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Neutrophils contribute to muscle injury and impair
its resolution after lengthening contractions in mice
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We tested the hypotheses that: (1) neutrophil accumulation after contraction-induced muscle
injury is dependent on the β2 integrin CD18, (2) neutrophils contribute to muscle injury and
oxidative damage after contraction-induced muscle injury, and (3) neutrophils aid the resolution
of contraction-induced muscle injury. These hypotheses were tested by exposing extensor
digitorum longus (EDL) muscles of mice deficient in CD18 (CD18−/−; Itgb2tm1Bay) and of wild
type mice (C57BL/6) to in situ lengthening contractions and by quantifying markers of muscle
inflammation, injury, oxidative damage and regeneration/repair. Neutrophil concentrations
were significantly elevated in wild type mice at 6 h and 3 days post-lengthening contractions;
however, neutrophils remained at control levels at these time points in CD18−/− mice. These
data indicate that CD18 is required for neutrophil accumulation after contraction-induced
muscle injury. Histological and functional (isometric force deficit) signs of muscle injury and total
carbonyl content, a marker of oxidative damage, were significantly higher in wild type relative
to CD18−/− mice 3 days after lengthening contractions. These data show that neutrophils
exacerbate contraction-induced muscle injury. After statistically controlling for differences in
the force deficit at 3 days, wild type mice also demonstrated a higher force deficit at 7 days, a
lower percentage of myofibres expressing embryonic myosin heavy chain at 3 and 7 days, and
a smaller cross sectional area of central nucleated myofibres at 14 days relative to CD18−/−
mice. These observations suggest that neutrophils impair the restoration of muscle structure and
function after injury. In conclusion, neutrophil accumulation after contraction-induced muscle
injury is dependent on CD18. Furthermore, neutrophils appear to contribute to muscle injury
and impair some of the events associated with the resolution of contraction-induced muscle
injury.
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Skeletal muscle injury, induced by lengthening contra-
ctions (Best et al. 1999; Pizza et al. 2002; McLoughlin
et al. 2003a; Tsivitse et al. 2003), trauma (Papadimitriou
et al. 1990; Orimo et al. 1991), and the mechanical loading
of atrophic muscle (Tidball et al. 1999; Frenette et al.
2002), causes neutrophils to accumulate in skeletal muscle.
Interestingly, neutrophils are elevated when ultra-
structural, histological and functional signs of muscle
injury worsen (Newham et al. 1983; Faulkner et al. 1989)
and when the injured muscle begins to show signs of
muscle regeneration/repair (e.g. myoblast proliferation,
myotube formation and removal of cellular debris) (Darr
& Schultz, 1987; Papadimitriou et al. 1990; Grounds
et al. 1992; Rosenblatt & Woods, 1992; Robertson et al.
1993; Hawke & Garry, 2001). The mechanism for the
entry of neutrophils into injured skeletal muscle and their

function in injured skeletal muscle, however, is poorly
understood.

Neutrophils enter into tissue via a complex series of
events that begins with their adhesion to vascular endo-
thelial cells and culminates with diapedesis (Kishimoto
& Rothlein, 1994; Muller, 2003). Firm adhesion of
neutrophils to endothelial cells, a prerequisite for
diapedesis, is mediated by the interaction of a β2

integrin (αM/β2; CD11b/CD18) on neutrophils with
vascular ligands such as intracellular adhesion molecule-1
(Kishimoto & Rothlein, 1994; Walzog & Gaehtgens, 2000).
After firm adhesion, neutrophils pass between endo-
thelial cells by interacting with adhesion molecules in
the intercellular junction between endothelial cells and
with extracellular matrix proteins (Sixt et al. 2001;
Muller, 2003). Whether the accumulation of neutrophils
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in skeletal muscle after contraction-induced muscle
injury is CD18 dependent, however, has yet to be
determined.

The contribution of neutrophils to events associated
with contraction-induced muscle injury and its resolution
is largely unknown. Previous investigators have speculated
that neutrophils cause muscle dysfunction and cytoskeletal
disruptions after lengthening contractions. Support for
this contention is derived from our own studies that
demonstrated that neutrophils injure cultured skeletal
muscle cells (myotubes) via mechanisms that are
dependent on CD18-mediated neutrophil adhesion and
reactive oxygen species (ROS) production (Pizza et al.
2001; McLoughlin et al. 2003b). Neutrophils could delay
the resolution of the injury by damaging myotubes (Pizza
et al. 2001; McLoughlin et al. 2003b) and/or by releasing
cytokines (e.g. tumour necrosis factor-α (TNF-α)
and interferon-γ (IFN-γ )) that are known to impair
myoblast differentiation, myotube formation and/or
protein synthesis (Kalovidouris et al. 1993; Frost et al.
1997; Cassatella, 1999; Langen et al. 2002). On the other
hand, neutrophils could also facilitate the resolution of
the injury by removing injured tissue via phagocytosis
(Papadimitriou et al. 1990), by releasing cytokines (e.g.
hepatocyte growth factor (HGF) and interleukin-6 (IL-6))
that could enhance myogenesis (Austin & Burgess, 1991;
Allen et al. 1995; Cassatella, 1999; Miller et al. 2000),
and/or by promoting the accumulation of macrophages,
which are known to cause myoblast proliferation in vitro
(Merly et al. 1999; Cantini et al. 2002), via the release
of chemoattractants for monocytes (Grounds & Davies,
1996; Cassatella, 1999). Thus, in theory, neutrophils could
impair and/or aid the resolution of a contraction-induced
muscle injury via multiple mechanisms.

In the present study, we tested the hypothesis that the
accumulation of neutrophils after contraction-induced
muscle injury is dependent on CD18. To test this
hypothesis, we exposed CD18-deficient (CD18−/−)
and wild type mice to in situ lengthening contra-
ctions and quantified neutrophil and macrophage
concentrations in skeletal muscle for 14 days after the
injury. Because the CD18 deficiency prevented neutrophil
accumulation after lengthening contractions, we also
tested whether neutrophils contribute to muscle injury
and aid its resolution after lengthening contractions.
This hypothesis was tested by comparing markers of
muscle injury, oxidative damage (carbonyl content) and
muscle regeneration/repair between CD18−/− and wild
type mice. Although the components of our second
hypothesis may seem incongruent, we hypothesized
that the injury induced by neutrophils is a necessary
consequence for restoring normal structure and function
to skeletal muscle after contraction-induced muscle
injury.

Methods

Animals

Male wild type (C57BL/6; n = 31) and CD18−/−

(Itgb2tm1Bay; C57BL/6 background; n = 34) mice were
commercially obtained (Jackson Laboratory, Benton
Harbour, MI, USA). The CD18−/− mice had a
hypomorphic rather than a null allele for CD18 and unlike
the null mutants, do not exhibit any known pathology
nor die prematurely (Wilson et al. 1993). Mice were fed
standard laboratory chow and had access to water ad
libitum. Experimental procedures were approved by the
animal care and use committees at the University of Illinois
at Chicago and The University of Toledo.

In situ muscle preparation

Mice were anaesthetized with an intraperitoneal injection
of 2% Avertin (tribromoethanol; 0.015 ml (g body
mass)−1) with supplemental doses (0.1 ml) given as
needed. Under anaesthesia, the distal tendon of the right
and/or left extensor digitorum longus (EDL) muscle was
exposed and tied to the lever arm of a servomotor
(Aurora Scientific, Richmond Hill, ON, Canada) (Koh &
Brooks, 2001). The incision site was kept moist with sterile
physiological saline. Needle electrodes, placed around the
peroneal nerve, were used to stimulate contraction of the
EDL (Grass Instruments, Model S48; West Warwick, RI,
USA). Pulse duration was kept constant (0.2 ms) whereas
voltage, frequency and optimal muscle length (Lo) for
isometric force development were determined separately
for each animal as previously described (Koh & Brooks,
2001). Optimal fibre length (Lf) was determined by
multiplying Lo by the Lf/Lo ratio of 0.44 (McCully &
Faulkner, 1985).

The injury protocol consisted of lengthening EDL
muscles through 20% strain relative to Lf with the
muscles stimulated at 150 Hz. The protocol consisted of
75 repetitions performed at 0.25 Hz for a total exercise
duration of 5 min. The incision was sutured closed and
covered with betadine ointment. Mice recovered from the
anaesthesia on a heated (37◦C) platform.

At selected time points after lengthening contractions,
maximal isometric force was redetermined as previously
described. Maximal isometric force was then expressed as
a deficit relative to values obtained prior to lengthening
contractions. Mice were killed via cervical dislocation
under anaesthesia at either 6 h, 3 days, 7 days or 14 days
after lengthening contractions. The EDL muscles were
excised with tendons intact, weighed, coated with optimal
cutting temperature compound (Fisher Scientific), frozen
in melting isopentane cooled on dry ice, and stored
at −70◦C. Because we have previously demonstrated
that muscle function, histology and inflammatory cell
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concentrations were not influenced by sham surgical
procedures (Pizza et al. 2002), control muscles consisted
of contralateral muscles from mice in which the ipsilateral
muscle had been exposed to the lengthening contraction
protocol and from mice that had normal cage activity.

Inflammatory cells

Transverse sections (10 µm) were cut from the mid-belly
of the muscles and were prepared for immuno-
histochemistry as previously described (Pizza et al.
2002). Neutrophils were identified using an anti-mouse
Ly6G antibody (clone RB6-8C5; 1 : 100 in phosphate
buffered saline (PBS); PharMingen, Franklin Lake, NJ,
USA; whereas macrophages were recognized using an
anti-mouse F4/80 antibody (clone CI:A3-1; 1 : 100 in
PBS; Serotec Inc., Raleigh, NC, USA). Slides serving
as negative controls received PBS instead of primary
antibody. After a 2 h incubation at room temperature
with the primary antibody, sections were washed in PBS,
incubated with biotinylated mouse absorbed anti-rat IgG
(1 : 200 in PBS; Vector Laboratories Inc., Burlingame,
CA, USA) followed by avidin D horseradish peroxidase
(1 : 1000 in PBS). Sections were then developed with
3-amino-9-ethylcarbazole (Vector).

Sections were viewed with a light microscope (Olympus
IX-70) with Nomarski optics. Inflammatory cells in two
entire sections for each muscle were manually counted
and the total area of the section was measured using a
calibrated square grid. The volume of muscle sampled was
calculated as the product of the cross-sectional area of the
section and the section thickness (10 µm). Inflammatory
cells were expressed as number per cubic millimetre
(mm3). The number of fibres invaded by neutrophils
or macrophages were also counted and expressed as a
percentage of the total number of fibres within the section.

Histology

Transverse sections (10 µm) were cut from the mid-belly
of the muscles, stained with haematoxylin and eosin,
and examined for signs of both injury and regeneration.
Myofibres that showed a pale or discontinuous cytoplasmic
staining, were substantially swollen in appearance, or were
invaded by cells were classified as injured (Koh & Brooks,
2001). The number of injured myofibres in two entire
sections for each muscle were counted and then expressed
as a percentage of the total number of myofibres within
each section. The number of myofibres in each section
was manually counted.

The number of central nucleated myofibres was
determined and used as a marker of muscle regeneration
(Anderson, 1991; Thaloor et al. 1999). The number of
central nucleated myofibres in two entire sections for each
muscle were counted and then expressed as a percentage
of the total number of myofibres within each section.

Digital images were captured and the cross-sectional
area (CSA) of central nucleated myofibres at 7 and
14 days post-lengthening contractions was determined in
one entire section of each muscle using image analysis
software (NIH Image; Version 1.62). We also determined
the CSA of myofibres without centrally located nuclei (i.e.
normal myofibres) to test whether the influence of the
CD18 deficiency was restricted to regenerating myofibres.

Carbonyl content

Total carbonyl content, a measure of oxidative damage,
was determined in EDL muscles obtained from
control mice and from wild type and CD18−/−
mice 3 days after lengthening contractions (Reznick &
Packer, 1994). Muscles were homogenized in 50 mm
phosphate buffer containing protease inhibitors (1 mm
EDTA, 5 µg ml−1 leupeptin, 5 µg ml−1 aprotinin, and
100 µg ml−1 phenylmethylsulphonyl fluoride). Homo-
genates were centrifuged (2000 g , 4◦C, 10 min) and
protein content in the supernatants was determined
via the filter paper dye-binding assay (Minamide &
Bamburg, 1990). Protein in aliquots (100–150 µg) were
then precipitated using 20% trichloroacetic acid (TCA,
10% final concentration) at 4◦C for 1 h. Following
centrifugation (15 000 g , 4◦C, 20 min), pellets were washed
with cold acetone, centrifuged, air dried and 2 m hydro-
chloric acid (HCl) or 10 mm 2,4-dinitrophenylhydrazine
(DNPH) in 2 m HCl was added to blank and duplicate
reaction tubes, respectively. Tubes were then incubated
at room temperature and mixed every 15 min for 1 h.
Proteins were then precipitated using 20% TCA (10%
final concentration) and the pellets were washed with
10% TCA. To remove un-reacted DNPH, pellets were
washed three times with ethanol : ethylacetate (1 : 1). For
each wash, pellets were vortexed, sonicated for 10 min,
centrifuged (15 000 g , 4◦C, 15 min), and the supernatants
were discarded. The final pellet was resuspended in 6 m
guanidine hydrochloride and 20 mm potassium phosphate
(pH 2.3). Reaction tubes were spectrophotometrically read
at a wavelength of 375 nm, using the blank tube as the
reference. Total carbonyl content was calculated using
the molar extinction coefficient of 22 000 m cm−1 and
expressed as nmol carbonyl (mg protein)−1). The inter-
assay coefficient of variance was 12% (n = 6).

To assess the localization of carbonyl groups after
lengthening contractions, we performed immuno-
histochemistry procedures according to Smith et al.
(1998). Briefly, muscle sections were fixed in acetone,
treated with 0.2% H2O2, covered with 0.1% DNPH in
2 n HCl for 1 h, and blocked with 3% bovine albumin, 5%
Tween 20 and 2% gelatin. Sections were rinsed with PBS
between each of these steps. Control slides were not treated
with H2O2 because of its potential to cause the formation
carbonyl groups as a result of its application to the slide
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(Smith et al. 1998). Rabbit anti-DNP (1 : 100 in PBS:
Sigma) was then applied to each section and incubated
for 16 h at 4◦C. Slides serving as negative controls
received PBS instead of primary antibody. Sections were
then washed in PBS, incubated with biotinylated anti-
rabbit IgG (1 : 200 in PBS; Vector) followed by avidin D
horseradish peroxidase (1 : 1000 in PBS). Sections were
then developed with 3-amino-9-ethylcarbazole (Vector).
In general, the labelling appeared to be more specific when
slides were not treated with H2O2.

Embryonic myosin heavy chain expression (eMHC)

The number of myofibres expressing eMHC was
determined via immunohistochemistry and used as an
additional marker of regeneration (Silberstein et al. 1986;
Cho et al. 1994; Thaloor et al. 1999). Briefly, muscle
sections were air dried, fixed with 2% formaldehyde, and
blocked with 3% bovine albumin, 5% Tween 20 and 2%
gelatin. Sections were washed with PBS and then incubated
with a mouse antibody against human eMHC overnight
at 4◦C (clone F1.1652, 1 : 2 in PBS; Developmental Studies
Hybridoma Bank, University of Iowa, Iowa City, IA,
USA). Slides serving as negative controls received PBS
instead of primary antibody. To block detection of end-
ogenous IgG, sections were treated with Fab fragment
anti-mouse IgG (1 : 70 in PBS; Jackson ImmunoResearch;
West Groove, PA) and subsequently washed. Sections
were then treated with biotinylated anti-mouse IgG
(1 : 200 in PBS; Vector) followed by avidin D horseradish
peroxidase (1 : 1000 in PBS). Sections were then developed
with 3-amino-9-ethylcarbazole (Vector). The number of
myofibres expressing eMHC were counted and expressed
as a percentage of the total number of fibres within the
section.

Protein content

Muscles were homogenized in reducing sample buffer
(2% sodium dodecyl sulphate, 1.5% dithiothreitol, 1 m
Tris-HCl and 10% glycerol) containing protease inhibitors
(1 mm EDTA, 5 µg ml−1 leupeptin, 5 µg ml−1 aprotinin
and 100 µg ml−1 phenylmethylsulphonyl fluoride).
Homogenates were centrifuged, and the amount of
protein in supernatants was determined via the filter
paper dye-binding assay (Minamide & Bamburg, 1990)
and expressed as µg mg−1 of EDL mass.

Statistical analyses

Dependent measures were analysed using two-way analysis
of variance (SigmaStat; Sigma Chemical Corp., St Louis,
MO, USA). Because changes in markers of injury
resolution at 7 and 14 days post-lengthening contractions
would probably be influenced by the magnitude of the

injury at 3 days, we also statistically compared responses
between groups of mice using an analysis of covariance.
For this analysis, the isometric force deficit at 3 days
of recovery, a measure of the totality of the injury
(Faulkner & Brooks, 1994), was used as the covariate.
The Newman-Keuls post hoc test was used to locate the
differences between means when the observed F ratio was
statistically significant (P < 0.05). Data are reported as
mean and standard error (s.e.m.).

Results

Prior to lengthening contractions, body mass
(26.2 ± 2.1 g, 26.6 ± 1.3 g), EDL mass (10.6 ± 0.2 mg,
10.2 ± 0.2 mg) and CSA of normal myofibres
(1308 ± 129 µm, 1373 ± 126 µm) were not significantly
different between wild type and CD18−/− mice,
respectively. Baseline muscle function was also not
influenced by the CD18 deficiency as indicated by a
similar tetanic tension between wild type (375 ± 18 mN)
and CD18−/− (385 ± 7 mN) mice. Consistent with
their phenotype (Wilson et al. 1993), CD18−/−
mice demonstrated an elevation in blood leucocytes
(11.2 ± 0.3 × 106 ml−1) relative to wild type (6.5 ±
0.7 × 106 ml−1) mice prior to lengthening contractions.

In support of our hypothesis that neutrophils
enter skeletal muscle after contraction-induced muscle
injury via a CD18-dependent mechanism, neutrophil
concentrations were 4- and 7-fold higher in wild
type relative to CD18−/− mice at 6 h and 3 days
after lengthening contractions, respectively (Fig. 1A). In
CD18−/− mice, neutrophils remained at control levels
for 14 days after lengthening contractions. The percentage
of myofibres that were invaded by neutrophils 3 days
after lengthening contractions was 16-fold higher in wild
type relative to CD18−/− mice (Fig. 1B). Macrophage
concentrations and the percentage of myofibres invaded
by macrophages at 3 days of recovery were not influenced
by the CD18 deficiency (Fig. 2). Although differences
between the groups of mice were not statistically
significant (interaction P = 0.86, main effect for group
P = 0.20), macrophages were ∼1.5-fold higher in
CD18−/− relative to wild type mice at 3, 7 and 14 days
after lengthening contractions. The macrophage data
are in agreement with previous investigators who have
reported that diapedesis of monocytes is largely dependent
on a α4β1 integrin-dependent mechanism (Meerschaert
& Furie, 1994; Issekutz, 1995; Meerschaert & Furie,
1995).

As expected, the force deficit 10 min after lengthening
contractions was similar between wild type and
CD18−/− mice (Fig. 3). Consistent with the hypothesis
that neutrophils contribute to the injury, the isometric
force deficit (Fig. 3), the per cent of injured fibres (Fig. 4),
and total carbonyl content (Fig. 5A) were higher in wild
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type relative to CD18−/− mice 3 days after lengthening
contractions. Immunohistochemistry revealed that
carbonyl groups were found predominantly within
myofibres of both CD18−/− and wild type (Fig. 5B)
mice.

Contrary to our hypothesis that neutrophils aid the
resolution of contraction-induced muscle injury, the force
deficit at 7 days post-lengthening contractions was higher
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Figure 1
A, neutrophil (Ly6G+ cells) concentrations, and B, percentage of fibres invaded by neutrophils after lengthening
contractions. #Significantly higher for wild type relative to CD18−/− mice at the specified time point (interaction).
∗Significantly different from control levels (CT) for wild type mice only (time effect).

in wild type relative to CD18−/− mice (Fig. 3). The lower
deficit for CD18−/− mice at 7 days does not appear
to be attributable to reduced injury because the initial
injury (force deficit at 10 min) was similar between the
CD18−/− and wild type mice. Furthermore, significant
differences in the force deficit at 7 days were still apparent
after statistically controlling for the lower deficit in
CD18−/− mice at 3 days post-lengthening contractions.
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Histological abnormalities indicative of injury were
resolved by 7 days for both CD18−/− and wild type mice
(Fig. 4).

To further explore the role of neutrophils in the
resolution of contraction-induced muscle injury, muscle
sections were analysed for eMHC expression. Control
muscles from both CD18−/− and wild type mice showed
no labelling for eMHC. The percentages of myofibres
expressing eMHC were significantly lower in wild type
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Figure 2
A, macrophage (F4/80+ cells) concentrations, and B, percentage of fibres invaded by macrophages after
lengthening contractions. ∗Significantly different from control levels (CT) for both wild type and CD18−/− mice
(time effect).

relative to CD18−/−mice at 3 and 7 days post-lengthening
contractions (Fig. 6A). Differences were still apparent after
statistically controlling for the lower injury at 3 days
in CD18−/− mice. Very few myofibres from muscles
obtained 14 days after lengthening contractions were
positive for eMHC (data not reported). Most of the
myofibres expressing eMHC in both CD18−/− and wild
type mice at 3 days post-lengthening contractions were of
normal size (Fig. 6B), some of which had morphological

C© The Physiological Society 2004



J Physiol 562.3 Neutrophils, muscle injury and regeneration 905

Post-lengthening contractions

10 min 3 d 7 d 14 d

F
o

rc
e 

d
ef

ic
it

 (
%

 o
f 

co
n

tr
o

l)

0

10

20

30

40

50

60

Wild Type
CD18-/- 

#

#

Figure 3. Force deficits
Force deficits calculated relative to values obtained
prior to lengthening contractions, during recovery from
lengthening contractions. #Significantly higher for wild
type relative to CD18−/− mice at the specified time
point (interaction).

characteristics indicative of muscle injury. Although the
observed expression of eMHC in normal sized myofibres
at 3 days is difficult to interpret, other investigators have
observed a similar phenomenon after contraction-induced
muscle injury (Smith et al. 1999; Peters et al. 2003).
Myofibres expressing eMHC at 7 days post-lengthening
contractions tended to be smaller in size and angular in
shape and, thus, exhibited characteristics of developing
myotubes and/or immature myofibres.

The percentage of central nucleated myofibres was
not significantly different between CD18−/− and wild
type mice at 7 and 14 days post-lengthening contra-
ctions even after statistically controlling for differences
in the force deficit at 3 days (Fig. 7). Interestingly, the
CSA of central nucleated myofibres in wild type mice
was significantly smaller at 14 days post-lengthening
contractions relative to CD18−/− mice (Fig. 8). When
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Figure 4. Percentage of injured myofibres
#Significantly higher for wild type relative to
CD18−/− mice at 3 days post-lengthening
contractions (interaction). ∗Significantly different
from control levels (CT) for both wild type and
CD18−/− mice (time effect).

statistically controlling for muscle injury at 3 days,
significant differences in CSA of central nucleated
myofibres at 14 days were still apparent. The influence of
the CD18 deficiency on CSA, however, was restricted to
central nucleated myofibres because the CSA of normal
myofibres was not different (P = 0.18) between CD18−/−
(1691.2 ± 141.4 µm2) and wild type (1463.1 ± 62.9 µm2)
mice at 14 days post-lengthening contractions. In
CD18−/− mice at 14 days post-lengthening contractions,
CSA of regenerating myofibres was similar to the CSA
of normal myofibres. In contrast, CSA of regenerating
myofibres of wild type mice at 14 days post-lengthening
contractions was significantly smaller relative to the CSA
of normal myofibres.

Differences in CSA of central nucleated myofibres
14 days after lengthening contractions were not
accompanied by differences in muscle protein content

C© The Physiological Society 2004



906 F. X. Pizza and others J Physiol 562.3

or EDL muscle mass. Specifically, protein content
(µg mg−1 of EDL mass) was similar between CD18−/−
(103.8 ± 5.6) and wild type (101.5 ± 5.2) mice at
14 days post-lengthening contractions whereas EDL
muscle masses were at control levels in both CD18−/−
(10.2 ± 0.5 mg) and wild type (10.3 ± 0.7 mg) mice at
14 days of recovery.

Discussion

The mechanisms for the entry of neutrophils into skeletal
muscle after contraction-induced muscle injury and
their functions within injured skeletal muscle are poorly
understood. In the current study, we demonstrated that
increased neutrophil concentrations in skeletal muscle
after lengthening contractions are dependent on the β2
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Figure 5
A, total carbonyl content. #Significantly
higher for wild type relative to CD18−/−
mice at 3 days post-lengthening
contractions (interaction). ∗Significantly
different from control levels (CT) for wild
type mice only (time effect). B, carbonyl
groups were found predominantly in the
sarcoplasm of myofibres (arrow)
(magnification 400 ×).

integrin, CD18. The absence of neutrophil accumulation
in CD18−/− mice was associated with reductions in
histological and functional signs of muscle injury and total
carbonyl content 3 days after lengthening contractions.
These data indicate that neutrophils may cause secondary
muscle injury by oxidatively modifying skeletal muscle
proteins after contraction-induced muscle injury. Inter-
estingly, CD18−/− mice also had a lower force deficit
at 7 days, a higher percentage of myofibres expressing
eMHC, and a larger CSA of central nucleated myofibres
at 14 days relative to wild type mice. These differences
were still apparent after statistically controlling for the
lower injury in CD18−/− mice. These preliminary
observations indicate that neutrophils may also impair
some of the events associated with the resolution of
contraction-induced muscle injury.
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The present study demonstrates for the first time that
CD18 is critical for the accumulation of neutrophils
in skeletal muscle injured by lengthening contractions.
The absence of neutrophil accumulation in CD18−/−
mice after lengthening contractions is consistent with the
established role of CD18 in the diapedesis of neutrophils
into a variety of injured and/or inflamed tissues including
skeletal muscle. Specifically, previous investigators have
reported that neutrophil accumulation in skeletal muscle
after treatment with TNF-α or during the reperfusion
of ischaemic muscle is dependent on CD18 (Palazzo
et al. 1998; Zhang et al. 2000). Frenette et al. (2003) has
recently reported P- and E-selectins, which cause rolling
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A, percentage of myofibres expressing
eMHC. $Significantly higher for CD18−/−
relative to wild type at 3 and 7 days
post-lengthening contractions (group
effect). B, localization of eMHC in a
CD18−/− mouse 3 days after lengthening
contractions. eMHC was found in normal
sized myofibres (arrow), some of which
had morphological characteristics of injury.
Labelling was also found in apparent
myotubes and/or immature myofibres
(arrowhead) (magnification 600 ×).

of neutrophils in post-capillary venules prior to the firm
adhesion via CD18 (Kishimoto & Rothlein, 1994), are
also required for the accumulation of neutrophils during
mechanical loading of atrophic skeletal muscle. Thus it
appears that the mechanism for the entry of neutrophils
into skeletal muscle injured by increased muscle use is
similar to the established protocol for their entry into
other tissues after parenchymal cell injury (Kishimoto &
Rothlein, 1994; Walzog & Gaehtgens, 2000).

Neutrophils are thought to contribute to the
accumulation of macrophages in injured skeletal
muscle by releasing cytokines (e.g. macrophage
inflammatory protein-1 and monocyte chemoattractant
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Figure 7
A, percentage of central nucleated myofibres.
∗Significantly different from control levels (CT) for both
wild type and CD18−/− mice (time effect). Cross
sections of EDL muscles from wild type (B) and
CD18−/− (C) collected 14 days after lengthening
contractions that were stained with haematoxylin and
eosin. Note the prevalence of central nucleated
myofibres (arrows) (magnification 200 ×)).
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protein-1) that cause monocyte chemotaxis. Macrophage
concentrations, however, were similar between CD18−/−
and wild type mice 3, 7 and 14 days after lengthening
contractions. Whether differences in macrophage
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Figure 8
A, CSA of central nucleated myofibres. #Significantly higher for CD18−/− relative to wild type at 14 days
post-lengthening contractions (interaction) ∗Significantly different from 7 days post-lengthening contractions for
both wild type and CD18−/− mice (time effect). B, frequency distribution of the CSA of central nucleated myofibres.

concentrations between CD18−/− and wild type
mice occurred at other sampling time points (e.g. 1
and/or 2 days post-lengthening contractions) remains
to be determined. The similarity in macrophage
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concentrations between CD18−/− and wild type
mice after lengthening contraction may indicate that
neutrophils do not contribute significantly to the
accumulation of macrophages in skeletal muscle after
contraction-induced muscle injury. Other cell types such
as skeletal muscle cells (Chazaud et al. 2003) and endo-
thelial cells (Krishnaswamy et al. 1999) may serve as
the source of chemoattractants for monocytes after
contraction-induced muscle injury.

Several mechanisms have been proposed to
explain structural and functional abnormalities after
lengthening contractions including mechanical factors,
excitation-contraction coupling failure, ROS production
and neutrophils (Faulkner & Brooks, 1994; Clarkson
& Hubal, 2002; Warren et al. 2002). The similarity in
the isometric force deficit 10 min after lengthening
contractions is consistent with previous investigators who
have concluded that the initial force deficit is attributable
to mechanical forces generated during lengthening
contractions and to excitation-coupling failure (Faulkner
& Brooks, 1994; Warren et al. 2002). Reductions in the
force deficit, percentage of injured myofibres and total
carbonyl content in CD18−/− relative to wild type mice
at 3 days post-lengthening contractions may indicate that
neutrophils cause further injury by oxidatively modifying
skeletal muscle proteins. Whether the increased carbonyl
content in wild type mice was the result of a direct
action of neutrophil-derived ROS or an indirect action
such as neutrophil-derived TNF-α promoting oxidant
production from other cell types (e.g. myofibres), remains
to be determined.

The observation that CD18−/−mice are protected from
contraction-induced muscle injury and oxidative damage
in the present study are in agreement with Brickson
et al. (2003) who reported that the administration of a
blocking antibody for neutrophils reduced histological
signs of muscle injury in rabbits 24 h after a single
lengthening contraction. On the other hand, Lowe
et al. (1995) reported that neutrophils do not cause
muscle injury after lengthening contractions based
on observations made after administering a blocking
antibody for neutrophils. However, the blocking antibody
did not reduce neutrophil accumulation in injured
muscle, as measured by myeloperoxidase activity. In a
broader context, our observations are also consistent with
previous investigators who have established that
neutrophils cause injury during the reperfusion of
ischaemic skeletal muscle (Rubin et al. 1996; Palazzo et al.
1998) and with the recent work of Grounds et al. (Grounds
& Torrisi, 2004) who reported that inflammatory cells
exacerbate muscle pathology in mdx mice, a model of
Duchenne muscular dystrophy.

The role of neutrophils in restoring normal structure
and function to injured skeletal muscle is largely unknown.
Based on their ability to remove injured tissue via

phagocytosis (Papadimitriou et al. 1990; Edward, 1994)
and to secrete cytokines (e.g. HGF and IL-6) (Cassatella,
1999) that could promote myogenesis (Austin & Burgess,
1991; Allen et al. 1995; Miller et al. 2000), we hypo-
thesized that neutrophils contribute to the resolution of
a contraction-induced muscle injury. Contrary to our
hypothesis, CD18−/− mice had a lower force deficit
at 7 days, a greater percentage of myofibres expressing
eMHC, and a larger CSA of central nucleated myofibres
at 14 days relative to wild type mice. Because the need
for muscle regeneration/repair is probably dependent on
the magnitude of injury, we also analysed these data via an
analysis of covariance to statistically control for differences
in muscle injury between CD18−/− and wild type mice
(force deficit at 3 days served as the covariate). Results from
this analysis suggest that differences in the force deficit at
7 days, eMHC expression and CSA of central nucleated
myofibres at 14 days between CD18−/− and wild
type mice were not attributable to the lower injury in
CD18−/− mice. Interestingly, the percentage of central
nucleated myofibres, muscle mass and protein content
were similar between CD18−/− and wild type mice. As
the numbers of central nucleated myofibres were a small
fraction of the total number of myofibres (∼17%), the
larger CSA of central nucleated myofibres in CD18−/−
at 14 days of recovery may not have been of a sufficient
magnitude to result in significant differences between
CD18−/− and wild type mice in protein content of
muscle homogenates. Taken together, these preliminary
data indicate that neutrophils may delay some of the events
associated with the resolution of contraction-induced
muscle injury.

Several potential mechanisms exist for how neutrophils
could impair the restoration of muscle structure and
function after contraction-induced muscle injury. For
example, neutrophils could delay the resolution of
contraction-induced muscle injury by injuring myo-
tubes as we have previously reported (Pizza et al. 2001;
McLoughlin et al. 2003b). However, because central
nucleated myofibres are presumed to be developing
myotubes and/or immature myofibres (Anderson, 1991;
Rosenblatt & Woods, 1992; Thaloor et al. 1999),
the similarity in the percentage of central nucleated
myofibres between wild type and CD18−/− may indicate
that neutrophils do not influence the number of myotubes
and/or immature myofibres after contraction-induced
muscle injury. An alternative mechanism by which
neutrophils could delay the resolution of the injury is
via the release of cytokines (e.g. transforming growth
factor-β1, TNF-α, IFN-γ , IL-1β and IL-12) (Cassatella,
1999) that have been reported to inhibit differentiation of
cultured skeletal muscle cells and/or to promote skeletal
muscle protein catabolism in vivo (Allen & Boxhorn, 1989;
Kalovidouris et al. 1993; Hawke & Garry, 2001; Langen
et al. 2001; Reid & Li, 2001).
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In conclusion, we demonstrated that neutrophil
accumulation after contraction-induced muscle injury is
dependent on CD18. Furthermore, neutrophils appear
to cause further muscle injury and impair some of the
events associated with restoring structure and function to
skeletal muscle after contraction-induced muscle injury.
Further work is needed to confirm our preliminary
observations that neutrophils impair the resolution
of contraction-induced injury and to determine the
mechanisms for the impairment. Once the mechanisms
have been revealed, therapeutic and/or pharmacologic
strategies could be developed to manipulate the
inflammation biology of skeletal muscle to prevent any
ill effects of neutrophils in injured skeletal muscle.
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