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molecules after resistive loading of the

diaphragm
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ABSTRACT: Upregulation of endothelial cell adhesion molecules, followed by an influx of

granulocytes and macrophages, can contribute to exertion-induced skeletal muscle injury. The

purpose of this study was to quantify circulating leukocyte subsets, diaphragm injury and

infiltrating leukocyte subsets, and surface expression of vascular cell adhesion molecule (VCAM)-

1 and intracellular adhesion molecule (ICAM)-1 in the diaphragm after inspiratory resistive

loading (IRL).

Eight New Zealand white rabbits underwent 1.5 h of IRL and seven control rabbits underwent a

sham procedure. Blood samples, taken at baseline and 2, 6, 12, 24, 48 and 72 h after the onset of

IRL or sham, showed that band cell counts had increased at 6 h post-IRL. Point counting of

haematoxylin and eosin-stained cross-sections, sampled at 72 h post-IRL, showed greater injury

in diaphragms from IRL rabbits compared with controls. Immunohistochemical processing

showed increased expression of ICAM-1 and VCAM-1, and higher granulocyte and macrophage

counts in IRL diaphragms than control diaphragms. Macrophages were the predominant

inflammatory cells.

Increased intracellular adhesion molecule-1 and vascular cell adhesion molecule-1 expression,

and infiltration of granulocytes and macrophages may contribute to inspiratory resistive loading-

induced diaphragm injury.
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A
cute exercise increases the circulating
pool of leukocytes, the magnitude of
which is relative to the intensity and

duration of the exercise [1, 2]. The number of
circulating nonspecific immune cells, including
mobilisation of neutrophils from the marginated
pools into the circulation, is mediated by the
exercise intensity-dependent secretion of stress
hormones, such as catecholamines [3], cortisol [4,
5] and growth hormone [3, 4]. Catecholamine-
mediated flushing of neutrophils from the mar-
ginated pools into the circulation occurs through
the shear force of exercise-induced haemo-
dynamics. Cortisol and various cytokines induce
early release of neutrophils from the bone
marrow [3], which is reflected by an increase in
band cells after exhaustive exercise [3, 4].

Exertion-induced muscle injury can be initiated
by unaccustomed exercise, resulting in structural
disruption of muscle fibres during and post-
exercise [5]. This is followed by neutrophil
infiltration and release of myocellular proteins,
such as creatine kinase (CK) and myoglobin, into

the circulation [4, 5]. Marked systemic neutro-
philia with a leftward shift (reflective of
increased band cells) and enhanced capacity of
neutrophils to release reactive oxygen species
have been documented after endurance exercise
and were correlated positively with subsequent
efflux of CK [4, 6, 7]. This suggests that after
stressful exercise, mobilised and primed neutro-
phils may be important mediators of exertion-
induced muscle damage [4]. Furthermore, several
investigators have recently implicated indices of
acute inflammation to be a mechanism for Z-line
disruption, myocellular protein release and
delayed onset muscle soreness after eccentric
exercise [8–10].

Local inflammation in injured muscle can include
complement activation, upregulation of adhesion
molecule expression on leukocytes and endothe-
lium with subsequent migration, and infiltration
of blood leukocytes into the affected tissue [9, 11].
The selective recruitment of leukocytes into
traumatised tissue in a defined sequence [11]
involves the combined action of multiple cell
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adhesion molecules, including intracellular adhesion molecule
(ICAM)-1 and vascular cell adhesion molecule (VCAM)-1, that
are expressed on the endothelium and which bind to LFA-1
and VLA-4 expressed on leukocytes, respectively [12, 13].

Similar to exertion-induced injury of the limb muscles, marked
diaphragm injury has been shown after 1.5 h of intensive
inspiratory resistive loading (IRL) [14, 15]. The IRL in this
animal model is ,60–70% of the maximal load, which might be
similar to the load experienced by patients with chronic
obstructive pulmonary disease (COPD) or asthma during an
acute exacerbation. The role of adhesion molecules and the
response of circulating and intramuscular populations of
leukocytes have not yet been characterised in this model. The
postulation presented here is that diaphragm injury induced
by IRL increases circulating leukocytes, and upregulates
ICAM-1 and VCAM-1 expression on endothelium, which
promotes recruitment of neutrophils and macrophages/mono-
cytes into the injured muscle. The purpose of this study was to
quantify circulating leukocyte subsets, the expression of
VCAM-1 and ICAM-1 in the diaphragm, infiltrating leukocyte
subsets, and diaphragm injury after IRL.

METHODS
Ethical approval was provided by the University of British
Columbia Committee on Animal Care (Canada). The study
conformed to the animal care guidelines of the Canadian
Council on Animal Care. Two groups of New Zealand White
rabbits ranging 3.5–4.5 kg were studied: IRL (n58) and control
(n57) groups.

Protocol
The protocol for IRL has been described previously [14, 15].
Briefly, after intravenous thiopental anaesthesia and intuba-
tion, the IRL rabbits underwent 1.5 h of IRL at an airway
opening pressure of ,45 cmH2O, and control rabbits under-
went the identical procedure without resistive loading. Rabbits
were then extubated and allowed to recover.

Blood was sampled (0.5-mL samples) before anaesthesia for
IRL (baseline), and at 2, 6, 12, 24, 48 and 72 h after the
beginning of IRL for total and differential leukocyte counts.
Total leukocyte and differentials, including band cell counts,
were tabulated from coded Wright-stained smears, for which
observers were blinded to group assignment codes.

At 72 h post-IRL, rabbits were euthanised. The costal dia-
phragm was excised, trimmed and quick-frozen in isopentane
cooled in liquid nitrogen, and stored at -70uC for histological
and immunohistochemical studies.

Histological and immunohistochemical studies
Transverse sections of diaphragm samples were stained with
haematoxylin and eosin (H&E) to quantify muscle damage. For
immunohistochemical processing, 10-mm transverse sections of
diaphragm samples were fixed in acetone for 10 min. Sections
were incubated at room temperature with each of the
optimally diluted primary antibodies for 1 h. The following
mouse anti-rabbit antibodies were used in the present study:
RbM2 (macrophage/monocyte antibody; dilution 1:100;
ICN Biomedical, Inc., Irvine, CA, USA); NP-5 (neutrophil
defensin 5; dilution 1:50; Hycult Biotechnology, Uden, The

Netherlands); monoclonal antibody to T-helper lymphocytes
(dilution 1:1,200; Spring Valley Lab., Woodbine, MD, USA);
monoclonal antibody to T-suppressor lymphocytes (dilution
1:400; Spring Valley Lab.); Rb 2/3 (ICAM, dilution 1:20); and
Rb 1/9 (VCAM; dilution 1:25; both Rb 2/3 and Rb 1/9 were
kind gifts from M. Cybulsky, University of Toronto, Toronto,
Canada). After rinsing with TBS, the specimens were treated
with rabbit anti-mouse IgG (1:20) for 30 min. Control sections
were incubated with the nonspecific mouse IgG1. Specific
binding was detected by incubation with 1:50 monoclonal
mouse alkaline phosphatase-antialkaline phosphatase complex
(DAKO, Ontario, Canada) for 30 min, followed by a new
fuschin-base red substrate solution.

Quantification of diaphragm injury, leukocyte infiltration
and adhesion molecules
All slides of muscle cross-sections were coded so observers
were blinded to group assignment. Twenty images of each
muscle cross-section processed for either H&E or specific
antibodies for the different leukocytes were captured using a
406 objective and 0.66 reduction lens attached to a micro-
scope and digital camera.

Diaphragm injury was quantified by computerised point
counting of H&E-stained diaphragm cross-sections using
Image Pro Plus Software (MediaCybernetics, Silver Spring,
MD, USA). Points projected on the H&E-stained cross-sections
were assigned to categories of normal diaphragm, abnormal
diaphragm and connective tissue, and were expressed as
percentages of total points counted for each animal as
described previously [14].

Labelled intramyofibre and interstitial leukocytes were
counted using a rectangular unbiased counting frame super-
imposed on the image as described previously [16]. Labelled
cells inside the blood vessels were excluded. The area of the
counting frame was 0.0901 mm2 and was calibrated at the
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FIGURE 1. Area fractions of normal diaphragm, abnormal diaphragm and

connective tissue (CT) in inspiratory resistive loading (IRL; h; n58) and control (&;

n57) groups. The area fractions of the abnormal diaphragm and CT in the IRL

group were significantly greater than those in the control group, respectively. The

area fraction of the normal diaphragm in the IRL group was significantly smaller

than the control values. *: p,0.05.
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beginning of each session. The number of leukocytes was
expressed per mm2.

The number of ICAM-1- and VCAM-1-positive blood vessels
per mm2 were counted, including vessels consistent with the
size of capillaries, in 15–20 fields of diaphragm cross-sectional
images per sample at a magnification of 6400 (406 objective,
106 eyepiece). The expression of ICAM-1 was also assessed by
staining intensity [17]: 05no staining; 15mild; 25moderate;
and 35strong. The extent of VCAM-1 was also assessed by the
amount of the endothelial staining [18]: 05no staining;
15f25% of the vessel circumference showed positive staining;
2525–50% of the vessel circumference was positive; 3550–75%
of the vessel circumference was positive; and 45o75% of the
vessel circumference was positive.

Statistics
Staining intensities of ICAM-1 and VCAM-1 were expressed as
medians. All the other data were expressed as mean¡SD.
Circulating leukocytes and differential data were analysed by
two-way repeated-measures ANOVA. If interaction was
significant, one-way repeated-measure ANOVA procedures,
followed by the Tukey HSD post hoc test, were performed to
determine the effect of time on the dependent variables for
each level of the intervention (control or IRL) [19]. Differences
in diaphragm leukocyte concentrations between groups were
analysed by independent-sample t-tests. The ICAM-1 intensity
score between groups was tested using the Mann-Whitney
U-test.

RESULTS
Diaphragm injury
Light microscopic examination of the H&E-stained diaphragm
cross-sections revealed diaphragm injury in the IRL group,
including necrotic diaphragm fibres, fibre degeneration, and
an influx of inflammatory cells in the necrotic diaphragm fibres
and interstitium. Point counting H&E cross-sections showed
an 85% higher area fraction of abnormal diaphragm and a 36%
higher area fraction of connective tissue in the diaphragm of
the IRL group compared with control values (p,0.05; fig. 1).
Conversely, the area fraction of the normal diaphragm in the
IRL group was significantly smaller than control values
(p,0.05; fig. 1).

Changes in circulating leukocyte and subset counts
The concentration of total circulating leukocytes did not
change over time across groups from baseline to 72 h.
Granulocyte counts, however, increased across groups at the
6- and 12-h time points compared with baseline (p,0.002;
fig 2.), then decreased to baseline values thereafter. Band cell
counts were higher at 6 h across groups and a significant
interaction was shown from the two-way ANOVA. In order
to interpret the interaction, one-way repeated-measures
ANOVAs were performed on band cell data from each group.
Band cells were higher in the IRL group at 6 h post-IRL when
compared with baseline, and decreased thereafter (p,0.001;
fig. 2). Band cell counts did not change over time in the control
group. Mononuclear cell counts did not change across groups
over time.
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FIGURE 2. Circulating leukocyte and subset counts in inspiratory resistive loading

(IRL;h;n58)andcontrol(&;n57)groups:a)concentrationoftotalcirculatingleukocytes

over time (no differences between groups or over time were found); b) concentration of

circulating granulocytes over time (at 6 and 12 h the circulating granulocytes of both

groups had significantly increased compared with baseline, #: p,0.002); c) concentra-

tion of circulating mononuclear cells over time (no differences between groups or over

time were found); and d) circulating band cells over time (the band cells in IRL group

significantly increased at 6 h, and then decreased thereafter, ***: p,0.001).
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Expression of VCAM-1 and ICAM-1
The expression of VCAM-1 and ICAM-1 is displayed in
figure 3.

ICAM-1 positively stained vessel counts per field tended to be
higher in the IRL group when compared with control group
values (table 1), but the trend did not reach statistical
significance. The IRL group showed increased staining
intensity for ICAM-1 in the endothelium of diaphragm blood
vessels compared with the control values (p,0.05, table 2).

VCAM-1 positively stained vessel counts per field were higher
in the IRL group when compared to control group values
(p,0.05, table 1). Five out of eight IRL diaphragms from the
IRL group showed VCAM-1-stained endothelial cells in
venules and veins. There were no VCAM-1 positive-stained
vessels in the remaining three IRL and seven control
diaphragms (tables 1 and 2). The counts of positively stained
vessels for the five IRL rabbits ranged 0.45–2.98 vessels?mm-2.

Inflammatory cell concentrations in diaphragm after IRL
Macrophages were the predominant inflammatory cell type
found in the diaphragm of the IRL group. Macrophage and
neutrophil counts in the diaphragms were significantly higher
in the IRL group when compared with the control group
(p,0.05, fig. 4).

DISCUSSION
The unique findings of this study are that IRL in rabbits
induced an increase in circulating band cells, signifying bone
marrow stimulation. Three days after the loading, increased
expression of the adhesion molecules, ICAM-1 and VCAM-1,
in diaphragm vessels was accompanied by increased macro-
phage and neutrophil recruitment into the injured muscle. This
is the first study to show this sequence of inflammatory events
after exertion-induced diaphragm injury, and it is speculated
that these leukocytes contribute to the diaphragm muscle
injury seen after resistive loading.

a) b)

c) d)

FIGURE 3. Intracellular adhesion molecule (ICAM)-1 is strongly positive (a) and vascular cell adhesion molecule (VCAM)-1 is expressed (b) on the endothelium of

vessels from inspiratory resistive loading diaphragms. ICAM-1 is weakly expressed on the endothelium of vessels from control rabbit (c), whereas expression of VCAM-1 on

vessels from control diaphragms is not apparent (d). Arrows indicate vessels in diaphragm cross-sections. Scale bars550 mm.

X. WANG ET AL. LOAD-INDUCED DIAPHRAGM INFLAMMATION

c
EUROPEAN RESPIRATORY JOURNAL VOLUME 26 NUMBER 5 789



Granulocytes increased across animals at 6 and 12 h, and band
cell counts increased at 6 h post-IRL; however, the concentra-
tion of total circulating leukocytes across groups did not
change over time. The increase in circulating neutrophils that
accompanied the increased band cell counts implicates bone
marrow release as the main source of immature circulating
neutrophils in addition to mobilisation of marginated pools
[20]. In the presence of increased granulocyte and band cell
counts, the constant counts of total circulating leukocytes after
IRL were probably due to a fall in lymphocyte concentrations.
This finding is consistent with previous findings after
strenuous endurance exercise [21, 22]. Physical exercise-
induced transient redistribution of peripheral blood is

characterised by a granulocytosis accompanied by lymphocy-
tosis during exercise, followed by a more pronounced granulo-
cytosis accompanied by lymphopenia after exercise [22].
WIGERNAES et al. [21] reported a continuous increase in
neutrophils during active recovery with a fall in lymphocytes,
which kept the total leukocytes constant at 120 min following a
60-min bout of uphill running at 83% of maximal oxygen
uptake. In the present study, mononuclear cell counts tended
to decrease in the IRL group at 6 h post-IRL compared with
baseline, but the decrease did not reach a significant level,
which could be due to the small change and small sample.
Based on the means, variances and differences shown in the
circulating mononuclear cells of the IRL group, a sample size
of n545 would be required to achieve a power of 0.80 with a
standardised difference of 0.83.

Neutrophil mobilisation after the control surgery and IRL
appears to be a nonspecific stress response and is probably
mediated by stress hormones, such as catecholamines [3, 23]
and cortisol [4, 5]. The significant increase in band cells after
IRL, however, is a more specific injury rather than a stress
response indicative of bone marrow release [23]. Band cell
release could be attributed to growth hormone and cytokines
induced by the exertional stimulus [3, 4]. Strenuous resistive
breathing has been shown to induce increases in plasma
interleukin (IL)-1b, IL-6 and tumour necrosis factor-a, which
have been shown to be significantly blunted by antioxidants
[24, 25]. IL-6, IL-8 and granulocyte colony-stimulating factor
may be associated with delayed-onset neutrophil mobilisation
from the bone marrow reserve [1, 4]. Previously, IL-6 and
macrophage colony-stimulating factor responses were shown
to be positively correlated with neutrophil mobilisation after
exercise [20].

In the current study, it was found that resistive loading of the
inspiratory muscles by small muscle mass exercise alters
leukocyte trafficking. This is consistent with a recent report
by NEMET et al. [26] who demonstrated that 10 min of
low-intensity unilateral wrist flexion exercise can increase the
concentration of inflammatory mediators, growth factors and

TABLE 1 Intracellular adhesion molecule (ICAM)-1 and
vascular cell adhesion molecule (VCAM)-1
expression on blood vessels in the diaphragm in
inspiratory resistive loading (IRL) and control
groups

IRL Control

ICAM-1 4.43¡2.72* 2.48¡1.36

VCAM-1 1.20¡1.32* 0

Data are presented as mean¡SD. The positive staining vessel counts of ICAM-1

and VCAM-1 per mm2 in the diaphragm of the IRL group were significantly

greater than control values. *: p,0.05.

TABLE 2 Staining intensity of intracellular adhesion
molecule (ICAM)-1 and amount of vascular cell
adhesion molecule (VCAM)-1 of vascular
endothelia in the diaphragm in inspiratory
resistive loading (IRL) and control groups

ICAM-1 VCAM-1 Abnormal

diaphragm

IRL

1 3 (0–3) 2 (0–4) 3.1

2 1 (0–2) 0 (0) 4.8

3 0 (0–2) 0 (0) 2.4

4 1 (0–2) 0 (0–2) 3.1

5 2 (0–2) 0 (0) 2.3

6 1 (0–3) 0 (0–2) 5.5

7 3 (0–3) 3 (0–4) 5.1

8 2 (0–3) 2 (0–3) 2.8

Control

9 1 (0–2) 0 (0) 2.3

10 0 (0–2) 0 (0) 2.9

11 0 (0–1) 0 (0) 4

12 0 (0–2) 0 (0) 1.1

13 1 (0–2) 0 (0) 0.7

14 0 (0–3) 0 (0) 1.1

15 0 (0–2) 0 (0) 0.9

Data are presented as median (range) or % total. The staining intensity of ICAM-1

in the diaphragm of the IRL group was significantly greater than control values.
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FIGURE 4. Inflammatory cells counts in the diaphragm after inspiratory

resistive loading (IRL; h) or sham (&). Macrophage and neutrophil counts per mm2

in the diaphragm of IRL group were significantly greater than control values. *:

p,0.05; ***: p,0.001.
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circulating leukocytes in the control arm and not just in the
exercising arm. They concluded that the increase in circulating
leukocytes and inflammatory cytokines may have resulted
from stimulation of the autonomic nervous system rather than
the local working muscles.

In the present study, the magnitude of the increase in band
cells after IRL was much less compared with that reported
after marathon running [20]. This is probably due to the much
smaller muscle group recruited during IRL relative to running.
Neutrophilia, and especially band neutrophil mobilisation was
positively correlated to intensity of strenuous exercise as
reflected by the exercise percentage maximal oxygen uptake,
supporting the suggestion of SUZUKI et al. [4, 20] that
magnitude of the workload may be a determinant of the
amount of neutrophil mobilisation from the bone marrow
reserve. The present finding of a smaller circulating leukocyte
redistribution after IRL was not surprising, because the small
muscle mass of the inspiratory muscles does not increase
exercise oxygen uptake to the same magnitude as marathon
running. Although oxygen consumption was not measured in
the current study, oxygen uptake during high and medium
IRL in a dog model was 1.29- and 1.17-times the resting oxygen
uptake, respectively [27]. In contrast, whole body exercise at
60% of maximal oxygen uptake represents an estimated six-
fold increase over resting oxygen uptake.

In the present study, the time course of no increase in
circulating leukocytes and granulocytes during the exercise
stimulus was somewhat different than reported data after
other exercise stimuli. The primary reason why there was no
early increase in circulating leukocytes during the IRL stimulus
while the rabbits were anesthetised (2 h time point) was
probably due to the inhibitory effects of anaesthetics on
neutrophil function and kinetics. Thiopental, the anaesthetic
used in the current study, decreases human neutrophil
chemotaxis in a dose-dependent manner at clinically relevant
concentrations [28]. Previous work in the current authors’
laboratory has shown that circulating leukocytes counts are
lower in rabbits while anesthetised with a variety of different
agents (unpublished data), which may be due in part to
anaesthetic-induced decreases in stress and circulating cate-
cholamines that result in increased margination of neutrophils
in the lung capillaries. Although these anaesthetic effects have
not been published, BOXER et al. [29] found that a b-antagonist,
propranolol, will largely, but not completely, block the increase
in adrenaline-mediated increase in circulating neutrophils.

The present study examined ICAM-1 and VCAM-1 expression
and leukocyte subsets invasion in the diaphragm at 72 h post-
IRL in this model, based on the previous time course studies
that showed the greatest amount of muscle injury and
inflammation 3 days after the exercise stimulus [30–34],
including one study that showed a peaking of neutrophils
and macrophages at 3 days [34]. One previous IRL study has
demonstrated that overt diaphragm injury, occurring at 72 h
post-IRL, was accompanied by increased inflammatory cells in
the diaphragm [14]. The leukocyte–endothelial cell interaction
is an early step in the cascade of events that leads to the
development of the inflammatory response and cellular
extravasation. It was proposed that the recruitment of
granulocytes to the damaged diaphragm is supported by the

widely accepted paradigm that inflammatory stimuli activate
the endothelial cells of these vessels to express adhesion
molecules and chemokines, which physically engage circulat-
ing leukocytes and promote their adhesion to these vessels.
The adhesion molecules, ICAM-1 and VCAM-1, are normally
expressed and upregulated during inflammation, or expressed
only on activated endothelial cells in response to inflammatory
stimuli [35].

The strong expression of ICAM-1 and VCAM-1 in the injured
diaphragm supports the postulation that interaction between
these molecules and leukocytes is a major factor in the
migration of activated leukocytes into the inflamed diaphragm
[36, 37]. As expected, no VCAM-1 was expressed on the
endothelium of vessels in the control group, but positive
staining was observed following IRL.

The findings of increased expression of ICAM-1 and VCAM-1
in the diaphragm after IRL were similar to those reported after
other types of exercise and in muscle diseases. Previous studies
have shown that exercise can induce increases in soluble (s)
ICAM-1 levels in the plasma [12, 38]. AKIMOTO et al. [12]
measured plasma concentrations of sICAM-1 before and after
three types of exercise. The plasma concentration of sICAM-1,
1 day after a 42-km run or a downhill run, was significantly
increased, whereas high-intensity bicycle ergometer exercise
did not influence plasma concentrations of sICAM-1. It was
concluded that plasma concentrations of sICAM-1 increase
only after exercise associated with muscle damage [12].
Immunohistopathological studies have shown the upregula-
tion of ICAM-1 and VCAM-1 in endothelial cells and
infiltrating cells in biopsies of muscle tissue from patients
with polymyositis and dermatomyositis [39, 40], and with
critical illness polyneuropathy and myopathy [18]. Tissue
expression of VCAM-1 is associated with muscle injury and
pronounced inflammation in polymyositis [40]. To the current
authors’ knowledge, no studies thus far have examined the
role of adhesion molecules in the diaphragm after IRL.

Macrophages were the predominant inflammatory cell type in
the diaphragm at 72-h post-IRL. Leukocytes, initially neutro-
phils and subsequently monocytes/macrophages, have been
identified in areas with muscle injury after eccentric exercise
[10]. Neutrophils, the first inflammatory cell type to appear in
injured muscle [11, 34, 41], have been suggested to have a role
in both injury and regeneration of injured muscle. Although no
direct in vivo evidence exists, neutrophils have been hypothe-
sised to delay muscle regeneration by exacerbating the initial
injury and/or by injuring myotubes through the release of free
radicals and proteases [8]. In addition, neutrophils could
facilitate muscle regeneration by removing tissue debris from
the injured area via phagocytosis [42] and by activating satellite
cells [43]. Macrophages, which increase in concentration 1–3
days after injury, are thought to contribute to muscle
regeneration [11], but also may induce some injury. The
beneficial contribution of macrophages to the events associated
with muscle regeneration has been ascribed to their ability to
phagocytose tissue debris [44] and to their capacity to cause
myoblast proliferation in vitro [45]. However, macrophages
also have the ability to increase damage in muscle when there
is an impaired capacity to generate nitric oxide, which serves
to protect muscle membranes [46].
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The elevation in neutrophils and macrophages in the
diaphragm in the present study is consistent with other
observations after lengthening contractions of muscle [47, 48],
electrically stimulated contractions [49] and exposure of
muscle to toxin or poison [41, 42], but contrary to other recent
reports [50, 51]. Of these two differing reports, one described
the extensor digitorum longus (EDL) muscle in response to in
situ lengthening contractions [50] and the other investigated
the diaphragm in response to resistive loading [51]. The
apparently discrepant results by VASSILAKOPOULOS et al. [51]
may actually be complementary to the present study and be
explained by the different time courses examined. The study
by VASSILAKOPOULOS et al. [51] did not find increased
myeloperoxidase activity in the diaphragm up to 6 h after
resistive loading in the rat, which may indicate that neutro-
phils were recruited in the circulation, but did not enter the
diaphragm until after 6 h. LAPOINTE et al. [50] concluded that
neutrophils in the EDL muscle were not significantly elevated
during the hours to days after overt injury caused by
lengthening contractions. Alternative explanations for the lack
of neutrophil influx in these other two studies [50, 51], in
contrast to the current study, may be related to differences in
species and/or lesser sensitivities in the techniques used to
detect neutrophils. CD43, which was used to quantify
neutrophils by LAPOINTE et al. [50], may be a less sensitive
antibody for labelling neutrophils in skeletal muscle [48].
Furthermore, when a histochemical technique for labelling
neutrophils using diamino-benzadine, which illustrates the
myeloperoxidase content of granulocytes, was piloted by the
current authors, it was found to be less sensitive than using
NP-5 to illustrate neutrophil defensin. The present study also
differs from some reports of autoimmune muscle diseases,
such as polymyositis, where the majority of the inflammatory
cells are T-cells. This is not surprising considering the
contrasting aetiologies [52].

The IRL sustained by rabbits in this study represents ,60–70%
of the maximal load; a previous report by the present group
showed that the maximal diaphragmatic pressure of the rabbit
is ,65 cmH2O during bilateral phrenic nerve stimulation [53].
This load may appear high in terms of clinical relevance, but
similar loads to the IRL model may occur during episodes of
acute bronchospasm in asthmatics, acute exacerbations of
COPD or during weaning trials in mechanically ventilated
patients. Patients with stable severe COPD have increased
diaphragmatic activation at rest, and 43% of the maximal
electromyogram root-mean square [54], which increases to 81%
during progressive exercise [55]. A major clinical conse-
quence of the inflammatory and injury response of the
diaphragm after inspiratory resistive loading is the associated
35% reduction of its force production shown in earlier work
from the current group [15]. Thus, modulation of the
inflammatory process during these conditions might facilitate
prevention or minimise some of the potential diaphragm
injury during these clinical scenarios.

Injury and inflammation in response to an exertional overload
of the diaphragm may be part of the normal physiological
response of adaptation and repair. In fact, inflammation may
be essential to expedite optimal repair, as evidenced by a study
in rodents that showed administration of nonsteroidal anti-
inflammatories resulted in slower regeneration and a weaker

myotendinous junction after a partial repair [56]. If diaphragm
injury overwhelms the reparative processes, however, injured
myocytes may be replaced with connective tissue similar to
repetitive strain models of limb muscle injury [57]. Thus, in the
event of an overwhelming injury response, carefully timed
administration of anti-inflammatories that diminish the injury,
followed by agents that increase muscle regeneration may
improve clinical outcomes.

One limitation of this study is that an increased ICAM-1 and
VCAM-1 expression associated with inflamed, injured dia-
phragm was observed, but cause and effect were not
examined. Future studies are required to identify whether
blocking these adhesion molecules would result in less
diaphragm injury and/or force loss. A second limitation is
the small number of animals in each group and that the IRL
group showed a wide variance of VCAM-stained endothelial
cells, including three animals who did not show positive
VCAM-stained vessels. This variation in VCAM expression
may reflect alternative triggers in addition to IRL such as
hypoxaemia, or hypercapnia and/or individual differences in
susceptibility to diaphragm injury due to factors such as
inherent fibre-type characteristics and variable recruitment
patterns of inspiratory muscles during IRL.

In conclusion, in this study, inspiratory resistive loading
mobilised neutrophils into the circulation with increasing
band cell counts, indicating bone marrow release as a major
contributor for the increase in circulating neutrophils. Increased
surface expression of intracellular adhesion molecule-1 and
vascular cell adhesion molecule-1, and increased infiltration of
neutrophils and macrophages/monocytes, are associated with
inspiratory resistive loading-induced diaphragm injury and
probably mediate muscle injury in this model.
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