
r f * 1

13

10 II FIGURE 3. Selected (A) oblique and (B)
sagittal slices of the liver-spleen SPECT.

The original coronal slices were slightly
reoriented to display better the origin of
the anomalous splenic tissue at the lower
pole of the spleen. With SPECT no fur
ther image enhancement is necessary.

noninvasiveness, relatively low price, sensitivity and specificity
make scintigraphy well suited for screening purposes.
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Copper-62-ATSM: A New Hypoxia Imaging
Agent with High Membrane Permeability and
Low Redox Potential
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Fukushima Medical College, Fukushima, Japan

An ideal hypoxia imaging agent should have high membrane per
meability for easy access to intracellular mitochondria and low redox
potential to confer stability in normal tissue, but it should be able to
be reduced by mitochondria with abnormally high electron concen
trations in hypoxic cells. In this context, nitroimidazole residues are
not considered to be essential. In this study, Cu(ll)-diacetyl-bis(A/4-
methylthiosemicarbazone) (Cu-ATSM), a 62Cu-bisthiosemicarba-

zone complex, with high membrane permeability and low redox
potential, was evaluated as a possible hypoxia imaging agent, using
electron spin resonance spectrometry and the Langendorff isolated
perfused rat heart model as well as rat heart left anterior descending
occlusion model. Methods: Nonradioactive Cu-ATSM was incu
bated with rat mitochondria, after which reduction of Cu(ll) to Cu(l)
was measured with electron spin resonance. As a model of hypoxic
mitochondria, rotenone (Complex I inhibitor)-treated mitochondria
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were used. Results: In this study, Cu-ATSM was reduced by

hypoxic but not by normal mitochondria. Conclusion: Thus, reten
tion of 62Cu-ATSM was studied serially in perfused rat hearts under

conditions of normoxia (95% O2 + 5% CO2), hypoxia (95% N2 +
5% CO2) and reoxygenation (95% O2 + 5% C02). In normoxia and
reoxygenation, 62Cu-ATSM injected as a single bolus showed low

retention (23.77% and 22.80%, respectively) 15 min after injection,
but retention was increased markedly under hypoxic conditions
(81.10%). Also, in the in vivo left anterior descending occluded rat
heart model, 62Cu-ATSM retention was inversely correlated with
accumulation of 201TI,a relative myocardial blood flow marker.

Key Words: copper-62-ATSM; hypoxia; mitochondria

J NucÃ­Med 1997; 38:1155-1160

Hypoxic tissue is important for detection of ischemia in the
brain, heart and other tissues, as well as tumors. Nitroimidazole
compounds, originally developed as radiosensitizing agents (/),
are of great interest because of their selective accumulation in

CoppER-62 HYPOXIAIMAGINGAGENTâ€¢Fujibayashi et al. 1155



Hypoxie tumors (2) as well as ischemie tissues (3). Based on
these considerations, various groups have attempted nitroimi-
dazole-based drug design of hypoxia imaging agents labeled
with I8F (4), 123I(5,6), 99mTc (7,8), etc. However, nitroimida-

zole itself has very low lipophilicity (9). For use as radiosen-
sitizing agents, interest has moved to more hydrophilic nitro-
imidazole compounds to reduce neurotoxicity in the central
nervous system (9). Tissue extraction of radiolabeled nitroim-
idazole compounds based on radiosensitizing agents has been
very low, and rather long periods were required to obtain
acceptable tissue accumulation.

Recently, methods for lipophilicity-based drug design of
nitroimidazole compounds have been developed, and improved
retention in hypoxic tissue has been reported (10-12). In
normal cells, the redox states of the components of the electron
transport chain of mitochondria are rather oxidized. Under these
conditions, radiolabeled nitroimidazoles cannot be reduced and
so are returned to the systemic circulation. In areas of hypoxia,
i.e., areas in which electron flow is disturbed by oxygen
depletion, radiolabeled nitroimidazoles undergo bioreduction,
and the radionuclides are deposited (13). Nitroimidazole com
pounds are believed to be enzymatically reduced (14) and have
high affinity for the nitroreductase enzyme xanthine oxidase
(7). Xanthine oxidase is activated under electron- as well as
NADH-rich conditions such as hypoxia, and its substrate,
xanthine, is known to be produced in ischemie tissues (15) as a
degradation product of ATP (16).

We have developed a new type of generator system, eluting
62Cu as glycine complex under physiological conditions (17).

Using this Cu-glycine eluate, Cu-bisthiosemicarbazone com
plexes (Cu-BTS), such as Cu(II)-pyruvadehyde-bis(A'4-methyl-

thiosemicarbazone) (Cu-PTSM) injectate could be easily pre

pared by simple mixing with BTS solution without further
purification. This generator system is currently in clinical use in
combination with the perfusion agent PTSM (18) as well as the
plasma imaging agent HSA-BTS (79). In fundamental studies,
it was found that Cu-PTSM could be reduced easily by the
electron transport system of mitochondria, and this reduction
was considered to be a retention mechanism of Cu-PTSM in the
brain (20). The redox potential of Cu-PTSM is higher than that
of NADH (21), and the reduction of Cu-PTSM by mitochondria
was NADH-dependent (22). Interestingly, some Cu-BTS com
plexes with lower redox potential also showed high membrane
permeability including the blood-brain barrier but were not
retained in the brain or the heart (23), probably because they
could not be reduced by normal mitochondria. If such Cu-BTS
complexes can be reduced by abnormally reduced mitochon
dria, like nitroimidazole compounds, they will become better
candidates for hypoxia imaging agents. In fact, some 99mTc-

BnAO complexes have been reported to show plausible char
acteristics as hypoxia markers, although the actual retention
mechanism is still unknown (24).

In this study, the Cu-BTS complex with low redox potential
Cu-ATSM was selected (structure shown in Fig. 1), and its
basic ability as a hypoxia imaging agent was evaluated.

MATERIALS AND METHODS
Cu-ATSM and Cu-PTSM were synthesized according to the

method of Gingas et al. (25), and chemical purity of each complex
was confirmed by elementary analysis and mass spectrometry.
[62Zn]ZnCl2 was a gift from Nihon Medi-Physics Co. Ltd., Japan.
Copper-62 was obtained with a 62Zn/62Cu generator system,

originally developed in our laboratory (17). Thallium-201 -chloride
was also a gift from Nihon Medi-Physics Co. Ltd., Japan. All other
chemicals used were of analytical grade.

H3C CH3

/\[HNCH3/N>.
,'N\bu

!V
VCu-ATSMH3C

/~\^H.

,NÃ•
*bu'1NH

HN o oNnCH3

CH3 CH3Cu-PTSM

FIGURE 1. Structures of Cu-BTS complexes.

Isolation of Mouse Brain Mitochondria
Mouse brain mitochondria were prepared by the previously

reported method (22). Male ddY mice (20-25 g body weight) were
killed by decapitation. The mouse brain was homogenized imme
diately in isolation medium (0.15 g of wet tissue/ml) with a
Potter-Elvehjem type homogenizer. The homogenate was centri-
fuged at 1000 X g for 5 min at 4Â°C,after which the supernatant
(SI) was centrifuged at 10,000 X g for 10 min at 4Â°C.The

supernatant was removed, and the precipitate was resuspended in
isolation medium (crude mitochondrial fraction). The volume of
the crude mitochondrial fraction was adjusted to the initial value of
the brain homogenate volume. The isolation medium contained
0.25 M sucrose and 10 mM succinate buffered at pH 7.4 with 10
mM HEPES (26).

Preparation of Submftochondrial Particles (SMP)
SMP were prepared according to the method of Williams et al.

(27). Male ddY mice (20-25 g body weight) were killed by
decapitation. The brain was immediately homogenized in H-
medium [200 mM D-mannitol, 70 mM sucrose, 0.05% (w/v)
bovine serum albumin buffered to pH 7.4 with 2.5 mM HEPES],
then the mitochondrial fraction was isolated as described above.
The mitochondrial precipitate was resuspended in 2 ml of digitonin
solution (12 mg/ml H-medium) and digested for 20 min at 4Â°C.

After digestion, 12 ml of isolation medium was added, and the
mixture was centrifuged at 10,000 X g for 10 min at 4Â°C.The

precipitate was resuspended in distilled water to about 30 ml and
centrifuged at 10,000 X g for 15 min at 4Â°C.After centrifugation,

the precipitate was resuspended in approximately 2.5 ml of
isolation medium and sonicated for 90 s (15 s X 6 times)
(Sonicator, W-220F, Heatsystem-Ultrasonics, Inc.) at 4Â°C.The

resultant SMP suspension was adjusted to 10 mg of protein/ml.
Preparation of SMP was confirmed by measuring the enzyme
activities of monoamine oxidase (28), succinate dehydrogenase
(29) and malate dehydrogenase (30) as marker enzymes.

In Vitro Metabolism Studies with Electron Spin
Resonance Spectrometry

Inhibition of Electron Transport Chain. A 5-ml aliquot of the
mitochondrial preparation was mixed with 0.1 /j,l of rotenone
solution (0.5 mg/ml ethanol) and 0.9 ml of isolation medium. A
1.8-ml aliquot of the mixture was mixed with 200 yj.1of Cu-ATSM
solution (0.2 mM) and incubated at 37Â°Cfor 15 min. At the end of

the incubation period, 300 /Â¿Iof the mixture was put into an ESR
tube and frozen in liquid nitrogen, and the ESR signal was
measured at 77 K. Before incubation, 300 /xl of the mixture was
collected as a zero time control (22). As an untreated control,
isolation medium was added instead of rotenone solution.

Effect of NADH Concentration on the Reduction of Cu-ATSM. A
0.8-ml aliquot of the SMP preparation was mixed with 0.1 ml of
NADH solution and 0.1 ml of Cu-ATSM solution (0.2 mM) and
then incubated at 37Â°Cfor 15 min. After incubation, the ESR signal

was measured at 77 K. An aliquot of the mixture before incubation
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FIGURE 2. Experimental protocol for Langendorff rat perfused isolated heart
model study.

was retained as a control. NADH solution was added at a
concentration of 0 (isolation medium), 5 or 10 mM.

Preparation of Copper-62-ATSM and Copper-62-PTSM
[62Cu]Cu-ATSM and [62Cu]Cu-PTSM were prepared using the

previously reported method (18). Briefly, 4 ml of 62Cu-glycine

solution obtained from the generator was mixed with 0.2 ml of
ATSM or PTSM solution (0.4 and 2 mM in dimethyl sulfoxide,
respectively). Radiochemical purity was more than 95%, as deter
mined by reversed phase high performance liquid chromatography.

Mouse Biodistribution Studies
Male ddY mice weighing 25 g were injected with 62Cu-ATSM

or 62Cu-PTSM solution (-740 kBq in 0.1 ml) via the tail vein.

Mice were killed by ether anesthesia 1, 5 or 30 min after injection.
Blood was collected by cardiac puncture using a syringe, and then
the brain and heart were weighed. Copper-62 radioactivity was
measured in a well-type scintillation counter (ARC-350, Aloka,
Japan) with decay correction. Relative accumulation was calcu
lated as percent dose/g of tissue.

Perfused Rat Heart Model Studies
The perfused rat heart model was prepared by a modification of

the method of Langendorff (31). Male Wistar rats weighing
350-450 g were injected intraperitoneally with 500 IU of heparin

20 min before the hearts were isolated. Rats were stunned with a
blow to the head; hearts were then quickly placed into cold
perfusate and washed. The aortas were attached to a stainless steel
cannula, and the hearts were retrogradely perfused at a rate of 6
ml/min at 37Â°Cwithout recirculation. The perfusate used was a
Krebs-Ringer' s bicarbonate buffer, containing 118.5 mMNaCl, 4.6

mM KC1, 1.2 mM MgCl2 2.5 mM CaCl2, 1.2 mM KH,PO4, 25.0
mM Na2CO3 and 12.8 mM glucose, continuously bubbled with
95% 02 - 5% CO2 or 95% N2 - 5% CO2 (pH 7.4).

The hearts were perfused with the oxygenated buffer for 30 min
before use for the experiments. Normoxic buffer perfusion was
performed for 30 min, and then perfusate was switched to nitro-
genated buffer (hypoxia perfusion) for 30 min, followed by
reoxygenated perfusion for 30 min. Tracer injections were per
formed with a six-direction valve injector 5 min after commence
ment of normoxic perfusion, hypoxic perfusion and reoxygenated
perfusion, as shown in Figure 2. Radioactivity in the perfused heart
was detected with a lead-shielded BGO detector and stored in a
microcomputer. Background and decay correction of the data were
performed as follows. Before the study, system background (SB,
constant) was measured. Just before each 62Cu-ATSM injection,

apparent background data were obtained (apparent background at
time O,AB,,) that were considered as sums of SB and retained 62Cu

radioactivity originated from the previous injection (for first
injection, AB0 = SB). From the apparent radioactivity curve (AR,),
the true accumulation curve (TRt) was obtained as follows:

This calculation could be done because preliminary study indicated
that washout of 62Cu from the heart was completed by 10 min after

injection under either normoxic or hypoxic conditions. Retention %
was calculated based on the peak radioactivity in the heart as
follows:

Retention % at time t

TR,

Peak TR found just after injection
X 100. Eq. 2

TR, = (AR, â€” SBJdecay corrected ~ (AB, â€” SB)decay corrected

= (AR, - SB)decaycolTCCtcd- (AB0 - SB). Eq. 1

In Vivo Left Anterior Descending (LAD) Coronary Artery
Occluded Rat Heart Model Studies

LAD coronary artery occluded rat heart model was prepared as
described previously (32). Male Wistar rats weighing 250 g were
anesthetized with pentobarbital administered intraperitoneally. An
imals were intubated and ventilated with room air with a rodent
respirator (Natsume, Japan). Left thoracotomy was performed at
the fourth intercostal space; the pericardium was opened, and a
single fixed ligature was used to occlude flow of the LAD coronary
artery with 6-0 vicryl. The thorax was closed, and after 30 min
62Cu-ATSM and 20IT1were co-injected (62Cu: 500 /*Ci; 20IT1: 5

/j,Ci, in 0.5 ml saline) through the femoral vein. Rats were killed
with an overdose of ether 10 min after tracer injection. Blood was
collected by heart puncture with a heparinized syringe, and then the
heart was removed and divided into 10-16 segments. Each
segment was weighed, and 6~Cu radioactivity in each sample and

blood was measured immediately with a well-type scintillation
counter (energy window: 450-550 keV). Under these conditions,
cross-talk from the 2()IT1to 62Cu channel was negligible. Several
hours later, i.e., after 62Cu radioactivity had decayed out, 20IT1
radioactivity (energy window: 100-180 keV) was measured. Rel
ative accumulation of both 62Cu and 201T1in each segment was

calculated as tissue-to-blood ratio of percent dose/g.

Protein Assay
Each sample was diluted with 1% sodium dodecyl sulfate, and

the protein concentration was measured using a BCA protein assay
reagent.

ESR Spectrometry
ESR spectra of Cu-ATSM were determined with an X-band

spectrometer. Spectrometry conditions were 5 mW microwave
power, 6.3 gauss modulation amplitude, 100 kHz modulation
frequency and 9.25 GHz microwave frequency with a magnetic
field of 2800-3800 gauss at 77 K.

Electrochemistry
Half-wave potentials, as redox potentials, were measured at

room temperature (~25Â°C) in a stirred solution of 55% dimethyl

sulfoxide + 45% HEPES buffer (50 mM, pH 7.4), using platinum
as the working electrode and a saturated calomel electrode as the
reference. Redox potential of Cu-ATSM was corrected to the
known redox potential of Cu-PTSM (21) as a standard. Single
sweep voltammetry was performed with a polarographic analyzer.

Statistical Analysis
Unpaired alternate Welch Student's t-test was used for statistical

analysis.

RESULTS
Redox Potential of Cu-ATSM

The redox potential of Cu-PTSM was reported to be -208

mV (21), which is rather high when compared with that of
NADH [-315 mV, (33)]. In this study, Cu-ATSM showed a
redox potential of â€”297mV, lower than that of Cu-PTSM, but

similar to that of NADH.
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TABLE 1
Biodistributions of Copper-62-ATSM and Copper-62-PTSM

in Mice

Time after injection (min)

Tissue 30

^Cu-ATSMBloodBrainHeartBrain/bloodHeart/blood3.04(0.14)7.24(0.12)6.80

(0.09)2.39
(0.07)2.24(0.13)2.37

(0.21)3.52(0.14)3.05

(0.29)1.49(0.11)*1.30(0.21)*2.08(0.19)2.50(0.15)2.43(0.17)1.21(0.18)*1.17(0.08)*

62Cu-PTSM

Blood
Brain
Heart
Brain/blood
Heart/blood

4.01 (0.27)
8.23(1.37)

21.64(7.25)
2.05 (0.29)
5.36(1.57)

2.73 (0.27)
7.15(0.56)

14.94(1.39)
2.64 (0.37)
5.53 (0.99)

0.82 (0.71)
7.42(1.01)

14.62(2.69)
4.73 (0.40^
8.42(1.43)*

'Significantly low when compared with 1-min value (p < 0.0001).

Significantly high when compared with 1-min value (p < 0.0001).
*Significantly high when compared with 1-min value (p < 0.01).

Effect of Rotenone Treatment on Mitochondria! Reduction
of Cu-ATSM

The effects of disturbed electron flow in the electron trans
port chain on the mitochondrial reduction of Cu-ATSM were
studied using rotenone as an inhibitor of Complex I. With
nontreated control mitochondria, only a reduction of 3.4%
(2.7%) (average (I s.d.) of four experiments) was observed, but
rotenone treatment significantly increased the reduction to
14.7% (3.4%) (average (1 s.d.) of four experiments), 4-fold
higher than that of the control (p < 0.01, when compared with
the control).

Effects of NADH Concentration on the Reduction of
Cu-ATSM by SMP

The reduction of Cu-ATSM by SMP was NADH-dependent;

i.e., 2.7% (1.3%), 21.6% (6.7%) and 29.0% (7.1%) (average (1
s.d.) of four experiments), when exogenous NADH was added
at 0, 500 and 1000 /xA/, respectively. However, reduction of
Cu-ATSM required a larger dose when compared with Cu-
PTSM reduction (22). Cu-ATSM could not be reduced by
NADH alone.

Mouse Biodistribution Studies
Table 1 shows the biodistributions of 62Cu-ATSM and

62Cu-PTSM in mice. As reported previously, 62Cu-PTSM

showed high retention in the brain as well as the heart. As a
result, brain to blood ratios (B/B) as well as heart to blood ratios
(H/B) increased with time after injection. Copper-62-ATSM
also showed high brain and heart uptake just after injection but
was quickly washed out from these tissues. Consequently, B/B
and H/B were significantly decreased and reached values of 1.

Perfused Rat Heart Model Studies
Typical retention profiles of 62Cu-ATSM in isolated perfused

heart preparations under conditions of normoxia, hypoxia and
reoxygenation are shown in Figure 3. Average retention %
values (1 s.d.) of five different heart preparations under nor-
moxic, hypoxic and reoxygenated conditions at 15 min after
injection were 23.77 (2.98), 81.10 (3.41), (p < 0.0001 when
compared with normoxia) and 22.80 (4.75), respectively. Under
normoxic as well as reoxygenated conditions, only 20% of the
62Cu-ATSM injected as a bolus was retained in the heart, and

80% was quickly washed out. In the same heart preparations,

i.o

0.8

Z 0.6

S 0.4

0.2 â€¢

0.0
10 15

Time (min)

FIGURE 3. Typical retention profiles of 62Cu-ATSM in Langendorff rat

perfused isolated hearts under normoxic, hypoxic and reoxygenated condi
tions.

however, more than 80% of the injected 62Cu-ATSM was

retained under hypoxic condition.

In Vivo LAD Occluded Rat Heart Model Studies
Relative 62Cu-ATSM accumulation in various segments of

four LAD occluded rat hearts is plotted in Figure 4 with relative
2(1'TI accumulation in the corresponding segments. Copper-62

radioactivity accumulation increased with the decrement of
2()IT1accumulation, an index of relative myocardial perfusion.

In the segments of severely low
accumulation was also decreased.

201 Tl accumulation, Cu

DISCUSSION
Compounds known as hypoxic sensitizers, of which nitroim-

idazole is an example, are localized within hypoxic but nonne-
erotte tumor cells (34). Interestingly, copper itself has also been
reported to be a hypoxic cell sensitizer, and its redox reaction is
closely correlated with cell toxicity (35). Thus, it is reasonable

s'S
-â€¢Â§
Â£ 3

3. S

i

O

2-

1-

20 40 60 80
Relative TI-201 Uptake

(TI-201 Tissue / Blood Ratio)

FIGURE 4. Relationship between the myocardial accumulation of
ATSM and 201TI10 min after intravenous injection.
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FIGURE 5. Schematic water pressure model of electron transport chain under normoxia (a), rotenone treatment (b) and reoxygenation conditions (c).

to screen for new hypoxia imaging agents among copper
complexes.

As essential characteristics for hypoxia imaging agents, a
candidate should have small molecular size as well as suitable
lipophilicity for easy penetration through the cell membranes,
including the blood-brain barrier. It has been reported that
various radiolabeled Cu-BTS complexes efficiently cross the
blood-brain barrier (23). In the present mouse biodistribution
study, 62Cu-ATSM showed quick penetration into both the

brain and the heart. This characteristic enables access to the
oxygen-depleted mitochondria in hypoxic cells.

Cu-ATSM had the same range of redox potential as NADH,
which was about 100 mV lower than that of Cu-PTSM.
Previously, we showed that Cu-PTSM is reduced at Complex I
site of electron transport chain using NADH as an electron
donor (22). Under the same conditions, Cu-ATSM was less
reduced by normal electron transport chain, probably because of
its low redox potential. As a result, 62Cu-ATSM showed high

access into normal tissues but quick washout.
However, in the rotenone-treated mitochondria, Cu-ATSM

reduction was increased to four times the value under basal
conditions. Rotenone disturbs electron flow between Complex I
and ubiquinone (Fig. 5b). This is considered to be comparable
with hypoxia, i.e., hyper-reduction of Complex I caused by
depletion of oxygen, the final electron acceptor (Fig. 5c).
Similar results were also observed in NADH-loaded SMP. SMP
preparations lost endogenous NADH and could not reduce
Cu-ATSM. However, Cu-ATSM reduction occurred when a
sufficient dose of NADH was added to the reaction medium.
NADH concentration is known to increase in hypoxic tissues
(36), and Cu-ATSM might be reduced in such segments.

Based on the results of in vitro studies, hypoxia-selective
retention of 62Cu-ATSM was studied using Langendorff iso

lated perfused rat hearts. In this model, oxygen concentration
can be controlled without any change in flow rate or substrate
supply. In this study, 62Cu-ATSM showed a very high degree of

hypoxia-selective retention when injected as a bolus into the
heart preparations. This was partly because of the ease of entry

Cu(ll)-PTSM Cu(ll)-ATSM

Membrane it e"Y penetration It Hood

Cu(ll)-PTSM

+

Cu(ll)-ATSM
Cal

Normae" â€¢â€¢â€”Mt

Cu(l)

X Abnormallye" e- 4 reduced Mt

\/ by hypoxia

Cu(l)

RETENTION RETENTION
Mt: mitochondria

FIGURE 6. Estimated mechanism of retention of 62Cu-ATSM as a hypoxic

imaging agent.

of 62Cu-ATSM into the cells and partly due to the selective

affinity to Complex I with abnormally high electron and/or NADH
concentrations. In addition, serial studies using the same prepara
tions demonstrated that hypoxic retention of 62Cu-ATSM was a
reversible phenomenon. Thus, the retention of 62Cu-ATSM was

dependent only on oxygen concentration and not on hypoxia-
related long-lasting changes such as membrane damage.

In the LAD-occluded rat heart model, tissue segments with
various 201T1uptake levels could be obtained. In the Langen

dorff perfused rat heart model, 30-min complete ischemia did
not induce crucial damage in heart function (37). Thus, at this
time point, i.e., just after 30-min occlusion, myocardium was
considered to be still viable, and 201T1accumulation could be
evaluated as relative perfusion levels of the tissue. As 20IT1
accumulation decreased, 62Cu accumulation was gradually

increased, and tissue-to-blood ratio reached approximately 2.5.
Within this range, 62Cu accumulation seemed to be inversely
proportional to the 201T1 accumulation, possibly blood flow

levels, of the corresponding segment. However, in segments
with no or extremely low 201T1accumulation, 62Cu accumula

tion was proportional to it. In these segments, the reduction
ability of electron transport chain for 62Cu-ATSM was consid
ered to be maximal, and restricted supply of 62Cu became a
determinant of 62Cu retention. Decrements of 62Cu accumula

tion, however, were found in two rats, but not in others. The
preparation of this infarction model was not well controlled so
that size of the infarcted area varied in each animal. As a result,
these two rats might have had incomplete ischemia, lacking
severely suppressed flow. However, further autoradiographic
studies using other radioactive copper nuclides with longer
half-lives in combination with histological analysis are needed

to confirm this consideration.
This study indicated that 62Cu-ATSM accumulates in the

hypoxic myocardium by a reductive retention mechanism by
mitochondria with disturbed electron flow, and this effect is
independent of flow. Rapid washout from the other tissues
including normal myocardium as well as favorable blood-pool
clearance may allow rapid identification of patients with myo-

cardial hypoxia. As shown in Figure 6, the proposed retention
mechanism of this compound was very simple and might be
applied to other pathological states such as brain ischemia,
tumors, etc. Further studies are currently in progress to clarify
the actual retention mechanisms of these target tissues. The
proposed criteria for hypoxic imaging agents might not be
satisfied only by Cu-ATSM but other Cu complexes as well as
other metallic/organic compounds. Some Cu complexes with
and without BTS structure were examined, and some encour
aging results were obtained (to be published elsewhere).

Combination of generator-produced 62Cu and the simple label

ing procedure using kits will permit on-demand supply of the

radiopharmaceutical for patients with acute ischemie insults, and it
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might provide new pathophysiological information for understand
ing the mechanism of cell damage in ischemie diseases.
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