio 9.4+1.9 6.0+1.8* 159+24 15.3+£3.2

L/M ratio, lesion (granuloma or tumor)-to-muscle ratio of FDG uptake

L/B ratio, lesion (granuloma or tumor)-to-blood ratio of FDG uptake
Control, control group; Steroid, prednisolone (PRE)-pretreated group
Data are mean+SD

*P<0.05, **P<0.01 compared with control group
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Fig. 4 FDG uptake in granuloma and tumor tissues in control and
prednisolone pretreated groups. Control indicates the control group;
steroid prednisolone (PRE)-pretreated group. NS is not statistically
significant. Values given are mean = SD

Blood glucose level and lesion weight

The blood glucose levels showed consistent tendency to
increase by prednisolone pretreatment with a significant
difference between the control and the pretreated rats
bearing tumors (87.3=11.1 mg/dl vs 124.8+11.7 mg/dl at
the time of FDG intravenous injection, £<0.05) (Table 2).
The granuloma weight was significantly reduced by the
prednisolone pretreatment (0.137+0.027 g for control rats
and 0.089+0.024 g for pretreated rats, P<0.05), while the
tumor weight was not (4.435+1.806 g for control rats and
4.085+2.083 g for pretreated rats, P=NS). There were no
significant differences in the body weight of rats among all
groups (Table 2).

PET images

Figure 5 shows representative FDG-PET images. of rats
bearing BCG granulomas or KDH-8 tumors before and
after a prednisolone treatment. BCG granulomas and
tumors were clearly visualized before the prednisolone
treatment (Fig. 5a and c, control). Prednisolone treatment
markedly reduced the uptake of FDG in BCG granulomas
(Fig. 5b), but not in tumors (Fig. 5d).

Table 2 Blood glucose level and body and lesions weights

Discussion

In this study, we developed an intramuscular granuloma rat
model characterized by epithelioid cell granuloma-forma-
tion and massive lymphocyte-infiltration around the gran-
uloma (Fig. la and b), histologically similar to those
observed in sarcoidosis [11]. The granuloma showed high
FDG uptake comparable to that of the tumor (Figs. 4 and 5).
In addition, the present study demonstrated that the effect of
prednisolone pretreatment on FDG uptake was greater in
the granulomatous lesions than that in the tumor (Figs. 4
and 5). These results suggest that BCG-induced granuloma
may be a valuable model and may provide a biological
basis for FDG studies.

In our model, extensive FDG uptake was observed in the
granuloma, which was comparable to that in the tumor. To
the best of our knowledge, there have been no studies
showing a comparison of FDG uptake in experimental
granulomas and tumors, although increased FDG uptake in
inflammatory lesions has been reported in experimental
inflammation induced by an intramuscular injection of S.
aureus or turpentine oil [5, 6]. In our previous study, the
inflammatory lesions induced by S. aureus and turpentine
oil showed levels of FDG uptake which were about 45%
and 34% of that in KDH-8 tumor, respectively [6]. van
Waarde et al. also suggested that FDG uptake in the
turpentine oil-induced inflammatory lesion was about 35%
of that in C6 rat glioma [5]. S. aureus and turpentine-
induced inflammatory tissues showed massive neutrophil-
infiltration and ambient connective tissue-formation around
the injection sites of S. aureus and turpentine oil. Increased
FDG distribution was mainly shown in the areas of
neutrophil-infiltration, and FDG distribution was lower in
the ambient connective tissues. On the contrary, in our
granuloma model, increased FDG distribution was mainly
shown in the epithelioid cell granulomas by our preliminary
experiments using autoradiography (data not shown). The
activities of granuloma formation and granuloma-associated
immune cells may be reflected by FDG accumulation,
although detailed mechanisms of the accumulation occur-

Granuloma Tumor
Parameter Control (n=5) Steroid (n=6) Control (n=6) Steroid (n=5)
Blood glucose (mg/dl) 0 min 87.0+£9.3 95.7+8.3 87.3x11.1 124.8+11.7*
60 min 79.6+6.6 87.0+10.0 86.7+8.8 96.8+11.4
Body weight (kg) 0.270+0.015 0.260+0.013 0.235+0.030 0.239+0.029
Lesion weight (g) 0.137+0.027 0.089+0.024* 4.435+1.806 4.085+2.083

0 min at FDG injection; 60 min at sacrifice; Control indicates the control group; steroid, the prednisolone (PRE)-pretreated group

Data are mean £ SD
*P<0.05 compared with control group
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Fig. 5 FDG-PET images of rats
bearing BCG granulomas (a and
b) or KDH-8 tumors (¢ and d).
Horizontal PET images before
(a and c) and after prednisolone
treatment (b and d) are shown.
Arrows indicate the locations
of BCG granulomas (a and b)
and KDH-8 tumors (c and d)
inoculated in the left calf
muscles of rats. Color scale
depicts radiotracer uptake level
normalized to animal body
weight and injected dose.

R indicates right; L, left

Granuloma

Tumor

ring in the granuloma remain unclarified. The animal
models of inflammation induced by S. aureus and turpen-
tine oil may not be suitable models for differentiating
malignant tumors from benign diseases because of the
relatively low FDG uptake levels in their inflammatory
lesions. In contrast, our granuloma rat model showed a high
FDG uptake in the granulomatous lesions comparable to
that in the KDH-8 tumor, indicating the suitability of our
model for such studies.

Our intramuscular granuloma rat model showed histo-
logically similar characteristics to sarcoidosis [11, 12], as
shown in Figs. | and 2. Sarcoidosis is a main source of
false-positive FDG-PET findings in oncology. Sarcoidosis
can be characterized in the affected organs by an accumu-
lation of activated macrophages (epithelioid cells and
multinuclear giant cells) and activated T lymphocytes at
the site of disease activity. Pathologically, the first
manifestation of the disease is an accumulation of mono-
nuclear inflammatory cells, mainly CD4+ T helper 1
lymphocytes and mononuclear phagocytes in the affected
organ. This inflammatory process is followed by the
formation of granulomas, and aggregations of macrophages
and their progeny, epithelioid cells, and multinucleated
giant cells [13, 14]. This study showed the accumulation of
epithelioid cells and macrophages defined by positive
staining with RM-4 (Fig. 2c¢) in the granuloma, and CD4+
lymphocytes into the periphery of the granuloma (Fig. 2d),
indicating the histological similarity of our model to
sarcoidosis [9]. The cellular uptake of FDG in sarcoidosis
is considered to be related to its inflammatory cell
infiltrates, which are composed of lymphocytes, macro-
phages, and epithelioid cells from monocytes, because FDG
has been observed in vitro to be accumulated by leukocytes
[15, 16], lymphocytes, and macrophages [17]. The histo-
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Before prednisolone
treatment (Control)

After prednisolone
treatment

Radiotracer uptake level

[—]

logical similarity of our granuloma rat model to sarcoidosis
indicates its potential for providing a biological basis for
differentiating sarcoidosis from malignant tumors, although
detailed investigations, including those on FDG distribution
at the cellular level, are required.

The immune-associated (Ia) antigen represents a 23,000-
and 30,000-dalton membrane glycoprotein complex. The Ia
antigen is normally expressed on all B-lymphocytes and
some monocytes, but not in large amounts on normal T
cells unless they are activated by allogenic or mitogenic
stimulation [18]. The expression of la antigen on T cells is a
sign of T cell activation in active sarcoidosis [19]. The
present study also showed the accumulation of Ia positive
(Ia") epithelioid cells and macrophages in the granuloma
and Ia" lymphocytes into the periphery of the granuloma
(Figs. 1, 2a and b), which further support the histological
similarity of our model to sarcoidosis [9]. The extensive
FDG uptake in the granuloma was decreased by prednis-
olone pretreatment, being concordant with the reduction in
epithelioid cell granuloma-formation and lymphocyte-infil-
tration, including the infiltrations of Ia" macrophages and
la" lymphocytes (Figs. lc and d, 4b). These results suggest
that FDG uptake might reflect active granulomatous
processes.

For almost four decades, oral corticosteroids have been
the mainstay of treatment in pulmonary sarcoidosis [20,
21]. To elucidate the mechanism of glucocorticoid on the
suppressive course of the reaction to granulomatous lung
tissue in experimental pulmonary granulomas, Gemma et
al. [8] have performed immunohistochemical staining of an
la+ antigen at |1 and 2 days after high-dose prednisolone
treatment. The results showed a remarkable reduction in the
number of Ia+ macrophages and la+ lymphocytes in the
granulomatous lung tissue after the treatment with prednis-
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olone. These findings suggest that glucocorticoid may
suppress the immunological activities of macrophages and
T cells through their inhibitory effect on the differentiation
of Ia+ macrophages and activated T cells, which may result
in the diminishment of the pulmonary granulomatous
reaction through the disorder of the macrophage-T cell
interaction. In patients with pulmonary sarcoidosis, FDG
uptake in the lung was decreased after high-dose steroid
therapy concordant with the histologic activity in the lung
[2, 3, 14]. The present study showed that prednisolone
pretreatment significantly decreased the level of FDG
uptake in the granuloma to 52% of the control value
(Table 1, Fig. 4). Our histological findings showed that the
Ia" macrophage-infiltration, epithelioid cell granuloma-
formation, and activated T lymphocyte-infiltration in the
granuloma were decreased by prednisolone pretreatment.
The decreased FDG uptake in the granuloma by the steroid
pretreatment may be ascribed to the reduced histologic
activity, including epithelioid cell granuloma-formation and
lymphocyte-infiltration. The current results are in accor-
dance with those in patients with pulmonary sarcoidosis [2,
3, 19]. On the other hand, the level of FDG uptake and
histological features of the tumor were not significantly
affected by the prednisolone pretreatment. Taken together,
corticosteroid pretreatment may provide a potential means
for differentiating malignant tumors from granulomatous
lesions in FDG-PET studies, although further studies in
other animal models and in patients are needed to confirm
the present results.

In this study, to generate experimental tumors, allogenic
hepatoma cells (KDH-8) were inoculated into the left calf
muscle of rats. The histopathological characterization of
intramuscular tumor tissues showed massive viable and
proliferating cancer cells by HE staining and few Ia+
macrophage-infiltration and Ia+ lymphocyte-infiltration
defined by the MRC OX-6 mAb into viable tumor cells
14 days after the inoculation of KDH-8. However, the
inflammatory cells could seldom be seen around the tumor
graft by HE and immunohistochemical stains. Hashimoto et
al. [22] have also reported that the lesion consisted of many
viable tumor cells with few tumor-tissue infiltrating
lymphocytes in the tumor and several granulocytes and
macrophages at the center of the tumor bearing into the leg
muscle of WKAH rats 14 days after inoculation of KDH-8.
In the present study, FDG uptake level in the tumor was
decreased slightly after prednisolone treatment, although
the difference was not significant (85% of the control
value). On the other hand, there were no obvious
histopathological changes in the tumor tissue after prednis-
olone treatment (Fig. 3c and d). Accordingly, the anti-
inflammatory/immune effects of prednisolone may not be
responsible for the reduction in tumoral FDG uptake level.
Elevated blood glucose levels induced by corticosteroid and

the antitumoral effects of prednisolone may be other
explanations for the reduction in the tumoral FDG uptake
level.

In the present study, the blood glucose levels showed
consistent tendency to increase by the prednisolone
pretreatment with a significant difference between the
control and pretreated rats bearing tumor. It is well known
that the action of steroids on glucose metabolism increases
the blood glucose level [23, 24]. The uptake of FDG in
tissues is affected by the blood glucose level [25, 26].
Accordingly, the reduced FDG uptake in the granuloma and
tumor may be partly ascribed to the elevated blood glucose
levels. However, the effect of prednisolone pretreatment on
FDG uptake was greater in the granuloma than in the
tumor, although the elevation in the blood glucose level
was higher in rats bearing tumor. A slight elevation in the
blood glucose level (125 mg/dl) following PRE pretreat-
ment may not affect the uptake levels of FDG in the tumor,
as reported previously [5, 27]. Detailed investigations,
including quantitative evaluation of inflammation levels
(i.e., determination of inflammatory cell density) and
autoradiographic studies using FDG, are required to clarify
the reason for the reduction in tumoral FDG uptake level.

As mentioned above, it is of great importance to clarify
the detailed FDG distribution at the cellular level in the
granuloma. In this regard, Kubota et al. reported a high
FDG accumulation in young granulation tissues around the
tumor and in the macrophages infiltrating the marginal
areas surrounding the extensive tumor necrosis by micro-
autoradiographies of FDG and *H-DG [17]. Activated
inflammatory cells have markedly increased glycolysis.
The hexose monophosphate shunt is stimulated by phago-
cytosis, which is enhanced 20-30-fold that of baseline
values which is the cause of the high FDG uptake [28].
Although microautoradiographic studies of *H-FDG or '*C-
FDG are needed to clarify the detailed FDG distribution at
the cellular level in our granuloma rat model, the results of
this study indicate that a high FDG uptake in the granuloma
is related to the activation of inflammatory cell infiltrates,
including mature epithelioid cells, massive macrophages,
and lymphocytes.

The PET images showed that BCG granuloma and
tumors were clearly visualized before the prednisolone
treatment (Fig. 5a and ¢, control). Prednisolone treatment
markedly reduced FDG uptake in BCG granulomas but not
in tumors (Fig. 5b and d). These results demonstrate that
PET is a useful noninvasive imaging method to depict and
assess early changes in FDG uptake by the corticosteroid
treatment.

Low-grade hepatocellular carcinoma (HCC) has a low
FDG uptake level due to its histological characteristics of
being closer to the normal liver, which has abundant
glucose-6-phophatase. However, high-grade ‘HCC, intra-
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and extrahepatic metastases, and distant metastases corre-
lated with positivity of FDG-PET. Thus, FDG-PET imaging
has a clinically significant impact on the management of
patients diagnosed with HCC [29]. KDH-8 is a rat
transplantable hepatocellular carcinoma that is found in
WKAH rats and is histologically poorly undifferentiated.
Our previous study showed that the FDG uptake level in
the hepatoma was the same as or higher than that in the
other tumor models [5]. Our hepatoma model, employed as
an extrahepatic metastase, should provide a biological basis
for evaluating the impact of FDG imaging on the
management of patients diagnosed with hepatocellular
carcinoma.

It should be noted that there are several limitations to our
study. First, each rat was inoculated with BCG granulomas
or KDH-8 tumors in this study because FDG uptake may be
affected if both the BCG granulomas and the KDH-8 tumors
were inoculated into the same rat. However, it is possible to
inject BCG and KDH-8 cells in the same animal, and a rat
model bearing both the BCG granulomas and the KDH-
8 tumors may be useful to determine the differences in
FDG uptake profiles between the granulomas and tumors.
Second, anesthesia may affect FDG uptake, as the rats were
kept under pentobarbital anesthesia during FDG uptake. In
this regard, Lee et al. have reported that pentobarbital
injection elevated blood FDG activity to 2.0-fold higher
than the control levels, but had no effect on tumor uptake
[30]. Recently, we compared the effects of pentobarbital
and ketamine/medetomidine on FDG uptake in a rat model
bearing KDH-8 tumors. The results showed no change in
FDG uptake levels for either anesthetic agent. The effects
of anesthesia on FDG uptake in tumors appeared to be
small, compared with those in the brain. Finally, it is
important to quantify the level of inflammation for FDG
uptake correlation studies. Unfortunately, we could not
perform quantitative evaluation of inflammation levels,
which prevented us to accurately evaluate the correlation
between the level of inflammation and FDG uptake level in
the tumors and granulomas. Although our findings show
that the pathological characterization of the BCG granulo-
mas was similar to that of sarcoidosis, and FDG accumu-
lation level was decreased by steroid treatment, detailed
investigations, including quantitative evaluation of inflam-
mation levels (i.c., determination of inflammatory cell
density) and autoradiographic studies using FDG, are
required to accurately evaluate the correlation between the
level of inflammation and FDG distribution.

Conclusion

In the present study, we developed a BCG-induced
granuloma rat model which has similar histopathological
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features as those of sarcoidosis. The granuloma showed a
high FDG uptake comparable to that of the tumor. In
addition, our results demonstrate that the effect of prednis-
olone pretreatment on FDG uptake was greater in the
granuloma than in the tumor. These results suggest the
usefulness of our model for studying FDG accumulation in
inflammatory lesions.
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Abstract

The development of metallic compounds for the diagnosis and therapy of diseases has been expected to open a new
field of medicinal science. These compounds are required to exhibit biological activity and a specific localization to the
target tissue. These demands constitute a great challenge on the rational design of metallic compounds and we have pro-
posed two approaches, a pendant approach and an integrated approach in order to achieve this purpose. The pendant ap-
proach involves designing a biologically active compound by the attachment of a chelating group for binding the metal
ion to a mother compound without the effect on the inherent biospecificity of the mother compound. A typical example of
the pendant approach is bifunctional radiopharmaceuticals used for nuclear medical diagnosis and internal radiotherapy.
The integrated approach involves designing a metallic compound with a biologically activity and physicochemical prop-
erties suitable for target-specific delivery by coordination to a mother compound with metal ion.

This review will describe our recent progress in research on a bifunctional radiopharamceutical labeled with metallic
radionuclides, Rhenium-186 for therapy of painful bone metastases as an example of the pendant approach and a lipo-
philic zinc complex with protective effect against ischemic neuronal injury as an example of the integrated approach.

Keywords : metallic compound, drug design, bifunctional radiopharmaceutical, rhenium-186, bisphosphonates, zinc,
neuroprotection.

1. Introduction
Many metallic compounds have biological activities,
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but the application of these compounds in the medical
field has been limited. The development of metallic com-
pounds for the diagnosis and treatment of diseases has
been expected to open a new field of medicinal science.
However, metallic compounds are required to exhibit
biologically appropriate activity and a specific localiza-
tion to target tissue. To obtain such compounds, we have
proposed two approaches, a pendant approach and an in-
tegrated approach (Fig. 1).

The pendant approach involves designing a compound
containing independent groups both with the ability to
deliver into the targeted tissue/organ and with the ability
to bind metallic ions. In the pendant approach, com-
pounds with a radiometallic nuclide for nuclear medical
diagnosis and internal radiotherapy, called “bifunctional
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[Pendant Approach] [Integrated Approach]

Fig.1 Concept of the pendant approach and integrated
approach.

radiopharmaceuticals™, are of particular interest [1-3].

The integrated approach involves designing metallic
compounds with physicochemical properties suitable for
targeted delivery. A typical example is the development
of a lipophilic metallic compound for improving the abil-
ity to penetrate the blood-brain barrier [4-6]. Another ex-
ample is raising the water-solubility to prompt renal ex-
cretion.

This review will describe recent progress in our re-
search into bifunctional radiopharmaceuticals labeled
with metallic radionuclides for therapy as an example of
the pendant approach and a lipophilic zinc complex with
a protective effect against ischemic neuronal injury as an
example of the integrated approach.

2. Pendant approach
2.1 Concept of the pendant approach
tional radiopharmaceutical
Nuclear medicine is a diagnostic tool used to visualize

Bifunc-

changes in physiological and biochemical processes
throughout living tissues and organs as well as in re-
gional anatomy (Fig. 2). Furthermore, nuclear medicine

Radiolabeled Compound
(Radiopharmaceutical)

Co
O

has applications to therapy, based on the radiation of ra-
dioactive nuclides. Drugs containing radioactive nuclides
to be used in nuclear medicine are called radiopharma-
ceuticals. Radiopharmaceuticals are required to have cer-
tain biological properties : a high level of radioactivity
localized to the target tissue and a high target/non-target
tissue ratio for clear imaging or effective therapy.

The radioactive nuclides used in diagnostic nuclear
medicine are short-lived, low gamma energy emitters. In
internal radiotherapy, beta- or alpha particle emitters,
which provide high radiation doses, are useful as thera-
peutic radionuclides. The radionuclides used for these
purposes include some radioisotopes of metallic elements.
Thus, the great demand for biospecific metallic radio-
pharamceuticals has evolved into the rational design of
so called “bifunctional radiopharmaceuticals” ; that is, a
radiopharmaceutical containing a group for the selective
targeting of diseased tissue together with a group with
the ability to bind radiometallic nuclides [1-3] (Fig. 3).
Research on bifunctional radiopharmaceuticals started
with the development of radiolabeled macromolecules,
such as proteins [1,7,8]. In recent years, bifunctional ra-
diopharmaceuticals have also been used for the labeling
of non-protein compounds such as peptides and drugs of
low molecular weight [1,9,10].

The pendant approach involves hanging the metal
complexing moiety from the main body of the molecule
responsible for delivery to the target site. The key to this
design for small molecules is the strategic placement of
the radiometal-chelate-tether moiety at a site on the
ligand toward which the molecule responsible for bio-
logical function is sterically tolcrant.

SPECT

Fig. 2 Targeted imaging system (diagnostic nuclear medicine)
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Bioactive Site

—

Chelating Site
—

(Biomolecule)

(Bifunctional Chelating Agent) (Radio-metal ion)

Fig. 3 Bifunctional radiopharmaceutical.
A molecule holding two reactive sites for binding thc biomolecule and chelating the radiometal is called a bifunc-

tional chelating agent.

2.2 Development of Rhenium-186-chelate-conjugated
Bisphosphonates for painful bone metastases

Malignant tumors frequently metastasize to the bone.
A prominent symptom of these metastases is pain, which
affects the patient’s quality of life, and is an important
clinical problem [11]. Localized radiation therapy is an
effective modality for localized lesions, providing pallia-
tion of bone pain, however, a common problem in pa-
tients with bone metastases is the development of multi-
ple sites of metastasis, and so internal radiotherapy using
specifically localized beta emitters is preferable [12]. Re-
cently, ¥SrCl. has been used as a palliative agent for
painful osseous metastases. However, *Sr is a pure beta
emitter and has a relatively long half-life (50.5 d). These
physical properties could be a disadvantage for clinical
use. The use of Rhemium-186-1-hydroxyethylidene-1,1-
diphosphonate ("**Re-HEDP) has also been proposed for
the palliation of metastatic bone pain [13]. *Re is a
promising radionuclide with a maximum beta emission
of 1.07 MeV and gamma ray emission of 137 keV (9%),

making it adequate for therapy and imaging, respectively.

Furthermore, the physical half-life of **Re is 3.8 days,
which is adequate for shipment and processing of the ra-
diopharmaceutical but not too long for the disposal of ra-
dioactive waste. However, it has reported that'*Re-
HEDP shows a delayed blood clearance and high gastric
uptake due to the poor stability of the '*Re complex in
vivo leading to the generation of '*Re-perrhenate
(**ReO4") [14,15]. Furthermore, though the accumulation
in bone as a definitive factor of therapeutic effect is more
important, the instability of '*Re-HEDP described above
may decrease the bone uptake.

Thus, based on the idea of bifunctional radiopharma-
ceuticals, we developed a novel '*Re-chelate-conjugated

bisphosphonate (‘*Re-MAMA-BP, Fig. 4-A), introduc-
ing a highly stable '*Re-MAMA complex to improve the
instability of "*Re-HEDP [16].

To evaluate the stability of '**Re complexes in vitro,
1%Re-MAMA-BP and "**Re-HEDP were incubated in
phosphate-buffered saline. After 24 hours of incubation,
about 80% of the "Re-MAMA-BP remained intact,
compared to only about 30% of the '“Re-HEDP. This is
because the '*Re-HEDP was degraded to '*ReO, with
time. In biodistribution experiments in mice, “Re-
MAMA-BP showed a significantly lower uptake by the
stomach than '*Re-HEDP. Since ReQ. is known to ac-
cumulate in the stomach, accumulation in the stomach is
an index of the decomposition of a Re-complex in bio-
distribution studies. Then, a lower level of '*Re-MAMA-

PN 0=P-OH
s s OH
B o 9H
/LI_\ O=P—OH
N o N A OH
CORNE -
< _ OH
C o} IOH
O=P-OH
No N N OH
0:(18‘6,56/ oM o=p-oH
/
N OH
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Fig.4 Structures of '*Re-MAMA-BP (A), '"Re-
MAMA-HBP (B), and "“Re-MAG3-HBP (C).
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BP in the stomach indicates better stability in vivo.

Meanwhile, "*Re-MAMA-BP showed a faster clear-
ance from the blood than did '**Re-HEDP (Fig. 5-A). Tt
was reported that the **Re-HEDP complex gave rise to
'*ReO.™ in vivo and the clearance from blood of '**ReOQs-
was slower than that of "“*Re-HEDP. It is suggested that
the more rapid clearance from the blood of '*Re-MAMA
-BP is responsible for its stability, when compared with
'*Re-HEDP. Furthermore, “*Re-MAMA-BP showed a
rapid accumulation and long residence in the bone, and
its uptake by the bone was significantly greater than that
of "*Re-HEDP (Fig. 5-B). The better accumulation of '*
Re-MAMA-BP in bone would be partly caused by its
greater stability.

Bisphosphonates have been widely used as inhibitors
of bone resorption for the treatment of bone diseases and
extensively investigated [17]. All bisphosphonates con-
tain two phosphonate groups attached to a single carbon
atom, forming a P-C-P structure, and this central carbon
has various side chains. It was reported that bisphos-
phonates containing a hydroxy group have higher affinity
for bone mineral [18]. We supposed that the therapeutic
effect of '“Re complex-conjugated bisphosphonate could
be increased by the introduction of a hydroxy group, then
we developed '“Re-MAMA-HBP (Fig. 5-B) [19]. To in-
vestigate the affinity for bone in vitro, a hydroxyapatite-
binding assay was performed. As expected, '*Re-
MAMA-HBP showed a greater affinity for hydroxyapa-
tite beads than did '"*Re-MAMA-BP (Fig. 6). This result
was reflected by its behavior in vivo. In biodistribution
experiments, more "*Re-MAMA-HBP  than '"*Re-
MAMA-BP accumulated in bone. These findings suggest
that a hydroxyl group at the central carbon in the design
of '¥Re-chelate-conjugated bisphosphonates plays a criti-
cal role in the enhancement of bone accumulation.

'*Re-MAMA-HBP showed the desired properties,

namely, greater accumulation in the bone and rapid
clearance from the blood. However, hepatic radioactivity
levels were significantly higher after the administration
of '"*Re-MAMA-HBP and '*Re-MAMA-BP than "*Re-
HEDP (Fig. 5-C), possibly caused by the increase in
lipophilicity with the introduction of the '“Re-MAMA
complex into the bisphosphonate structure.

Thus, we developed a '*Re-labeled MAG3-conjugated
bisphosphonate ('*Re-MAG3-HBP, Fig. 4-C) to modify
the physicochemical characteristics of '*Re-MAMA-
HBP and '*Re-MAMA-BP and to reduce their hepatic
uptake [20]. MAG3 was selected as the '®Re-chelating
group because it could form a stable and more hydro-
philic complex with '*Re.

#Re-MAG3-HBP also showed good stability in buff-
ered solution. After 24 hours of incubation, about 95% of
"*Re-MAG3-HBP remained intact. In biodistribution ex-
periments, '“Re-MAG3-HBP also showed a much higher
accumulation in the bone and a faster clearance from the
blood than did '“Re-HEDP (Fig. 5-A,B). Furthermore,
hepatic radioactivity levels were significantly lower after
the administration of "Re-MAG3-HBP than of "**Re-
MAMA-HBP and '*Re-MAMA-BP (Fig. 5-C). The re-
sults of the biodistribution experiments and partition co-
efficients ("*Re-MAMA-BP : -0.96+0.01, '*Re-MAMA
-HBP: -1.02£0.01, and "**Re-MAG3-HBP : -2.68+0.01,
respectively) indicated that the high hepatic uptake of '*
Re-MAMA-conjugated bisphosphonates was attributable
to the physicochemical properties of the "*Re-MAMA
complex.

In summary, we developed highly stable '®*Re-chelate-
conjugated  bisphosphonates, **Re-MAMA-BP, '*Re-
MAMA-HBP, and '*Re-MAG3-HBP. Thesc agents
showed higher bone : blood ratios of radioactivity in
mice than did "*Re-HEDP, resulting from greatcr accu-
mulation in the bone and rapid clearance from the blood.
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Fig.5 Biodistribution (A : Blood, B: Bone, C: Liver) of '"*Re-MAMA-BP (open diamonds), '**Re-MAMA-HBP
(open triangles), '"“Re-MAG3-HBP (open circlcs), and '“Re-HEDP (closed circles) in mice.
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Fig. 6 Binding to hydroxyapatite of '**Re-MAMA-BP,
1#%Re-MAMA-HBP, and '"*Re-MAG3-HBP.

Among these '**Re-chelate-conjugated bisphosphonates,
'%Re-MAG3-HBP showed a superior biodistribution as a
bone-secking agent because of its high selectivity for
bone as a target tissue. The present findings would pro-
vide useful information on the drug design of bone-
seeking therapeutic radiopharmaceuticals.

3. Integrated approach
3.1 Concept of integrated approach

The integrated approach involves the incorporation of
a group containing physicochemical properties suitable
for targeted delivery into a biologically active metal
complex, resulting in both an improvement in biodis-
tribution and the preservation of the biological activity of
the metallic compound”. However, this design often re-
sults in a more synthetically challenging target molecule,
and the challenge of maintaining biological activity is
often greater as well.

2.2 Development of a highly membrane permeable
zinc complex providing protection against
ischemic neuronal injury.

2.2.1 Studies on the movement and effect of ve-

sicular zinc in brain ischemia
The brain contains an abundant amount of zinc, par-
ticularly in the hippocampus, cerebral cortex, and limbic
system"’. About 10% of all zing in the brain exists in the
presynaptic vesicles of glutamatergic neurons and is re-
leased into synaptic clefts upon the excitation of nerves

[22,23]. On the other hand, the influx of calcium through

N -methyl-D-asparate (NMDA) receptors induced by glu-

tamate, which is excessively released from glutamatergic
nerve terminals into synaptic clefts during brain ischemia,
is thought to relate with neuronal death after ischemia. In
addition, some studies reported that zinc inhibits NMDA
receptors by interacting with the zinc-binding site on the
receptors [24]. These studies suggest that zinc, which is
released from synaptic vesicles during brain ischemia
along with glutamate, may exert a protective effect
against glutamate-induced neuronal injury by blocking
the influx of calcium via NMDA receptors. Conversely,
many reports have indicated that an excessive amount of
synaptic vesicular zinc is released during forebrain ische-
mia, and the released zinc might cause delayed neuronal
death after ischemia [25]. Thus, there are conflicting re-
ports about the effect of synaptic vesicular zinc on
ischemic neuronal injury, and so the exact role of vesicu-
lar zinc is still unclear. One of the key points of this argu-
ment is the concentration of zinc released during ische-
mia, but there have been few reports that describe the ef-
fect of zinc based on its concentration directly deter-
mined in vivo. Therefore, we investigated the movement
and effect of zinc in ischemia based on quantity in vivo.

First, the effect of various concentrations of zinc on
glutamate-induced calcium influx and neuronal death
were examined in cultured hippocampal neurons [26].
The addition of a low concentration (under 160 pM) of
zinc inhibited both glutamate-induced calcium influx and
neuronal death. In contrast, a higher concentration (over
150 uM) of zinc decreased neuronal viability although
calcium influx was still inhibited, which means that a
high concentration of zinc exerts its own neurotoxicity.
These results indicate that zinc exhibits biphasic effects
depending on its concentration. On the other hand, co-
addition of glutamate and Ca-EDTA, which binds extra-
cellular zinc, increased glutamate-induced calcium influx
and aggravated the neurotoxicity of glutamate. These re-
sults suggest that, in cultured neurons, vesicular zinc was
released by glutamate and the concentration released
might be low, exhibiting a neuroprotective effect against
the neurotoxicity of glutamate.

To investigate the movement and effect of vesicular
zinc in a model of ischemia, we investigated the temporal
change to extracellular zinc and glutamate levels in the
cortex using microdialysis in rats with middle cerebral
artery occlusion (MCAO) [27,28]. The microdialysis ex-
periment revealed that the extracellular concentration of
zinc in the cortex increased transiently reaching a peak
30 min after occlusion, then decreased with time, return-
ing to the basal level after reperfusion (Fig. 7). This time
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Fig. 7 Extracellular Zn*" levels in the cortex during MCAO.
Data are expressed as the mean + S.D. *p < 0.05 for significantly different from the pre-ischemic level (Dunnett’s test).

course is consistent with that of glutamate. At the peak,
the extracellular zinc concentration was about twice the
basal level, in contrast with the amount of glutamate
which increased about 50 fold. These results suggest that,
the concentration of zinc released during MCAO could
not reach a toxic level. In this model, intracerebroven-
tricular (i.c.v.) injection of Ca-EDTA 30 min prior to oc-
clusion, accelerated the increase of infarction volume
(Fig. 8). N-(6-methoxy-8-quinolyl)-p-toluenesulfonami-
de (TSQ) staining revealed that there no zinc accumu-
lated in the infarcted area or at its boundary. These re-
sults suggest that, in the rat MCAQO model, the zinc re-
leased from synaptic vesicles may provide protection
against ischemic neuronal injury. These results suggest
that the effect of zinc on ischemic neuronal death differs
depending on the ischemic region or severity.

2.2.2. Development of a highly membrane perme-
able zinc complex providing protection
against ischemic neuronal injury

As shown in 2.2.1, Zn** blocks NMDA-induced depo-
larizing currents and protects cultured cortical neurons
from the NMDA receptor-mediated neurotoxicity of glu-
tamate. The results suggested the potential usefulness of
zinc for the prevention of ischemic neuronal damage in
the brain.

The basic requirements for therapeutic drugs to effec-
tively prevent ischemic neuronal damage in the brain in-
clude high membrane permeability resulting in a rapid
and significant uptake in the brain and protective action
against glutamate’s toxicity. However, Zn™ does not
readily permeate the blood brain barrier due to its high
polarity [29]. Thus, a zinc compound that can cross cell
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Fig. 8 Effect of Ca- and Zn-EDTA on the development of infarcted areas after MCAO.
Data are expressed as means + S.D. (n= 3- 5). ¥*P< 0.01 for significantly different from the saline-treated group (Dun-

nett’s test).
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