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Summary

According to the force-length relationship, cat soleus
optimal sarcomere length should lie between 2.3-
2.5uym. Rack and Westbury (1969) found optimal sar-
comere length around 2.8- 3.0um. The purpose of this
study was to repeat their study to check for these dis-
crepancies between the expected and the measured
optimal length. The soleus muscle of both hindlimbs of
three cats was supra-maximally stimulated. Isometric
forces were measured for lengths ranging from -20 to
+20mm relative to the optimal length. Mean sarcomere
lengths were obtained by laser diffraction. Fibre length
was obtained post-mortem by video analysis and in situ
with sonomicrometry crystals. Sarcomere number was
determined and in situ sarcomere lengths were calcu-
lated. The sarcomere force-length relationship showed
an ascending and descending part with a plateau be-
tween 2.0-2.4um. Peak forces were obtained at smaller
average sarcomere lengths than reported by Rack and
Westbury and closer to the optimal sarcomere length
based on sliding filament considerations.

Key words: laser diffraction, muscle fibre, sarcomere, skel-
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Introduction
The force-length relationship describes the relation between

the maximal force a muscle (or fibre, or sarcomere) can ex-
ert and its length’. This relationship became important in
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the field of muscle mechanics when Gordon et al.? provided
evidence in support of the Cross-bridge Theory of muscle
contraction® by showing that the force produced by isolated
frog fibres depended on sarcomere length as predicted by
the theory. Specifically, force-length properties of muscles/
fibres are typically associated with sarcomere lengths or,
more precisely, the overlap of thick and thin myofilaments
within a sarcomere.

Since the classic work by Gordon et al.2, many studies have
shown the dependence of force on muscle, fibre and sarco-
mere lengths (e.g. 4-8). Based on the sliding filament theory,
it is possible to determine the sarcomere force-length rela-
tionship for different species of skeletal muscles if the length
of the thin (actin) myofilament is known?. For example, in
frog muscles the plateau of the sarcomere force-length re-
lationship occurs at approximately 2.0-2.2um (that is twice
the length of the thin filament - 0.95um - plus the width of
the z-band - 0.1um - for the lower number plus the width of
the bare zone on the thick filament - 0.2um for the bigger
number). For human sarcomeres with a thin myofilament
length of approximately 1.27um °, the plateau would range
from 2.64-2.84um.

Thin myofilament length in cat soleus muscle is approxi-
mately 1.12um °, thus the plateau of the force-length re-
lationship would be expected to be approximately between
sarcomere lengths of 2.34-2.54um. However, Rack and
Westbury* determined the force-length properties of cat
soleus experimentally and found the plateau at sarcomere
lengths of approximately 2.8-3.0um. They determined sar-
comere lengths from muscles harvested at sacrifice, by
carefully determining sarcomere length for known muscle
length and joint configurations. However, this method ne-
glects any sarcomere shortening at the expense of series
elasticity stretching that might be associated with force pro-
duction.

The cat soleus tendon has been found to be extremely stiff,
and elongations of the tendon for forces that can be pro-
duced by soleus are thought to be negligible'. Also, the cat
soleus muscle has a small angle of pennation'. Based on
these two structural properties one would expect soleus
fibre and sarcomere elongations to follow rather precisely
the elongations of the whole muscle. However, neither the
sarcomere force-length relationship nor the fibre and sarco-
mere behaviour as a function of soleus length changes are
known. Although it has been demonstrated on several occa-
sions that fibre and muscle length changes might be quite
dissociated in pennate muscles with compliant tendons'®4,
such a study has never been performed in a muscle such
as the cat soleus which is essentially parallel fibred and has
a virtually rigid tendon.

It has been argued that the sarcomere force-length relation-
ship may also represent the whole muscle relationship well.
However, Rack and Westbury* reported for cat soleus that
the force-length properties of the whole muscle are shifted

79



M.A. Vazetal.

relative to that expected for the whole muscle based on
myofilament lengths. Here, we wanted to reinvestigate the
relationship between sarcomere and whole muscle force-
length relationship accounting for the fact that fibre length
(and thus average sarcomere lengths) depend not only
on muscle length but also on force. This aspect was ne-
glected by Rack and Westbury (1969) in their classic work
and has typically been neglected in the literature. Therefore,
the purpose of this study was to repeat the investigation
performed by Rack and Westbury*; that is to determine the
sarcomere, fibre and muscle force-length relationship of
cat soleus. However, and in contrast to Rack and Westbury
(1969), fibre (and thus average sarcomere) lengths were
directly measured during the isometric contractions using a
sonomicrometry system. We hypothesized that, optimal sar-
comere lengths would be somewhere between 2.3-2.5um,
rather than 3.0pum *, and that fibre length changes would be
substantially smaller than the corresponding muscle length
changes.

Materials and methods

Testing was performed on six soleus muscles of outbred
adult male cats (body mass = 3-4 Kg). The cat soleus was
chosen because of the precedence set by Rack and West-
bury* and because it is an essentially parallel fibred muscle
(angle of pennation about 6° 2) with a “rigid” tendon''. All
experimental procedures were approved by the Animal Eth-
ics Committee of the University of Calgary, and have been
described elsewhere'®. Therefore, only a brief description
will be given here.

Anesthesia

Cats were anesthetized using a nitric oxide, halothane
(5%), oxygen mixture and were intubated and maintained
at 0.8-1.0% of halothane during the entire experiment. The
animals were regularly monitored through ear and pupil re-
flexes, and the level of halothane was adjusted in order to
maintain proper anesthesia throughout the experiments.

Artificial Electrical Stimulation

An incision was made at the latero-posterior part of the
thigh, and the tibial nerve was exposed. A nerve cuff stimu-
lation electrode (Fig. 1) was fixed around the tibial nerve,
and the skin was sutured closed in order to maintain ad-
equate moisture and temperature at the electrode site.
Supra-maximal electrical stimulation was achieved through
a voltage at three times the alpha motor neurons thresh-
old' using a Grass S8800 stimulator (Grass Technologies,
West Warwick RI, USA). Monopolar rectangular pulses (0.1
ms duration) were used for single twitches, doublets (two
twitches separated by 8ms), and frequencies of stimulation
of 10, 30 and 100 Hz.

Muscle Preparation

The soleus muscle, its tendon and the calcaneus bone were
exposed through a single incision at the lateral posterior
aspect of the leg. The muscles surrounding soleus (plan-
taris and both heads of the gastrocnemius) were carefully
dissected, and their respective tendons were cut, thereby
completely isolating the soleus tendon. The soleus tendon
was then cut at its distal insertion with a remnant piece of
the calcaneus bone, which could then be clamped at the
muscle puller.

Cats were positioned prone in a hammock and the pelvis,
thigh and shank of the experimental hind limb were fixed
to a stainless steel stereotaxic frame by bilateral stainless
steel rods (Fig. 2). The calcaneous was fixed to the muscle
puller (MTS, Eden Praire, MN, USA; natural frequency >
10kHz).

The exposed soleus was covered with gauze soaked in sa-
line solution, and warmed with an infrared lamp in order to
maintain a muscle temperature between 30-35°C. Muscle
force and excursion were measured continuously with the
MTS machine at a sampling frequency of 200 Hz.

Muscle Fascicle Length Measurements
Sonomicrometry crystals (Sonometrics Corporation, Lon-
don, Ontario, Canada; 2 mm diameter, 24 AWG Cu) were

a tibial nerve

b nerve cuff electrode

Figure 1. Exposure of the tibial nerve (a) and positioning of the nerve cuff electrode around the tibial nerve (b).
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Figure 2. Hind limb fixation (lateral
view) in the stereotaxic frame. Stain-
less steel rods were inserted in the
tibia and the femur.
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Figure 3. Dimension of sonomicrometry crystal (a) and implanted crystal at the fascia covering the distal fibre fascicle of the soleus

muscle (b).

implanted into a proximal and a distal fascicle of the so-
leus (Fig. 3). The crystals were implanted at either end of a
fascicle that was identified by microstimulation. For optimal
recording of fascicle lengths, and for preventing movement
of the crystals relative to the fascicle endpoints, the crystals
were sutured fixed just underneath the fascia of the target
fascicle endpoints. Sonomicrometry signals were collected
at a sampling frequency of 463Hz and stored on a computer
for off-line analysis.

Force measurements protocol

Optimal soleus length was defined as the length at which the
muscle produced maximal active isometric force at 100Hz
stimulation. This length was then given the value of Omm
length and subsequent values were measured from this
length, negative values indicating shorter and positive val-
ues indicating longer than optimal lengths. Isometric forces
were measured for length ranging from approximately -20 to
+20mm (in 2mm intervals), and for stimulations frequencies
of 1Hz (twitch), a doublet contraction (two twitches sepa-
rated by 8ms), 10, 30 and 100Hz. The 10Hz contractions
lasted for ten seconds, while the 30 and 100 Hz contrac-
tions lasted for two seconds. A two-minute interval was ob-
served between contractions in order to avoid fatigue.

Muscles, Ligaments and Tendons Journal 2012; 2 (2): 79-84

Sarcomere length measurements

After all force and length measurements had been ob-
tained, animals were euthanized by an IV injection of so-
dium pentobarbital (Euthanyl, 240 mg/ml, Bimeda-MTC inc.,
Cambridge, Ontario, Canada) and both hind limbs were re-
moved. The skin covering the muscle was dissected and the
intact soleus muscle was removed from its bony insertions,
stretched to optimal lengths (as measured with the sono-
micrometry system), fixed at that length with pins inserted
into the ends of the muscle, and immersed and maintained
for about 30 days in a 10% formalin solution. After fixation
a medial, a central and a lateral part of soleus were iso-
lated taking great care that the sonomicrometry crystals for
the distal and proximal fascicle were retained, immersed
in nitric acid (30%), and diluted in distilled water (70%) for
approximately 3 days. Then, small muscle fascicles were
isolated and washed in a saline solution for a few hours and
placed in glycerol.

Five fascicles each were extracted from the medial, central
and lateral part of soleus and placed on slides. The length of
each fascicle was measured using a video analysis system
(Matrox Il, Motion Analysis Corporation, Santa Rosa, CA,
USA). Mean sarcomere lengths were then obtained from six
measurements along each fascicle using a laser diffraction
approach [beam diameter = 0.8mm; (16-18)]. Sarcomere
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number per fascicle was determined by dividing the fascicle
length by the average sarcomere length. In situ sarcomere
lengths could then be calculated from the fascicle lengths
measured during the experiments and the known serial
number of sarcomeres in the fascicles represented by the
sonomicrometry crystals.

Data analysis

For each stimulation frequency, the peak forces were ob-
tained for analysis. The active forces were determined by
subtracting the measured passive from the measured total
forces at each length and stimulation frequency.

In situ fascicle lengths were obtained directly from the so-
nomicrometry system and they were synchronized with the
corresponding force values.

A Friedman’s repeated measures analysis on ranks was
used to detect differences in sarcomere lengths for the dif-
ferent stimulation frequencies and muscle lengths. A signifi-
cance level of 0.05 was adopted throughout the test.

Results

From the fibre length measurements and associated de-
termination of the number of serial sarcomeres in fascicles
marked by the sonomicrometry crystals, and from the direct
fascicle length measurements for isometric contractions at
different muscle length and stimulation frequencies, a rela-
tionship between average sarcomere lengths and isometric
forces could be determined (Fig. 4). The sarcomere force-
length relationship shows an ascending and descending
part with a plateau ranging from approximately 2.0-2.4um
(Fig. 4A). Passive forces appeared at average sarcomere
lengths of about 2.0um; they increased exponentially and
reached values of approximately 40% of the maximal iso-
metric force (30 and 100Hz stimulation) at an average sar-
comere length of approximately 2.8um. The active forces at
an average sarcomere length of 2.8um (the optimal length
reported by Rack and Westbury (1969) were approximately
60% of maximum, illustrating the dramatic effect of account-
ing for series elasticity, and the great error in neglecting
this effect*. This effect is best illustrated by the substantial
changes in fibre lengths from the passive to the active mus-
cle (Fig. 5). The average optimal length was greater for the
single twitch and the doublet stimulation compared to that
observed for stimulation frequencies of 30 and 100 Hz.

A similar behavior can be observed for the force-length rela-
tionship of the entire muscle (Fig. 4B). Although small, there
appears to be a shift of the peak force to the right with de-
creasing stimulation frequency. The individual force versus
sarcomere length data for each muscle and a frequency of
stimulation of 100 Hz (Fig. 6) shows a clear and consistent
effect of length on the force for each data set and not just
an effect that emerges from the mean curve. Fibre lengths
increased with increasing muscle lengths, as expected, and
decreased with increasing forces at a given muscle length
(Fig. 7). For a muscle length change of 32mm, passive fibre
lengths changed by approximately 17mm or about 52% of
the muscle lengths. Fibre length changes were also sub-
stantially smaller than muscle length changes for active
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contractions. For example at 100Hz, fibre lengths changed
by about 20mm or 63% of the muscle length change. The
difference between passive and active fibre length changes
increased with increasing muscle length and stimulation fre-
quencies.

The sarcomere force-length relationship showed an as-
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Figure 4. Passive and active sarcomere (A) and muscle (B)
force-length relationships (mean + SE; n = 6; length changes
= 2mm). Active force was obtained at different stimulation fre-
quencies (twitch = open circle, doublet = filled diamond, 10Hz
= open square, 30Hz = filled circle and 100Hz = open triangle).
Active force increased with increasing muscle length up to ap-
proximately 2.0 to 2.4 um and decreased with further increases
in muscle length for almost all stimulation frequencies. Passive
force (filled triangles) increased with increasing muscle length
from 1.8 to 2.6 um of stretching in an exponential way. Mean
(x SE) sarcomere length change from both legs of the three
cats as a function of stimulation frequency (* indicates p<0.05
when comparing 1Hz and 2 Hz with 30 Hz; # indicates p<0.05
between 2Hz and 100Hz). A Friedman’s repeated measures
analysis on ranks was used for statistical analysis.
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Figure 5. Changes in fibre lengths from the passive to the active
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Figure 6. Active sarcomere force-length relationship for each
limb of the cats (distal fibres) for the frequency of 100 Hz. C1R=
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Figure 7. Mean variation of fibre length as a function of muscle
length. Mean values were calculated as an average length from
proximal and distal fibres of each hind limb (2 fascicles x 6 mus-
cles = 12 observations).
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Figure 8. Force-length relationship of supramaximal tetanic con-
tractions at four different structural levels. Force was obtained
by 100 Hz stimulation frequency as a function of sarcomere
length, fibre length, muscle length and joint angle. Values rep-
resent a mean value from the six hindlimbs used in the study.
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cending and descending part with a plateau between 2.0-
2.4um (Fig. 8). Peak forces are also shown as a function of
fibre length, muscle length and joint angle.

Discussion

The force-length relationship is arguably the most promi-
nent and important property of skeletal muscle function. It
has been known and described systematically as early as
the late 19" century (e.g. 18-20), and was associated with
sarcomeres length, or more precisely the amount of myofila-
ment overlap, by Gordon et al.2. Although it has not been
possible to measure the true force-length relationship in a
single sarcomere to date, the results of Gordon et al. have
not been questioned seriously, and have formed the foun-
dation for one of the most basic predictions of the cross-
bridge theory®. Similarly, it has been assumed implicitly that
the sarcomere force-length relationship also holds for whole
muscle preparations, with due account given to sarcomere
length non-uniformities and structural constraints, but this
assumption has not been carefully studied.

Rack and Westbury* measured the force-length properties
of the cat soleus and measured sarcomere lengths follow-
ing sacrifice. They assumed that the fibre length, and thus
the average sarcomere length, was directly proportional to
muscle length, thereby ignoring the possible shortening of
fibres during force production. However, here we demon-
strate that fibre shortening from the passive to the active
state can be substantial (Fig. 5) thereby questioning Rack
and Westbury’s* assumption. The optimal sarcomere length
for cat soleus derived in this manner was approximately 2.8-
3.0um, or about 0.3-0.7um greater than expected based on
myofilament lengths in the cat (10), and the sliding filament
and cross-bridge theory of muscle contraction?32223, Rack
and Westbury’s assumption that fibre length changes were
independent of force, appears justified on the surface by the
nearly parallel nature of fibre alignment', and the virtually
rigid tendon of the cat soleus", but was shown to be inap-
propriate here (Fig. 5). When accounting for series elasticity
in the cat soleus, as done here, a mean sarcomere length
of 2.8um is clearly located on the descending limb of the
force-length relationship with a force of approximately 60%
of maximum. Therefore, the results by Rack and Westbury?,
must be considered with utmost caution.

Here, we re-investigated the force-length relationship of cat
soleus while measuring muscle and fibre length directly us-
ing sonomicrometry. This approach, different from the one
used by Rack and Westbury*, allowed for determining the
fibre length changes associated with muscle length chang-
es and force production. Fibre length changes were always
much smaller than the associated muscle length changes
(Fig. 7), and force production was always associated with
substantial fibre shortening at a given muscle length (Fig.
5). This result indicates that cat soleus series elasticity plays
a crucial role in muscle function and the force-length proper-
ties, even though this elasticity is likely not associated with
the tendon, but other passive structures. The difference in
fibre lengths between active and passive muscle elongation
explains that optimal fibre length in our study was associ-
ated with shorter sarcomere lengths than found by Rack
and Westbury*, and was close to sarcomere lengths that
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one would expect theoretically based on optimal myofila-
ment overlap.

Although it is not feasible to measure the length of individual
sarcomeres during dynamic contractions of a whole muscle
in vivo, work in single myofibrils suggest that normal sar-
comere length variations are about + 20%. This value is
in good agreement with the only paper that lists individual
sarcomere length variations in a whole muscle under static
conditions®.

Previous studies have shown that the cat soleus operates
primarily on the ascending limb and plateau of the force-
length relationship during normal locomotion and everyday
tasks’. This would correspond to sarcomere length of ap-
proximately 2.2-2.4um and less. Passive forces at those
sarcomere lengths are between 2-4% of the maximal iso-
metric force, thus it can be safely assumed that passive
force plays a small role in normal cat locomotion.

We conclude that maximal isometric forces in the intact
cat soleus are achieved at sarcomere lengths that are ap-
proximately optimal, that is between about 2.0-2.4um. Fibre
length changes in soleus are substantially smaller than the
corresponding muscle length changes despite a virtually
rigid tendon and an almost parallel fibre structure, and fibre/
sarcomere lengths change substantially between the pas-
sive and active muscle at any given length.
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