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It is known that the mechanical properties of a passive muscle are dependent on its

previous history of movement and contraction, called thixotropy. Here, the history-
dependence of the muscle at rest and during a slow, passive stretch was examined in
the medial gastrocnemius muscle (MG) of the anaesthetised cat. It was hypothesised
that the thixotropic effects could be interpreted, at least in part, by the presence of
stable cross-bridges in resting muscle. The results provided support for this
hypothesis. Tt was found that both the resting tension at short muscle leﬂg‘ths, and the
initial tension response during a passive stretch, over a wide range of lengths, could

be explained by the mechanical properties of cross-bridges.

In the past, muscle damage from eccentric contractions has been commonly assessed
by changes to active mechanical properties of muscie. However, in more recent
years, it has been shown that eccentric contractions can also affect the passive
mechanical properties of muscle, by increasing passive tension and stiffness. In a
series of experiments carried out on human triceps surae muscle, it was hypothesised
that localised regions of contracture in damaged muscle fibres would lead to a rise in
passive tension immediately after a period of eccentric exercise, independent of any
neural activity. Thesc experiments also explored whether or not muscle swelling
contributed to the increase in passive tension several days after eccentric exercise. It
was found that passive torque increased immediately after eccentric exercise and
remained higher than control values for the next 4 days, while concentric exercise
had no cffect on passive properties, suggesting that the rise in iaassive tension was
not simply due to exercise per se. The time-course of muscle swelling did not
correspond with that of the changes in passive torque, thus it was proposed that
swelling does not significantly contribute to the rise in passive tension after eccentric

cXerclise,

The mechanism underlying the nisc in passive texsion immediately after eccentric
contractions was further examined in experiments performed on cat MG. Tt was
proposed that the presence of localised contracture in some damaged muscle fibres
would show up as a rise in whole muscle passive tension and work absorbed by the

passive muscle, In addition, it was envisaged ihat the increase in passive tension




would be signalled by Golgi tendon organs, receptors that monitor muscle tension.
The results were consistent with the hypothesis. Immediately after a period of
eccentric contractions on cat MG, thers was a significant rise in passive tension and
work gbsorption, as well as a change in the tendon organ threshold for firing during
passive stretch, suggesting that tendon organs were signalling the rise in passive

tension from damaged muscle fibres.

When eccentric coniractions are carried cut at progressively longer lengths, muscle
damnage becomes more extensive. It was decided to examine the effects of this
length-dependence of eccentric contraclions in terms of changes to passive
mechanical properties. Eccentric contractions were carried out over various regions
of the active length-tension relationship of cat MG, in which the motor supply of the
muscle had been divided into three parts. Initially, there was found to be a smaller
rise in passive tension following eccentric contractions carried out at long compared
to short muscle lengths. Subsequent experiments, hoewever, showed that changes to
passive miechanical properties after eccentric confractions were influenced by a
number of complicating factors, including history-dependent and temporal effects.
When these factors were taken into account, the rise in passive tension tended to be

higher following eccentric contractions at longer muscle lengths.
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General Introduction

The basic function of skeletal muscle is to generate force, and through force to
produce movement. This enables an individual to perform a diverse range of
activities. Skeletal muscles are attached Lo bones, via tendons, and by changing their
lzngth, act to rotate joints and thercby move parts of the body. Voluntary
movements are made possible by the active mechanical propertics of muscle, in
which the contractile machimery of the muscle is activated by nerve impulses.
However, in many situations, force is produced during a movement while the muscle
remains completely relaxed, or passive. This underlines the passive mechanical

propeitics of muscle, which serve important funictional roles in every day activities.

This. chapter is divided into two sections. It begins with a description of skeletal
muscle function, in relation to its active and passive mechanical properties. It then
discusses eccentric exercise, a specific type of exercise that can lead to muscle
- damage. In particular, this section focuses on the progosed mechanisms of muscle
damage from eccentric exercise, and the resnltant changes to the mechanical

properties of the muscle.

Skeletal muscle function

Active mechanical properties of muscle

Skeletal muscle consists of thousands of specialised cells, the muscle fibres, which
are enveloped by a thin membrane, the sarcolemma (Figure 1.1). A muscle fibre
comprises an orderly array of myofibrils, each consisting of thousands of repeating
units called sarcomeres, the basic force generating units of muscle contraction. Each
sarcomere consists of overlapping thin (actin} and thick (myosin) contractile
filaments. The thin filaments attach at each end of the sarcomere to the Z-line, while
the thick filaments are positioned in the centre of the sarcomere (see Figure 1.1).
When a muscle fibre is viewed under a microscope using polarised light, the
alternating bands of thick and thin filaments are responsible for its characteristic

striated appearance, with the dark region at the centre of the sarcomere




Figure 1.1 Schermuatic represeniatior: of a muscle fibre and sarcomere.

A section of a muscie fibre comprised of myofibrils and surrounded by the
sarcolemma. A sarcomere spans the distance between two Z-lines (Z), and
consists of inlerdigitating thin filaments {actin) and thick filaments (myosin),
The location of the other membrane systems, T-tubules and sarcoplasimic
reticulum (SR) are also shown. Adapted from Bern & Levy (1993).
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corresponding to the thick filaments (A-band) and the lighter part at the ends of the

sarcomiere corresponding to the thin filaments (I-band).

In addition to the sarcolemma, a muscle fibre has two membrane sysiems that are
responsibie for the control of muscle confraction, the transverse (T) tubules, and the
sarcoplasmic reticulum (SR) (see Figure 1.1). The T-tubules are invaginations of the
sarcolemma and so are filled with extracellolar fluid. They form a system of
branched tubules that lie perpendicular to the long axis of the fibre, running deep into
the fibre to encircle myofibrils at regular intervals. Tn mammalian muscle, the T-
tubules are located at the A-l junction of the sarcomere, while in amphibian muscle
they reside at the level of the Z-hne (McCallister & Hadek, 1970; Flucher, 1992).
The SR is an internal membrane system of closed channels, which runs parallel to the
long axis of the fibre and surrounds myofibrils. The SR has specialised calcium
storage compartments, the terminal cisternae. These form junctions with the T-
tubules called triads, which have an important functional role in activating the

coniractile filaments during muscle contraction {see below).

Excitation-contraction coupling

To inttiate a contraction, nerve impulses from the central nervous system lead to the
initiation of action potentials in muscle fibres, via neuromuscular transmission. Each
motoneurone, and the many muscle fibres it activates, is called a motor unit. Thus,
all muscle contractions occur through the activation of rpotor units rather than

individual muscle fibres (for a review see Freund, 1983).

The sequence of events leading to a muscle contraclion, which hegins with activation
of a muscle fibre membrane, and ends with tension producec by the contractile
filaments, is referred to as excitation-contraction coupling (E-C coupling). The
process starts at the neuromuscular junction, where an aclion potential ammiving at the
nerve ending of a motoneurcne triggers the release of the neurotransmitter
acetylcholine (ACh). This acts to depolarise the muscle fibre membrane
(sarcolemma), initiating an action potential that propagates along the membrane and
into the interior of the fibre via the T-tubules. The excitation of the T-tubules leads
to calcium release from the terminal cisternae of the SR. While the details of this
process remain unclear, it is thought to involve an electrochemical conpling between

voltage sensors located on the T-tubule membrane and calcium release channels on
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the SR (see Flucher, 1992; Melzer e al. 1995). The increased intracellular calcinm
concentration, as a result of E-C coupling, is the trigger for muscle contraction (see
below).

Sliding filament theory

An important insight into the mechanism by which a muscle is able to generate force
during a confraction, and change its Ieﬁgth, was provided by the results of two
independent studies from the early 1950s (Huxley & Niedergerke, 1954; Huxley &

Hanson, 1954). Using the interference microscope on living frog muscle fibres, ALF.

Huxley & Niedergerke {1954) observed that during passive movements or
' contractions where the fibre shortened, the length change was taken up entirely by
the I-band region of the sarcomere, while the length of the A-band remained
unchanged. Similar findings were reported by H.E. Huxley & Hanson (1954), who
showed, using phase contrast microscopy, that except at very short lengths, the width
of the A-band was independent of sarcomere length. The results of both studies were
explained in terms of the sliding of thick and thin filaments past each other, without
the filaments themselves changing length. This is commonly referred to as the
‘sliding filament theory’. An important clue as to the underlying mechanism by
which the Alaments slide past each other and produce force during a contraction, was
provided by the work of H.E. Huxley (1957). Using electron microscopy of thin
longitudinal sections of muscle, simall projections were found that extended from the
thick filament at regular intervals along its length. These projections connected or
‘interdigitated’ with the thin filament, in the region of overlap between the two sets
of filaments, and were termed ‘cross-bridges’. Huxley postulated that the points of
attachment of these cross-bridges to the thin filament, were the sites of force

generation during a contraction.

Mechanism of force production by cross-bridges

Since the discovery of cross-bridges, their mechanical and biochemical properties
during muscle contraction have been a topic of extensive research (see Huxley,
2000). The first step in the process is the diffusion of calcium, released from the SR '

during BE-C coupling, into the vicinity of the myofilaments. The binding of calcium

to the protein troponin on the thin filament changes its structure and exposes ‘active’
sites on the thin filament. A cross-bridge consists of a tail region and two globular

heads, each having an actin binding site and an ATPase site. Cross-bndge
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attachment occurs because of the affinity of the cross-bridge-ADP-Pi complex for
actin. The release of ADP-Pi causes rotation of the cross-bridge head, referred to as
the ‘working stroke’, which generates force and causes sliding of the thin filament
towards the centre of the sarcomere. The cross-bridge then detaches from the thin
filament by binding a molecule ATP, before re-attaching further along the thin
filament, and repeating the process. Once activation ceases, calcium is rapidly

pumped back inte the SR and the muscic relaxcs.

Types of muscle contraction

The term ‘contraction’ refers to the tension and subsequent movement produced by
an active muscle, which is dependent on the extemal force acting on it. During
activation, the cycling cross-bridges generate force and attempt fo shorten the
muscle. If the isometric force generating capacity of the muscle exceeds the external
force the muscle will sﬁorten, which is rcferred to as a concentric eontraction. For
some actions, thongh, the external force acting on the muscle equals or exceeds the
force produced by the muscle, Where the forces are balanced, the length of the
muscle remains constant. This is an isometric contraction. Where the external force
is greater than the isometric force, the active muscle is forcibly lengthened, which is

called an eccentric contraction,

All three types of muscle contraction are routinely used in every day activities.
Concentric contractions predominate in activities such as cycling, swimming,
walking uphill and lifting objects, where the muscle actively sbortens to berform
work on the environment. Isometric contractions occur, for example, when
attempting to lift an immovable object or when muscles are used for postural
stability. Eccentric coniractions are performed during activiliesv such as during
downhill walking, skiing, and lowering an object, where the muscle acts as a brake io
control body movements. Here, work is done on the muscle as it is being actively
lengthened. An interestingh characteristic of an eccentric contraction is that despite
producing higher forcgs 'than isometric or concentric contractions, the net energy use
is considerably less {Asmussen, 1953; Curtin & Davies, 1973). In order to explain
this finding, Curtin & Davies (1973) postulated that during active lengthening of a
muscle, some cross-bridges are forcibly detached without the breakdown of any
ATP.
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Active length-tension relationship

An important prediction of the simplest version of the shiding filament theory of
muscle contraction, was that each cross-bridge would act as an independent force
generator.  Thus, the force generated during an isometric contraction would be
proportional to the total number of attached cross-bridges, which would vary
depending on the degree of overlap between the thick and thin filainents. This
underlies a fundamental mechanical property of muscle, known as the active length-
tension relationship. Gordon ef al. {1866) performed a detailed examination of the
length-tension relationship of single frog fibres, by recording the tension generated
during isomietric contractions over a wide range of sarcomere lengths (Figure 1.2 A).
- At the optimum sarcomere length, between 2.05 to 2.2 um, the overlap between the
thick and thin filaments is such that all cross-bridges are able o attach to the thin
filaments, and maximum tension is produced. This region is refeired to as the
plateau of the length-tension relationship. At sarcometre lengths shorter than the
optimum, known- as the ascending limb of the length-tension relationship, tension
decreases in two stages. In the first stage, down to a sarcomere length of 1.67 pm,
tension falls Beecause the thin filaments from opposite sides of the sarcomere overlap
with each other, thereby reducing the number of cross-bridges that can attach and
generate tension. In the second stage, tension decreases more stceply down to a
sarcomere length of 1,27 p;.m, at which point tension equals zero. This is thought to:
reflect the collision of the ends of the thick filaments with the Z-lines, which adds
resistance to sarcomere shostening, and also, such crumpling of the thick filanients is
likely to reduce the number of attached cross-bridges. As the {ibre is stretched
beyond the optimum length, tension falls in direct proportion to the amount of
overlap between the thick and thin filaments, until at a sarcomere length of 3.65 pm,
tension is again reduced io zero because there is now no longer any overlap between
the filaments. This region is referred to as the descending limb of the length-tension
relationship and its linearity provides an important piece of evidence in support of
the sliding filament hypothesis, that is, each cross-bridge acts as an independent
force generator (Gordon er al, 1966). The general shape of the length-tension
relationship for frog muscle is the same as for mammalian muscle. However, the
entire relationship is shifted to io11gcr sarcomere lengths, with optimum lengths

ranging from 2.5 to 3.1 pm for various mammalian muscles (Close, 1972). The main
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reason for this species difference is that despite a similar thick filament length, the
thin filament in manmmalian muscle is longer than that in amphibian muscle (Page &
Huxley, 1963).

Forc;e-velocity relationship

It has been known for many years that the tension generated by a fully activated
muscle is dependent on the velocity of the movement the muscle produces (Fenn &
Marsh, 1935; Hill, 1938; Kaiz, 1939). This underlies another fundamental
characteristic of the coutractile properties of skeletal muscle, known as the force-
velocity relationship (Figure 1.2 B). During shortening (concentric) contractions,
Hill (1938) showed that the relationship between active force and velocity was
approximately hyperbolic, with zero velocity at the maximum isometric force (Py),
and maximum shortening velocity (Vi) at zero force. The force-velocity
relationship of active lengthening muscle was first described by Katz (193%). He
found that when the applied force exceeded the isometric capability of the muscle, it
would lengthen slowly as tension increased steeply until the applied force exceeded
1.8 Py, at which point the muscle yielded and lengthened at a very high velocity, with

tension remaining independent of velocity.

The force-velocity relationship of muscle has been interpreted in terms of the cross-
bridge theory of muscle contraction by A.F. Huxley (1957). Under isometric
conditions, the force is proportional to the number of attached cross-bridges, As the
ghortening velocity increcases, tension is thought to decline because there is less time
for cross-bridges to attach and, an increased number of cross-bridges exert a pushing
{negative) force while fewer exert a pulling force. The maximum shortening velocity
of a muscle has been shown to reflect the rate of cross-bridge cycling, which is

determined by the myofibrillar ATPase activity of the muscle (Barany, 1967).

Dunng aclive lengthening, the steep increase in force reflects a preater force per
attnched cross-bridge. This is due to the initial high resistance to stretch from the
elastic linkages of the cross-bridges, which has been termed the ‘short-range
stiffness’ (Rack & Westbury, 1974, Flitney & Hirst, 1978). At the elastic limit,
cross-bridges are forcibly detached and with further stretch, the tension produced by
the muscle is dependent on the imposed velocity of the movement, with tension

continuing to rise at low velocities and remaining constant at intermediate o high




Figurc 1.2 Length-tension and force-velociey relationships.

(A) The length-tension relationship of a sarcomere as shown for a single frog
fibre by Gordon er al. (1966}. (B) The force-velocity relationship of frog muscle,
shown for both shortening (Hill, 1938) and lengthening (Katz, 1939) velocities.
The maximum shorteming velocity {V,.,), maximum isometric tension (I;) and

yield point of tension during lengthening are indicated (arrows).
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velocitics (Edman et al. 1978). These differences are thought (o reflect a balance of
the force per cross-bridge, and the number of attached cross-bridges as a function of

time, which becomes less as the speed of myofilament sliding increases.

Passive mechanical properties of muscle

Passive properties of muscle refer to the tension generated Whenl a non-aclivated
muscle is at rest (static) or undergoing movement. In every day activities, passive
properties serve many important functional roles. For example, when an agonist
muscle coniracts and shortens to rotate a joint, the inactive, antagonist muscle is
passively stretched. Upon relaxation, both muscles return to their original length
before the coniraction, one, by passive sfretch (agonist), the other, by passive
shortening (antagonist). Furthermore, many voluntary confractions require the
activation of only a small number of motor units, so that a considerable fraction of

the agonist muscle will be passive.

Although research has been carried out on passive mechanical properties of muscle
for over a century, significant advances have occurred only recently, over the past
two decades or so. This section outlines how our understanding and knowledge of
passive properties has developed over time, and it also addresses some modern day

controversies surrounding this topic.

Passive length-tension relationship

Connective tissue and sarcofemma

The length-tension relationship of a passive muscle is approximately exponential,
with negligible tension at short muscle lengths, and a steeply rising tension at long
lengths (Close, 1972). Traditionally, the source of passive tension in musdle was
attributed to structures in ‘parallel’ with the contractile filaments, such as connective
‘tissue and the sarcolemma. Skeletal muscle consisis of tlyec commective tissue
layers, the epimysium, covering the muscle belly, the perimysium, surrounding
bundles of fibres (fascicles) and the endomysium, which connecis with individual
fibres and the perimysium (Borg & Caulfield, 1980). These connective tissues
provide the ‘muscle with structural support and also assist in {ransmitting forces
produced by muscle fibres to adjacent fibres and the tendon (Purslow & Trotter,
19594; Huijing, 1999). In an early study, Barms & Zetlin (1938) reported that the

tension produced by a relaxed muscle was similar before and afier surgical removal
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of the muscle fibres, and on this basis, proposed that connective tissue providcd a
major contribution to passive tension. However, this idea has been challenged by a
more recent biomechanical model (Purslow, 1989). Here, it was suggested that
perimysial connective tissue contributed to the production of passive tension only at
sarcomere lengths longer than about 3.6 um for mammalian muscle, 2 length at

which there is already significant passive tensien in the muscle (see below).

In a stndy investigating the active and passive Iength-tension properties of single frog
muscle fibres, Ramsey & Street (1940) originally assigned all of the passive tension
to the sarcolemma. However, one of the authors later retrested this proposal, based
on uncertainties of their method of measuring the segment length of fibres with
contraction clots and empty sarcolemmal tubes (Street, 1983). Subsequent research,
also carried out on single frog fibres, suggested that the sarcolemma contributed to
passive tension only at relatively long su:comere lengths, above 3 to 3.2 um
(Podolsky, 1964; Rapoport, 1972). At thesc lengths, the sarcolemma has been shown
to lose its folded appearance, which is evident at shorter lengths (Dulhunty &
Franzini-Armstrong, 1975), This might provide a structural cxplanation for the
generatien of tension by the sarcolemma. The passivc'length—tansion properties of
single fibres were found to be remarkably similar to those of whole frog muscle, as
reported by Magid & Law (1985). Bascd on their findings, the authors concluded that
non-contractile structures within myofibrils generated most of the passive tension at
lengths within the normal physiological range, with contnbutions from connective
tissue and sarcolemma only at long sarcomere lengths, greater than 3.8 pm (Magid
& Law, 1985).

Titin filaments

The discovery of the e¢lastic filament titin, or comnectin (Wang et af. 1979,

Maruyama ef al. 1981) established the existence within sarcomeres of a non-

contractile structure capable of generating passive tension. There is now a wealth of
experimental evidence in support of titin’s role as a major source of passive tension
in both skeletal and < rdiac muscle (for recent reviews see Horowiis, 1999; Wang et

al. 2001). As ils 1u2. implies, titin is a large polypeptide, which constitutes about

10% of the total musc.le protein mass (Labeit & Kolmerer, 1995). It provides an

elastic, mechauical link between the Z-line and thick filament, spanning the distance

of cach half sarcomere {Z-lin¢ to iv-line) (Fiirst e al 1988). An early method of
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invest_igating the role of titin in the generation of passive tension was to selectively
degrade it using protease digestion (Funatsu ez al. 1990) or low-dose ionising
radiation (Horowits ¢z al. 1986). In both studies, there was a strong correlation
between the degree of fitin fragmentation and the resultant drop in passive tension.
Many studies have now shown that the generation of passive tension is associated
with stretch of the extensible I-band region of titin, between the Z-line and the end of
the thick filament (sce Horowiis, 1999), Fiere, titin consists of three structurally
distinct but serially linked segments; the immunoglobulin (Ig) and fibronectin (Fn3)
domains, the PEVK. region, and the N2-A segment (Labeit & Kolmerer, 1995). The
A-band region of titin, cousisting of Ig and Fn3 domains, is strongly bound to the
thick filament, making it inextensible under normal physiological conditions (Labeit
& Kolmerer, 1995). An cxplanation for the iension produced by cach I-band
segment of fitin dvring passive length-tension measurements, the segﬁental
extension model, was proposed by Wang ¢ al. (1993) (see also Linke et al. 1996).
At short sarcomere lengths, between 2.2 and 2.6 um for skinned rabbit psoas fibres, a
low level of passive tension is produccd, which is thought to reflect straightening of
the [g segment of titin. With further stretch, tension rises exponentially due to
extension of the PEVK and N2-A segments (Figure 1.3). Recent support for this
model comes from a study using an immuno-staining technique, which showed that
each of the I-band regions of titin extend as distinet segments (Granzier ef al. 2000).
At longer lengths, approximately 3.8 pm, titin reaches its elastic limit and yields,
whereby a part of the titin segment origina]lly anchered to the end of the thick
filament dislodges and becomes cxtensible. Passive tension then remains at a
constant level as the fibte is stretched further, until at 4.5 pm, tension again rises
because of the contribution of the intermediate filament network {(see Figure 1.3).
This includes the protein desmin, which provides a mechanical link between the Z-
line and M-line of sarcomeres in adjacent myofibrils (Lazarides, 1980). Wang ef al.
(1993) commented that stretich of a muscle fibre {o these extreme lengths would be
unlikelv to occur under normal physiological conditions. However, they suggested
that in the case where a sarcomere became damaged, intermediate filaments might
act as a mechanical bypass structure to stabilise the sarcomere. There is_
experimental evidence to suggest that sarcomere overextension and disruption can

occur during repeated eccentric contractions, as described later in the chapter.




Figure 1.3 Passive-length tension relationship of titin.

(A) The passive length-tension relationship of a single sarcomerc, based on
measurements made using single skinned mammalian muscle fibres (Wang et al.
1993). (B) The proposed extension of titin filaments during passive lengthening
of a sarcomere, as proposed by Wang er al. (1993). The I-band region of titin
(blue) is attachcd to the Z-line and thick filament, whilc the A-band titin (red) is
anchored to the thick filament. Each phase of sarcoimere extension (numbered)
corresponds to a region of the length-tension relationship shown in (A). At very
short sarcomere lengths, passive tension is near zero and titin is slack (1). With
extension up to ~2.6 pm, part of the I-band (itin extends and there is a small
increase in passive temsion (2). Beyond this length, passive tension increases
exponcntially (3) as titin is extended. At a sarcomerc length of 3.8 pm, the
region of the titin filament attached to the thick filament dislodges and becomes
extensible (4). With further extension, tension levels off until at ~4.5 pm,

tension again rises due to strain of the intermediate filaments (dotted line in A).
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It has been proposed that differences in the passive length-tension relationships
between muscles, both within and across specics, can be attributed to various titin
isoforms. Wang et al. (1991) reported sigaificant correlations between the size of the
titin isoform and both the sarcomere length at which passive tension began to rise
exponentially, and tihe length at which ftitin yiclded. It has been proposed that
variations in the length of the PEVK region, and the number of Ig domains, provide
an explanation for such differences (Labeit & Kolmerer, 1925). Linke er al. {1996)
showed differences in the yield point and slack sarcomere lengths for isolated
myofibriis from rabbit psoas and soleus muscles. They proposed that the length of
the PEVK region determined passive stiffness, while the length of the Tg domain set

the slack sarcomere length.

Visco-elastic properties of passive muscle

Like many biological tissues, the mechanical properties of passive muscle are visco-
elastic, that is, they are dependent on the velocity of movement (viscous) and
changes in length (elastic). Two commoniy invcétigated visco-elastic properties of
passive muscle are stress relaxation and hysteresis. Stress-relaxation is the
exponential decay of tension towards a steady level, when a muscle is held at a fixed
length after being stretched. Hysieresis refers to a higher tension produced during
stretch than during release, over the same length range (Wang er al. 1993). Recent
studies have reported that such visco-elastic behaviour of passive muscle, cvident in
experiments carried out on whele muscles (Magid & Law, 1985; Malachy er af
1992}, can be explained by the rmechanical properties of titin filaments (Wang er /.
1993; Bartoo e al. 1997; Mutungi & Ranatunga, 1998; Kellermayer et al. 2001;
Minajeva er al. 2001). |

Recently, it was shown that when isolated myofibrils were passively stretched and
then held at a fixed length, the amplitude of the tension decay progressively
increased with higher stretch velocities and longer sarcomere Iengtbs up to 3.7 pm,
but then became less at longer lengths (Minajeva er ai. 2001). This stress relaxation
was proposed to reflect the unfolding of a few Ig domains in the I-band region of the
titin filament, while sarcomere length remained relatively constant. Force hysteresis
during stretch-shortening movements over a physiologically relevant length range
was also attributed to the folding and unfolding of Ig domains (Minajeva et al. 2001).

However, when the yield point of titin is exceeded during the stretch, the amount of
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hysteresis becomes much greater, and this is thougit to reflect an increase in the
extensible length of the titin filament (Wang et al. 1993).

Mechanical properties of cross-bridges in passive muscle

An interesting feature of a passive muscle is that during stretch, the mechanical
response is biphasic; an initial steep rise in tension followed by a miore gradual
change. A detailed examination of this phenomenon was first reported by D.X. Hill
(1968). Hill noted that during stretch of a frog sartorius muscle, the initial high
stiffiicss persisted over only a small fraction of the length change, about 0.2% of the
fibre length, and so he referred to this as the short-range elastic component (SREC).
Hill postulated that the SREC was due to the spring-like, mechanical properties of a
small number of long-lived cross-brudges between actin and myosin, present in the
resting muscle. Once the cross-bridges reached their ‘elastic linit’ and detached,
tension dropped slightly and then levelled off with further stretch. Hill also proposed
that a component of the resting tensien, which he termed the flamentary resting
tension (FRT), was attributable to these cross-bridges.

Since the work carried out by Hill, (1968), several studies have examined, under a
variety of experimental conditions, whether or not the mechanical properties of
passive muscle are consistent with the presence of such cross-bridges. This tapic is
currently the subject of debate, with some studies supporting the cross-bridge
hypothesis {see Campbell & Lakie, 1998; Proske & Morgan, 1999) and others
opposing it and providing alternative explanations (see Mutungi & Ranatunga, 2000,
Ranatunga, 2001).

Velocity-tdependence

The biphasic tension response during stretch of a passive muscle, as shown by Hill
(1968) was observed when the muscle was stretched at velocities ranging from 1 x
10 to 0.2 fibre lengths per éecond (Lo s°1). Tt was shown that while the amplitude of
the initial tension rise up to the elastic limit remained relatively constant at low
stretch velocitics, it became progressively greater at higher velocities. A similar
velocity-dependence of both the tension and stiffness of the SREC was recently
reported by Campbell & Lakie (1998), in which single frog fibres were stretched
from very low speeds (5 x 10 Lo ') up to the maximum shortening speed for frog

muscle (2 Ly s7). The authors suggested that at low velocitics of siretch, the
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mechanical behaviour of the SREC was due to an elastic structure, consistent with
slowly cyeling cross-bridges, while at higher speeds, a viscous, velocity-dependent
element was likely to dominate the response. Using much faster stretches on frog
single fibres, up to 250 Lg s, Bagni er al. (1995) separated the initial tension rise
during stretch into three components. An initial rapid rise in tension was founrd to
increase proportionally with stretch velocity and so was attbuted to viscous
resistance to sliding of the contractile filaments. This component had a finite value
at zero velocity, which was atiributed to the SREC. A second less steep tension
merement, which was proportional with velocity up to a plateau value, was proposed
to represent the visco-elastic properties of structural filaments, presumably the
cytoskeleton. At the end of the streich, tension decayed to a steady value, the
amplitude of which was independent of velocity. This was attributed to an elastic
structure, possibly titin filaments. Similar findings and conclusious were reported by
Mutungi & Ranatunga (1996b), on bundles of mammalian fibres. Hcre, though, it
was postulated that the visco-elastic component of the tension rise might also

represent the mechanical properties of titin filaments.

While it seems likely at high stretch velocities that viscous resistance and titin
filaments provide a large contribution to the measured fension, there is, however, no
convincing evidence that titin can produce the biphasic iension response during slow
stretch of passive muscle (see Campbell & Moss, 2002). Furthermore, an argument
put forward by Campbell & Lakie (1998) against the coniribution of titin to the
SREC and FRT, was that their experiments were carried out at a short initial
sarcomere lengith of 2.2 pm, which is close to the slack sarcomere length for frog
muscle, They proposed that at this length, the conribution of titin to resting tension
was likely to be negligible and that to produce the biphasic tension response of the
SREC, titin would have to he ‘disproportionately stiff for small movements’, which
was not supported by previous experimental cvidence (Tskhovicbova er al. 1997].
Thus, an important factor that needs to be taken into account when considering the -
mechanical response of passive rouscie during stretch, is the initial sarcomere length

of tﬁc fibre.

Length-dependence
If cross-bridges are responsible for the SREC, then, in theory, the initial short-range

tension and stiffness would be expected to reach a peak at a length corresponding to
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optirnum overlap between thick and thin filaments for cross-bridge attachment.
However, it has becn shown that the stiffness of the SREC continues to increase with
length beyond the optimum (Hill, 1968; Moss & Halpern, 1977; Haugen & Sten-
Knudsen, 1981). In support of a cross-bridge origin of the SREC, though, was the
finding that the short-range stiffness and tension fall to zero when there is no
myofilament overlap (Haugen & Sten-Knudsen, 1981). It has been suggested that at
lengths beyond the optimum, an increased number of cross-bridges might still be
able to form in resting muscle, due to a reduced interfilament spacing (Proske &
Morgan, 1999). This idea was originally put forward by Hill (1968), as an
explanation for an increase in the size of the SREC and FRT in hypertonic solutions.
He proposed that fibrc shrinkage from the hypertonic solution had brought the thick
and thin filaments closer together, allowing more eross-bridges to attach. It has,
however, gince becen shown that hypertonic solutions can partially activate the
contractile filaments (Lannergren, 1971), which conld provide an alternative
explanation for Hill’s findings. Proske & Morgan (1999) have also suggested that
the length-dependence of the SREC might be due to an increase in the sensitivity of
the myofilaments to calcium, at lengths beyond optimum overlap, as shown by Endo
(1973). However, in a more recent study on single mammalian muscle fibres, it was
found ihat while calcium sensitivity increased at lengths beyond the optimum, it then
decreased at longer lengths (Balnave & Allen, 1996). Thus, it remains unclear as to
whether or not changes in calcium sensitivity, particularly under resting condifions,

can explain the length-dependence of the SREC.

Calcium-dependence _

It is now generally accepted that if cross-bridges exist in passive muscle, they must
cycle slowly or not at all, and can not correspond to the proposed weakly aftached,
rapidly cycling cross-bridges thought to occur in resting muscle (see Campbell &
Lakie, 1998; Ranatunga, 2001 for references). There has been some indirect
cvidence for the presence of slowly cycling cross-bridges in resting muscle and their
role in the mechanical response to passive stretch. Studies carried out on single
skinned muscle fibres showed that there was no SREC in relaxing solutions
containing low calcium concentrations. However, as the calcium concentration of
the bathing solution was raised to a level just below that required for contractile

activation, the tension response during stretch was similar to that observed in a
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normal resting muscle (Moss ef al. 1976). More recent studies have reported similar
findings, and have proposed that the tension response to siretch of a passive muscle
is qualitatively similar to that of actively contracting muscle, suggesting that both are
attributable to the tension produced by cross-bridges, which varies according to the
intracellular calcium concentration (Campbell & Moss, 2000; Campbell & Moss,
2002). An important difference is the rate of cross-bridge cycling, which is about 10
times faster for actively contracting muscle (Campbell & Moss, 2000) than passive
muscle {Campbell & Lakie, 1998).

Thixotropy

It has been known for many years that the onset of the initial steep tension rise
observed during the stretch of a passive muscle is delayed more, and is less steep, for
the second of two stretches (Denny-Brown, 1929). This underlies 2 property of
passive muscle referred to as thixotropy (Proske er o/, 1993), in which the initial hi gh
stiffness during stretch is temporarily reduced by previons movement or contraction.
Thixotropic behaviour for passive muscle has been reported for single frog fibres
{Lannergren, 1971; Campbell & Lakic, 1998), whole frog muscle (Herbst, 1976;
Lakie & Robson, 1988a; Lakie & Robson, 1988¢c; Lakie & Rbbson, 1988d) and
human muscle (Lakie ef al. 1984; Hufschmidt & Schwaller, 1987; Lakie & Robson,
1988b).

One of the main arguments in favour of the presence of cross-bridges in resting
muscle is that both the SREC and FRT arc dependent on the muscle’s previous
mechanical history (Campbell & Lakie, 1998; Proske & Morgan, 1999). The
history-dependence of the SREC and FRT has been recently demonstrated on single
frog fibres subjected to two consecutive stretch-shortening movements at a constant
velocity (Campbell & Lakie, 1998). It was found that the SREC tension and stiffhess
fell during the second stretch, and the FRT was less at the end of the first movement
than it had been beforehand. These findings were proposed to reflect the strain and
detachment of cross-bridges during the first ‘stretch, so that the population of attached
cross-bridges was now smaller at the onset of the second streich. It was also shown
that by delaying the onset of the second movement, the SREC and FRT recovered
with titme to their ipitial values, but the time constant of recovery was slower for the
SREC tension (12.5 s).compared with the FRT (less than 1 5). The recovery rate of
the SREC tension reported by Campbell & Lakie (1998) compares well with other
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studies on frog single fibres (Lannergren, 1971), amphibian whole muscle (Proske &
Stuart, 1985) and human ankle extensor muscles (Hufschmidt & Schwaller, 1987).
Hufschmidt & Schwaller (1987) also reported a similar time-course of FRT re-
development to that shown by Carripbel] & Lakie {1998).

The fact that the recovery of the SREC tension after movement toock many seconds,
implied that the rate of cross-bridge attachment in the static muscle was low.
However, such a low cross-bridge attachment rate seemed at odds with the fact that
tension does not drop to zero beyond the yield point of the SREC, but remains at a
relatively constant level. In order to overcome this difficulty, Campbell & Lakie
(1998) developed a model, in which the cross-bridge attachment rate increased
during movemerit. This prevented tension from falling te zero beyond the yield
point. They suggested that when the movement had ended, the cross-bridge
attachmént rate became less, so that the SREC took many seconds to fully recover.
While this remains a plausible explanation, it is inherently unsatisfactory in terms of
the A.F. Huxley (1957) model. That ie, it requires a departure from the idea that
rate-constants for cross-bridge attachment are determined by energy levels. An
a]temative explanation has been prdposed by Proske & Morgan (1999). They
suggested that cross-bridges attach at the same, slow rate whether the muscle
undergoes mofement or is at rest. During a slow stretch, it was postulated that
sarcomeres in the passive muscle would lenglhen non-uniformly. That is, not all
sarcomeres would resist the stretch with the same strength, so that some would
stretch more than others. Thus, the weakest sarcomeres would be streiched until
their cross-bridges detached. With further stretch, these sarcomeres would lengthen
rapidly until passive tension, from non cross-bridge sources, had risen to a level
where cross-bridges in the next weakest sarcomeres became detached. This process
would continue throughoul the siretch, in order from the weakest to strongest
sarcomere, in a similar way to stretch of active muscle (Morgan, 1990). With such a
model, the level of tension would not be cxpected to fall to zero with stretch beyond
the yield point of the SREC, yet the re-formation rate of cross-bridges could remain

uniformly low (Proske & Morgan, 1959).

One potential difficulty with a slow attachment rate of cross-bridges in the resting
muscle is that it seems inconsistent with the more rapid recovery of the FRT.

Campbell & Lakie (1998) found a way around this problem by proposing that at the
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end of a streich-shortening movement, most attached cross-bridges are compressed
and negatively strained. This would cause a drop in FRT. Immediately after the
movement had ended, these compressed cross-bridges would rapidly detach, leading
to an early rise in FRT. The more gradual phase of FRT re-development is due 1o the
slow altachment rate of cross-bridges in the resting muscle, which is also responsibie

for the recovery of the SREC tension.

Amn important piece of evidence in support of the role of cross-bridges in the history-
dependence of passive mechanical properties, is that muscles fail slack under certain
circumstances. At short lengths, if a muscle is shortened sufficiently it will lie slack,
while if 1t is stretched to long enough lengths, slack will not develop after any form
of mechanical conditioning. However, at intermediate lengths, the incorporation of
slack depends on the muscle’s previous mechanical bistory (Proske et al. 1993).
When a muscle is stretched, contracted iscmetrically, and then held for a few
seconds, upon being shortened back to its original length it will fall slack. It has
been proposerd that following the isomeiric contraction at the longer length, stable
cross-bridges will form, so that when the muscle is shortened, some cross-bridges
will detach while others will remain attached and generate a compressive force on
the sarcomercs. Thus, the muscle fibres are unable to fully accommodate the length
change and fall slack. The presence of slack shows up as a drop in resting tension
and a delay in the tension rise during a slow stretch (see Proske & Morgan, 1999;
Fig. 2). In order for slack to fully develop, at least for the intrafusal fibres of muscle
spindlies, it is proposed that the muscle needs to be held at the longer length for
several seconds before being shortened to the initial length (Morgan ef af. 1984). In
a whole intact muscle, the tendon might fall slack. This has been observed at short
lengths for cat medial gastrocnemius muscle during treadmill locomotion (Elek er al.
1990) and over a range of muscle lengths for the relaxed human brachialis muscle
(Herbert & Gandevia, 1995). Thus, slack appears to be present under nommal

physiological conditions.

While the thixotropic behaviour of passive muscle provides strong supporting
evidence for the involvement of cross-bridges, it has been recently suggested that
history-dependent properties of titin filaments might underlie the thixotropic
behaviour of the SREC (see Mutungi & Ranatunga, 2000; Ranatunga, 2001). This

proposition was based on studies in which single molecules of titin were shown to
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display” ‘mechanical fatigne' during repeated stretch-shortening movements over a
physiologically relevant force range (Kellermayer et ol 1993; Kellermayer et al.
2001). The response was characterised by a progressive shift of the extension-
tension relationship of titin to longer lengths, The authors suggested that this
reflected an increase in the extensible segment length of titin, a process that was
reversible if the molecule was held at a short length for approximately 4 minutes.
While it seems likely that titin possesses long-range history-dependent properties, it
is lcss likely, based on the experimental evidence presented above, that the
mechanical properties of titin can explain the shert-range, thixotropic behaviour of
passive muscle, particularly at short lengths, where it is known that titin contributes

little to the resting tension.

In Chapter 2 of this thesis, the effects of muscle thixotropy on the passive mechanical
properties of mammalian muscle will be examined, the aim being to explore somie of

the unresolved issues surrounding this topic.

Muscle damage from eceentric contractions

The sensations of muscle stiffness and soremess the day after a period of
unaccustomed exercige is a conumon experience. The first experimental evidence of
such delayed muscle pain was reporied by Hough (1902), in subjects performing
repetitive exercise of their middle finger muscles, using both conceninc and
eccentric contractions. Hough noted that the delayed soreness was experienced in
untrained individuals, who had not performed this activity for several months. It first
became evident about 8 hours after the exercise and yeached maximum intensity a
day or two later. He commented that this type of soreness was different to the pain
experienced during intense exercise, and proposed that it was due to a type of
‘rupture’ within the muscle. These were rather insightful findings and they
foreshadowed what are now known to be important characteristics of this type of
muscle soreness. It was, however, more than half a centnry later before the
observations of Hough were more formally investigated. An important step towards
understanding the cause of this delayed muscle soreness, was the discovery that it
occurred after excrcise involving eccentric contractions (eccentric exercise} but not
concentric contractions (concentric exercise) (Talag, 1972; Newham et al. 1983b).

There is now a wealth of experimental evidence to show that delayed onset muscle

]
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soreness (DOMS) and the associated sensations of muscle stiffness and weakness are

manifestations of muscle damage caused by eccentric contractions.

Histological evidence of muscle damage

Histological evifience of structural damage to muscle from eccentric exercise was
first shown in muscle biopsy samplss from human subjects, who had experienced
DOMS in the affecied muscle (Fridén ef al. 1981). Two days afier the exercise, there
was evidence of structural changes to sarcomeres, as viewed under the clectron
microscope. In particular, the Z-band appeared tc be affected, showing signs of
broadening, streaming (wavy appearance) and disruption. Adjacent sarcomeres were
often hypercontracicd or structurally disorganised. The damage was distributed
randomly thronghout the muscle sample and could be restricted to a few or even one
half sarcomere in a myofibril. In some cases, though, the damage had spread
transversely across parts of the fibre, charactenised by non-upiform register of
sarcomeres in adjacent myofibrils. Similar ulirasiructural changes to human muscle
were reported by Newham er al. (19832) after eccentric but not concentric exercise.
Here, it was shown that the incidence of disrupted sarcomeres increased i samples
taken 1 to 2 days after exercise compared to samples taken immediately after the

exercise,

Eccentric contraction protocols cartied out on animals have shown similar pattems of
sarcomere disruption. Ogilvie et al. (1988) reported various structural abnormalities
in rat soleus muscie after downhill exercise on a treadmill. They showed disruption
and widening of the A-band, Z-line dissolution and ‘clotted’ muscle fibres,
characterised by regions of hypercontracted sarcomeres. The presence of
overextended sarcomeres or half sarcomeres, randomly scattered throughout the
fibre, is commonly observed after repeated eccentric contractions (Wood ef gl. 1993;
Balnave et al. 1997; Mucpherson et al. 1997). Some animal studies have aiso
reported more extensive muscle damage after eccentric contractions. The presence
of enlarged or ‘swollen’ segments of muscle fibres have been described, in which the
damage had spread across the fibre (Warren er al. 1995; Fridén & Licber 1998;
Komulainen er al, 1998). These ‘swollen’ regions of the fibre have been shown to

consist of hypercontracted sarcomeres (Fridén & Lieber 1998).
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Mechanisms of damage from eccentric contractions
Initial event '

Early studies investigating the cause of muscle damage following repeated eccentric
contractions proposed that metlabolic factors such as depletion of ATP, lower pH and
the accurnulation of metabolic waste products might be responsible (see Armstrong,
1984; Byrnes & Clarkson, 1986). However, it is now widely accepted that such
metabolic factors are not the initiating event leading to structural damage in the
muscle, since for a given level of force production, eccentric contractions are kiown
to be metabolically ‘cheaper’ than isometric or concegntric contractions, which do not
cause muscle damage (see Armstrong ef @l 1991). Furthsrmore, a recent study has
shown that an increased oxidative capacity does not rotect the muscle from

cceentric contraction-induced damage (Patel et al. 1998).

It is known that the force generated during an eccentric contraction can be almost
twice that of an isometric contraction (£atz, 1939). This led some researchers to
propose that high forces might cause structural disruption of sarcommeres, as is
commonly observed after eccentric contractions (Fridén er al. 1981; Armstrong e? al.
1983; Newham et al. 1983b; Fridén et al. 1984; McCully & Faulkner, 1936).
Experiments carried out on mouse extensor digitorum muscle in sity, showed that the
peak force developed during the first cf a serics of ecceniric contractions was
correlated with the reduction in isometric force measured 3 days after the exercise,
which, in turn, was related fo the degree of muscle damage measured histologically
(McCully & Faulkner, 1986). Howsever, in the same study, it was also reported that
damage occurred following cccentric contractions but not concentric or isometric
contractions, in which the puak force level was the same in each case (85% Po).
Based on this finding, the uuthors suggested that a factor other than peak force also

contributed tc the initial damage afier eccentric contractions.

Newham ef al. (1988) showed evidence of more extensive damage to human elbow
flexors following eccentric exercise carried out at long compared to short muscle
lengths, despite the fact that the contractions at shorter lengths produced higher peak
forces. Experimental evidence, based on changes to the active length-tension
properties of the muscle, lend support to the idea that the amount of damage
increases as ihe eccentric contractions are carried out at longer muscle lengths (Katz,

192G; Talbot & Morgan, 1998).
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Sarcomere ‘popping’ hypothesis

An explanation for the initial event leading to muscle damage from eccentric
contractions, which is able to account for most of the known facts, was proposed by
Morgan (1990G). The model was based on the assumption that sarcomeres within a
myofibril will have some random variation in their strengths, due to small differences
in sarcomere spacings or cross-sectional area along the myofibril. As a result of
these sarcomere inhomogeneities, lengthening of an active muscle would occur non-
uniformly. During an eccentric contraction, tension would rise until the weakest
sarcomere reached the yield point of its force-velocity relanionship, causing it to
lengthen more rapidly than the other sarcomeres without i.ncre-asiné tension. If the
weakest sarcomere was on the descending limb of its length-tension relationship, its
ability to generate active tension would be reducad with further stretch, and so it
would be unable to maintain the existing fibre tension at any velocity. It would
continue to lengthen rapidly until the tension from non-contractile, passive structures
within the sarcomere was equal to the fibre tension. At this point, the sarcomere
would stop lengthening. As the stretch continued and tensior: rosy itirther, the same
process would then be repeated for the next weakest sarcomere i the myofibril. In
this way, it was proposed that lengthening of an active muscie occurs by the rapid
overextension or ‘popping’ of sarcomeres, one at a time, in order from weakest
towards strongest. This would continue until the stretch ended or tension in the fibre
was reduced (Morgan, 1990). An important prediction of the model was that the
number of ovecrextended sarcomeres in fibres would increase as the stretch was
carried out at lengths further down the descending limb of the length-tension

relationship.

Recent experimental support for the non-uniform lengthening of sarcomeres during
an cccentric contraction was provided by Morgan et al (2000). This study
investigated a. phenomenon known as ‘permanert extra tension’, in which the
maintained isometric tension at the end of an active sireich remains higher than the
equivalent isometric tension at that length. It was found that the permanent extra
tension only occurred on the plateau or descending limb of the length-tension
relationship, and became greater at longer lengths. This was interpreted as being due
the non-uniform lengthening of sarcomeres during the stretch, so that most of the

length change was taken up by a few ‘popped’ sarcomeres while the majority of
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sarcomercs lengthened little. In this way, the tension at the end of the stretch would

be closer to the isometric tension at the initial rather than final length.

Ultrastructural damage from sarcomere non-uniformities

The mechanical consequences of sarcomere ‘popping’ provide an explanation for
many ultrastructural changes to muscle after a series of eccentric contractions (Figure
1.4). Morgan (1990) proposed that when the muscle relaxed after a single eccentric
contraction, most of the overstretched sarcomeres, that is, weak sarcomeres that had
been stretched to beyond myofilament overlap, would be able to reinterdigitate and
resume normal function, However, a few would become disrupted, so that they
could not realign their normal overlapping pattern. This might be because the thick
and thin filaments butt up against onc another, or non-contractile filaments become
detached, leading to disturbance of the spatial alignment between the myofilaments.
With repeated ecoentric coniractions, these sarcomeres would rapidly stretch, placing
extra tension on sarcomeres in adjacent myofibrils, possibly leading to further
sarcomere disruption. Morgan postulated that spread of the damage across the fibre
in this way could also cause damage to muscle membranes and the subsequent loss
of calcium homeostasis, which has been proposed to trigger a cascade of cvents
leading to further damage to the muscle (see Armstrong er @/, 1991).

‘While the presence of overextended sarcomeres has been shown histologically after
repeatéd eccentric confractions (see above), according to the hypothesis of Morgan
(1990), most of the overextended sarcomeres that develop during an eccentric
contraction would resume their normal interdigitating pattern and so not be evident
in a muscle that was fixed after relaxation. In order to overcome this problem,
Talbot & Morgan (1996) used a rapid fixation technigue developed by Brown & Hill
(1991). They showed that if a muscle was fixed while still contracting, at the end of
a single eccentric contraction on the descending limb of its lepgth-tension
relationship, the number of cverextended sarcomeres found in muscle fibres could
account for more than half of the ixnposcd length change during the stretch.
Importantly, such overextended sarcomeres were absent when the muscle was fixed
during a single isometric contraction at the same length, and only a few were found if
a single aclive stretch was carried out on the ascending limb (Talbot & Morgan,

1996). This was taken as evidence of non-uniform lengthening of sarcomeres during




Figure 1.4 Proposed mechanical conseguences of sarcomere non-uniformities during an eccentric confraction.

Schematic representation showing four sarcomeres from two adjacent myoftbrils of a mammalian muscle fibre.
Titin filaments (blue) are shown, as well as desmin intermediate filaments (red) and the T-tubule system (black).
Before an eccentric contraction, the sarcomeres are passive and have a uniform length (upper panel). During an
eccentric contraction, the sarcomeres 1 the top myofibril lengthen uniformly, whereas in the bottom myofibril, the
half-sarcomere to the right becomes overextended, causing its titin filament to yield. It also results in loss of

wyofibrillar registry, placing strain on desmin (centre) and T-tobules {left sarcomere), and the possible rupiure of
some T-tubules (right sarcomere). Based on Allen (2001).
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an eccentric contraction, but only when the muscle was stretched onto the descending

limb of its length-tension relationship.

The overextension of sarcomeres during eccentric contractions can also provide an
explanation for the observed damage to cytoskeletal structures within the mitscie, in
particular titin, and the intermediate filament desmin (see Figure 1.4). As discussed
earlier in the chapler, when a sarcomere becomes overextended to a length beyond
myofilament overlap, the rising tension borne by titin causcs it to yield (Wang et al.
1993). With repeated eccentric contractions, it is possible that progressively more of
the titin filament is dislodged from the thick filament. Given that titin has an
important role in stabilising the thick filament in the centre of the sarcomere
(Horowits, 1999), such structnral disruption might lead to misalignment of the
contractile filaments so that thc sarcomere is no longer able to generate active
tension. Recent experimental evidence in support of the above proposal was
provided by the findings of (Fridén & Lieber, 1998). They showed that repeated
-eccentric contractions of rabbit extensor digitorum longus muscle led to a
disturbance of the regular staining patlern of titin in some sarcomeres, scattered
throughout the fibre.

There is some cvidence that the structural integrity of the intermediate filament
desmin is also affected by a series of eccentric contractions (Lieber ef al. 1996;
Fridén & Lieber, 1998). Tt was found, using immunohistochemisty, that ‘desmin
negative’ fibres were eviden! as soon as™ 5 minutes after cccentric contractions,
suggesting that disruption of desmin represented an carly event in the damage
process (Licber et al. 1996). The authors proposed that a rise in intracellular caleium
due to membrane damage would lead to the activation of ecalpain, a protease that
selectively degrades the intermediate filament network (Belcastro, 1993). The
protcolysis of desmin would then lead to further sarcomere disruption, exacerbated
by additional ecceniric contractions (Lieber ez al. 1996). However, a recent study
showed that in gene knockout mice, muscles lacking desmin were less vulnerable to
injury than normal muscles with desmin (Sam ez al. 2000). This finding suggested
that desmin played a role in the damage process. Since desmin mechanically links
adjacent myofibrils at the Z-line, the overextension of a sarcomere during an
cccentric contraction would be expected to place extra strain on desmin, which, in

furn, couvid transmit any structural disruption of sarcomeres across a fibre from one to
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adjacent myofibrils. This process would provide an explanation for the loss of

myofibrillar registry after eccentric contractions, and why damage appears to spread
across the fibre.

Membrane damage from sarcomere non-uniformities

There is evidence to suggest that disruption of sarcomeres from eccentric
contractions also leads to damage of muscle membranes (see Allen, 2001). Two
recent studies have provided evidence that the T-tubules might be particularly
vulnerable to damage from eccentric contractions (Takekura ef al. 2001; Yeung et al.
2002a). Using electron microscopy, Takekura ef al. (2001) reported that
immediately after eccentric exercise on rats, there was a disorganisation of the T-
tubular system, shown by the presence of longitudinally orientated T-tubules
throughout muscle fibres. The authors proposed that this could be partly explained
by sarcomere non-uniformity, leading to T-tubule damage. Yeung et af (20022)
used confocal microscopy to observe the morphology of the T-tubule system after
eccentric contractions on single mouse muscle fibres. They showed that eccentric
" confractions led to the development of T-tubule vacuoles and a slowed diffusion of
the dye sulforhodamine out of the T-tubule system. The authors proposed that non-
uniform lengthening of sarcomeres might strain adjacent T-tubules, causing them to
rupture if the shear force became too great (see Figure 1.4). This, in ftrn, would lead
to an influx of calcium and sodium into the cell. It was postulated that if the osmotic
Joad of sodium and water exceeded the capacity of the T-tubule sodium pump, T-
tubule vacuoles would develop (Yeung et al 2002a4). The possible functional
consequences of such damage to fibre membranes will be discussed later in the

chapter,

Secondary events in the damage process

Tt is generally thought that following the initial mechanical disruption to sarcomeres
and subsequent membrane damage, the nexi step in the damage procesé 1§ an influx
of calcium into the cell (Armstrong ef al. 1991). There has been direct (Balnave ef
al. 1997; Lynch et al. 1997; Ingalls ez al. 1998) and indirect (Duan et al. 1950;
Fridén & Lieber, 1996) evidencs for an increase in resting caleium concentration
soon after a period of eccentric contractions. If calcium homeostasis was not
maintained, because calcium pumps were damaged by eccentric contractions, or

calcium buffering systems such as the mitochondria became overwhelmed by the
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excess calcium (Duan et al. 1990), it is possible that various calcium-cependent
proteases and phospholipase A, would be activated. These enzymes would degrade
the contractile filaments, cytoskeleton and muscle membranes (Armstrong et al.
1991; Belcastro ez al. 1998). .

The rate of protein degradation of damaged muscle has been shown o increase by a
maximuim of 60%, two to four days after eccentric contractions {Lowe et al. 1995).
An inecreased level of myofibrillar proteins such as creatine kinase (CK} and
myoglobin in the blood, has been commmonly used as a marker of muscle damage
from eccentric contractions (Bymes et al. 1985b; Newham er al. 1986; Donnelly et
al. 1992; Balnave & Thompson, 1993; Pizza ez al. 1996). The appecarance of these
proteins in the blood is delayed, and the time-course is quite variable, with peak
values found as early as a few hours after eccentric exercise, or up {0 4 or 5 days
post-exercise (see Warren ef al. 1999b). Also, the magnitude of the increase in these
proteins can vary considerably between subjects (Balnave & Thompson, 1993).
. Using elevated levels of muscle proteing as a marker of muscle damage is
complicated by the fact that the circulating levels reflect both their release and
clearance rates (Clarkson & Newham, 1995). Furthermore, it has been reported that
the rise in creatine kinase afler eccentric contractions does not correlate with another
indicator of muscle damage, the reduction in the isometric force generated by the

muscle (Fridén & Lieber, 2001).

Contracture

If the influx of calcium into the cell from damaged membranes was localised,
sarcomeres in this region of the fibre would be expected to undergo-a period of
uncontrolled contraction, or contracture. There is experimental evidence in support
of such an event. As described earlier, it has been shown by Ogilvie ef al. (1988)
that following eccentic exercise on rats, some muscle fibres contained
hypercontracted sarcomeres or ‘clotted’ regions. Fridén & Lieber (1998) reported
»at sarcomeres in the enlarged ‘swollen” regions of damaged muscle fibres were
hwporcontracted, with an average length of 0.9 um compared to 2.5 um for adjacent,
nomyi ) sarcomeres in the same fibre. In addition, Warren e al. (1995), using
calcium fluorescence techmiques, found in their study that the ‘swollen’ regions of

muscle fibres contained an elevated resting calcium conceniration.

-




Chapter One 25

The development of a contracture could potentially either accelerate or slow down
progression of the damage process in a muscle fibre. On one hand, the mechanical
forces generated by the contracture might act to cause further disruption to
sarcomeres and membranes in neighbouring regions, thereby exacerbating the
damage. However, it has been proposed that a band of hypercontracted sarcommeres
might prevent spread of calcium along the fibre and thereby protect adjacent
sarcomeres from degradation (Armstrong et al. 1991). This protective effect might
also be facilitated by the fonmation of a demarcating membrane on each side of a
‘swollen’ region, acting to “wall off’ the injury site (Warren er al. 1995; Komulainen
et al. 1998).

Inflammation, swelling and regeneration

In response to muscle damage, an inflammatory response is initiated in order to
remove the necrotic tissue as a first step towards repair and regeneration. This
process is characterised by the migration of white blood cells to the injury site, with
macrophages being the predominant cell type at 24 to 48 days after the eccentric
contractions (Smith, 1991). Accompanying inflammation is muscle swelling, in
which a protein-rich fluid, known as exudate, accumulates in and around damaged
regions of the muscle, as a resuit of an increased vascular permeability (Stauber et al.
1988; Smith, 1991). I human subjccls, swelling has been measured as an increase
in imb circumference (Cleak & Eston, 1992; Howell er al 1993; Brockett er al
2001), limb volume (Whitehead er al. 1998) and muscle cross-sectional area using
ultrasonography (Chleboun ef @l. 1998). These studies have shown that swelling
does not become significant until the first or second day afier eccentriv exercise and

usually reaches a peak value over the next two to three days.

The final step in the damage process is regeneration of the previously injured regions
of muscle fibres. In both human (Fridén er al. 1983; Jones et al. 1986) and animai
(Armstrong ef ¢!. 1983) studies, signs of regeneration have been shown to occir from
72 hours after eccentric contractions. During tegeneration, satellite cells migrate
from the periphery of the fibre to the injury site and initiate repair and regeneration
of the damaged myofibers (Damr & Schultz, 1987). There is evidence that small
diameter Iﬁyoflbers develop by 5 days after eccentric contractions (Darr & Schultz,
1987; Stauber ef al. 1988), with complete regeneration of the fibre taking up to 30
days or more (McCully & Faullmer, 1985).
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Adaptation and protection from muscle damage

An interesting consequence of eccentric exercise, first observed by Hmigh (1902) is
that a single period provides a significant protective effect. Thal is, if similar
eccentric exercise is performed a week or so after the initial bout, there is
considerably lezs soreness and muscle damage, as indicated by changes to active
mechanical properties of the muscle (Nosaka et al. 1991; Clarkson e al 1992;
Balnave & Thompson, 1993; Brocketi ef al. 2001). This suggests that some kind of
adaptation occurs within the muscle in response to the initial period of ecceniric
exercise, and while various hypotheses have been put forward to explain this effect,
the underlying mechanism remains the subject of debate (for recent reviews see
McHugh et al. 1999; Proske & Morgan, 2001).

It was hypothesised by Morgan (1990) that a musclec might adapt from a period of
eccentric exercise by adding sarcomeres in series to damaged and possibly non-
damaged muscle fibres. This would shift the active length-tension rclationship to
longer muscle lengths, so that during subsequent eccentric exercise, less of the
muscle’s working range would involve the descending limb of the length-tension
relation, the region where non-uniform lengthening of sarcomeres is thought to occur
{Morgan, 1990). Experimental evidence in support of this idea was provided by
Lynn & Morgan (1994). They reported that running rats downhill on a treadmill, 30
minutes a day for § days, led to a significant increase in the number of sarcomeres in
muscle fibres of a knee extensor muscle, which had undergone eccentric exercise,
compared to sedentary or uphill (concenfric exercise) frained rats. Following a
similar training regime, Lytm et al (1998) reported that downhill trained rats
suffered less damage from an acute period of eccentric contractions than uphill
trained rats, as measured by changes to active mechanical properties of the muscle.
Importantly, the eccentric contractions were camied out over the same working range
of the muscle for both training groups, suggesting that an increased number of
sarcomeres in muscle fibres after eccentric training had provided protection against
damage. Further indirect evidence of such an adapiation was recently shown by
Brockett et al. (2001). Here, it was found that a single period'of eccentric exercise of
human hamstring muscles led to a é_ustained shift of the active angle-forque
relationship towards longer muscle lengths, which was accompanied by fewer signs

of muscle damage from a second period of eccentric exercise performed 8 days after
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the first. Interestingly, there is also some evidence to suggest that the opposite effect
occurs as a result of training with concentric exercise, that is, the muscle beccmes
more susceptible to damage from ecceniric exercise (Ploutz-Snyder er al 1998;
Whitehead et al, 1998). It was suggested that the muscle adapted to concentric
cxercise by reducing the number of sarcomeres in muscle fibres. Thus, during a
period of eccentric exercise, the working range included more of the descending limb
~ of the length-tension relation, so that the muscle became more extensively damaged
(Whitehead ef al, 1998},

Delayed onset muscle soreness (DOMS)

While the sensation of DOMS appears to be relaled to the process of muscle damagy
from eccentric contractions, the underlying mechanism by which this occurs remains
unclear. An mentioned earlier, DOMS can be experienced as early as 8 to 10 hours
after eccentric exercise, reaches peak intensity between 24 to 48 hours and has
usually gone after a week (Hough, 1902; Byines et al. 1985a; Balnave & Thompson,
1993; Brockelt ef al. 2001). An interesting characteristic of DOMS is that it is only
experienced when the muscle is stretched, contracted or palpated, all mechanical
sthnuli that are normally not painful. That is, there is typically no persistent, chronic

pain in a completely relaxed muscle with DOMS (see Wecrakkody et al. 2001}.

It has been hypothesised that DOMS 1s associated with the inflammatory response to
muscle damage (Smith, 1991). During inflammation, there is a local production of
chemicals such as prostaglandins (PGE;). These substances are known to sensitise
muscle nociceptors (pain receptors). Nobiceptors are free nerve endings that
terminate in connective tissue adjacent to muscle fibres (Stacey, 1969), and arc
served by group III (small myelinated) and IV (twmmyelinated) afferent fibres (Mense,
1977). Once in a sensitised state, nociceptors can respond to normally non-noxious
mechanical stimuli such as stretch, contraction and palpation of the muscle, and thus
signal pain. It was proposed that this process would be facilitated by muscle
swelling, by increasing intramuscular pressure during a contraction and therefore
providing a mechanical stimulus for the sensitised nociceptors (Smith, 1991). While
this hypothesis remains a possibility, there is some experimental evidence that argues
against it. In the study by Newham (1988), it was reported that the time-course of
mflammation and swelling after eccentric exercise did not parallel that of DOMS. In

addition, it has been shown that nonsteroidal anti-inflammatory drugs, which prevent

.
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prostaglandin production, do not reduce DOMS, when taken before or after eccentric

exercise (Croisier ez al. 1996; Bourgeois ef al. 1999).

An altemaltive hypothesis to that described above, was put forward by Weerskkody
et al. (2001). They proposed that large-fibre mechanoreceptors, particularly muscle
spindles, might conﬁ*ihute to DOMS. The cxperiments were carried out on subjects
expericncing DOMS in the triceps surae muscle group, two days after a period of
eccentric exercise. Therc were three pieces of evidence in support of their
hypothesis. Firstly, it was shown that localised vibration (20 and 80 Hz) applied to
the skin overlying a sensitive region of the muscle, increascd the intensity of DOMS.
This was attributed to muscle spindles, since they were known to be the only
mechanoreceptors in the muscle to respond to 80 Hz vibration. Secondly, a nerve
compression block, which selectively blocked large nerve fibres, led to an increase in
the threshold of pain during a mechanical stimulus. Thirdly, injection of 5% sodium
chloride into a sensitive area of the muscle was found not to produce more pain than
an injection into an unexercised muscle. If nociceptors were in a sensitised state, as a
result of the inflammation, the hypertonic sazline would have been expected to
produce more pain in the exercised muscle. Tt was concluded that while there was
evidence of an involvement of large fibre mechanoreceptors in DOMS, the
mechanism by which this occuired remained to be clucidated. A mechanism
operating at the level of the spinal cord seemed to be the most likely possibility
. (Weerakkody et al. 2001).

Mechanical indicators of muscie damage

Reduction in active tension

A commonly used indicator of muscle damage after a scries of ecceniric contractions
is a reductibn in the level of tension generaled during an isometric conftraction.
Generally, the drop in tension is greatest immediately after a period of eccentric
contractions, and then slowly recovers over several days or weeks for both humans
(Clarkson ¢f al. 1992; Jones et ul. 1297) and animals; MceCully & Faulkner, 1985;
Lowe et al. 1995). The size of the -i1_1i1:ial tension drop can vary considerabiy, from as
little as 10% (Brockett o1 al. 1997) to almost 90% (Warren et al. 1999a). The size of
the fall tensidn depends on a number of factors relating to the ¢ccentric contraction
protocol, such as the number of contractions, the stretch amplitude, and the length

range over which the contractions are carried out (Talboi & Morgan, 1998). The
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level of muscle activation during the cccentric contractions, and whether or not it is
synchronous activation, is also likely to be an important factor in the force drop. For
most eccentric contraction protocols, part of the initial reduction in force will be due
to metabolic fatigue, which usually recovers within the first 3 howrs after the
ecceniric conitactions (Faulkner e al. 1993). The remainder of the reduced tension
is assumed to be due to the effects of the cccentric contractions, however the
underlying mechanism remains a point of conjecture (for recent reviews see Morgan
& Alten, 1999; Allen, 2001; Proske & Morgan, 2001; Warren ef ql. 2001).

There have been two main hypotheses for the loss of active tension in muscle after
eccentric contractions, structural demage to muscle fibres and E-C coupling failure.
Warren et al. (1993) vroposed that impairment of the E-C coupling process was
primarily responsible for the fall in active tension after eccentric contractions. They
reported that following eccentric contractions of mouse soleus muscle there was 2
large drop in tension, more than 40%. However, the tension generated by adding
caffeine was the same before and after the eccentric contractions. Since caffeine acts
directly on the SR to release calcium, it was proposed that failure of the E-C
coupling process at some point before calcium release from the SR was responsible
for the drop in tension. A similar interpretation was reached by Balnave & Allen
(1995) on single mouse fibres. They found that following a series of eccentric
contractions, a moderate drop in tension was accompanied by a reduced intracellular
calcium concentration during tetanic contractions. Since caffeine could restore both
tension and calcium concentration to normal values, it was suggested that structural
damage was minimal and that EC-coupling failure could explain the majority of the
fall in tension. However, the same study showed that by imposing a more extreme
eccentric contraction protocol on the muscle, in which there were more, and longer
stretches, some of the tension deficit could not be recovered with caffeine. Here, it
was suggested thal a component of the tension drop could be explained by structural
nage to the fibre (Balnave & Allen, 1995). It has also been shown that for
hibian muscle, the reduced tension after cccentric contractions could not be
uted to a change iu calcium release (Morgan et al. 1996; Allen, 2001). Thus,
:ems to be a species difference between mammalian and aunphibian muscle in

»f the underlying cause of the immediate fall in tension after eccentric

‘ons (see Allen, 2001).
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While E-C coupling impaitment appears to contribute to the reduction in tension
generating capacity of the muscle, the mechanism remains unclear. One obvious
canse would be damage-induced inexcitability of some muscle fibres. However, the
two studies that have examined this possibility showed conflicting results (Warren et
al. 1993; McBride er al. 2000). Based on the current experiment 2! cvidence, Warren
et 2l. (2001) suggested. that the E-C coupling ‘failure site” might be the T-tubule
voltage sensors, which undergo a functional change as a result of the eccentric
contractions. As mentioned earlier, there is recent evidence of structural disruption
of the T-tubule system following repeated eccentric contractions, consistent with
mechanical damage from non-uniform lengthening of sarcomeres (Takekura et al
2001; Yeung et al. 2002a). If ruptured T-tubules sealed over or remained
disconnected, this could lead to a localised loss of conduction, a reduced calcinm
release from the SR, and possibly a drop in tension (Yeung ef al. 2002a). In
addition, a rise in resting calcium concentration from damaged T-tubules could also
affect calcium release from the SR (Yeung ez af. 2002a). Since disrupted T-tubules
have been identified extensively throughout damaged fibres, and were evident for
several days after eccentric exercise (Takekura ez a/. 2001), it is possible that T-
tubule damage might also contribute to the prolonged reduction in tension. This
would be consistent with the findings of Ingalls er ai. (1998), who suggested that BE-C
coupling failure could account for more than half of the tension deficit up to 5 days
after eccentric coniractions. Disruption of contractile filamenis and the cytoskeleton
have also been proposed to contribute to the drof: in tension, If the damage involved
many adjacent myofibrils, then tension transmission along the fibre could be
affected. Also, disruption of the cytoskeleton, in particalar deémin, could effect

lateral transmission of tension across the fibre (Morgan & Allen, 1999).

Shift in optimum length

Kaitz (1939) first observed that stretching an active muscle sometimes led 1o a shift to
longer lengths of the optimum length for active tension. He reported that such shifts
were evident only when the active stretches ended at lengths beyond the initial
optimum length, and proposed that they were due-to the ‘partial transformation of
active contractile into passive clastic tissue’. Similar shifts in the length-tension
relationship afier repeated ecceniric contractions have now been shown in a number
of studies, carried out on single frog fibres (Morgan et al. 1996), bundles of rat
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muscle fibres (Yeung er al. 2002b), whole amphibian muscle (Wood ez al. 1993;
Talbot & Morgan, 1996) and human muscle (Saxton & Donnelly, 1996; Jones ez al.
1997; Whitehead er al. 1998; Brockett er al. 2001). It has been proposed that after
eccenlric contractions, some disrupted sarcomeres will be unable to gencraie active
tepsion, and so represent passive clements in series with the still functioning
sarcomeres. This would increase the series compliance of the muscle and increase
the rest length of disrupted sarcomeres, which would consequently shift the optirnum
length towards longer muscle lengths (sec Morgan & Allen, 1999). In this way, the
bift in optimum length would provide 2 measure of the average number of disrupted
sarcomeres in myofibrils after a senes of eccentric contractions. Experimental
support for this idea was provided by a study in which the size of the shift in
optimum length increased, following eccentric contractions carried out further down
the descending limb of the length-tension relationship (Talbot & Morgan, 1998), in
accord with the predictions of the Morgan (1990) model. This study also showed
that the ghift in oi)timum length correlated with the drop in active tension after

gccentric contractions (Talbot & Morgan, 1998).

Since a shift in optimum length s evident immediately afier a series of eccentric
contractions, it has been considered to be a useful indicator of the exfent of
sarcomere distuption snd muscle damage, and is independent of muscle fatigue
(Proske & Morgan, 2001). Importantly, the shift can also account for some of the
immediate reduction in active tension, whenever tension is compared at the same
length before after eccentric contractions. In some cases this overestimation of the
drop in tension can be significaut, with the fall at the initial optimum length being
more than fwice that measured at the poast-ecceniric contractions optimum Iength (see
Yeung et al. 2002b; Fig. 3). A reversal of the shift in optimum length has been
shown to occur by about 5 hours after eccentric contractions in toad sartorius muscle
(Jones et al. 1997) and within 1 to 2 days after eccentric exercise for human triceps
suraec (Jones ef al. 1997; Whitchead er al. 1998). It was proposed that a reversal of
the shift was due to the reinterdigitation of overextended sarcomeres in muscle
fibres, a proccss that occurred over a period of several hou.rs afier the eccentric
contractions (Jones ef al. 1997). This idea was supported by the finding of areduced
number of disrupted sarcomeres in toad muscle fibres 5 hours after eccentric

contractions (Jones et al. 1997). A reversal of the shift, however, could also be
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explained for some fibres, by small areas of disrupted sarcomeres progressing into
larger regions of damage, leading to the point where the ﬁ;nre was no longer able to
contract and so did not contribute to the length-tension relationship (Morgan &
Allen, 1999).

While it has been proposed that the shift in optimum length is due o an incrcase in
series compliance of the muscle, it could also be argued that the shift is due to an
impairment of E-C coupling. That is, if the level of activation had been reduced
because calciuni release from the SR was less, a shift in optimum length would ocour
because of the increased calcium sensitivity at long lengths (Endo, 1973). However,
there is experimental evidence that argues against this as the only mechanism. It has
been shown that the length-tension curves before and after eccentric contractions
sometimes cross, so that at longer lengths, a higher tension is produced after the
eccentric contractions (Morgan ef al. 1996; Brockett et al. 2001; Brockett er al. 2002,
Yeung er al. 2002b). This effect is not consistent with a lower level of activation.
The shift in optimum length might also contribute to a phenomenon known as ‘low-
frequency fatigue’, in which, after eccentric contractions, there is a proportionaily
grealer drop in tension at low compared to high stimulation frequencies (Davies &
White, 1981; Newham er al. 1983a; Newham et al. 1987; Jones et al. 1989; Yeung ef
al. 2002a; Yeung e al. 2002b). While it has béen proposed that ‘low-frequency
fatigue’ might reflect a reduced calcium release as a result of E-C coupling failure, it
could also be partly due to an increased series compliance, which would tend to siow

the rate of tension rise to a greater extent at low frequencies (Allen, 2001).

Passive mechanical properties

While extensive research has been carmied out on changes to the active contractile
function of muscle after eccentric contractions, by comparison, changes to passive
mechanical properties have been little studied. A common symptom experienced
after unaccustomed cccentric exercise is the feeling of muscle stiffness, which
accompanies DOMS. Studies carried out on human elbow flexor muscles, have
proposed that an increased muscle stiffness leads to a reduced range of motion
(Howell e al. 1985), and a more flexed resting elbow angle (Clarkson & Tremblay,
1988; Cleak & Bston, 1992; Brockett et al. 1997; Chleboun et al, 1998). It has also
been shown that passive tension and stiffness of the resting h:}uscle increases after

eccentric exercise (Jones ef al. 1987; Howell ef al. 1993; Chleboun es al. 1998).
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Jones er al. (1987) reported that following a period of eccentric exercise, the external
force required to extend the elbow increased immediately afier eccentric exercise,
and reached a maximum between 24 and 72 hours post-exercise. Using the same
muscle group, Howell er al. (1593) and more recently Chleboun et al. (1998)
measured static passive torque over a range of elbow angles up to full elbow
extension, and calculated passive stiffness from the slope of a straight line fitled ic
torque values al short to intermediate muscle lengths. In both studies, passive
stiffness increased immediately after a period of eccentric exercise and remained
fairly constant over the next 3 to 5 days, before returning to confrol values. Tassive
torque of hwinan triceps surae has also been shown to increase after e . zatric
exercise (Jones ef al. 1997; Whitehcad ez al. 1998).

There have been various mechanisms put forward for th> rise in passive stiffness
after eccentric exercise. Firstly, it is unlikely that the increased stiffness is due to
neura} activity, since measurements camed out on the passive muscle are not
accompanied by any electromyographic (EMG) activity (Howell ef al. 1985; Howell
et al. 1993; Chleboun er ¢l 1998). This implies that the increased stiffness is the
result of changes to intrinsic passive properties of the muscle as a resuli of damage
from thc eccentric contractions. Jones et al. (1987) proposed that the increased
stiffness was due to damage and shortening of parallel, connective tissue situctures
as a result of the eccentric contractions. It has also been suggested that damage-
induced swelling within the muscle compartment migh exert strain on perimysial
connective tissue elements, leading to a restricted range of motion (Howell ef al.
1985) and an increased passive stiffness at long muscie lengths (Howell et al. 1993).
However, Chleboun et al. (1998) measured passive stiffness at longer lengths and
found that there was no si gnificant change as a result of the eccentric exercise. In
addition, they reported that the increased passive stiffhess at intermediate lengths,
measured immediately after eccentric exercise, could not be attributed to muscle
swelling, since this did not become significant until 48 hours post-exercise

(Chleboun ez al. 1998).

Tt was postulated by Howell et al. (1993) that the initial increase in passive stiffhess
at iniermediate muscle lengths might be the result of a low-level of activation of the
contractile machinery, triggered by an increased sarcoplasmic calcium concentraiion

as a result of damage to iniernal muscle fibie membranes. In order to explain the
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progressive increase in passive tension with length, the authors suggested that the
level of activation became greater with stretch, possibly due to an increased calcium
release via sfretch-activated calcium chanpels (Howell ef al. 1993). While this
hypothesis remains a possibility, based on the fact that a small rise in resting calciurn
concentration has been shown after eccentric contractions (see above), there is at
present, however, no direct evidence that the intracellular calcium concentration
increases with stretch of a damaged muscle. Furthermore, this proposal is
inconsistent with the fact that passive stiffness does not increase at longer muscle
lengths (Chleboun et al. 1998).

An alternate hypothesis, one that is able to account for an immediate rise in passive
stiffness, is that during eccentric coniractions, an uneven distribution of the length
change by sarcomeres along muscle fibres (Morgan, 1990), leads to strain and
tearing of membranous structures {T-tubules and SR), causing a localised risc in
calcium concentration: and the development of contracture in paris of some muscle
fibres. There is experimental evidence in support of such regions of contracture after
a series of eccentric contractions, as described earlier, It scems plausible that the
tension produced by fibres undergoing a contracture would show up as a rise in

whole muscle passive tension in the absence of any neural activation.

The work presented in Chapters 3, 4 and 5 of this thesis tested this hypothesis more
formally, by measuring changes to the passive mechanical properties of both human
and animal muscle after a period of eccentric contractions. It was hoped that
investigating the mechanism underiying changes to passive propertics of muscle
would provide new insight into the process of muscle damage from eccentric

contractions.




Chapier Two

The history-dependence of passive tension in cat
medial gastrocnemius muscle

Introduction

The experiments described in this chapter ained to explore the thixotropic properties
of resting, whole mammalian muscle, and to test the hyvpothesis that such behavioar
was consistent with the presence of stable cross-bridges in the resting muscle. This
remains an issue of importance since alternative interpretations of the history-
dependent properties of passive muscle have been recently proposed, as described in

Chapter 1.

It was hypothesised that stable cross-bridges would manifest themselves in two
ways, as a component of the resting tension, and as the initial steep rise in tension
during a slow passive stretch (Hill, 1968). This hypothesis was examined in a
number of ways, by looking at both the history and length-dependent properties of
the passive muscle. The important new approach taken here was to use different
forms of muscle conditioning, in an attermpt to differentiate between the pass-ivc
mechanical properties of cross-bridges and other passive structures within the

muscle.

Methods

The experiments were carried out on a total of 11 cais (Felis domesticus) of both
sexes weighing between 2.5 and 6 kg, All experiments were undertaken with
approval from the Monash University Committee for Ethics in Animal

Experimentation.

Anaesthesia

.General anaesthesia was induced by an intraperitoneal injection of 40 mg kg
sodium pentobarbitone (Nembutal®, Rhone Mericux, Australia), in isotonic saline,
and was maintained throughout the cowrse of the experiment with additional doses (6
mg) delivered into the cephalic vein. The presence of a withdrawal reflex, and a
reduction in the end-tidal carbon dioxide concentration below 5%, indicated that a

supplamentary dose of anaesthetic was required.
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Surgical procedures

After the animal was anaesthetised, a glass canmula was inserted into fhc trachea for
ventilation, and the cephalic vein of the right forelimb was cannulated, for the
administration of additiona) anaesthetic. The animal was then placed in the prone
position on a metal frame and secured with a head clamp. The hips were fixed in
Place with steel pins screwed into the iliac crest biiatera!ly. A rectal probe was used
to measure core body temperature, which was maintained at ~37°C by means of a
feedback-regulated heating blanket. The cxpired carbon dioxide concentration was
monitored using an infrared capnograph (Normocap, Datex, Finland). In some
experiments, it was necessary to use a pump to ventilate the animal via the tracheal

cannula.

An incision was made along the midline of the dorsal aspect of the trunk, from the
sacrum to the third lumbar vertebra. The dorsi communis, longissimus dorsi
medialis and multifidus spinae muscles on both sides of the vertebral column were
dissected frece and removed, The ligamentum flavum, located between the L7
vertebra and the sacrum was carefully cut and removed. A laminectomy of the
dorsal aspect of vertebrae L4 to L7 and the sacrum was then performed using bone
ronguers, exposing the spinal cord in this region. The spinous process of L3 vertebra
was ¢lamped and fixed to the mefal frame. The dura was opened, and the ventral and
dorsal spinal roots of L6 to 82 were exposed and then cut at their point of entry into
the spinal cord. The exposed tissue was packed with sterile gauze soaked in Ringer,

and the skin was clamped with Michel clips (Martin Brand, Germany).

The experiments were carried out on either the medial gastrocnemins (MG) (n=8) or
soleus (n=3) muscles of the left hindlimb. These muscles, together with the lateral
gastrocnemius (LG), fonn the ticeps surac‘muscle group, the principle extensors of
the ankle. An incision was made along the skin from the popliteal fossa to the
calcanenm. The small saphenous vein was ligated and the distal tendons of the
peroneal muscles were cut close to the calcaneum. This exposed a small section of
the lateral surface of the fibula, on which a mark was made with the cautery. The
distal tendon of the muscle chosen for the experiment was located, and a thin, nylon
thread was tied to it. The hindlimb was then adjusted to the approximate position it

would adopt during the experiment, and the ankle was maximally dorsiflexed. At
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this point, while all of the ankle extensor muscles were still atiached, the distance
between the markers on the fibula and tendon was noted, and used later to determine

the maximum physiological length of the muscle (Lauy).

When the experiments were carried out on M@G, it was necessary to first separate it
from LG. Then, the distal tendons of LG, plantaris and soleus were located and cut,
leaving only the tendon of MG attached to the calcaneum. A similar procedure was
carried out for experiments using soleus, however, in this case, the M@ tendon was
cut and the soleus tendon was preserved. After this, LG, plantaris and the non-
experimental muscie (soleus or MG) were separzted from adjacent connective tissue,
and any blood vessels supplying them were tied off. Each muscle was then ligated as
close as possible to its proximal end, and removed. This process ensured that only
the muscle chosen for the experiment remained, physically isolated from any other
musculature, with its nerve, blood supply, and both proximal and distal tendons

intact.

After removin;; the superficial, popliteal fat, the nerve to either MG or soleus was
located and carefully separated from the tibial nerve over a length of about 20 mm,
so that it could be casily placed on the stimulating elecirodes. The remaining portion
of the tibial nerve was then ligated and cut. An extensive dennervation of other
hindlimb nerves, including the common peroneal and sural nerves, and those
innervating the hip, was also carried out. The hip dennervation involved dissecting
the gluteus maximus, caudofemoralis and pyriformis mauscles, sectioning their
nerves, and reflecting them to expose the sciatic nerve. The nerves to glutcus
inferior, gluteus superior, and the muscular branch of the sciatic nerve were ligated

and cut,

During both the laminectomy and hindlimb dissection procedures, exposed tissues
were kepl moist with Ringer solution. After the surgical procedures were complete,
exposed spinal and hindlimb tissues were covered with mineral paraffin oil acrated
with carbogen (95% O3, 5% CQ3), in baths fashioned from skin flaps. Throughout
the expeﬁment, the baths were maintained to within 1 to 2° C of core body

temperature by radiant heat.
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Experimental equipment and data acquisition

The calcaneum was cut and the piece attached to the MG or soleus tendon had a 2
min diameter hole drilled through it. A threaded rod was passed through the hole
and was clamped to the calcaneum by a pair of nuts and washers. The rod was
attached to a transducer, which measured the tension generated by the muscle. Tt
consisted of two silicon strain ganges, which formed one half of a Wheatstone bridge
circuit. Output signals from the transducer were further amplified at a gain of 10 or
100 X for passive measurements, and low-pass filtered, usually at 1 kHz, A 50 Hz

notch filter was also used.

The tension transducer was connected, via a metal shafl, to a custom designed
electromagnetic servomotor (Department of Physiology, Monash University), with a
position feedback from an LVDT (linear variable differential transformer)
displacement transducer. This provided an output voltage, which could be calibrated
to measure the change in length of the muscle. Before the commencement of the
experimental procedure, the servomotor streiched the muscle t0 Ly, as determiined
by the distance between (he tendon and bone markers measured beforehand, and this

Iength was then designated as zero.

The signals from both tension and length transducers were processed by a
commercial analogue to digital converter (MacLab/8s, AD Instrwments, Australia)
and recorded using the program ‘Chart’ (AD Instruments, Australia) running on a
Macintosh G4 computer (Apple, U.S.A.). Data was then analysed using the software
Igor Pro (Wavemetrics, Ore, U.S.A).

Experimental procedure

Active length-tension relationship

The active-length tension relationship of the whole muscle was measured to
determnine the length at which maximum isomefric active tension occurred, the
optimum length (L.p), which was used as a reference length for all passive tension
measurements. With the muscle held at a given length, the nerve of the experimental
muscle was stimulated with bipolar, platinum wire electrodes at a supra-maximal
voltage, which was verified by increasing the stimulus current until tension no longer
increased. MG was stimulated at 80 pulses per second (pps) for 0.5 s while for

soleus, a rate of 50 pps for 1 s was used.
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Muscle conditioning procedures

In order to investigate the thixotropic properties of the passive muscle, two
conditioning procedures were used, referred to as ‘hold-test’ and “hold-long’, which
were based on previously used methods (see Morgan er al. 1984; Proske & Morgan,
1999). For hold-test conditioning, the muscle was moved to the test length and
stimulated for 0.5 s at 15 pps. For hold-long conditioning, the muscle was stretched
by 3 mm at 10 mm s, then stimulated as for hold-test, and held for 4 s before
returning 1o the test length. It has been shown that holding the muscle at a longer
length for 3 s before returning to the test length is required to maximise the effects of
hold-long conditioning on intrafusal fibres (Morgan ez ol 1984). Following both
conditioning procedures, a test stretch of 3 mm amplitude at 1 mm s” was given 25 s
after the stimuiation period. At the end of each test stretch, the muscle was shorteped
to a length where the tendon was visibly slack, so that tension was close to *ero.
These measnrements were made at 2 mm intervals over muscle lengths ranging from

Lop-10 mam to Loprt6 mm.

Passive tension measurements

A frer both conditioning procedures, the tension recorded before the test streich, when
the muscle was held at the test length, was referred to as the ‘resting tension’ (Figure
2.1 A). This was calculated from the difference between the mean tension, measured
over the 1 s period before onset of the test stretch, and zero tension, determined by
shortening the muscle until the tendon was visibly slack., During ihe test stretch,
there were two components; an initial steep rise in tension, referred to as the ‘shori-
range component’, followed by a more gradual change in tension. The peak of the
short-range component was called the ‘yield point’, and the tepnsion difference
between the resting tension and vield point was termed the *short-range tension” (see
Figure 2.1). The ‘short-range stiffness’ was calculated as the slope of the short-range
component as a function of muscle length. At muscle lengths longer than Lgp, the
rise in passive tension beyond the yield point became much steeper. This component
of the tension response io stretch was assumed to be due to parailel clastic structures,
so it was called the ‘elastic tension’ (Figure 2.1 B). Since the aim was to determine
the nature of the short-range tension, it was, therefore, necessary to account for any
possible contribution from the elastic tension. To measurs the elastic tension, a line

was filted to the slope of tension rise beyond the yield point, and this was then

-




Figure 2.1 Method of measn:ring short-range tension.

(A) Tension response to a test swretch at an intermediate muscle length (L,,-2
mm). The level of resting tensicn (RT) before the stretch {(dashed line) was
taken as that above zero tension (dotted ling), where the muscle was shortened
until the tendon fell slack. The short-range tension (SRT) is mecasured as the
increase in tension above the RYT, up to the yield point. (B) At long muscle

lengths (L, +06 mm), an additional component of tension during the stretch was

attributed to elastic structures such as titin filameats. This elastic tension (E1)
componeni was calculated by fitting a !ine to the second, less steep fension rise.
This linc was then shifted vertically so that it intersected the tension trace at the
onset of the stretch. The ET component was then subtracted from the originat
‘record, to give the short-range component (flower trace),




Lopt-2 mm

-------------------------------------------------
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displaced vertically so that iis starting point coincided with the tension frace at the
start of the stretch. Tension values along the line were then subtracted electronically
from the original record, and the remaining tension was atiributed to short-range
properties of the passive muscle (see Figure 2.1). A similar method was smployed
by Haugen & Sten-Knudsen {(1981).

It has been shown previously that short-range tension takes time to re-develop
following & strctch-shortening movement (Campbell & Lakie, 1998). In order to
obtain a measure of the rate of development of short-range tension, test stretches
were applied at wvarious times after conditioning. For this, the muscle was
conditioned using the hold-test procedure, that is, an isometric contraction, 0.5 s in
duration at 15 pps. A second method of cond'itioning was also used, which involved
a serics of rapid stretch-shortening movements of § mm amplitude at 50 mm s (ses
Figure 2.13). This was similar to the conc{itioning procedure used by Morgan et af.
(1984). A test stretch was carried out at intervals between 1 and 60 s after both

~ forms of conditioning. The test length was L.

In an early experiment, hold-test conditioning was carried out using a stimulation
rate of 80 pps for MG. At the time, it was noted that the short-range tension
measured after such conditioning was considerably smaller than after conditioning
using a stimulation rate of 15 pps. Thus, in two experiments on MG, the effect of
grading the size of the conditioning contraction on the measured short-range tension
was investigated. In order to achieve smooth isometric tension profiles ovc.r a wide
range of tensions at sub-maximal stimulation rates, the ventral roots with motor
axons to MG (L7 to S1) were divided inio five approximately equal portions, and .
these were stimulated sequentially (distributed stimulation) with supra-maximal
stimuli over a range of frequencies from 7 lo 80 pps (see Rack & Westbury, 1969;
Wise et al. 2001). The procedure for these experiments began with hold-long
conditioning, as described previously, followed by distributed stimulation 5 s later.
The duration of the stimulation was 1 5. Th2 muscle was then brought back to the
test length and held there for a further 50 s before the test stretch was applied. The

test length for these experiments was Lopt.
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Data analysis

For all parametiers measured, the mean plus or minus the standard error of the mean
(+ S.E.M.) was calculated. The significance level for all experiments was set af P <
0.05. A ihree-factor ANOVA with interactions was used to test for significant
differences between the two types of conditioning. The factors were conditioning,
length and amimal. Where the interactions of conditioning and length were
significant, a least significant difference (LSD) post hoc test was used to identify
individual lengths at which conditioning effects were significant. Relationships
between some parameters were determined by linear regression amalysis. The

statistical program used was Data . : .- (Tthaca, NY, USA).

Results

In three preliminary experiments, the soleus muscle was used. In line with previous
studies (Rack & Westbury, 1969; Walmsley & Proske, 1981), it was found that
soleus has a very broad active length-tension curve and low passive tension over
-most of the physiological range of muscle lengths (Figure 2.2). Since one of the
main 2ims of these experiments was to examine passive properties over a wide range
of muscle lengths, including the descending limb of the active length-tension
relation, it was preferable to use a muscle with higher resting {ension and narrower
active l2ngth-tension relation. Thus, an additional sight experiments were carried out
on MG, as it satisfied both of these criteria. The results presented here, unless
otherwise stated, are taken from the experiments performed on MG. Here, it should
be pointed out that the general features of the passive propertics in MG, as described

below, were also found in solcus.

Resting tension

One of the main aims of these experiments was to examine whether a component of
the resting tension, particularly at short to intermediate muscle lengths, conld be
attributed to stable ¢+ .:-bridges. It was found that resting tension was both length
and history-dependent, that is, dependent on the preceding history of activation and
length changes (Figure 2.3). This figure shows examples of the history-dependence
of resting tension at short, intermediate and long muscle lengths. At short lengths
(Lop-6 mm), resting tension after hold-long conditioning was close to zero, while

there was a small but positive rcéting tension after hold-test. At intermediate lengths




Figure 2.2 Length-tension relationships for MG and Soleus.
An example of active (A) and resting (B) length-tension selationships for M G
(blue) and soleus (red). Muscle length is relative to the optimum length (L)

for both muscles.
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Figure 2.3 Tension responses after muscle conditioning,

The resting tension, and tension response to a test stretch, as measured after

hold-test (blue) and hold-long (red} conditioning, has been shown at short {(Lyp6

mm), intermediate (L,,) and leng (L., +4 mm) muscle lengths. Zero tension, .
nmeasured at a short length where the teadon lay visibly slack. is shown in cach

case by the dotted line. The Jowest traces represcnt the length changes and the

black bars indicate the period of stimulation a1 15 pps.
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(Lop. the rtesting tension after both forms of cdnditionjng had increased, that
measured after hold-test being a little higher. At long lengths (Lo+4 mm), the
resting tension increased further, as did the history-dependent component. The mean
resting tension from 5 experiments, as measured after both forms of conditioning, js
plotted against muscle length in Figure 2.4 A. Analysis showed that for lengths Ly~
6 mm or Jonger, there was a significant effect of conditioning on the short-range
tension (P < 0.05, three-factor ANOVA). There was also a significant interaction
’qetween conditioning and length (P < 0.01, three-factor ANOVA) and at some, but
not all lengths, hold-test and hold-long values were significantly different (P < 0.05,
LSD post-hoc test).

In order to estimate the history-dependent component of resting tension at each
length, the difference in resting tension after the two forms of cenditioning was
expressed as a percentage of the resting tension measured after hold-test (Figure 2.4
B), since it was proposed that the resting tension measured afier hold-long was
predominantly due to passive structures other than cross-bridges (see Discussion).
At short muscle lengths, although the differences in resting tension were small in
absclute terms, the majority of the resting tension was history-dependent, with a
mean valuec of 96.3% (i 3.7) at Lop:-10 mm. As muscle length increased, the history-
dependent resting tension progressively decreased to a minimmmn of 8.8% (£ 1.0) at

Lyp+2 mun, before increasing again with length to 30.3% (& 2.5) at L6 mm.

An interesting observation, lustrated in Figure 2.5, was thal at short muscle lengths,
the tension traces after the two conditioning procedm'esl converged at some point
beyond the yvield point during the test stretch, despite a history-dependent difference
in resting tension. However, at lengths longer than L.y, the traces nc longer
converged, at least over the 3 mm test stretch used here, so that any history-
dependent resting tension was maintained throughout the stretch. It appeared that
this effect at longer lengths was not permanent, since reproducible results were found

during several hold-test, hold-long sequences.

Short-range component
The short-range component of the tension response to the test stretch was both
history and length-dependent. At short muscle lengths, where the resting tension was

close to zero, there was ofien no discernible short-range component. Instead, the




Figure 2.4 History and length-dependence of resting tension.

(A) The mean ( S.E.M.) resting tension as measured after bold-test (blue) or
hold-long {red) conditioning as a function of muscle length. Asterisks indicate
lengths where values afier the two forms of conditioning were significantly
different (P < (.05, LSD posr hoc test). (B) The history-dependent component
of resting tension, at each length, was calculated as the difference in resting
tension after the two forms of conditioning, expressed as a percentage of the
resting tension measured after hold-test. IHere, the mean (X S.E.M.) history-

dependent resting tension is plotted against muscle fength.
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Figure 2.5 Tension changes during a test siretch after the two forms of
conditioning.

. Tension responscs o a test stretch at four different lengihs (as indicated), after
hold-test {(bilue) and hold-loag (red) conditioning. The battom trace ndicates the
[ength change. The dotled line represcents zero tension, measured at a short

length where the tendon lay visibly slack.
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‘ension profile was rather rounded (see Figure 2.3, top panel), and the vield point was
-ometimes not reached during the 3 mm tcst stretcl. This was most evident after
;0ld-long conditioning at lengths less than Lgu-6 mm, and was attributed to the
wesence of slack as a result of the conditioning procedure. At muscle lengths
etween Lop-6 mm and LopctG 1mun, the short-range tension could be measured after
yoth forms of conditioning, with mean values increasing with length to a peak of
).68 N (& 0.06) at Lo,-2 mm after hold test and 0.74 N (+ 0.08) at 1, after hold long
Pigore 2.6). At longer lengths, short-range tension decreased, when measuared as
iescnbed in the Methods (see Figure 2.1 B), and at lengths greater than Log+6 mm,
he slope of the short-range component was almost indistinguishable from that of the
secondary siopc beyond the yield point. This suggested that passive, elastic
structures were now dominating the tension response to stretch. Over the range of
nuscle Iengths Lo, -6 mm to Lo,+6 mirn, short-range teusion measured after hold-
wamg was consisiently higher than following hold-test, and this effect was significant
‘P < 0.05, three-factor ANOVA).

The slope of the tension rise during a stretch, the short-range stiffness, also showed a
¢ngth dependence (Figure 2.6), with mean values peaking at Lopt2 mm for both
hold-test (6.3 W mm™ + (0.42) and hold-long (€25 N mm™ + 0.37), again, provided
<hey were measured after subtraction of the elastic tension component (see Figure 2.1
3). At short to intermediate lengths, short-range stiffness was greater after hold-test
“han hold-long (see Figure 2.6), and this interaction between conditioning and length

was significant (P < 0.01, three-factor ANOVA).

'Chei fact that short-range tension peaked at Loy, and showed a length-dependence
similar to that of active isometric tension (see Figure 2.2), the possibility was
sonsidered that this might provide evidence in support of a cross-bridge origin of the
r’aort-raﬁge component. To further cxplore this point, short-range tension and active
sension, measured at different lengths for both forms of conditioning, were expressed
~8 a percentage of their maximum values for each experiment. Regression analysis
zave a significant linear relationship between active tension and short-range tension,
with a slope of 1.76 (r* = 0.63; P < 0.001) for values between Loy —2 mim and Loy +4
rvam (Figure 2.7). It meant that over this length range a unit ncrease in active tension
ed to a 1.76 times increase 1n short-range tension. When values at shorter muscle

. N » 2
-engths were included in the analysis, the t* value was reduced.




- Figure 2.6 Length-dependence of the short-range component after muscle
conditioning.

(A) Raw records with resting tensions aligned of the tension responses to a test
stretch at three different muscle lengths, after hold-test (blue) or hold-long (red)
conditioning., (B) The mean (+ S.E.M.) short-range tension (upper panel) and
short-range stiffness (lower panel) plouted against muscle length, as measured
after hold-test (blue) and hold-long (red). Asterisks indicate lengths where
values after the two forms of conditioning were significantly different (P < 0.05,

LSD post hoc test).
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Figore 2.7 Relationship beiween short-range tension and active fension.

Active tension measured during maximal isometric contractions plotted against
short-range tension at the corresponding muscle length, for five experiments.
Values for both parameters are expressed as a percentage of the maximum.
Hold-test (blue) and hold-long (red) values over the length range L,,-2 mm (o
L,.+4 mm are shown. A regression line has also been fitted,
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While most of the passive tension measurements for MG were similar to those found
for soleus, one notable difference was the length~dependence of the short-range
tension, which, for soleus, was found to increase at lengths longer than Lgy, up to
Lopc+8 vum (Figurc 2.8). This finding prompted a re-evaluation of the relationship
belween the short-range tension and active tension for MG. The possibility was
considered that the higher resting tension for MG at long lengths coﬁ]d lead {o strain
of stable cross-brnidges, causing them to detach earlier during the test stretch, and
thereby reducing the size of the short-range tension (Figure 2.9; see also Discussion).
This point was examined in two ways'(Figurc 2.10). Firstly, the history-dependent
differences in short-range fension and resting tension, expressed as a percentage of
the hold-test value, were plotted against one another. Regression analysis showed
that, for muscle lengths from Lgy to Loyt+6 mm, there was a significant linear
relationship between these variables, with a slope of —1.2%, (©* = 0.56, P < 0.001).
Secondly, it was decided to exantine if the level of resting tension, independent of
the form of conditioniﬁg, was related to the amplitude of the short-range tension. In
this case, values were expressed as a percentage of the maximum isometric tension
for cach experiment, in order to nonmalise for any differences in fension across
experiments. Here, there was also a significant relationship, with a sldpe of -0.06%
(r* = 0.62, P < 0.001).

The history-dependence of the length change required to reach the vield point during
the test stretch, was another way in which the thixotropic properties of the passive
muscle were examined (Figure 2.11 A). Mean values of the length to the yield point
as a function of muscle length are plotted in Figure 2.11 B. At L,,—10 mm, there
was no measurable vield point after hold-long conditioning while after hold-test, it
was not well defined and could only be measured in three experiments. At Lop-3
mm, values from only two exbcriments could be used after hold-long conditioning.
At 1,,-6 mm, measurcments were made in all 5 cxperiments for both forms of
conditioning. Here, the length change to the yield point was 0.29 mm (= 0.02) (hoild-
test) and 0.78 mim (* 0.15) (hold-long). As muscle length increased, the length to the
yield point became progressively less, reaching -a minimum value of 0.11 mm (*
0.01) at L, +2 mm after hold-test conditioning, and then remaining fairly constant at
longer lengths. There was a significant effect of conditioning on the length change to
the yield point, for muscle lengths including and less than Lgy-4 mm (P < 0.05, three-




Figure 2.8 Length-dependence of the short-range tension for soleus.

(A) Sarnple records from one experimen: cartied out op soleus, at threc different
muscie lengths, showing the short-range tension as measurcd afler hold-test
(blue) and hold-long {red) conditioning. (B) Short-range tension ploited against
muscle length after the two forms of conditioning from the same experiment is

shown in (A).




Short-range tension (N)

I"'r.vpt -

B8 mm

0.08 -1

0.06 —

0.04 —

0.02 —

0.00 —

L‘Opl+4 mm

Lopt™2 MM . R(j

__J : ] 0.02 N

0.2s

i 1 l (
-5 0 5 10
Length refative to L,y (mm)




Figure 2.9 The proposed hiscory and length-dependent effecis of resting
fension on short-range tension ut long lengihs.

A schematic representation of two sarcomeres (upper and lowsr panels) in a
Testing puscle at a long muscle length, showing a titin filament and an attached
cross-bridge.  The sarcomere in the upper panel has undergone hold-long
conditioning {red). Therefore, it has a lower level of resting tension, produced
by titin, than the sarcomere in the lower panel, which has been conditioned with
a hoid-test (blue). This is represented by the more compressed central, tension-
bearing segiment of the titin filament for the sarcomere in the upper panel
compared to that in the lower pancl. It was hypothesised that the highe: resting
tension in sarcomeres alter hold-test would put more strain on atlached ::ross-
bridges, so that during a test stretch, the length change required for these cross-
bridges to detach (AL) would be less than following hojd-long. This would {ead
to a smaller short-range tension afier hold-test than after hold-long. It was also
suggested that AL would become progressively less as muscle length became
longer and the level of resting tension increased. These ideas were based on the
results presented i Figure 2.10.
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Figure 2.10 Relationship between resting tension and shori-range tension af
long muscle lengths for MG.

(A) The relationship between the history-dependent difference (see text) in
resting tension and short-range tension is shown for values measured over the
length range L, to T.,,+6 mm. A regression line has beep fitted. The different
symbols correspond to values at different lengths; circles (L), squares {Lgpn+2
mm), (riangles (L.,+4 mm) and diamonds (L, *~6 mm). (B) The relationship
between resting tension and short-range tension, after hold-test (blue) and hold-
long (red) conditioning, as measured over tbe same length range as shown i
(A).  For both parameters, values from each experiment are expressed as a
percentage of the maximurn isometnc tension generated by the muscle. A single
regression line has been fitted Lo values after both forms of conditioning. The

different symbols represent the same lengths as indicated for (A).
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Figure 2,11 The lengrth change required to reack the yield point.

(A) Sampie records from three different muscle lengths showing the length
change required to reach the yield point of the short-range component {(arrows)
during the test-stratch. Lowest trace represents the length change. (B) The mean
(= S.E.M.) length change to the yield point after hold-test (blue) and held-long
{red) conditioning. After hold-long. there was no measurable yield point at L~
10 mm. while at L,,-8 mm, measurements from only two experiments could be
used. After hold-test, only three muscles gave measurable values at L-10 mm.
Asterisks indicate lengths where values after the two forms of conditioning were
significantly different (P < 0.05, L5D post hoc test).
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factor ANOVA), but no significant difference at longer lengths. In order to compare
these findings with previous studies, a length change of 0.11 mm represents 2 fibre
length change of 0.55%, assuming an average muscle fibre length of about 20 mm
for MG (Walmsley & Proske, 1981).

The relationship between the size of the isusion generated during the hold-test
conditioning contraction and the resultant short-range tension was examined in two
experiments. In one of these experiments, however, isometric teusion excecded the
voltage limit of the servomotor at a stimulation rate of 30 pps, which limited the
number of measurements that could be made. Therefore, attention was focused on
the other experiment, where isometric tension was graded over a wider range, from
18 N at a stimulation rate of 7 pps to 129 N at 80 pps. That is, an increase of more
than 700%. Over this range, the s‘hort-ranga tension decreased by 27%, from 1.06 N

to 0.77 N (Figure 2.12). Regression analysis showed a strong relationship between
| active tension and short-range tension (1:2 = (.81, P <0.001).

Time course of short-range tension se-development

An example of the tension response to a test siretch carried out S s after conditioning
with rapid stretch-shortening movemenis is shown in Figure 2.13 A. As the time
after conditioning increased from 1 s up to 60 s, so too did the size of the short-range
tension following both movement and isometric contraction conditioning, with
values consistently higher after movemept conditioning (Figure 2.13 B). When the
time after conditioning was 60 s, the inean short-range tension following movement
conditioning was 0.7 N (x 0.02), compared with 0.65 N (£ 0.04) after contraction
conditioning at 15 pps, and .53 N following contraction conditioning at 80 pps for
one experiment (Figure 2.13 ). In order to measure the time-constant of short-range
tension recovery, an exponential function was fitted to the plot of short-range tension
against time after conditioning, for vaiues from each experiment. The mean time

constants were 6.6 s (3 0.5) (movement conditioning), 9.9 s (£ 0.6) (15 pps) and 28.8
s (80 ppe).




Figure 212 The effect of grading ivometric fension during conditioning on
shori-range tengion.

{A) Sample records from an experiment of isometric tension (upper traces)
measured using distributed stimulation with rates ranging from 7 pps to 70 pps.
The lower traces are the measured short-range tension, with resting tension
aligned, following conditioning at the corresponding rate. {B} Data from the
same experiment as in (A} showing the relationship berween active tension and

shart-range tension. A linear regression line has been fitted to the data.
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Figure 2.13 The time-course of re-development of short-range tension after
condifioning.

(A) A record of the tension response to a test stretch carried out 5 s after
conditioning with rapid, stretch-shortening movemenis (see text). Tension
(upper trace), length change (lower trace). The test length was L. (B) Sample
records of the short-range tension recorded at various times after tmovement
(red) or hold-test (bluc) conditioning. (C) The mean (x S.E.M.) short-range
tension measured after conditioning with movement (red) or hold-test (blue
filled symbols). Values from one experiment where the hold-test stimulation

rate was 80 pps {blue open symbols) is also shown,
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Discussion

The central aim of these experiments was to determine if an intact, whole
marmmalian muscle displayed thixotropic properties that couid be best explained in
terms of stable cross-bridges in resting muscle. It was hypothesised that stable cross-
bridges would contributc to the resting tension and the short-range tension during a
slow passive stretch, both of which would be dependent on muscle history and

length.

Resting tension )

An important piece of evidence in support of the contribution of sfable cross-bridges
to resting tension was the finding that thixotropic properties were evident at short
muscle lengths, where the resting tension was close to zero, so that the resting
tension generatced by passive, elastic structures such as titin was likely to be
negligible, This was highlighted by the large history-dependent difference in resting
tension, of 80% or morc, found at short lengths (Lop:-8 mm and Lyy-10 mm) (see
Figure 2.4 B). Here, it was hypothesised that during hold-long conditioning, stable
cross-bridges would form at the longer length and stiffen the muscle so that upon
shortening back to the fest length, sarcomeres in muscle fibres would not follow the
length change but retain their longer length, or at least something intermediate
between the two lengths, causing the muscle-tendon unit to fall slack, Since cat MG
has a tendon that is about five times longer than its muscle fibres (Walmsley &
Prdske, 1981), and likely to be more compliant than the muscle at these short lengths,
it seemed plausible that it would absorb most of the imposed length change during
muscle shortening and fall slack. Under these conditions, tension was close to zero,
which meant that attached cross-bridges, after hold-long conditioning, produced
negligible resting tension. With hold-test conditioning, in which the muscle was
isometrically contracted at the test length, it was envisaged that slack would be
removed by the active cycling of cross-bridges, so that when the muscle had relaxed
after the contraction, cross-bridges would attach and be under some strain, as they
generated resting tension, Thus, it was suggested that at short muscle lengths, a
significant component of the resting tension could be attributed to stable cross-

bndges.
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" Hill (1968) first proposed that a component of the testing tension, the FRT, was
attributable to stable cross-bridges. He found that for a frog sartorius muscle
weighing 100 mg, the FRT was about 150 mg at a sarcomere lenp;tﬁ of 2 pm. Since
the mean weight of cat MG has been shown to be 9.8 g (Spector ef al. 1980), an
equivalent, weight adjusted value of FRT for this muscle would be about 15 g or 0. 15
N. This value is remarkably close to the history-dependent resting tension (0.1 N to
0.15 N) found in the current series of expenments at lengths shorter than optimum
length. While such a comparison must take into account certain assumptions, it does,
nevertheless, suggest a general similarity between amphibian and mammalian muscle

in terms of the contribution of stable cross-bridges to resting tension.

As muscle length increased from short to intermediate lengths, and tendon
compliance became progressively less, it was proposed that a greater number of
cross-bridges would detach during the shortening phase of held-long conditioning,
and therefore, less slack would be produced. This was highlighted by a gradual
reduction of the history-dependent component of resting tension, down to a
minimum value of 8% at Lop+2 mm. In other words, at these intermediate muscle
lengths, the majority of the resting tension, more than 90% at Lgy: and Lepet2 mm,
was likely to have been produced by non-cross-bridge, passive structures such as titin
filaments. This suggestion seemed reasonable, based on the fact that titin filaments
have been proposed to start producing resting tension al a sarcomere length of 2.6
um (Wang et al. 1993), which is just short of the optimmum length for mammmalian

muscle.

An interesting finding was that at longer muscle lengths, the history-dependent -
res:ting tension increased again, up to a value of 30% at Lo, +6 mm. Tt was observed
that for lengths up to L,,, any history-dependent resting temsion did not persisi
throughout the test-stretch, that is, the tension traces converged beyond the yield
point. This was attributed to cross-bridges, since it was expected that their
contribution to resting tension would not persist during the stretch, as they became
detached. However, at longer lengths, beyond L, there was a lack of convergence
of the tension traces after the two forms of conditioning, with the difference in
resting tension remaining throughout the stretch. (see Figure 2.5). Since titin
ﬁlmﬁents were likely to be the major source of resting tension at these longer lengths,

it was postulated that the increased history-dependence of resting tension at these
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lengths might be attributable to the mechanical properties of titin. As described in
Chapter 1, there is some recent experimental evidence to suggest that titin displaj*s
long-range thixotropic properties, characterised by a shift of the extension-force
relationship to longer lengths, duting stretch-shortening cycles that produce forces
within normal physiological limiis (Kellermayer e al 1998; Kellermayer et al.
2001). This type of behaviour would be consistent with a lower level of resting
tension after hold-long conditioming, where the muscle was stretched and shortened
back to its original length, compared to that measured after hold-test. The current
tesults also suggested that any structural reorgamsation of titin filaments was
reversible with subsequent muscle conditioning, since the history-dependent
component of resting iension at long lengths remaihed about the same throughout
several consecutive trials. Again, this is in line with the reported mechanical

properties of titin (Kellermayer et al. 2001).

Short-range component

Thixotropy

The thixotropic properties of muscle and their possible explanation in terms of stable
cross-bridges during a slow, passive stretch, was examined in a2 number of different
ways. Firstly, it was found that over most of the physiological length range, a clear
short-range component was observed. That is, tension increased linearly with stretch
to a length close to the yield point, indicative of strain of an elastic component. The
slow stretch speed used in these experiments also ensured that the initial steep rise in
tension had a negligible viscous component (see Chapter 1). With further stretch
beyond the yield point, tension usually fell slightly and reached a plateau, before
increasing again with further stretch, as parallel, passive structures were lengthened.
The underling macchanism for the tension platecau beyond the yield point remains
unclear, however two possibilities are the sarcomere non-uniform lengthening
hypothesis (Proske & Morgan, 1999) and the movement enhancement hypothesis
(Campbell & Lakie, 1998) (see Chapter 1, page 15).

As with resting tension, the short-range component was also history-dependent. This
was particularly evident at short muscle lengths where, after hold-fong conditioning,
the tension response was often rather rounded, indicative of slack in the tendon being
taken up during the stretch. At muscle lengths from Lop-6 mm t0 Lopet6 mm, the

short-range tension was found to be consistently higher after hold-long, while the
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short-range stiffness, except at Lopt+6 mm, was lower after this form of conditioning,
These findings can be explained in terms of the proposed mechanical properties of
cross-bridges. It was hypothesised that the size of the short-range tension would
depend on both the number of attached cross-bridges before the onset of the streich,
and the average tension produced by thesc cross-bridges during streich up to the
yield point, which, in turn would depend on whether the cross-bridges were strained
before the stretch. Tt was envisaged that there would be liitle difference in the
number of attached cross-bridges before the test-stretch, from the two forms of
conditioning, since this would largely depend on the cross-bridge attachment ratec in
the resting muscle, which was presumably the same in both cases. However, as
proposed earlier, particularly at short muscle lengths, very little resting tension would
be produced by cross-bridges after hold-long, while after hold-test, the strained
cross-bridges would generate some resting tension. Thus, following hold-long
conditioning, civss-bridges would not be detached during a test stretch until the slack
in the tendon had been removed and the tension level was high enough. This
resulted in a more rounded, and less steep rise in tension. After hold-test, the
strained cross-bridges would detach earlier during the stretch, thereby producing a
lower short-range tension, but a more steep tension rise and so a greater short-range

stiffbess (sce Figure 2.3, top panel).

As muscle length was increased up o Lop, the history-dependence of both short-
range tension and stiffness became progressively less, as the slack produced during
hold-long became less. However, at longer lengths, a history-dependence of short-
range tension again emerged. A possible explanation for this finding was that the
rising lovel of resting tension at these lengths, from passive structures such as titin,
placed extra strain on cross-bridges, so that they detached earlier duﬁng the sfretch,
thereby generating less tension and leading to a reduction in the size of the short-
range tension (see Figure 2.9). Such an effect would have been more pronounced
following hold-test, because the level of resting tension was greater after this form of
conditioning. This idea was supported by the finding that as the history-dependent
component of resting tension increased at longer lengths, there was a close to
proportional decrease in the history-dependent short-range tension (see Fi guré 210
A).  Furthermore, over the same length range, there was also a significant

relationship between the measured short-range temsion and resting tension, when
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both paramelers were expressed relative to the peak, active isomeiric tension for each
experiment (see Figure 2.10 B). Together, these findings suggest that at long muscle
lengths, as the level of resting tension increases, either by conditioning or increasing

length, there is a proportional decrease in the size of the short-range tension

In the original experiments by Hill (1 968), it was shown that frog sartorius muscle
had to be stretched by aboui 0.2% of its fibre length in order to reach the yield
tension. However, in more recent experiments on mammalian muscle fibres, an
‘apparent break point’ was not reached until the muscle had been stretched by 1 to
2% of fibre length and so this was taken to be inconsistent with Hill’s hypothesis
Mutungi & Ranatunga, 1996a). This finding, though, was made on passive 1nwuscle
with an unknown previous mechanical history. Az shown in the current experiments,
the length change required to reach the yield point during a slow stretch was strongly
nistory and length-dependent, with values ranging between approximately 10% of
fibre length at short muscle lengths, down to 0.55% at intermediate and long lengths.
Importantly, in recent experiments, Campbell & Lakie (1998) reported that the
elastic limit of the SREC was reached aficr stretching single frog fibres 0.4% of their
initial length, a value twice that reported by Hill {1968). Thus, based on this finding,
it ineans that the minimum valve of 0.55% found in the current series of experiments

is not so different from that reported for frog muscle fibres.

It is impartant, here, to consider the role of the tendon during 2 passive stretch. It
was envisaged that at short muscle lengths, high tendon compliance might contribute
to delaying the length to the yield point (éee Figure 2.11). It seemed unlikely,
though, to have had a significant effect at intermediate and long lengths, since values
remained fairly constant, and were independent of muscle h.isfory, despite a 5 to 10-
fold increase in resting tension between Lop-2 mm and Lo +6 mm, Therefore, this
implied that provided the tendon was not affected by conditioning, the changes in
tension must be attributable to the muscle fibres. However, as pointed out by
Herbert & Crosbie (1997), despite the fact that tendon is intrinsically stiffer than
muscle, a smal! strain of the tendon during stretch can translate into a larger absolute
length change, if the tendon is considerably longer than the muscle fibres. As
mentioned previously, cat MG has a tendon that is about 5 times longer than s
muscle fibres (Walmsley & Proske, 1981), so it is possible that tendon stretch

proﬁidcs some contribution to the change in length up to the yield point, which
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remains more or less constant at long lengths. This would mean that the component
of the length change to the yield point attributable to stretch of muscle fibres was
somewhat less than 0.55%, so that the actal value was now closer to that reporied
by Hill (1568).

Length-dependence of short-range tension

The finding of a relationship between short-range tension and active tension for MG,
over a range of muscle lengths, was considered as evidence in support of the
hypothesis that the magnitude of the short-range tension was related to the number of
aftached cross-bridges that had formed in muscle fibres before the onset of the test

stretch.

Previous studies, though, have shown that such a coircspondence between the length-
dependence of the short-range tension and active tension is not prssent for amphibian
muscle fibres. For example, Haugen & Sten-Knudsen (1981) reported that short-
range stiffness and the ‘stationary tension plateau’, the equivalent of the short-range
tension of the present study, peaked at a sarcomere length of 3 pm, about half way
down the descending limb of the active length-tension curve for frog muscle fibres.
Similarly, the elastic modulus of the SREC has been shown to reach maximum
values at sarcomere lengths between 2.4 and 3 pm (Hill, 1968; Moss & Halpern,
1977). As described in Chapter 1, it has been suggested that a reduced myofilament
spacing and increased calcinm sensitivity at long lengths, might provide possible
explanations for the fact that the short-range tension peaks on the descending lnnb
for frog muscle (Proske & Morgan, 1999).

An alternative idea to explain the length-dependence of short-range tension for MG,
was prompted by the finding that the short-range tension for soleus continued to
increase at lengths longer than the optimum, up to Lopt8 mm. Since the Ievel of
resting tension begins 1o increase more steeply at a shorter length for i\/IG than
soleus, the possibility was considered that for MG, at lengths beyond Lop, the higher
level of resting tension in muscle fibres might act to reduce the size of the short-
range tension, as strained cross-bridges detached ecarlier during the stretch, as
suggested earlier. Interestingly, the results of Haugen & Sten-Knudsen (1981) also
lend support to this proposal, as they showed that the level of resting tension was

negligible at lengths less than 2.6 to 2.8 um, but then increased more steeply at
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longer lengths. In other words, the length at whlich the ‘stationary tension plateau’
peaked in their study also corresponded with the length at which resting tension
began {o rise more steeply. Thercfore, it seemed possible that the length-dependence
of the short-range tension was affected not only by the number of attached cross-
bridges but aiso by their degree of strain, which, in turn, would depend on the level
of resting tension generated by the muscle. This point deserves further investigation

in future experiments.

Time-course of short-range tension re-development

The re-development of the short-range tension as measured at different times after
muscle conditioning was used as an estimate of the attachment rate of stable cross-
bridges in resling muscle. Previous experiments have examined cioss-bridge
attachment rates using pairs of trangular siretches, separated by different time
intervals (Hufschmidt & Schwaller, 1987; Campbell & Lakie, 1998). Here, two
conditioning procedures were used. The first method involved hold-test
conditioning, where it was propesed that during the contraction there would be active
cycling of cross-bridges, and that stable cross-bridge formation weuld commence at
the end of the contracticn. However, a potential complication with this method was
that as tension fell during the relaxation phase of the contraction, it was envisaged
that recoil of the tendon would be accompanied by non-uniform lengthening of
sarcomeres (Huxley & Simmons, 1970). This interfilamentary movement might
detach cross-bridges in some sarcomeres, thereby reducing the number of attached
cross-bridges at the onset of the test stretch. Thus, a second method was employed,
which inveolved a series of rapid stretch-shortening movements. The aim here, was to
achieve a defined muscle history, but without the potentially complicating factors

associated with the isomstric contraction conditioning.

It was found that the mean time constant of short-range tension recovery was 6.6 8
with movement conditioning and about 10 s after a conditioning contraction at 13
pps. These values compare reasonably well with time constants of about 4 s for
human ankle extensor rauscles (Hufschmidt & Schwaller, 1987) and 12.5 ls for single
frog fibres (Campbell & Lakic, 1998). However, following a conditioning
contraction at 80 pps, it was found that the time constant was much longer, close {o
30 s. It was also noted that the measured short-range tension was less after

conditioning with isometric contractions than rapid movements, particularly when
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the higher stimulation rate was used. It was proposed that as the level of tension
generated by an isometric coniraction increased, and the relaxation phase became
moré prolonged, less stable cross-bridges would form, for the afore mentioned
rcasons (above), and the size of the short-range tension would become less. This
idea was supported by the findings from two experiments, in which a 700% increase
in the level of isomelric tension, ﬁsing distributed stimulation, led to about a 30%
reduction in short-range tension (see Figure 2.12). Therefore, these findings
suggested that the rate of cross-bridge attachment in resting muscle, and the resnlfant
amplitnde of the short-range tension, can be affected by the type of muscle

conditioning, particularly as the strength of an isometric contraction is varied.

To summuarise, this chapter has provi_ded exverimental evidence in support of the
mechanical properties of stable cross-Bﬂdgcs in resting muscle. This was shown by
a history-dependent component of resting tension at short lengths, and an initial steep
rise in tension (short-range component) during a slow stretch, which was measured
over a wide range of muscle lengths. 1t was also observed that at mtermediate and
long muscle lengths, the contribution to resting tension from mnon-cross-bridge
sources, such as titin filaments, became increasingly more prominent, and
furthermore, these structures also appeared to display thixotropic behaviour af long
lengths. The functional hsigniﬁcance of these findings will be discussed later (see
Chapter 6).
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The effects of eccentric and concentric exercise on
passive properties of human triceps surae

Introduction

The work carried out in this chapter aimed to investigate the immediate and longer
time-course of changes to passive mechanical properties of human ankle extensor
muscles following an acute bout of eccentric exercise. As described in Chapter 1, it
was hypothesised that eccentric contractions would cause localised regions of
damage to muscle fibre membranes, triggering a calcium-activated contracture that
would raise the level of passive tension generated by the muscle, particularly during
the early post-exercise period. This process would occur in the absence of any neural
input to the muscle fibre, so therc was expected to be no accompanying
clectromyographic (EMG) activity. These expefiments also examined whether
muscle swelling provided a contribution to the rise in passive tension a few days

after eccentric exercise, as recently proposed by Chleboun e al. (1998).

It is known that concentric exercise does not cause siructural damage to muscle or
lead to DOMS (Newham er al. 1983a; Newham ef a/. 1983b). Thus, a second group
of subjects in the present study were subjected to a penod of concentric exercise, in
order to test the hypothesis that the rise in passive tension after eccentric exercise
was attributable to muscle damage and not to any ceffects of the exercise per se.
Another important aim of this chapter was to elucidate whether an increase in passive
tension after eccentric exercise could be related to other indicators of muscle
damage, particularly changes to the active length-tension relationship. The long-
term goal of this analysis was to determine if changes to passive properties of muscle

could be used as reliable indicators of muscle damage after eccentric exercise.

Methods
Subjects

The experiments were carried out on 13 subjects, 10 male (imean age, 21 years) and 3
female (mean age, 20 years). All subjects were free of any musculoskeletal

abnormalities and at the time of the experiment were not participating in regular
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exercise programmes. Subjects gave their written consent to participate in the study,
which had been approved by the Monash University Human Ethics Committee and

conformed to tae Helsinki Declaration cn Human Experimentation.

Exercise

Subjects were assigned 1o either an eccentric (n=7) or concentric (n=6) exercise
group. The exercise was carcied out on the ankle extemsor muscles, formed
principally by the triceps surae muscle group (TS). TS comprises soleus, and the
medial and lateral gastrocnemius muscles, which are also knee flexors. Aii three
muscles are inmervated by the tibial nerve, one of two terminal branches of the sciatic
nerve. For both exercise groups, the TS of one leg performed exercise while the TS
of the other leg was unexercised and acted as a control. Both forms of exercise were
carried out on a ftreadmill (Heartmaster, Tetley Technologies), inclined at
approximately 13° and moving at a speed of 2.2 km h,

Eccentric exercise

Subjects were required to step backwards with the experimental leg, using a toc to
heel action to ensure that TS was actively confracting while being stietched (Figure
3.1). Subjects were asked to step back with the leg fully extended, in order to
increase the length range over which the gastrocnemii were being actively stretched.
After each step, the control leg was placed flat on the treadmill, alongside the
experimental leg, to ensure that its TS was not contracted or siretched. The subject
was then carried up the treadmill in preparation for the next step backwards.
Subjects performed the exercise for 1 hr, at a stepping rate of 30-35 steps inin™. A |
weight belt of 5-10 kg was camried in order to increase recruitment of TS during the

cccentric contractions.

Concentric exercise

The concentric exercise started at the bottom of the ireadmill (see Figure 3.1).
Subjects were asked to plantarflcx the foot of the experimental leg and to lift
themselves up onto their toes, thereby performing a concentric contraction of TS.
The control leg then stepped forwards and was placed on the treadmill using a flat
foot, and the experimental leg was brought alongside it. The treadmill then carried
the subject down to the bottom of the treadmull, ready for the next comtraction.

Subjects carried out a contraction every 2 to 3 s, a rate of 20 to 30 steps min™'. Since




Figure 3.1 Method of eccentric and concentric exercise.

A schematic representation of the eccentric and concentric txercise protocols
carried out on TS. Note that the treadmill was moving in opposite directions for
the twe forms of exercise (green arrows). Each contraction cycle has been
represented by four phases (mumbered). Eccentric exercise required the subject
to step backwards with the experimental leg, using a toe-heel action while the
muscle was active (eccentric contraction; phases 2 and 3), The subject was then
carried forwards (arrow) to the top of the treadmill (phases 4 to 1), in
preparation for the next step back. Concentric exercise began with subject at the
bottom of the treadmill. The foot of the experimental leg was plantarflexed as
the subject performed a concentric contraction of 1'S {phases 2 and 3). "The
control leg then stepped forward to the top of the treadmill, remaining
essentially relaxed {not shown), and the experimental leg was placed beside it
{phase 4). The treadmill then carried the snbject backwards to the bottom of the
tresdmill (pbases 4 to 1} for the next contraction. For both excreise protocols.
the phases when the muscle was active (red muscle) and passive (blue muscle)

are indicated,




Eccentric Concentric
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the concentric exercise was more exhausting than the eccentric exercise, subjects
were unable to perform concentric exercisc continuously without periods of rest.
Thus, a 1 min rest period was given after each 5 min of exercise. In total, 8 periods
of 5 min of exercise were carried out. Subjects also camried a 5 to 10 kg weight belt

during this exercise.

Measurements

Angle-torqug rejationships

The passi{fe and active length-tension properties of TS were measured as the
relationship between ankle angle and torque about the ankle joint, which 1s the
product of muscle force and moment anmn, the perpendicular distance between the
achilles tendon and the joint axis of rotation. It is known that the achilles tendon
moment arm decreases as the ankle joint is rotated from a plantarficxed to more
dorsifiexed foot position, in which muscle length is increased (Rugg et al. 1990;
Maganaris er al. 1998). Thus, the tension produced by TS will be somewhat
underestimated by measuring torque at longer lengths. However, for the curent
experiments, moment arm was not taken into account, since the main aim was to
compare changes to angle-torque relationships after the eccentric exercise with those
before the exercise, and it seemed unlikely that moment arm would be affected by

the exercise.

Measuremaznis of both passive and active angle-torque relationships were carried out
on the apparatus shown in Figure 3.2. It consisted of a chair that was attached to a
steel frame, which, in tum, supported two wooden footplates via a rotatable axle.
The suuject was seated on the chair and both feet were firmly strapped to the
footplates with Velero straps. For sach subject, the horizontal position of the chair
was adjusted so that when the footplates were locked into a sel position, the angle
subtended betwocn tivs shin and footplate was approximately 90°. The knee angle,
defined as the - wic1 angle between the thigh and shin, was held constant at
approximately 14:° by means of a brace placed over the lower thigh and clamped to
the steel frame. The angle o~ the footplate, and thus the ankle angle, could be altered
in 5° increments by rotating the axle with a handle, which could then be locked into
placé with a metal pin. The axle was aligned with the axis of rotation of the ankle
joint, Torque about the ankle joint was measured by two strain ganges glued to the

axle. The gauges were aligned at 45° to the axis, along the planes of maximum
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principle stress during twisting, as the foot pushed on the footplate. Output from the
strain gauges was semt to a MacLab/8s (ADInstrurnents, Ausiralia) where it was
amplified and converted from an analogue to digital signal, before being recorded in
‘Chart” (ADInstruments, Australia) running on a Macintosh 6100 computer (A]ﬁple,
U.S.A). '

To contract TS, the tibial nerve was stimulated using bipolar electrodes. The cathode
was a 1.5 cin diameter sphere wrapped in gaunze, and moistened with saline solution
(0.9%). The cathode was mounted in a metal frame, enaiﬁling it to be placed behind
the knee in the popliteal fossa, and fastened to the subject’s lower thigh with Velcro
straps. The frame also allowed for the position of the electrode to be altered if
required. The anode was a thin, rectangular brass plate (6 x 4 cm), which was
covered in electrode conducting gel and taped to the anterior surface of the leg, just
inferior to the patella. Nerve stimulation was triggered by the MacLab, while the
timing of each impulse was set by a sequencer (Pulsemaster A300, World Precision
Instruments, Floxida, USA). This, in turn, was connccted to a stimulator (Digitimer
D87, Hertfordshire, England) which had a maximum pulse width of 0.2 ms, designed

for experimentation on human subjects.

Al the start of each testing session, the stimulus current required to provide a
maximal contraction of the TS of both legs was determined. This involved
delivering single pulses (0.2 ms width) to the tibial nerve with progressively
increasing current strengths. The twitch torque produced by each stimulus was
recorded. When torque no longer increased, the current strength was considered to
be supramaximal. For most subjects, this occurred when the stimulus current was
between 30 and 60 mA. A warm-up procedurc was then carried cut, in which
subjects voluntarily contracted TS by pushing down on the footp]ateé for 3 s, every
15 s, until 10 contractions had been completed. This served to reduce potentiation

effects from the preceding electrical stimulation.

Active and passive angle-torque relationships of both legs were measured
simultaneously. Subjects were requested to remain completely relaxed during this
proceduse, particularly dwing the measurement of passive torque. In order to ensure

that subjects were relaxed, the electromyographic (EMG) activity of TS was

recorded for two subjects, before and after eccentric exercise. Two adhesive Ag-




Figure 3.2 Equipment for measuring angle-torgue cnrves.

A schematic representation of the apparatns used for the measurement of the
passive and active angle-torque relationships of TS (red). The subject was
scated in a chair with each foot strapped to a footplate. A brace was secured
over the lower thigh to prevent movement of the knee joint. Electrical
stimulation of the tibial nerve was used to activate the muscle. The cathode (-)
wis placed in the popliteal fossa, while the anode (4-) was positioned just below
the patella. Active and passive torque was measured with strain gauges attached
to the axle, which was coincident with ankle joint. Ankle angle could be
adjusted by moving a handle atrached to the axle and set into pasition with a

locking pin.
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AgCl recording electrodes (3M ‘Red Dot’) were placed on the skin overlying TS,
approXimately 2 cm apart, while an earth electrode was positioned on the anterior
surface of the leg, overlying the tibia. The outline of the recording electrodes was:
marked on the skin, so that they could be re-applied in nearly the same posilion ffom
one measurement session to the next. Output signals from the electrodes were sent
directly to the MacLab, before being recorded and stored in ‘Chart’.

Angle-torque measurements were performed over an ankle angle range of 40°,
starting at 90° and rotating the ankle in 5° increments up to 50° (Figure 3.3). Here,a
decrease in the ankle angle represenled an incrcase in muscle length, as the foot
became more dorsiflexed. At each angle, a 10 s period was given for the muscle 1o
relax lo allow for the measurement of passive torque. The tibial nerve was then
stiniulated with double pulses (0.2 ms pulse width, 20 ms apart) and the resultant
active torgue was recorded. Tetanic stimulation was not used as previous experience
had shown that it was too uncomforiable for subjects. A second set of measurementis
was made, to establish repeatability of active angle-torque measurements. In the
intervening period of 1 to 2 min between the first and sccond set of measurements,
the ankle angle was returned to 90° and subjects were asked to perform a voluntary

contraction of TS, in order to remove any slack due to muscle thixotropy.

Active angle-torqe curves were plotted for each measurement session and Gaussian
curves were fitted to vaiues above 75% of the peak torque, to locate the optimum
angle for peak torque generation (Figure 3.3 B). Passive torque at each angle was
taken as the mean torque Ttecorded over the final 0.5 s before nerve stimulation.
Values were then plotted relative lo the torque measured at 90°. Passive angle-torque
curves were constructed by fitting a single exponential curve to the data points, as it
was fou‘nd that this function provided a good approximation of the passive angle-
torque relationship (see Figure 3.3 B). Since there were differences in the location of
the optimum angle for active torque between subjects, it was decided to compare
changes in passive torque afier exercise with those beforehand, at the pre-exercise

optimum angle for each subject.

Leg volume
The volume of the leg below the level of the knee was measured in order to

determine the degrec of swelling that occurred after the exercise. Subjects placed




Figure 3.3 Active and passive angle-torgue measuremends.

(A) An example for one subject of thc torque recorded at each ankle angle
before exercise. At cach angle, passive torque is shown over the final 0.5 s
before nerve stimuiation, and each trace has been offset relative o the value at
90° (zero torque). Active torque was gencrated by double pulse stimulation of
the tibial nerve. {B) Active {open circles) and passive (filled citcles) angle-
torque relationships from the data shown in (A). A Gaussian curve (dotted line)
was fitted to values above 75% of the maximum active torque. The optunuin
angle for peak active rorque is indicated {acrow). An exponential curve (solid

bhne) was fitted [o passive angle-torque measurements.
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each leg, in turn, in a calibrated Perspex container, which was filled with warm water
to the level of the popliteal fossa. The leg was then withdrawn, and the amonnt of
water displaced was used to calculate the leg volume. It was proposed that any
_change i leg volume after cccentric exercise would be attributed to swelling of TS,

which would show up as an increase in total leg volume.

Pre and post-exercise measurements

Angle-torque and leg volume measursments werc made three to four times before
exercise, imumediately and 2 hours afterwards, and on each of the following 4 days
post-exercise. In addition, after exercise, subjects were asked to rate their perceived
level of muscle soreness during slow walking and stretch of the muscle on a scale
from O to 10, where O represented no pain, and 10 represented intolerable, intense

pain.

Data analysis

All parameters were calculated as the mean £ S.E.M., with the level of significance
set at P < 0.05. A three-factor ANOVA with interactions was used to tesl {he
significance between legs following eccentric or concentric exercise. The factors
were time -(after the exercise), leg (exercised or control) and subject. Where the
ANOVA was significant, an LSD post hoc test was used (o determine significant
differences between legs at different times. A linear regression analysis was used to
test the significance of relationships between some variables. The statistical program
used was Data Desk (fthaca, NY, USA).

Resuits

The main aim of these experiments was to investigate the effects of an acute period
of eccentric or concentric exercise on changes to the passive mechanical properties
of human TS. However, it was first necessary to establish the ¢xtent of the damage
to the muscle, after each form of exercise, by examining changes to the active angle-
torque rclationship. Examples of active anglc-torque curves measured before and
immediately aﬂar either eccentric or concentric exercise are displayed in Figure 3.4.
Here, it can be seen- that after eccentric exercise, there was both a shift of the
optimum angle (arrow) of 5° in the direction of longer muscle lengths, and a

reduction in peak active torque of 14 Nm, or 40%. In comparison, after concentric




Figure 3.4 Active angle-torque curves before and after exercise.
Active angle-torque curves as measured before {(blue) and immediately after
(red) a period of either (A) eccentric or (B} concentric excrcise of TS, For each

curve, the optimum angle for peak torque generation is indicated (arcow),
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exercise, there was a negligible shift in optimum angle (0.6%), while peak torque
dropped by § Nrn, or 15%.

The poaocled data for the shift in optimum angle for both exercise groups, as measured
up to 96 hours post-cxercise is shown in Figure 3.5. The mean shift in optimum
angle for the eccentrically exercised TS was 6.0° (+ 2.3) immediately afier exercise
and reached a peak of 7.6° (£ 2.9) at 2 hows post-excrcise. Qver this period, there
was a significant difference between values for the eccentrically exercised and
unexercised muscles (P < 0.05, three-factor ANOVA). By 24 hours post-exercise,
the shift in optimum angle measured after ecceatric exercise was no longer
significantly different to that of the control leg. Afier concentric exercise, there was
no significant shift in optimum angle, at any fime point, for the exercised TS

compared with that of the control muscle.

Changes in peak active torque after exercise are shown in Figure 3.6. Tmmediately
after eccenfric exercise, torque had fallen by 36.8% (& 3.9) compared with pre-
exércise values, and then gradually recovered with time o be 4.6% (£ 7.5) lower by
06 hours post-exercise. At all times after the exercise, there was a significant
difference between values for exercised and unexercised muscles (P < 0.05, three-
. factor ANOVA). After concentric exercise, there was an immediate drop in peak
torque of 13.1% (+ 2.4) for the exercised leg, which was shown to be significantly
different to that of the unexercised leg (P < 0.05, three-factor ANOVA). This drop in
torque was most likely due to muscle fatigue, since values between legs were no

longer significantly different by 2 hours posi-exercise.

The changes to the active angle-forque curve supported the hypothesis that eccentric
exercise led to muscle damage while concentric exercise did not. This point was
further highlighted by the fact that only eccentric exercise resulted in delayed onset
muscle soreness (DOMS). Subjects first reported muscle pain and tendermness in TS
24 hours afler eccentric exercise, which was felt during contraction, stretch and
palpation of the muscle. Typically, the soreness seemed to arise more i the
gastrocnemii than soleus, although there was some variability i the distribution of
the soreness (see Weerakkody er al. 2001). When values were pooled, muscle

soreness during slow walking and stretching increased to a peak of 5 (= 0.72) out of




Figure 3.8 Shift in optimum angle after exercise.

The mean (& S.E.M.) shift in optimum angle plotted against time after (A)
eccentric or (B) concentric exercise for the experimental (filled symbols) and
control (open symbols) muscles. For this and subsequent figures, values at the
time ‘0 hr’ represent measurements made immediately after the exercise. Values
are expressed relative to those measured before the exercise (dotted line).
Positive values indicate a shift to smaller ankle angles. that is. in the direction of
longer muscle langths. Asterisks indicate times when there was a significant
difference between the exercised and control legs (P < 0.05, LSD post hoc test).,
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Figure 3.6 Peak active torgue change afier exercise.

The mean (+ S.E.M) change in peak torque relative to pre-cxercise values after
(A) eccentric or (B) concentric cxercise for muscles of the experimental leg
(filled circles) and control leg (open circles). Negative values represent a
decrease in active torque relative to those measured before the exercise (dotted
line). Asterisks indicate times when there was a significant difference between

the exercised and control legs (P < 0.05, LSD post hoc test).
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10, at 48 hours post-exercise. Values then fell to 3.7 (+ 0.72) by 96 hours after the

exercise.

These findings suggested that muscle damage had occurred after eccentric exercise
and therelore injury conmtractures in muscle fibres might be present. This was
investigated by measuring changes to passive mechanical properties after exercise.
An example of passive angle-torque curves for two subjects, as measured before, and
immediately after eccentric or concentric exercise, is shown in Figure 3.7. Here, it
can be seen that after eccentric exercise, passive torque had increased at all angles
measured. Afl the pre-exercise optimum angle for active torque (arrow), the increase
was 4.7 Nm, or 55%. In comparison, after concentric exercise there was an increase
of 8.9%, which was not a consistent finding across subjects (see below). The pooled
data for changes in passive torque is shown in Tgure 3.8. Iminediately after
eccentric exercise, passive torqﬁc was 40.8% (£ 13 above the pre-exercise value.
Over the next 24 hours, there was a further, small increase in passive torque, before it
fell to 30% (£ 9) at 48 hours posi-exercise, and remained fairly constant thereafier.
At all times after exercise, passive torque for the eccentrically exercised TS was
significantly higher than that of the unexercised muscle (P < 0.05, three-factor
ANOVA). After concentric exercise, passive torque of the exercised leg did not
really differ from pre-exercise values and, over time, there was found to be no

significant difference between exercised and unexercised muscies.

An interesting result, which was consistent with findings to be shown later in this
thesis {see Chapters 4 and 5), was that the increase in passive torque immediately
after eccentric exercise, when expressed as a percentage of pre-excicise values,
varied with ankle angle. This was particularly evident for one subject, who had more
extensive muscle damage than the other subjects, as shown by a large immediate
shift in optimum angle (12°) and peak active torque drop (55%). In Figure 3.9, the
percent increase in passive torque, as measured immediately after eccentric exercise,
has been plotted for this subject. Here, it can be seen that values increased to a
maximum of 140% at an angle of 60° and then decreased, but remained above
control values, as muscle length increased further. For this subject, a similar angle-

dependent relationship was found at all times after the eccentric contractions, despite




Figure 3.7 Passive angle~torque curves before and after exercise.

Passive angle-torqque curves as measured before (blue) and immediately after
(red) a period of either (A) eccentric or (B) concentric exercise of TS. Values of
passive torque before and afler cxercise were compared al the pre-exercise

optimum angle for active torque generation (arrows).
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Figure 3.8 Changey in passive forgue after excrcise,

The mean (£ S.EM) change in passive torgue rclative to pre-exercise values
after (A) eccentric or {B) concentric exercise for muscles of the experimental
(filled circles) and control (open circles) legs. Posilive valucs indicate an
increase in passive torque after exercise relative 1o those measured before the
exercise (dotted line). For eccentric exercise values, there was a significant
differcnce between the exercised and control legs a¢ all times, as shown by the
asterisks (P < 0.05, L.SD post hoc tesh).
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Figure 3.9 Increase in passive forque at different angles.

Data from one subject showing passive angle-torque curves as measured before
(blue} and immediately afier (red) a period of eccentric exercise. The percent
increase in passive torque after eccentric exercise, expressed as a percent
increase above pro-exercise values, has also been plotted against ankle angle

(black, open circ]es,.dotted line).
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the fact that the maximum increase in passive torque had dropped to about 100%

from 48 hours post-exercise onwards.

Another measure used to guantify the increase in passive torque after eccentric
exercise was the amount of work done on the muscle when it passively stretched
over the full range of angles used in these experiments. Unfortunately, passive
shortening movements were not performed here, so measuremacnt of the work
absorbed by the passive muscle could not be calculated. The work done on the
muscle was measured from the area under the exponeniial curve, fitted to the passive
angle-torque data (Figure 3.10 A). An advantage of using this method to quantify
the increase in passive torque was that it included values over the entire passive
angle-torque rtelationship, thereby' accounting for any wvariation in the angle-
dependent changes in passive torque for different subjects. After eccentric exercise,
the percent increase in work done on the passive muscle (Figure 3.10 B) was
quantitatively similar to the increase in passive torque measured at the optimum
angle, which was confirmed by the strong linear relationship between the two

varizbles, including values at all times after eccentric exercise (r*=0.92, P < 0.001).

The volume of the leg, below the knee, was measured before and after exercise, and
an increase was attributed to swelling of TS. As shown in Figure 3.11, there was no
swelling of eccentrically exercised TS until 24 hours after the exercise, and a peak
value of 2.04% (+ 0.43) was reached at 48 hours post-exercise. Qver the period from
24 to 946 hours post exercise, there was significant swelling of the leg that carried out
eccentric exercise compared to the control leg (P < 0.05, three-factor AINOVA).
Concentric exercise resulted in no significant swelling compared to the control leg, at

any time post-exercise.

One of the aims of this experiment was to elucidate whether swelling could
contribute to the rise in passive torque after ecc=ntric exercise. Since there was no
measurable swelling over the first two hours post-exercise, it seemed unlikely that it
could be responsible for the immediate post-exercise rise in passive torque.
However, its possible contribution at later time points needed to be examined. Thus,
aregression analysis was performed to examine the rclationship between the increase
In passive torque and swelling over the period when swelling was significant, 24 tc

96 hours post-exercise (Figure 3.12). There was found to be a close to significant




Figure 3.10 Work done on the passive muscle befere and after eccentric
exercise,

{A) Passive angle-torque curves from a subject as recorded before (blue) and
immediately after {red) eccentric exercise. The work done on the passive
muscle was calculated as the area underncath the exponential curve. ‘This is
shown before exercise (blue shaded area), and after exercise (red plus blue
shaded areas). (B) The mean (x S.E.M) change in work done on the passive
muscle afier eccentric exercise (filled circles), relative te pre-exercise values.
Values for the mnscle of the control leg are also shown (open circles’. Positive
values indicate an increase in the amount of work done on the muscle afler

exercise relagive to that measured before the exercise (dotied line).
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Figure 3.11 Swelling after exercise.

The mean (£ S.E.M) swelling after (A) eccentric or (B) concentric exercise.
Swelling was taken as an iucrease in Jeg volume after exercise above chat
measured before exercise. Values for both the experimental leg (filled symbols)
and conirol leg (open symbols) are shown. Vulues are expressed relalive to
those measutred before the cxercise (dotted line). Asterigks indicate times when
therc was a significant difference between the exercised and control legs (P <
0.05, LSD post hec test).
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Figure 3.12 The relationship between passive forque und swelling.

Plot showing the reladonship between the increase in passive torque and
swelling after eccentric exercise. Since swelling of the eccentrically exercised
leg was not significantly different from the control leg over the first two hours
post-exercise (open symbols), regression analysis was performed oi values from

24 10 96 hours past-exercise (filled symbols, regression line).
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slope of the regression line (P = 0.07) but only a weak relationship (* = 0.12)

between these parameters.

It was hypothesised that the rise in passive torque after eccentric exercise was
attributable to injury contractures in muscle fibres, which would occur in the absence
of any neural activation. In order to test this proposal, the surface EMG actiivity of
TS of two subjects was recorded during passive torque measurements before, and at
all times after ecceniric exercise. An example from one subject of the passive torque
and corresponding EMG activity, as measured at three ankle angies before, and 2 and
48 howurs post-exercise, 1s shown in Figure 3.13 A. Note that, despite an increase in
passive torque after the eccentric exercise, there was no change in the amplitude of
the EMG activity at any angle compared to that measured beforehand. Daring
measurements of passive torque, EMGQG activity of TS was quautiﬁed by taking the
root mean square (RMS) of the raw EMG signal over the final 0.5 s before nerve
stimulation. RMS is a commonly used indicator of the magnitude of a raw EMG
signal Herzog ef al. 1999. For each measurement session after eccenfric exercise, the
change in RMS-EMG from pre-exercise values, at each angle, was calculated and
these values were then pooled. This is shown for each of the two subjects (Figure
3.13 B). One subject had essentially no change in EMG after the eccentric exercise,
while the other subject showed more variability, but the changes were still small (less
than 1pV at most time points). Analysis showed no significant difference between
the exercised and unexercised legs, for changes in EMG afier the eccentric exercise
at all angles (P = 0.62, four-factor ANOVA).

In order to investig'ate whether the rise in passive torque after eccentric eXercise was
related to other indicators of muscle damage, the relationships between the increase
iﬁ passive torque and both the shift in optimom length and drop in active torque were
exzinined (Figure 3.14). The shift in optimum angle correlated well with the drop in
peak active torque up to 2 hours post-exercise (I” = 0.60, P < 0.01) but was not as
strongly related to the increase in passive torque over the same period (r2 =0.29,P <
0.05). The increase in passive Itorque after eccentric exercise, however, was strongly
correlated with the drop in peak aclive torque over the ﬁrét 2 hours post exercise (I* =
0.82, P < 0.001). These parameters were also a significantly related between 24 and
96 hours post-exercise (r° = 0.66, £ < 0.001) but hcre; the slope of the regression line

was less steep (1.2 compared with —3.1 over the first 2 rs post-exercise).




Figure 3.13 EMG activity during passive torquie measurements. ,

(A) Data from onc subject showing the raw EMG (bottom traces) recorded
during the measurement of passive torque, over a period of 0.5 s before nerve
stimulation. Records are shown at three ankle angles before (blue), 2 hrs (red)
and 48 hrs (green) post-accentric exercise. Torque (upper traces) has been offset
relative to the passive torque mmeasured at 90°. The twitch torque, as measured
following double pulse stimulation of the tibial nerve, is also shown in each
record. (B) The mean (& S.E.M) change in RMS-EMG activity after eccentric
exercise for twe subjects (different symbols). The dotted line represents pre-

exercise values.



o0°

20°

70° —]

Change iin EMG activity (uV)

0

{ I ] | i
20 40 60 8o 100

Time after eccentric exercise (hr)




Figure 3.J4  Relationships between active and passive angle-torque

HEasurenents.

The relationships between (A) change in peak active torque and shift in

optimum angle, (B) change in passive torque and change in peak active torque,

and (C) change 1n passive torque and shift in optimum angle, All values are

plotted relative to these mecasurced before eccentric exercise. For all 3 plots, a

significant relationship was found over the first two hours post-exercise (filled
syimbols), while for (B), a strong relationship was also found over the period

from 24 to 96 hours post-cxercise (open syrmbols).
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Discussion

The main purpose of this chapter was to investigate the time-course of changes to the
passive mechanical properties of human ankle extensor muscles after a period of
eccentric exercise. Passive torgite was measured before and after eccentric exercise
at each subject’s pre-exercise optimum angle. It was found that passive torque
increased immediately after eccentric exercise with values increasing slighily more
over the next 24 hours, before falling but remaining above control values 4 days after
the exercise. A similar trend was found for the time-course of the increase in work
done by the muscle during passive angle-torque measurements. Previous work
carried out on human TS has also shown an increase in passive ttgrque following
eccentric exercise (Jones er al. 1997; Whitehead et al. 1998), however values in these
studies were not significant until 24 hours post-exercise. This difference was
atinbuted to the fact that in these earlier expernments, passive torque measurements
were carried out from dorsiflexion to plantarflexion, that is, fiom long to short
muscle lengths. Passive torque values measured in this way were likely to be lower,
particularly during the carly stages after eccentric exercise, as a result of muscle

thixotropy (see Chapter 4).

Enportantly, the increase in passive torque after eccentric exercise was accompanied
by other mechanical indicators of muscle damage, measured from the active angle-
torque relationship. A shift to longer lengths of the optimum angle and a reduction
in peak active torque were found immediately afier eccentric exercise. The optimum
angle returned to its pre-cxercise value 24 hours after exercise, while peak torque had
not fully recovered by 96 hours post-exercise. These findings were consistent with
those from previous studies carried out on TS (Jones e al. 1997; Whtehead ef al.
1998). It was proposed that the recovery of the shiit in optimum angle reflected the
reinterdigitation of overextended sarcomeres in damaged fibres, while the slower
recovery of peak torque corresponded to the ropair of damaged fibres (Jones ez al.
1997). Other commonly used indicators of muscle damage, swelling and DOMS
(Smith, 1991), were also evident afier the eccentric exercise, with both parameters
becoming significant from 24 hours post-eccentric exercise onwards. In contrast,
following concentric exercise, there was no change to the passive angle-torque
relationship, nor were there any other measurable signs of muscle damage. The only

change was a 13% drop in peak active torque immediately post-exercise, which
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e

recovered rapidly, within two hours, and so was most likely due to muscle fatigue
(Faulkner ef al. 1993). Thus, these resuilts strongly suggested that the rise in passive
torque was attributable to muscle damage from eccentric contractions and not to any

other effects of the exercise.

It was hypothesiscd that the rise in passive torque, particularly during the period
immediately after the excrcise, was due to the tension produced by injury-
contractures in damaged muscle fibres. This proposal was supported by the fact that
after eccentric exercise, there was no change in the EMG activity of TS during
passive angle-torque measurements, despitc an increase in passive torque of more
than 40%. This ruled out reflex activation of the muscle as the cause of the rise in
passive torque. Previous studies have also reported no increase in EMG activity of
the relaxed elbow flexors afier eccentric exercise, using both surface (Howell et al.
1993: Chleboun ef al. 1998) and intramuscular (Howell ef al. 1985) recording
elecirodes. The fact that there was no measurable swelling of TS until 24 hours post-
exercise implied that the immediate rise in passive torque was also not likely to be
due to swelling-induced strain of connective tissue, which could potentially lead to
an increase in passive tension, based on the biomechanical model of Purslow (1989).
A similar conclusion was reached by Chleboun e/ al. (1998), where passive stifiness
of the elbow [lexors increased by 60% immediately post-exercise and remained
relatively constant over the subsequent 5 days, while swelling did not become
significant until 48 hours post-exercise. In the present study, the fact that swelling
showed a delayed onset, also argues against possible swelling-induced changes (o the
moment arm or the mechanical properties of joint structures, as being responsible for

the inunediate Tise in passive torgue.

It was postulated by Howell er al. (1993), and more recently by Chleboun et al.
(1998), that low-level calcium activation could be responsible for the increased
passive stiffness after eccentric exercise. They suggested that this effect became
greater as muscle length increased and that stretch activated calcium channels in the
surface membrane may be involved. However, in their studies, it was found that
while passive stiffness increased at short to intermediate lengths, there was little to
no change in stiffness at longer lengths, suggesting that the increase in passive torque
had become less at these lengths. The results of the present series of experiments

also showed that the percent increase in passive torque was dependent on muscle
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Jength, with values increasing to a maximum and then falling at longer lengths. This
relationship was most prominent for one subject, who showed signs of having more
extensive muscle damage than the other subjects who had wndergone eccentric
exercise. For this subject, as the muscle was stretched by dorsiflexing the foot,
passive torque increased to reach a peak of 140% at an ankle angle of 60° (see Figure
3.9), which corresponded to the pre-exercise optimum angle for peak torque. The
proposed mechanism underlying the length-dependent nse in passive tension after

eccentric contractions will be discussed later, in Chapters 4 and 5.

While swelling was unlikely to be the cause of the increase in passive torque over the
first few hours post-exercise, the possibility was considered that it might provide a
contribution at later times, as suggested by Chleboun ez al (1998). However, it was
found that during the period where swelling became significant, 24 to 96 hours post-
exercise, there was no additional increase in passive lorque. In fact, values dropped
by about 15% from 48 hours post-exercise onwards. Over this period, the increase in
passive torque was not related to swelling. It was also found that the degree of
swelling, measured as an increase in leg volume, was quite small, about 2%. Even if
it is assumed that TS conservatively occupies one third of the total leg volume, this
gives a value of 6% swelling for TS. Comparatively, this value is still considerably
lower than the 26% swelling of the elbow flexors reported by Chleboun et al. (1998).
However, the degree of muscle damage, and hence swelling, was likely to have Becn
greater in their study bocanse subjects were required to maximally activate the
muscle during cccentric contractions, whercas the eccentric exercise carried out on
TS was submaximal. Here, it must be pointed out that the ﬁmthod of measurement of
swelling in the present series of experiments was likely to have been less accurate
than the ultrasound technmique employed by Chleboun ez al. (1998). Thus, it is’
possible that swelling does provide some contribution to the rise in passive torque
from 24 hours post-exercise onwards, although further experiments are necessary in

order to investigate this idea.

While comract,ure was proposed to be the cause of the immediate rise in passive
torque, it remains unclear, based on the current data, how long such a contracture
tension might be sustained after eccentric exercise. One possible scenario is that
during the damage process, there may be an intermediate stage whereby the

contracture ceases to generate active tension but remains as a clot with high stiffness,
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because the resting calcium concentration of damaged muscle fibres returns to
normal or there is insufficient ATP to maintain the ongoing contraction (see
Armstrong ef ol 1991). It was envisaged that the presence of such a stiff segment of
a fibre would tend to reduce its functional length, thereby shifting the passive length-
tension relationship towards shorter lengths and raising the level of passive tension at
a given muscle length. Under these conditions, it seems likely that the level of
passive tension would be less than that produced by fibres undergoing an active
contracture. This might provide a possible explanation for the drop in passive torque
from 24 to 48 hours post-exercise, However, this idea is speculative and certainly

requires further investigation.

The relationships between the rise in passive torgue and changes to the active angle-
torgue curve after eccentric exercise wore considered to be important in terms of
gaining new 1n31 ghis into the damage process. As expected, there was a significant
corrclation between the shift in optimum angle and the reduction in active torque
immediately post-exercise. This is in line with the results of previous studies on
human TS (Jones et al. 1997) and toad sartorius (Talbot & Morgan, 1998). The
~results of the current series of experiments also showed a strong correlation between
the rise in passive torque and both the shift in optimum length and drop in active
tension. The relationship between the increase in passive torque and the drop mn
active torque was considered to be particularly important as it provided some support
for the proposal that damage to muscle fibre membranes leads to the development of
contracture, as well as a reduction or loss of active tension generation. There 1s soms
experimental support for this proposal (Warren ¢t al 199%). They reported a
relationship between the reduction in active tension and the frequency of damaged
muscle fibres with swollen regions, a few hours after eccentric exercise. These
swollen regions were found to have a high calcium conccufration, so there is a
possibly that they represented a region of contracture (Warren ef al. 1995).
Therefore, these relationships have provided new evidence that a rise in passive
tension can be used alongside changes to active mechanical properties, as a reliable

indicator of the damage to human muscle after eccentric exercise.
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-

The effects of eccentric contractions on passive
mechanical properties and Golgi tendon organ
responses of cat medial gastrocnemius

intreduction

In the previous chapter, passive tension of human muscle was found to increase
immediately afferl eccentric exercise and remain at a higher level for several days. In
terms of gaining insight into the process of muscle damage, the immediate rise in
passive tension was considered to be of particular importance, based on the
proposition that it was a direct consequence of the initial mechanical disruption to the
muscle from eccentric contractions. The central aim of the work undertaken in this
chapter was to further explore the hiypothesis that the increase in passive tension
immediately after a series of eccentric contractions was aftributable to regions of
injury contracturc in some muscle fibres. To test the hypothesis, a series of
experiments was carried out on cat medial gasfrocnemius (MG), in which passive
tension and work absorption were measured during passive stretch-shorteming
movements, before and immediately after a series of eccentric contractions. It was
proposed that accompanying a rise in passive tension would be an increase in work
absorbed by the passive muscle, reflecting the energy absorbed by actively cycling

cross-bridges within regions of contracture.

In a second scries of experiments, also on cat MG, another approach was used to test
the contracture hypothesis. Tt involved recording the responses of Golgi tendon
organs, the muscle’s tension sensors, during passive movements before and after
eccentric contractions. Tendon organs are located at the myotendinous junction,
where they lie “in series’ with muscle fibres and signal the tension produced by the
muscle during both active contractions and passive movements (se¢ Proske, 1981).
Here, it, was hypothesised that following eccentric contractions, a rise in whole
muscle i:assiVe tension, due to regions of contracture in some muscle fibres, would

lead to a corresponding increase in tendon organ responses during a passive stretch.
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Methods

The work described in this chapter was taken from two series of experiments, carried
out on a total of 16 cats of both sexes weighing between 3 and 7.9 kg. The first study
(n=3) investigated changes in passive mechanical propertiecs after a series of
eccentric contractions. In the sccond study (n=11), recordings from Golgi tendon
organ afferent fibres were made during passive tension measurements before and

after eccentric contractions.

For both studies, animals were anacsthetised and surgical procedures were carried
out in the same way as described in Chapter 2. In the second study, though, during
the laminectomy, both the ventral and dorsal roots of L7 to S1 were exposed and cut
as they entered the spinal cord, so that recordings from tendon organ afferents could
be made. All experiments were performed on the medial gastrocnemius muscle
(MG).

Study 1: Experimental procedure

Active length-tension measurements

The active length-tension relationship for MG was measured over a range of muscle
lengths in the same way as described in Chapter 2. However, in 2 of the 5
cxpcrimEnfs, active tension generated by the whole muscle exceeded the limits of the
servomotor, so that length-tension measurements on part of the muscle were camed

out,

The measured optimum length (Lo,) before the eccentric contractions was used as
the reference length for active and passive tension measurements both before and
after eccentric contractions. For active length-tension measurements, the optinum
length, as calculated from a Gaussian curve fitted to tension values above 75% of the
maximum tension, was used measure the shift in optimum length after eccenitric
contractions. In general, the fitted optimm length before the eccentric contractions
was very c.lose to Lop: (see Figures 4.2 & 4.3). Peak active tension, before and after

the eccentric contractions, was also calculated from the fitted curve.

Passive length-tension measurements
The passive length-tension relationship was determined in two ways (Figure 4.1).
The first method (static passive tension) involved shortening the muscle to Lop-10

mni. At this length, the passive muscle lay quite slack and tension was close to zero.




Figure 4.1 Static and dynumic passive length-tension measurements.

(A) An example of static (top) and dynamic (bottom) passive length-tension
measurements taken before a period of eccentric contractions. in each panel, the
upper traces are tension, and the lower traces indicate muscle length. Static
tension measurements were made at 2 mm intervals, over the muscle length
range from I,,-10 mm to L,,+10 mm. For dynamic tension measurements, the
muscle was slowly stretched and then shortened over the same length range as
for static measurements. {B) Passive length-tension curves for statc (filled
circles) and dypamic (line) measurements shown in (A). The dynamic length-
tension curve was taken from the lengthening phase of the movement, shown as

a continuous trace of tension against length.
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The muscle was then slowly stretched (0.2 mm s™) by 2 mm and held at that length
for 10 5. This procedure was repeated over a range of muscle lengths from Lp-10
mm to Lopt10 mm. At each length, passive tension was measured by averaging
tension over the final 1 s of the 10 s hold period. The second method (dynamic
passive tension) was used as both a measure of passive tension and work absorbed by
the passive muscle (see Figure 4.5 B). Here, the muscle was shortened to Lyp~-10
mm and a conditioning isometric contraction (15pps, 100ms duration) of the whole
muscle was performed. This ensured that passive properties were in a defined,
‘mechanical state. The muscle then underwent a series of S successive stretch-

shortening cycles at a rate of 1 mm s

over a 20 mm length range. Following the
eccentric contractions, relative changes to the dynamic passive length-tension
relationship were calculated using an iterative analysis j:rocedure. The tcnsion
measured at each muscle length after the eccentric contractions, was divided by the
tension measured at the corresponding muscle length before the eccentric
contractions, and then expressed as a percentage. This provided a continuous trace

of the change in passive tension plotted against length.

The work absorbed during each streich-shortening cycle was calculated from the area
contained within a passive length-tension loop (see Figure 4.8). This value was then
expressed as a percentage of the work done on the muscle, which was calculated

from the area underneath the lengthening phase of each cycle.

Eccentric contractions

The muscle was subjected to 150 eccentric contractions, spaced 20 s apart. Each
eccentric confraction consisted of a 400 ms tetanic contraction at 80 pps, with a 6
num stretch at 50 mm s”', starting 150 ms afier the onset of stimulation. The stretch
covered a length range that lay symmetrically about Loy, that is, it began at Lop-3
mm and finished at Lyp+3 mm (Figure 4.2).

Study 2: Experimental procedure

At the start of each experiment, the dorsal roots were divided into a number of
filamenis, each containing a single functional Golgi tendon organ afferent fibre.
Tendon organs are served by group 1b afferent nerve fibres, which ﬁ:onduct at a
velocity between 70 to 120 m s”' (Hunt, 1954). Afferent conduction velocity was

measured by dividing the conduction distance, the path length between stimulating




Figure 4.2 Acrive length-tension refation and eccentric coniractions.

(A) An cxample of an active length-tension corve for MG measured before
eccentric contractions. The thin line is a Gaussian curve fitted to the measured
length-tension valuer {9 -:n ¢ircles). and the thick line indicates the length range
over which the muscle .35 stretched during the sccentric contractions. The
arrow indicates the optimum length for peak icmsion, as determincd by the
computer fit. This value was very close to the measured optimum length (L)
(B) Zxamples of eccentric contractions of MG for one expcriment; Upper:
{races. tension, middle trace, length, and bottom trace, period of stitnufation at
80 pps. Tension measurcments are showa for the 1* (blue), 19" (red) and 150"

(grecon) cecentric contractions.
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and recording sites, by the latency of the evoked, all or none action potential in the
filament of dorsal root in response to muscle nerve stimulation. Tendon organ
singularity was determined by the regular pattern of discharge during passive stretch
and contraction (Figure 4.3). Tendon organs were distinguished from muscle
spindles by their ‘in series’ responses during muscle contraction. That is, as tension
increased during a muscle twitch, tendon organ firing rate became progressively
grezter (see Fipure 4.3), whereas muscle spindles became silent. The dorsal root
filamnents, typically 4 to 6 per experiment, were mounited on a multiple, monopolar
electrode array. Nerve impulses were processed via an A-D converter (PCI-MIO-
16E-4, National Imstruments, Austin, TX, USA) and custom-designed software
written in the program Igor Pro (Wavemetrics, Lake Oswego, OR, USA).

The experimental protocol was essentially the same as that described for Study 1.
However, there were a few modifications. After the active length-tension curve had
been measured, passive length-tension measurements were made, while at the same
time the discharge rate of the Golgi tcndon organ afferents was recorded. Passive
tension was measured during stretch-shortening movements, as described above.
Here, the lengthening phase of the passive movement was of most interest, as it was
predicted that after the eccentric conlractions, the tendon organs would commence
firing at a shorter length dunng passive stretch and would show a greater response
during the stretch, The eccentric contractions were carried out in the same way as
for Study 1, however in some experiments, the initial length before the stretch was
up to 6 mm shorter than L,n. Also, the number of ecceniric contractions varied

between 50 and 150.

Data Analysis

For both studies, all parameters were calculated as the mean = S.E.M., with the
significance level set at P < 0.05. A two or three-factor ANOVA with interactions
was used to test for significant changes to variables after the eccentric contractions.
The common factors for each test were animal and condition (before or after
eccentric contractions). Where the ANOVA was significant, LSD post khoc tests
were to identify individual points of significance. The statistical program used was
Data Desk (Ithaca, NY, USA).




Figure 4.3 Determination of tendon organ singularity during passive stretch
and cosiraction.

Raw records showing typical responses of a tendon organ during (A) a passive
stretch and (B) an isometric twitch. In both (A) and (B), tension is the red trace,
while the tendon organ discharge response, as recorded from a dorsal root
filament, is shown by the second top blue trace. This was then used to calculate
the instantaneous discharge rate of the receptor (top blue traces). In (A), the
black trace represents the length change during the passive stretch, which was 5
mm in amplitude at a velocity of 1 mmi s'. The initial length before the stretch

and isometric twitch was L.
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Results
Study 1

The main purpose of these experiments was to investigate changes to the passive
mecharnical properties of MG afier a series of eccentric contractions. Muscle damage
was also assessed by examining changes to active length-tension properties. At the
end of the series of 150 eccentric contractions, the isometric tension measured during
the final contraction before stretch onset, had faillen by 75.3% (x 1.2} of the
corresponding value measured during the first eccentric contraction (see Figure 4.2).
Thas value, however, represented an overestimate of the tension drop since it did not
take into account the shift of the active length-tension relation to longer muscle
lengths, as shown for one experiment in Figure 4.4. The mean shift in optimum
length was 3.85 mm (£ 0.4) and, after moving to the new optimum length, isometric

tension dropped by 58% (= 4.8) of its value before the eccentric contractions.

Static and dynamic passive length-tension measurcments were made before and
immediatcly afier eccentric coniractions, over the same range of muscle lengths
(Lop-10 mm to Lyn+10 mm), where Lo, refers to the measured pre-eccentric
contractions optimum length (Figure 4.5 A). Herc it can be seen that passive tension
increased over most of the length range after the eccentric contractions. An example
of the amount by which passive tension increased at each length is shown in Figure
4.6. For this experiment, the absolute increase in passive tension became greater
with Jength, to a maximum of about 15 N for dynamic lengthening movements.
However, when passive tension measured afler eccentric contractions was plotted as
a percent increase above that ‘measured before the contractions, the differences were
found to be length-dependent; increasing with muscle length to a maximum at about
Leoprt4 mm beforc decreasing but still-remaining above control values at longer
lenglhs (Figure 4.6 B). This was a consistent finding in all five experiments. The
magnitude of the rise in passive tension was slightly lower for static compared to
dynamic lengthening measurements, but maximum values for both measurements
occurréd over a similar range of muscle lengths, between Lyy and Lop+4 mm, When
values were pooled for the five experiments, the mean maximum increase in passive
tension after the eccentric contractions was 162.5% {(x 21.9) for static measurements,

and 169.3% (+ 25.1) for dynamic lengthening measu:ements._ Statistical analysis




Figure 4.4  Acfive length-tension curves before and after eccentric

contractions.

Active length-tension curves of MG before (blue) and imnmediately after (red)
150 eccentric contractions. "T'ension (filled circles) is plotted against muscle
length, relative to the optimum length measured before the eccentric
contractions (L,,). Gaussian curves (lines) are fitted to the measured values, and

the arrows indicate the optimum length for peak tension as determined by the fit.
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" Figure 4.5 Passive length-tension measurements before and after eccentric
contractions.

(A) Passive length-tension curves as measured before (blue) and after (zed) 150
eccentric contractions using the static method of measurement. (B) Passive
length-tension curves for dynamic lengtlhening (continuous lines) and shortening
movements (dotted lines), as measured before (blue) and after (red) 150
eccentric contractions. For both (A) and (B), tension is plotted against muscle

length relative to the optitnum length measured before the eccentric contractions
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Figure 4.6 Length-dependence of the increase in passive lension uafter
eccenltric contractions.

The increase 1n passive tension after eccentric contractions as a function of
muscle length, expressed as the absofute increase {(A) and the percent increase
(B) above the tension measured before the eccentric contractions. Filled
symbols, static measurements; continuous line, dypamic lengthening

measurements; dashed line, dynamic shortening movements.
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(three-factor ANOV A) performed on static measurements showed that there was a
significant increase in passive tension at all muscle lengths from Loy to Lopt10 mm
(P < 0.05, LSD post hoc test). An interesting finding was that the percent increase in
passive tension zfter ecceniric contractions, measured during dynamic shortening
movements, was significantly less, with values reaching a maximum at muscle
lengths close to Laopet10 mm and then progressively decreasing at shorter lengths
(Figure 4.6 B, dotted line). Here the mean maximum risc in passive tension was
75.7% (£ 9.8). The differences in passive tepsion between lengthening and
shortening movements were proposed to reflect the effects of history-dependent
changes 10 passive tension as a result of muscle damage from the eccentric

countractions (see Discussion).

Whilc passive tension was higher afier the eccentric contractions over most of the
measured length range, this was not the case at short muscle lengths, where the
tendon lay slack and passive tension was close to zero. Before the eccentric
contractions, the tension response to the passive stretch was biphasic; initially
increasing steeply, attributed to the short-range component (see Chapter 2), followed
by a more gradual change. In comparison, after the eccentric contractions, the initial
increase was less steep, but the subsequent slope was much steeper than before the
eccentric contractions. In addition, after the cccentric contractions, the initial rise in
tension during the first stretch was delayed, so that passive tension was found to be
lower over the first 2 to 3 mm of the length change than beforehand (Figure 4.7). It
was thought that this miglit be attributable to the presence of disrupted, overextended
sarcomeres in damaged muscle fibres, leading to an increase in whole muscle

compliance (see Discussion).

Further analysis was performed to exlilore this idea. It was decided to measure the
length at which passive tension was first generated during the slow stretch, both
before and after the eccentric contractions. The method of Close (1981) was used to
calculate these values, as it provided a means of determining the length at which
passive tension began to rise, independent of differences in the shapes of the tenston
traces (sec Figure 4.7). It involved performing a series of successive linear
regression analyscs on the tension trace, starting at Lgp-10 mm and gradually moving
towards longer lengths, until a point was reached where the tension irace was no

longer linear, and it began to rise more steeply (short-range component). This point,




Figure 4.7 The change in onsei length of passive tension.

(A) Passive length-tension curves measured during dynammic lengthening
movenients before (bluc) and after (red) ecceniric contractions. The thick lines
are from stretch cycle 1 and the thin lines are from cycle 2. Note that the two
tension traces overlap {for measvrements made before the eccentric contractions
(B) An cxpanded view of the teasion traces during lengthening in the region
cnclosed by the dotted line in (A). The onset length of passive tension (see text
for details) was measured before (blue) and afier (red) eccentric contractions, for

cycle 1 (arrows pointing down) and cycle 2 (arrows pointing up).
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called the onset length of passive tension, was determined by the standard error of
the slope of the fitted line reaching a minimum. The onsst length was determined for
both stretch cycles 1 and 2 (Figure 4.7, arrows). The mean onset lerath was Log-
9.14 mun ( 0.16) before and L.;8.2 mra (£ 0.24) after the eccentric contractions.
This equated to a shift to longer lengths of close to 1| mm after the eccentric
contraclions. For stretch cycle 2, the onset length shifted forther both before and
after the cccentric contractions, however the difference between values was less (see
Figure 4.7). Iz two experiments, the onset length after the eccentric coniractions was
at a length shorter than before. The mean value for the 5 experiments was L,-7.2
mm (+ 0.42) before the eccentric contractions and Lgy-6.8 min (= 0.40) aftenwards,

representing a difference of 0.4 mm.

The amount of work absorbed by the passive muscle was measured during each of $
consecutive stretch-shortening cycles, as shown for one experiment in Figure 4.8 A.
Work absorption was calculated as the area contained within each loop (Figure 4.8
B). Measurement of work absorption enabled changes in passive tension over the
full range of muscle lengths to be calculated. In order te account for the fact that
passive tension had increased after the eccentric contractions, values of work
absorption were expressed as a percentage of the work done on the passive muscle,
which was calculated from the area underneath the lengthening phase of each cycle.
Before the eccentric contraciions, the muscle absorbed an average of 21.4% (£ 2.2)
of the work done on it during the first stretch-shortening cycle. This value increased
to 34.8% (£ 2.1) immediately after the eccentric contractions (Figure 4.9), Work
absorption measured during the second and subsequent cycles fell, both before and
after the eccentric contractions. The largest reduction in work absorption occurred
beiween cycles‘ 1 and 2, with a greater mean drop occurring after (4.5% % 0.6) than
before (1.84% * 0.6) eccentric contractions. For each of the five cycles, work
absorption was significantly higher after the eccentric contractions compared with
that measu.-ed beforehand (P < 0.01, thxee-factor ANOV A).

Study 2
The changgs in active length-tetision properties after eccentrie contractions for Study
2 were similar to those for Study 1. The mean shift in optimum length was 4.4 mm

(x 0.3) and peak active tension dropped by 52% (& 3.0). The mean maximum




Figure 4.8 Work absorption during passive stretch-shortening movements.
{A) An example of the tension (upper traces) and length (lower trace) recorded during a series of 5 successive

_ passive stretch-shortening cycles before (blue) and after (red) 150 eccentric contractions. (B) Plots of muscle length

against tension for the first stretch-shortening movement shown in (A) before (biue) and after (red) cceeviric
contractions. The arrows indicate the lengthening phase of the movement in each case. Work absorption was
measured from the area contained within these length-tension figures.
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Figure 4.9 Changes in wark absorption after eccentric contractions.

The mean (= S.E.M.} work absorbed by the rmuscle during each of 5 passive
stretch-shortening cycles before (blue) and after (red) eccentric contractions.
For each cycle, work absorption was measured from the area contained within a
length-tension figure and expressed as a percentage of the work done on the
muscle.  Asterisks indicate a significant difference belween pre and post-

eccentric contraction values (P < 0.05, LSD past hoc test).
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increase in passive temsion for dynamic lengthening movements was 148.4% (t
28.3), which was similar to that found in Study 1.

The responses of tendon organs were recorded from their afferent fibres, during
passive movements before and after the eccentric contractions (Figure 4.10). For
almost all tendon organs, firing commenced at a shorter muscle length but at a
similar level of tension after the eccentric contractions as before (Figure 4.10,
arrows). It can also be seen that after the cecentric contractions, the tendon organ
maintained a higher discharge rate throughout the stretch, accompanying the rise in

passive tension.

For each tendon organ, the firing rate measured during passive movements was
plotted against both muscle length and tension (Figure 4.11). This provided a meuans
of measuring the length and tension thresholds, that is, the length and tension at
which the tendon organ began to respond to the passive stretch. Of the 40 tendon
organs, where the whole muscle underwent cccentric contractions, all but 2 showed a
shift in length threshold to shorter muscle lengths (Figure 4.12), with values ranging
between 0.3 mm to 5.7 mm. One tendon organ showed no change while another
increasecl-its threshold to longer lengths by 0.3 mm. The mean change in tendon
organ length threshold was 2.4 mm (£ 0.2) in the direction of shorter muscle lengths.

This change was found to be significant (P < 0.02, two-factor ANOVA).

The tension thresholds measured before the eccentric contractions ranqu between
0.1 N and 12,5 N, with a mean of 4.0 N (& 0.5). In order to account for differences
in muscle size between animals, tension thresholds for each experiment wers
nommalised to the peak passive tension, measured at Lo, +#10 mm. After the eccentric
contractions, there was no consistent change in tension threshold, and the changes
were small, less than 10% cof the peak passive tension (Figure 4.12). The mean
change in tension threshold was an increase of 0.6% (2 0.6), and this was found to be

not significant.

In three experiments, it was decided to record the responses of a tendon organ in
which the muscle fibres acting on the receptor did not undergo eccentric
contractions. These measurements were carried out 1n order to test the hypothesis
that only tendon organs supplied by muscle fibres damaged by the eccentric

contractions would show a change in length threshold. The procedure involved




Figure 4.1¢ Response of a tendon organ during a passive stretch-shortening
maovemnent.

An example of the response of a tendon organ during a passive stretch-
shortening movement, before (blue traces) and after (red traces) a series of
eccentrnic contractions. The top traces show the firing rate of the tendon organ,
shown as an instantaneous frequency display. The middle traces show the
measured passive tension and the bottom trace represents the length change.
The arrows indicate the lengths at which the terdon organ began discharging

before and after the eccenhic contractions.
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Figure 4,11 Impulse frequency versus length and tension relations for a
terzdon organ.

An exumple of the impulse frequency of a tendon organ plc-ted against muscle
Jength (A) and passive tension {B) during strelch-shorteming movements before
(blue) and after (red) the eccentric contractions. Note that after the eccentric
contractions the length threshold for passive suetch had shifted by about 4 mm
towards shorter muscle lengths (arrows) but there was little change in the tenston

threshold (arrows).
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splitting the ventral roots repeatedly into fine filaments, and noting which filaments,
when stimulated, produced a sirong response from the receptor. This process
cnabled any motor units with muscle fibres inserting into the tendon organ to be
identified and separated out, so that they were not stimulated during the eccentric
contractions. The three tendon organs used for these experiments showed essentially

no change in length threshold after the eccentric contractions (Figure 4.12, filled

circles).

During a passive stretch, the sensitivity of each tendon orgaﬁ, that is, the relationship
between tension and tendon organ discharge rate, was calculated before and after the
eccentric contractions. The sensitivity was measured as the slope of a straight line
fitted to the plot of tendon organ firing rate versus tension (an example of which is
shown in Figure 4.11 B), over the region of increasing tension from threshold up to
the peak tension measured before the eccentric contractions. The sensitivities of
each receptor before and after eccentric contractions are shown in Figure 4.13.
Overall, there was a small reduction in sensitivity with values dropping from 2.93
impulses s N' (+ 0.15) before the eccentric contractions, to 2.58 impulses TN (=
0.11) afterwards. To determine whether this change was significant, the ratio of the
sensitivity measured after the eccentric contractions to that before the eccentric
contraciions was calculated, with values ranging between 0.44 and 1.54. The mean
ratio was 0.91 ( 0.03), suggesting a small reduction in sensitivity after the eccentric
contractions, which was close to being statistically significant (P = 0.06, two-factor
ANOVA).




Figure 4.12 Changes in tendon organ length and tension thresholds after
eccentric contractions.

The change in length threshold is plotted against the. change in tension threshold
after the cccentric contractions for each of 40 tendon organs (open circles).
Values for each experiment are shown by a different colour. A negative length
threshold indicates that the tendon organ commenced firing at a shorter muscle
length afier the eccentric contractions. The tension threshold values have been
normalised to the peak temsion recorded during the passive stretch for ecach
experimeent, because of differences in passive length-tension relations between
animals. A negative tension threshold indicates that the tendon organ began
firing at a lower level of passive tension after the eccentric contractions. The
filled circles show threshold changes for tlircc tendon organs, where the motor
units with a specific excitatory action on the tendon organ had not urdergonc
eccentric contractions. The mean (= S.E.M.) length and tension threshold for the
40 receptors is shown by the open square. The dotted lines indicate zero change

in tension and length thresholds.
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Figure 4.13 Tendon organ sensitivity during passive stretch, before and after
eccentric contractions.

The sensitivity of tendon organs during passive stretch (open circles) was
estimaled from the relationship between impulse frequency and tension. This
was measured as the slope of a straight line fitted to plots, such as the one shown
in Figure 4.11 B. The sensitivitics for 40 tendon organs (open circles) are
shown before and after eccemtric contractions, with each colour representing
values from omc cxperiment. The filled circles show values for three tendon
organs where the motor units with a specific excitatory action on the tendon
organ were not subjected to eccentric contractions. A line of proportionality is

shown {(dotted line).
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Discussion

The éxperiments carried out in this chapter examined the effects of a series of
eccentric ccmh-actions‘ on changes to the passive mechanical properiies of
mammalian musclc. It was hypothesised that sarcomere non-uniformities would lead
to overextension and disruption of some sarcomeres during eccentric contractions,
and that during repeated eccentric contractions, the regions of disruption would
spread unul membranous s'ructures became damaged and there was a disturbance of
calcium homeostasis in the fibre (Morgan & Allen, 1999). It was envisaged that a
Tise in the resting infracellular calciun concentration would be localised to regions of
dammage in muscle fibres, resulting m the development of a contracture m some
muscle fibres, and thereby raising the level of passive tension produced by the

muscle.

Study 1

The findings fronﬁ this series of experiments supported the above proposal, since
. there was a large increase in passive tension immediately after the eccentric
contractions, with an average peak increase of more than 160%. Further evidence
was provided by the increase in work absorption of 15% after the eccentric
contractions, which was proposed to teflect the stretch of actively cycling eross-
brides in muscle fibres undergoing contracture. Muscle damage was also assessed by
changes to active mechanical properties, such as a shift to longer lengths of the
optimum length for active tension and a reduction in peak active tension (Jones er al.
1997; Talbot & Morgan, 1998; Whitehead et al. 1998). The mean shift in optimam
length was about 4 mim, or 20% of the length range used in these experiments. As
described in Chapter 1, a shift in optimum length is proposed to be due to the
presence of disrupted sarcomeres in the muscle, which have a longer resting length
and lead to an increase in series compliance during activation. The reduction in peak
isometric tension was also significant, with values failing by close to 60% afier the
eccentric contractions. It was estimated that muscle fatigue could account for
approximately 10 to 15% of the drop in tension, based on findings to be presented in
Chapter 5, so that the remaining 50% or so was presumably due to other effects

associated with damage to muscle fibres (see Chapter 1).
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Discussion

The experiments carried out in this chapter examined the eflects of a series of
ecceniric confractions on changes 1o the passive mechanical properties of
mammalian muscle. 1t ﬁ'as hypothesised that sarcomere non-uniformities would lead
to overextension and disruption of some sarcomeres during eccentric contractions,
and that during repeated eccentric contractions, the regions of disruption would
spread until membranous structures became damaged and there was a disturbance of
calcium homeostasis in the fibre (Morgan & Allen, 1999). It was envisaged that a
rise in the resting intracellular calciwn concentration would be localised to regions of
damage in muscle fibres, resulting in the development of a contracture in some
muscle fibres, and thereby raising thc level of passive tension produced by the

mauscle,

Study 1

The findings from this serics of experiments supporied the above proposal, since
. there was a largc increase in passive tension immediately after the eccentnc
contractions, with an average peak increase of more than 160%. Further evidence
was provided by the increase in work absorption of 15% after the eccentric
contractions, which was proposed to reflect the stretch of actively cyeling cross-
brides in muscle fibres undergoing contracture. Muscle damage was also assessed by
changes to active mechanical properties, such as a shifi to longer lengths of the
optimum length for active tension and a reduction in peak active tension (Jones et «l.
1997; Talbot & Morgan, 1998; Whitehead ef al. 1998). The mean shift in optimum
length was about 4 mm, or 20% of the length range used in these experiments. As
described in Chapter 1, a shifi in optimum length is proposed te be due fo the
presence of disrupted sarcomeres in the muscle, which have a longer resting length
and lead to an increase in series compliance during activation. The reduction in peak
isometric tension was algso significant, with values falling by close to 60% after the
 eccentric confractions. It was estimated tﬁat muscle fatigue could account for
approximately 10 to 15% of the drop in tension, based on findings to be presented in
Chapter 5, so that the remaining 50% or so was presumably due to other effects

associated with damage to muscle fibres {(see Chapter 1).
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An interesting observation was that the percentage increase in passive tension after
the eccentric contractions varied with muscle length, in a2 similar way fo that shown
for human muscle in Chapter 3. For both static and dynamic lengthening
movements, passive tension increased with muscle length to a maximum at about
L4 mm and then began to fall but still remained above conwol values at long
lengibs (see Figure 4.6 B). Since this length-dependent relationship mirrored the
active length-tension relationship of the whole muscle, measured after the eccentric
contractions (see Figure 4.4), it was inifially thought that the changes in passive
tension with length might reflect the active length-tension properties of contracture

clots in damaged muscle fibres.

Intuitively, though, it seemed more likely that because of its high stiffiess, a region
of contracture in a damaged muscle fibre would largely resist the passive stretch, so
that the vast majority of the movement would be taken up by remainiry; undamaged,
passive sarcomeres in the same fibre. It was proposed that during the passive stretch,
the tension 1n fibres might rise to a level where the passive sarcomeres were
stretched to long lengths and titin filaments yielded. With further stretch, the
sarcomere would undergo a period of lengthening where tensiop. rernained constant
until other intermediate filament structures, such as desmin, began to bear tension
(Wang ef al. 1993). If this process werg to occur non-uniformly, as for active
stretches (Morgan, 1990), then tension in the fibre would be expected to increase
progressively less steeply throughout the remainder of the passive stretch, as titin
filaments in each sarcomere, from weakest to strongest, became overstretched and
vielded. This scenaric would then provide one plausible explanation for the finding
that the increase in passive tension became gradually less at lengths longer than
about L,,+4 mm, although more experiments are required to further explorc this
idea. Interestingly, this process could also explain part of the increase in work
absorption after the eccentric contractions, since stretching isolated fibres (Wang ef
al. 1993) or myofibrils (Minajeva et al. 2001) to sarcomere lengths beyond the yield
point for titin, has been shown (o increase the amount of hysteresis during stretch-

shortening movements,

While localised regions of contracture have been favoured here as the cause of the
risc in passive tension and work absorption after ecceniric contractions, the current

evidence, though, based on changes 1o passive mechanical properties, remains
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indirect. While there is other experimental evidence in support of this view, as

described 1n Chapter 3 (see also Chapter 1), there is, however, some evidence of a
small, more generalised increase in resting calciumm concentration in muscle fibres
following eccentric contractions (Balnave ei @ 1997; Ingalls er al. 1998). In one of
these studies, it was shown that the rise m resting calcium was distributed uniformly
throughout the fibre, although the authors suggested that the resolving power of their
imaging iechnique may not have been sufficient {o detect more localised, large
increases in calcium concentration (Balnave ez al. 1997}. It is conceivable that these
small increases in resting calcium ccr'ncenlration could activate the comiraciile
machinery, leading to an increase in passive tension. Thus, it would be important in
future single fibre experiments, using more sensitive imaging technigues, to
determine whether or not localised areas of raised resting calcium concentration

exist,

While passive tension was shown to increase after the eccentric contractions, over
most of the measured length range, closer inspection revealed that this was not case
at short muscle lengths, at the beginning of the passive stretich. Here, there were a
number of interesting observations {(refer to Figure 4.7). Firstly, it was observed that
before the eccentric coniractions, the indtial rise i tension during the first stretch was
steeper, and began at a length 1 mm shorter than afier the eccentric contractions.
These findings are proposed to reflect history-dependent changes in passive
properties as a result of damage {rom ecceniric contractions. It was envisaged that in
damaged muscle fibres, disrupted sarcomeres would have a longer resting length.
This would tend to delay the onset of passive tension during strefch, as a greater
length change would be required to remove both slack from the tendon and the added
compliance from disrupted sarcomeres. If the disrupted sarcomeres failed to
reinterdigitate upon rclaxation, the number of stable cross-bridges in the resting
muscle would most likely be reduced, providing an explanation for why the initial
rise in tension was less steep after the eccentric contractions. However, as the
muscle was stretched further, tension increased much more steeply after the eccentric
contractions. This was attributed to the higher level of tension generated by actively

cycling cross-bridges in muscle fibres undergoing contracture.

At the start of the second passive strctch, tension began to rise at 2 longer length than

for the first stretch, both before and after the eccentric contractions. This was
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.umably due to the incorporation of slack into the muscle and tendon from the
ytening phase of the first cycle, which had to be taken up by the second streich
“re tension was generated. However, the difference in the onset length of passive
sion before and after the eccentric contractions was now less. It was suggested

this might be the result of some slack being taken up by the regions of injury
fracture. A final point was that before the eccentric coniractions, the tension
ss for the first and second stretches merged, while afterwards they remained
arated over the whole length tange. This provided an explanation for the greater
v in work absorption from the first to second stretch-shortening cycles after the
‘ntric contractions. It also -supported the earlier proposal, that during the first
ch, sarcomeres become overextended and titin filaments yielded, so that tension
ained lower throughout the second stretch because the passive length-tension
sionship had shifted to longer lengths (Wang et al. 1993).

Ay 2
~cond series of experiments examined the effects of eccentric confractions on the
.cle’s tension receptors, the Golgi tendon organs, during passive length-tension
-surements. The study was initiated, in part, to investigate a possible role of
“m organs in proprioceptive perturbations (see Gregory et al. 2002), which has
. previously shown to oceur in humans after eccentnic ~vercise (Saxton ef al-
i Brockett ef al. 1997). Here though, the main focus of these cxperiments was
.ovide additional support for the contracture hypothesis. Siuce tendon organs are
yn to have muscle fibres inserting directly into their capsule (Zelena, 1994) 1t
«ed plausible that an increase in passive tension after eccentric contractions, due
-smaged muscle fibres with regions of contracture, would be signalled by these

. Oors.

onsistent finding from these experiments was that almost all tendon organs
menced firing at a shorter muscle length afier the eccentric contractions than
ce. This was accompanied by no consistent change in the fension thresheld-and -
a small reduction in sensifivity of the tendon organs during passive siretch,
zsting that the sensitivity of the receptors to passive tension was largely
fected by the eccentric contractions. "It was proposed that the change in length
#0ld after eccentric contractions was due to the rise in passive tension from

aged fibres in contracture. Further support for this idea was provided by the
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results from three experiments, in which motor units with muscle fibres acting on a
single tendon organ were not subjected to eccentric contractions. For these tendon
organs, there was no change in length threshold, while other tendon organs in the
same muscle, whose motor units had undergone eccentric contractions, showed the
usual shift in length threshold. This finding argued against effects other than damage
to muscle fibres, such as muscle swelling or changes to tendon properties, as the

likely cause of the shift in length threshold after eccentric contractions.

An interesting finding was the range of length threshold changes, up to 5 mm, for
different tendon organs from the same muscle. This suggested that the number of
fibres and/or the extent of the damage fo these fibres varied somewhat amongst the
tendon organ population. One possible reason for this observation might be that
some of the fibres inserting into a particular tendon organ were more susceptible to
damage than others. A recent report by Brockett ef al. (2002) provides some support
for this proposal. It was found that the range of initial optimum lengths for motor
units of cat MG was about 5 min, and that those motor units with shorter optimum
lenglhs before the eccentric contractions showed evidence of greater damage

afterwards.

An important question arising from the experiments in both Study 1 and 2 was; how
extensive were the regions of damage-induced contracture throughout the muscle?
The fact that almost all (40 out of 42) tendon orgens showed a change in length
threshold can be used to give an estimate of the minimum amount of damage after
the eccentric contractions. It has been shown. for cat MG, that about 20 muscle fibres
from 10 motor units insert into a tendon organ (Barker, 1974; Gregory, 1990). Thus,
if it was assumed that a contracture in one of these fibres was sufficient to alter the
threshold of the receptor, then at least 5% of the fibres in the muscle were likely to
have been undergoing contracture. However, based on the large reduction in active
tension, it seemed probable that the damage was much more widespread, involving a
greater number of muscle fibres with a region of contracture. It was envisaged that
fibres undergoing contracture, with damaged membranes and raised intracellular
calcium concentration, were also responsible for a large fraction of the reduction in
active tension. This idea was supported the study by the study of Warren e al
(1995). They reported that following eccentric contractions of mouse soleus, the

number of muscle fibres containing swollen regions with a raised calcium
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concentration, obvious signs of contracture, was correlated with the magnitude of the
reduction in active tension. In the current experiments, the size of the active tension
drop due to muscle damage was about 50%. Thus, based on the result of Warren et
al. (1993), this value (50%) could be used as a rough estimate of the percentage of
the muscle undergoing contracture. This would suggest that the rise in passive
tension after eccentric contractions was produced by anly about half of the muscle,
so that the actnal increase in passive tension for this half was Lkely to have been
twice the measured increase for the whole muscle. In the example shown in Figure
4.5, passive tension measured before the eccentric contractions reached a maximum
of 27 N, while aftcrwards it "...7 increased to 43 N. Thus, after the eccentric
contractions, if half of the muscic .. the same passive length-tension relationship as
before the eccentric contractions, then this part of the muscle would generate about
13.5 N (27 N x 0.5). Therefore, the remaining tension, about 30 N, would be
produced by half of the muscle, comprising damaged fibres in contracture. In other
words, an equivalent temsion produced by the whole muscle would be twice this
value (60 N). This represents a level of passive tension two times higher than that

measured before the eccentric contractions.

While this analysis involves a number of assumptions that were not formally tested
in these experiments, it does, however, highlight the fact that muscle fibres with
regions of contracture are likely to be generating considerable tension. This adds
further support to the proposal put forward earlier, that during a passive stretch,
undamaged sarcomeres in secries with contracture segments might become
overextended and disrupted because of the high tension in the fibre. Since such a
high level of passive tension in muscle fibres could potentially have an effect on the
extent of damage to the muscle following eccentric contractions, as well as on the
subsequent repair and adaptation processes, it would be interesting to investigate this

issue further in future experiments (see Chapter 6).




Chapter Five

Changes to passive properties of cat medial
gastrocnemius following eccentric contractions at
different lengths

Introduction

In Chapter 4, an increase in passive tension was observed immediately afler ecoentric
coniraciions carried out over a length range that lay symmetrically about the
optimurn length for active tension. However, previous studies have shown that the
amount of muscle damage is length-dependent, that is, more exiensive muscle
damage occurs following eccentric contractions at long than at short muscle lengths
(Newham et al. 1988; Talbot & Morgan, 1998). This chapter tested the lLiypothesis
that the rise in passive tension would also be length-dependent, being greater after
eccentric contractions cairied out further down the descending limb of the active
length-tension curve, since there were likely to be more damaged fibres with regions

of injury- contracture throughout the muscle,

It was proposed that muscle damage from ecceniric contractions would manifest
itself in two ways. Where the damage to fibre membranes had led to the
development of regions of contracture, there would be an increase in whole muscle
passive tension. However, where the damage remained restricted to disrupted
sarcomeres in series with normal functioning sarcomeres, and had not progressed to
the stage of membrane damage and contracture formation, such overextended
sarcomeres would lead to a reduction in passive tension (see Chapter 4). It was
postulated that changes to the passive length-tension relationship following eccentric
contractions, carried out at different lengths, would depend on the balance of these

two opposing factors.

In Chapter 4, it was shown that the rise in passive tension after eccentric contractions
was labile, in the sense that a single passive stretch-shortening cycle led to a
reduction in passive tension and work absorption during the second and subsequent

cycles. Thus, some of the experimenis carried out in this chapier investigated the
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effect of passive stretches on the increase in passive tension from eccentric

contractions.

Methods

The experiments were carried out on a total of 12 cats of both sexes, with a weight
range of 2.0 to 4.5 kg. The experiments were undertaken with approval from the
Monash University Committee for Ethics in Animal Expcrimentation. Animals were
anaesthetised and surgical procedures were carried out in the same way as described

in Chapter 2. The experiments were performed on the medial gastrocnemius muscle

(MG).

Experimental procedure

Three parts of the muscie: Initial experiments

The initial series of experiments was carried out on 5 animals. Herc, the aim was (o
measure changes to the passive and active length-tension relationships after 3 sets of
50 eccentric contractions, each performed over a different length range on three
functionally separale portions of the muscle (see below). .The procedure involved
splitting the ventral root supply to MG (L7-S1) into three approximately equal parts.
This was determined by recording the tension generated by each portion during a
twitch and brief tetanic stimmlation of the three ventral root fragments. These
measurcments were made at the optimum length of the whole muscle (L), The
division of the muscle in this way provided a means of performing ecceniric
contractions over three different length ranges within the same muscle. Thus, the
effect of the eccentric contractions on the passive properties of each part of the
muscle could be measured as a change in the passive length-tension relationship of
the whole muscle. The experiment was also designed in this way, as opposed te
performing whole muscle eccentric contractions at different lengths, to minimise the

number of amimals used.

Active length-tension measurements

The active length-tension relationship for each third of the muscle was measured
before and afler eccentric contractions using th.el same stimulation parameiers as
previously described for the whole MG (see Chapters 2 and 4). The measured
optimum length fos each part of the muscle was 1 to 2 mm shorter than that of the

whole muscle. This was attributed to the fact that activation of part of a muscle does
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not stretch the series elastic component as much as activation of the whole. Thus,
there would be less internal shortening during part activation aud for a given muscle-
tendon length, the muscle fibres would be at a longer length, resulting in 2 shorter
optimum length (Sandercock, 2000). In order to calculate the optimum length and
peak active tension, Gaussian curves were fitted to tension values above 75% of the

maximum tension.

In one additional c'xpeﬁment, it was decided to estimate the drop in active tension
from muscle fatigue, as distinct from damage. The motor supply to the muscle was
divided into two approximately equal halves and each was subjected to a series of 50
isometric contractions, followed 2 s later by a passive stretch, using the same
siimulus (400 ms duration at 80 pps) and stretch (6 mm at 50 mm s} parameters as
for the eccentric contractions (sce below). This procedure was carried out at a
starting length of Ly,-3 mm for one half of the muscle and Ly, +3 mm for the other.
Active length—tensioﬁ curves were measured before and afiter the isometric

contractions.

Passive length-tension measuremenis

Passive tension and work absorplion were measured using the protocol described in
Chapter 4. This involved two continuous siretch-shortening cycles at a velocity of 1
mm s, over muscle lengths ranging fromi Loy —10 mm to Ly +10 mm. It was
decided here to use only two cycles because the greatest drop in work absorption
occurs between cyzles 1 and 2, with little change occurring thereafier (see Chapter
4). The mrerle was conditioned with an isometric contraction (80 pps, 100 ms
duration) and held at a constant léngtll (Lopt —10 mm) for 30 seconds before the onset

of cycle 1.

Changes to the passive length-tension relationship following eccentric contractions
of each third of the muscie were calculated uging an iterative analysis procedure, as
described in Chapier 4. The change in tension at each muscle length was calculated
and divided by the tension, measured at the corresponding muscle length, before the
eccentric contractions of Part 1. Values were then expressed as a percentage. This
provided a continuous trace of the change in passive tension plotied against length
(see Figure 5.3 B). Work absorptionswas measured as the area contained within the

stretch-shortening loop and expressed as a percentage of the work done on the
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muscle (as described in Chapter 4). The change in work absorption afier each set of

eccentric contractions was then calcilated.

Eccenlric contractions

Fifty cccentric contractions were carried out, one every 40 seconds, on cach of the
three parts of the muscle. For each eccentric contraction, the muscle was stimulated
at 80 pps for 400 ms. At 150 ms after the onset of stimulation, the muscle was
stretched by 6 mm at 2 velocity of 50 mm s”'. The eccentric contractions were
carmied out over a different region of the lengtl.-tension relation for each of the three
parts. It was decided to refer to each length range in terms of the final length at the
end of the stretch, since it was considered important to indicate whether or not the
eccentric contractions involved the descending limb of the length-tension relation.
For the 5 cxperiments, the lengths at which the stretch ended dunng the eccentric
contractions were: Lop—3 mm (=4 parte), Lo (=3 parts), Lont3 mm (n=3 parts),
Lopet6 mm (n=1 part) and L, +9 mm (n=4 parts). In general, the length range of the
eccentric contractions for the three parts was in the order of short to long lengths, so
that they ended at ended at Loy—3 mm for Part 1, Lop Or Lopt-i—S mm for Part 2, and
Lopet6 mun or Lew+? mm for Partt 3. This order was chosen, since muscle damage
from eccentric contractions at short lengths (Part 1) was expected to be minor, so that
any further changes would have a negligible effect on passive properties measured
after eccentric contractions at longer lengths (Parts 2 and 3). It was assumed, though,
that changes in passive tension brought about by the eccentric contractions of each
third would remain more or less constant, independent of one another, and not be
affected by passive stretches applied subsequently during eccentric contractions to
other parts. This assumption was formally tested in a series of control experiments

carried out on three animals (see below).

Three parts of the muscle: Control experiments

For these experiments, the muscle was again divided into three parts. In the first
experiment, performed on two animals, the eccentric contractions were carried out
- over the same length range for each part, ending at L,,r+3 mm. Here, it was expected
that the damage to each part of the muscle from the eccentric contractions would be
similar, so that changes in passive tension shonld also be comparable. The second
experiment, carried out on one animal, examined the effect of a series of passive

stretches imposed on the muscle after the eccentric contractions, on changes to the
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passive length-tension relationship. This involved 50 passive stretch-shortening
movements, each separated by 40 s, and of the same amplitade (6 mm) and velocity

(50 mm 57" as the eccentric contractions.

Whole muscle experiments

In a further 3 experiments, the aim was to compare changes {0 passive properties,
after eccentric contractions performed on the whole muscle at intermediate or longer
muscle lengths. These experiments did not require a laminectomy, Here, MG of |
both hindlimmbs was used, so two leg dissections were carried out (sece Chapter 2,
Methods). Smaller cats, weighing between 2 and 2.5 kg, werc chosen for these
experiments, so that the servomotor could withstand the tension generated during
whole muscle eccentric contractions. There were two main objectives of these
experiments. The first was to examine changes to passive properties afier whole
muscle eccentric contractions at intermediate or long muscle lengths, The second
aim was fo investigate, after the eccentmc contractions, the effects of passive
movemenis, and time, on changes to the passive length-tension relationship. For
these experiments, the eccentric contractions and passive movements were carmried
out in the same way as described previously, except that the stretches were 5 mm
rather than 6 mm in amplitude because the physiological length range of the muscle
for these smaller cats was expected to be less. Similarly, the passive length-tension
measurements were performed over a slightly shorter length range, from Lop-10 mm

t0 Lop+8 mm.

Data Analysis

For all paramcters measured, the mean (¥ S.E.M.) was calculated. Statistical
significance was sct at P < 0.05. A two-factor analysis of variance (ANOVA) with
interactions was used to determine whether changes after the eccentric contractions
at different lengths were significant. The factors used were animal, and the length
range of the eccentric contractions. Where significance was found, an LSD post hoc
test was used. For some vanables, a linear regression analysis was also performed.

The statistical program used was Data Desk (Ithaca, NY, USA).
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Results

Three parts of the muscle: Initial experiments

Active fength-tensfon changes

In Figure 5.1 A, sample records from one experiment, of the 1 and 50" eccentric
contractions for each of the three parts of the muscle are shown. It can be seen that
when the eccentric contractions ended at longer lengths, the reduction in isometric
tension became progressively greatcr. Mean values of the drop in isometric tension
from the 1* to 50" eccentric contraction, ranged from 54.7% (+ §.6) 10 80.5% = 2.1)

when the eccenfric contractions ended at Lgp~3 mm and Lop+9 yoam, respectively.

Figure 5.1 B shows active length-tension curves measured before and after the
eccentric contractions for the same three parts of the muscle in Figure 5.1 A. Note
that as the eccentric contractions ended at longer lengths, there was a progressively
larger shift in optimum length fowards longer lengths and drop in peak active
tension. Mean values for the shift in optimum length ranged from 2.1 mm (% 0.5) to
7.1 mm (% 0.3) for eccentric contractions ending at Lop-3 mm and L9 mm,
respectively (Figure 5.2 A). The mean drop in peak active tension ranged from 19%
(£ 3.5) when the eccentric contractions ended at L,-3 mm to 68.6% (+ 2.8) when
they ended at Lop+9 mm (Figure 5.2 A). Analysis showed a significant effect of the
length range of the eccentric contractions on both the shift in optimum length and
active tension drop (P < 0.01, two-factor ANOVA). There was also a strong lincar

relationship between these parameters (r* = 0.87, P < 0.01) (Figure 5.2 B).

L}

In one additional experiment, the amount of fatigue, independent of muscle damage
was estimated from isometric contractions. The motor supply of the muscle was
divided into two parts. Each part was given 50 isometric contractions using the same
stimulus parameters as for the ccecentric contractions. Two seconds after each
contraction, the muscle underwent a passive stretch, in order to mimic the length
change that had occurred during the eccentric contractions. The isometric
contractions were carried out at Lop-3 mm for the first half, and Lopet+9 mm for the
second half, with passive stretches also beginning at these lengths. Active length-
tension measurements were made before and after the contractions. It was found that

peak active tension dropped by 11% and 15.3%, after the isometric contractions of




Figure 5.1 Changes in the active lengtii-tension relafionship afier eccentric
contractions of three parts of the muscle.

{A) Raw records of eccentric contractions for the three parts of the muscle from
one experiment. Measurements of tension are shown. for the 1¥ (continuous line)
and 50% (dotted line) eccentric contractions for each part. The colour of each
tension trace refers to the length range of the ccoentric contractions for each part,
as indicated by the hatched bars in (B). The length change (second botlom
trace) and period of stimulaiion (solid bar, bottom trace) are shown. (IB) Active
lengthi-tension curves as measurcd before (open circles) and after (filled circles)
50 eccentric contractions for each of the three parts of the muscle shown in (A).
Tension is plotted against the optimum length measured before the eccentric
contractions (L.,). The length range of the sccentrie contractions for each part
is indicated (hatched bars). The arrows indicatec the optimum length for peak
tension. For measurcments made beforec the eccentric contractions only 2 single
arrow is shown, as there were very small differences in optimum length between

the three parts.
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Figurve 5.2 The shift in optimum length and active tension drop after eccendric
contractions of three parts of the muscle.

(A) The mean (& 3.E.M.) shifl in opthmum length {filled circles) and active
tension crop (open circles). as calculated from active length-tension curves
before and after eccentric contractions of each part. Values are plotied against
the length al which the eccentric contractions ended relative to the optimum
length (L.} for each pari. (B} A plot showing the relationship between the shifi
in optimum length and the drop im peak active tension after eccentric
contractions of a third of the muscle, carried out at different lengths. A

regression line is also shown.
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the first and second half, respectively. For both halves, there was only a small shift
in the optimum length to longer lengths of 0.65 mm for Part 1 and 0.62 mm for Part 2.

Changes to the passive length-tension reiationship

An example of dynamic passive length-tension curves before and afier eccentric
contractions of each third of the muscle is shown in Figure 5.3 A. It can be seen that
the measursd passive tension was dependent on the length range over which the
ecceninc contractions were carmied out. This was highlighted more clearly when the
percent change in passive tension afler the eccentric contractions for each part was
plotted against muscle length (Figure 5.3 B). In accord with the findings of Chapter
4, the increases in passive tension observed herc varied with muscle length, with
values increasing to a maximum before decreasing at longer lengths. As the
eccentric contractions ended at progressively longer muscle lengths, there were two
main effects. Firstly, the increase in passive tension became less, and secondly, the
maximum increase in tension occurred at a longer muscle length (Figwre 5.3 B,
arrows). For some experiments, following the cccentric contractions ending at

Lopet9 mm, passive tension had decreased over most of the measured length range.

When values for the maximum increase in passive tension for the 5 experiments were
pooled, the pcak value was 50.9% (£ 12.7), recorded after eccentric coniractions
ending at Lop-3 mun, although similar values were also recorded after eccentric
contractions ending at Loy and Lgpt3 mm (Figure 5.4 A). However, _when the
eccentric contractions were carried out at longer lengths, values became less, with a
maximum increase of only 3.2% (% 5.3), following eccentric contractions ending at
Lopt9 mm (Figure 5.4 A). Overall, there was a significant effect of the Iength range
of the eccentric contractions on maximum increases m passive tension (P < 0.05,
two-factor ANOVA). Pooled data showed that the length corresponding to the
maximum increase in passive tension, ranged from Lgp-1.6 mm (£ 0.8) to L6 mm
(2 2.7) after ecoentric contractions ending at Lgpe-3 mm and Louet9 mm, respectively.
Here, the effect of the length range of the ecceniric contractions just failed to reach
statistical significance {P < 0.08, two-factor ANOVA).

The dynamic passive length-tension relationship was also used to measure work
absorption, which was calculated from the arca contained within the stretch-

shortening foop, and expressed as a percentage of the work done on the muscle




Figure 8.3 Changes to the passive Zengz‘k-renefou.relatfonsh:}n after cccentric
contractions of three parts of the muscle.

(A) Passive length-tension curves as measured during dynamic lengthening
hefore (black trace) and after eccentric contractions of each of the three parts of
the muscle. The colours of the tension traces correspond to length range of the
eccentric contractions for each part (hatched bars). (B) The increase in passive
tcnsion after cccentric contractions of each part plotted against muscle length.
Increases in passive tension of each part above the previous part, were expressed
as a percentage of the corresponding values measured before eccentric
contractions of the first part (dotted linc). Again, the colour of the irace
cortesponds to a particular part of the muscle, as in (A), The arrows indicate the

length at which the maximum increase in passive tension occurred.
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Figure 5.4 Mean increases in passive tension and work absorption after
eccenltric contractions at different lengths.

{A) The mean (* S.E.M.)} maximum increase in passive tension, expressed as a
‘percentage, plotted against the length at which the eccentric contractions ended
for each third of the muscle. The maximum increase in passive tension was
measured from plots like those shown in Figure 5.3 B. (B) The mecan (% S.E.M.)
increase in work absorption plotted against the final length of the eccentric
contractions. Values of work absorption were expressed as a percentage of the
work done on the muscle during the lengthening phase of the passive stretch-

shortening movement.
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during the stretch (see Chapier 4). When values were pooled across the 5
cxperiments, the change in work absorption showed a similar trend to the increase in
passive tension (Figure 5.4 B). Valucs ranged from an increase of 6.68% (£ 1.63) to
a decrease of 0.83% (£ 1.49) following eccentric contractions ending at Loy and
Lopt9 mm, respectively. Analysis showed a significant effect of the length range of
the eccentric contractions on changes in work absorption (P < 0.05, two-factor
ANOVA).

Since passive tension and work absorption had not increased as expected for the
eccentric contractions carried out at longer iengths, the possibility was considsred
that these values might bave been underestimated. Here, the concern was that the
stretch accompanying an eccentric contraction of one part of the muscle might alter
the measured level of passive tension in another previously stimulated part. This was
because the whole muscle was being stretched, not just a third. Therefore, a series of

control experiments was carried out to teui this idea.

Three parts of the muscle: Control experiments
These experiments were performed on three animals in which the motor supply of
MG was again divided into three parts, The results of these experiments are

presented in Table 5.1.

T the first experiment, on two animals, the eccentric contractions were camied out
over the same length range for each third of thé muscle, with the stretch ending at
Lopet3 mm. The main result of thesc experiments was thai the increase in passive
tension and work absorption became significantly less after the eccentric contractions
of Parts 2 and 3, compared 1o that measured after Part 1. For example in one
experiment, the maximum increase in passive tension was almost 140% after
eccentric contractions of Part 1, while identical eccentric contractions of Parts 2 and
'3 produced further rises of 97% and 52%, respectively. Values for the other
experiment were similar, so the pooled data from both experiments is shown in Table
5.1. The shift in optimum length and active tension drop for each of the three parts
was similar, both within and across the 2 experiments, with a range of 4.1 to 5 mm
for the shift in optimum length, and 39.4 to 44.6% for the active tension drop.
Again, mean values are shown in Tabie 5.1. The similarities between the three parts,

in terms of changes to active length-tension properties after ecceniric contractions,




Table 5.1 Changes to active and passive length-tension measurements for the ‘three parts’ control experiments.

For expeniment 1, the three parts of the muscle afl underwent eccentric contractions (Ecc) over the same length
range, with the stretch ending at L,+3 mm. For this experiment, the mean values from 2 animals arc shown.

For experiment 2, the eccentric contractions (Ecc) were carried out over a different length range for each of the three
parts of the muscle. After the eccentric contractions on Part 1, ending at L,-3 mm, two sets of 30 passive stretches
(Pass) were performed on the whole muscle. Here, the {irst set of stretches ended at L ,+3 mm, whilc the second set
ended at L, +9 mm. After the eccentric contractions on Part 2, ending at L, +3 mm, one set of 30 passive steetches
was carmied out, ending at L, +9 mm. Finally, eccentric contractions were carried out on Part 3, where the streich
ended at I,,+9 mro. For both experimicats, positive values indicate a shift to longer nmscle lengths in the optimum

length, and an increase in passive teasion aod work absorption.




Control Experiments

PART Final length of  Shift in Optimum  Active tension Passive tension ~ Work absorption

stretch length (mm) drop (%) change (%) change (%)
Experiment 1 1 Lypit 3rum (Ecc) 4.36 43.69 127.49 _ 11.19
(mean of 2) 2 Loct31mm (Eco) 4.34 42.02 70.08 3.96
3 Lyt 30 (Ecc) 475 41.07 47.35 {.68
Experiment2 | Ly 3mm (Ecc) 1.57 14.96 52.05 10.58
Lyt 3ram (Pass) . - 30.59 3.01
L+ 9me (Pass) . . -18.5 298
2 L,+3mm (Ecc) 5.84 34.79 60.72 7.93
Ly t9mmim (Pass) - - -38.89 -4.56
3 Loo9mm Eed 77 5228 18.97 6.84
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argued against differences in the degree of muscle damage as the cause of the smaller
increase in passive tension and work absorption for Parts 2 and 3. It suggested that
the smaller increases might be the result of concurrently altering the effect of the

previous part(s).

It was shown in Chapter 4, that a single passive stretch was sufficient to reduce the
merease in passive tension and work absorption during the second and subsequent
stretches. This led 10 the realisation that during the eccentric contractions of one
third of the muscle, the inactive, Temaining parts of the muscle were, at the same
time, being passively stretched. Thus, it seemed possible that these passive
movements might reduce any previous increase in passive tension. A second control
experiment examined the effects of passive stretches on changes to passive tension
after the eccentric contractions had been performed on Parts 1 and 2. The aim was to
mimic the protocol for the initial series of experiments, so that the passive stretches
covered the same length ranges as the eccentric contractions in the initial

experiments.

The important finding of this experiment was that the increase in passive tension
after eccentric contractions was significantly reduced by a subsequent series of
passive stretches (sée Table 5.1). For example, after eccentric contractions to Part 1,
ending at Lop-3 mm, passive tension increased by a maximum of 52.1%. This value
then dropped by 30.6% afier 50 passive stretches ending at Lopet3 mm, representing
the length range over which the muscle would have been stretched if Part 2 had been
subjected to eccentric contractions. Passive tension then fell by a further 18.5%
following another 50 passive sfretches, ending at Lop+9 mm, representing the length
range over which the eccentric contractions for Part 3 would have been performed.
This meant that passivc tonsion was now ouly 3% above that measured before the
eccentric contractions. Passive tension then increased by 60.7% after eccentric
contractions to Part 2, ending at L,,+3 mm, but dropped by 38.9% following passive
stretches ending at Lop+9 mm, again representing the length range of the eccentric
contractions for Part 3. Finally, after eccentric contractions to Part 3, ending at
Lopet9 mm, passive tension increased by 39%. These findings suggested that for the
initial ‘three parts of the muscle’ experiments, increases in passive tension and work
absorption had been greatly underestimated for Part 2, and particularly Part 3, where

the eccentric contractions were performed at long lengths (see Figure 5.4).
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By adding to the mean values shown in Figure 5.4, the amount by which passive
tension was reduced from the passive streichcs, as measured in the control
experiment, it was estimated that passive tension would have increased by 74% (43 +
30.6%) afier eccentric contractions ending af Lopet3 mrn, and 60% (3 + 18.5 +
38.9%) after eccentric contractions ending at Lop+2 mm. These adjusted values
suggested that passive iension increased significantly following eccentric
contractions at long lengths and_, tended to be a little higher than values measured
after eccentric contractions at short lengths. However, there is obviously some
degree of uncertainty with these estimates, so to avoid the complications associated
with the ‘three parts’ protocol, a further series of experiments was carried out

‘avolving eccentric contractions of the whole muscle (see below).

Whole muscle experiments

A total of 3 experiments were performed on MG of both legs, so that measurements
were made on a total of 6 musciles. However, in one experiment, the distal tendon of
MG became damaged during the eccentric contractions, so that the results from one

muscle had to be discarded.

Changes to the active length-tension relationship

An example of the active length-tension curves measured before and after eccentric
contractions for two muscles from the same animal is shown in Figure 5.5. Notice
the similar length-tension curves for the two muscles before the ecccentric
contractions. Ii can be seen thal after eccentric confractions carried out over an
intenmediate length range, ending at L,+2.5 mm, the shift ip optimum length to
longer lengths was about 4 mun, and pezk active tension had dropped by 24%. In
comparison, following cccentnic contractions at the longer length, ending at L4735
mm, the optimwmn length had shifted more (5 mm) and there was a greater drop in
aclive tension (47%). Values at cach length range were similar in the other two
experiments (Figure 5.6 A). A plot of the shifi in optimum length against the drop
in active tension showed a significant relationship (r* = 0.76, P = 0.055) (Figure 5.6
B).

Changes to the passive length-tension relationship
Passive length-tension curves for both muscles from the same animal, before and

after eccentric contractions at two lengths, are shown in Figure 5.7. In both




Figure 5.5  Active length-tension curves before and after eccentric
contractions of the whole muscle at twa different lengths.

Active length-tension curves as measured for both MG muscles from the same
animal before (blue circles} and after (red circles) 50 cccentric contractions of
the whole muscle at intermediate {A) and long (B) muscle lengths. In each case,
the length range of the eccentric contractions is indicated {(hatched bar). Tension
is plotied against the optimum length measured before the eccentric contractions

(Lo The arOws indicate the optimum length for peak tension.
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Figuve 5.6 The skift in optimum length and active tensior: drop after eccentric
cvontractions of the whole muscle at two different Iengths.

(A) Data from 3 experiments showing the shift in optimum Iength (filled circles)
and peak drop in active tension (open circles). as measured after eccentric
contractions of the whole muscle at two different lengths. Values are plotted
against the length at which ihe cccentric contractions ended. Each colowr
represents valucs from one animal. (B) A plot of the relationship between the
shift in optimum length and the drop in peak tension from values measurcd after
the eccentric contractions. Each colour corresponds to values from one animal

as indicated in (A}. A regression line is aiso shown.
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Figure 5.7  Passive length-tension cnrves before and after eccentric
contractions of the whole muscle at two different lengths.

Passive length-tcnsion cwrves as measured for both MG muscles from the same
animal before (blue) and afier (red) 50 eccentric contractions of the whole
muscle at intermediate (A) and long (B) muscle lengths. The length range over
which the eccentric contractions were carried out is indicated for each muscle
(haiched bar). Tension is plotted against the optimmum length measured before
the eccentric contractions (L)
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examples, passive tension increased after the eccentric contractions, although the rise
was greater following eccentric contractions ending at Lopt+7.5 mm, The maximum
increase in passive tension after eccentric contractions at the longer length was twice
that measured after contractions at the intermediate length (93% versus 45%).
However, in another cxperiment, a higher value of passive tension was found after
the eccentric contractions over the intermediate length range. The individual and
mean values at sach length are shown in Figure 5.8 A. These findings highlighted an
tmportant point. That is, passive tension increased significantly afier whole muscle
eccentric contractions at long lengths, which argued against the results of the initial
‘threc parts’ experiments. The effect of 50 passive siretches on changes to passive
tension after eccentric contractions was also examined in these experiments. It was
found that passive stretches ending at Ly,+7.5 mm led to a greater drop in passive
tension (ranging from 33 to 35%) compared with stretches ending at Lopt2.5 mm
{ranging from 8.5 to 16%) (Figure 5.8 B).

It was proposed that there would be a greater number of disrupted sarcomeres in
muscle fibres after cccentric contractions at longer lengths. Thus, the shift in onset
lengih of passive tension was examined here, shown for one experiment in Figure 5.9
A. Here, it can be seen that after the eccentric contractions at intermediate lengths,
ending at Lopet2.5 mm, there was a small shift in onset length of 0.16 mm, while
after eccentric contractions ending at longer lengths, Lepc+7.5 mm, a larger shift of
1.4 mm was observed. A similar trend was found for all thc three experiments
(Figure 5.9 B). The shift onset length was also significantly related to the shift in
optimum length of active length-tension relationship (r* = 0.79. P < 0.05).

Since passive siretches were found to reduce passive tension, it seemed possible that
changes in passive tension afler eccentric contractions might vary depending on the
time at which the measurement was made. Thus, in one experiment, after eccentric
contractions and passive stretches at the longer length, an additional passive length-
tension measurement was made following a delay of about 40 mmutes. In the
intervening period, the muscle remained relaxed at a short length. It was found that
immediately after the eccentric contractions, ending at Lyy+7.5 mm, passive tension
had increased by a maximum of 93%, while after the 40 minute delay, this value had
doubled (186%) (Figure 5.10).




Figure 5.8 Changes in passive tension after eccenfric contraciions and
passive stretches of the whole muscle at two different lengths.

(A) The maximum percent incrcase in passive tension after eccentvic
contractions of the whole muscle at intermediate or long lengths. Daca for all 3
experiments is shown, with each coloured symbol representing measurements
made on both MG muscies from the saime animal. Valunes are plotted apainst the
length at which the eccentric contractions ended. The mean (£ S.EM.) of the 3
values at L,,+2.5 mm, and the mean of the 2 valnes at L,,+7.5 mm are also
shown (open squares). (B) The drop in maximum passive tension from a series
of 350 passive stretches at intermediate or long lengths, after eccentric
contractions carried out over the same length range. The different colours
correspond to values from the same antmal as shown in (A). Again, the mean (¢
S.E.M.) of the 3 values at Lo +2.5 mm, and the mean of the 2 values at L,,+7.5

mm are shown (open squares).
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Figure 5.9 The shiff in onset length of passive tension after eccentric
contractions of the whole muscle at two different lengths.

(A) Tenslon measured during the initial 5 mm of a passive stretch before (blue
traces) and after (red traces) eccentric contracljons at an intermediate length,
ending al L,+2.5 mm (upper panel) or at a long length, ending at L,+7.5 mm -
{lower panel). The corresponding coleured arrows indicate the onset length of
passive tension (see Chapter 4 for details) for each iension trace. (B) Values ‘
from all 3 experiments showing the shift in onset length of passive tension after
the eccentric contractions at the two different muscle lengths., All shifts were in
the direction of longer muscle Iengths. The different colours correspond to

values from both muscles from the same animal.




Passive tension (N)

Passive tension (N)

Shift in onset length (mm)

1.0

D.5

c.0

1.0

0.5

0.0

2.0

1.5

1.0

0.5

0.0

1 | T T ! |
-10 -9 -8 -7 6 -5
i 4 ;
| | ) | [ |
10 -9 -8 -7 6 -5

Length relative to L, (mm)

_ o
[ ]
[ 3
@
&
o I T
Lopt+2.5 Lopi+7-5

Final length of stretch (mm)




Figure 5.10 Changes to the passive length-tension relationship after eccentric
confractions at a long length, and the effecis of a 40 minute delay.

{A) Passive length-tension curves measured before (blue trace), after 50
eccentric contractions (red trace), and a subsequent delay of about 40 minutes »
{green trace). The ecceniric contractions were carried out & long length (hatched
bar). (B) Plots of the increase in passive tension after cccentric contractions (red
trace) or 40 minute delay (green trace). The increase in tension was expressed
as a percentage of the corresponding value measured before the eccentric

contractions. These traces were conslructed from the curves shown in (A).
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Discussion

Three parts of the muscle experiments

The main aim of these experiments was to investigate the effcct of eccentric
contractions, performed over different regions of the length-tension relation, on
changes to passive mecharical propertics of the muscle. In the initial series of five
experiments, it was found that the changes in passive tension werc dependent on the
lenzth range over which the eccentric contractions were carried out. This was shown
by the mcreases in passive tension and work absorption becoming significantly less
as the eccentric contractions were carried out at longer muscle lengths. That is, after
eccentric contractions on a third of the muscle, where the stretch ended at Lopct9 mm,
passive tension increased by a maximum of only 3%, compared with 50% or more
after eccentric contractions at short to intermediate lengths. Changes In work
absorption followed a similar trend. These findings were unexpected as other
measures of muscle damage, the shift in optimum length and reduction in active
lension, showed that more exiensive muscle damage had occurred after eccentric
contractions at longer lengths. It seemed likely that the shiff in optimum length and
drop in active tension for each part of the muscle werc reliable measurements,
asswming that at the level of the ventral root, motor axons were freely mixed so that
the proportions of fatigue resistant and fatiguable motor units (Burke et af. 1973)
werc similar in each third. While this assumption was not formally tested it was
considered reasomable, given that in one experiment, isomeiric contractions of iwo

halves of the muscle produced a similar amouat of fatipue.

It was found that the maximum increase in passive tens’an occurred after eccentric
coniractions ending on the ascending limb of the active length-tension relationship
(Lopt-3 mm). It had been expected that there would be little damage 1o the muscle
following eccentric contractions over this length range, which was supported by the
small shift in optimum length {(~2 mm) and drop in active tension (~20%). Since the
resuits from one cuperiment showed that the fatigue component of the active tension
drop at this length was about 10%, it meant that only 10% of the total drop in tension
was likely to be due to muscle damage. Thus, the relatively large increase in passive
tension and work absorption (~50%) were not consistent with this minor damage to
the muscle. It was proposed thal changes in passive tension measured after eccentric

contractions over this length range were found to be higher, because values measured
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after eccentric contractions at longer lengths were significantly underestimated. This
was subsequently confitrned by the results of a series of conirol experiments (see
below).

From the results of the initial ‘thmee parts’ experiments, the possibility was
considered that the increase in passive tension from eccentric contractions to Part 1,
was altered by subsequent eccentric contractions to other parts of the muscle. This
proposal was examined through two conftro] experiments. In the first control
experiment, carried out on two animals, measurements were made before and afier
eccentric contractions of three parts of the muscle, in which the length range of the
stretch was kept the same for each part. Here, it was shown that the increase in
passive tension and work absorption were greater following eccentric contractions of
Part 1 than Parts 2 and 3, despite each part of the muscle showing a similar degree of
muscle damage by active length-tension measurements (see Table 5.1). This implied
that the level of passive tension measured evier cccentric contractions of one third of

the muscle was altered by eccentric contractions given to ancther third.

A clue as to the underlying cause of this problem was provided by the results of
another control experiment. Here, it was shown that a series of passive stretches
performed after eccentric contractions to a third of the ﬁiusc].e, led to a significant
drop in passive tension and work absorption. Moreover, the effect of the passive
stretches in reducing passive tension was greater when they were carried out at
longer lengths. This was consistent with the results presented in Chapter 4, where
the increase in passive tension and work absorption after eccentric contractions fell
from the first to second siretch-shortening movement. These findings implied that in
the initial ‘three parts’ experiments, increases in passive tension after eccentric
contractions of Parts 2 and 3 were greatly underestimated, because passive stretches
reduced the increase in passive tension for parts of the muscle that had already
undergone eccentric contractions. Importantly, when the reduction in passive tension
from the passive streiches was added to the mean, maximum increase in passive
tension measured in the initial ‘thrae parts’ experiments, it was found that the rise in
passive tension was now greater for Part 2 and particularly Part 3, following
eccentric contractions at long lengths. While these adjusted values (75% and 60%)

were found to be higher than those measured following eccentric contractions ending




Chapter Five 9B

at Lop-3 mm (50%), no firm conclusions can be drawn because of the degree of

uncertainty ia these estimates.

Whole muscle experiments

These experiments confirmed that the changes in passive tension under the ‘three
parts’ protocol were underestimated. Furthermore, they provided some important
new insights into the measurement of passive properties after cceentric contractions,
and the significant effect of passive streiches on the increase in passive tension. The
postulated sequence of events leading to these changes, incorporating some of the

findings from Chapter 4, is shown in Figure 5.11.

In a series of three cxperiments, eccentric contractions were carried out on the whole
muscle at intermediate muscie lengths, or at longer lengths. In agreement with the
initial ‘three parts’ experiments, moere extensive damage occurred after eccentric
contractions at longer lengths, as shown by a greater shift in optimum length and
drop in peak active tension. However, in contrast with results of the initial ‘three
parts’ experiments, it was shown for the whole muscle that passive tension increased
significantly after eccentric contractions at long lengths, by more than 90% in one
experiment, as had originally been anticipated. While there was some variability in
the size of the increase in passive tension, there was a trend, whep values were
pooled, for it tc be slightly Jarger after eccentric contractions carried out at the longer
length (sce Figure 5.8). However, owing to the amall sample size, this point deserves
fimther consideration in future expériments, as it is Important to determine whether
the rise in passive tension correlates with other indicators of muscle damage, which,
as described earlier, become greater following eccentric contractions performed at

progressively longer lengths,

. Based on the results of the ‘three parts’ control experiments, it was proposed that the
increase in passive tension, after eccentric contractions at different lengths, would be
reduced by passive stretches. This idea was supported by the observation that a
series of 50 passive stretches, performed afier the eccentric contractions, led to a
significant reduction in passive tension, about 35% when the stretch ended at
Lopet7.5 ram. This value was about half of the initial increase after eccentric
contractions at the same length (70%). In comparison, the drop in passive tension

after passive stretches ending at Lon+2.5 mm was less, about 12%, which rcpreschted
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a fifth of the increase in passive tension measured after eccentric contractions at this
length (60%). In other words, the effcctiveness of a passive stretch in reducing the
merease in passive tension, produced by a previous serics of eccentric contractions,

was determined by the length range over which the muscle was stretched.,

An interesting finding of these experiments was that following eccentric confractions
camed out at longer lengths, ending at Lon+7.5 mm, there was a much greater shift
in the onset length of passive tension towards longer lengths, than when the cccentric
coniractions ended at Lop+2:5 mm (see Figure 5.10). In Chapter 4, it was proposed
that such 2 shift in the onset length of passive tension was due to the presence of
disrupted sarcomeres in damaged muscle fibres. Thus, the cumrent finding of a
correlation between the shift in onset length and the shift in optimum length provided
an independent piece of evidence, based on changes in passive properties of the
muscle, to support the view that a shift in optimum length of the active length-
tension relation was due to an increase in series compliance of the muscle as a result

of disrupted sarcomeres (Proske & Morgan, 2001).

An important new observation from onc of these cxperiments was that the rise in
passive tension was time-dependent. That is, allowing the muscle to relax at a short
length for about 40 minutes led to a doubling of the increase in passive tension
measured immediately after the eccentric conmtractions. This seemed to be a
characteristic of muscle damaged by eccenfric contractions, since measurcments
made before eccentric contractions indicated that any small drop in passive tension
could be rapidly reversed within a few minutes (data not shown). The identification
of such a time-dependent effect afier eccentris contractions was important, as it now
provided some new insights into the events taking place within a damaged muscle
fibre. Here, it must be remembered that the 40 minute delay peniod occurred after a
series of S0 passive stretches. It was postulated that there were two likely scenarios

to explain such time-dependent changes.

Firstly, il is proposed that if during the eccentric contractions, muscle fibres became
damaged to the point where they could no longer propagatc an action potential, as
reported by McBride er al (2000), these damaged fibres would then be passively
stretched for the remaining cccentric contractions. If these same fibres were

undergoing contracture, then passive stretches might act to reduce the size of the
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increase in passive tension by causing overextension of sarcomercs and yielding of
titin filaments, or possibly breaking up of contracture clots. An additional series of
50 passive stretches wouid serve to exacerbate this process, leading to a further drop
in passive tension. Thus, the additional rise in passive tension after the 40 minute
delay might reflect the return of sarcomeres with an longer resting length to normal
Iengths, so that passive tension begins to rise earlier during the stretch. Interestingly,
there is some experunental support for this idea, as it has been shown in rabbit psoas
fibres that the proccss of titin yielding is reversible with time, after a delay of about
20 minutes (Wang er al. 1993).

A second scenario is that at least part of the additional rise in passive tension is due
to spread of the damage as a result of the passive stretches. This might occur, for
cxample, if passive stretch of a .damaged fibre caused further overextension and
disruption of sarcomeres, tearing of more muscle membranes, and thereby leading to
the development of new regions of contracture. There may also be some additional
effccts on the already existing regions of coniracture, exacerbating the damage and
leading to further spread of contracture segments across or along the fibre. it is clear
that further research is required in an attempt to differentiate between these
possibilities. This could be done experimentaliy by measuring changes in passive
tension immediately after cccentric contractions and following a delay, compared
with those measured afier the same delay period following both eccentric
contractions and passive stretches. It would also be usefil to measure changes in
passive tension after different delay times, within the first few heurs after the

eccentric contractions.

In summary, the results described in this chapter have emphasised the fact that
careful consideration of several factors must be taken into account when making
measurements of passive mechanical propertics of muscle after eccentric
contractions, and interpreting the changes that occur. However, these findings have
also provided new insights into the aetiology of the damage process. The fact that
passive stretches can significantly reduce the increase in passive tension from
cccentric contractions might be of particular relevance in future experiments, for
investigating the longer time-course of muscle datnage in humaus, and the asscciated

repair and adaptation processes.




Figure 5.11 Postulrted sequence of events leading to damage and changes in passive and active properties of the
rauscle after eccentric coniracticns.

The proposed sequence of events by whicl:; (a) eccentric contractions lead to muscle damage and changes in passive
and active mechanical properties of the muscle (red arvows), (b) passive stretches reduce the increased passive
tension after ecceniric contractions (blue atrows) and {c) the effects of passive stretches are reversible with time
(green arrows). In (a) it is proposed that during eccentric contractions, the weakest sarcomeres in muscle fibres
become overextended and with repeated cocentric contractions may become disrupted, This, in turn results in an
increase in scries compliance in the muscle, causing a shift in optimum jength to looger lengths. 1 the region of
disruption spreads along or across the fibre, membrane damage occurs. This may impair the E-C coupling process,
so that active tension drops. Also, an influx of calcium into the cel! might lead to the development of localised
regions of contracture, which increases passive tension. The proposition presented in (b), is based on the results
described in Chapters 4 and 5. Here, il is envisaged that in fibres with an injury contracture, during passive
stretches, particularly at long lengths, rormal sarcomeres in these fibres will become overextended, so that titin
filaments vield. This increases the rest length of these distupted sarcomeres, causing a shift to longer lengths of ihe
onset of passive tension, and a decrease in passive tension and work absorption. Finally {c}, it 15 suggested that the

effects of passive stretches are reversible with time because disrupted sarcomeres, with an increased rest length,

gradually return to normal lengths, thereby increasing passive tension.
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Chapter Six

General Discussion

The work undertaken in this thesis investigated the passive mechanical properties of
muscle, in relation fo its thixotropic bebhaviour and, in particular, the effects of
muscle damage from eccentric contractions. It was observed that the measurement
and interpretation of passive properlies is a complicated process, depending on both
the muscle’s previous mechanical history ond length. It was also found that
examining the mechanism underlying the increase in passive tension following a
series of ecceniric contractions, provided a means of gaining important new insights

into the damage process.

History-dependence of passive tension

In Chapter 2, expenmental evidence was provided in support of the hypothesis that a
major component of the resting tension at short lengths, and the steep rise in tension
during a slow passive stretch, were manifestations of the mechanical properties of
stable cross-bridges, present in the resting muscle (Hill, 1968; Campbell & Lakie,
1998). It was also shown that these passive properties were dependent on the type of
conditioning imprsei on the muscle and the length at which the measurements were
made. While ti»«c observations may be important in terms of gaining an
understanding of passive properties from a mechanical point of view, as discussed in
Chapter 2, a pertinent question is; do these findings have any functional significance
in terms of everyday movements? After all, the history-dependent component of
resting tension at shott muscle lengths represented only a very small perceniage, less
than 0.5%, of the m.asimun iscmetric tension produced by the muscle. While this
may be so, an importvii functional consequence of thixotropy, at short to
intermediate lengths, s iie incorporation of slack into the muscle-tendon unit,
following conditioning in whick e muscle is shortened (Proske er ol 1993).
Importantly, the presence of slack in mﬁscle'appears to be a physiologically relevant
phenomenon during normal movements in vivo (Elek ef al. 1990; Herbert &
Gandevia, 1995; Herbert et al. 2002). ]Ii fact, Herbert & Gandevia (1995) reported
that the passive, human brachizlis muscle and tendon remained slack ovcr‘ most of

the physiologicnl working range. They suggested that this could impose constraints ,
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on the active mechanical properties of muscle. The muscie would need to shorten to
lengths less than optinmum in order to sufficiently stretch the slack tendon to a length
where 1t could maintain the tension produced during a voluntary contraction. This
idea is supportcd by the fact that after shortening a single muscle fibre so that it falls
slack, there is a subsequent delay in the rse in tension during an isometric
contraction, due to the time taken to remove _lhe slack (Proske ef al. 1993). In
addition, the presence of slack in muscle spindles, due to thixotropic behaviour, has
been proposed to have effects on the reflex control of muscle contraction and on

proprioception, the ability to sense limb position (see Proske ez al. 1993).

The history-dependence of the short-range component, during stretch of a passive
muscle, also has potentially important functional consequences. As su ggdcted by
Campbell & Lakie (1998), an inherent short-range stiffness would provide a
mechanism for maintaining postural stability during unexpected perturbations of the
muscle, without compromising its ability to execute repeated voluntary movements
over a wide range of muscle lengths. It has been proposed that muscle stiffies< acts
as a load compensation mechanism, providing stability and postural control in a
functionally similar way to the stretch reflex, but without the {ime delays associated
with neuromuscular traasmission (Grillner, 1972). The effect of thixotropy on the
degree of resistance to stretch of a passive anlagonist muscle, has recently been
shown to alter the neuromuscular activity of the muscle acting as the prime mover
(Axelson & Hagbarth, 2001). In this study, 1t was reported that during repeated
voluntary movements, there was a close relationship between the short-range
stiffness of the passively stretched antagonist muscle and the EMG aétivity of the
actively shortening agonist. That is, the large short-range stiffness during the first
strcich was accompanied by a large burst of EMG aclivity, while subsequent
stretches produced 2 smaller short-range stiffness and EMG respomse.  This
highlights the fact that the motor system must account and appropriately compensate
for the histoxy—dependence of the short-range stiffness of the antagonist muscle group
in order to precisely control voluntary movements (Axelson & Hagbarth, 2001). It

seems likely that this process would also be influenced by muscle length, based on

the results of Chapter 2. Here, too, it is important to consider the history-dependent
behaviour of the muscle at long lengths, which was proposed to reflect the

mechanical properties of titin filaments (see Chapter 2). Since passive tension during
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stretch rises quite steeply at long lengths, even beyond the yield point of the shori-
range component, it might mean that ongoing adjustments by the motor control
sysiem are required throughout the movement. The underlying mechanism by which
the motor control sysiem adjusts to these history and length-dependent effects an
passive mechanical properties is an important issue that is yet to be elucidated (see
Axelson & Hagbarth, 2001).

Finally, it has been recently reported that actively contracting muscle displays
thixotropic behaviour qualitatively similar to that of passive muscle (Campbell &
Moss, 2000; Campbell & Moss, 2002). These studies showed that the size of the
short-range tension and stiffness during stretch, and the time course of their re-
developimment, were increased as the calcium concentration of the bathing solution
was raised from a level just sufficient to activate the contractile machinery to one
that produced maximal tension. On this basis, the authors concluded that the
thixotropic properties of both the resting and actively confracting muscle were likely
to share a common cross-bridge origin. Thus, investigating the passive mechanical
properties of muscle might also have wider implications in terms of gaining new

insights into the active contractile function of muscle.

Effect of eccentric contractions on passive properties

The main focus of this thesis was to examine the effect of eccentric contractions on
the passive mechanical properties of muscle and, in particular, to gain an
understanding of the mechanism underlying the rise in passive tension. The findings
presented in Chapter 3 on human TS were qualitatively similar to those of previous
studies on human elbow flexors (Howell ez @f. 1993; Chieboun et al. 1998), in which
passive torque (or stiffhess) increased immediately after eccentric exercise and was
maintained, at more or less similar levels, over the next 4 days. It was proposed that
the immediate increase in passive torque was not attributable to nenral activation, as
indicated by the lack of any EMG activity, nor was it the resuit of muscle swelling,
which was negligible at this time. A similar conclusion was reached by Chleboun et
al. (1998). In addition, the passive angle-torgue relationship remained essentially
unchanged after concentric exercise, suggesting that the rise in passive torque after
eccentric exercise was a manifestation of muscle damage. Importantly, the increase

in passive torque was correlated with a shift in optimum angle and drop in peak
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active torque, highlighting the fact that passive mechanical properties can be used,
alongside changes to active properties, as a measure of the degree of muscle damagé
following eccentric exercise. Adding to this point, it was proposed in Chapter 4 that
a delay in the onset of passive tension during a slow stretch provided support for the
view that a shift to longer lengths of the optimum length for active tension, was due
to the presence of disrupted sarcomeres in muscle fibres from eccentric contractions.
That is, disrupted sarcomeres have two effects; they increase the rest length of

sarcomercs and increase the series compliance of muscle fibres.

The changes to passive propertics measured immediately after eccentric contractions
were considered to be of particular importance, in terms of gaining insight into the
damage process. This was investigated more formally in Chapter 4 on cat MG.
These cxperi_ments were designed to test the hypothesis that the increase in passive
tension from eccentric contractions was attributable to regions of injury-contracture
in seme muscle fibres, due to localised damage to muscle membranes and a resultant
influx of calcium into the cell. Support for this proposal was provided by the large
increase in passive tension and work absorption immediately after the ecceniric
contractions, The mean increase in passive tension for cat MG (170%) was more
than four thmes greacer than the mean increase in passive torque for human TS
{40%). This was likely to reflect the fact that the eccentric contractions for human
subjects involved submaximal voluntary contractions, whereas cat MG was
stimulated synchronously at a maximal rate. Importantly, the percent rise in passive
tension was found to vary with muscle length in a similar way for both cat and
human muscle. This implied that the same underlying mechanism was Tesponsible
for the rise in passive tension in both species, the presence of a confracture in -

damaged muscle fibres.

In Chapter 4, another approach was tried to test the contracture hypothesis. Here, the
responses of Golgi tendon organs were measured during a slow passive stretch,
before and after eccentric contractions. Since tendon organs are known to have
muscle [ibres that insert directly into their capsule {(Zelena, 1994), it was envisaged
that these receptors would detect and appropriately signal any increase in passive
tension from fibres undergoing contracture. Support for this proposal was provided

by the fact that after the eccentric contractions, most tendon organs responded to the
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rise in passive tension, showing a shift in their response threshold to shorter muscle
lengths.

Measuring the rcsponses of tendon organs during passive length-tension
measurements offers an important new method of investigating the effects of muscle
damage from eccentric coniraclions on the mechanical properties of the muscle. It
has been shown that only one or two muscle fibres from a given motor unit acton a
single tendon organ in cal MG (Barker, 1974; Gregory, 1990). Thus, by performing
eccentric contractions on a single motor unit, with a strong excitatory action on a
tendon organ, it would be possible to effectively measure the rise in passive tension
m one or two muscle fibres, as signalled by a tendon organ. In other words, this
technique provides a unique opportunity to measure the passive mechanical
properties of muscle fibres in vivo, following eccentric contractions of a single motor
unit. Preliminary experiments of this kind have been recently carried out in this
laboratory. The early results suggest that both tendon organ firing rate and passive
lension increase in response to as few as 1 or 2 eccentric contractions of a motor unit,
reaching a maximum afier about 20 eccentric contractions (Gregory, Morgan &
Proske; unpublished observations). The data supports the view that the damage
process is progressive, each ecceniric contraction exacerbating the damage produced
by the one beforehand. Future experiments, using this procedure, are aimed a:
investigating the time course of changes to passive tension after eccentric
contractions and the effects of passive stretches, both of which were shown to have
significant effects on the rise in passive tension afier eccentric confractions (see
Chapter 5). Furthermore, by measuring the tendon organ response to active tension
of a motor unit, this technique alsoc has the potential to explore, in vivo, whether cr
not damaged muscle fibres lose excitability following eccentric contractions. This is
an important issue in terms of the mechanism of the reduction in active tension after
eccentric contractions, which preseritly remains unresolved (see Allen, 2001). While
the preliminary data srggests that a fibre can show a rise in passive tension and still
continug to rcspbnd to nerve stimulation (Gregory, Morgan & Proske; unpublished
observations), it will be interesting to see future developments from these

. experiments as they unfold.

In Chapter 4, the issue was raised as to whether or not the rise in resting intracellular

calcium concentration following eccentric contractions, is localised to regions of the
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fibre adjacent to sites of membrane damage, or is more uniformly distributed across
the fibve. While a small, generalised increase in resting calcium concentrstion in
muscle fibres, as shown in some studies (Balnave et al. 1997; Lynch ef al. 1997;
Ingalls ef al. 1998), could feasibly raise the level of tension in muscle fibres, it seems
likely that the magnitude of the passive tension rise would be considerably less than
for a fibre undergoing an uncontrolied contraciure. In CThapter 4, it was estimated,
based on some assumptions, that damaged fibres were producing significant passive
tension, thercfore favouring the contracture hypothesis. Nevertheless, this issue still
remains unresolved, and in future single fibre experiments, it would be wortn frying
to find a relationship between the inc. :ase in resting calcium concentration and the
rise in passive tensicn. Having available such information, at the single fibre level,
would greatly assist in the interpretation of changes to passive mechanical properties

after ecceiuric contractions of whole muscles,

In Chapter 5, the increase in passive tension afier eccentric contractions was reduced
when a subsequent series of passive stretches was imposed on the muscle, and it was
proposed that this complicated the interpretation of increases in passive tension |
following eccentric contractions carried out at different lengths. If was suggested
that this effect might be attributable to the overextension of sarcomeres in ﬁbres,
lying in series with the ongoing contracture, and the subsequent yielding of titin
filaments in these sarcomeres. However, alternatively, it could represent the
breaking up and redistribution of coniracture clots along the fibre. In terms of the
process of muscle damage from eccentric contractions, this is certainly an important
issue that warrants further investigation. In one experiment, it was shown that
passive tension increased immediately after eccentric contractions, fell following a
series of passive stretches, and .thcn afier a 40 minute dclay, increased again to a
value (wice that measured immediately after the ecceniric contractions. As
previously suggested in Chapter 5, passive stretches might act to exacerbate the
damage from the eccentric contractions, by initiating the development of mew regions
of contracture and/or extending existing regions, thereby leading to a further rise in
passive tension. However, an alternative possibility is that passive stretches reduce
the level of passive tension by causing some sarcomeres to overextend and titin
filaments to yield, and that the additional rise in passive tension is due to the return

of these sarcomeres to normal resting lengths. From a broader perspective, it is
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cnvisaged that such a process might be of relevance for individuals, particularly elite
athletes, who regularly perform passive strefching exercises as a means of "warming
‘down® after a period of strenuous activity, 1f, for example, the exercise involved
eccenfric coniraci,ons, which caused some muscle damage, then based on the above
scenarios, passive stretches could potentially either cause morc widespread damage
to the muscle or alternatively, they could provide some therapeutic benefits by

temporarily reducing passive tension.

Finally, the work undertaken in this thesis has provided evidence that passive
mechanical properties can be utilised as a new, important indicator of muscle damage
from eccentric contractions, However, in light of the fact that the increase in passive:
tension remains for a period of several days following eccentric exercise in humans,
it is also worth considering whether such a maintained rise in passive tension
provides a stimulus for muscle adaptation which, ultimately, offers protection against
damage from subsequent eccentric exercise. It is well known that stretch provides an
important mehaidcal stimuius for the addition of sarcomeres to muscle fibres, both
in senies and parallel (Goldspink, 1999). In addition, it has been reported that
increased passive tension stimulates protein synthésis in cultured muscle fibres
(Etlinger er al. 1981). Therefore, based on these experimental findings, and the fact
that muscle fibres undergoing contracture are likely to be producing considerable
tension, as discussed eatlier, it is tempting to speculate that a maintained increase in
passive tension might provide a trigger for the initiation of sarcomere addition in
fibres, as has been shown following eccentric exercise trawming in rats (Lynn &
Morgan, 1994). By manijpulating the level of passive temsion with, for example,
passive stretches, the degree of this adaptation might also be altered. Given that
changes to the active length-tension relationship following such an a.d.ﬁptation have
been proposed to provide protection against further damage from subsequent
eccentric contractions (Brockett ez al. 2001), this certainly remains an issue of future

importance.
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