
The physiological functions of myeloid cells are highly

sensitive to the microenvironment, so that the function of

a single myeloid cell type in isolation would probably differ

from the function of that same cell type in the presence of

other myeloid cell populations. For example, activated

macrophages are a rich source of nitric oxide (NO)

production and NO may either potentiate or inhibit

neutrophil-mediated cytotoxicity (Moilanen & Vapaatalo,

1995). Potential mechanisms through which increased

cytotoxicity could occur include the generation of highly

reactive, cytotoxic peroxynitrite through NO reaction with

superoxide (Gryglewski et al. 1986), or through increased

activation of neutrophil myeloperoxidase by NO (Abu-

Soud & Hazen, 2000) to produce more toxic free radicals.

However, NO may also inhibit neutrophil-mediated

cytotoxicity if it were to inactivate nicotinamide adenine

dinucleotide phosphate in neutrophils (Clancy et al. 1992)

and thereby decrease superoxide production, or if it were

to induce neutrophil apoptosis (Fortenberry et al. 1990;

Blaylock et al. 1998; Ward et al. 2000). Thus, the cytotoxic

capacity of any selected myeloid cell population may be

modified by the presence of other myeloid cell

populations, although this expectation has not been tested

experimentally.

In the present investigation, we tested the hypothesis that

mixed myeloid cell populations and uniform populations

of myeloid cells differ in their cytolytic capacity and in the

mechanisms through which they induce cytolysis. We

compare the mechanisms through which neutrophils and

macrophages lyse target cells when assayed as individual

populations or in a combined population of neutrophils

and macrophages that simulates the co-localization of

these myeloid cells which commonly occurs in tissues

following acute injuries. Muscle cells are used as targets in

the present investigation because muscle injury and

modified muscle use lead to extravasation of large

numbers of activated neutrophils and macrophages,

which coincides with the appearance of muscle membrane

lesions (Tidball et al. 1999). Thus, identification of

interactions between neutrophils and macrophages in

cytotoxicity assays with muscle may provide insights into

cytolytic mechanisms that occur in inflamed muscle in
vivo. In addition, the time course of invasion and relative

proportions of neutrophils and macrophages in muscle

experiencing modified loading are known (Tidball et al.
1999), so that in vitro assays can be designed to reflect the

relative proportions of myeloid cell populations that occur

in vivo.
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The present investigation also provides new insights into

the capacity of macrophages to cause muscle damage.

Typically, muscle macrophages are expected to play a

primarily beneficial role in muscle following injury or

modified use. Observations that support this role for

macrophages include: (1) their invasion into injured tissues

coincides with the onset of tissue repair (Hopkinson-

Woolley et al. 1994; St Pierre & Tidball, 1994), (2) they

phagocytose tissue debris, (3) they can induce apoptosis in

neutrophils (Meszaros et al. 2000), which may play a role in

attenuating neutrophil-mediated damage, and (4) some

macrophage subpopulations are capable of generating

unknown factors that can promote tissue repair

(Robertson et al. 1993; Massimino et al. 1997). However,

recent observations showed that the depletion of macro-

phages from inflamed, dystrophic muscle reduced muscle

membrane lesions (Wehling et al. 2001). This latter

observation indicated that macrophages have the capacity

to cause muscle membrane damage, although the

mechanisms through which they can cause muscle lysis was

unknown. In the present investigation, we have shown that

macrophages lyse muscle cells through nitric oxide-

dependent mechanisms, and that their killing is potentiated

by neutrophils and by the target muscle cells themselves.

METHODS 
Cell culture
L6 rat myotubes were used for all cytotoxicity assays. L6 cells were
plated in 96-well plates in 10 % fetal bovine serum (FBS) in
Dulbecco’s modified Eagle’s media (DMEM) until confluent, and
then placed in serum-free media overnight to induce withdrawal
from the cell cycle and promote fusion to myotubes. The cells were
then returned to 10 % FBS in DMEM for an additional 2 days, and
then subjected to serum withdrawal overnight, to further promote
fusion. They were then returned to complete media for
approximately 4 days before use in cytotoxicity assays. At the end
of this period, microscopic examination indicated that
approximately 75 % of the myonuclei appeared to be located in
myotubes.

Myeloid cells were collected from rat peritoneal spaces at 16–20 h
following sodium caseinate injection. Rats were killed by injection
of sodium pentobarbital prior to collection of the peritoneal
exudate. All experimental protocols and use of animals were
conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the UCLA
Institutional Animal Care and Use Committee. Pelleted cells from
the peritoneal exudate were resuspended in 0.85 % ammonium
chloride to lyse erythrocytes and then again pelleted by
centrifugation at 200 g for 10 min at 4 °C. The cells were then
resuspended in Hanks’ balanced salt solution (HBSS), overlaid on
Histopaque 1077 (Sigma, St Louis) and then centrifuged at 400 g
for 45 min at 4 °C. Macrophages were then collected at the
HBSS–Histopaque interface, and neutrophils were collected from
pelleted cells. The purity of the macrophage and neutrophil
preparations was assessed microscopically in hematoxylin-stained
preparations of cells isolated on the Histopaque gradient that were
then adhered to microscope slides by centrifugation (Cytospin,
Shandon, USA).

Cytotoxicity assays
Cytotoxicity assays were modifications of the techniques of
Hohlfeld & Engel (1990). L6 myotubes were incubated for 2 h in
HBSS containing 51Cr and 0.25 % FBS, and then washed in HBSS
twice before use in cytotoxicity assays. L6 myotubes were co-
cultured for 24 h with either neutrophils, macrophages or
neutrophils and macrophages together in HBSS containing
0.25 % FBS and 400 mM arginine, after which the medium was
collected and 51Cr release into the medium assayed by scintillation
counting. Macrophages and neutrophils in mixed myeloid cell
assays were used at a 10:1 macrophage to neutrophil ratio, because
this represents the relative proportion of these cells in inflamed
muscle at the stage when extensive muscle membrane lysis occurs
(Tidball et al. 1999). The conventional expression of the ratio of
target cells to effector cells used in cytotoxicity assays was not used
in this investigation, because that value cannot be determined
accurately when using multinucleated myotubes as target cells.
Muscle cells that were used as targets in these assays were induced
to withdraw from the cell cycle and to differentiate, which resulted
in their fusion into multinucleated myotubes. Accurate
measurement of the total number of myotubes in each
cytotoxicity experiment was not possible, because the size of
myotubes and the number of myotubes per well were highly
variable. Therefore, we normalized the data as number of effector
cells mm_2 of culture well surface area, because the bottom of each
well used in cytotoxicity assays was covered with a monolayer of
myotubes.

Myeloid cells were activated in some assays by the addition of
phorbol 12-myristate 13-acetate (PMA) or by the addition of
N-formyl methionine-leucine-phenylalanine (fMLP) and platelet
activating factor (PAF) to the media at the onset of co-culturing.
In addition, the following reagents were added to the co-cultures
in various experiments (to perturb selected enzyme or free radical
function): L-nitro-arginine methyl ester (L-NAME; to inhibit NO
production by all nitric oxide synthase (NOS) isoforms);
superoxide dismutase (SOD; to dismutate superoxide); S-methyl
thiourea (SMT; to selectively inhibit inducible NOS (iNOS)).
Cytotoxicity was expressed as a percentage of total lysis by setting
0 % as the chromium released spontaneously by L6 myotubes
incubated for 24 h in the absence of myeloid cells. 100 %
cytotoxicity was set at the chromium release into the media by L6
myotubes incubated with 0.1 % Triton X-100 in HBSS. All assays
were performed at least six times in an experiment and each value
is expressed as the mean with its standard error (S.E.M.). Each
experiment was repeated several times. Each experiment under a
given set of conditions yielded similar results, although the data
for only one representative experiment for each set of conditions
are presented. Values were compared using Student’s t test. The
0.01 level was taken to indicate statistical significance.

Western analysis
The presence and relative concentrations of inducible nitric oxide
synthase (iNOS), neuronal NOS (nNOS) and endothelial NOS
(eNOS) in myotube cultures in the presence or absence of
macrophages or neutrophils was assessed in Western blots
according to previously described techniques (Koh & Tidball,
2000). Antibodies to each NOS isoform were obtained from
Transduction Labs (San Diego, CA, USA).

Assays for nitric oxide
NO concentration was measured by a modification of the Greiss
reaction (Amano & Noda, 1995).
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Assays for superoxide
Superoxide concentration was determined by superoxide-
dismutase-inhibitable reduction of ferricytochrome C (Talpain et
al. 1995).

Assessment of macrophage subpopulation type
Peritoneal macrophages were collected by the same procedure
used to generate macrophages for cytotoxicity assays and were
then assayed to determine whether they expressed ED1 or ED2
antigen. ED1 antigen is expressed by phagocytic macrophages that
are early invaders of injured muscle (Dijkstra et al. 1985; St Pierre
& Tidball, 1994). ED2 antigen is expressed by non-phagocytic
macrophages that are relatively late invaders of injured muscle
(Dijkstra et al. 1985; St Pierre & Tidball, 1994). Peritoneal
macrophages were adhered to microscope slides by centrifugation
at 500 g for 3 min (Cytospin), and then air-dried, fixed in acetone
and immunolabelled with either anti-ED1 or anti-ED2. The
numbers of ED1-positive or ED2-positive macrophages were then
assessed microscopically by counting all cells that were ED1-
positive or ED2-positive cells in each of four randomly selected
fields of 1.2 w 105 mm2 in each of four samples.

RESULTS
Macrophages and neutrophils lyse myotubes in vitro
Co-cultures of neutrophils and myotubes or macrophages

and myotubes showed that each myeloid cell type was

capable of myotube lysis. Although myoblasts were also

present in the cultures as a minor fraction of the muscle

cell population, microscopic examination of the cultures

at the end of cytotoxicity assays showed no detectable

enrichment in either myotubes or myoblasts in the

surviving cell population. This indicated that there was no

strong preference for the lysis of either myotubes or

myoblasts in these assays. Antibody staining of the isolated

peritoneal macrophages used in these assays was more

than 90 % ED1-positive, and the majority of the

remaining, ED1-negative cells were found to express ED2

antigen. Macrophage-mediated lysis of muscle cells was

significantly elevated at 25 000 macrophages mm_2 in

cultures to which exogenous activating agents were not

added (8.2 % cytolysis in 24 h; S.E.M. = 2.0). However, the

level of macrophage lysis was further elevated by activation

with PMA (39 %; S.E.M. = 4.1) or by receptor-mediated

activation using PAF and fMLP (13.4 %; S.E.M. = 2.4)

(Fig. 1). Similarly, there was significant, neutrophil-

mediated lysis of myotubes at concentrations of 25 000

neutrophils mm_2 in the absence of exogenous activation

(4.2 %; S.E.M. = 0.8), or when neutrophils were activated
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Figure 1. Macrophages lyse muscle cells in vitro
Results of chromium release cytotoxicity assays of rat ED1+
macrophage killing of L6 myotubes. Bars = S.E.M. n = 6 for each
group. * Significantly different from L6 muscle cells only under
same culture conditions at P < 0.01. # Significantly different from
macrophage and muscle co-cultures with HBSS in the absence of
exogenous activators. Mac =macrophages.

Figure 2. Neutrophils lyse muscle cells in vitro
Results of chromium release cytotoxicity assays of rat neutrophil
killing of L6 myotubes. Bars = S.E.M. n = 6 for each group.
* Significantly different from muscle cells only under same culture
conditions at P < 0.01. # Significantly different from neutrophil
and muscle co-cultures with HBSS in the absence of exogenous
activators. PMN = neutrophils.

Figure 3. NOS inhibition prevents muscle lysis in
macrophage co-cultures
Cultures contained 25 000 macrophages mm_2. Cultures received
no exogenous activator (HBSS) or were activated with PMA. Black
bar = no L-NAME. Hatched bar = 150 mM L-NAME. * Significantly
different from no L-NAME at P < 0.01. Bars = S.E.M. n = 6 for each
group.



with PMA (26.4 %; S.E.M. = 4.1), or PAF and fMLP

(14.7 %; S.E.M. = 1.7) (Fig. 2).

Macrophages and neutrophils lyse muscle cells
through free radical-mediated mechanisms
We assayed the identity of cytotoxic molecules that caused

muscle cell lysis by selectively blocking production or

by removing specific free radicals from the assay.

Macrophage-induced myotube lysis was prevented or

greatly reduced by the addition of the NOS inhibitor

L-NAME, which indicated that NO is a primary cytotoxic

molecule in macrophage-mediated lysis of muscle cells

(Fig. 3). Addition of SOD to macrophage co-cultures to

deplete superoxide had no effect on the amount of

myotube lysis (data not shown). Conversely, addition of

SOD to neutrophil co-cultures prevented significant

increase in myotube lysis compared to myotube-only

controls, which indicated that superoxide or a superoxide

derivative functions as a primary cytolytic molecule in

neutrophil-mediated lysis of muscle cells (Fig. 4).

NO inhibits neutrophil-induced cytotoxicity
Addition of L-NAME to neutrophil co-cultures caused

significant increases in myotube lysis, (Fig. 5). Addition

of 1 mM L-NAME to muscle cultures that contained

5000 neutrophils mm_2 yielded 16.8 % muscle lysis

(S.E.M. = 3.0), which is similar to the level of muscle lysis

attained by receptor-activated neutrophils at five times

higher neutrophil concentration in the absence of NOS

inhibitors. This finding indicates that NO protects muscle

cells from neutrophil-mediated cytolysis. However, the

protective or cytotoxic effects of NO on muscle are dose-

dependent. Measurements using the Greiss reaction

(Amano & Noda, 1995) showed that NO concentration

was 0.9 mM (S.E.M. = 0.03; n = 5) in neutrophil and muscle

co-cultures in which the protective effect of NO was

observed. In contrast, a NO concentration of 22.9 mM

(S.E.M. = 0.7; n = 6) occurred in macrophage and muscle

co-cultures in which NO was cytotoxic.

NOS inhibition increases superoxide concentration
in neutrophil cultures
Our observations that neutrophil-mediated cytotoxicity

occurred through superoxide-dependent mechanisms and

that NOS inhibition increased neutrophil cytotoxicity,

suggested that NOS inhibition could increase superoxide

concentration in neutrophil cultures. In testing this

possibility, we found that the addition of L-NAME to

muscle and neutrophil co-cultures significantly increased

superoxide concentration (Fig. 6). Non-activated neutro-

phil co-cultures showed approximately a 2-fold increase in

superoxide concentration, while fMLP/PAF- or PMA-

activated neutrophil cultures showed approximately 40 %

and 35 % increases in superoxide concentration respectively

(Fig. 6). Addition of SOD prevented the potentiation of
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Figure 6. NOS inhibition increases superoxide
concentration in neutrophil–muscle co-cultures
Cultures contained 5000 neutrophils mm_2. * Significantly
different from no L-NAME controls at P < 0.01. Superoxide values
represent nanomoles of superoxide produced in 30 min by 106

cells. Bars = S.E.M.

Figure 5. NOS inhibition increases muscle lysis in muscle
and neutrophil co-cultures
Cultures contained 5000 neutrophils mm_2. * Significantly
different from HBSS at P < 0.01. Bars = S.E.M. n = 6 for each group.

Figure 4. Superoxide dismutase decreases muscle lysis in
neutrophil co-cultures
Cultures contained 10 000 neutrophils mm_2. Cultures received no
exogenous activator (HBSS) or were activated with PMA. Black
bar = no SOD. Hatched bar = 500 U ml_1 SOD. * Significantly
different from no SOD at P < 0.01. Bars = S.E.M. n = 6 for each
group.



neutrophil cytotoxicity caused by the addition of L-NAME

to neutrophil cultures (Fig. 5). Together, these data

indicate that NO protects muscle from neutrophil-

mediated lysis by reducing the superoxide concentration

below toxic levels.

Neutrophils promote macrophage-induced
cytotoxicity
Although the results of the cytotoxicity assays that used

single effector cell populations showed that either neutro-

phils or macrophages alone can lyse muscle cells, those

experimental conditions may not appropriately model

inflamed muscle in which mixed populations of neutro-

phils and ED1-positive macrophages are present. Previous

work (Tidball et al. 1999) has shown that there are

approximately ten times more ED1-positive macrophages

than neutrophils in inflamed muscle at the stage of injury

when much muscle membrane lysis occurs. We tested

whether mixed myeloid cell populations in which there

was a 10:1 ratio of macrophages to neutrophils could affect

the cytotoxicity of the system. These assays employed

500 neutrophils mm_2 and 5000 macrophages mm_2,

which was substantially less than the concentrations of

inflammatory cells that produced muscle lysis with a single

effector cell population (Figs 1 and 2). Addition of

L-NAME or SOD to co-cultures containing these low

concentrations of single effector cell populations caused

no measurable cytotoxicity (data not shown).

The addition of a relatively low concentration of neutrophils

to co-cultures of macrophages and muscle cells greatly

increased muscle cell lysis (Fig. 7). Also, the addition of

L-NAME, but not SOD, caused a large and significant

decrease in cytotoxicity. These data indicate that neutrophils

may promote macrophage-mediated cytolysis and that NO-

dependent processes are the primary cytolytic mechanisms

in mixed myeloid populations that contain neutrophils and

macrophages.

NO generation in co-cultures is promoted by
interactions between myotubes and macrophages 
NO production in macrophage and L6 myotube co-

cultures was approximately three times greater than the

sum of NO produced by myotubes when cultured alone

plus NO produced by macrophages alone (Fig. 8). Western

analysis showed that L6 myotubes expressed nNOS but no

detectable eNOS or iNOS (data not shown), and that iNOS

was the only detectable NOS isoform expressed by

macrophages under these conditions (Fig. 9). In addition,

immunohistochemistry for iNOS distribution in macro-

phage co-cultures showed no detectable iNOS on

myotubes, but strong antibody binding to macrophages

(Fig. 10). Thus, the potential sources for NO in this system

are muscle nNOS or macrophage iNOS. We tested which

of these possibilities was the primary source of NO in

macrophage and muscle co-cultures by adding an iNOS -
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Figure 7. NOS inhibition reduces muscle lysis in co-
cultures with macrophages and neutrophils
All cultures contained confluent myotubes to which either
macrophages only (5000 macrophages mm_2) or both
macrophages (5000 macrophages mm_2) and neutrophils
(500 neutrophils mm_2) were added. SOD was added at 500 U ml_1

in some cultures. L-NAME was added at 150 mM to some cultures.
* Significantly different from macrophage and neutrophil co-
cultures in HBSS only (P < 0.01). Bars = S.E.M. n = 6 for each
sample. Mac =macrophages. PMN = neutrophils.

Figure 8. The presence of target muscle cells increases
NO production by macrophages
Values are mM of nitrite in culture media as an indicator of NO
production. Cultures contained confluent myotubes only,
macrophages (Mac) only (5000 macrophages mm_2) or both
macrophages (5000 macrophages mm_2) and myotubes. SMT
(1 mM) were added to inhibit production of NO by iNOS.
* Significantly different from muscle only at P < 0.01.
# Significantly different from muscle and macrophage co-culture
at P < 0.01. Bars = S.E.M. n = 6 for each sample.

Figure 9. Western analysis for iNOS in cells cultured for
24 h
A, confluent myotubes only. B, 5000 macrophages mm_2 only.
C, confluent myotubes with 5000 macrophages mm_2. Each lane
contains total protein from cells in 3 wells of a 96-well plate.



selective inhibitor, SMT, to co-cultures and measuring

changes in NO concentration. Addition of SMT reduced

NO levels in co-cultures to concentrations that were

similar to concentrations measured in muscle cultures

alone (Fig. 8). This indicates that macrophages are

responsible for the large increase in NO production when

macrophages are co-cultured with muscle cells and that

low levels of NO production in the presence of SMT may

reflect NO generation by nNOS in myotubes.

These findings indicated that the elevation in NO

production in macrophage and muscle co-cultures could

result from either an increase in iNOS concentration, or an

increase in iNOS activity in macrophages. Western

analysis showed no increase in iNOS concentration in

macrophages from macrophage and muscle co-cultures,

compared to macrophages alone (Fig. 9). Collectively,

these data show that myotubes promote the activity rather

than the expression of iNOS in macrophages to levels

approximately three times higher than NO production by

macrophages in the absence of myotubes.

DISCUSSION
The major finding of the present investigation is that the

cytolytic capacity of myeloid cells and the mechanisms

through which target cells are lysed can differ profoundly

in mixed myeloid cell populations, compared to uniform

populations of effector cells. For example, the observation

presented here which shows that neutrophils lyse muscle

cells through superoxide-dependent mechanisms is

consistent with other in vitro findings (Simchowitz &

Spilberg, 1979; Markey et al. 1990; Srinivasan et al. 1997);

however, no significant lysis through superoxide-

dependent mechanisms was detected if macrophages were

also present at macrophage/neutrophil ratios that occur in

muscle injury and inflammation. Instead, the addition of

low concentrations of neutrophils to macrophage and

muscle co-cultures resulted in macrophage activation and

promoted NO-dependent cytotoxicity at myeloid cell

concentrations that are substantially lower than

concentrations that are required for muscle cell lysis by

uniform myeloid populations. Although it is feasible that

the increase in cell lysis that occurs with elevated NO

production in these cultures reflects changes in NO-

mediated signalling, rather than NO-mediated cyto-

toxicity, that scenario is not consistent with other findings

concerning NO cytotoxicity. NO functions as a signalling

molecule at concentrations that typically range from

10 nM to 1 mM (Stamler & Meissner, 2001), but is cytotoxic

at concentrations that exceed a few micromolar NO and

may reach 20 mM NO (Wink et al. 1996). These latter, high

values were attained in our cytotoxicity assays in which

macrophage-mediated, NAME-inhibited cytotoxicity

occurred.

The present investigation also shows that target cells

themselves can promote the cytotoxicity of myeloid cells

(Fig. 11). The levels of NO production in muscle cell co-

cultures with macrophages were three times greater than

the total NO production when the two cell types were

cultured separately. There was no measurable increase in

the concentration of NOS in macrophages in muscle

co-cultures, which indicates that the increase in NO

production in co-cultures resulted from an increase in

NOS activity. Although it is feasible that the increased NO

was generated by either iNOS in macrophages or by nNOS

in muscle cells in the co-cultures, the observation that the

iNOS-selective inhibitor SMT reduced NO production in

the co-cultures to levels that were similar to those observed

in muscle cell cultures alone, indicates that iNOS was the

source of increased NO production. This muscle cell-
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Figure 10. Anti-iNOS labelling of L6 myotubes after
co-culturing with macrophages for 24 h
Nomarski optics were used for contrast. Only mononucleated cells
which resembled macrophages appeared labelled with anti-iNOS.
Bar = 100 mm.

Figure 11. Diagram representing the interactions
between myeloid cells and target muscle cells that were
identified in the present investigation
ED1-positive macrophages lyse muscle cells by NO-dependent
mechanisms, while neutrophils lyse muscle cells through a
superoxide-dependent mechanism that can be inhibited by NO
released from muscle, and possibly from macrophages.
Macrophage (Mac) activation can be promoted (+) by neutrophils,
and by interactions with the target cells.



induced increase in NO production by macrophages

without an increase in iNOS expression suggests that iNOS

activity can be regulated at the post-translational level

in macrophages under these conditions. Previous

investigations have provided clear evidence that iNOS

activity is regulated through transcriptional controls

(Radomski et al. 1990), but other findings have indicated

that iNOS activity can also be regulated post-

translationally. For example, increases in tyrosine

phosphorylation of iNOS have been shown to coincide

with rapid increases in iNOS activity (Pan et al. 1996),

which may reflect a post-translational influence on iNOS

activity.

Although the high concentrations of NO that are

generated by activated macrophages are highly cytotoxic

to muscle cells, our findings show that lower levels of NO

production can protect against neutrophil-mediated

cytotoxicity. This conclusion is consistent with the dual

functionality of NO that has been characterized in other

systems (Palmer et al. 1992; Wink et al. 1993; Gupta et al.
1997). The ability of NO to either protect or promote

cytotoxicity in a concentration-dependent way has been

explained, at least in part, by the variety of reactive

intermediate molecules that can be formed, depending on

the stoichiometry of NO, superoxide and other free

radicals in the tissue (Miles et al. 1996; Wink et al. 1996).

This NO protective effect against superoxide-dependent

cytotoxicity that is induced by muscle may have particular

relevance to muscle injuries that occur in increased muscle

use following periods of disuse. Although increased

muscle use can promote neutrophil invasion, it also

increases both the expression and activity of nNOS by

muscle, which could serve a protective function against

neutrophil-mediated damage (Tidball et al. 1998).

Recent findings (Zhuang et al. 2001) have shown that

modification of NO concentration does not always affect

the susceptibility of muscle cells to lysis by free radicals in
vitro. Rando and his colleagues (Zhuang et al. 2001)

showed that muscle cells from nNOS null mice did not

experience higher levels of cytolysis than wild-type muscle

cells when exposed to paraquat, which generates

superoxide intracellularly, or quinone, which causes

increased production of free radicals, or sodium

nitroprusside, which generates NO. In addition, the same

investigators tested whether adenoviral transfection of

muscle cells from dystrophin-deficient mdx mice with

nNOS cDNA would influence susceptibility to free

radical-mediated lysis. Mdx muscle cells were examined

because they express little NOS. Expression of the

adenoviral NOS had no effect on cell lysis when challenged

with paraquat, which indicated that modulation of NOS

expression and NO concentration were not sufficient to

affect susceptibility to superoxide-mediated lysis. The

findings of the present investigation, combined with those

of this previous work (Zhuang et al. 2001), indicate that

NO can protect against superoxide-mediated lysis of

muscle by neutrophils, but not effectively protect against

superoxide produced as a consequence of some

pharmacological manipulations.

Although the results of this investigation are particularly

relevant to understanding the potential mechanisms

through which myeloid cells can promote muscle damage

following acute injury, they may also help increase

understanding of inflammatory cell-mediated damage in

some muscle diseases. Recent investigations (Rando et al.
1998) have shown that muscle cells in culture are highly

sensitive to free radical-mediated damage, and the

susceptibility to damage increases significantly if the

muscle does not express dystrophin, a cytoskeletal,

membrane-associated protein. Dystrophin deficiency

causes the progressive muscle inflammation and wasting

that occurs in Duchenne muscular dystrophy. Recent

findings have shown that depletion of macrophages from

the mdx mouse model of Duchenne muscular dystrophy

causes a significant reduction in muscle membrane lesions

(Wehling et al. 2001). That observation suggests the

possibility that macrophages may promote the injury of

dystrophic muscle through mechanisms identified in the

present study.
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