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In Vivo Spin Trapping of Nitric Oxide

LAWRENCE J. BERLINER! and HIROTADA FUJII?

ABSTRACT

The measurement of nitric oxide (NO) in biological samples has normally required destructive chemical tech-
niques. The ability to detect NO non-invasively in living animals or excised organs has great potential using
specialized electron paramagnetic resonance (EPR) methods. Although NO is paramagnetic, it cannot be ob-
served directly unless it is complexed with ferrous iron-dithiocarbamate ligand spin trap complexes. Despite
the minimally invasive nature of the technique, highly sensitive localized concentrations of NO may be ob-
served (“trapped”) irn vivo by both L-band EPR and magnetic resonance imaging. Antioxid. Redox Signal. 6,

649-656.

INTRODUCTION

IN ORDER TO UNDERSTAND how nitric oxide (NO) is biosyn-
thesized in tissues and how it mediates various physiologi-
cal responses, it would be desirable to observe at the site of
NO production. While several methods of analyzing NO
exist, including chemiluminescence, oxyhemoglobin, gas
chromatography—mass spectrometry, chemical measurements
of NO,~/NO,~, fluorescent dye, and nitrosyl-hemoglobin for-
mation by electron paramagnetic resonance (EPR) (14-16,
22, 35, 36), none of these methods can be applied non-inva-
sively to experimental animals in vivo in real time.

INDIRECT DETECTION OF NO BY EPR

There are two classes of NO detection by EPR: “Indirect”
detection involves observing the EPR of some other com-
pound that is directly affected by reaction with NO; the “di-
rect” method is where the NO is part of a specific ligand
complex, and the NO is directly observed by EPR. EPR mea-
surement of hemoglobin-bound NO has been used in the past
(10). This is normally done with excised blood or tissue sam-
ples. The most optimal conditions are at liquid nitrogen tem-
perature (which is obviously unsuitable for in vivo work). In
addition, the maximum sensitivity is not as good as the
dithiocarbamate “spin traps,” which are discussed later.

There are several other, yet somewhat “indirect,” EPR
methods available. One involves the use of N-oxide “spin la-
bels,” one of which also has the properties of a spin trap. A
class, the imidazolineoxy-N-oxides, is available in the form
of 2-phenyl-4,4,5,5-tetramethylimidaole- 1-oxy-3-oxide(PTIO)
or the carboxy derivative or its ester, carboxymethoxy-PTIO
(1, 37). The imidazolineoxyl-N-oxides react with rate con-
stants of the order of 104 M—1 s—! with concomitant genera-
tion of NO,~/NO,~. This was also demonstrated in vivo by an
apparent inhibition of vasorelaxant effectiveness by virtue of
the depletion of NO levels (1). The nitronyl and nitroxyl radi-
cals of the iminonitroxide type trap NO as monitored by the
appearance of additional “N super-hyperfine structure from
the new adduct (37). The distinctive change in hyperfine
structure allows one to monitor the increase in a new narrow
line component. On the other hand, the multiline hyperfine
structure comes at the price of decreased peak height. A
major problem with nitroxide/itroxyl radicals, however, is
their susceptibility to rapid bioreduction to the diamagnetic
hydroxylamine, which is a problem that usually cannot be
circumvented.

DIRECT DETECTION OF NO BY EPR

The use of dithiocarbamate:Fe(II) complexes was pio-
neered by the group of Kubrina and co-workers (17, 25) using
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FIG.1. Dithiocarbamatespin traps.

N,N-diethyldithiocarbamate (DETC) in the form of the
(DETC),-Fe(Il) complex, and then shortly thereafter by
Lai and Komarov (21) and Komarov and Lai (15) using
the water-soluble N-methyl-D-glucamine dithiocarbamate (MGD)
as the corresponding (MGD),-Fe(II) complex. Another water-
soluble reagent reported later was (dithiocarboxy)sarcosine
(DTCS) as the corresponding (DTCS),-Fe(Il) complex (39).
Their structures are shown in Fig. 1. Each of these “spin
traps” shows high affinity for NO. The EPR spectrum of, e.g.,
low-spin (MGD),-Fe(II)-NO complex yields a characteristic
three-line spectrum of a = 12.5 G and g, = 2.04, typical of
an unpaired electron interacting with a (/ = 1) “N nucleus.
What is special about these traps is that there are no contribu-
tions from soluble or gaseous NO or from the diamagnetic
(MGD),-Fe(I) complex. The sensitivity at L-band (1 GHz)
for an in vivo “object” falls in the low micromolar NO con-
centrations. In order to maximize the sensitivity, high concen-
trations of the iron-dithiocarbamate ligands are employed.
Other factors that would also enter into the absolute sensitiv-
ity are the stability of the NO complex at the particular site
where it is generated. The reagents are inexpensive and com-
mercially available and appear to be non-toxic at the levels
typically used in vivo [100 mM dithiocarbamate, 20 mM
Fe(II)]. Even while the dithiocarbamate “spin traps” are the
most optimal reagents in use today, the principal shortcoming
is still concentration sensitivity, which limits studies to patho-
logical or disease states of elevated NO and/or NO synthase
(NOS) levels.

Due to solubility differences of the various NO trapping
reagents in water, hydrophobic (DETC),-Fe(Il) and hydro-
philic (MGD),-Fe(II) must be administered differently in ani-
mals. When (DETC),-Fe(II) is formed by mixing DETC with
Fe(Il) sulfate, it precipitates in aqueous media. Therefore,
DETC and/or iron sulfate solutions must be injected (in-
traperitoneally or intramuscularly) separately. In the case of
(MGD),-Fe(Il), which is soluble in aqueous media, the com-
plex can be injected directly into the animal.

Throughout this paper we distinguish between two types
of “in vivo” EPR measurements. In one method the animal
is subjected to injections of dithiocarbamate spin trap com-
plex and then subsequently sacrificed for organ/tissue exci-
sion. Then ex vivo EPR is measured at X-band in flat quartz
tissue cells. The advantage here is the increased sensitivity
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at levels that would be otherwise undetectable at L-band.
The other method, L-band in vivo EPR, is whole-animal lo-
calized spectroscopy or imaging. The obvious advantage of
experimenting on a live whole animal carries the tradeoff of
lower sensitivity.

MONITORING NO IN THE
BRAIN—EX VIVO EXPERIMENTS

Figure 2 depicts X-band EPR spectra of several liver and
brain tissue samples from septic-shock rats induced by
lipopolysaccharide (LPS). Typical triple-line EPR spectra of
the (DETC),-Fe(I1)-NO complex (ay = 12.8 G, g = 2.04) are
detected in liver and brain tissue (cerebellum, cortex, and
hippocampus), where the estimated concentrations of NO
were 79.5+11.8,11.6+0.9,8.3+1.1,and 17.0 + 1.5 nmol/g
of tissue, respectively. Note that the olfactory bulb was essen-
tially devoid of detectable NO (8). Similar levels were ob-
served in excised heart (14.6 + 1.5 nmol/g of tissue, n = 3),
blood (1.2 £ 0.24 nmol/g of blood, n = 3), and kidney (3.5 +
1.1 nmol/g of tissue, n = 3).

NO trapping studies have been done using both (MGD),-
Fe(II) and (DETC),-Fe(II) under the same conditions (Fig. 3).
The EPR signal intensities with (MGD),-Fe(I[)-NO were al-
most the same in the liver (74.3 £ 10.3 nmol/g of tissue,
n = 3) as found with (DETC),-Fe(I) (79.5 + 11.8 nmol/g of
tissue, n = 3). However, no (MGD),-Fe(I)-NO was detected
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FIG. 2. X-band EPR spectra of (DETC),-Fe(I)-NO in ex-
cised tissues after in vivo administration of LPS, DETC,
and ferrous sulfate: (A) liver (receiver gain; 5 X reduction),
(B) hippocampus, (C) cerebellum, and (D) olfactory bulb.
Rats were injected intraperitonealy with LPS (50 mg/kg) in sa-
line, and after 6 h DETC (500 mg/kg) was injected intraperi-
toneally followed by subcutaneous injection of a mixture of
ferrous sulfate (100 mg/kg) and sodium citrate (500 mg/kg).
Finally, 1 h after the final injection, rats were sacrificed under
anesthesia, and each tissue was immediately excised and either
kept on dry ice until EPR measurement or measured immedi-
ately. Controls without LPS showed very-low-intensity EPR
spectra. While several concentrations of each trapping reagent
were tested, 100 mg/kg of ferrous sulfate was most optimal for
efficient NO trapping. Typical spectrometer conditions were:
microwave power, 20 mW; 100 kHz modulation amplitude,
1.0 G; sweep rate, 50 G/min; response time, 0.3 s. Reproduced
from Fujii and Berliner (7) with permission.
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(DETC),-Fe(I) and (MGD),-Fe(II) in LPS-induced rats:
EPR spectra of (MGD),-Fe(II)-NO in liver (A) and brain
(B) and (DETC),-Fe(I)-NO in liver (C) and brain (D). LPS,
DETC, and ferrous sulfate were adminstered as described in
the legend of Fig. 2. An aliquot of (MGD),-Fe(II) spin trapping
solution (MGD, 100 mM; FeSO4, 20 mM) was subcutaneously
injected 6 h after LPS injection. All other conditions were iden-
tical to those in Fig. 2. Reproduced from Fujii and Berliner (7)
with permission.

in the brain of septic-shock rats (Fig. 3B), although distinct
EPR signals of (DETC),-Fe(II)-NO were observed (Fig. 3D)
when hydrophobic (DETC),-Fe(Il) was used. The concentra-
tion of (DETC),-Fe(I)-NO complex found in the brain was
almost 20% of that in the liver. These results suggest that the
NO observed in the brain was generated by NOS within brain
tissue, not from blood or tissue surrounding the brain. This
conclusion is supported by organ distribution studies where
preformed (MGD),-Fe(II)-NO complex was injected via the
tail vein of rats and fairly strong EPR signals were detected in
the liver, heart, and blood, but not in the brain, again confirm-
ing that (MGD),-Fe(IT)-NO formed in the veins, not brain tis-
sue. On the other hand, the potential route for the lipophilic
DETC is to cross the blood-brain barrier and then complex
with tissue Fe(II), subsequently followed by NO generation
within the brain tissue.

NON-ENZYMATIC GENERATION OF NO

NO can be generated in biological systems either enzy-
matically by NOS or via various non-enzymatic mechanisms.
It is important to establish that NO detected in an LPS-
induced septic-shock animal is generated enzymatically in-
stead of by simple chemical reduction of nitrite/nitrate. In
order to distinguish whether NO is produced enzymatically or
not, one employs a competitive inhibitor for NOS, such as N-
monomethyl-L-arginine (L-NMMA). As shown in Fig. 4, NO
levels in the brain, heart, and liver of septic-shock rats were
suppressed significantly in the presence of L-NMMA (down
to 10-20% of the control), confirming that NOS was the
source of NO. Several other examples of non-enzymatic NO
pathways have been reported (11). In a very special case,
Morez et al. (26) showed that NO might even originate from
the breakdown of NOS inhibitors, such as L-NMMA. They
used another NOS inhibitor, 3-bromo-7-indazole, that specif-

FIG. 4. Inhibitory effect of L-NMMA on NO generation in
LPS-treated rats. X-band EPR spectra were measured in ex-
cised tissues from LPS-induced rats: without L-NMMA, liver
(A), cerebellum (B), and heart (C); with -NMMA, liver (D),
cerebellum (E), and heart (F). Spectral intensities of A and D
are shown as 50% reductions. Injection of LPS, DETC, and fer-
rous sulfate was carried out as described in the legend of Fig. 2
with and without L-NMMA (50 mg/kg in saline), administered
intraperitonealy 3 h after LPS injection. As a control, saline
solutions containing no L-NMMA were injected. All other con-
ditions were identical to those in Fig. 2. Reproduced from Fujii
and Berliner (7) with permission.

ically inhibits brain neuronal NOS and induced NOS (iNOS)
by an entirely different mechanism (3). Although not shown
in Fig. 4, 3-bromo-7-indazole inhibited NO generation in the
brain of animals as detected by EPR with the (DETC),-Fe(II)-
NO complex, similar to that observed with L-NMMA. Conse-
quently, the dithiocarbamate-iron-NO EPR signal originates
from NOS (7). As a double check, it is important to measure
the nitrite/nitrate levels in these same tissues to verify that
they are significantly less than the NO concentrationsmeasured
by EPR. Another experiment, shown later in Fig. 5d, utilizes
I5N-L-arginine as a substrate to show that ’NO is produced.

SUPPRESSION OF iNOS
EXPRESSION BY PBN

The spin trap phenyl-N-tert-butyl nitrone (PBN) sup-
presses the induction of iNOS in the liver of LPS-treated
mice (23). One possible suggested mechanism was blocking
the expression of iNOS mRNA by inactivating nuclear factor
kB transcription factor, preventing the overproduction of NO
and a reduction in endotoxin-mediated death. In order to
show this effect in vivo as monitored by NO production, we
carried out EPR experiments in LPS-induced mice, which
were pretreated and post-treated with PBN (Fig. 5). When
PBN was injected either 30 min before or 2 h after LPS ad-
ministration, the EPR signals shown in Fig. 5b and ¢ were ob-
served. Since PBN inhibits iNOS expression (23), the
(MGD),-Fe(I1)-NO signal was significantly suppressed when
PBN was added before LPS administration (Fig. 5b). How-
ever, when PBN was added after LPS administration, i.e.,
after iNOS expression was initiated, the resultant signal in-
tensity (Fig. 5¢) was similar to the control (Fig. 5a). Figure 6
depicts spectra using the lipophilic (DETC),-Fe(Il)-NO
complex to detect NO in the brain of LPS-induced rats.
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FIG.5. InvivoL-band EPR spectra of (MGD),-Fe(II)-NO
in LPS-treated mice. a: An approximately 20-g mouse was in-
jected intraperitonealy with LPS in saline (1 mg/0.3 ml), and
after 6 h injected subcutaneously with 0.4 ml of (MGD),-Fe(II)
complex in saline [MGD:Fe(II), 100 mM:20 mM]. After 2 h
following the last injection the in vivo EPR spectrum was mea-
sured. b: Same as (a), except that PBN (6 mg/0.5 ml of saline)
was injected intraperitoneallyinto the mouse 30 min before LPS
administration.c: Same as (a), except that the PBN was injected
intraperitoneally 2 h after LPS administration. d: Same as (a),
except that ’N-L-arginine (10 mg/0.3 ml of saline) was in-
jected intraperitoneally into the mouse 6 h after LPS adminis-
tration, and just prior to the injection of the (MGD),-Fe(II)
complex. Spectrometer conditions were as follows: frequency,
1.25 GHz; applied magnetic field, 425 G; incident microwave
power, 50 mW; 20 kHz modulation amplitude, 1.0 G; sweep
rate, 50 G/min; response time, 0.3 s. Reproduced from Fujii et
al. (8) with permission.
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FIG. 6. Effects of PBN on NO generation in LPS-treated
rats. X-band EPR spectra were measured in cerebellum brain
tissue excised from LPS-induced rats. Rats were injected with
LPS, DETC, and ferrous sulfate as described in the legend of
Fig. 3. PBN (250 mg/kg) was administered intraperitoneally in
rats 30 min before LPS injection. Saline solutions containing
no PBN were injected as a control. All other conditions were
identical to those in Fig. 3.
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Remarkably, NO levels were not in the brain, although PBN is
well known to cross the blood-brain barrier (26). Note that
NO generation was suppressed (>80%) in the liver and heart,
where high levels of iNOS are normally expressed (data not
shown). The marked difference in PBN effects in the brain
could be due to different iNOS species, mRNA, or its tran-
scription mechanism versus liver (13). Alternatively, there are
reports that a profound induction of iNOS mRNA in vascular,
glial, and neuronal structures occurs (38).

IN VIVO SPIN TRAPPING OF NO

The first in vivo NO detection was reported by Lai and
Komarov (21) and Komarov and Lai (15) at S-band. They de-
tected (MGD),-Fe(II)-NO in endotoxin-shocked mice, but the
studies were limited to the tail as this was the only non-lossy
region body tissue at this frequency (3 GHz). On the other
hand, directlocalization of NO in mice is not restricted to any
region with L-band in vivo spectrometers. Quaresima et al.
(29) were able to detect NO at L-band in the liver of septic-
shock mice using (DETC),-Fe(Il) as the spin trap. Due mainly
to spectrometer sensitivity limitations, a low signal-to-noise,
yet detectable, (DETC),-Fe(I)-NO signal was observed with
a characteristic three-line EPR spectrum (a=13.04 G, g, =
2.04) at ambient temperature. Yoshimura et al. (39) used the
NO spin trap DTCS to measure endogenous NO generationin
the mouse abdomen at 700 MHz.

Fujii et al. (8) ran control experiments with preformed
(MGD),-Fe(I1)-NO complex in order to assess its pharmaco-
logical distribution in animals. (MGD),-Fe(II)-NO levels in
the liver were very high yet undetectable in the brain. It was
found at relatively low levels (3-5 puM) in the head region,
i.e., the complex was distributed only in the blood surround-
ing the brain since (MGD),-Fe(II)-NO cannot pass the blood—
brain barrier.

NO levels from constitutive NOS are found typically at pi-
comolar levels (27, 28). In contrast, intracellular iNOS activ-
ity stimulated by endotoxin exposure can remain elevated for
several hours, producing micromolar concentrations of NO
(31-33), and the extent is dependent on LPS dose (24). This
was also reflected in the EPR results, where at optimal LPS
levels for iNOS induction (50 mg/kg), a strong L-band EPR
spectrum was obtained from the upper abdomen (such as
shown in Fig. 5a) that compared well with that of (MGD),-
Fe(II)-NO control in saline.

The EPR signal intensities of (MGD),-Fe(I)-NO was sur-
veyed from “head to toe,” and the strongest signals were only
detected near the upper abdomen. The mice were then sacri-
ficed in order to determine pharmacological distributions of
this complex, and the amount of NO complex was measured
ex vivo at X-band as summarized in Table 1. Among all of the
organs screened, the maximum NO levels were again in the
liver (63.0 = 10.3 nmol/g), which was at least five times
larger than that found in the kidney, 11.5 * 2.3 nmol/g
(Table 1). These data are very consistent with other biological
data suggesting that iNOS is expressed mainly in the liver by
LPS induction.

The direct in vivo EPR observation of NO generation in the
brain has recently been demonstrated with rodent models of
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TABLE 1.  QUANTITATION OF (MGD),-FE(IT)-NO PRODUCED
IN VARIOUS ORGANS BY EX Vivo EPR
(MGD),-Fe(II)-NO
Organ (nmol/g of tissue) (n = 3)
Liver 63.0+10.3
Kidney 11.5+2.3
Blood (tail) 53+14
Urine 9.7+2.1

The amounts of (MGD),-Fe(II)-NO complex presented are
mean + SEM. Reproduced from Fujii et al. (8) with permission.

epileptic seizure (12). The role of NO in epileptogenesis was
studied by a chemically induced seizure model using penty-
lenetetrazole (PTZ). NO generation was measured directly in
the brain of a PTZ-induced mouse in vivo in an L-band EPR
spectrometer. An elevation in NO production in the brain was
observed during convulsions, and more NO was generated
in tonic versus clonic seizures as shown in Fig. 7. This was
the first report of direct in vivo observation of NO in the brain
by EPR.

HIGH-RESOLUTION VISUALIZATION OF
IN VIVO NO GENERATION: MAGNETIC
RESONANCE IMAGING SPIN TRAPPING

The in vivo EPR results, combined with pharmacodistrib-
ution data, show that NO is produced mainly in the upper ab-
domen near the liver (8). However, a detailed visualization of
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FIG. 7. In vivo L-band EPR spectra of (DETC),-Fe(ID)-
NO complex in mice doped with PTZ. DETC and iron were
injected identically to that described in the legend of Fig. 2,
30 min before PTZ administration. A: Mice were doped with
PTZ at a dose of 80 mg/kg. After tonic convulsions were ob-
served, the mice were immediately anesthetized by pentobarbi-
tal (35 mg/kg) and measured by in vivo EPR spectroscopy.
B: Same as A, except that mice were doped with PTZ at a dose
of 40 mg/kg. These animals experienced clonic convulsions.
Spectrometer conditions were identical with those in Fig. 5.
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NO distribution by EPR imaging would be most desirable.
Yoshimura et al. (39), using in vivo EPR imaging of NO with
the (DTCS) -Fe(II) spin trap, visualized the abdominal region
of an LPS-pretreated mouse. The crescent-shaped image was
just over the right abdomen of the mouse, with the outline
corresponding anatomically to the liver. In addition, Suzuki
et al. (34) obtained two-dimensional in vivo EPR images in
live mice produced from the nitrovasodilator isosorbide dini-
trate. In a higher-resolution ex vivo experiment, Kuppusamy
etal. (19,20) showed three-dimensional images in excised rat
brain. The right hemisphere of the brain was subjected to
ischemia-hypoxia, removed, and frozen in liquid nitrogen. Ex
vivo EPR imaging with frozen organs might be more practical
for detecting two- or three-dimensional distributions of bio-
radicals during extreme biological events in order to visualize
superoxide and lipoxy radicals. Hence, although several
groups have demonstrated the feasibility of imaging free rad-
ical distributions in vivo (6, 18, 20, 34, 39, 40), the spatial
resolution of most EPR imaging spectrometers is not satisfac-
tory enough to resolve much fine structure in organs for most
free radicals, especially when the intrinsic linewidths are
large, such as is the case with spin-trapped NO. (MGD),-
Fe(II)-NO complex has a 3.5 G linewidth, which is a principal
contributor to poor image resolution.

The alternative approach is the combination of magnetic
resonance imaging (MRI) with EPR as first demonstrated by
Brasch et al. (4), who used paramagnetic nitroxyl radicals as
MRI contrast agents for enhancement of renal structures in
animal models. Several other groups then reported experi-
ments utilizing a range of nitroxides as contrast agents and
their versatility in image enhancement (5, 30). Yet, while ni-
troxides function as contrast agents, they have major short-
comings since their biological half-lives are frequently too
short to use in practice. On the other hand, would iron-dithio-
carbamate-NO complexes work as contrastagents?

The reduction/decomposition of the NO-dithiocarbamate-
iron complexes in the presence of 1 mM ascorbic acid or glu-
tathione occurs with a half-life of about 40.2 + 4.6 and 48.4 +
5.2 min, respectively, which is much better than most nitrox-
ides. (MGD),-Fe(II)-NO complexes show remarkably strong
proton relaxation enhancement. The T relaxivity at 20 and
85 MHz was found to be 0.31 and 0.27 mM-! s—1, respec-
tively, and the T, relaxivity was 0.31 and 0.35 mM~! s~1, re-
spectively (9). The relaxivity was also not very frequency de-
pendent over this range, similar to that found with nitroxides
(2, 5, 30). The T, relaxivity of the uncomplexed (MGD),-
Fe(II) “spin trap” was 0.044 mM-! s—1 at both 20 and 85 MHz,
which is negligible, as are free Fe(II) and uncomplexed NO.
Thus, the distinct increase in relaxivity occurs only after com-
plexing NO with (MGD),-Fe(ID), i.e., it should be feasible to
visualize the region in vivo where the NO was trapped as ex-
ploited in enhanced signal intensity in T'- or T,-weighted MR
images.

Figure 8 shows T -weighted MR images of rats in a region
near the liver before and after injection of the preformed
(MGD),-Fe(IT)-NO complex. Intraperitoneal injection (2 ml
of 9.1 mM solution) directly into rats resulted in image en-
hancement of several tissues, clearly demonstrating that the
NO complex is a very effective NO-specific contrast agent.
The relative signal intensity was increased as much as 3.2 +
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A

FIG.8. T,-weighted MR images in the axial plane of the liver
of Wistar rats: (A) control, before injection of (MGD), Fe(II)-
NO:; and (B) 60 min after injection of (MGD),-Fe(II)-NO com-
plex. Two millliliters of 9.5 mM (MGD),-Fe(Il)-NO complex,
made from NO gas and (MGD),-Fe(Il), was injected intraperi-
toneally at the lower abdomen of rats (250 g). Reproduced from
Fujii et al. (9) with permission.
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FIG. 9. Imaging of NO in LPS-treated rats. a: Transverse

T|-weighted MR images focused on a selected region of the
liver in LPS-doped rats. The MR images were measured at the
times indicated. Six hours after LPS injection, the NO spin trap
[3 ml of (MGD),-Fe(I)] (MGD, 100 mM; Fe, 20 mM) was ad-
ministered intraperitoneally.b: Plot of MR image intensity with
time. Signal intensities were averaged over the selected region
indicated by the arrow in a 7 X 7 mm? area for three different
animals (filled symbols), normalized to intensity of a reference
(water in a tube placed next to the animal, open symbols). At
zero-time, the spin-trap (MGD),-Fe(Il) was added. a.u., arbi-
trary units. Reproduced from Fujii et al. (9) with permission.
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0.3 times (n = 3) in selected regions of the liver (estimated by
EPR to be 150 + 52 nmol/g of tissue from excised liver from
the same rat).

In order to test the efficacy of this method during a real
pathological event, rats were examined after induction of sep-
tic shock. At 6 h after LPS administration, the rats were in-
jected intraperitoneally with (MGD),-Fe(II) and subsequently
measured by MRI. Figure 9 shows the time dependence of
MR images of septic-shock rats at different times after ad-
ministration of (MGD),-Fe(Il). The liver was clearly distinct
from other organs, and the image intensity increased with
time (Fig. 9), reaching a maximum at 90-120 min after spin
trap injection for the slice shown. This time dependence was
consistent with published EPR results showing that the signal
intensity maximized at 90-120 min (8). In order to show that
this NO generation was indeed from NOS, MRI experiments
were carried out where the inhibitor L-NMMA was adminis-
tered 3 h after LPS injection. As shown in Fig. 10, the image
enhancement was suppressed after inhibiting NOS with
L-NMMA. This methodology has been coined MRI spin trap-
ping, which is not only suitable for mapping NO, but is also
be valid for other important free radicals in vivo when com-
bined with appropriate spin-trapping reagent techniques.

CONCLUSIONS AND PERSPECTIVES

In vivo EPR applications to NO-related problems have al-
ready been demonstrated to be quite promising and informa-
tive. The advent of MRI spin trapping for monitoring NO
opens up the possibilities of imaging both large animals or
humans at high resolution. The future potential for specifi-
cally targeted NO detection lies in the synthesis of appropri-
ate “affinity label” dithiocarbamate compounds.
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FIG.10. Comparison of the signal intensity in the selected
slice region of the liver in the presence and absence of the
NOS inhibitor L-NMMA. The image intensity in the liver was
first normalized to the intensity of a reference (water in the
tube placed next to the animal). The normalized intensity in the
selected regions (same as Fig. 9, 7 X 7 mm?) was averaged.
L-NMMA (50 mg/kg in saline) was intraperitonealy injected
3 h after LPS injection. a.u., arbitrary units. Reproduced from
Fujii et al. (9) with permission.
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ABBREVIATIONS

DETC, N,N-diethyldithiocarbamate; DTCS, (dithiocar-
boxy)sarcosine; EPR,

electron paramagnetic resonance;

iNOS, induced nitric oxide synthase; LPS, lipopolysaccha-
ride; MGD, N-methyl-D-glucamine dithiocarbamate; MR,
magnetic resonance; MRI, magnetic resonance imaging; NO,
nitric oxide; NOS, nitric oxide synthase; PBN, phenyl N-tert-
butyl nitrone; PTIO, 2-phenyl-4,4,5,5-tetramethylimidazole-
1-oxy-3-oxide; PTZ, pentylenetetrazole.
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