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Abstract

Muscle injury is a common result of muscle exertion caused by overload and over-activity. In this presentation, an attempt
was made to discuss models of muscle injury which involve exertion but not excessive strain, although most functional activities
of the extremities require some eccentric muscle actions. Muscle injury is characterized by cellular and extracellular matrix
responses which appear to be common to all types of muscle trauma — even in the absence of bleeding. Using tenotomy ar
functional over-load of the rat hindlimb muscles as examples, illustrations of several of these responses are presented ar
discussed. (Mol Cell Biocherh79 189-196, 1998).

Key wordsskeletal muscle, injury, myofibers, extracellular matrix, exertion, rat

Introduction proliferation, satellite cell activation and cell necrosis. Re-
generation of myofibers with extracellular matrix expansion
Much attention has been focused on skeletal muscle injuryand collagen deposition is a common feature of muscles which
due to strain or intense exercise. Exercise, especially thoséave been over-loaded — sometimes leading to fibrosis. Another
activities involving eccentric muscle actions (muscles are type of muscle injury, due to over-use, can result from chronic
stretched while active), results in injury to skeletal muscle activation of a fast muscle or fast fibers in a mixed muscle. Here
fibers and extracellular matrix in rats [1] and humans [2]. This the muscle is over-loaded in the sense that the energy supply
injury can range from a disrupted sarcomere [3] or sarcolemmeacan be depleted and some cells actually die and may be
[4] to a broken myofiber [5]. The degree of injury and frequency substituted by newly formed fibers with higher oxidative
of repeated injury determines the outcome — degenerationcapacity [6]. In the over-loaded and over-use models, the
regeneration or fibrosis. processes of degeneration and regeneration [7] appear the same
Concentric muscle actions (muscles shorten while active)with differing time courses.
include diaphragmatic breathing, coughing, chewing without  The muscle injuries described above fall under the major
grinding, and exercises such as cycling, stair climbing, category of exertion-induced muscle injury. However, because
swimming, movements against hydraulic resistance (i.e.the mechanisms of over-use are different, it is useful to
isokinetic) and weight lifting in which only the concentric subdivide them into two categories: over-load and over-
muscle action is performed. Over-loading has been studied iractivity. Over-load represents a condition where the force
a few of these activities. From those samples where myofiberequirement of the muscle exceeds the habitual or functional
morphology has been studied, the muscle response seems tequirements. Over-activity occurs when the firing rate of
follow a reproducible pattern seen in traumatic injuries suchthe motor neuron is increased beyond its physiological
as crush or over-strain. It seems reasonable that muscle tissuevels or duty cycles. While over-loading is common during
can only undergo a limited number of responses. These responsegowth and work-induced hypertrophy, over-activity is seen
include atrophy, hypertrophy, hyperplasia, fiber splitting, most often in disease states characterized by spasticity or
myosin transformation, cell infiltration, non-muscle cell tetany.
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Effects of chronic over-load rats [15] and cerebral palsy in humans [16] were characterized
) by an increase in the number of slow muscle fibers with
Chronic over-load can be produced by tenotomy, ablation myofiber hypertrophy observed in humans [16] from apparent
and denervation of agonist muscles which requires thegyer-yse.
remaining muscles to do more work. These chronic over- | rats treated with tetanus toxin, unique myopathic changes
load models were instrumental in defining the mechanismshaye been reported [17]. Tetanus toxin produces muscles which
of work-induced muscle growth and hypertrophy [8]. For are continually active but also held in a shortened, immobilized
example, hypertrophy of muscle fibers was shown to be state because the antagonist muscles are unaffected. The muscle
related to increased amino acid transport and proteinipers atrophy and contain spheroid cytoplasmic bodies which
synthesis [8]. It was generally agreed that the number ofconsist of granular material forming a dense central core with
myofibers did not change with over-load. However, apparent ragiating filaments [17]. This was particularly true for the rat
increases in fiber number could be seen in some parts of thg|antaris muscle. The radiating filaments consisted of granular
muscle. Satellite cells were implicated in the development material of the same density as the Z-band material and stained
of small fibers in the EDL muscles [9, 10]. However, further for hoth desmin and actin. Thus, some reorganization of the
investigation of the development of small fibers in the soleus jyiermediate filament system may result from chronic over-
muscle revealed that the ‘new’ fibers were actually split 5ctjvity in the shortened position.
fibers at the distal end of the soleus [11] — more likely &  perhaps the best studied model of chronic over-activity is
result of physical damage [11]. Thus, the surgically over- the yse of electrical nerve stimulation [18] which has long been
loaded muscle may be a better model for exertion-inducedysed by physiologists to study activity-related adaptation in
muscle damage than for muscle hypertrophy resulting fromsgeletal muscles. Here there is a clearly defined time course of
physiological over-loading (i.e. strength training). adaptation beginning with the sarcoplasmic reticulum [19],
Both myofibers and extracellular matrix can be involved in fo|jowed by changes in muscle mitochondria and capillary
the response to chronic over-load. The most striking changeyrowth [20], and finally altered sarcomere chemistry [21] and
following over-load is an increase in the number of fibers which jorphology [22]. Although there have been reports of fast-fiber
demonstrate fast myosin isoforms in some but not all musclesgegeneration [6], the myosin transformations can be observed
This is especially true for the slow twitch muscles such as theyyithin existing myofibers [23].
soleus muscle of the rat. The number of fast myosin fibers, Eyidence of injury can be seen in samples from chronically
hypertrophied fibers and the presence of small fibers aregyerioaded muscles [6] including necrotic and regenerating
characteristic of these over-loaded muscles. fibers. If muscles can become depleted of energy or large breaks
Itis surprising to see increased numbers of fast twitch fibersoccyr in the plasma membrane, then altered calcium homeo-
in over-loaded soleus muscles. However, following heavy stasis can lead to cell death [24]. Subsequently, the necrotic
resistance exercise training, more fast fibers were found in deepssye is removed by phagocytic cells, primarily macrophages.
region of the rat rectus femoris muscles [12]. In the soleusThen, activated satellite cells migrate to the injured area and
muscle, these fast fibers were apparently the same size as thgacome myoblasts. Together with other myoblasts, they fuse
slow fibers and would be expected to function normally. Since 15 pecome small myotubes and eventually fully functional
itis generally recognized that activity determines the myosinipers [7]. Apparently these regenerated fibers become
isoform (e.g. decreased activity, as occurs in hindlimb unloadinginnervated and functional. It is interesting to note that the

or spinal cord transection [13], produces more fast fibers in theeinnervation process has not been studied in injured muscles.
rat soleus muscles), the increase in fast fibers in over-loaded

muscles supports the concept that both activity and load may
regulate myosin isoforms. This observation has interestingCellular response to injury
functional implications if the motor neuron pool has also

e Release of intracellular proteins such as creatine kinase
changed so that some of the soleus muscle behaves as if |twe[§5] and myoglobin [26] and the entry of extracellular
the gastrocnemius in its role as an ankle planter flexor. In

) roteins such as albumin [4] have been useful in monitoring
contrast, repeated use of the rat plantaris, a fast muscle, I(::aci.)ls;1

to the devel t of low fib 14 istent with yofiber damage resulting from cell membrane damage.
0 the development of more Slow Tl ers [14] consistent wi However, differences in time course of injury apghearance
the role of activity in myosin isoform development.

of these markers can make interpretation of myofiber
injury difficult [25]. In addition, small membrane breaks

sufficient to alter calcium homeostasis could exist and not
lead to translocation of proteins but still result in calcium

Increased activity can result from spasticity, chronic over-load. The use of small probes such procion yellow
electical stimulation, tetanus toxin administration, and [27] can localize damaged myofibers where calcium entry
some types of exercise training (e.g. running). Spasticity incan occur. The use of the muscle specific protein, dystro-

Effects of chronic over-activity
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phin, to localize ruptures in the muscle membrane has proven When specific markers for mesenchymal cells such as
difficult except when large perturbations are present [28]. vimentin were used, the majority of the cells in the regions,
Membrane damage could involve the transverse tubuleswhich demonstrated cellular proliferation or infiltration,
or sarcoplasmic reticulum. In either case, excitation- stained positively. Thus, they were either fibroblasts, satellite
contraction coupling would be altered. In studies with mice, cells or myoblasts. Using double labelling techniques, small
the electrical properties of the sarcolemma were not alterednononuclear cells can be identified as myoblasts by the
after myofiber strain injury [29]. However, a force deficit presence of both desmin and vimentin. This combination of
was still observed. Using caffeine to release calcium from thethese two intermediate filament proteins has been used as a
sarcoplasmic reticulum (SR), the deficit was not observed. marker for regeneration of muscle fibers [37]. The localization
Thus, some step between action potential generation anaf vimentin within normal myofibers also reveals activated
calcium release from the SR was altered by strain injury. Thesatellite cells [37]. Thus, the small cells in the extracellular
most likely anatomical site would be the junction between the matrix which stained for both desmin and vimentin were
t-tubule and the sarcoplasmic reticulum. Damage to the t-satellite cells, myoblasts or myotubes and those that stained
tubule was documented by the redistribution of cell membranefor both desmin and dystrophin [28] were myoblasts, myotubes
probes and the increase of free calcium concentrationor myofibers. Cells which stained only for vimentin were
following injury [30]. However, these membrane lesions have fibroblasts. Thus, the components of the cytoskeleton of skeletal
proven difficult to resolve with great certainty. muscle cells serve as useful markers for muscle-specific cells.
In contrast, intracellular damage in response to injury is
easily identified by altered sarcomere structure. The sarcomere
may be pulled apart or lack a well-defined Z disc [5]. Some Satellite cells and myogenesis
of the alterations in sarcomere structure are the result of
disrupted intermediate filaments due to proteolytic attack or Satellite cells are activated following injury and may account
mechanical damage. Both transverse and longitudinalfor the increased number of myonuclei seen in muscles
structures, whickerve to hold the sarcomeres and filaments following over-loading [38] and injury [34]. Satellite cells can
in alignment, are altered as both desmin [31] and titin [32] enter into mitosis after injury due to the action of specific
staining are abnormal following injury. growth factors [39] or proliferate to form additional satellite
The functional outcome of muscle damage is a force deficitcells [40]. However, the majority of satellite cells, which
which does not recover with rest sufficient to restore function participate in the hypertrophied muscle, are committed before
after fatigue but requires several days [33]. The alteredthe injury is applied [40]. Many, but not all, of the processes
sarcomere structure and rupture of elastic filaments could leadnvolved in myogenesis are active following injury. Thus,
to the decrease in force generation [32]. The time required forinjury must activate the myogenic regulatory factors [41].
force recovery [33] is consistent with the hypothesis that newAlthough bromodeoxyuridine is present in cell nuclei [40]
proteins must be synthesized and organized into functionaliindicative of increased nucleic acid synthesis, it is curious that
sarcomeres or membranes (i.e. repair or regeneration). evidence of cell division is rarely, if ever, seen.

Infiltrating cells Regeneration versus myofiber splitting

It has generally been accepted that tissue damage includingn standard biopsy samples, it is often difficult to distinguish
skeletal muscle leads to some cellular degeneration andetween: (1) regeneration which produces new small myofibers
infiltration by mononuclear cells to remove cellular debris [7]. and (2) fiber branching (splitting) which results in small fibers
Although macrophages are present in injured muscles, they daerived from an existing myofiber. Branching fibers can be
not account for the majority of the cells seen. Using specific identified by nitric acid digestion [38] which removes the
antibodies, other mononuclear cells such as lymphocytes haveonnective tissue but leaves the myofibers intact. Branched
been localized in regions of muscle injury [34]. Taken together, fibers were observed in muscles from surgically over-loaded
macrophages, monocytes and lymphoid cells still represenf11] and exercise-trained [42] rats. In muscle samples which
only a small fraction of the mononuclear cells present. However,are viewed in cross-section, branching fibers can be seen
these cells would produce a wide variety of important cytokinesgrouped together in the space occupied by the parent fiber
responsible for inflammation, cell proliferation, cell migration, [42] whereas regenerating fibers can exist as individual
and regeneration. One example is the ability of macrophagedibers at some distance from each other.

to regulate proliferation and differentiation of satellite dalls If each new fiber, which has split from its parent, has an
vitro [35]. However, even in the absence of macrophages,extracellular matrix of normal dimensions and content
the response of muscles to strain injury was unaltered [36].surrounding it, then the entire muscle has more connective
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tissue to resist further injury. The possibility that fiber unlike taping the leg to the body in a flexed position [50].
branching or splitting reduces strain at sites along the Both require the animal to ambulate with three legs but the
myofiber where the strain is concentrated would be a uniquetetanus treated animal has a greater load due to the extended
adaptation for these over-loaded muscles. hindlimb. The dose of tetanus is selected so that it only
effects the injected limb and tetany lasts for about 4 weeks.
Although eccentric muscle actions were minimized in this
model, the soleus and plantaris would be expected to

One of the cellular responses to injury is a change in thePerform some activities in which lengthening under load

composition and quantity of the extracellular matrix surround- °ccurred. ,

ing cells in injured muscles [1, 34, 43]. This sequence following  All of the cellular responses described above can be seen to

injury is similar to that seen during embryogenesis [44]. First SOMe degree in animals subjected to either technique of over-

a loss of chondroitin-6-sulfate proteoglycan (PG) due to action!02ding. Some specific examples will be highlighted.

of hydrolytic enzymes indicating matrix degeneration. Then,

chondroitin-6-sulfate PG reappears 4 days later around smalpMyofibers

fibers indicating that they are post-fusion myotubes [45]. In , i

contrast, heparan sulfate PG remains after injury and serves agVer-loading the soleus by removal of the action of the

a tube into which the newly constructed myofiber can grow [1]. Plantaris and gastrocnemius muscles for two weeks produced
In chronically over-loaded muscles, the matrix expands and® tyPical injury response (Fig. 1). First, the apparent number

surrounds small fibers as well as existing myofibers [46]. In of fibersstaining for fgst myosin |sqfqrms increased. Second,

extreme cases, fibrosis can result [46]. Fibrosis results from g ¢ommon pattern with over-load injury was the presence of

deposition of collagen Type I around the myofibers. Fibrosis [ar9€ (Fig.1C, 4635 prf n = 5) and small myofibers (Fig.

is a normal response to repeated cell injury and muscle is ngtC- &row) along with apparent degenerating myofibers (i.e.
exception [46]. fibers with weak myosin stain but which lack laminin, Fig. 1

asterisk). In the groups of small fibers, a heterogeneity in
myosin isoform was noted indicating that differential
Response to chronic injury expression of myosin resulted from branching of the same
fiber (Fig. 1D, arrowhead). Other areas with grouping of
Chronic injuries are more difficult to study because skeletal STall fibers revealed homogeneity of stain (Fig. 1D, arrow).
muscle adapts well to stress. However a few models ardiowever, without a cell boundary marker (e.g. laminin), this
available such as repeated toxin injections [47] and repeate@OUP ©f fibers could be mistaken for a single fiber. Thus, it
strains in animals [48] and post-polio syndrome in humans [49].1S evident that fiber branching and the development of new,
In each of these, repeated injury is the causative agent in muscié®ry Small myofibers can co-exist in over-loaded muscles.
dysfunction with time. The distal chatlon Qf branch!ng f'lbers in the soleus muscle
Recently, we have used methods of over-loading in the rafifoM tenotomized animals as in Fig. 1 was hypot.heS|zed to
which would mimic exertion-induced injury and minimize result from the reattachment of the gastrocnemlus.m'uscle
the strain over-load (eccentric muscle actions). Two suchonto the proximal enq of the solgus and reducing strgm in that
models are presented here: (1) the tenotomized plantaff€2 [11]. However, in the functionally qver-loaded limb, the
flexor model where the functional demand (load) on the distal end of' the soleys als';o had more flbe.rs even though the
soleus and plantaris muscles is increased by removal of th@astrocnemius remained intact. It is possible that the distal
action of the gastrocnemius; (2) the adaptive over-load model€Nd Of the muscle is susceptible to greater injury for all types
where one limb has to compensate for the immobilization ©f Over-load. _
of the other foot caused by tetanus toxin injection. Tenotomy  Proliferation of cells in over-loaded muscles can be seen
is produced by cutting the tendon of the gastrocnemius and" Figs 2 and 3. A common feature of these muscle samples
removing a small length of the distal portion. This surgical 'S &0 increase in desmlr) staining in small cells and. along the
procedure removes about 80% of the overall force outputP0rder of large cells (Fig. 2B, arrow) some of which were
of the plantar flexor muscles of the rat. The soleus anghypertrophied. Central nuclei were a common feature in these
plantaris muscles must compensate for the loss of themL'JscIes with some nuclei surrounded by radiating material
gastrocnemius but are also stretched by the powerfuI(F'g' 2C).
antagonists. This combination of over-load and stretch may
produce different results th_an other types of Qver—loqqing. Extracellular matrix
The use of tetanus toxin to produce an immobilized
hindlimb [17] that must be supported by the untreated limb In regions with marked increases in extracellular material
is a unigue model of functional over-load, although not following injury, fibronectin was present (Fig. 3D). Since

Extracellular matrix (ECM) expansion and composition
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Fig. 1. Over-loaded soleus muscles from a rat with the tendon of one gastrocnemius severed (tenotomy). (A) Immunohistochemistry of fast myosin; Control soleus
(B) Immunohistochemistry of fast myosin; Overloaded soleus. Bar = 200 pm. (C) Immunohistochemistry of laminin; Overloaded soleus. Arrowhead = cluster of
fibers with the same myosin isoform. Arrow = cluster of fibers with multiple myosin isoforms. (D) Immunohistochemistry of fast myosin; Over-loaded soleus.
Arrowhead = cluster of fibers with the same myosin isoform. Arrow = cluster of fibers with multiple myosin isoforms. Bar = 100 um. Note: Asterisk represents a

degenerating myofiber; C and D are double-labelled on one muscle section.
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Fig. 2. Soleus muscles from a rat with the tendon of one gastrocnemius severed (tenotomy). (A) Azure A stain; Over-load, Arrow = cytoplasmic area of positive
material. (B) Immunohistochemistry of desmin; Over-load, area of intense desmin positive material. (C) Azure A stain; Over-load, Arrow = nucleus with radiations.

(D) Immunohistochemistry of fibronectin; Over-load, Arrow = central deposit of fibronectin with radiations. Bar = 50 um.
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Fig. 3. Soleus muscle from a rat with the contralateral limb injected with tetanus toxin thus over-loading the opposite limb. (A) Immunohistochemistry of a
macrophage cell-surface antigen; Over-loaded soleus, Arrowhead = points to macrophage in the extracellular matrix. (B) Immunohistochemistry of fast myosi
Over-loaded soleus, Arrow = points to small presumptive myoblasts or myotubes. Bar = 200 pm (C) Immunohistochemistry of vimentin; Over-loaded soleus, Arrow
indicate fibroblasts. (D) Immunohistochemistry of fibronectin; Over-loaded soleus, Arrows indicate fibroblasts. Bar = 100 um. C and D are double-labelled on one
muscle section.

the antibody used. to detegt fibron'ectin dpes not.distinguishof cells are fibroblasts (Fig. 3C) and small myoblasts (Fig.
between plasma fibronectin and tissue fibronectin [51, 52], 3B, arrow). The adaptive role of the expanded matrix and the
However, since no disruption of the vascular system occurreqnjured muscles. However, it is assumed that the process is

and small fibronectin positive cells can be seen (Fig. 3D, the same as that described for muscle regeneration after
arrows) in the extracellular matrix which also stained for mincing [7].

vimentin (Fig. 3C, arrow), secretion of fibronectin by
fibroblasts seems the most probable source. However, some
myofibers could be identified with intracellular localization
of fibronectin (Figs 2D and 3C). Intracellular deposits of Summary
fibronectin have been reported earlier [53] but the significance
of such an intracellular location remains unexplained. The Skeletal muscle injury caused by over-load or over-activity
similarity of the fibronectin staining with that of a nucleus with can result in muscle degeneration and regeneration. Over-
prominent radiations raises the possibility that the migration load, where the force exceeds the functional or habitual
of the nucleus to a more central position precedes theoutput of the muscles, is a common occurrence during work-
formation of splits and that fibronectin is somehow involved. induced hypertrophy. Over-activity is characterized by an
In addition to fibronectin, the expanded extracellular increase in the firing rates of motor neurons beyond their
matrix contains the usual constituents such as collagens bhysiological levels as seen in spasticity or spasm. The
and lll, proteoglycans, and glycoproteins. Some of theseresponse to overexertion of either type is complex and often
proteins are growth factors such as fibroblast growth factorresults in tissue injury. Cell proliferation or migration is a
[54] and some proteins are translocated from blood such agharacteristic response to muscle injury but many of the
albumin and IgG [55]. The presence of both cells and matrixmononuclear cells remain poorly defined. Some of the
components supports the concept that the expansion ofmononuclear cells arise from existing myofibers by fiber
matrix following exertion-induced injury is not due to edema splitting or de novo by myogenesis and can be identified by
but to cell proliferation/migration and increased secretion the use of cell-specific markers and double labelling
of matrix material. Although some inflammatory cells such techniques. For example, myoblasts contain both desmin and
as macrophages are present (Fig. 3A, arrowhead), the majorityimentin and can be distinguished from fibroblasts which



stain for fibronectin and vimentin; no specific stain is unique 16.

to myofiber splitting. We have observed clusters of small
fibers containing a single myosin isoform together with

radiations of extracellular matrix material from a central g

nucleus which may identify myofiber splitting. However, the

cellular processes responsible for myofiber splitting in 19.

response to muscle over-load and the functional outcome
of fiber splitting remain unknown.
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