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SUMMARY: Nitric oxide contributes to tissue necrosis after ischemia-reperfusion (IR). A biochemical and immunohistochemical
study was made of the amounts and localization of both Ca11-independent nitric oxide synthase (NOS) II and Ca11-dependent
(NOS I and NOS III) in rat skeletal muscle after ischemia and 0.5, 2, 8, 16, and 24 hours reperfusion. NOS II was not detectable
in control muscle or during ischemia, was first detected after 2 hours reperfusion, increased further by 8 hours, and remained
elevated at 24 hours. Both NOS II and nitrotyrosine, a marker of peroxynitrite formation, were localized exclusively to mast cells
except after 24 hours reperfusion when some macrophages and neutrophils also showed positive immunoreactivity. Mast cells
underwent extensive degranulation during reperfusion. NOS I was not detected in injured or control muscle. The level of NOS III,
which was localized to the endothelium of blood vessels of all sizes in control muscle, decreased progressively during ischemia
and reperfusion to reach undetectable levels after 16 hours reperfusion. These findings indicate that most of the nitric oxide
formed during IR injury is generated by NOS II located almost exclusively in mast cells. (Lab Invest 2000, 80:423–431).

L ike other forms of inflammation, the reaction that
follows reperfusion of ischemic tissue is a com-

plex phenomenon and many factors have been shown
to play a role in its pathogenesis (Grace, 1994). One of
the mediators implicated in ischemia-reperfusion (IR)
injury is nitric oxide (NO) (Knight et al, 1997; Knox et al,
1994; Noiri et al, 1996; Phan et al, 1994; Seekamp et
al, 1993; Zhang et al, 1997), which may act either
alone, or in combination with superoxide anion, as the
potent oxidant peroxynitrite (Beckman et al, 1990;
Forstermann and Kleinert, 1995; Pryor and Squadrito,
1995). NO is synthesized from L-arginine by three
widely distributed, functionally distinct, and closely
regulated nitric oxide synthases (NOS), NOS I, II, and
III. NOS I and NOS III are Ca11-dependent constitu-
tive enzymes (cNOS), whereas NOS II is a Ca11-
independent inducible enzyme (Moncada et al, 1991).
NO may be cytotoxic or cytoprotective (Moncada et al
1991), depending on the location and level of produc-
tion.

The role of NO in IR injury has been explored in a
variety of tissues with conflicting results (Stewart et al,
1999). In heart and gut, NO has been reported to have

a protective role. By contrast, deleterious effects have
been reported in skeletal muscle, skin, and brain.
These discrepant observations may be caused by the
differential importance, in different tissues, of the
beneficial effect of vasodilatation and inhibition of
leukocyte activation by cNOS-derived NO and the
damage caused by NOS II-derived NO and its prod-
ucts (Stewart et al, 1999).

In previous studies, we and others have demonstrated
that NOS was active during reperfusion of ischemic
skeletal muscle and that administration of a range of
NOS inhibitors significantly increased muscle survival
(Knight et al, 1997; Noiri et al, 1996; Phan et al, 1994).
Although these results indicated that NO was deleteri-
ous, they did not elucidate the relative contribution of
each of the NOS isoforms, nor was it possible to deter-
mine the temporal sequence of changes in NOS activity
or expression. Furthermore, these studies did not iden-
tify the cellular source of NOS.

The present report describes an immunohistochem-
ical and biochemical study of the anatomical distribu-
tion and activity of the NOS isoforms during the
development of IR injury in skeletal muscle. The local-
ization of nitrotyrosine, a marker of the oxidation
product of NO, peroxynitrite, is also described.

Results

NOS Activity in Normal and IR Muscles

A temporal study of the levels of inducible NOS (NOS
II, Ca11 independent) and constitutive NOS (both
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NOS I and NOS III, Ca11 dependent) activity was
undertaken (Fig. 1). NOS II activity was undetectable in
control muscle or immediately after ischemia, was first
detected after 2 hours reperfusion, increased further
after 8 hours reperfusion, and remained elevated after
24 hours reperfusion. Constitutive NOS activity
(4.39 6 1.04 pmol/mg/minute) was detectable in mus-
cles before any treatment. Its level decreased progres-
sively during ischemia and reperfusion to reach very
low levels by 16 hours reperfusion and was undetect-
able after 24 hours reperfusion. Qualitative RT-PCR
showed NOS II mRNA expression immediately after
ischemia and at 8,16 and 24 hours after reperfusion
(Fig. 2, lanes 2, 6, 8, and 10) but not in control muscle
extracts (Fig. 2, lanes 1, 3, 5, 7, and 9) or after 2 hours
reperfusion (Fig. 2, lane 4).

Localization of NOS Isoforms and Nitrotyrosine in Normal
and IR Muscle

The cellular source of the NOS isoforms and nitroty-
rosine after IR was identified using both indirect and
avidin-biotin complex method (ABC) methods of label-
ing. The ABC method occasionally (2 of 10) gave false
positives for mast cell labeling in this setting. In each
case, some of the mast cells in sections, on which the
primary antibody was omitted, were labeled. The
primary antibody was excluded on a representative
section from each time point in every staining run
(ABC and indirect). The false positive runs were ex-
cluded from the study. Labeling by NOS II and nitro-
tyrosine antibodies was similar at all times examined
and will be described together. Neither NOS II nor
nitrotyrosine was detectable in control muscle. Imme-
diately after ischemia, strong positive labeling was
detected in large rounded or oval-shaped cells that
were closely associated with blood vessels located in
the perimysium and epimysium (Figs. 3, a to c, and 4).
Double staining with NOS II antibody and toluidine
blue (TB) (Fig. 3d) and comparison with adjacent
sections stained with TB identified the NOS II positive

cells as mast cells. Mast cells were not labeled, at any
stage of reperfusion, when antibodies of irrelevant
specificity but of the same isotype, were substituted
for anti-NOS II (Fig. 3e) or anti-nitrotyrosine. At all
stages of reperfusion examined, positive labeling of
mast cells persisted but their appearance varied as
described in detail below. Up to 16 hours reperfusion,
no cells other than mast cells were labeled with NOS
II antibody but after 24 hours reperfusion, some of the
neutrophils and macrophages now present in the
extravascular tissue showed strong positive labeling
(data not shown).

Histologic Appearance of Mast Cells During IR Injury

In control muscle, mast cells are 10 to 15 mm diameter
oval cells whose cytoplasm is packed with granules
staining metachromatically with TB but negatively with
NOS II antibody. During IR, mast cells exhibit an
increasing degree of degranulation. Quantification of
these morphologic appearances are provided (Fig. 5).
Immediately after ischemia, a minority of mast cells
are small and fully granulated (Figs. 3a and 4a) but
approximately 80% of mast cells are large and par-
tially degranulated (Figs. 3b and 4b). The granules
both within mast cells and in the extracellular tissue
are positively labeled with both TB and NOS II anti-
body. The degree of degranulation increases during
reperfusion and by 8 hours reperfusion, 76% of mast
cells show extensive degranulation and have a
“doughnut” appearance, consisting of a central unla-
beled region and a thin peripheral circle of labeled
granules (Figs. 3c and 4c). By 24 hours reperfusion,
this type of degranulated mast cells is no longer
detected and mast cells appear similar to those seen
in control muscle. For each of the cell appearances,
there is an effect of time that is significant (p , 0.01).
In the case of the small cells, the proportion differs
from that in controls at 0, 8, 16, and 24 hours. The
proportion of large cells differs from controls at 0
hours. The proportion of doughnut cells differs from
that in controls at 8 and 16 hours.

The number of mast cells per unit area of muscle
parenchyma (mast cell density) is shown in Figure 6. The
numerical density of toluidine blue positive mast cells
remained relatively constant during ischemia, increased
rapidly during the first 30 minutes of reperfusion, and

Figure 1.
Nitric oxide synthase (NOS) activities of control and ischemia-reperfusion (IR)
rat skeletal muscle. Level of calcium-dependent NOS activity (D) and calcium-
independent NOS activity (F) in control and IR rat skeletal muscle. Results are
means 6 SEM (n 5 7).

Figure 2.
NOS II mRNA expression in control and IR skeletal muscle. NOS II mRNA is
expressed immediately after ischemia and at 8,16, and 24 hours after
reperfusion (lanes 2, 6, 8, and 10) but not in control muscle extracts (lanes 1,
3, 5, 7, and 9) or after 2 hours reperfusion (lane 4). Amplified b-actin was
expressed in all samples, confirming the integrity of the RNA extracts.
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Figure 3.
NOS II immunoreactivity of mast cells in rat skeletal muscle after IR. Immunohistochemical labeling of NOS II (isotype IgG2a) in intact mast cells (a) and partially
degranulated mast cells (b) immediately after ischemia, magnification, 3700, and in extensively degranulated mast cells after 8 hours reperfusion (c), magnification,
3700. Note the contrasting appearance of intact (a), partially degranulated (b), and extensively degranulated (c) mast cells. Mast cell, immediately after ischemia,
showing co-localization of NOS II positive immunoreactivity with toluidine blue (TB) metachromasia (d), magnification, 3700. The diamino-benzidine chromagen
(brown) is converted to black after TB counterstaining. Mast cell and a blood vessel at 30 minutes post-reperfusion showing a-actin (isotype IgG2a) labeling of the
blood vessel wall (B) and TB metachromasia of the mast cell (e), magnification, 3700. Note: there is no co-localization of anti-a-actin and TB metachromasia. (a
to c); hematoxylin counter-stain. (B) blood vessel, (S) skeletal muscle fiber.

NOS II, Mast Cells, and Ischemia-Reperfusion

Laboratory Investigation • March 2000 • Volume 80 • Number 3 425



then decreased progressively over the next 24 hours.
Approximately half the mast cells were NOS II positive
immediately after ischemia and at 30 minutes post-
reperfusion. There was no difference in TB and NOS II
mast cell densities from 8 to 24 hours reperfusion. The
density of cells detected by anti-NOS II increased signif-
icantly from 1.4 mast cells/mm2 immediately after isch-
emia to 4.4 (p , 0.01) mast cells/mm2 during the first 8
hours of reperfusion, then decreased progressively from
4.4 to 1.2 mast cells/mm2 (p , 0.01) by 24 hours.

NOS I

NOS I was not detected in either control or IR muscle,
but it was detected in brain tissue used as a positive
control.

NOS III

There was moderate labeling of vascular endothelium
of vessels of all types in control muscle (not shown).
Labeling of larger vessels was unaltered by ischemia
and reperfusion. The intensity of capillary labeling
increased after ischemia (Fig. 7a) but decreased pro-
gressively and in a patchy manner during reperfusion,
so that areas of intensely labeled capillaries lay adja-
cent to areas that were unlabeled by anti-NOS III (not
shown). No capillaries were labeled after 16 hours
reperfusion (Fig. 7b), but by 24 hours reperfusion,
areas of intensely labeled capillaries are again present,
adjacent to unlabeled areas (Fig. 7, c to d).

Discussion

The findings of the present study, together with our
previous observations of protective effects of NOS
inhibitors in IR injury to skeletal muscle (Knight et al,
1998; Phan et al, 1994; Zhang et al, 1997), implicate
mast cell NOS II induction in the pathogenesis of IR
injury. NOS II activity increased during reperfusion and
both NOS II and nitrotyrosine were localized exclu-
sively to mast cells after ischemia and up to 16 hours

Figure 4.
Nitrotyrosine immunoreactivity of mast cells in rat skeletal muscle after IR.
Immunohistochemical labeling of nitrotyrosine in mast cells immediately after
ischemia (a and b) and after 8 hours reperfusion (c). Magnification, 3350;
hematoxylin counterstain.

Figure 5.
Mast cell morphologic appearance during reperfusion. Mast cells are divided
into three categories based on the extent of their degranulation, in control
muscle (C), and during a 24-hour reperfusion period. i, intact f; partially
degranulated ; and extensively degranulated M. Results are mean percentage
of total mast cells (n 5 3) * p , 0.01 treated vs respective control.

Figure 6.‘
Numerical density of TB-stained mast cells and NOS II-positive cells. Numer-
ical densities (cell/mm2 tissue) of mast cells staining with TB or NOS II in
control muscle (C) and at different stages of reperfusion (TB M) (NOS II f).
Results are means 6 SEM (n 5 3), p , 0.01, NOS II (#, 0 hours v/s 8 hours)
and (**, 8 vs 24 hours), TB (v, 0.5 vs 24 hours).
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reperfusion. Many neutrophils and some monocytes/
macrophages were present in the muscle parenchyma
from 8 hours reperfusion onwards, but we did not
detect NOS II protein or nitrotyrosine in these cells
until 24 hours reperfusion. Our observations indicate
that ischemia up-regulates NOS II in resident mast
cells and causes partial degranulation. Mast cells are
resident tissue cells derived from bone marrow pre-
cursors that were first identified by Ehrlich on the basis
of their numerous metachromatically staining cyto-
plasmic granules (Galli, 1990). They are a heteroge-
neous population of cells, the phenotype of which can
be regulated by their micro-environment (Galli, 1990;
Galli, 1997; Lutzelschwab et al, 1997; Metcalfe et al,
1997). During reperfusion mast cells undergo a pro-
cess of activation, reflected in the apparent increased
cell size and the intensity of NOS II labeling, followed
by extensive degranulation that results in a striking
“doughnut” appearance of these cells after 8 hours.
This sequence of events is reminiscent of anaphylactic
degranulation, characteristic of mast cell activation in
allergic responses. At 8 hours reperfusion, the numer-
ical density of NOS II positive cells was slightly higher
than that for TB-labeled cells, although this was not
statistically significant. These NOS II-positive, TB-
negative cells were identified on the basis of morpho-

logic appearance alone and may represent extensively
degranulated mast cells, however other possibilities
cannot be ruled out.

The decrease in the Ca11-dependent NOS activity
muscle is likely to be caused by loss of NOS III, rather
than NOS I, as NOS III but not NOS I was readily
detectable in skeletal muscle. Furthermore, after the
ischemia-associated transient increase in NOS III im-
munoreactivity, the levels progressively declined dur-
ing reperfusion with a similar time-course to that of the
change in the Ca11-dependent NOS activity. During
the early stages of reperfusion, NO release is markedly
decreased (Ma et al, 1993; Sobey et al, 1992; Stern-
bergh et al, 1993). In our study, the apparent discrep-
ancy between the increase in NOS III immunoreactivity
observed at the end of ischemia and the diminished
activity of Ca11-dependent NOS in muscle homoge-
nates may result from ischemia-induced oxidative
inactivation of the transiently increased amounts of
constitutive NOS protein. The increase in NOS III
immunoreactivity during ischemia is consistent with
recent studies showing that both acute and chronic
hypoxia are stimuli for NOS III expression (Gess et al,
1997; Lecras et al, 1996). As reperfusion progressed a
large proportion of vasculature became NOS III neg-
ative. However, immunolabeling for NOS III protein

Figure 7.
NOS III immunoreactivity of capillaries in rat skeletal muscle after IR. Immunohistochemical labeling for NOS III in capillaries (arrows) immediately after ischemia
(a), magnification, 3430; after 16 hours reperfusion (b), magnification, 3430; after 24 hours reperfusion (c), magnification, 3220, and (d), magnification, 3600.
Labeled capillaries (arrows), unlabeled capillaries (*), blood vessels (B).
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remained intense in the vasculature of patches of
muscle until 8 hours reperfusion. Loss of NOS III
activity, caused by either loss or inactivation of NOS III
protein, would be expected to result in vasoconstric-
tion, neutrophil extravasation, and edema, which
could contribute to cell death by extending the epi-
sode of ischemia through the “no-reflow” phenome-
non (Ames et al, 1968; Kanwar and Kubes, 1995;
Kubes, 1993; Menger et al 1997). Pharmacological
treatments that increase NO levels early during reper-
fusion or ischemic pre-conditioning (which is in part
NOS III-mediated), protect skeletal muscle from IR-
mediated constriction and edema (Akimitsu et al,
1995; Chen et al, 1998; Huk et al, 1997; Pudupakkam
et al, 1998). However, there is a dissociation between
early vascular reperfusion and neutrophil infiltration
from parenchymal injury and death in skeletal muscle
IR (Breidahl et al, 1996; Hickey et al, 1996; Skjeldal et
al, 1993, 1994). Extensive mast cell degranulation may
be important in the initiation of IR injury, whereas
neutrophil involvement may be secondary to the dam-
age (Breidahl et al, 1996; Petrasek et al,1994; Skjeldal
et al, 1993). NOS II was not detected in neutrophils
until 24 hours reperfusion, at which time IR injury had
induced extensive necrosis.

The NOS inhibitor L-NAME and the NOS II gene
repressor dexamethasone improved muscle survival
when administered 3 hours post-reperfusion at a time
when the level of Ca11-dependent NOS activity had
declined to less than 10% of the control level. Thus,
any protective effects of L-NAME could be ascribed to
inhibition of NOS II, which does not appear to cause
irreversible injury until at least 3 hours after reperfu-
sion. The cytotoxic effects of NO are largely a result of
its combination with superoxide anion to form per-
oxynitrite. The latter adduct gives rise to the highly
toxic hydroxyl radical that indiscriminately binds to
and inactivates macromolecules. Nitrotyrosine can be
used as a footprint for peroxynitrite. However, nitroty-
rosine residues can also be generated by reaction of
NO with hypochlorous acid or myeloperoxidase (Ei-
serich et al, 1998; Sampson et al, 1998). Nevertheless,
detection of protein nitrotyrosine in conjunction with
NOS II in the mast cells is not inconsistent with
peroxynitrite formation. Nitrotyrosine immunoreactiv-
ity was restricted to mast cell granules and peroxyni-
trite has a short half-life (Beckman et al, 1990), de-
creasing the likelihood that peroxynitrite has effects
beyond mast cell granules. Although NO inhibits mast
cell degranulation, low concentrations of peroxynitrite
promote degranulation of mast cells (Barker and
Stewart, 1998) and may contribute to this process in
IR. Peroxynitrite-facilitated mast cell degranulation
could mediate IR injury through the actions of many
factors, including arachidonic acid derivatives, TNF-a,
and IL-1, all of which have been implicated in the
pathogenesis of IR injury to skeletal muscle (Grace,
1994; Seekamp et al, 1993). Resident mast cells
mediate a significant component of IR injury in cardiac
muscle in the absence of migrating leukocytes (Keller
et al, 1988). Pharmacological interventions that stabi-
lize mast cells during IR, have been shown to be

protective in heart, lung, and gut (Barr et al, 1998; Jolly
et al, 1982; Keller et al, 1988).

Two independent actions of NOS may contribute to
the pathology of skeletal muscle IR. A decrease in
constitutive NOS activity caused by deficiency of NOS
III in the early stages of reperfusion contributes to
microvascular dysfunction, neutrophil infiltration, but
not muscle cell death. In the later stages of reperfu-
sion, the NOS II activity resulting from induction of
NOS II in mast cells contributes to muscle cell death
via amplification of the inflammatory processes.

We have shown for the first time that NOS II and
nitrotyrosine are localized exclusively to the mast cells
in rat gastrocnemius muscle after ischemia and up to
16 hours reperfusion, and that during the first 8 hours
of reperfusion, mast cells undergo extensive degran-
ulation. The exclusive localization of NOS II to mast
cells during the development of IR injury and the
protective effects of NOS II-selective inhibitors (Zhang
et al, 1997) implicate mast cell-derived NO or its
derivatives in the pathogenesis of IR injury to skeletal
muscle.

Materials and Methods

IR Model

All procedures were carried out with the approval of
the St Vincent’s Hospital Animal Ethics Committee
and conformed to National Health and Medical Re-
search Council guidelines on animal experimentation.
Male Sprague-Dawley rats (weight 200 to 350 g) were
anesthetized with intraperitoneal pentobarbitone (60
mg/kg body weight). Warm ischemia (36 6 1° C) of the
right hind limb was produced using a tourniquet,
consisting of a tightly wound elastic band, that was
placed on the limb proximal to the gastrocnemius
muscles. This technique produces complete ischemia
and after 2 hours application only 15% to 20% of the
gastrocnemius muscle survives after 24 hours of
reperfusion, as assessed by the nitroblue tetrazolium
reaction (Knight et al, 1997). Rats were allowed to
recover and after the appropriate period of time were
re-anesthetized with intraperitoneal pentobarbital (60
mg/kg). Tissue was collected after ischemia without
reperfusion and after various periods of reperfusion.

Experimental Protocol

NOS Activity. Gastrocnemius muscles were har-
vested from sham-operated rats and after a period of
2 hours warm ischemia and 2, 8, 16, and 24 hours
reperfusion (n 5 7 each group). Cross-sections were
cut, snap frozen in liquid nitrogen, freeze-dried, and
stored at 270° C until assayed for NOS activity (7).
NOS activity was measured biochemically as the
conversion of [3H] L-arginine to [3H] L-citrulline by the
cell-free homogenate (Zhang et al, 1997). Briefly, the
tissue samples were homogenized on ice in an ultra-
Turrax T 25 homogenizer in buffer. The homogenate
was then centrifuged at 1000g (Sorvall RT6000D) for
15 minutes at 4° C and the supernatant carefully
removed and stored briefly (,1 hour) on ice. The
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reaction was started by adding 100 ml of supernatant
(containing approximately 500 mg protein) to 200 ml of
reaction buffer (pH 7.5) containing [3H] L-arginine.
Samples were incubated for 60 minutes at 37° C and
then the reaction was stopped by addition of 1.5 ml of
Hepes buffer adjusted to pH 7.5. The admixture was
applied to 1 ml of Dowex 50W (Na1 form) column that
was eluted with 1.5 ml of distilled water. The amount
of 3H in the sample effluent and 1.5 ml water wash
containing the [3H] L-citrulline was measured on an
LKB scintillation spectrometer. The total NOS activity
was determined by measuring the difference in the
amount of [3H] L-citrulline produced between homog-
enates incubated in the presence and absence of 300
mM nitro-imino-L-ornithine (L-NIO), a concentration
that completely inhibits NOS activity under these
cell-free conditions. The Ca11-dependent NOS activ-
ity was determined as the difference between the total
NOS activity and the activity in samples incubated in a
reaction mixture containing 2 mM EGTA and no CaCl2.

The Ca11-independent enzyme activity was calcu-
lated as the difference between the total and the
Ca11-dependent NOS activity. All activities are ex-
pressed as pmol/minute/mg protein. Protein concen-
tration was measured spectrophotometrically using
the Biorad reagent with bovine serum albumin (BSA)
as the standard.

Expression of NOS II mRNA in Skeletal Muscle. The
NOS II oligonucleotide primers used were based on
published rat liver NOS II nucleotide sequences and
have been described previously (Adachi et al, 1993).
Both gastrocnemius muscles were harvested from
sham-operated rats and after a period of 2 hours
warm ischemia and 2, 8, 16, and 24 hours reperfusion
in IR rats (n 5 3 each group). Cross-sections were cut
and snap frozen in liquid nitrogen, freeze-dried, and
stored at 270° C before RNA extraction. Total RNA
was isolated by guanidinium isothiocyanate and
phenol-chloroform extraction (Chomczynski and Sac-
chi, 1987). Each RT-PCR reaction was repeated sev-
eral times. Total RNA (0.5 mg) from rat gastrocnemius
muscle, LPS-treated lung, and normal lung were used
as templates for cDNA synthesis, using Moloney mu-
rine leukemia virus (M-MLV) reverse transcriptase and
specific NOS II and b-actin primers as described in a
Gene Amp RT-PCR kit (Perkin Elmer Cetus, Norwalk,
Connecticut). Samples incubated without RT or with-
out RNA in the cDNA synthesis reaction served as
controls for DNA contamination. Inducible NOS and
b-actin RNA were amplified by PCR according to the
manufacturer’s instructions with 0.5 mg of each NOS II
primer and 0.4 mg each b-actin primer. LPS-treated
and normal lung acted as positive and negative con-
trols for NOS II expression, respectively. Amplification
was performed on a Perkin Elmer 2400 PCR Machine
(Perkin Elmer Cetus) in the following buffer: 10 mM

TrisHCl (pH 8.3), 2 mM MgCl2, 50 mM KCl, 200 ml each
dNTP, 0.01% (w/v) gelatin, and 2.5 units of Taq
Polymerase (Perkin Elmer Cetus). The reaction mixture
was heated to 94° C for 3.5 minutes, and 40 cycles of
denaturation (94° C, 30 seconds), annealing (55° C, 40
seconds), and extension (72° C; 35 seconds for NOS

II, 60 seconds for b-actin) were carried out. One-tenth
of the total PCR mix was resolved by 1.8% agarose/
TAE slab gel electrophoresis and PCR products were
visualized by ethidium-bromide staining. NOS II and
b-Actin PCR reactions were loaded into the same lane
for comparison.

Immunohistochemistry for NOS Isoforms and Nitro-
tyrosine. Gastrocnemius muscles were harvested from
sham-operated rats, immediately after ischemia and
after 0.5, 8, 16, and 24 hours reperfusion (n 5 3 each
group). Cross-sections from each muscle were im-
mersion fixed with 4% paraformaldehyde in 0.01 M

phosphate buffered saline (PBS), pH 7.4, for 3 hours,
washed in PBS, processed, and embedded in paraffin.
Blocks were sectioned at 5 mm and mounted onto
poly-l-lysine–coated glass slides.

The localization of NOS isoform proteins and nitro-
tyrosine was determined by immunohistochemistry.
NOS II and NOS III were monoclonal isotypes IgG2a
and IgG1, respectively, and anti-NOS I was polyclonal.
All were purchased from Transduction Laboratories,
(Lexington, Kentucky) and used at 10 mg/ml (NOS I
and III) and 1 mg/ml (NOS II) in PBS. Monoclonal
antibody to nitrotyrosine (Upstate Biotechnology,
Lake Placid, New York), was used at 8 mg/ml. Addi-
tional antibodies of irrelevant specificity, IgG2a anti-
a-actin (Dako Corporation, Carpinteria, California),
IgG1 anti-S-100 (Sigma, St. Louis, Missouri ), poly-
clonal anti-neurofilament 200 (Sigma), and non-
immune mouse and rabbit IgG (Dako) were used at 10
mg/ml. In additional control sections, the primary an-
tibody was omitted. All immunohistochemistry was
carried out at room temperature. Sections were rehy-
drated, permeabilized in 0.1% Triton-3100 in PBS for
10 minutes, pre-incubated with normal rabbit or sheep
serum (1:20) for 20 minutes, then incubated with
primary antibody overnight. After washing with PBS,
sections were incubated in 3% hydrogen peroxide to
block endogenous peroxidase activity, and washed
again in PBS. At this stage two protocols were fol-
lowed. One group of sections were labeled using an
ABC method. They were incubated with a biotinylated
rabbit anti-mouse or sheep anti-rabbit secondary an-
tibody (Dako) for 1 hour (dilution 1:100) at room
temperature, washed in PBS, then incubated in horse-
radish peroxidase-conjugated streptavidin for 30 min-
utes. A second group of sections were labeled using
an indirect antibody method. This group was incu-
bated with horseradish peroxidase-conjugated sheep
anti-rabbit immunoglobulin (Silenus, Hawthorn, Victo-
ria, Australia) or rabbit anti-mouse immunoglobulin
(Dako) for 30 minutes (dilution 1:100). Peroxidase
activity was visualized by incubating sections in PBS
containing 0.01% hydrogen peroxide and 0.025%
diaminobenzidine for 3 to 5 minutes and counter
stained with 0.1% toluidine blue or hematoxylin. Rep-
resentative sections from each time point underwent
immunohistochemical processing at the same time.

Mast Cell Morphology. Sections were viewed at
3200 magnification using an Olympus BH-2 micro-
scope. For each time point 60 to 200 NOS II positive
cells were counted in 3 to 9 sections and categorized
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according to their morphologic appearance. The iden-
tity of sections analyzed was generally known to the
observer because of the distinctive morphologic ap-
pearance of the muscle at the various stages of
reperfusion. However, the data was collected in total
before the final calculation for mast cell numbers and
their appearance were carried out. The morphologic
appearances were divided into three categories,
namely intact, partially degranulated, and degranu-
lated according to the following criteria. Intact mast
cells had a round to oval shape, had a clearly defined
cell membrane, and were associated with none or
fewer than 10 granules in the immediate extracellular
space. Partially degranulated mast cells had an oval or
irregular shape and their cell membrane was obscured
by numerous granules both in the cytoplasm and in
the extracellular space. Extensively degranulated mast
cells had a thin rim of granules around the cell mem-
brane, but no granules in the remaining more-central
cell cytoplasm.

Cell Counts. For each time point, the number of
NOS II-positive or TB-stained mast cells was counted
at 3100 magnification in a minimum of 10 random
fields, and the number of positive profiles/mm2 calcu-
lated. The ABC method of labeling was used on
sections in which mast cells were counted because
this method more clearly labeled mast cells that were
extensively degranulated.

Statistical Analysis

The data for the numerical density of mast cells were
tested by a one-way analysis of variance and individ-
ual differences assessed by post hoc Tukey multiple
comparisons test using GraphPAD Prism Software,
San Diego, California. The data for extent of degran-
ulation was transformed into proportions, subjected to
an arcsin transformation and tested for statistical
significance by a one-way analysis of variance. A post
hoc Dunnett’s test was carried out to compare each
group with their respective controls using GraphPAD
Prism.

All data are presented as the means and standard
error of the means (SEM) of n observations, where n
refers to the number of animals per group. Multiple
sections from single muscle specimens were analyzed
in each group. The result was averaged for each rat
before calculation of the mean for the whole experi-
mental group.
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