
Muscle fibre types express different isoforms of both the
myosin heavy and light chains which are derived from
different sets of genes (reviewed in Schiaffino & Reggiani,
1996; Pette & Staron, 1997). There is a strong relationship
between the maximum speed of unloaded shortening (VÑ),
the actin-activated ATPase activity of myosin and the
myosin isoform expression of muscle fibres (e.g. B`ar`any,
1967; Reiser et al. 1985; Larsson & Moss, 1993). Slow fibres
express the âÏslow myosin heavy chain (MyHC) with a low
ATPase activity whereas fast fibres express fast MyHCs
with high ATPase activities. Further, myosin has been
shown to control the rate of actin translocation by in vitro

motility assay in a variety of species (Homsher et al. 1992;
Cuda et al. 1993; Lowey et al. 1993). There is good evidence,
therefore, that different forms of myosin confer distinct
contractile properties on muscle fibres.

During ageing of humans and other animals there is muscle
atrophy accompanied by a marked slowing of contraction
(reviewed in Larsson & Ansved, 1995). Although, in the
whole organism, impaired neural function, increased
passive resistance of aged muscle and delays in sarcoplasmic
calcium movements may contribute to this slowing, much
of the age-related change can be attributed to alteration at
the level of the muscle fibre contractile proteins (Larsson &
Salviati, 1989; Larsson & Ansved, 1995; Viner et al. 1996;
Delbono et al. 1997). In aged rat and human muscle, slow
fibres contract at approximately half the velocity of
similar fibres from younger adults in tests of unloaded
shortening speed (Li & Larsson, 1996; Larsson et al. 1997;
Yu et al. 1998; Thompson & Brown, 1999). However,
although fast to slow myosin isoform transitions have been
detected at the whole muscle level in both fast- and slow-
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1. Isolated soleus muscle fibres from aged rats contract more slowly than those from young rats.
To determine whether this effect is due to a difference between the myosin molecules, we
measured the rate at which actin filaments are driven over a myosin coated surface in the
presence of ATP by using a novel in vitro motility assay where myosin is extracted from
single muscle fibre segments.

2. Motility was dependent on the myosin density on the coverslip. In regions of high myosin
density, actin motility was orientated parallel and anti-parallel to the direction of flow
during myosin adhesion to the coverslip. In contrast, in regions of lower myosin density,
actin motility was more random. The speed was about 20% higher in the high density
regions (P < 0·001). Further, the speed of filaments in the high density region, moving away
or towards the fibre was less variable (P < 0·05) than that of more randomly moving
filaments in the low density region.

3. The speed with myosin from slow soleus fibres of young adult rats (3—6 months old;
v = 1·43 ± 0·23 ìm s¢; mean ± s.d.) was faster (P < 0·001) than with myosin from aged
rats (20—24 months old; v = 1·27 ± 0·23 ìm s¢).

4. No difference in myosin isoforms between young adult and aged fibres could be detected
using electrophoretic and immunocytochemical techniques. Fibres of both ages expressed the
âÏslow myosin heavy chain (MyHC) isoform and slow isoforms of essential and regulatory
myosin light chains (MyLCs).

5. It is concluded that an age-related alteration in myosin contributes to the slowing of the
maximum shortening velocity (V0) observed in soleus muscle fibres expressing the âÏslow
MyHC isoform.
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twitch muscles during ageing (see Larsson & Ansved,
1995), extensive analysis of myosin heavy chain (MyHC)
and myosin light chain (MyLC) diversity has failed to
reveal alterations in the isoform composition of muscle
cells expressing the âÏslow MyHC in aged rat soleus
muscle.

In an attempt to improve our understanding of the
regulatory and modulatory influence of myofibrillar
protein isoforms on muscle contractility, we have used a
novel in vitro motility assay which allows studies of
actomyosin interactions after myosin and myosin-
associated proteins have been extracted from short single
muscle (1—3 mm long) fibre segments. We have recently
shown that approximately 80% of thick filament proteins
(MyHC, MyLC and myosin binding protein C (MyBP-C))
are extracted (P < 0·001), while no statistically significant
amounts of á_actinin or thin filament proteins (actin and
TnT) are extracted from single muscle fibres by this
procedure, (P. H�o�ok & L. Larsson, unpublished
observations).

The objective of the present study was to define to what
extent age-related changes in the âÏslow myosin
contribute to the age-related slowing observed in single
soleus fibres. To achieve this we have measured the speed
by which unregulated actin filaments are propelled by
myosin extracted from single soleus fibres from young and
old rats, since motility speed is, under most conditions, a
good molecular analogue of V0 (Homsher et al. 1992). The
results from this study have been presented in short form
elsewhere (H�o�ok et al. 1998; H�o�ok & Larsson, 1999; Li et
al. 1999).

METHODS

Muscle fibre preparation

Male albino rats (Wistar) were fed standard laboratory food and tap
water ad libitum. The animals were anaesthetised with intra-
muscular injection of fentanyl-fluanisone (0·2—0·3 ml kg¢)
followed by pentobarbitone (30 mg kg¢) administered intra-
peritoneally. Soleus muscles were gently dissected from young
(3—6 months, n = 3) and old (20—24 months, n = 5) animals,
weighed, clamped at approximately the in situ length, frozen in
Freon chilled with liquid nitrogen, and stored at −80°C pending
further processing. Extensor digitorum longus (EDL) muscles
were dissected from the young animals for comparison. Frozen
samples were placed in glass bottles connected to a vacuum pump
(20—50 mTorr) and subsequently freeze-dried (model FD-1-54D,
Flexi-Dry, Stoneridge, NY, USA) for 24 h. The hearts were then
dissected out. The study was approved by the local Ethical
Committee, Karolinska Institute, Stockholm, Sweden.

Single muscle fibre segments (3—4 mm length) were split from the
freeze-dried samples with sharp needles and forceps. After
dissection, fibres were returned to the glass bottles, dried for
20 min at room temperature in the freeze drier, and stored under
vacuum at −80°C until the day of the experiment (Li & Larsson,
1996).

Extraction of myosin from single muscle fibre segments

Pairs of flow cells were constructed, since this allowed us to make
two measurements on each slide (only one of the flow cells is shown
in Fig. 1A), by using a syringe to apply three parallel stripes of
vacuum grease about 4 mm apart and 30 mm in length onto a slide.
A freeze-dried muscle segment 2 mm in length was dissected,
placed close to the inlet of the flow channel and parallel to it and
then covered by a coverslip (18 mmÂ) which had been dipped in a
1% solution of nitrocellulose in amyl acetate. Each flow cell had an
internal volume of about 10 ìl. The rest of the muscle fibre segment
was placed in sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS—PAGE) sample buffer in a plastic microfuge
tube and stored at −20°C. To extract myosin from a muscle
segment, 15 ìl of high salt buffer (0·5 Ò KCl, 25 mÒ Hepes, 4 mÒ
MgClµ, 4 mÒ EGTA, 2 mÒ ATP, 1% â_mercaptoethanol, pH 7·6)
was applied to each of the flow cells and incubated for 20—30 min
on ice. To wash away the unbound proteins, 3 ² 20 ìl of low salt
buffer (25 mÒ KCl, 25 mÒ Hepes, 5 mÒ MgClµ, 1 mÒ EGTA, 1%
â_mercaptoethanol, pH 7·6) was applied to the fibre end of the
coverslip and drawn through the chamber by applying filter paper
to the other end. Further protein binding was blocked with 20 ìl of
1 mg ml¢ BSA in low salt buffer.

In vitro motility assay

Rabbit skeletal muscle actin was purified (Pardee & Spudich, 1982),
and a portion of the actin fluorescently labelled with tetra-
methylrhodamine—phalloidin (Rh-Ph; Molecular Probes), before
storage in the dark at 0°C. To block non-functional myosin
molecules that could bind actin filaments but not detach from them
in the presence of ATP, 15 ìÒ of unlabelled F-actin filaments in
low salt buffer were sonicated for 1 min and 20 ìl was applied to
the flow cells to bind all myosin molecules on the coverslip. To
remove F-actin from functional myosin heads, 20 ìl low salt buffer
containing 2 mÒ ATP was applied to the flow cells, followed by
20 ìl low salt buffer. Subsequently, 15 ìl of 5 nÒ Rh-Ph-labelled
actin filaments in low salt buffer was applied and after 1 min the
cells were washed with 20 ìl of low salt buffer to remove the
unbound actin. Motility buffer (low salt buffer + 2 mÒ ATP,
0·1 mg ml¢ glucose oxidase, 23 ìg ml¢ catalase, 2·5 mg ml¢
glucose, 1 mg ml¢ BSA) was then added to initiate motility. The
temperature in the flow cells was thermostatically controlled at
25°C (Binomic Controller BC-100, 20Ï20 Technology Inc, USA),
with the glass slide mounted on the stage of an inverted
epifluorescence microscope (Olympus IX 70) with a ²60, 0·70 NA
objective (not an immersion objective) and actin filaments were
illuminated with a 200 W mercury lamp. A temperature probe
(HH2Z1, Omega Engineering Inc., USA) was placed in contact
with the surface of the glass slide next to the flow cell and the
thermostated stage controlled temperature was confirmed at the
point of observation. Actin movements were filmed with an image
intensified SIT camera (SIT 66, DAGE-MIT Inc., USA), and
recorded on video tape (Panasonic NV-SD40 VHS VCR).

Analysis of actin filament movement

The motion of actin filaments was analysed with an image analysis
package (OPTIMAS 6.0, Optimas Corp.) to estimate the average
speed for the myosin extracted from each muscle fibre. Motility
speed from myosin high density regions where actin filaments
moved parallel and antiparallel to the direction of flow was
compared with the speed from regions of low density myosin where
the filaments had a more random movement. If more than 10% of
actin filaments did not move the results from that fibre were
discarded. The movement of a filament was tracked from the centre
of mass, and the average speed of each filament was calculated from

P. H�o�ok, X. Li, J. Sleep, S. Hughes and L. Larsson J. Physiol. 520.2464



the x and y locations in 20 successive frames recorded at 0·2 s
intervals. About 10 actin filaments were chosen from each field
until a total of 20 filaments had been analysed for each muscle fibre.
The standard deviation in this group of filaments was small
(between 10 and 15% of the mean) and the average velocity was
taken as representative for the muscle fibre.

Detection of myosin on coverslip

After myosin extraction, unbound proteins were washed away with
3 ² 20 ìl low salt buffer. Twenty microlitres of 5% horse serum in
PBS solution with 0·1% Tween (PBSTw) was applied to the flow
cells to block the free surface. To detect all myosin isoforms bound
to the coverslip, an anti-myosin heavy chain monoclonal antibody
(15 ìl of 1:10 diluted A4.1025 tissue culture supernatant, mouse
IgG; Dan-Goor et al. 1990; Hughes et al. 1993) was applied into the
flow cell for 1 h at room temperature. After washing several times
for 20 min with low salt buffer, the primary antibody was detected
with Texas Red-conjugated horse anti-mouse IgG secondary anti-
body (Vector Laboratories, Burlingame, CA, USA; 1:200 diluted in
5% horse serum in PBSTw). An epifluorescence microscope
(Olympus IX70, Olympus America Inc., NY, USA) with a ²20,
0·40 NA objective was used to visualise the bound myosin.

MyHC and MyLC composition

Each muscle fibre was placed in SDS sample buffer in a plastic
microfuge tube and stored at −20°C for up to 1 week or at −80°C
if the gels were run later. The MyHC composition was determined
by 7% sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS—PAGE). The total acrylamide and bis concentrations were 4%
(wÏv) in the stacking gel and 7% in the running gel, and the gel
matrix included 30% glycerol. The ammonium persulphate
concentrations were 0·040 and 0·029% in the stacking and
separation gels, respectively, and the gel solutions were degassed
(< 100 mTorr) for 15 min at 20°C. Polymerisation was
subsequently activated by adding TEMED (Bio-Rad Laboratories,
CA, USA) to the stacking (0·1%) and separation gels (0·07%).
Sample loads were kept small to improve the resolution of the
MyHC bands and electrophoresis was performed at 120 V for
22—24 h with a Tris—glycine electrode buffer (1·4% glycine, 0·3%
Tris, pH 8·3) at 15°C (SE 600 vertical slab gel unit, Hoefer
Scientific Instruments, USA).

For determinations of the MyLC composition, the acrylamide
concentrations in the stacking and running gels were 3·5 and 12%
(wÏv), respectively, and the gel matrix included 10% glycerol.
Sample loads were equivalent to 1·0 mm of fibre segment. The
electrode buffer was twice as concentrated (2·8% glycine, 0·6%
Tris, pH 8·3) as the buffer for the 6% gel. A constant current
(16 mA per gel) was used and the gels were run for 5 h at 15°C (see
Larsson & Moss, 1993; Larsson et al. 1995). The separating gels
(160 mm ² 180 mm ² 0·75 mm) were silver stained (see Giulian et

al. 1983; Larsson & Moss, 1993) and subsequently scanned in a soft
laser densitometer (Molecular Dynamics, Sunnyvale, CA, USA),
with a high spatial resolution (50 ìm pixel spacing) and 4096
optical density levels, to determine the relative contents of MyHCs
or MyLCs. The volume integration function is used to quantify the
amount of protein on 6 and 12% gels (ImageQuant software v. 3.3,
Molecular Dynamics). The silver stained SDS—PAGE used in this
study has a very high sensitivity and the critical level for protein
detection is 2—3% of total MyHC content (see Larsson et al. 1995).

Statistics

The mean speed and standard deviation of the 20 filaments were
calculated for each fibre and then the data were combined and the
overall mean speed and standard deviation calculated. Student’s

two-tailed, independent t test was used for comparisons between
young and old animal groups. A Mann-Whitney Rank Sum test
was used for comparisons between oriented and randomly moving
filaments, since equal variance test failed. Differences were
considered significant at P < 0·05. Values are given as means ± s.d.
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Figure 1. Myosin extraction

Schematic of experiment showing the location of myosin
bound to the coverslip relative to the fibre segment and to
solution flow (A). After incubation in extraction solution,
myosin is swept out of the fibre segment by the flow of low
salt buffer through the chamber (curved arrow), allowing
myosin adhesion to the coverslip downstream. Myosin is
unevenly distributed on the coverslip surface as revealed by
indirect immunofluorescence with an anti-MyHC monoclonal
antibody (A4.1025). Myosin is visible (B and D) as a dense
striped track downstream of the extracted fibre segment
(long arrow), whereas myosin is undetectable in regions
lateral to the track (top and bottom of B and D), which are
indistinguishable from a control (C) with an irrelevant first
antibody (mouse IgG). In D, the myosin track 400 ìm
downstream from a fibre segment shows that there is a high
density of myosin molecules on the central region of track
(arrowhead) and a lower density on the more lateral regions
(small arrows). Bar = 100 ìm.



RESULTS

Single fibre in vitro motility assay

Proteins extracted from single muscle fibre segments were
allowed to adhere to a nitrocellulose-coated coverslip in a
flow cell. To determine the extent and distribution of
myosin adhesion to the surface we employed a monoclonal
antibody that recognises a conserved epitope on the head of
a wide variety of MyHCs (Dan-Goor et al. 1990). Significant
labelling of the surface was detected in a strip immediately
downstream of the fibre segment within the flow cell,

whereas labelling above background was not detected more
laterally within the cell (Fig. 1A—C) as would be predicted
from the direction of flow. The variation of myosin density
on the surface was confirmed when we allowed labelled actin
filaments to bind to, and move over, the surface. The
number of actin filaments binding to the surface was much
greater in the medial region than in lateral regions.

Motility speed of myosin extracted from single fibre
segments of adult extensor digitorum longus (EDL)
(5·83 ± 0·45 ìm s¢, n = 10) was 4-fold faster than adult
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Figure 2. Effect of age on movement

A, speed of rhodamine—phalloidin labelled actin filaments moving on myosin extract from young adult (0)
and aged (1) soleus fibre segments. B, when displayed as average motility speed of all filaments on myosin
from each individual fibre the whole population appears to have shifted to slower speeds with ageing (0,
young; 1, old). For comparison, actin moved by myosin from fast adult extensor digitorum longus muscle
fibres have been included for reference (0). C, electrophoretic protein analysis of single fibre segments from
young adult (lanes 1 and 3) and old (lanes 2 and 4) soleus. Upper panel, MyHCs resolved by 7%
SDS—PAGE. Lower panel, MyLCs from the same fibres were resolved on 12% SDS—PAGE. Only the
regions of the gels corresponding to the positions of the MyHCs and MyLCs are shown. Indistinguishable
slow MyHC and MyLC contents were observed in segments of the same series of individual fibres from
adult and aged soleus.



soleus muscle fibres (1·43 ± 0·23 ìm s¢, n = 10; Fig. 2B).
Five of the ten EDL fibres expressed the type IIB MyHC
(5·87 ± 0·53 ìm s¢) and the other five co-expressed a
combination of IIX and IIB MyHCs in variable proportions
(5·80 ± 0·53 ìm s¢). All soleus fibres expressed only the
âÏslow MyHC isoform.

The speed of actin filaments was measured at a range of
distances from the fibre in order to assess the effect of
myosin density (Fig. 3). Two striking differences were
observed between the two regions. First, there is a high
total actin filament density on the medial region
downstream of the fibre segment, whereas, in lateral
regions, motile filament density dropped off to a low level.
Secondly, there was a polarisation of movement of actin
filaments in medial high density regions.

In medial high density regions, more than 90% of the
filaments moved with little deviation linearly either parallel
or anti-parallel to the direction of flow of the myosin

extraction solution. An example of this sort of trajectory is
shown in Fig. 3B. In contrast, in more lateral regions
movement was almost randomly orientated, the actin
filaments often turning through a right angle in a few
seconds. An example of such a trajectory is shown in Fig. 3A.
Figures 3C and D summarise the directional data for about
10 fibres for low and high density surfaces, respectively. The
radius of each sector is proportional to the number of 0·2 s
movements in that direction. The degree of polarisation of
movement in high density regions is dramatic (Fig. 3D).
Analysis of 788 filaments from ten fibres revealed no
significant difference in the direction of movement, i.e. the
filaments moved either parallel or antiparallel to the flow.
The effect of direction of movement on observed speed was
tested by comparison of 10 filaments each in high and low
density regions. An EDL fibre, expressing fast MyHC and
MyLC isoforms, was chosen for this experiment because
differences in motility speed related to direction are more
easily detectable in faster moving filaments. Motility speed
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Figure 3. Direction of filament movement

A and B show examples of trajectories of actin filaments in regions of low and high myosin density,
respectively. C and D show the relative number of movements in different directions during periods of 0·2 s,
the radius of each sector being proportional to the number of movements. Zero degrees corresponds to
movement parallel to the direction of flow and pointing away from the fibre and 180deg corresponds to
movement towards the fibre. The outer circles correspond to 78 and 148 movements, respectively. In D the
preference for moving parallel to the direction of flow is stronger than typically observed.



was 23% faster (P < 0·001) in regions of high myosin
density, where movement was oriented parallel to the flow
(5·68 ± 0·19 ìm s¢), than in low density regions, where
motion was almost random (4·38 ± 0·38 ìm s¢).
Furthermore, the equal variance test failed (P < 0·05) when
comparing motility speed from random (s.d.: 0·38 ìm s¢)
and oriented (s.d.: 0·19 ìm s¢) movement.

The primary goal of this study was to determine whether
there is an age-related difference in the speed by which actin
is propelled by myosin extracted from single soleus fibres
expressing the âÏslow MyHC isoform. Accordingly, it was
important to check the reproducibility of the measurements.
Single muscle cells from soleus and EDL muscles were split
in two parts and speed was measured for the two segments.
The motility speed was measured in the myosin high
density region and results for one fibre segment were plotted
against the corresponding value of the other segment. A
strong relationship was observed in motility speed of the
two segments of the same fibre (rÂ = 0·998; Fig. 4),
demonstrating the reliability of this in vitro motility assay.

Effects of ageing on motility speed

The effect of ageing on motility speed of actin filaments on
the myosin-coated surface was assayed from ten young and
ten old rat soleus muscle fibres (Fig. 2A). The movements of
about 20 actin filaments were measured for each fibre and
the average speed and the standard deviation for each
muscle fibre were calculated. A significant age-related
difference was observed in the mean speed of sliding actin
filaments; motility speed was faster (P < 0·001) in the
young adult group (1·43 ± 0·23 ìm s¢) than in the aged
group (1·27 ± 0·23 ìm s¢).

In parallel with the motility analysis, a segment from each
fibre was analysed on high resolution 7 and 12% SDS
polyacrylamide gels to determine the isoforms of myosin
heavy and light chains present. All slow fibres from both
young and aged soleus muscle fibres contained

indistinguishable slow myosin heavy and light chain isoforms
(Fig. 2C). Rare fibres expressing the type IIA MyHC isoform
and fast MyLC were observed to give faster speeds and were
excluded from the analysis (data not shown).

DISCUSSION

The major observation of this study is the significant age-
related slowing of actin filament speed moved by the âÏslow
MyHC isoform, by using a novel in vitro motility assay
where myosin is extracted from single muscle fibre segments.

Fibre in vitro motility assay

The in vitro motility assay used in the present paper
permits a wide variety of physiological and biochemical
studies to be performed on single muscle fibres after long-
term storage. In these and other experiments (P. H�o�ok &
L. Larsson, unpublished observations) we have documented
the reliability and precision of this method. Further, the
technique is not limited to rat hindlimb muscle fibres and it
can be used in any single muscle cell preparation for analysis
of actomyosin motility.

Motility speed has been reported to be relatively insensitive
to surface myosin density (Harada et al. 1990). The present
results and additional analyses (P. H�o�ok & L. Larsson,
unpublished observations) showing a lower motility speed in
low than in high myosin density regions do not contradict
this statement, since the changes in myosin density were
parallelled by a significant difference in the directional
movement of the actin filaments. We therefore suggest that
the major factor underlying the difference in motility speed
in the high and low myosin density regions is the random
versus the oriented movement towards or away from the
fibre segment. At low surface density, actin filaments show
frequent changes of direction probably because actin
directionality is determined by Brownian motion of the free
end. Downstream of the fibre segment, where myosin bound
during flow and is at high surface density, motility is
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Figure 4. Motility speed in two segments of the same

fibre

Relationship between in vitro motility speed in two
segments of the same muscle fibre (rÂ = 0·998, P < 0·001).
The muscle fibres were dissected from soleus (open symbols)
and EDL (filled symbols) muscles, and the motility speed was
measured at different temperatures (10°C, triangles; 15°C,
inverted triangles; 20°C, squares; and 25°C, circles) in high
density regions where filaments showed an oriented
movement towards or away from the muscle fibre.



polarised parallel and anti-parallel to the direction of flow.
There is an equal tendency for motion to be parallel and
antiparallel to the direction of flow of the myosin extracting
solution. A simple interpretation would be that myosin is
attached to the coverslip in a filamentous arrangement along
the flow of the solution in the central part of the
experimental chamber. This process is probably facilitated
by the co-extraction of MyBP-C which plays an important
role in the assembly of the thick filament in vitro (Koretz,
1979; Davis, 1988) and in vivo (Seiler et al. 1996).

Effects of ageing on motility speed

We have recently shown that approximately 80% of thick
filament proteins, MyHCs, MyLCs and MyBP-C, are
extracted from the muscle cells, but no statistically significant
extraction is observed of thin filament (actin, TnT) or
cytoskeletal (á-actinin) proteins (P. H�o�ok & L. Larsson,
unpublished observations). In addition, contamination of the
giant structural protein titin is unlikely, since two times
higher ionic strength than used in this study is required to
extract titin. Next to myosin, MyBP-C is the most abundant
protein in the thick filament and 83 ± 4% of MyBP-C is
extracted from the muscle cell together with myosin (P. H�o�ok
& L. Larsson, unpublished observations). However, it has
been repeatedly demonstrated by Hofmann et al. (1991a,b)
that MyBP-C does not influence maximum shortening
velocity, and MyBP-C contamination in the experimental
chamber is accordingly an unlikely source of error in
motility speed measurements. Therefore, the observation
that myosin extracted directly from single aged rat soleus
muscle fibres moves actin filaments at a lower speed than
that from young adult animals suggests that an age-related
change in the myosin molecule itself contributes to the
decreased speed of unloaded shortening observed in single
membrane permeabilized adult and aged muscle fibre
segments (Li & Larsson, 1996; Larsson et al. 1997; Yu et al.

1998; Thompson & Brown, 1999). It is suggested that this
slowing is caused by either an upregulation of a MyHC
isoform in the old adult which is expressed at lower levels or
is lacking in the young adult, or an age-related change in
the enzymatic or mechanical properties of myosin.

The possibility of an age-related upregulation of a specific
slow MyHC isoform gains credence from the identification of
multiple âÏslow (type I) MyHC isoforms in mammalian
skeletal muscle by using S1 nuclease mapping and immuno-
cytochemical and electrophoretic techniques (Hughes et al.

1993; Fauteck & Kandarian, 1995; Galler et al. 1997). There
are several lines of evidence indicating the existence of
additional MyHC isoforms in fibres previously considered
homogeneous regarding their MyHC isoform composition
(Schiaffino & Reggiani, 1996). However, we were unable to
identify any differences in the electrophoretic mobility of
MyHC and MyLC isoforms between the young adult and the
old soleus fibres. High performance capillary electrophoresis
and immunoblotting have also yielded negative results in
our hands. The rate of cross-bridge detachment limits the
rate of unloaded shortening (Huxley, 1957), which suggests

that the properties of the slower myosin will be dominant
and this prediction has been confirmed (Warshaw et al.

1990). In muscle cells expressing two MyHC isoforms, the
slower of the two myosin isoforms will have a
disproportionate influence on motility speed (Harris et al.

1994; Cuda et al. 1997) and in single muscle fibre
preparations (Reiser et al. 1985; Larsson & Moss, 1993).
Because the speed of the hypothetical old myosin is
unknown and the effect on speed will be dependent upon
what proportion of time at least one slow myosin attached,
i.e. will depend upon myosin density, it is not possible to
predict whether it would be detectable with gels sensitive to
2—3% of the total myosin level. Although we cannot exclude
that there is an age-related MyHC or MyLC isoform
transformation in muscle cells expressing the âÏslow MyHC,
we presently favour an alteration in myosin function by a
post-translational modification as a more probable mechanism
underlying the decreased motility speed in old age.

Post-translational alterations in myosin function could be
brought about by enzymatic modifications (Mooradian &
Wong, 1991); or by non-enzymatic modification to
individual myosin molecules, e.g. by glycation (Avigad et al.

1996), or deamination (Balagopal et al. 1997). The
probability of post-translational modifications of myosin is
expected to be higher in old age due to the decreased myosin
synthesis rate and the slower turnover of myosin in ageing
muscle. Non-enzymatic glycosylation (glycation) of proteins,
by a chemical reaction of reducing sugars with primary
amino groups in proteins to form a Schiff’s base linkage
(Watanabe et al. 1992) has been regarded as one of the
biochemical bases underlying the pathophysiology of ageing
(Brownlee, 1995), and glycation of myosin has been
reported to increase in ageing rats (Syrovy & Hodny, 1992).
In support of a post-translational modification of myosin by
glycation, we have recently shown that glycation of myosin
has a strong impact on motility speed, i.e. 15 and 30 min
exposure of myosin to 6 mÒ glucose in low-salt buffer at
25°C (prior to adding the fluorescently labelled actin
filaments) decreased motility speed by 13 and 100%,
respectively (Ramamurty & Larsson, 1999). To determine
whether all or only some myosin molecules show altered
properties on ageing it will be necessary to analyse the
behaviour of individual molecules. Recent advances that
permit analysis of single myosin function make this an
achievable goal (Finer et al. 1994; Ishijima et al. 1998).

The viscous drag produced by the solution in the
experimental chamber when fluorescently labelled actin
filaments are driven by myosin is negligible compared with
the force produced by the motor protein and thus in vitro

motility speed would be expected, and has been shown, to
be similar to unloaded shortening (V0) in single cells
measured with the slack test (see Homsher et al. 1992). This
has been confirmed in recent experiments in our group, i.e. a
close relationship between V0 and actin motility speed
propelled by the myosin extracted from the same muscle fibre
segment (H�o�ok & Larsson, 1999). The age-related changes in
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in vitro motility speed is qualitatively similar, but smaller in
magnitude, to the changes observed in V0 (Li & Larsson,
1996). For changes of myosin to be solely responsible for the
slowing of shortening speed observed in old muscle fibres a
co-operative mechanism would be required. Alternatively, the
age-related alteration in the myosin molecule, observed in
this study, is paralleled by age-related changes in other
myofibrillar proteins modulating shortening speed at the
cellular level, such as regulatory thin filament proteins. This
is supported by the observation of glycation of other
myofibrillar proteins besides myosin, such as actin and
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