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ABSTRACT: Patients afflicted with emphysema demonstrate altered peripheral
skeletal muscle fibre composition and atrophy. It is unknown whether these alterations
are general to all skeletal muscles independent of function, phenotype or oxidative
capacity. Therefore, the purpose of this investigation was to determine whether
emphysema induces alterations in muscle fibre composition or atrophy in respiratory
and locomotory muscles with diverse fibre types and metabolic profiles.
Fibre composition and cross-sectional area were measured in selected hindlimb
muscles and diaphragm of hamsters following saline (control, n=7) or elastase
(emphysema, n=15) instillation.
Excised lung volume increased 145% with emphysema. Fibre composition was largely
unaltered, with the exception of a 13% reduction in IIB fibres in the tibialis anterior
muscle of emphysema animals. Type I fibre size was also mainly unaltered, except for a
diminished cross-sectional area in plantaris muscle. However, fibre cross-sectional area
of fast-twitch types IIA, IIX and/or IIB fibres was reduced in the caudal biceps femoris,
vastus lateralis, tibialis anterior, gastrocnemius and plantaris muscles of emphysema
animals. In contrast, there was a trend for emphysema to increase the cross-sectional
area of type IIA fibres in the diaphragm.
These data demonstrate that emphysema-induced atrophy primarily affects
locomotory muscles, independent of phenotype or oxidative capacity.
Eur Respir J 2004; 23: 703–707.

One of the primary consequences of emphysema (EMP) or
chronic obstructive pulmonary disease (COPD) is a decrement in work capacity. Numerous peripheral mechanisms
have been proposed to contribute to the dysfunction, including reductions in peripheral skeletal muscle blood flow,
hypoxemia and alterations in metabolism. Previous investigations have demonstrated reductions in peripheral skeletal
muscle oxidative capacity in COPD patients [1–4] and
hamsters induced with EMP [5], which could alter metabolism
by activating anaerobic pathways to generate the required
energy production. Such a shift would predispose skeletal
muscle to greater fatigability and impair exercise tolerance. In
addition, COPD patients with reduced work capacity present
with alterations in peripheral skeletal muscle composition and
structure, including altered fibre composition [4, 6, 7] and
myosin heavy chain (MyHC) expression [8, 9], atrophy of
peripheral skeletal muscle type I and/or II fibres [7, 10, 11],
and reductions in lean body mass [12]. Therefore, altered
metabolic pathways, fibre transformation and fibre atrophy
appear to underlie problems of enhanced skeletal muscle
fatigability, reduced force production and exercise intolerance
in patients with COPD.
What remains unresolved is whether pulmonary disorders,
such as EMP, have a generalised effect on skeletal muscle
(locomotory and respiratory), or whether fibre transformation and atrophy occur in skeletal muscles composed of a
given fibre type or oxidative capacity. Knowledge of such
could provide the basis for targeting specific therapeutic
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interventions aimed at reversing these alterations. Therefore,
utilising an accepted animal model, the purpose of this
investigation was to determine whether EMP alters muscle
fibre composition or induces atrophy in respiratory and
locomotory muscles with diverse fibre types and metabolic
profiles. Based on previously reported alterations in muscle
oxidative capacity [5], the authors hypothesised that EMP
would induce muscle-specific reductions in the proportion of
type I fibres and increases in type II fibres. Furthermore,
based upon the work of HUGHES et al. [10] suggesting an
increased susceptibility of type II fibres to atrophy, the
authors hypothesised muscle-specific atrophy of type II fibres.

Methods
Protocols used in this investigation were approved by the
University of Utah Institutional Animal Care and Use
Committee. They conform to the Guide for the Care and
Use of Laboratory Animals published by the USA National
Institutes of Health.

Emphysema model
Adolescent male Syrian Golden hamsters (100–120 g) were
housed in 7.568.5 inch cages, maintained on a 12-h light-dark
cycle, and supplied rodent chow and water ad libitum. Following a 1-week habituation period, animals were randomly
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divided into control (CON) and EMP groups. Under deep
ketamine/xylazine (150/7.5 mg?kg-1 intramuscular) anaethesia,
either saline (0.3 mL?100 g body weight-1) or porcine elastase
(25 IU?100 g body weight-1 (Sigma Chemical, St. Louis, MO,
USA) in 0.3 mL of normal saline) was instilled intratracheally
as previously described [5].

presented as mean¡SD and significance was accepted at
pf0.05.

Results
Emphysema condition

Tissue harvesting
Six months following injection, hamsters were euthanised,
and the lungs, caudal biceps femoris, vastus lateralis, gastrocnemius, soleus, plantaris, tibialis anterior and diaphragm
(costal and crural portions) muscles were excised. After being
weighed, a 5-mm midbelly portion was dissected from each
muscle, frozen in melting isopentane and stored at -70uC. A
saline displacement technique was used to measure excised
lung volume at 0 cmH2O airway pressure.

Immunohistochemical analysis
A cryostat microtome was used to cut serial transverse
cross-sections (8–10 mm) of muscle. Fibre type identification
was performed as previously described [13]. Briefly, sections
were cold fixed (50 mL of 37% zinc formalin and 370 mL 95%
ethanol and 25 mL glacial acetic acid) for 5 min. Slides were
hydrated for 10 min in phosphate-buffered saline (PBS), then
blocked (InnoGenex, San Ramon, CA, USA (#BS-1310-25))
for 5 min at room temperature. After blocker removal,
antibodies (American Type Culture Collection, Nanassas,
VA, USA) to MyHCs, type I (BA-D5), type IIA (SC-71), or
type IIB (BF-F3), were added to muscle sections, and the
slides were incubated at 4uC overnight. Following incubation,
slides underwent a 2610-min wash in PBS, then a biotinylated
goat antimouse immunoglobulin secondary antibody (InnoGenex #AS-2400-16) was added to the sections for 20 min at
room temperature. Slides were washed and incubated for
20 min in streptavidin alkaline phosphatase conjugate (InnoGenex #CJ-1002-86) at room temperature. Conjugate was
removed by washing and a solution of naphthol phosphate
buffer (InnoGenex #BS-080204) and Fast Red dye (InnoGenex #CH-0802-06) was added to the sections and
incubated for colour development. Sections were counterstained with Mayer9s Haematoxylin and mounted with
Glycergel (Dako, Carpinteria, CA, USA).

Determination of muscle fibre composition and
cross-sectional area
Muscle cross-sections were divided into four to five nonoverlapping regions as previously described [13, 14]. Representative fascicles with fibres cut perpendicular to their long axes
were measured with an image processing system (Bioquant
Nova Prime, Nashville, TN, USA). A minimum of five fibres
of each type were measured for cross-sectional area (CSA) in
each divided region. Exceptions to this procedure were made
when only a few fibres of a given fibre type were present in a
muscle section. Under this circumstance, fibre CSA was
measured in all the fibres present of that type. In most cases,
y750–1,000 fibres were typed per muscle cross-section and
CSA of y100 fibres per type per muscle were determined.

Statistical analysis
Lung volume, fibre CSA and per cent fibre type were
compared between groups using the unpaired t-test. Data are

The final body weight of EMP (n=15, 130¡12 g) was lower
(p=0.04) than CON (n=7, 142¡11 g) hamsters. The presence
of lung pathology and air trapping was supported by the large
increase (145%; pv0.01) of lung volume in EMP (2.8¡
0.5 mL) versus CON (1.1¡0.1 mL) animals.

Fibre composition and cross-sectional area
In tibialis anterior muscle of EMP hamsters, there were
12% fewer type IIB fibres than in CON hamsters (table 1). In
addition, there was a trend for reduced IIA fibre composition
in gastrocnemius (6%; p=0.07) and plantaris (7%; p=0.08)
muscles of EMP compared to CON hamsters. However, there
were no other differences in fibre composition between EMP
and CON hamsters nor was there any significant correlation
between lung pathology and skeletal muscle phenotype.
CSA of type I fibres was reduced in the plantaris of EMP
hamsters compared with CON (table 2). CSA of type IIA
fibres was reduced in the caudal biceps femoris, vastus
lateralis and plantaris. CSA of type IIX fibres was reduced in
the caudal biceps femoris, vastus lateralis, gastrocnemius and
plantaris. CSA of type IIB fibres was reduced in the caudal
biceps femoris, vastus lateralis and tibialis anterior. There
was also a trend for CSA of type IIX fibres to be reduced
(p=0.06) in the tibialis anterior muscle of hamsters with EMP
compared to CON. EMP had no significant effect on soleus
or diaphragm fibre CSA nor was there any significant
Table 1. – Per cent muscle fibre composition of type I, IIA, IIX,
and IIB fibres
Muscle
Biceps femoris, caudal
CON
EMP
Vastus lateralis
CON
EMP
Gastrocnemius
CON
EMP
Soleus
CON
EMP
Plantaris
CON
EMP
Tibialis anterior
CON
EMP
Diaphragm, costal
CON
EMP
Diaphragm, crural
CON
EMP

I

IIA

IIX

IIB

3¡4
3¡4

13¡1
9¡7

18¡7
20¡10

66¡5
68¡10

3¡4
7¡5

31¡8
35¡10

57¡14
50¡19

9¡9
8¡10

10¡5
17¡10

31¡5
25¡6#

59¡8
55¡14

0¡0
3¡5

80¡7
81¡6

20¡7
19¡6

0¡0
0¡0

0¡0
0¡0

8¡3
12¡4

69¡4
62¡8#

23¡6
26¡10

0¡0
0¡0

7¡4
6¡1

34¡2
37¡5

41¡8
51¡2

18¡3
6¡3}

24¡3
24¡7

47¡7
48¡12

29¡6
28¡11

0¡0
0¡0

17¡8
15¡10

45¡12
49¡11

38¡14
33¡11

0¡0
3¡6

Data are presented as mean¡SD. CON: control; EMP: emphysema. #:
mean value is different from mean of CON hamsters, pf0.1; }: mean
value is different from mean of CON hamsters, pf0.05.
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Table 2. – Muscle fibre cross-sectional area of type I, IIA, IIX, and IIB fibres
Muscle
Biceps femoris, caudal
CON
EMP
Vastus lateralis
CON
EMP
Gastrocnemius
CON
EMP
Soleus
CON
EMP
Plantaris
CON
EMP
Tibialis anterior
CON
EMP
Diaphragm, costal
CON
EMP
Diaphragm, crural
CON
EMP

I

IIA

IIX

IIB

1995¡559
1567¡425

2303¡455
1528¡325}

3130¡771
2315¡554}

5501¡1363
3889¡538}

2117¡671
2165¡565

1914¡387
1812¡346

3153¡373
2312¡360}

3146¡417
2434¡564}

1508¡296
1431¡282

1671¡362
1517¡266

2510¡269
1940¡378}

1877¡350

2045¡959
1991¡268

1629¡710
1385¡231

1322¡198
1065¡210}

2024¡322
1381¡248}

2291¡422
1743¡386}

1136¡97
1019¡135

1291¡421
886¡33

2789¡757
1498¡215#

1150¡210
1343¡359

1166¡119
1517¡409#

2269¡325
2278¡662

1498¡235
1480¡432

1314¡189
1570¡333#

1786¡451
2148¡531

2

2978¡376
1599¡304}

1410¡385

#

Data are presented as mean¡SD given in mm . CON: control; EMP: emphysema. : mean value is different from mean of CON hamsters, pf0.1; }:
mean value is different from mean of CON hamsters, pf0.05.

correlation between lung pathology and skeletal muscle CSA.
However, there was a trend for CSA of type IIA fibres to be
increased in costal (p=0.06) and crural (p=0.1) portions of the
diaphragm in EMP hamsters compared with CON.
EMP diminished the muscle weight of plantaris (EMP=
35.1¡2.8; CON=39.5¡5.7 mg (p=0.03)), tibialis anterior
(EMP=91¡14; CON=139¡2 mg (p=0.02)), and costal diaphragm (EMP=242¡27; CON=289¡27 mg (p=0.002)). All
other muscle weights were similar between groups. Moreover,
there was no significant correlation between muscle weights
and CSA.

Discussion
The purpose of the present investigation was to determine
whether EMP induces alterations in muscle fibre composition
or induces atrophy in respiratory and locomotory muscles
composed of different fibre types. The results demonstrate
that EMP induced in hamsters stimulates only a modest
transformation of locomotory muscle phenotype. The primary effect of this EMP model is atrophy of type I, IIA, IIX
and IIB fibres in locomotory skeletal muscle. However, this
effect is not uniform across all muscles. Fibre CSA in the
tonically active diaphragm and soleus muscles was not altered
by EMP. To the authors9 knowledge, this is the first
investigation to demonstrate fibre atrophy in locomotory
skeletal muscles with diverse fibre composition and oxidative
capacity in an animal model of EMP.

Comparison with existing literature
Fibre atrophy in EMP hamsters was induced in muscles
with varying fibre makeup, ranging from 3–17% type I fibres,
9–62% type IIA fibres, 20–55% IIX fibres and 0–68% type IIB
fibres (i.e. caudal biceps femoris, plantaris), as well as in
muscles with diverse oxidative capacities, i.e. citrate synthase

activity ranging from 20 mmol?min-1?g-1 in caudal biceps
femoris to 52 mmol?min-1?g-1 in plantaris muscle [14] (table 2).
In contrast, previous investigators have reported no differences in fibre CSA in plantaris muscle of EMP hamsters [15].
Because those investigators used a different methodology and
fibre classification scheme (slow oxidative, fast oxidative
glycolytic (FOG) and fast glycolytic), it could be argued that
different methodologies may account for this disparity.
Conflicting reports of peripheral skeletal muscle atrophy in
COPD patients also exist. HUGHES et al. [10] reported
reductions in type II, but not type I fibres in vastus lateralis
muscle biopsies from COPD patients. In contrast, two other
investigations demonstrated reductions in both type I and
type II fibre size in peripheral skeletal muscle biopsies from
COPD patients [7, 11]. Results from the present investigation
demonstrating the variability of responses in muscle fibre
CSA suggests that the contrasting results in COPD patients
may be related to disparities in physical activity, pharmacological interventions or nutritional states among patient
population studied.

Potential mechanisms
The underlying mechanism(s) inducing fibre atrophy within
peripheral skeletal muscles remains uncertain. One possibility
is that the fibre atrophy associated with EMP is secondary to
physical inactivity and deconditioning. One line of evidence
from the present investigation that lends support to this
assertion is that those tonically active muscles used for
respiration and the maintenance of posture, diaphragm and
soleus muscles [16], respectively, did not experience fibre
atrophy. All other limb muscles studied, which are recruited
during locomotion [13, 16], demonstrated atrophy of one or
more types of fibres in EMP hamsters. Thus, a decrement
in physical activity would be expected to primarily affect
these locomotory muscles and not tonically active muscles.
Alternatively, tonically active muscles are by comparison

706

J.P. MATTSON ET AL.

predominately composed of type I fibres. Therefore, EMP
may selectively induce fibre atrophy only in type II fibres in
the absence of physical inactivity.
There are, however, several lines of evidence to indicate
that inactivity alone cannot account for the peripheral
skeletal muscle fibre atrophy that develops with EMP. First,
previous work has demonstrated that activity levels are not
different between CON hamsters and those with EMP [5].
Second, changes in muscle oxidative capacity are known to be
associated with alterations in physical activity [17]. Previous
work has demonstrated EMP reduces citrate synthase activity
in hamster vastus lateralis and gastrocnemius muscles, but not
the plantaris muscle [5]. If changes in citrate synthase activity
and fibre atrophy are related to changes in activity of these
muscles, then it would be expected that fibre atrophy would
only occur in the vastus lateralis and gastrocnemius muscles
and not the plantaris muscle. Moreover, type IIB fibres are
only recruited during high-intensity exercise [13, 16], and it is
these fibres that underwent some of the most profound
atrophy (table 2). Therefore, if EMP-associated fibre atrophy
were the result of reductions in cage activity, then fibre
atrophy would be expected to primarily occur in type I, IIA
and IIX fibres, but not type IIB fibres. However, this was not
the case, as reductions in fibre CSA occurred in a muscle
composed predominantly of type IIB fibres as well as type IIB
fibres located within all other locomotory muscles.
Other possible mechanisms responsible for peripheral
skeletal muscle alterations include hypoxia or malnutrition.
Hypoxia has been demonstrated to induce slow-to-fast fibre
transformation [18, 19], but what effect, if any, this has on
fibre size remains unclear. ENGELEN et al. [20] have also
implicated nutritional depletion in affecting the peripheral
skeletal muscle function of COPD patients. Indeed, nutritional deprivation in animals causes certain skeletal muscle
alterations, including decreased force production, increased
fatigability, and type I and II fibre atrophy [21, 22]. It is
possible that a reduced nutritional intake had an effect on
EMP animals in the present investigation based upon their
reduced body mass. Although, there were no weight
differences in the majority of muscles analysed. Therefore,
whether nutritional intake had an effect on animals in the
present investigation is unknown. An additional mechanism
underlying alterations in fibre size observed clinically includes
pharmacological interventions. For example, myopathy is an
established side-effect of corticosteroid treatment [23], which
is consistent with the work of WILCOX et al. [24] demonstrating steroid treatment-induced type II fibre atrophy in
peripheral skeletal muscle of EMP hamsters. However,
corticosteroid treatment was not employed in the current
investigation. Thus, it appears that a variety of factors may
induce fibre atrophy in the peripheral skeletal muscles of
COPD patients, but as demonstrated herein, physical inactivity, deconditioning and pharmacological intervention are not
an obligatory part of this atrophic response.
The present investigation demonstrates that fibre composition is largely unaltered in the EMP hamster, the single
exception being a decrease in the proportion of type IIB fibres
in the tibialis anterior muscle (table 1), which may be
explained by atrophy (table 2) and subsequent disappearance
of these fibres. In the patient population, COPD has been
demonstrated to induce variable alterations in fibre composition of peripheral skeletal muscles. Similar to the present
investigation, HUGHES et al. [10] and JAKOBSSON et al. [25]
demonstrated no differences in fibre composition of vastus
lateralis muscle biopsies from COPD patients, and SATO et al.
[11] found no difference in fibre composition in biceps brachii
muscle biopsies. In contrast, other investigators [4, 6, 7] have
reported that COPD patients have a lower proportion of type
I fibres and an elevation in the per cent of type II fibres in the

vastus lateralis muscle. In addition, two investigations [8, 9]
have demonstrated altered MyHC expression in vastus lateralis
muscle biopsies from COPD patients. These investigations
collectively indicate that alterations in muscle fibre composition induced by COPD may differ between humans and
animals.

Respiratory muscles
One consequence of EMP is that the diaphragm becomes
mechanically disadvantaged and thus may have a greater
energetic requirement [26] despite not performing more (or
even as much) effective inspiratory work [27]. As indicated by
LEVINE et al. [28], differences may exist between the
adaptation of the diaphragm to EMP in animals and the
human with COPD. In general, it appears that the hamster
diaphragm adapts by increasing the CSA of both type I and II
fibres without fibre transformation, whereas the human
diaphragm adapts with type I fibre atrophy that may or
may not be associated with a type II to I fibre transformation.
However, FARKAS and ROUSSOS [15] demonstrated atrophy
of FOG fibres in diaphragm of EMP hamsters. This result
may be related to the whole body weight loss demonstrated by
their EMP hamsters. Data from the present investigation
indicates there was a tendency for the diaphragm to adapt to
EMP by increasing the CSA of type IIA fibres even though
the weight of the costal portion decreased. Combined with
reports of increased diaphragm capillarity [29, 30], these
findings suggest that the diaphragm in EMP hamsters may
undergo a compensatory response to improve its metabolic
and mechanical efficiency.
In conclusion, the results of this investigation demonstrate
that emphysema induces fibre atrophy in locomotory muscles
and a tendency for hypertrophy in respiratory muscles with
little or no change in muscle fibre composition. The atrophic
response is not specific to locomotory muscles composed of a
given fibre type or oxidative capacity, nor is it limited to
a specific fibre population. Thus, therapeutic interventions
should not be targeted at a given fibre type or muscle
composed thereof, but inclusive of all. Although a variety of
factors may induce fibre atrophy in the locomotory muscles of
emphysema hamsters, physical inactivity or drug therapy
per se do not appear to be an obligatory stimuli for this
atrophic response.
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