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Introduction

Muscle is a highly plastic tissue and shows morphological
and functional adaptations to increased1 and decreased
use2. Ageing3 and many chronic disorders, such as chronic
obstructive pulmonary disease (COPD) and heart failure,
are often accompanied by muscle dysfunction2. Although
this is indicative for myopathic changes during these condi-
tions, muscle dysfunction might also be attributable to dis-
use-related atrophy or other factors, such as those directly
related to the disease, e.g. an impairment of full recruitment

of the muscle to prevent dyspnoea during COPD.
Therefore, it is important to determine whether muscle dys-
function is caused by alterations within the muscle itself or
by other factors.

Muscle dysfunction is primarily reflected by muscle
weakness and loss of power generating capacity. However,
determination of muscle strength by voluntary isometric
contractions does not necessarily reflect the quality of the
individual muscle fibres. During ageing, for instance, the
loss of force generating capacity can not be explained by an
altered central drive, muscle atrophy or muscle fibre penna-
tion alone and an altered single muscle fibre specific tension
has been forwarded as an important underlying mecha-
nism4. The role of the moment arm, elasticity of the tendon
and the many fibres of different types that compose the
muscle further compound in vivo muscle function measure-
ments. Clearly, it is difficult to ascertain from in vivo deter-
mination of muscle contractile properties whether muscle
dysfunction is solely attributable to muscle fibre atrophy,
shifts in fibre type composition and/or to altered contractile
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Abstract

The chemically skinned fibre is a suitable preparation to determine whether alterations in myofilament function contribute
to muscle dysfunction during ageing and disorders such as chronic obstructive pulmonary disease (COPD). In this preparation
the sarcolemma is chemically permeabilized and the myofilament lattice kept intact, functioning under controlled near-phys-
iological conditions. As force generating capacity is an important determinant of muscle function and is related to fibre cross-
sectional area (FCSA), we compared several methods employed by researchers to determine FCSA. Specific tension, force
divided by FCSA, has a co-efficient of variation of 27%, 37%, or 30% when the FCSA was measured from the width and depth
assuming an elliptical circumference, the width assuming a circular circumference, and the width while the fibre was suspend-
ed in the air, respectively. The last method showed the closest relation with the FCSA in histological sections. The velocity of
maximal unloaded shortening (V0) varied with fibre type, with fibres expressing the ‚/slow (type I) myosin heavy chain
(MyHC) isoform being the slowest and fibres expressing the IIb MyHC isoform the fastest. While muscle weakness experi-
enced after surgery could not be explained by changes in specific tension or FCSA of individual fibres, the preparation
revealed significant changes in myofilament function during ageing and COPD.
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properties of the individual myofibres. Skinned fibres cir-
cumvent these limitations and provide a powerful tool to
determine the function of the myofilaments under con-
trolled near-physiological conditions. In this preparation
the sarcolemma is chemically permeabilized and the myofil-
ament lattice kept intact. The skinned fibre preparation has
frequently been used in experimental animal models. This
method is also very useful in studies of regulation of con-
traction in single human fibres obtained from percutaneous
muscle biopsy specimens. The usefulness of this preparation
has been repeatedly documented in normal5-10 and patho-
logical muscle tissue11-14.

In the remaining part of this paper we will briefly describe
the chemically skinned fibre preparation and give some
examples of the use of these fibres to answer questions relat-
ed to muscle dysfunction during ageing, after abdominal
surgery, and diaphragm weakness during COPD. The force
generating capacity per fibre cross-sectional area (FCSA),
specific tension, is an important determinant of muscle fibre
function. Therefore, not only accurate measures of maximal
muscle fibre force, but also of fibre cross-sectional area
(FCSA) must be obtained. We will compare three methods
that have been employed in the literature to determine
FCSA: 1) from the measurement of the width and depth
assuming an elliptical circumference7,11,13-15; 2) the width,
assuming a circular circumference16; and 3) equating the
width with the depth while the fibre is suspended in the air17.
Finally, as power is a product of force and velocity we will
also show that maximal unloaded shortening velocity (V0) is
largely determined by the myosin heavy chain (MyHC) and
how V0 is affected during ageing.

Methods

The procedure has been described previously8,11,13-15,18. A per-
cutaneous biopsy provides sufficient material to isolate many
single fibres. Briefly, the biopsy is collected in a relax solution
(in mM: 4.5 MgATP, 1 free Mg2+, 10 imidazole, 2 EGTA, 100
KCl, pH 7.0) on ice. Small bundles are separated and stretched
to 110% slack length and subsequently transferred to 50% glyc-
erol/relax solution at 4oC for skinning. After 24 hours the bun-
dles will be transferred to -20oC until use. Immediately before
use the bundles are placed in relax/0.5% brij-58 or relax/1%
Triton X-100 for 20 minutes for permeabilization of the mem-
branes. Then the fibres are attached to a motor arm and a force
transducer (Aurora, Canada) on a platform cooled to 12o-15oC
on an inverted microscope and suspended in relax solution.
Sarcomere length is set at 2.4-2.8 Ìm, dependent on species.
Before activation the fibre is transferred to a low-EGTA solu-

Figure 1. Comparison of different methods to calculate the fibre cross-sectional area (FCSA) of skinned single fibres; Method 1: from the
width and the depth, assuming an elliptical circumference, Method 2: from the width, assuming a circular circumference, and Method 3:
from the width while the fibre was suspended in the air. �: Method 2 vs. Method 1, R=0.90 (n=119); �: Method 3 vs. Method 1, R=0.95
(n=0.95). Method 3 vs. 2 R=0.95 (n=63).

Histology Method 1 Method 2

Muscle 1 2040±470 (100) 2430±760 (15) 6730±1620 (15)
Muscle 2 3190±1020 (100) 4350±870 (8) 9940±2250 (8)

Data are mean ±SD, with number of fibres between parentheses.

Table 1. Comparison of the fibre cross-sectional area (FCSA)
determined in histological cross-sections of rat soleus muscles and
single fibres of the same muscles by Method 1, calculating the
FCSA from the depth and the width of the fibre, and by Method 2,
calculating the FCSA from the width of the fibre assuming a circu-
lar circumference.
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tion (same as relax except the EGTA is 0.5 mM instead of 2
mM) for 15 seconds7. Then the fibre is maximally activated with
activating solution (in mM: 5.3 MgATP, 1 free Mg2+, 20 imida-
zole, 7 EGTA and 19.6 creatine phosphate, 64 KCl, pH 7.0)
containing a high [Ca2+], i.e. pCa 4.5. The force recorded minus
the resting tension is given as the maximal force (P0). Dividing
P0 by the FCSA, corrected for 20% swelling that occurs during
skinning, gives specific tension. Fibre width is measured as the
shortest distance between the long sides of the fibre and the
depth from the vertical displacement of the objective while
focusing on the top and bottom of the fibre. FCSA is calculat-
ed from: 1) the width and depth, assuming an elliptical circum-
ference; 2) the width assuming a circular circumference; and 3)
from the width of the fibre when suspended in air assuming a
circular circumference. For two muscles Method 1 and 2 were
compared with the FCSA seen in a histological section stained
for myosin ATPase after acid pre-incubation. From data in a
previous paper11 the comparison of Methods 1 and 3 with his-
tological FCSA can be derived.

The V0 is obtained with the slack test8,15,18,19. During maximal
activation slacks of different amplitude are given. The slope of
the slack amplitude and the time to take up the slack gives V0.

The myosin heavy chain is the primary determinant of V0
5

and also specific tension is thought to vary with fibre type17.
Therefore, after the experiments the MyHC composition is
determined by 7% SDS/PAGE with 30% glycerol in the sepa-
ration gel for 27 hours, 120 V at 15oC as described previously8,18.

Results and discussion

Comparison of methods to determine FCSA

There is a good correlation between the three methods to
determine FCSA (Figure 1). They do, however, not give the
same FCSA; the FCSA calculated from the width assuming
a circular circumference (Method 2) being the largest, that

derived from the depth and width of the fibre (Method 1)
being the smallest and that calculated from the fibre sus-
pended in the air (Method 3) in between. Table 1 shows that
the FCSA determined with Method 1 is closer to that meas-
ured in a histological section than that determined with
Method 2. In a previous study11 we found that Method 3
tended to be even closer than Method 1 to the FCSA in his-
tological sections. This suggests that Method 2 is not the best
to obtain a realistic estimate of FCSA. Clearly, the way the
FCSA is calculated affects the calculated specific tension
and may explain at least part of the differences in specific
tensions reported in the literature. In addition, to calculate
specific tension we corrected the FSCA for 20% swelling20,
which other groups may not do. But even when taking into
account this swelling Method 2 overestimates FCSA.

Specific tension was determined in 43 fibres using the FCSA
obtained with each of the methods to assay the co-variance of
specific tension. The co-variance was lowest for Method 1
(27%), highest for Method 2 (37%) and in between for
Method 3 (30%). This and the fact that the specific tension cal-
culated with the FCSA from Method 2 is less than 70% of that
obtained by the other methods suggests that a fibre in solution
is far from circular, and that the other two methods are prefer-
able to determine changes in FCSA and specific tension.

Some authors have reported higher specific tensions for
type II than type I fibres17. Here we observed, in line with
previous observations13, no significant difference in specific
tension between fibre types (Figure 2). We found a clear
relation between the MyHC composition of a fibre and V0,
i.e., I<IIa<IIx<IIb and intermediate V0’s in hybrid fibres
co-expressing two MyHC isoforms (Figure 3).

Examples of application of single skinned fibres in ageing
and disease

Ageing. Using skinned fibres to study the effects of ageing,
a significant decline in V0 in fibres expressing the type I

Figure 2. Specific tension in single skinned fibres of different type from rat muscles. On the x-axis indicated the myosin heavy chain isoform
composition of the fibre. The number of fibres is indicated in the bars. Values are mean ±SD.
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MyHC isoform in rats18,21 and fibres expressing type I and IIa
MyHC isoforms in humans15,22 has been observed which was
not explicable by changes in myosin heavy chain and light
chain composition. This suggests that part of the decline in
power generating capacity during ageing23 is attributable to
alterations in the myofilaments. Subsequent in vitro motility
assay studies on myosin extracted from single muscle fibres
expressing the type I MyHC isoform from mouse, rat and
human skeletal muscle confirmed that alterations in myosin
causes this decline in V0

24,25. Glycosylation of myosin results
in similar changes in the in vitro motility speed of actin fila-
ments over myosin coated slides26 suggesting that glycosyla-
tion of myosin may cause the decline in V0 during ageing.

Post-operative muscle weakness. Muscle weakness is

often observed in patients during the post-operative period
after major surgery. The post-operative increase in insulin
resistance might result in increased muscle protein break-
down and decreased protein synthesis. It was therefore
hypothesised that muscle weakness experienced by patients is
caused by muscle wasting and possibly also by a reduction in
the specific tension of muscle cells. To investigate this, mus-
cle biopsies were obtained from the vastus lateralis muscles
from patients before and 3-6 days after abdominal surgery.
Despite the development of insulin resistance in all patients
there was no evidence of muscle fibre atrophy or a decline in
specific tension of individual muscle cells11. Thus the experi-
enced post-operative muscle weakness is attributable to other
factors than muscle wasting and changes in the myofilaments.

Figure 3. Unloaded shortening velocity (V0) of single skinned rat muscle fibres of different type.
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Diaphragm weakness during COPD. Muscle weakness
and muscle wasting are frequently observed in a chronic con-
dition such as COPD2. Not only peripheral muscles, but also
the diaphragm is affected and respiratory failure, the result
of diaphragm weakness, is the primary cause of death in
patients with COPD27. Using single fibres, it was found that
the specific tension and the Ca2+ sensitivity of diaphragm
muscle cells were reduced. The decreased specific tension
was attributed to a decline in the myosin content of the indi-
vidual muscle cells, which was probably related to activation
of the ubiquitin proteasome pathway13.

Summary

In summary, the skinned single fibre preparation is a pow-
erful tool to determine whether muscle dysfunction during
ageing and disorders is related to alterations in the function
of the myofilaments. Furthermore, sensitive electrophoretic
techniques allow one to determine modifications of proteins
and changes in protein expression that may underlie the
myocyte dysfunction during those conditions.
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