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Application of In Vivo ESR/Spin-Probe Technique to
Monitor Tumor In Vivo in Mouse Footpad

KAZUHIRO ICHIKAWA,! EMIKO SAKABE,'* KEN-ICHIRO KUNINOBU,! TAKAO YAMORI,?
TAKASHI TSURUO,?> TAKASHI YAO,> MASAZUMI TSUNEYOSHI,? and HIDEO UTSUMI!

ABSTRACT

The redox status of tumors inoculated into the footpads of mice was investigated by using an in vivo ESR/spin-
probe technique. A single-cell suspension of a metastatic subclone of colon carcinoma NL-17 was inoculated
into the footpads of Balb/c mice. At 12, 24, 48, and 96 h after the inoculation, a spin probe, either carbamoyl-
or carboxy-PROXYL, was intravenously injected, and then the ESR spectra of each footpad were separately
obtained under a one-dimensional magnetic-field gradient. The change in the ESR signal intensity of the spin
probe was closely related to the tumor volume in the footpads, but no significant difference was observed be-
tween carbamoyl- and carboxy-PROXYL. The in vivo ESR signal decay of carbamoyl-PROXYL, which is re-
lated to the conversion of the nitroxyl radical to hydroxylamine, was enhanced in the inoculated footpads but
not in the reference one. The ESR signal decay was not influenced by coadministration of radical scavengers,
SOD, catalase, mannitol, or dimethylthiourea, suggesting that the redox status but not reactive oxygen species

generation played a role in the enhanced signal decay. Anrioxid. Redox Signal. 9, 1699-1707.

INTRODUCTION

IT HAS BEEN REPORTED THAT TUMORS have a different redox
status than normal tissues, which may result in different re-
sponses to radiation therapy (24) or cytotoxic drugs (2). NL-17
is a cell line established from colon cancer in Balb/c mice (37),
and is a highly metastatic subclone among a series of subclones.
Intravenous or subcutaneous injection of NL-17 caused lung
metastatic foci 40 days after injection (37, 47). The redox sta-
tus in tumor cells could be affected by various factors, includ-
ing the activities of antioxidative enzymes (1, 4, 9, 17). How-
ever, the in vivo redox status of the tumor tissue of this subclone
had not been investigated.

In vivo electron-spin resonance (in vivo ESR)/spin-probe
technique is a unique method to investigate in vivo free radical
reactions (23, 25, 36, 40, 42, 44, 49)/reducing capability non-
invasively (7, 13, 20, 45), because the ESR signal-decay rates

of nitroxyl spin probes are susceptible to interaction with in
vivo redox systems and ROS.

In vivo ESR/spin-probe technique has been used to examine
tumor redox status (20, 21, 45). The tests in these reports were
carried out at 5-14 days (45) after the inoculation (20, 21), and
demonstrated that the tissue became highly reductive within a
few weeks after the inoculation of tumor cells. After inocula-
tion into animals, tumor cells experience several stages, in-
cluding survival, progression, and formation of necrotic areas.
The reductive status in the tumor tissue should be different, de-
pending on the period after inoculation, but this remains to be
clarified. The in vivo ESR/nitroxyl spin-probe technique is quite
a powerful tool to monitor redox reactions. To elucidate the
sites of the reaction, we used carbamoyl- and carboxy-
PROXYL, which are partially membrane-permeable and mem-
brane-impermeable spin probes, respectively (46). The use of
multiple spin probes with different permeabilities should have
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the capability to monitor site-specific information in vivo (38,
40).

We thus designed the current study to investigate changes in
the in vivo redox status of NL-17 by using spin probes with dif-
ferent permeabilities to examine the sites and changes in redox
status a few days after tumor inoculation.

MATERIALS AND METHODS

Chemical compounds

Nitroxyl spin probes, 3-carbamoyl-2,2,5,5-tetramethylpyr-
rolidine-1-oxyl (carbamoyl-PROXYL) and 3-carboxy-2,2,5,5-
tetramethylpyrrolidine-1-oxyl (carboxy-PROXYL) from Aldrich
Chemical Co. (St. Louis, MO) were used in the present experi-
ment. The partition coefficients (38) and their chemical structure
are shown in Table 1. All other chemicals of highest grade were
purchased from Wako Pure Chemicals (Osaka, Japan).

Cell culture

NL-17 was maintained as monolayer culture in RPMI-1640
medium supplemented with 10% fetal bovine serum until in-
jection into mouse footpads.

Animal treatment

Female Balb/c mice (5 weeks, 17-19 g) were purchased from
Kyudo Co. Ltd. (Fukuoka, Japan) and were kept in 12-h
dark/light cycles with ad libitum intake of water and chow (MF
Oriental Yeast Co., Tokyo, Japan). Animal care was carried out
according to our institutional animal research guidelines. Mice
were injected subcutaneously in their footpads with a cell sus-
pension of tumor cells (10° cells in 0.1 ml phosphate-buffered
saline: PBS, unless otherwise noted) while the mice were un-
der very light ether anesthesia. The volume of the footpad was
evaluated by sinking the footpad in water and measuring the
volume of water excluded (43). The footpad size ratio was cal-
culated by dividing the values of the inoculated footpads with
those of reference footpads.

In vivo ESR measurement

At 12, 24, 48, and 96 h after the footpad was inoculated, the
spin probe (I mmol/kg) was injected intravenously. While the
mice were under very light halothane anesthesia, the in vivo ESR
spectra in the footpad region of the hind legs were observed with
an L-band ESR spectrometer having a one-dimensional magnetic-
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FIG. 1. The change in mouse footpads at (a) day 1, (b) day
6, and (c) in vivo ESR spectra of carbamoyl-PROXYL in
NL-17-inoculated mice 6 days after the inoculation. NL-
17 cells were inoculated into the left footpads of Balb/c mice.
The inoculated and reference footpads are indicated with solid
and open symbols, respectively. ESR spectra were separately
observed under a one-dimensional magnetic field gradient, as
described in Materials and Methods.

field gradient (0.5 mT/cm). The typical triplet ESR signals from
tumor-inoculated or reference footpads of mice were collected
with a PC equipped with an analog digital converter. To avoid
the influence of the partial pressure of oxygen (pO,) on the sig-
nal intensity, the ESR spectra were integrated, and the peak areas
of the ESR spectra thus calculated were used as the signal inten-
sity. The generation of ROS in the NL-17 inoculated footpads was
evaluated by simultaneous injection of radical scavengers and the
carbamoyl-PROXYL. Four days after the NL-17 inoculation,
mannitol (1.05 mmol/kg BW), dimethylthiourea (DMTU: 1.05
mmol/kg BW), 1,000 U SOD, or 1,000 U catalase was injected
intravenously with carbamoyl-PROXYL. The microwave fre-
quency was 1.06 GHz, and the power was 1.0 mW. The ampli-
tude of the 100-kHz field modulations was 0.1 mT. The external
magnetic field was swept at a scan rate of 10.0 mT/min.

In vitro ESR measurement

Spin probes (1 mmol/kg) were injected intravenously into
each mouse while it was under pentobarbital anesthesia. Five
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minutes after the injection, the mouse was killed by transcar-
diac perfusion of 50 ml of 0.9% saline, and both footpads were
removed, homogenized in a cryostat (Microtec Nition Ltd.,
Chiba, Japan), and then suspended in a deoxygenated saline so-
lution. The ESR signal of the nitroxyl probe in the suspension
was then measured both before and after reoxidation with potas-
sium ferricyanide by using an X-band ESR spectrometer with
DPPH as an intensity standard. The magnetic field was 336.0 =
5.0 mT. The microwave frequency was ~9.44 GHz, and the
power was 5.0 mW. The amplitude of the 100-kHz field mod-
ulation was 0.1 mT. The external magnetic field was swept at
a scan rate of 10.0 mT/min.

Tissue permeability

The tissue permeability was evaluated by using Evans blue
dye as the marker (33). The Evans blue solution (4% Evans
blue, 50 ul) was intravenously administered to the mouse while
it was under pentobarbital anesthesia. Ten minutes after the in-
jection, the mouse was killed by transcardiac perfusion of 0.9%
saline, both footpads were incubated in formamide solution for
72 h at 37°C, and then the Evans blue dye was extracted. The
absorbance of the extract was measured at 620 nm by using a
spectrophotometer.

Statistical analysis

Data were analyzed by Student’s ¢ test or one-way ANOVA
(StatView, SAS). The results were expressed as a mean = SD,
and the significance level was defined as p < 0.05.

RESULTS

Time course of tumor growth

Figure 1a shows the typical change in the footpad after the
inoculation. As shown in Fig. 1b, the thickness of the foot-
pad inoculated with NL-17 increased gradually, but not in
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FIG. 2. Time course of footpad-size ratio after NL-17 inoc-
ulation. Footpad size was measured 3, 6, and 12 h and 1, 2,
3, 4, and 6 days after inoculation with 0, 0.2, 0.5, and 1.0 X
100 cells, as described in the Materials and Methods. Values in
the vertical axis were the ratios calculated by dividing the val-
ues of the inoculated footpads with that of reference footpads.
All values represent means of four mice = SD. **p < 0.05;
*p < 0.01.
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FIG. 3. Hematoxylin—eosin staining of (a) NL-17-inoculated
or (b) reference footpad. Four days after NL-17 inoculation,
mice were killed, and their footpads were removed. The histo-
logic changes were evaluated by using standard hema-
toxylin—eosin stain. Arrows, Tumor area. (Magnification:
X200; X 1,000 for inset.)

those treated with vehicle solution. The tumor growth after
inoculation was evaluated by using its footpad volume. The
footpad volume increased transiently after the injection in
both the tumor-inoculated and vehicle-injected groups (Fig.
2), presumably because of the volume of the injection. The
footpad volume of the vehicle-injected footpad returned to
the reference level within 12 h. The volume of untreated foot-
pads (reference) was between 0.13 and 0.17 ml for footpads
without tumor injection. Afterward, the changes in footpad
volume were represented as the footpad-size ratio between
the reference and tumor footpads in each animal. In the NL-
17—inoculated group, the footpad-size ratio gradually in-
creased in a cell number—dependent manner (see Fig. 2). Fig-
ure 3 shows a light microscopic photograph of typical
hematoxylin/eosin-stained reference and tumor tissue in a
mouse footpad 4 days after inoculation of 1.0 X 10¢ NL-17
cells. The photograph shows that NL-17 cells formed a large
tumor area in the footpad, even though inflammatory cells
were not evident at this point.
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FIG. 4. The changes in the ESR signal intensity and decay rate in NL-17-inoculated mouse footpads. (a) Semilogarith-
mic plot of the typical signal intensity after intravenous injection of spin probe; (b) time course of signal-intensity ratio; and (c)
signal-decay ratio after NL-17 inoculation. The cells (0, 0.2, 0.5, and 1.0 X 100 cells) were inoculated into Balb/c mice; and 0.5,
1, 2, and 4 days after the inoculation, carbamoyl- or carboxy-PROXYL was injected as the spin probe. The ratios of the signal
intensity and the decay rates were calculated as described in Materials and Methods. All values represent means of four mice =
SD. *#p < 0.05; *p < 0.01 between vehicle and tumor group. #p < 0.05 between groups injected with carbamoyl- and carboxy-
PROXYL.
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TaBLE 2. TmME Coursi oF TUMOR SIZE AND SPIN PROBE
RepucTioN IN FoorPAD AFTER NL-17 INOCULATION

Day 4 Day 7 Day 14 Day 21
Tumor size ratio 1.2 = 0.1 1.5 £ 0.1 41 =02 78 =03
Signal decay ratio 1.89 = 0.15 1.81 = 0.21 1.43 = 0.14 0.83 = 0.11

Tumor size and reduction rates of carbamoyl-PROXYL was observed in reference and
tumor footpads with 1.0 X 10 cells at Day 4, 7, 14 and 21. The data represented the ratio
of either tumor size or signal decay rates between reference and tumor footpads. Number of

animal at each data points was three.

ESR signal intensities in footpad and their decay

Typical ESR spectra under 1-D field gradient are shown in
Fig. lc. It was reported that tumor oxygen concentration is het-
erogeneous with BOLD MRI or ESR oxymetry (3, 5, 20). It is
well known that the paramagnetic oxygen molecule broadens
the ESR linewidth of the spin probe (6) and that the line-broad-
ening due to oxygen is used to measure tissue pO, (16).

A semilogarithmic plot of ESR signal intensity from the ESR
spectrum area versus time (after injection of the spin probe)
obeyed quasi—first-order decay for carbamoyl-PROXYL (28)
(Fig. 4a). The amount of spin probe in the region was evalu-
ated from a vertical intercept of the decay curve. The ratios be-
tween the inoculated and reference footpad of an individual
mouse were calculated to reduce the experimental variance
among mice. The ratio in the NL-17-inoculated group de-
creased within 24 h after the injection and gradually increased
again for both PROXYLs, depending on the number of cells
inoculated and time after inoculation (see Fig. 4b).

The ESR signal decay of carbamoyl-PROXYL was signifi-
cantly enhanced in the NL-17 group (see Fig. 4c). The signal
decay in the footpad of the group injected with 0.2 X 10° cells
initially returned to the vehicle level 24 h after the inoculation,
but then gradually increased again. The group inoculated with
0.5 and 1.0 X 10° cells demonstrated significant enhancement
of the signal decay 12 h after the inoculation and kept the high
decay level until at least 96 h. The tumor-size ratio increased
after the inoculation in a time-dependent manner, but the sig-
nal-decay ratio decreased from 1.89 at day 4 to 1.43 at day 14
and 0.83 at day 21. The signal-decay rate in the tumor on day
21 was smaller than that in the reference footpad. Yamada et
al. (20) observed the spatial distribution and the reduction of
carbamoyl-PROXYL in footpads with 1.0 X 10° RIF-1 tumor
cells at 5, 7,12, and 14 days, and reported that the reduction

rate was enhanced in the tumor footpad at day 7 and then de-
creased at day 14. Our observations, shown in Table 2, agreed
with previous report (20).

We focused our study on the redox state of footpads with
NL-17 up to day 4, where the signal-decay ratio of carbamoyl-
PROXYL was dependent on the number of cells inoculated (see
Fig. 4c). The signal-decay ratio of carboxy-PROXYL was less
enhanced than that obtained with carbamoyl-PROXYL (see Fig.
4c). The decay rates in both footpads were not significantly dif-
ferent in vehicle-injected mice. It is noteworthy that the en-
hanced signal decay was observed only when viable NL-17 cells
were injected into the footpad. No enhancement of signal de-
cay was observed when cell fragments of NL-17, prepared by
mild sonication of the cell suspension, were injected (Table 3).

To examine the involvement of ROS generation in the sig-
nal-decay enhancement from the NL-17-inoculated footpad,
ESR experiments were carried out by injecting various antiox-
idants along with the spin probes. This can reportedly suppress
the signal decay competitively. Neither dimethylthiourea,
which is a membrane-permeable hydroxyl radical scavenger,
nor mannitol, which is membrane impermeable, suppressed the
enhanced decay (Fig. 5). Catalase and Cu,Zn-SOD also did not
affect the signal-decay ratio. The data indicated that the en-
hancement of the signal decay observed in NL-17—inoculated
footpads for 4 days was probably not related to ROS genera-
tion but might have been due to a change in redox status.

Tissue permeability and decay of the spin probe

Changes in the tissue permeability in NL-17-inoculated foot-
pads may be another cause for the enhanced signal decay. The
spin probe may encounter highly active reducing enzymes (32,
34) or a high concentration of ascorbate (27, 30), which would

TaABLE 3. EFFECT OF SoNICATION OF NL17 CELLS ON THE SPIN PROBE REDUCTION
Sonication
Vehicle NL-17 Sonication autoclave
Signal decay ratio 0.95 £ 0.15 1.38 £ 0.13 0.89 £ 0.09 0.83 £ 0.12

Signal reduction rates of carbamoyl-PROXYL were observed in reference and tumor footpads
at Day 4. NL-17 (1 X 10° cells) were sonicated for 30 sec, twice, on ice. For the autoclave group,
the cell suspension was autoclaved at 121°C for 3 min after the sonication. The data represented
the ratio of signal decay rates between reference and treated footpads. Number of animals at each

data point was three.
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FIG. 5. The effect of simultaneous injection of antioxidants
on the enhanced signal decay in NL-17-inoculated footpads.
Four days after the inoculation, mannitol, DMTU, SOD, or cata-
lase was intravenously injected with carbamoyl-PROXYL, as
described in the Materials and Methods. All values represent
means of four to five mice = SD. **p < 0.05.

reduce the spin probe to its hydroxylamine form, which makes
the spin probe more permeable to the tissue. Therefore, tissue
permeability in the NL-17-inoculated footpads was examined
by using Evans blue dye extravasations. Tissue permeability in-
creased in both the vehicle and the NL-17-inoculated footpads
within a day after the inoculations, presumably because of the
effects of needle insertion during the injection process (Fig. 6).
At 96 h after inoculation, only the NL-17-inoculated footpads
showed a significant increase in permeability, but this was not
true in the vehicle-injected ones.

The conversion of carbamoyl-PROXYL to the
hydroxylamine form

Reduction of the nitroxyl form of carbamoyl-PROXYL to its
hydroxylamine form was quantified from the tissue region of
the footpad by using X-band ESR spectroscopy. The ESR sig-
nal intensities of the tissue homogenates before potassium fer-
ricyanide treatment were almost the same between the vehicle-
inoculated and NL-17 cell-inoculated group, but a significant
increment was observed in the signal intensity of the NL-17
cell-inoculated group after treatment with potassium ferri-
cyanide. The total amount of carbamoyl-PROXYL, intact and
hydroxylamine forms, was larger in the NL-17 footpads than
in the reference footpads of the same mice (Fig. 7). It should
be mentioned that signal intensities were 1.82 times larger af-
ter reoxidation with potassium ferricyanide in tumor footpads
than in reference footpads, which was close to the signal-in-
tensity ratio in Fig. 4b. The percentage of hydroxylamine was
significantly larger in the inoculated footpads than the refer-
ence footpads (i.e., 86.3 = 1.8% and 67.6 = 5.5% for the NL-
17-inoculated and reference footpads, respectively).

DISCUSSION

Free radical generation and tissue redox status reportedly
have important roles in tumor cells (22, 29) or tissues (26). In

ICHIKAWA ET AL.

vivo ESR measurement of tumors in animals is therefore re-
garded as an important tool, especially for tumor oximetry (3,
5, 11, 15, 19, 41) and monitoring tumor redox status (14, 20,
21). A combination of nitroxyl spin probes with different func-
tional groups becomes a powerful tool with which to examine
site-specific ROS generation or redox changes (40, 46). We re-
cently demonstrated that the combination of two spin probes,
labeled with '*N or N, with different functional groups, en-
abled us to investigate redox reactions in the domains separated
by membranes at a nanometer scale by using Overhauser-en-
hanced MRI (39). Changes in the tumor redox status have been
reported in the literature by using an in vivo ESR/spin probe
(14, 20, 21), but this was not examined by using multiple spin
probes. We therefore used two spin probes, carbamoyl- and car-
boxy-PROXYL, in this study to evaluate the site-specific redox
changes in vivo in NL-17 tumor cells inoculated into mouse
footpads.

NL-17 cells were grown in Balb/c mouse footpads (Figs. 2
and 3), as reported previously (47). The amount of both car-
bamoyl- and carboxy-PROXYL in the footpad regions of NL-
17—-inoculated mice significantly increased despite the differ-
ence in their membrane permeability. The amount of the spin
probes in the footpads was in good correlation with the foot-
pad volumes, and their correlation coefficients were 0.831 and
0.792 for carbamoyl- and carboxy-PROXYL, respectively. The
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FIG. 6. The vessel permeability evaluated by Evans blue dye
extravasation. Either the vehicle or 1.0 X 106 NL-17 cells
were injected. Evans blue dye was intravenously injected into
mice, and the dye was extracted from mouse footpads injected
with (a) vehicle or (b) NL-17 cells, as described in the Mate-
rials and Methods. All values represent means of three to four
mice = SD. *p < 0.01
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FIG. 7. The amount of nitroxyl and
hydroxylamine forms of carbamoyl-
PROXYL in NL-17-inoculated and
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reference footpads. The probe was 0.8

administered intravenously 4 days after
the inoculation. Five minutes after spin-
probe administration, mice were per-
fused with PBS, and both footpads were
rapidly frozen with liquid nitrogen. The
amount of nitroxyl radicals was quanti-
fied by using X-band ESR, as described
in the Material and Methods. After re-
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the total amount of spin probe was ob-
tained. All values represent means of
five to seven mice £ SD. **p < 0.05.

amount of the spin probes was also in good correlation with the
amount of Evans blue dye in the tumor, and the correlation co-
efficients were 0.903 and 0.883 for carbamoyl- and carboxy-
PROXYL, respectively (Figs. 2 and 6). These results might be
due to tumor growth, which results in increased vessel and dis-
tribution volumes, because angiogenesis proceeds along with
tumor growth.

In contrast, the decay rates of the spin probe in tumor foot-
pads showed different profiles between the probes. The decay
rates of carbamoyl-PROXYL were enhanced in the footpad in-
oculated with NL-17 cells in a dose- and time-dependent man-
ner and correlated with footpad volumes (Figs. 2 and 4c),
whereas that of carboxy-PROXYL in tumor footpads was not
significant, indicating that the inoculation of NL-17 cells pro-
duced a reductive state in the tissue.

We previously reported, by using an animal model for gas-
tric ulcers, that membrane-permeable and impermeable spin
probes had differential effects in both spin-probe reduction and
ulcer suppression (40). When spin probes are permeable to tis-
sue, which is rich in reducing enzymes (32, 34), it would re-
sult in a higher likelihood that nitroxyl spin probes would en-
counter a reducing environment in vivo. Carbamoyl-PROXYL
can partially penetrate into the surface of the tissue and can be
reduced to its hydroxylamine form (12), whereas carboxyl-
PROXYL is membrane impermeable. Evans blue dye is per-
meable to the extracellular domain of the tissue for a short time
(8, 18), although the region is poor in reducing species. In the
current study, tissue permeability, which was evaluated by the
Evans blue method, increased on day 4 after inoculation (see
Fig. 6). However, the signal decay of carboxy-PROXYL was
not affected by the increased tissue permeability, presumably
because carboxy-PROXYL could not penetrate into the
parenchymal domain.

The total amount of carbamoyl-PROXYL in the tumor foot-
pads increased in accordance with signal-intensity ratios (Figs.
4 and 7), supporting the fact that carbamoyl-PROXYL was per-
meable to the tumor domain. The amount of the hydroxylamine
form of the probe was larger in the tumor group than in the ve-
hicle group, indicating that the reduction of carbamoyl-
PROXYL was elevated in the tumor tissue (see Fig. 4). These
results of enhanced signal intensity and diverse signal decays
between carbamoyl- and carboxy-PROXYL supported the hy-
pothesis that the enhanced signal decay of carbamoyl-PROXYL

observed in this study occurred in the tumor domain of NL-
17-injected footpads.

The enhanced signal decay of spin probes could also have been
influenced by several processes, including elevated ROS forma-
tion (10, 25, 31), reduction with redox enzymes, formation of a
hypoxic tumor region (20), and the suppression of the reoxida-
tion from the hydroxylamine to the nitroxyl form. In various ox-
idative diseases, elevation of reactive oxygen species generation
was monitored by the in vivo ESR/spin-probe technique where
the administration of radical scavengers or antioxidants sup-
pressed the enhanced signal decay competitively (35, 40, 46, 48).
In the current study, we examined the effects of radical scav-
engers on the enhanced signal decay caused by the NL-17 inoc-
ulation. These scavengers, surprisingly, did not affect the ESR
signal decay (see Fig. 5), indicating that the ROS-generation level
in the tumor domain was negligible, if any. This result was fur-
ther supported by the absence of inflammatory cells, which are
known to generate ROS, in the tumor domain (see Fig. 3).

In summary, we used spin probes with different tissue per-
meabilities and showed that in vivo tumor growth was well cor-
related with the ESR signal intensity of both the membrane-
permeable and impermeable spin probes, but in vivo tumor
redox was detectable only with carbamoyl-PROXYL, which is
partially membrane permeable. A higher reductive state was
observed in the tissue domain of viable NL-17-inoculated
footpads, with carbamoyl-PROXYL but not with carboxy-
PROXYL, which was most likely due to the changes in redox
status. The in vivo redox-status monitoring of tumor tissue with
a combination of spin probes would be useful for obtaining in-
formation from tumor biology.
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carbamoyl-PROXYL,
lidine-1-oxyl;

ABBREVIATIONS

3-carbamoyl-2,2,5,5-tetramethylpyrro-
carboxy-PROXYL, 3-carboxy-2,2,5,5,-tetra-

methylpyrrolidine-1-oxyl; ESR, electron spin resonance; ROS,
reactive oxygen species; SOD, superoxide dismutase.
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