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ABSTRACT Hydroxyl radicals are thought to be respon-
sible for the toxicity associated with ionizing radiation in
tissues. Measurements of hydroxyl radicals generated by
ionizing radiation in cellular systems have failed thus far to
elucidate higher-level homeostatic responses to this and other
reactive oxygen species. Careful assessment of prior indirect
hydroxyl radical assays in living tissues indicates that they are
prone to a variety of artifacts, making all but the most
qualitative relationships difficult to establish. This paper
describes the detection of hydroxyl radicals produced during
radiation in the leg tumor of a living mouse, where the free
radicals evolve; detection uses low-frequency electron para-
magnetic resonance in combination with in vivo spin trapping.
To our knowledge, this is the first report of such a direct
measurement of free radical production in the tissues of a
living animal.

Ionizing radiation generates hydroxyl radicals from water
through a process involving at least two steps. The highest-
yield products are commonly characterized as follows (1)

H20 + hv-H20 + e (-> e)aq
H20t+ H20-* HO. + H30+

Although similar events are believed to occur in living tissues
exposed to ionizing radiation, biochemical homeostatic mech-
anisms affect the neutralization of free radicals before they can
exert their effects (2, 3). Elucidation of supracellular aspects of
these pathways requires direct quantitation of hydroxyl radical
and other free radicals in living tissues. For example, does
radiation-induced hyperemia lead to an increase or decrease in
the production of hydroxyl radicals in a subsequent radiation
dose? Tissue measurements of these effects are necessary to
bridge the gap between cellular and animal models in assessing
the biological effects of ionizing radiation and the physiologic
responses to this oxidant stress.
The substantial technical difficulties involved have previ-

ously prevented direct measurements of hydroxyl radicals in
living tissue. The problem, simply stated, lies in detecting, in
a living system, a free radical that reacts with everything it
comes in contact with at near diffusion-controlled rates.
Biochemical assays-including ethylene generation by hy-
droxyl radical with methional (4), methane formation from
reaction with dimethyl sulfoxide (5), or the production of
carbon dioxide from hydroxyl reaction with benzoate (6)-are
impossible in living tissue and problematic in vitro. The
production of 8-hydroxyguanine in tissue extracts or its mon-
itoring in the urine of living animals is a nonspecific marker of
oxidative stress since the presence of other mutagens not
directly associated with hydroxyl radical production (7-9) may

give the same result. The same holds for thiobarbituric acid-
reacting substances (10). For the better part of a decade, we
have refined techniques to allow the detection of free radicals
in living animals (11-13), and now we report our initial in vivo
in situ experiments detecting free radicals we believe are
derived from hydroxyl radicals produced in an irradiated
tumor of a living mouse.
Among the available methods for identifying free radicals,

spin trapping and detection with EPR spectroscopy has re-
ceived considerable attention (14-17). An EPR-silent nitrone
or nitroso compound reacting with an initial unstable free
radical forms a relatively long-lived nitroxide free radical
adduct-thus trapping the electron's unpaired moment-
which can be directly observed in turbid solutions with EPR
spectroscopy at ambient temperature (18-23). Spin trapping
offers the opportunity to measure and distinguish simulta-
neously among a variety of important biologically generated
free radicals. However, conventional X-band EPR spectros-
copy is sensitive to free radicals only to within the first
millimeter of the surface of living tissue (24). Techniques to
overcome this limitation-rapid freezing (25), sample grinding
(26, 27), chemical extraction of spin-trapped adducts (28), or
measurements in bile (29, 30) or blood (31) obtained from
living animals-are subject to artifacts that may mask the
underlying physiology. The key to detecting free radicals
directly in living tissue is based on developing an EPR spec-
troscopy capable of identifying these species deep in either
human or animal tissues (12).

Detection of free radicals deep in human tissues and tumors
requires resorting to much lower frequencies than are available
with the conventional 10-GHz X-band spectrometer, namely,
in the range of 100 to 300 MHz (32-34). To achieve tissue
penetration and free radical detection in human organs we
chose to develop ab initio a low-frequency EPR spectrometer
(12). The frequency used, 250 MHz, permits measuring free
radicals at a depth of 7 cm in tissue (12, 32-34), thereby
allowing detection of radicals in the tissue where they evolve.
This approach minimizes artifacts affecting techniques with
conventional X-band EPR spectrometers. Recently we re-
ported the use of spin trapping to image and identify hydroxyl
radicals produced by ionizing radiation in 10-ml volumes of
buffered solutions (35). These solutions mimic the difficult
spectroscopic penetrability of living tissue. The same low-
frequency-250-MHz-spectrometer described here and 5,5-
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diperdeuteromethyl-(2,3,3,4,4-2H5)-1-pyrroline 1-oxide
(DMPO-d11) and 5,5-dimethyl-(2,3,3-2H3)-1-pyrroline 1-oxide
(DMPO-d3) spin traps were used. Deuteration simplified the
spectral signature (DMPO-d3), and full deuteration (DMPO-
d1l) increased the signal intensity. This allowed the definition
of the Breit-Rabi spectroscopic shifts in the spectra of spin-
trap adducts and their detection with as little as 15 Gy of
radiation. These studies established the possibility of in vivo
spin trapping (35).

Spin trapping in vivo is restricted by the modest signal from
low-frequency EPR and by the low concentration of free
radicals whose biologic half-life is limited (35). Deuteration of
the spin trap enhances the sensitivity toward superoxide and
hydroxyl radicals, but the stability of the spin-trap adducts
seems insufficient to allow their identification in the reductive
environment of living tissues (35, 36). However, recent reports
(37, 38) suggested that nitroxides, derived from the spin
trapping of alkyl free radicals by a-phenyl-N-tert-butylnitrone
(PBN), might be stable in vivo, thereby increasing the cumu-
lative nitroxide concentration. We determined that addition of
excess ethanol to an hydroxyl radical-generating system pro-
duces a-hydroxyethyl radicals (39). In the presence of a-(4-
pyridyl 1-oxide)-N-tert-butylnitrone (4-POBN), we observed
an EPR spectrum characteristic of a-hydroxyethyl-(4-pyridyl
1-oxide)methyl-N-tert-butyl nitroxide [4-POBN-CH(OH)-
CH3] (40, 41). This reaction appears specific for the hydroxyl
radical. The second-order rate constant for the reaction of
a-hydroxyethyl with 4-POBN was calculated to be 3.1 x 107
M-1 s-1 (41). In addition, 4-POBN-CH(OH)CH3 displayed
remarkable stability, appearing to be relatively unaffected by
the presence of high fluxes of superoxide and of other poten-
tial redox-active agents (40). Finally, the 4-POBN/EtOH
spin-trapping system proves to be 10 times more sensitive to
hydroxyl radical formation than is DMPO/EtOH (41), thus
serving as an excellent spin-trapping system to detect hydroxyl
radical which might evolve from the radiation of a murine
tumor in a living mouse. We chose an extremity tumor system
for these initial experiments to deliver high, toxic doses of
radiation to a substantial bulk of tissue with minimal effect on
the physiology of the rest of the animal.

MATERIALS AND METHODS
Materials. Diethylenetriaminepentaacetic acid (DTPA)

was purchased from Sigma. Monobasic and dibasic sodium
phosphate were purchased from J. T. Baker. Buffers were
passed through a column loaded with Chelex 100 from Bio-
Rad. They were titrated to a pH of 7.8 and adjusted to a
concentration of 50 mM. Reagent grade ethyl alcohol (200
proof) was purchased from Midwest Grain Products (Pekin,
IL); (1-13C)ethyl alcohol (CH313CH3OH) was purchased from
Cambridge Isotope Laboratories (Cambridge, MA); and
4-POBN was purchased from Aldrich and used without further
purification. 3-Trimethylaminomethyl-2,2,5,5-tetramethyl-1-
pyrrolidinyloxyl iodide was synthesized according to the meth-
ods of S. Pou, P. L. Davis, G. L. Wolf, and G.M.R. (unpub-
lished results). Use of the chelator DTPA and eliminating
metal ions from buffers with Chelex 100 ensured the stability
of our spin-trapping solutions before their use.

Instrumental Conditions. A low-frequency EPR spectrom-
eter previously described (22) was operated at 260 MHz (g =
2 field of 93 G). At this frequency, the skin depth (37%
sensitivity) is approximately 7 cm of tissue. The spectrometer
consists of a lumped-circuit parallel inductance and capaci-
tance resonator, with a single-turn inductance provided by the
sample holder. The balanced capacitive coupling, adjustable
electronically, allows correcting for animal motion and micro-
phonic-induced variations in the coupling over frequency
ranges of several hundred Hz. The resonator for these exper-
iments was fabricated from ABS plastic resin GPX 3700

(General Electric) electroplated with copper and gold (Gen-
eral Superplating, East Syracuse, NY). Its sensitive volume
consists of a cylinder 1.5 cm thick and 1.6 cm in diameter. This
volume is just sufficient to accommodate the mouse leg and its
tumor. The resonator characteristics provide, for the mouse
leg and tumor, a radiofrequency magnetic field (B1) of 0.27 G,
with a power of 15 mW, at a loaded Q (quality factor) of
approximately 180. The modulation frequency was 5.12 kHz,
with a field amplitude of 1.2 G. Data acquisition was accom-
plished under the control of a microcomputer. Spectra were
obtained with 246 points per scan, 2 scans per spectrum. The
time constant and point acquisition time were 0.1 s, yielding a
spectral acquisition time of approximately 1 min.
Model Sample Preparation. To a 0.75-ml sample of 50 mM

sodium phosphate buffer 4-POBN (250 mM), ethyl alcohol
(0.85 M), and DTPA (1 mM) were added and subjected to 3000
Gy of radiation from a Gammacell 220 60Co small volume
radiator (AECL, Ville de Lavalle, PQ, Canada) at a dose rate
of 2.1 Gy/s. The sample was exposed in a polyethylene vial and
transferred to a second vial that partially (approximately 25%
by volume) filled the resonator installed in the low-frequency
EPR spectrometer. A second sample was prepared as above
but substituting (1-13C)ethyl alcohol for natural-abundance
ethyl alcohol.
Mouse Tumor Radiation Conditions. The tumor model in

these experiments was the NFSa fibrosarcoma (42), whose
initial cells were kindly provided by Catherine Mason and
Luka Milas of the M. D. Anderson Hospital, Houston. Cells
(0.5-1.0 x 106) were implanted subcutaneously in the legs of
C3H mice and grown to a diameter of 12 mm. For all
experiments, the tumor-bearing C3H/sed mouse was anesthe-
tized with diazepam (20 mg/kg) and ketamine (45 mg/kg) for
irradiation and spectral acquisition. Several experiments were
performed with 3-trimethylaminomethyl-2,2,5,5-tetramethyl-
1-pyrrolidinyloxyl iodide to monitor the efflux from the tumor
of a stable nitroxide compound with a pharmacologic com-
partmental distribution similar to that of 4-POBN-
CH(OH)CH3. On the basis of octanol partition coefficients
(see below) both this nitroxide and the spin-trap adduct
appear to be quite hydrophillic. A volume of 0.2 ml of 30 mM
solution of this nitroxide was injected directly into the tumor
and spectra were obtained. The spin-trapping solution con-
sisted of 50 mM sodium phosphate buffer with 500 mM
4-POBN, 1.7 M ethyl alcohol, and 1 mM DTPA. A volume of
0.23 ml of the spin-trapping solution was injected intratumor-
ally in 30 s with very modest loss, less than 0.04 ml. For one
group of experiments monitoring the nitroxide efflux from a
tumor after intratumoral injections and for experiments with
the spin-trapping solution, a tourniquet of 0-silk suture was
applied to the leg proximal to the tumor and pulled tight 50 s
after the start of the intratumoral injection. The mouse was
placed in a Gammacell 220 60Co radiator producing a dose of
2.1 ± 0.2 Gy/s at the tumor. A cylinder of lead and Cerrobend
(lead/tin/bismuth alloy) shielded the mouse, reducing the
dose to its body by a factor of 40 (5.3 half-value layers). End
caps on the shield were split and a half circle was hollowed
from each side, allowing passage of the mouse thigh. The
exposed tumor was wrapped in 0.5 cm of tissue-equivalent
material (Superflab; Alimed, Dedham, MA) to allow dose
build up. Air was circulated in the radiator during irradiation.
The mouse did not lie directly on metal surfaces. Prior
measurements under similar conditions indicate the mouse
core temperature to have remained above 32°C. Radiation
began 5 min after the injection began. The exposure lasted 23
min and 48 s, producing a dose of 3000 ± 300 Gy.
Tumor Spectral Acquisition Conditions. For tumor radia-

tion measurements, the spectrometer was roughly tuned with
the anesthetized mouse in place and its tumor was centered in
the resonator prior to spin-trap injection and tumor radiation.
Thus, the spectral sensitivity is localized to the heavily irradi-
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ated tumor and the leg in the immediate vicinity. The mouse
was gently restrained in a special acrylic immobilization jig
designed to mechanically decouple the living animal sample
from the resonator. The elastoplast limb restraints also
wrapped about pegs that fit tightly into holes in the jig, allowing
a reproducible setup. After radiation, the mouse was trans-
ported from the radiator and its tumor was installed in the
EPR resonator. Spectral acquisition began 8.5 min after the
end of radiation. The mouse leg and tumor temperature was
maintained at 37.0 ± 0.5°C by radiant heating from two
opposed heat lamps.

Spectral Simulation. The EPR spectrum obtained from the
radiated sample, including 4-POBN and the natural-
abundance carbon ethyl alcohol in buffer, was simulated with
a spectral model consisting of six lines each (a nitrogen triplet
and (3-hydrogen doublet), as the spectrum expected from
4-POBN-CH(OH)CH3. Each line consisted of a weighted sum
of Lorentzian and Gaussian lines (90% Lorentzian, 10%
Gaussian) with 1-G peak-to-peak linewidths. As detailed
elsewhere (35), low-frequency spectra display large Breit-Rabi
shifts in the individual spectral line positions relative to spectra
obtained at high frequency. These shifts were evaluated by
using the full Breit-Rabi hyperfine matrix. Because the cum-
bersome Breit-Rabi matrix solutions made iterative fitting
difficult for the actual splittings with given hyperfine con-
stants, the goodness-of-fit of the simulation was judged
by eye. A 12-line spectrum describes the 4-POBN-13CH(OH)-
CH3 [a-hydroxy-(a-13C)ethyl-(4-pyridyl 1-oxide)methyl-N-
tert-butyl nitroxide] spectrum with the additional a-13C split-
ting. A 25% Gaussian component for each 1-G linewidth gave
an optimal fit.
Octanol Partition Coefficient Measurement. HPLC-grade

water (J. T. Baker) was mixed with EtOH (5% and 10%,
vol/vol) and 4-POBN (250 and 500 mM, respectively) and the
two solutions were irradiated to 3000 Gy. The resulting
solutions were separated into two samples each. Spectra from
one of each subsamples were obtained from a standard X-band
spectrometer (JEOL JESME-1X) operated at 1-mW power,
0.5-G modulation field, 100-kHz modulation frequency, and a
time constant of 1 s, requiring 4 min for a 50-G field sweep. The
second subsample was mixed 50% vol/vol with octanol and
manually shaken in a beaker for 30 min. An identical volume
of the water layer that formed in the beaker after shaking was
used for EPR spectra. The heights of the spectra were mea-
sured. The octanol partition coefficient was the difference of
the spectral heights divided by the height of the initial water
sample. The octanol partition coefficient of the quaternary
ammonium nitroxide was obtained similarly.

RESULTS AND DISCUSSION
The spectrum obtained from 4-POBN plus EtOH irradiated
with 3000 Gy in buffer is shown in Fig. 1A above a simulation
of the spectrum based on the hyperfine splitting constantsAN
= 15.8 + 0.1 G andAH = 2.5 + 0.1 G, which is consistent with
those obtained at conventional frequencies (X-band) for
4-POBN-CH(OH)CH3 (AN = 15.75 G andAH = 2.4 G) (41).
Substituting CH313CH2OH for EtOH in the above reaction
produced the spectrum of Fig. 1B, which is shown above a
spectral simulation based on splitting constants AN = 15.8 +
0.1 G,AH = 2.5 ± 0.1 G, andA13c = 4.0 ± 0.2 G. Again, these
are consistent with X-band measurements (AN = 15.75 G, AH
= 2.4 G, and A13c = 3.75 G) of a 4-POBN/CH313CH2OH
sample subjected to hydroxyl radicals produced in an entirely
different fashion (41). This substitution verifies that the spec-
trum from the irradiated solution obtained from EtOH/4-
POBN arises from (i) the reaction of hydroxyl with EtOH to
give a-hydroxyethyl radical and (ii) the spin trapping of
a-hydroxyethyl radical by 4-POBN. In buffer, the half-life of
4-POBN-CH(OH)CH3 signal was found to be 9 days. We

A

B

FIG. 1. (A) Low-frequency EPR spectrum from 4-POBN/5%
EtOH/1 mM DTPA in sodium phosphate buffer subjected to 3000 Gy
of y radiation. Simulation of the data with literature hyperfine splitting
constants (30) is shown under the spectral data. The best splitting
constants were AN = 15.8 + 0.1 G andAH = 2.5 ± 0.1 G, consistent
with published values for the splittings for 4-POBN-CH(OH)CH3:AN
= 15.75 G,AH = 2.4 G (41). (B) Low-frequency EPR spectrum from
a 1-ml sample prepared as described forA except that CH313CH20H
was substituted for EtOH. Spectral acquisition was also under identical
conditions. The simulation of the spectrum is shown below the spectral
data. The splitting constants wereAN = 15.8 + 0.1 G,AH = 2.5 ± 0.1
G, and A13C = 4.0 ± 0.3 G, again consistent with those previously
published values at X-band: AN = 15.75 G, AH = 2.4 G, and A13C =
3.75 G (41).

measured the octanol partition coefficient of 4-POBN-
CH(OH)CH3 to be 0.22 ± 0.01. That of the quaternary
ammonium nitroxide was <0.02. Both are therefore hydro-
philic.

In a series of preliminary experiments (data not shown)
where the tumor was radiated with 3000 Gy, requiring approx-
imately 25 min, no EPR signal was detected. We conjectured
that once we injected 4-POBN into the tumor, rapid distribu-
tion from the site of injection made it difficult to detect
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4-POBN-CH(OH)CH3 in the tumor 25 min later. In other
studies we were able to change the half-life of certain nitrox-
ides in tissue perfusate by stopping perfusate flow (11). To
determine whether a similar approach could help maintain the
EPR signal in tissue for our in vivo studies, we injected a
charged nitroxide (0.2 ml of 30 mM 3-trimethylaminomethyl-
2,2,5,5-tetramethyl-1-pyrrolidinyloxyl iodide), whose octanol
partition coefficient mimics that of 4-POBN-CH(OH)CH3,
into a 12-mm NFSa fibrosarcoma implanted in the leg of a
C3H mouse. The signal half-life was found to be 8 min.
However, a tourniquet, consisting of heavy surgical suture
(0-silk) placed proximal to the tumor, increased the half-life to
35 min.
With the mouse anesthetized, a 12-mm tumor in the leg was

injected directly with a solution (0.2 ml) of 4-POBN/EtOH
(500 mM 4-POBN in 50 mM sodium phosphate buffer con-
taining 1 mM DTPA and 1.7 M EtOH). The tourniquet was
immediately applied to the leg just proximal to the tumor. The
mouse was then fitted into its radiation shield, exposing only
the leg containing the tumor, and the tumor was treated with
3000 Gy of radiation. After treatment, the tumor-bearing
portion of the mouse leg was fitted into a resonator in the
low-frequency EPR spectrometer (Fig. 2) and EPR spectra
were recorded. The spectrum is shown in Fig. 3 with a
simulation as in Fig. 1A. We continued to record spectra for
another 20 min, until noise completely overwhelmed the
characteristic signal of 4-POBN-CH(OH)CH3. Radiation of

FIG. 2. Mouse leg tumor situated in the low-frequency EPR
spectrometer resonator. With current immobilization the tumor could
be reproducibly placed in the resonator, and spectral acquisition was
begun 3 min after the animal was brought into the spectrometer room.

An additional 2 min was necessary for animal transit.

FIG. 3. Spectrum obtained from a 12-mm-diameter NFSa tumor in
the leg of a mouse situated as shown in Fig. 2 in the resonator of the
low-frequency EPR spectrometer. The tumor was injected with 0.2 ml
of 4-POBN (500 mM)/EtOH (10%, vol/vol) in 50 mM sodium
phosphate buffer, a tourniquet was applied proximal to the tumor, and
the tumor was subjected to 3000 Gy of radiation over 24 min. The
mouse was transported to the low-frequency EPR spectrometer and
spectra were obtained under acquisition conditions described in the
text. The lower trace is a simulation as described for Fig. 1A.

the tumor in the absence of the 4-POBN/EtOH mixture failed
to produce an EPR spectrum.
The acquisition of the spectral signal has involved admin-

istering extremely high doses of radiation-a total of 3000 Gy
over 24 min. Using water G values for hydroxyl radical
production, this dose corresponds the production of 36 ,uM
hydroxyl radical per min, three orders of magnitude higher
than the dose given in a single clinical fraction of radiation
(43). Further work is necessary to optimize the trade-off
between the increase in signal with increasing dose and the
decay of the signal during the dose delivery time. Deuterated
spin traps with increased signal per spin-trap adduct molecule
should yield additional sensitivity. Most importantly, the cur-
rent spectrometer operates at a frequency allowing detection
of free radicals in tissues much larger than a 12-mm mouse leg
tumor. At least two and possibly three orders of magnitude in
sensitivity should be regained by operating with a correspond-
ingly larger tumor sample.

Previous investigations, in which spin traps were injected
into animals and isolated preparations from these animals
were placed into conventional EPR spectrometers, set the
stage for the studies reported in this communication. To our
knowledge, this is the first time free radicals have been spin
trapped in vivo and recorded in situ in a living animal. We
recognize that the doses of radiation required to detect
hydroxyl radicals in this mouse model were well above the
therapeutic range used to kill tumors. Nevertheless, we view
this work as a first step to the understanding of the important
role free radicals play in many physiologic processes.

X-rays were discovered 99 years ago (44). Within a year they
were applied to human breast cancer as a local toxin (45). They
were soon found to be mutagens (46). Despite nearly a century
ofx-ray use as an antineoplastic agent and 57 years of its known
role as a mutagen, the mechanisms of x-ray damage in vivo are
a matter of debate. Part of this problem lies in the difficulty in
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measuring putative intermediate steps in the cascade from
radiation exposure to biologic effect. Determining the mech-
anisms and significance of free radical events will clearly
require us to identify and quantitate these reactive species if,
when, and where they evolve in vivo. Although much work
remains to be done before specific free radicals are identified
as the result of some physiologic or pathologic process, the
spin-trapping/low-frequency EPR method presented here
promises to become a powerful tool for the delineation of free
radical mechanisms in biology.
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