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Abstract

The aim of the present study is to test whether mechanical strain uniquely regulates muscle fibre atrophy/
hypertrophy and adaptation of the number of sarcomeres in series within mature muscle fibres in vitro. Mature
single muscle fibres from Xenopus laevis illiofibularis muscle were cultured (4–97 days) while kept at negative strain
(�20% below passive slack length, ‘short fibres’) or at positive strain (�5% over passive slack length, �long fibres�).
Before and after culture the number of sarcomeres in series was determined using laser diffraction. During culture,
twitch and tetanic force characteristics were measured every day.

Survival time of long fibres was substantially less than that of short fibres. Of the long fibres 40% died or became
inexcitable within 1 week, whereas this did not occur for short fibres. During culture, twitch and tetanic force of all
short fibres increased substantially. Regression analysis showed that the post-culture number of sarcomeres in series
was not significantly changed compared to the number before culture. It is concluded that culture at negative strain
does not result in atrophy or a reduction of the number of sarcomeres in series, even after 97 days. For the long
fibres we did not detect any hypertrophy as tetanic force remained stable or decreased slowly, while twitch force
varied. Regression analysis of the change of the number of sarcomeres in series as a function of the culture time
showed a positive slope (P ¼ 0.054). Two out of four long fibres that were cultured for at least 2 weeks showed an
increase in the number of sarcomeres of 4–5%. Compared with in vivo adaptation to mechanical stimuli this is much
less than would be expected. The data suggest that strain may not be the only factor that regulates hypertrophy and
the number of sarcomeres in series.

Introduction

Major determinants of the mechanical properties of
striated muscle are the muscle fibre cross-sectional area
(CSA) and the number of sarcomeres arranged in series
(e.g. Williams and Goldspink, 1971; Crawford, 1973;
Tardieu et al., 1974; Heslinga and Huijing, 1993). The
potential for adaptation of healthy normal muscle to
altered functional demands is enormous (e.g. Golds-
pink, 1971; Tardieu et al., 1973; Spector et al., 1982;
Heslinga and Huijing, 1993; Burkholder and Lieber,
1998). Under pathological conditions such as cerebral
palsy, spinal cord disease, lung emphysema or chronic
heart failure, adaptation, i.e. change in muscle fibre

diameter (atrophy/hypertrophy) or length adaptation of
muscle fibres by change of the number of sarcomeres in
series is limited. The consequences of such limitations
may be impeded motor function (Yokochi et al., 1995)
or exercise intolerance (e.g. Clark and Coats, 1994;
Casaburi, 2000). Restoration of muscle properties under
pathological conditions, requires understanding of the
underlying mechanisms of adaptation.
Several physiological factors, such as strain (e.g.

Williams and Goldspink, 1978; Spector et al., 1982),
excursion (e.g. Koh and Herzog, 1998), activity (e.g.
Goldspink et al., 1974; Hayat et al., 1978) and hormones
(e.g. McKoy et al., 1999), have been identified that play
a role in the regulation of hypertrophy and the number
of sarcomeres in series. However, the type of stimuli and
the mechanism by which hypertrophy and the number
of sarcomeres in series is regulated, is poorly under-
stood. A reason for this is, that in vivo independent
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manipulation of the regulating factors, such as strain,
activity and hormones is lacking. Furthermore, within a
muscle the physiological conditions of the fibres are not
homogeneous. For instance, heterogeneity of sarcomere
lengths within muscle has been demonstrated within in
vivo muscle as well as in situ muscle (e.g. van Eijden and
Raadsheer, 1992; Zuurbier and Huijing, 1993; Willems
and Huijing, 1994; Pappas et al., 2002; Ahn et al., 2003).
In addition, mechanical interaction between neighbour-
ing muscles and extramuscular connective tissue, causes
unequal forces to be exerted at proximal and distal
tendons of muscles in the rat anterior tibial compartment
(e.g. Huijing and Baan, 2001; Maas et al., 2001; Huijing
and Baan, 2003) as well as substantial variation of
sarcomere length along muscle fibres (e.g. Yucesoy et al.,
2003, in press). As a consequence the local sarcomere
strain in the muscle fibres may be substantially different
from the strain applied to the whole muscle fibre.
On the basis of the in vivo results regarding adaptation

of sarcomere number, strain is indicated as being the
most likely factor for regulation. Independent control of
overall muscle fibre strain is possible within a culture
system for mature single skeletal muscle fibres using a
serum-free medium (Lee-de Groot and Van der Laarse,
1996; Jaspers et al., 2001). Two weeks of culture of
muscle fibres at a length corresponding to a mean
sarcomere length of 2.3 lm, was shown not to result in
an altered number of sarcomeres in series (Jaspers et al.,
2001). The aim of the present study is to test the
hypothesis that strain is the regulating factor for the
number of sarcomeres in series. For this purpose single
muscle fibres of the Xenopus laevis were maintained in
culture at negative and positive strains (i.e. below and
over a fibre’s mean sarcomere length of 2.3 lm). If
strain is the regulating factor for muscle fibre CSA and
the number of sarcomeres in series, it is expected that
after a certain period the initially short and long fibres
will have adapted the number of sarcomeres such that
mean sarcomere length in these fibres is similar.

Methods

Animals and culture system

Treatment of animals was in accordance with the guide-
lines and regulations concerning animal welfare and
experimentation set forth byDutch law, and approved by
the Committee on Ethics of Animal Experimentation at
the Vrije Universiteit. In brief, after cooling in ice water
for about 15 min, Xenopus laevis (females, 8–12 cm body
length) were killed by decapitation and both iliofibularis
muscles were excised. The muscles were allowed to
recover for about 1 h in sterilised (0.22 lm filter),
oxygenated Ringer solution (mM: NaCl, 116.5; KCl,
2.0; CaCl2, 1.9; NaH2PO4, 2.0; EGTA, 0.1; pH 7.2). After
recovery, both muscles were transferred to aseptic dis-
section troughs similar to the one described by Länner-
gren and Smith (1966). Single fibres V= (type 2 or 3) were
isolated aseptically in a laminar flow cabinet under a

microscope with dark-field illumination. This was done
by cutting away the muscle fibres around the target fibre,
using fine-tipped forceps and scissors. Small platinum
hooks were tied to the trimmed down tendons using
20 lm diameter sterile polyamide thread. The platinum
hooks and tools for dissection were sterilised using 70%
ethanol. Before transferring the isolated fibre to the
culture chamber, fibre diameters and the number of
sarcomeres in series were determined (see below).
All parts of the culture chamber (for details see Lee-de

Groot and Van der Laarse, 1996) were sterilised with
70% ethanol. The fibre was mounted at the appropriate
length between a force transducer (AE801, SensoNor,
Horten, Norway) and an adjustable rod. The chamber
contained 0.8 ml of culture medium. This medium
consisted of 66% DMEM/F12 (GibcoBRL) containing
100 U ml)1 penicillin/100 lg ml)1 streptomycin, 5 mM
sodium phosphate, 1 mM creatine, 0.5 mM L-carnitine
and 1 lg ml)1 insulin. After the fibre was mounted at
the appropriate length, the culture chamber was trans-
ferred to an incubator kept at 20�C and tubing for gas
and culture medium supply were connected. Fresh
culture medium was continuously pumped through the
chamber at a rate of about 0.5 ml h)1 and was equil-
ibrated with air, containing 2.4% CO2. Final pH was 7.6
and osmolarity was 235–250 m Osm kg)1. The oxygen
tension of the culture medium sampled from the
chamber was 120–130 mmHg.

Measurements

The number of sarcomeres in series was determined
using laser diffraction. Before and after culture, fibres
were set to a length at which sarcomere length in the
middle of the fibre was approximately 2.3 lm. At this
fibre length, mean length of sarcomeres within the beam
(diameter 1 mm) length was determined every 2 mm
along the length of the fibre by using a HeNe laser.
Subsequently, the length of the fibre was measured with
the microscope using an ocular scale. The number of
sarcomeres in series was calculated by dividing fibre
length by the fibre’s mean sarcomere length. In order to
obtain an estimate of the accuracy of the determination
of the number of sarcomeres in series, repeated measures
of the number of sarcomeres in series were performed on
freshly dissected muscle fibres (n ¼ 47).
The smallest and largest diameters of the fibre were

measured at three positions along the length of the fibre.
The CSA of the fibre was calculated for each location
assuming an ellipsoidal cross-section. Fibre CSA was
taken as the mean of these three values.
After measurement of CSA and the number of

sarcomeres in series, fibres were mounted in culture
and set just over slack length, which corresponded to a
mean sarcomere length of 2.3 lm (this length is referred
to as ‘‘l2.3 lm’’). At this length, we measured twitch and
tetanic force characteristics. Subsequently, either a
negative strain (�20% below l2.3 lm; referred to as ‘‘short
fibres’’), or a positive strain (�5% over l2.3 lm; referred to
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as ‘‘long fibres’’) was applied to the fibres. At these
strains twitch and tetanic force characteristics of the fibre
were determined every 24 h. The fibre was stimulated by
0.4 ms biphasic current pulses, 1.25 times above thresh-
old voltage via platinum plate electrodes flanking the
fibre, to produce two twitches, one tetanus (50 Hz,
260 ms duration) and a post-tetanic twitch (300 ms after
the last pulse of the tetanus). Peak force, contraction
time and half-relaxation time were measured for the
second twitch and maximum tetanic force was deter-
mined. Twitch and tetanic tension were calculated by
dividing fibre force by fibre CSA at l2.3 lm as determined
before the fibre was mounted in the culture chamber.
To determine the twitch and tetanic length–force

characteristics of freshly dissected fibres, twitch and
tetanic force of five fresly dissected fibres were measured
at different fibre lengths (80, 95, 100, 105 and 110% of
l2.3 lm, in this order). Fibres were allowed to rest for two
min between tetanic contractions.

Morphological examination

Post-culture, fibres were fixed (4% (v/v) formaldehyde
and 15% (v/v) alcohol) at room temperature (RT) for
1 day and collected on a glass slide. The fibre morphol-
ogy was examined with a Leica DMRB microscope
using brightfield illumination (Wetzlar, Germany).
Images were obtained with different objectives (·20,
·40 and ·100) and a monochrome charge-coupled
device camera (Sony XC-77CE; Towada, Japan) con-
nected to a LG-3 frame grabber (Scion; Frederick, MD)
in an Apple Power Macintosh computer. After exam-
ination, three long fibres were embedded in 15% (w/v)
gelatin in Ringer, and frozen in liquid nitrogen. Subse-
quently, serial cross-sections (10 lm thick) were cut and
collected on slides, air-dried and fixed at room temper-
ature. After this, sections were stained with hematoxylin
and eosin (HE), dehydrated, and mounted in Entellan
(Merck). These sections were used to localise myonuclei.

Statistical analyses

Data are expressed as the mean ± SEM. To test for
significant differences (P < 0.05) in force data during
culture within the short and long fibres one-way
analyses of variance (ANOVA) for repeated measures
were performed. Regression analysis was performed to
test for significant changes in the number of sarcomeres
in series during culture. The significance of the correla-
tion between twitch force and half-relaxation time as
well as between culture period and stimulus threshold
was calculated according to Bland and Altman (1995).

Results

Culture conditions

Figure 1 shows twitch and tetanic length–tension char-
acteristics of freshly dissected fibres expressed as a

function of the fibre’s mean sarcomere length ranging
from about 80% below l2.3 lm to 110% over l2.3 lm.
According to Gordon et al. (1966), maximum overlap of
actin and myosin filaments occurs between sarcomere
lengths of 2.05–2.2 lm. Fibres were cultured at either
20% below or 5% over l2.3 lm. As filaments lengths of
frog and toad are similar (Page and Huxley, 1963; Smith
and Ovalle, 1973), this means that at their experimental
lengths the fibres were on average approximately 15%
below or 15% over the length of maximum overlap
between actin and myosin.
Fibres were maintained in culture at the experimental

length for different times. Within the group of long fibres,
60% of the fibres could be maintained in culture for at a
least 5 days while being excitable. The remaining 40% of
the long fibres became inexcitable or developed hyper-
contractions between day three and six of culture. In
contrast, none of the short fibres developed hypercon-
tractions within the 5 days of culture and all remained
excitable. The mean initial tetanic tension at l2.3 lm of
both short and long fibres was 246.7 ± 9.7 kN m)2,
which indicates that fibres were metabolically normal
after being transferred to the culture chamber. The time
periods during which fibres were maintained at their
experimental lengths differed. The long fibres were
maintained in culture for periods varying from 5 to
15 days. One short fibre was kept in culture for 97 days.

Morphological changes

Initially, in the passive state the short fibres were sagging
in the culture medium. During culture, macroscopic
examination of the fibres showed that the sagging of the
fibres was abolished as all short, passive fibres were
hanging straight or almost straight. In order to explain
the straightening of the muscle fibres, we measured the
sarcomere lengths for one muscle fibre in the straight-
ened situation. This showed that the mean sarcomere

Fig. 1. Twitch and tetanic length–force characteristic of Xenopus laevis

single muscle fibres. Mean active twitch and tetanic tension (±SEM)

of freshly dissected fibres (n¼ 5) are expressed as a function of passive

fibre mean sarcomere length (mean ± SEM). The experimental

lengths at which the short and long fibres were cultured are indicated

by vertical arrows.
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length was reduced by the magnitude of the applied
negative strain.
Light microscopic examination of the morphology of

the short and long fibres after culture was also compared
with that of freshly dissected fibres. Post-culture, the
morphological features of the short fibres cultured for up
to 21 days were not visibly different from that of freshly
dissected fibres. However, for the short fibre, being
cultured for up to 97 days, the post-culture macroscopic
examination revealed the presence of two extremely thin
muscle fibres (diameter 2.0–2.5 lm), which seemed to
originate from retraction clots of cut neighbouring
muscle fibres at the tendon (Figure 2A). These thin
fibres ended as spherical structures along the originally
cultured target fibre (Figure. 2B). Behind the spherical
structure striations were present at a larger actin/myosin
spacing than within the originally cultured fibre.
All long fibres developed cytoplasmic bulges below

the sarcolemma during culture (Figure 3). Examination
at high magnification revealed that at the location of the
bulge, myofibrils were either completely or partially
disrupted from the sarcolemma (Figure 3B and C).
Furthermore within every bulge, round structures could
be discerned, some of which were enclosed in a
membrane (Figure 3D). HE staining of serial sections

of long fibres showed a high density of nuclei within
these bulges, suggesting proliferation of satellite cell
nuclei. It should be noted that such bulges were never
observed in short fibres or in freshly dissected fibres. We
conclude that these specific morphological features are
induced by the passive strain imposed on the fibre and/
or the long culture time.

Physiological status of fibres during culture

The stimulus threshold of short and long fibres generally
showed only a slight, significant increase during culture
(<1% per day, Figure 4). Thus, the stimulus threshold,
which is related to the metabolic status, is fairly
constant.
At the start of culture, the twitch force of the short

fibres was 0.15 ± 0.5 mN (i.e. 7.8% of the initial value
at l2.3 lm). During culture, for all short fibres twitch peak
force increased substantially, which resulted in a mean
maximum value of 31.3 ± 7.3% of the initial value at
slack length (Figure 5A, P ¼ 0.02). For the long fibres,
at the start of culture twitch peak force was
1.91 ± 0.33 mN (i.e. 105.6 ± 2.1% of the initial value
at l2.3 lm). During culture twitch force showed an
increase of 32.4 ± 16.0% (P ¼ 0.002).

Fig. 2. Myogenic outgrowths during long-term culture. (A) Post-culture macroscopic examination of the short fibre that was cultured for up to

97 days revealed the presence of two extremely thin muscle fibres along its length (diameter 2.0–2.5 lm). These fibres originated from retraction

cloths near the left tendon (located about 200 lm to the left) and ended in spherical heads. In these images, due to focussing on the thin fibres, no

clear striations are visible in the target fibre. Outside the target fibre, segments of previously neighbouring but cut fibres are visible (q). (B)

Spherical heads at the end of the fibres (enlargement of window in A) are shown at a higher magnification. To the left of the heads, clear light–

dark striations were visible. Scales bars A: 100 lm; B: 25 lm.
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Acutely after applying the negative strain, for some
fibres twitch peak force was nearly zero and due to this
twitch contraction time (Tc) and half-relaxation time
(T0.5r) could not be measured. After 1 day at negative
strain all fibres produced measurable twitch forces with
twitch contraction times of 37.9 ± 3.2 ms (Figure 5B).
During the subsequent days at short length Tc of all
fibres increased significantly (P ¼ 0.005) and reached a
maximum value of 51.6 ± 6.4 ms. The Tc of the long
fibres was 33.1 ± 2.9 ms at the start of culture. During
the following days, Tc of these fibres increased signif-
icantly (P < 0.001) up to a mean maximal value of
51.9 ± 3.5 ms.
The twitch half-relaxation time (T0.5r) of the short

fibres increased also during the culture period
(Figure 5C). After one day in culture T0.5r of the short
fibres was 20.5 ± 3.6 ms and increased significantly
(P = 0.001) to a maximum value of 33.4 ± 3.6 ms. For
the long fibres, T0.5r reached a maximum value of
61.4 ± 5.5 ms, which was significantly (P < 0.001)
higher than the initial value of 55.5 ± 5.5 ms, but the
pattern was less consistent than that for the short fibres.
Regression analysis for repeated measures showed that
for short as well as long fibres the change in T0.5r

correlated with a change in twitch force (P < 0.0001).
After being set at the experimental length in culture,

mean tetanic force of the short fibres attained a value of
1.4 ± 0.3 mN (i.e. 39.6 ± 6.0% of the initial value at

Fig. 3. Bulges below the sarcolemma of single fibres cultured at positive strain. (A) An example of a subsarcolemmal bulge observed along the

length of the long fibres after culture (arrow indicates sarcolemma, i.e. plasmamembrane plus basal lamina and endomysium). (B, C) Observation

at higher magnification shows that at the location of the bulges, myofibrils were completely or partially disconnected from the sarcolemma

(arrow). (D) Within the bulges, nuclei were discerned indicating activation of satellite cells. Scale bars A: 100 lm; B: 50 lm; C: 10 lm; D: 10 lm.

Fig. 4. Stimulus threshold of single muscle fibres during culture at

negative and positive strains. Individual data, expressed as a percent-

age of the initial value, are plotted as a function of the duration of the

culture period. Muscle fibres were cultured at positive strain (�5%

over l2.3 lm; open symbols) or at negative strain (�20% below l2.3 lm;

closed symbols). l2.3 lm refers to a fibre length at mean sarcomere

length of 2.3 lm, which is just over fibre passive slack length.

Regression lines indicate for both short (solid line) and long fibres

(dotted line) a significant, slight increase in stimulus threshold during

the first month of culture. After about 2 months, the stimulus

threshold of the short fibre that was cultured for up to 97 days

increased faster. Note the change in scale in the horizontal axis after

the break.
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l2.3 lm). During culture, for all short fibres tetanic force
increased substantially, up to a mean maximum value of
2.6 ± 0.4 mN (i.e. 86.9 ± 6.8% of the value at l2.3 lm,
P < 0.003, Figure 6A). The increase in tetanic force was
accompanied by an altered time course of the tetanus.
During culture, tetanus half rise time increased substan-
tially (Figure 6B). The twitch–tetanus ratio for the short
fibres showed a significant increase from a mean value of
0.10 at the start of culture to a mean maximum value of
0.27 during culture. However, we could not find a change

of the electro-mechanical delay during culture
(P ¼ 0.003). In contrast to the substantial increase in
tetanic force of the short fibres, tetanic force of the long
fibres at the end of culture was not significantly changed
(Figure 6A). Despite the different force patterns of the
long fibres, the twitch to tetanus ratio increased too, but
less than for the short fibres.

Fig. 5. Individual data of twitch force characteristics of single muscle

fibres during culture at low and high strains. Muscle fibres were

cultured at positive strain (�5% over l2.3 lm; open symbols) or at

negative strain (�20% below l2.3 lm; closed symbols). l2.3 lm refers to a

fibre length at mean sarcomere length of 2.3 lm, which is just over

fibre passive slack length. (A) Twitch peak force of short and long

fibres during culture is expressed as a percentage of the initial value at

l2.3 lm. (B) Twitch contraction time (ms). (C) Twitch half-relaxation

time (ms). Note the change in scale in the horizontal axis after the

break.

Fig. 6. Individual tetanic forces of single muscle fibres during culture

at negative and positive strains. Muscle fibres were cultured at positive

strain (�5% over l2.3 lm; open symbols) or at negative strain (�20%

below l2.3 lm; closed symbols). l2.3 lm refers to a fibre length at mean

sarcomere length of 2.3 lm, which is just over fibre passive slack

length. (A) Tetanic force during culture is expressed as a percentage of

the initial value at l2.3 lm. Note the change in scale in the horizontal

axis after the break. (B) Individual tetani of a short fibre at different

time points during the culture. (C) Individual tetani of a long fibre at

different time points during the culture.
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Although for short and long fibres twitch and tetanic
force showed different patterns, for both conditions the
increases in Tc and T0.5r suggest alterations of excitation–
contraction (E–C) coupling and/or calcium sensitivity.

Number of sarcomeres in series

If fibres that were maintained at negative strain during
culture reduced their number of sarcomeres in series this
would have resulted in an increase of the fibre’s sarcomere
lengths. As a consequence tetanic force would have
increased. During culture, the short fibres became
straight and short, while tetanic force increased substan-
tially. However, irrespective of the culture period, for all
short fibres regression analysis showed that the number of
sarcomeres in series was not reduced in proportion to the
applied negative strain of 20% (Figure 7). This indicates
that the observed changes in fibre length and tetanic force
were not caused by a reduction in the number of
sarcomeres in series. As the substantial increase in force
of the short fibres is not due to a reduction in the number
of sarcomeres in series, it is conceivable that tetanic force
was increased over the whole range of fibre lengths. To
test this, additional force measurements were performed
for one fibre that had been cultured for 21 days to
determine the effect of culture on fibre length–force
characteristics. Before and after culture the fibre twitch
and tetanic length–force characteristics were determined
over the length range from 80 to 110% of l2.3 lm. Post-
culture, after stimulation of the fibre at 110% l2.3 lm the
fibre was stimulated again at the cultured length of 80%
l2.3 lm. Figure 8 shows tetanic force before and after
21 days culture. It is shown that at the end of the culture,
tetanic force at the fibre’s mean sarcomere length of
approximately 1.8 lm was 34% higher than the value
before culture. However, at a sarcomere length range of

2.18–2.5 lm tetanic force was only slightly (2–3%)
higher. Subsequent stimulation of the fibre at a sarcomere
length of 1.8 lm, showed that force enhancement was lost
at that sarcomere length as tetanic force was similar to
that before culture. Macroscopic examination of the
passive fibre subsequent to stimulation at higher lengths
revealed that fibre length was increased, as the fibre was
sagging again in the medium like it had been at the
beginning of the culture period.
For the long fibres, the number of sarcomeres in series

was not changed during the first week of culture
(Figure 7). For the culture period up to 2 weeks,
regression analysis did not show a significant positive
correlation between culture period and change in the
number of sarcomeres in series (P ¼ 0.054). However, 2
of the four long fibres that were cultured for 2 weeks
showed an increase of 4–5% in the number of sarcomeres
in series. Based on the error of the determination of the
number of sarcomeres in series (-0.25±1.14%,
mean ± SD, n ¼ 47 fibres), it is concluded that positive
strain resulted in a significant increase of the number of
sarcomeres in series (P < 0.0002). In a search for an
explanation for the difference in effect between muscle
fibres we found that the half-relaxation times of these
muscle fibres were much lower than those of the other
fibres. It is suggested that addition of sarcomeres in series
is induced by positive strain, but in fast fibres only.

Discussion

Culture system and survival time

Single mature muscle fibres were cultured in a well-
defined medium in order to study longitudinal effects of

Fig. 7. The number of sarcomeres in series within single muscle fibres

cultured at negative and positive strains. Muscle fibres were cultured at

positive strain (�5% over l2.3 lm; open symbols) or at negative strain

(�20% below l2.3 lm; closed symbols). l2.3 lm refers to a fibre length at

mean sarcomere length of 2.3 lm, which is just over fibre passive slack

length. The number of sarcomeres in series of the individual muscle

fibres after culture is expressed as a percentage of the number before

culture. The relationship between the culture period and the change in

the number of sarcomeres in indicated by regression lines (solid line,

short fibres; dotted line, long fibres).

Fig. 8. Length-force data of a single muscle fibre before and after

culture at negative strain. Before and after culture (21 days) for one of

the short fibres tetanic force was measured at fibres lengths ranging

from 80 to 105% of l2.3 lm with 2 min rest after each tetanus. At the

end of culture the fibre was hanging straight because the sarcomeres

were kept at the shortened length and tetanic force was substantially

higher than the initial value. At higher fibre lengths tetanic force was

only slightly increased. Following stimulation of the fibre at higher

lengths, tetanic force was assessed again at 80% of l2.3 lm (process is

indicated by arrows). At this length the tetanic force was now similar

as the initial value, indicating that the force enhancement was lost.
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fibre strain on force and number of sarcomeres in series.
The finding that the survival time of long fibres was
substantially less compared to that of short fibres
indicates that muscle fibres cultured above slack length
are more vulnerable to damage. One reason for such
enhanced risk of being damaged could be metabolic
exhaustion due to the �Feng effect� (e.g. increase in
metabolic rate of some amphibian muscles upon stretch,
Feng, 1932; Euler, 1935). However, for Xenopus muscle
fibres, measurement of oxygen consumption as a func-
tion of fibre length did not reveal a Feng effect (Jaspers
et al., 2000). Acute metabolic exhaustion induced by
lengthening is therefore not indicated as a factor.
It cannot be excluded that cytosolic [Ca2+] increased

due to the strain applied to the long fibres. Free
cytosolic [Ca2+] in frog fibres has been shown to
increase when fibres are stretched over a sarcomere
length of 2.4 lm (Snowdowne, 1986). Increases in
intracellular [Ca2+] may activate calpains, which are
involved in degradation of a variety of muscle proteins
including the cytoskeletal proteins (e.g. Shevchenko
et al., 1998; Belcastro et al., 1998; Berchtold et al., 2000).
Due to this, muscle fibre integrity may be affected. This
mechanism could take more than several hours to
become effective and cannot be excluded on the basis of
the oxygen consumption measurements.
Another potential explanation for the low survival

time of the long fibres is that intracellular mechanical
overload of myofibrils causes local damage to mem-
branes, transverse tubules or sarcoplasmic reticulum
(SR), which results in local loss of Ca2+ homeostasis. At
the sarcomere length–force curve’s descending limb,
non-uniform sarcomere length is more likely to occur
during stimulation than at the ascending limb, which
may result in extreme, local extension of sarcomeres.
This concept was expounded by Morgan (1990) in order
to explain fibre damage after eccentric contractions.
During culture of long fibres, the mean sarcomere length
was about 15% higher than the length of optimal actin
and myosin filament overlap. In case of extreme local
extension of sarcomeres resulting in damage to the
sarcolemma, Ca2+ will enter the fibre, which may cause
hypercontractions and activation of calpains.
The bulges observed for the long fibres (Figure 3)

indicate locations along the fibre where myofibrils are
disconnected from the sarcolemma. Such disruptions
could make the fibre plasma membrane highly vulner-
able to micro-lesions and enhance the risk of hypercon-
tractions. To answer the question whether local
myofibrillar disruption from the sarcolemma is caused
by Ca2+ mediated activation of calpains, mechanical
overload, or both, requires further investigation.

Fibre morphology

The morphological appearance of thin muscle fibres
aligning the cultured fibre resembles myogenic out-
growth (referred to as �muscle sprouts�) similar to that
found in cultures of muscle fibres from adult rat and

frog (Bekoff and Betz, 1977; Glavinovic et al., 1983).
Whereas the sprouts during culture of frog and rat
muscle fibres were in cytoplasmic continuity with the
parent muscle fibre, the origin of these fibres in our
culture system is not known yet. Based on the micro-
scopic images (e.g. Figure 2) we suggest that the
myogenic outgrowths represent de novo formation of
muscle fibres.

Force enhancement during culture at negative strain,
despite an unaltered sarcomere number

A surprising finding is that the short fibres showed a
substantial increase in twitch and tetanic force, despite
the fact that the number of sarcomeres in series was not
reduced. The observation that during several days of
culture the initially sagging muscle fibres had straight-
ened and shortened implies that after fibre contraction,
the sarcomere length was reduced by an internal force of
unknown origin. Adjustment in proteins such as the
folding and unfolding of titin (see for review Wang
et al., 2001) or rearrangements of collagen fibres in the
extracellular matrix may determine passive sarcomere
length.
The observations that long-term force enhancement

was accompanied by straightening of the fibres suggests
a relationship between these phenomena. Straightening
of the muscle fibres can explain an increase in twitch
peak force and twitch to tetanus ratio, as straight fibres
do not have to shorten before producing force. How-
ever, the increase in tetanic force is not explained by a
reduced passive fibre length, because fibre force reached
a plateau during the tetanus. The mechanisms underly-
ing these phenomena are not clear, but the magnitude of
the effects warrants further investigation.

No major atrophy and reduction in number
of sarcomeres during culture at negative strain

As yet adaptation of the number of sarcomeres in series
in mature muscle fibres, due to manipulation of phys-
iological conditions has only been studied in whole
muscle in vivo. For valid comparisons of the present
effects of strain on single muscle fibres in vitro and those
on muscle fibres in vivo, the data should be compared to
in vivo muscle with a low degree of pennation such as m.
soleus in rat and cat (cf. Swatland, 1980; Huijing and
Woittiez, 1984).
Several experiments on different species were per-

formed in which the m. soleus was immobilised at low
length by maximum ankle plantar flexion (Tabary et al.,
1972; Goldspink et al., 1974; Williams and Goldspink,
1978; Tabary et al., 1981; Spector et al., 1982; Heslinga
and Huijing, 1993). These experiments revealed consis-
tent reductions in the number of sarcomeres in series of
m. soleus, which were in the order of magnitude of
25–40% within 1 day to 4 weeks of immobilisation.
Simultaneously, the CSA of m. soleus was decreased by
35–40% (Spector et al., 1982; Heslinga et al., 1995). Our
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finding that tetanic force and the number of sarcomeres
in series within single muscle fibres were not reduced,
even after 97 days, is in striking contrast with the
substantial reductions observed in vivo. As there is no
obvious explanation for the discrepancy between the
present results and those obtained in vivo, several factors
that are related to the process of protein turnover are
discussed:
Effects of activity. The rate of atrophy and reduction

of the number of sarcomeres in series in vivo are co-
determined by the degree of contractile activity. Four
weeks immobilisation of denervated cat m. soleus at
short length yielded a reduction of the number of
sarcomeres in series (Goldspink et al., 1974), similar to
that achieved as normal innervated m. soleus that was
immobilised at low length for only 1 week (Hayat et al.,
1978). Furthermore, for guinea pig muscle that was
constantly activated at low length, a 20% reduction in
the number of sarcomeres in series was achieved within
12 h (Tabary et al., 1981). From these results, it is
concluded that breakdown of sarcomeres in fibres, being
kept at low length, is enhanced by fibre activity, but
contractile activity is not a requirement for the reduction
of the number of sarcomeres in series.
Temperature. Because for amphibia muscle protein

turnover rate at physiological temperatures is about
three times lower than for mammalian muscle (Sayegh
and Lajtha, 1989), it is conceivable that within Xenopus
muscle the process of breakdown of sarcomeres occurs
more slowly than within mammalian muscle. Although
temperature and the low degree of activity may have
inhibited the breakdown of proteins, some atrophy was
expected at least after more than 3 months of culture at
negative strain. In vivo, dry weight of denervated frog
muscle was shown to be reduced by 20% within
2 months (Muscatello et al., 1965). Therefore, it can
be excluded that the lack of atrophy is due to the culture
temperature of 20�C.
Effects of hormones and metabolites. Muscle protein

turnover rate may be affected by numerous hormones
(auto-, para- or endocrine) and metabolically related
agents (see for review Sugden and Fuller, 1991). The
only known factor, added to the medium, which may be
involved in the protein turnover rate is the insulin in the
culture medium. A high insulin concentration stimulates
protein synthesis and inhibits protein degradation in
cultures of mammalian, undifferentiated, myotubes
(Gulve and Dice, 1989; Vandenburgh et al., 1991;
Perrone et al., 1995) and in cultured whole muscle
(Ohira et al., 1989). As the concentration of insulin in
our culture medium is similar to that showing stimula-
tory effects on protein synthesis in myotubes, it is
possible that for the short fibres the absence of any
reduction in the number of sarcomeres in series and
tetanic force was due to an insulin effect. It is not fully
clear as yet by what mechanisms insulin affects the
protein turnover rate within mature muscle fibres (e.g.
Sugden and Fuller, 1991). Expression of insulin-like
growth factor I (IGF-1) has shown to be enhanced in

muscle subjected to stretch and/or intense stimulation
(Yang et al., 1996, 1997; Goldspink, 1999) and infusion
in vivo of IGF-1 stimulates muscle hypertrophy (Adams
and McCue, 1998; McCall et al., 1998). As insulin and
IGF-1 bind to each other’s membrane receptors (Shi-
mizu et al., 1986), insulin may mimick the effects of
autocrine IGF-1. In addition, insulin may also stimulate
initiation of mRNA translation (Monier and Le Marc-
hand-Brustel, 1982). Therefore, we hypothesise that
insulin plays an important role in the process of atrophy
and adaptation of sarcomeres in series in vitro.

Effects of culture at positive strain

Immobilisation of soleus muscle in a lengthened
position in vivo results in an increase in tetanic force
and number of sarcomeres in series (Williams and
Goldspink, 1978; Spector et al., 1982). In vivo, increased
workload and prolonged muscle stretch are accompa-
nied by satellite cell proliferation and fusion with the
target muscle fibres (e.g. Winchester et al., 1991; Carson
and Alway, 1996; Phelan and Gonyea, 1997). Further-
more, irradiation studies have suggested that satellite-
cell incorporation is required for the induction of muscle
fibre hypertrophy (Rosenblatt et al., 1994; Phelan and
Gonyea, 1997; Barton-Davis et al., 1999). The question
arises whether the applied positive strain during culture
activated the satellite-cells within the muscle fibres. The
lack of hypertrophy caused by a lack or insufficient
satellite cell proliferation and fusion can be explained in
two ways: (1) Several growth factors have been identi-
fied, which are involved in the stimulation of activation
and fusion of satellite cells in an autorcrine or paracrine
way (see for review, Hawke and Garry, 2001). In case of
positive strain stimulating secretions of any of these
factors to the culture medium, this could lead to
extremely low concentrations due to the relatively high
volume of culture medium or due to the fact that they
are washed away. (2) The finding that dystrophic mice
did not express mechano growth factor (MGF) upon
stretch (Goldspink et al., 1996) and that MGF is a
potent stimulus for satellite-cell proliferation (Yang and
Goldspink, 2002) suggests an important role for
mechanical signalling via dystrophin in the process of
hypertrophy. Culture of single muscle fibres implies
interference with the extracellullar matrix, in particular
the endomysium surrounding the muscle fibre. Despite
the dissection of the muscle fibres, they are still
surrounded by the basal lamina and a network of
collagen fibres (Figure 9) with likely intact trans-sarco-
lemmal connections. This implies that mechanical sig-
nalling via trans-sarcolemmal structures such as
integrins and dystroglycans was still possible. However,
as the mechanical interaction of the target fibre with its
neighbouring muscle fibres is prevented, mechanical
signals applied to the muscle fibre that originate from
shear forces applied to the endomysium no longer exist.
Effects of such mechanical interaction are unknown as
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yet, but could be studied by culture of muscle fibres,
which are adhered to a laminin substrate for example.
The finding that the faster fibres showed an increase in

the number of sarcomeres after 2 weeks of culture at
positive strain, whereas the slower muscle fibres did not,
suggests a fibre type-dependent time scale of adaptation
of the number of sarcomeres upon culture at positive
strain. This finding is in accordance with the observation
that mammalian fast muscle fibres are much more
responsive to hypertrophic stimuli than slow muscle
fibres (e.g. Mitchell et al., 2002; Oishi et al., 2002). In
addition, the increase in the number of sarcomeres
without hypertrophy upon positive strain suggests that
these processes are regulated by different signal trans-
duction pathways.

Removal of interactions with neighbouring muscles
and extramuscular connective tissue

Regarding the discrepancy between results of the in vivo
experiments described in literature and our single muscle
fibre cultures, it should be realised that length changes
applied to a muscle in vivo may not be homogeneously
distributed over the muscle fibres. Recently, heteroge-
neity of sarcomere strain has been measured within
in vivo passive and active muscles (e.g. Pappas et al.,
2002; Ahn et al., 2003). In vivo,muscles are mechanically
linked to neighbouring muscles and extramusclar con-
nective tissue causing mechanical interactions between
connected structures. These interactions may co-deter-
mine muscle force and cause unequal force exertions at
proximal and distal tendons (Huijing and Baan, 2001;
Maas et al., 2001) and heterogeneity of sarcomere strain
along the length of the fibre (e.g. Yucesoy et al., 2003).
As a consequence, the local sarcomere strain within
muscle fibres may be substantially different from the
strain applied to the whole muscle fibre. It is a possibility

that atrophy/hypertrophy and adaptation of sarcomeres
in series are triggered by local strains due to mechanical
interaction with neighbouring muscles and/or connec-
tive tissue.
In conclusion, this study shows the possibility of

longitudinal, in vitro investigation of the effects of strain
on twitch and tetanic force and adaptation of the
number of sarcomeres in series. The discrepancy in
effects between in vitro and in vivo effects of strain
indicates that strain is not the only factor that regulates
hypertrophy and the number of sarcomeres in series. A
combination of in vivo experiments and culture of
mature, single muscle fibres is required to obtain a
profound insight in the mechanisms underlying atrophy/
hypertrophy and adaptation of the number of sarco-
meres in series.
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