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84Cu-diacetyl-bis(N*-methylthiosemicarbazonate), 84Cu-ATSM, con-
tinues to be investigated clinically as a PET agent both for delineation
of tumor hypoxia and as an effective indicator of patient prognosis,
but there are still aspects of the mechanism of action that are not
fully understood. Methods: The retention of radioactivity in tumors
after administration of 84Cu-ATSM in vivo is substantially higher for
tumors with a significant hypoxic fraction. This hypoxia-dependent
retention is believed to involve the reduction of Cu-ATSM, followed
by the loss of copper to cellular copper processing. To shed light on
a possible role of copper metabolism in hypoxia targeting, we have
compared 84Cu retention in vitro and in vivo in CaNT and EMT6 cells
or cancers after the administration of 64Cu-ATSM or 4Cu-acetate.
Results: In vivo in mice bearing CaNT or EMT6 tumors, biodistribu-
tions and dynamic PET data are broadly similar for 4Cu-ATSM and
84Cu-acetate. Copper retention in tumors at 15 min is higher after
injection of 84Cu-acetate than 84Cu-ATSM, but similar values result at
2 and 16 h for both. Colocalization with hypoxia as measured by EF5
immunohistochemistry is evident for both at 16 h after administration
but not at 15 min or 2 h. Interestingly, at 2 h tumor retention for 84Cu-
acetate and %4Cu-ATSM, although not colocalizing with hypoxia, is
reduced by similar amounts by increased tumor oxygenation due to
inhalation of increased O,. In vitro, substantially less uptake is ob-
served for ®4Cu-acetate, although this uptake had some hypoxia
selectivity. Although 6*Cu-ATSM is stable in mouse serum alone,
there is rapid disappearance of intact complex from the blood in
vivo and comparable amounts of serum bound activity for both
84Cu-ATSM and ©4Cu-acetate. Conclusion: That in vivo, in the
EMT6 and CaNT tumors studied, the distribution of radiocopper from
84Cu-ATSM in tumors essentially mirrors that of 64Cu-acetate sug-
gests that copper metabolism may also play a role in the mechanism
of selectivity of Cu-ATSM.
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The critical role of hypoxia in tumor biology underscores the
need for high-performance hypoxia-selective indicators. There
are several candidates for clinical detection of tumor hypoxia
using PET radiotracers (/). **Cu-ATSM is one of them and ben-
efits from favorable tumor-to-blood ratios (>2) and fast clear-
ance, allowing rapid PET imaging after administration. More-
over, retention of copper after administration of **Cu-ATSM
has been shown to correlate with poor prognosis. Although this
retention could be due to tumor hypoxia, there have been few
correlations of copper retention with hypoxia in clinical studies
by immunohistochemical studies or comparisons of Cu-ATSM
with !8F-fluoromisonidazole. Copper retention, therefore, may
not necessarily be entirely due to hypoxia in all cases, particularly
if short imaging times are used. This does not invalidate the
proven use of Cu-ATSM as a prognosis agent because nonhypoxic
copper retention may well reflect tumor aggressiveness.

Since Fujibayashi et al. first observed hypoxia-selective re-
tention of radioactivity from ®2Cu-ATSM in an ex vivo rat heart
model of ischemia (2), numerous reports confirmed its hypoxia
selectivity in vitro (3,4). To date, there is a consensus that in vitro
Cu-ATSM undergoes bioreductive trapping under hypoxic condi-
tions. After cellular entry, Cu(II)-ATSM is reduced to an unstable
Cu(I)-ATSM species, a process inducing dissociation of the metal
complex and subsequent irreversible trapping of Cu(I) within the
cellular copper metabolic processes (5).

However, the proposed mechanism for hypoxia selectivity
might not be as straightforward as initially assumed. Experimental
and in silico studies indicated that variables such as pH also
influence the stability of the reduced Cu(l) species and affect the
reduction, reoxidation, and ligand dissociation events (6-9). Al-
though hypoxia selectivity for **Cu-ATSM is evident in vitro and
in vivo, some more recent studies found that the relationship be-
tween oxygenation status and uptake and retention of *Cu-ATSM
varied with cell and tumor line (/0,11). The correlation of intra-
tumoral ®*Cu distribution with nitroimidazole-based markers was
also variable and time-dependent (/2—/4). This suggests that the
strong correlation between retention of radiocopper from Cu-
ATSM and poor treatment outcome observed in clinical studies
may be governed by additional mechanisms other than tumor pO,
(11,15-17).

Recent reports have noted that copper, administered as simple
copper salts, is retained in tumors and suggest that this might be
used for cancer detection (/8-21). Because there is little uptake of
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64Cu-acetate by cells in tissue culture, the in vivo tumor uptake of
64Cu-acetate or other copper salts has not been compared with
that of ®*Cu-ATSM. To delineate the copper-processing compo-
nent in Cu-ATSM accumulation, we have investigated the biodis-
tribution of both ®*Cu-ATSM and %*Cu-acetate in CaNT and
EMT6 tumors. In part, we selected ®*Cu-acetate as a control be-
cause we fully expected it, based on published cell uptake studies,
to display no hypoxia selectivity and serve solely as a marker of
the cellular copper-processing pool. We found that in vivo the
retention of ®*Cu for ®*Cu-ATSM was broadly similar to that
for %*Cu-acetate, both at earlier and later times after administra-
tion. We further examined the intratumoral distribution and oxygen-
dependence of uptake for both tracers. An initial comparison of
the in vitro and in vivo speciation of %*Cu-ATSM suggests that
dissociation of *Cu-ATSM in vivo may in part be responsible for
the similar behavior of **Cu-ATSM and %Cu-acetate.

MATERIALS AND METHODS

Radiochemical Synthesis

H,ATSM was synthesized as previously reported (additional infor-
mation is given in the supplemental data; supplemental materials are
available at http:/jnm.snmjournals.org).

64Cu-ATSM (90% isolated radiochemical yield; >98% radiochem-
ical purity) was prepared by reaction of the bis(thiosemicarbazone)
proligand with %*Cu-acetate (100-150 MBq) using reported proce-
dures (supplemental data). The specific activity of the administered
tracer (for in vitro, in vivo, and stability studies) was in the range of
2-5 MBq/pg of H,ATSM precursor.

64Cu(Il)-acetate was administered in physiological saline.

Cell Culture and In Vitro Hypoxia Selectivity

EMT6 and HT1080 cells were obtained from American Type
Culture Collection and used within 6 months of resuscitation from
frozen stock. Cells were regularly tested to ensure the absence of
Mpycoplasma contamination (MycoAlert; Lonza). Cell morphology
was regularly checked to ensure the absence of cross-contamination
of cell lines. Cells were grown as monolayers in Dulbecco’s modified
Eagle’s medium, pH 7.4 (Sigma Aldrich) supplemented with 10%
fetal bovine serum (HyClone), L-glutamine (2 mM), penicillin
(100 units/mL), and streptomycin (100 pg/mL) (Sigma Aldrich). Cells
were maintained at 37°C in a 5% CO, humidified atmosphere and
grown to approximately 95% confluence.

Oxygen-dependent cellular retention assays were conducted in cell
suspensions (1 X 10° cells/mL) under normoxic (75% N», 20% O,
5% CO,) or anoxic (corresponding to severe hypoxia, 95% N,, 5%
CO,) conditions as described previously (22-24).

Animal Model, Anesthesia, and Tissue Oxygen Modulation

All animal experiments and protocols were reviewed and performed
in accordance with U.K. Home Office in accordance with the Animals
Scientific Procedures Act of 1986 (U.K.) and Oxford University
regulations. Tumor and normal tissue uptake of %*Cu compounds was
determined in female CBA mice (17-20 g) (Charles River) bearing
CaNT xenografts. The murine adenocarcinoma (CaNT) tumor line
cannot be grown ex vivo. Fifty microliters of a crude cell suspension,
prepared by mechanical dissociation of an excised CaNT tumor from
a donor animal, were injected. Imaging was performed when tumors
had reached approximately 6-8 mm in diameter. The EMT6 tumor
model was generated as described previously (23).

Anesthesia was induced and maintained using isoflurane in room
air or in oxygen (60% or 100%). Nonanesthetized mice for dissection-
only controls were kept in room air or a 60% oxygen or 100% oxygen
atmosphere. All animals were maintained in the specified gas mixture

64Cu-ATSM AND 4Cu-AceTATE IN Vivo

for 30 min before ®*Cu-acetate or ®*Cu-ATSM injection (intravenous)
and then until sacrifice. The hypoxic status of the tumors was con-
firmed using both the OxyLite probe (Oxford Optronix Ltd.) and EF5
immunohistochemistry as described below.

PET Imaging, Biodistribution, and Blood Speciation Studies

PET imaging was performed using the Inveon PET/CT system
(Siemens Preclinical Solutions). Mice were anesthetized, and a can-
nula was inserted into the lateral tail vein. After the attenuation CT
scan, 10 MBq of ®*Cu-ATSM or ®Cu-acetate (both in 0.9% saline,
pH 7.0) were administered as a bolus injection over 1 s (blood was
not aspirated back into the syringe), and 2-h whole-body dynamic
images were acquired. Throughout the imaging session, mice were
maintained at 37°C, and respiration rate was monitored (60-100
respirations/min). Image analysis was performed using the Inveon
Research Workplace software (version 2.2; Siemens Preclinical
Solutions).

Immediately after imaging, mice were sacrificed, and organs,
tissues, and tumor were removed, washed, and weighed. The blood
was collected and weighed. The radioactivity of the samples was
counted using an auto <y-counting system (Wizard; Perkin Elmer).
The amount of radioactivity in the organs and tissues was calcu-
lated as percentage of the injected dose per gram: [(actiVityssue)/
(weightijssue X activityipjeciea) X 100]. The remainder of the animal
was discarded. To avoid any confounding effects of anesthesia, dis-
section experiments were repeated after sacrifice of mice that had not
experienced anesthesia or imaging.

For in vivo blood speciation studies, female, non—tumor-bearing
CBA mice (to exclude the effect of the tumor) were injected with
64Cu-ATSM or %Cu-acetate. Blood samples (~800 wL) were col-
lected at various time points (5-120 min after injection, 2 animals
per time point) by heart puncture into heparin-coated tubes. The
amount of intact *Cu-copper complex in the blood was determined
via the octanol-extraction method (25,26).

For serum analysis, the vials were spun (4,000 rpm, 4°C, 5 min),
and the serum plasma was separated from the red blood cell fraction
before being analyzed as referenced below (detailed procedures are
given in the supplemental data). Serum binding and stability were
determined by the ethanol precipitation method as previously de-
scribed (24,27).

For in vitro incubations, fresh blood/serum was obtained from mice
in an identical manner, incubated with approximately 0.1 MBq of
%4Cu-ATSM or %*Cu-acetate, and treated as described for samples
from in vivo blood speciation analysis.

Autoradiography and Immunohistochemistry

Tumor hypoxia was confirmed by immunohistologic staining for
EF5 (2-(2-nitro-1H-imidazol-1-y1)-N-(2,2,3,3,3-pentafluoropropyl)-
acetamide). For EF5 studies, mice were administered 10 mM EF5 in
0.9% saline intravenously 2 h before tumor excision (EF5 was
obtained from Dr. Cameron Koch, University of Pennsylvania (28)).
To determine the correlation between ®*Cu-ATSM or %*Cu-acetate
uptake and hypoxia, tumor slices were analyzed by both autoradiog-
raphy and EF5 immunohistochemistry (29). Object-based overlap be-
tween both modalities was determined by first coregistering autoradi-
ography and fluorescence microscopy images using a rigid transformation.
Then, Manders’ overlap coefficients (M1) were calculated using the
JACoP plug-in for Image J (methods of Manders for spatial intensity
correlation analysis with Costes method for automatic thresholding).
An in-depth description of JACoP methodology is given in Bolte and
Cordelieres (30) and in the supplemental data.

Statistical Methods
In vitro cell uptake, in vivo tumor uptake, and in vivo correla-
tion of immunohistochemistry versus autoradiography for all tested
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FIGURE 1. In vitro cellular retention of radioactivity at 30 min after
incubation under normoxic or anoxic conditions. Experiments were per-
formed in HT1080 and EMT® cell lines. CaNT cells cannot be cultured in
vitro, and assays were conducted on CaNT cells excised from in vivo
tumors.

compounds were compared using Graphpad Prism (GraphPad Soft-
ware Inc.) by 1-way parametric ANOVA with the Tukey adjustment
for multiple comparisons (P < 0.05). All other statistical comparisons
were made using a Student 7 test (P < 0.05). No significant differences
were reported when P values were greater than 0.05.

RESULTS

In Vitro Cellular Retention Assays

The radiocopper retention of **Cu-ATSM or %*Cu-acetate in
vitro by HT1080 and EMT®6 cell suspensions was assessed after
30-min incubation under normoxic or anoxic conditions as pre-
viously described (Fig. 1) (22,23,31). The radiocopper from **Cu-
ATSM was retained in an oxygen-dependent fashion in both cell
lines. ®*Cu-acetate showed low overall cellular retention in both
HT1080 and EMT6 cells, with some oxygen dependence in
HT1080 cells (P > 0.05) and significant (P < 0.0001) oxygen

dependence in EMT6 cells under severe hypoxia. This has not
previously been reported, probably because of the low overall
uptake masking any increases in retention under hypoxia. %*Cu-
ATSM was also retained to a greater extent in hypoxia than nor-
moxia in a CaNT cell suspension, consistent with the hypoxia
selectivity previously reported. Because these cells cannot be
grown in vitro, the cell suspensions for these assays were prepared
from an excised tumor grown in vivo. Interestingly in these cells,
grown in a chronic hypoxic environment, ®*Cu-acetate showed
a larger selectivity for hypoxia than in EMT6 or HT1080.

In Vivo Biodistribution Comparison of 4Cu-Acetate
and %4Cu-ATSM

Before embarking on the in vivo studies, we investigated the
reproducibility of hypoxia in mouse tumor models using immu-
nohistochemistry staining for the hypoxia marker EFS5. After
looking at several tumor lines, we found that CaNT xenografts
consistently have significant hypoxic content and little necrosis.
EMT®6 tumors are also widely used in hypoxia research and were
included to provide a point of comparison with results published
previously (23,32,33). The in vitro results above suggested that
%4Cu-acetate would show low uptake and little hypoxia selectivity
in vivo and might serve as a control for copper metabolism. This
experiment does not appear to have been done previously. In
syngeneic mice bearing CaNT tumors, ®*Cu-ATSM and %*Cu-
acetate had similar biodistributions at 15 min after injection;
however, the tumor-to-muscle ratio for the acetate salt was higher
than for the copper complex (Table 1). At 2 h after injection,
64Cu-acetate and **Cu-ATSM resulted in broadly similar tumor-
to-muscle ratios (7.35 = 1.13 and 9.93 = 0.79, respectively), and
both were cleared quickly from the blood with hepatobiliary excre-
tion. The biodistributions for both complexes were similar after 16 h.

The EMT6 tumor xenografts had a tumor-to-muscle-ratio of
9.8 * 0.63 for **Cu-ATSM, and this was slightly lower (7.9 =
0.77) for ®*Cu-acetate at 2 h after injection (full biodistribution
data are given in the supplemental data). Dynamic PET scans
from 0 to 2 h using **Cu-ATSM and %Cu-acetate in both CaNT-
and EMT6 tumor—bearing mice show remarkably similar kinetic
behavior, each reaching a steady state at approximately 100 min
with similar biodistributions (Fig. 2). It was also notable that

TABLE 1
Biodistribution Data for 4Cu-ATSM and 84Cu-Acetate in CBA Mice Bearing CaNT Tumors

64Cu-ATSM 84Cu-acetate 64Cu-ATSM 84Cu-acetate 64Cu-ATSM 84Cu-acetate
Organ (15 min) (15 min) (120 min) (120 min) (16 h) (16 h)

Blood 0.61 = 0.06 0.79 = 0.06 1.09 = 0.01 1.28 = 0.40 1.58 + 0.16 1.57 = 0.18
Tumor 0.75 = 0.10 1.28 + 0.13 2.41 = 0.59 2.76 = 0.63 1.32 + 0.09 1.28 + 0.07
Muscle 0.32 = 0.02 0.27 = 0.03 0.33 = 0.05 0.28 = 0.07 0.20 = 0.02 0.22 = 0.01
Stomach 2.91 + 0.19 2.47 = 0.21 8.13 = 3.62 6.67 = 2.10 3.50 = 0.50 2.47 = 0.27
Small intestine 1.29 = 0.15 1.99 + 0.22 5.44 = 0.89 7.02 = 1.34 4.91 = 0.63 4.05 = 0.52
Large intestine 0.47 = 0.07 0.14 = 0.01 10.54 = 1.5 6.27 = 2.50 7.08 = 0.36 7.22 + 037
Spleen 1.06 = 0.06 1.58 + 0.21 1.54 + 0.14 2.66 = 1.01 3.10 = 0.34 4,19 = 0.52
Liver 3.61 = 0.35 4.34 + 0.57 7.36 = 0.76 9.93 + 1.75 9.19 = 0.90 10.00 = 1.13
Kidneys 6.20 = 0.48 4.96 = 0.43 5.15 = 0.60 5.60 = 0.91 7.72 = 0.70 5.22 + 0.52
Heart 0.87 = 0.05 0.79 = 0.02 1.73 = 0.32 2.15 = 1.22 3.30 = 0.28 2.97 = 0.20
Lungs 3.21 = 0.46 4.09 = 0.38 5.60 = 0.44 6.44 + 1.62 7.83 = 0.77 6.98 = 0.69
Tumor-to-muscle ratio 2.32 + 0.19 4,72 = 0.37 7.35 =+ 1.13 9.93 = 0.79 6.48 = 0.56 5.88 = 0.51

Data are percentage injected dose per gram = SD.

Awake data, for anesthetized animals, is provided in the supplemental data.
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FIGURE 2. Changes in tumor-to-muscle ratios from 0 to 120 min after
injection of 64Cu-ATSM ([A] CaNT, [C] EMT6 tumors) and 4Cu-acetate
([B] CaNT, [D] EMT6 tumors) in anesthetized tumor-bearing mice. Time-
activity curves were created using volumes of interest composed of
several manually defined regions of interest covering target area (tumor
tissue, muscle tissue).

tumor-to-muscle ratios for ®*Cu-ATSM and ©*Cu-acetate were
lower for whole-animal imaging (animals dissected after imag-
ing) than for the dissection-only (awake state, that is, no anes-
thesia) data in both tumor lines. Thus, the effect of anesthesia on
tumor uptake of %*Cu-acetate mirrors the effect previously ob-
served for ®*Cu-ATSM (34).

Correlation Between Hypoxia and Autoradiography at 15
Minutes, 2 Hours, and 16 Hours After Injection

To determine whether intratumoral ®*Cu was distributed prefer-
entially in hypoxic areas, autoradiography of tumors after ®*Cu-
ATSM and %Cu-acetate administration was compared with EF5
immunohistochemical staining to identify hypoxic areas. In the
reported literature, the correlation of radioactivity from ®4Cu-
ATSM with hypoxia depended on tumor type and for some was
only significant at time points 16-20 h after injection (/2,14).
Because in the clinical setting *Cu-ATSM images are commonly
acquired between 0 and 60 min after injection (3,35,36), we ex-
amined CaNT tumors at 15 min, 2 h, and 16 h after **Cu-ATSM,
64Cu-acetate, and '3F-MISO administration. The spatial correla-
tion of activity from ®*Cu-ATSM, ®*Cu-acetate, and '8F-MISO
with EF5 distribution was quantified by coregistering the autora-
diography and fluorescence microscopy images and obtaining cor-
relation coefficients (Fig. 3). Full biodistribution data, autoradio-
graphs, and EF5 immunofluorescence microscopy images are
shown in the supplemental data. These data confirm the presence
of hypoxia in these tumors. As expected, a significant positive
correlation was found between '8F-MISO and EF5 at 2 h after
injection. However, little or no spatial correlation between %*Cu
distribution and zones of hypoxia, as defined by EF5 immunohis-
tochemistry, was apparent for either 4*Cu-ATSM or ®*Cu-acetate
at 15 min or 2 h, in contrast to the excellent correlation for '3F-
MISO. A stronger correlation was found for **Cu-ATSM at 16 h,
in agreement with previous reports (/0,13,14). A similar correla-
tion was found at 16 h also with *Cu-acetate. Thus, the tumor
uptake of %*Cu-ATSM and ®*Cu-acetate correlates with tumor
hypoxia at 16 h but not at 15 min or 2 h.

64Cu-ATSM AND 4Cu-AceTATE IN Vivo

Oxygen-Dependent Tumor Uptake of 4Cu-ATSM
and %“Cu-Acetate

Tumor oxygenation in vivo can be altered by changing the
inhaled oxygen content. For example, Lewis et al. showed that
tumor retention of %*Cu using **Cu-ATSM decreased when ani-
mals were breathing 100% oxygen as opposed to air, consistent
with the decreased tumor hypoxia (37). To perform analogous
experiments but to reduce the potential physiological effects of
hyperoxia, we also examined the effect of breathing 60% oxygen
on tracer retention in tumors. As depicted in Figure 4 and the
supplemental data (Supplemental Table 2), the tumor-to-muscle
ratios and tumor uptake of both ®*Cu-ATSM and ®*Cu-acetate
were significantly reduced at 2 h after injection in tumors in
animals breathing 100% or 60% O,, compared with animals
breathing room air. Additionally, anesthetized animals had re-
duced tumor-to-muscle ratios and tumor uptake of **Cu-ATSM
and %*Cu-acetate, compared with unanesthetized animals. There
was decreased tumor uptake of both ®*Cu-ATSM and ®*Cu-acetate
after inhalation of O, regardless of the anesthesia regime. All
these results are consistent with reduced hypoxia after breathing
increased levels of oxygen (34), although copper uptake levels
may be influenced by acute changes in tumor blood flow caused
by both anesthesia and a change in inhaled oxygen concentration.
At the time examined, the radiocopper is not localized in areas of
strong hypoxia as delineated by immunohistochemistry. The de-
crease in tumor retention was more pronounced for ®*Cu-acetate
than ®*Cu-ATSM (34). Muscle retention was unaffected by the
inhaled gas. Thus, the effect of reducing copper retention by in-
creasing oxygen content in breathed gas is similar for ¢Cu-ATSM
and *Cu-acetate.

64Cu Speciation In Vitro and In Vivo in Blood

The similar biodistributions of ®*Cu-acetate and %*Cu-ATSM
raised the possibility that a proportion of the copper available
for tumor uptake is no longer intact **Cu-ATSM. To study the
copper species present in the blood, we used a previously estab-
lished ethanol-extraction/-precipitation method (24,27). Ethanol is
added to precipitate the proteins present before the supernatant is
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FIGURE 3. Correlation coefficients describing spatial correlation be-
tween autoradiography and EF5 immunofluorescence in tumors excised
at 15 min, 2 h, or 16 h after injection.
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FIGURE 4. Tumor-to-muscle ratios for 64Cu-ATSM and ®4Cu-acetate
in CaNT tumor-bearing CBA mice as determined by organ dose mea-
surements (percentage injected dose per gram). Mice were either anes-
thetized with 2% isoflurane/breathing gas (imaging) or awake (dissection)
for 120-min biodistribution times. Mice were breathing 100% oxygen,
60% oxygen, or 21% oxygen (room air) before being sacrificed for organ
dose measurements.

separated from the proteins. ®*Cu-ATSM is stable in serum in
vitro. After incubation of %*Cu-acetate with serum in vitro for 2
h, 90% of the activity was associated with the precipitated protein
(Fig. 5A). After %*Cu-ATSM was incubated in serum in vitro,
10%—-15% of the radioactivity was associated with precipitated
protein after 0-2 h and not extracted into ethanol. This was in
agreement with the reported results for **Cu-ATSM and related
%4Cu-bis(thiosemicarbazones) after incubation with serum, for
which typically approximately 20% of activity was protein-bound
(24,27,31). Radio—thin-layer chromatography (radio-TLC) and
high-performance liquid chromatography confirmed that the ethanol-
extractable radioactivity contained only intact **Cu-ATSM in agree-
ment with previous in vitro findings (24,27), indicating stability of the
complex in serum in vitro.

We then examined the speciation in the blood serum plasma
fraction in vivo using the same extraction methods. Ethanol

precipitation and radio-TLC of serum obtained from the blood
of mice injected with *Cu-ATSM or ®Cu-acetate showed high
protein binding of radioactivity at all time points (Fig. 5A). Ra-
dio-TLC shows that the extractable activity from serum plasma
of mice injected with ®*Cu-ATSM is primarily in the form of
%4Cu2+ ion (Ry = 0, where Ry refers to the retardation factor; the
method is given in the supplemental data). Moreover, the overall
amount of solvent-extractable radioactivity from serum after in-
travenous injection was comparable for %4Cu-ATSM and %*Cu-
acetate. This suggests that the protein-bound and solvent-extractable
species in the blood in vivo is similar for ®*Cu-ATSM and %Cu-
acetate and would be consistent with removal of **Cu-ATSM by
diffusion into the surrounding tissues and organs.

To verify these results, a previously reported octanol-extraction
method to examine the amount of intact Cu-ATSM complex in
whole blood was also used (25,26). Ionic Cu(Il) salts can be
extracted into ethanol (ethanol-precipitation method) but do not
partition into octanol (octanol-extraction method). After incuba-
tion in whole blood in vitro, 85% of “*Cu-ATSM was octanol-
extractable at 5 min, decreasing to 53% after 120 min of incu-
bation (Fig. 5B). This percentage is somewhat lower than that
observed for incubation in the serum fraction in vitro. This may
potentially be explained if Cu-ATSM partitions freely into blood
cells, causing partial decomposition in whole blood. Radio-TLC
confirmed that the octanol-extractable radioactivity was in the
form of %*Cu-ATSM. At 5 min after injection of ®*Cu-ATSM into
mice, only 23% of the remaining blood radioactivity was octanol-
extractable (Fig. 5B), decreasing to 3% after 30 min, which was
comparable to the extractable activity observed in mice injected
with ®*Cu-acetate. The similarity of the data for **Cu-ATSM and
64Cu-acetate suggests that a proportion of the radiocopper circu-
lating is not intact ®*Cu-copper complex but rather serum-bound
64Cu. The identity of the proteins binding the copper or the copper
speciation in other compartments has not been established, but the
simplest explanation of the similarity of behavior would be that
a common copper species in the blood is involved.

DISCUSSION

In both murine xenografts used here, tumor uptake kinetics and
biodistributions of ®*Cu-ATSM are strikingly similar to those of
%4Cu-acetate. Copper uptake at 15 min was slightly higher after
the administration of 6*Cu-acetate than 4Cu-ATSM, but at 2 and

16 h no significant differences are apparent.
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consistent with our in vivo studies, which
show that the remaining blood-born activity
is free ®*Cu. However, it should be noted
that the blood compartment represents only

In vitro and in vivo stability studies. (A) Percentage of radioactivity remaining bound
to serum proteins after ethanol precipitation of serum plasma from in vitro and in vivo blood
samples. (B) Percentage of octanol-extractable radioactivity with respect to total blood radioac-
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a small proportion of the injected dose (Table 1). Nonetheless,
transport of %*Cu or %“Cu-ATSM via the circulation is essential
for tumor uptake.

The retention of *Cu-ATSM by tumors has been shown to
correlate with prognosis, and the assumption has been that this
results from correlations between tumor hypoxia and copper re-
tention. In vitro examination of the dependence of ®*Cu-acetate
retention on hypoxia might have led to the prediction that %*Cu-
acetate would show little or no hypoxia selectivity in vivo and
might serve as a control for copper metabolism. Our results are
consistent with those of others, most recently Jorgensen et al.,
who have also shown that copper accumulates in various murine
tumors (/8-21). The in vivo distribution and tumor uptake of
64Cu-acetate has not previously been compared directly with that
of ®4Cu-ATSM. Collectively, our data suggest that the currently
proposed redox trapping mechanism might not provide a complete
picture, because dismantling of the complex before cell entrance
could liberate copper before tumor uptake. At 15 min or 2 h,
copper uptake in tumors did not correspond to areas of hypoxia
regardless of administration as ®*Cu-ATSM or %*Cu-acetate. By
16 h, there was a correlation with areas of hypoxia. Both tracers
responded similarly to alterations in the O, concentration of re-
spired air, bearing in mind both vascular and O, concentrations
could play a role in this response. It should finally be noted that
copper metabolism in mice has both similarities to and differences
from humans, with decreased plasma copper levels in mice, com-
pared with humans. Differences also exist in secondary copper
binding proteins but with the liver as a significant copper reservoir
in both species (38,39). These data further suggest that the re-
lationship between Cu-ATSM uptake and hypoxia is not entirely
direct in vivo, in contrast to results from experiments in tissue
culture.

CONCLUSION

Our results serve to emphasize the importance of determining
the fate of radiolabeled compounds after administration in vivo
and to understand fully the factors governing biodistribution and
tumor uptake, thereby facilitating the design of higher perfor-
mance imaging agents. They suggest that some of the anomalies
encountered in the attempts to use *Cu-ATSM result because
radiocopper retention at least partly reflects the processing of
copper rather than being solely a direct indicator of hypoxia,
particularly at shorter times in the tumor models we have studied
here. It is possible that this nonhypoxic tumor retention may
provide useful diagnostic information about tumor status. What-
ever the ultimate explanation for the radiocopper retention from
Cu-ATSM in tumors, it is clear that it still provides unequivocal
indication of prognosis for the patient and is therefore clinically
relevant.

Our results for the 2 mouse tumor models may not readily be
extrapolated to the clinical situation, and there are aspects of
a complex mechanism that are not yet understood. However, our
findings do raise questions about the currently proposed retention
mechanism of Cu-ATSM in vivo, and we hope they may stimulate
further preclinical and clinical studies on the relationship between
copper metabolism and hypoxia imaging.
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