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1. Final Performance Report:

A. Abstract:

Chronic pain originating from the musculoskeletal system is a dominant cause of sick leave in modern
industry and often a very disabling and troublesome condition for the individuaL. Although the cause of this
problem in skeletal muscle is unknown, one of the most frequent situations in which muscle pain is
experienced is in industrial workers who have to move repeatedly andlor forcibly. The cumulative trauma
disorder (CTD) which results from repetitive movements is of special interest because these repeat-motion
injuries are one of the most difficult to anticipate and prevent.

Our studies in humans have shown that exposure to a single bout of repeated strains at can lead to
myofiber and fascial rupture without bleeding but accompanied by muscle pain, restricted motion, and loss of
strength and power. Little is known about the effect of repeated strains on muscles or why inflammation
results from some but not all muscle strains. Since variations in human exposure and response, together with
the necessity for repeated tissue sampling, make man unsuitable as a research subject, we have developed a
rat model of repeated strain injury.

The remarkable similarity of our injured rat muscles and the extensor carpi radialis brevis taken from
humans with long standing lateral epicondylitis requiring surgery (22) provides support for the rat as a good
research model and muscles as important tissues in the development of pain and dysfunction. Since the
extensor carpi radialis brevis is also very susceptible to strain injury (21), we believe that more studies using
our chronic strain injury protocol in rats wil reveal why repeated strain injury results in pain and not adaptation.
Using our rat model of repeated muscle strains, the present study was designed: 1) to determine if muscle
fatigue, in addition to mechanical damage from repeated muscle strains, results in increased myofiber
pathology and inflammation, 2) to understand the mechanisms of increased collagen deposition (fibrosis) and
pathology in skeletal muscles resulting from chronic strain injury and 3) to develop blood biomarkers for the
assessment of muscle inflammation and pathology. This research consisted of experiments in which muscles
were acutely or chronically injured by mechanical overloading (stretching) in deeply anesthetized rats. After
removal from the animals, skeletal muscles were surveyed at various time intervals following 

injury by

biochemical, immunohistochemical and histological techniques for specific cellular markers, components and
mediators involved in tissue injury, inflammation and repair. The functional outcome of repeated injury was
assessed by in vivo dynamometry of muscle performance (e.g. muscle strength).

From our studies, the mechanisms for muscle weakness (isometric force deficits) and histopathologic
changes (inflammation) following repeated muscle strains can largely be dissociated from each other
explaining why there is no correlation between weakness and inflammation. Apparently, injury leading to
calcium accumulation that exceeds the buffering capacity of the cell is the most critical component in producing
pathologic changes and inflammation in muscles. This calcium accumulation is a time-dependent process and
long rest times attenuates the calcium accumulation. The individual variation in outcomes to repeated strains
seen in humans probably results from differences in calcium buffering capacity or bioenerg.etics. Finally,
functional testing in humans exposed to repeated muscle strains will not allow the assessment of the degree of
muscle pathology or inflammation.

B. Significant Findings:

It is the focus of this work to provide sufficient understanding of the mechanisms and etiology of the
development of muscle dysfunction and pain from repeated strain injury to establish early non-invasive
monitoring, effective preventative programs andlor work-site modifications. The remarkable similarity of our
injured rat muscles and the extensor carpi radialis brevis taken from humans with long standing lateral
epicondylitis requiring surgery (22) provides support for the rat as a good research model and muscles as
important tissues in the development of pain and dysfunction.
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We have demonstrated that long rest times between strains are important in preventing histopathology
in rat muscles.. We initially believed that fatigue was a component in producing muscle histopathology that
subsequently led to pain and dysfunction. However, careful analysis of the mechanism of histopathology has
revealed evidence to support a time-dependent calcium overload, apparently influenced only slightly by cellular
energetics, and is a novel finding of this research. This complex interaction of rest and cellular injury, verified
in our rat models, could explain why, in groups of people doing identical work, some individuals do not report
any musculoskeletal problems. Thus, it may not be individual variations in the biomechanics of the task that
lead to dysfunction (CTD) but inherent differences in calcium handling perhaps due to divergences in energy
balance (5).

In support of a role for individual variation in the production of histopathology, we examined another strain
of rats, the Wistar Kyoto (WKY) rat. Histopathology was evident 48 hrs after a protocol of 30 stretches with 60
seconds or rest between stretches (n=4) which did not produce pathology in the same age Sprague Dawley
rats (n=3). The use of protocols to produce muscle injury with and without histopathology should allow the
assessment of biomarkers and the addition of different strain rats should enhance our understanding of the
mechanisms of pathology and reveal methods for prevention.

When histopathology was present in strain-injured skeletal muscles, pain could .also be demonstrated.
Using a novel pressure-pain threshold analysis, we were able to document muscle pain following repeated
strain injury. It would appear that muscle pain is a function of the number of injured muscle cells and not the
decrease in isometric force (weakness) and the number of injured myofibers is a function of repetition number.
From our studies, the mechanisms for muscle weakness (isometric force deficits) and histopathologic changes
(inflammation) following repeated muscle strains can largely be dissociated from each other explaining why
there is no correlation between weakness and inflammation. Therefore, functional testing in humans exposed
to repeated muscle strains wil not allow the assessment of the degree of muscle pathology or inflammation
that precedes muscle pain.

Because inflammation could be prevented by increased rest times, pain and dysfunction should also be
prevented in humans by alterations in work-rest times and other ergonomic interventions. Development of
biomarkers for muscle specific inflammation would allow non-invasive monitoring of workers before muscle
fibrosis became a problem and severe disability developed.

C. Translation of Findings:

Peak Stretch Force: Large strain forces produce the greatest force deficits and pathology so that reductions in
loads during movements that can produce muscle strains seems appropriate.

StrenQth Testing: Isometric force deficits (weakness) appearing in standard strength tests of humans would
not be indicative of strain injuries that would become pathologic leading to pain and dysfunction.

Dose: The number of repeated strains appears to correlate with the magnitude of inflammatory response even
though a fatigue limit appears to result.

Risk Factors: Systemic diseases such as hypertension appear to increase susceptibilty to adverse outcomes
from repeated muscle strains.

Significance of Rest Times: Apparently inflammation can be prevented from repeated strains by appropriate
rest periods even though loss of strength results.

Individual Variation: The innate ability to recover during rest appears to alter the outcome from muscle strain
injuries. So defining susceptible individuals would allow job placements that would decrease the incidence of
lost work and reduce potential negative outcomes from repeated strain injuries. If these inherent differences in
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fatigability are not immutable, specific training protocols could be implemented to prevent some chronic strain
injuries in some individuals.

D. Outcomes/Relevance/lmpact

The number of injured myofibers correlates with the amount of inflammation but not the loss in muscle
strength; the amount of inflammation should correlate with the pain experience in humans.

Strategies and interventions to prevent irreversible cell death such as rest times and identification of
individuals at risk can be developed based on these findings.

E. Scientific Report:

This section wil cover the period from 6/1/2001 to 5/31/2005. A description of the experimental results
for each specific aim of the original proposal wil be given below. Although we were on track, we have had
some set-backs due to an electrical fire in our building from a transformer over-load requiring the building to
operate on reduced power for some time and the loss of post-docs and the senior collaborator, Dr. Mark
Willems. In April 2003, Dr. Wilems, who had been working on this project since May 1995, left for a faculty
position in England so we were short-handed and have had no additional funding to continue.

Specific Aim 1: The hypothesis was that muscle fatigue, in addition to mechanical damage from repeated
muscle strains, results in myofiber pathology.

The relationship between fatique and weakness. The relationship between fatigue and weakness is
complicated. Since the force deficit (weakness) following repeated strains is dependent on the magnitude of
the peak stretch force, reduced peak stretch force from fatigue would actually lessen the amount of damage.
We have performed a few fatigue experiments using rest intervals of 10 seconds or less between the stretches
that greatly reduced the histopathologic response. So fatigue might actually protect the muscle from further
injury. However, if fatigue in humans was caused by a change in recruitment of more susceptible myofibers,
then fatigue could exacerbate the problem. Likewise, if awkward postures are used to compensate for fatigue,
muscle damage can result. We used tetanus toxin treatment to produce an awkward posture by causing the
rat to walk with one hind-limb continually stretched out behind (3 legged walk) that resulted in histopathologic
changes in the soleus muscle. Thus, sub maximal loading resulting from awkward postures could result in

muscle pathology (36).
Fatigue is often caused by decreased rest times between contractions so that rest time might be a

critical intrinsic factor for muscle injury and pathology. In healthy female rats, histopathology and fibrogenic
cytokine production occurred from repeated strains (RSI) in protocols with short inter-strain rest times (40 s)
but not in protocols with long inter-strain rest times (180 s). This difference appears to be related to the time
required to maintain calcium homeostasis during the strains but perhaps also related to bioenergetic capacity
and connective tissue deformation. For example, long rest intervals during cyclic loading of human tendons
resulted in significantly less strain accumulation (15).

1. Repeated strains with short rest times produced inflammation andpatholoQY.
During occupational tasks, rest intervals are not set by the worker but by the assembly line or the work

schedule but rest appears to be an important preventative measure. Since people differ in their ability to
recover following even a short bout of activity (34), rest times need to be explored further especially in regard to
muscle tissue during cyclic loading. Thirty repeated strains were performed with inter-strain rest times of 40
sec that resulted in force deficits of about 50% (Figure 1, S40) on activated plantar flexor muscles of female
rats (n=12). Two days after the protocol, histopathology was clearly evident in these 

"short-rested" muscles

(Figure 4)(37).
Histopathologic changes were identified and quantified by fiber counting. Using desmin and laminin

double-labeled samples, histopathology was observed only in samples from the stretch protocol with short
inter-strain rest times. Many desmin negative but laminin positive myofibers could be identified (37). These
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same fibers were positive for albumin and complement C3 but devoid of dystrophin staining indicating a 10

plasma membrane integrity and entry of extracellular proteins. None of the samples from the stretch protc
with the long inter-strain rest times or the isometric contraction protocol contained desmin negative fibers I
In the pathologic myofibers, the loss of desmin and dystrophin was not accompanied by a loss of actin am
myosin. This remaining cellular material would be subsequently degraded by infiltrating W3/13 and ED1
positive cells (inflammatory cells) seen both surrounding the periphery and invading the pathologic myofib
48 hrs after injury consistent with a role in phagocytosis of cellular debris by mononuclear cells also seen i
inflammatory myopathies (19). Since phagocytes are .known to release lysosomal hydrolases during
phagocytosis, muscle proteins (e.g. myosin) could be degraded into fragments that could subsequently crc
the capilary to enter the blood. The arrival of these inflammatory cells (Figures 4) was also accompanied
muscle pain (Figures 11 & 12).

2.. Repeated strains with lonq test times prevented inflammation and patholoqy.
"Long-rested" muscles did not show evidence of histopathologic changes (Figure 3) in spite of a 10

strength of more than 40% of the initial value (Figure 1, S 180)(37). Thirty repeated strains were performei
inter-strain rest times of3 min between strains (Figure 1). The force deficits following the protocol did not
recover after one-hour of rest (Figure 2), a time normally sufficient for complete recovery from repeated
isometric contraction protocols (Le. non-damaging)(Figure 2, IS040). Our system appears ideally suited t
define the threshold rest time required for prevention of inflammation in rats and when using different strai
rats will reveal intrinsic differences due to age, sex and strain. A single experiment could then be designe
test applicability to humans and begin the design of work-place guidelines (Human experiments were not
planned for this project).
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3. Repeated isometric contractions with short inter-contraction rest times did not produce patholoav.
Histopathologic changes have been reported in the upper trapezius muscles of female cleaners reporting
muscle pain but not in those performing the same task without pain (20) suggesting that long periods of
sustained isometric contractions may also be detrimental under certain conditions. Repeated isometric
contractions (30) with short inter-contraction times of 40 seconds were performed in rats. Even though the
isometric force declined during the protocol, no evidence of histopathologic changes was observed (37). Thus,
the mechanisms of cellular injury appear to be different during repeated muscle strains (e.g. stretch-activated
calcium entry) and not related solely to a drop in energy stores or decreased pH.

In contrast, repeated isometric contractions (1 per sec) for 3 hours did produce muscle damage in male
rat muscles (13;14). Using a variety of stimulation protocols ranging from 40 Hz (submaximal) to 120 Hz
(supramaximal) and different rest times (5-90secs), we were unable to produce histopathologic changes in
female rats even though maximal isometric force was reduced dramatically (Wilems & Stauber, unpublished
observations). The lack of histopathologic changes from fatiguing isometric contractions (30-150) for over 2.5
hrs reveals that physiological fatigue mechanisms alone playa minor but undetermined role in muscle injury
during repeated motions but may be different in male and female rats. However, longer trains of contractions
and shorter rest intervals were not tested in female rats.

The relationship between iniury and histopatholoQv. While there is a relationship between repetition
number and histopathology (16), no correlation exists for loss of strength (the objective measure of injury) and
histopathology (41) Repeated strains result in sarcomere damage (31) and shearing of t-tubules (38) leading
to isometric force deficits (weakness). While some membrane rupture does occur, as evidenced by Trypan
blue uptake immediately after the injury protocol (-2% of the fibers), most of the calcium required to produce a
response that leads to inflammation comes from stretch-activated channels. Histopathology can be attenuated
by blocking stretch-activated ion channels or inhibition of phospholipase A2 (a calcium-activated hydrolase)
(42). Furthermore, muscle injury from repeated strains can be present with or without histopathology (37).
These studies ilustrate that the mechanisms for muscle weakness and histopathologic changes (inflammation)
following repeated muscle strains can be largely dissociated from each other. For this reason, functional
measurements are not predictive of outcomes and biomarkers are needed to identify muscle-specific
inflammation.
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Figure 5. Percent injured myofibers Figure 6. Amount of induced muscle weakness

4. Search for a mechanism for histopatholoqic chanQes: PharmacoloQic manipulations.
a. Importance of extracellular calcium: Calcium overload of myofibers due to membrane breakdown is

generally regarded as the major cause of cell death (40;44). Using two pharmacologic interventions to reduce
calcium influx: 1) removing extracellular calcium by chelation using EDTA (7l(n==6); and 2) blocking stretch-
activated calcium channels with streptomycin (25)(n=6), we were able to attenuate, but not completely prevent,
the development of histopathology (Figure 5) from strain protocols with similar amounts of weakness (Figure 6)
in rat tibialis anterior muscles. To our knowledge, this is the first study to demonstrate that the mechanisms for
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muscle weakness and histopathologic changes (inflammation) following repeated strains can largely be
dissociated from each other with EDT A or streptomycin treatment. It also provides a rationale for the
observation that the number of pathologic cells continually increases with stretch number but the loss of
isometric force appears to reach a fatigue limit (16). Finally, functional testing in humans exposed to repeated
muscle strains would not allow the assessment of the degree of muscle pathology or inflammation.

Presently, weare using specific dyes to identify membrane perturbations in vivo immediately following
the injury protocols. A small amount of membrane rupture occurs that increases with time during the
subsequent rest period. This mechanical membrane damage, which is different from the processes resulting
from calcium entry by stretch-activated channels, probably accounts for the small amount of histopathology
remaining in the intervention studies above. For example, the number of Trypan blue (injured) fibers increased
with time doubling during the first hour and further increasing by 6 hours following the injury protocol. Thus,
further damage or death of muscle cells occurs during the recovery or rest phase following cyclic strain injury
by unknown mechanism but probably due to the action of phospholipase A2.

b. Role of phospholipase A2: One possible explanation for the increase in number of injured cells
during the recovery period is that enough calcium has entered the muscle cell to activate some calcium-
activated hydrolases such as phospholipase A2 which can cause further cell membrane degradation (2).
Quinacrine, a known inhibitor of phospholipase A2, resulted in marked attenuation of histopathology in the S40
rats (42). The number of desmin negative and albumin positive fibers in quinacrine-treated rats was 88%
(P.:0.001) and 84% (P':0.005) lower respectively compared to untreated rats. Taken together, these
experiments reveal that the removal of additional calcium entering due to the strain protocol requires a time-
dependent process. If calcium overload results from inadequate rest intervals from the demands of the
workplace, then activation of phospholipase A2 could lead to further membrane damage with the subsequent
production of chemoattractants leading to inflammation and cell necrosis.

c. Role of stretch-activated calcium channels: Because fatiguing protocols without stretch did not
produce histopathologic changes, stretch-activated calcium (SAC) channels were implicated. Streptomycin, a
known inhibitor SAC channels in muscle 124;26), was administered to rats (n=6) resulting in a significant
decrease (::80%) in the number of injured fibers (Figure 5). Based on these results, it may be possible to
rescue injured muscle cells before they enter the irreversible path to cell death and necrosis. Knowledge of
how calcium enters the cell to produce cell death and how calcium is removed or buffered to prevent
histopathologic changes is needed in order to develop preventative strategies andlor recovery techniques.

Figure 7. Immunohistochemical localization of transforming growth factor beta 1 in injured rat gastrocnemius
muscle 48 hrs after 30 repeated stretches with short inter-stretch rest times. Arrow 

indicates localization
around a necrotic myofiber.

Specific Aim 2: The hypothesis is that the number of pathologic cells produced by the contraction protocols in
Specific Aim 1 wil correlate with the distribution and quantity of TGF-ß1, TGF-ß2, and bradykinin.

We have developed a method of counting all the muscle fibers and the injured fibers in the medial
gastrocnemius from rats injured by different protocols including the "short rest" protocol. In these injured
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muscles, the loss of the intracellular protein, desmin, and the entry of the extracellular protein, albumin, were
nearly identical- providing excellent markers for counting the number of pathologic muscle fibers. However,
there are about 8,000 muscle fibers in the mid-belly region of the medial gastrocnemius that must be counted
individually as the image analysis programs can not handle such large images. Even then, only a small
percentage of fibers become pathologic following 30 cyclic strains (-2%) - more with 50 strains (-12%). Thus,
if pain is proportional to the number of injured fibers, this method is useful to measure the relationship between
inflammation and pain.

1. Collaborations: Collaboration with Dr. Srilanka Nadadur at the EPA, who has developed a custom
array for screening over 30 inflammatory mediators, was initially encouraging but because of budget and time
constraints he can not continue. However, preliminary studies did reveal that TGF-ß and other pro-
inflammatory markers were increased in the muscles from short rest interval but not the isometric or long rest
interval protocols. These transcript studies have verified the elevation of TGF-ß after injury and support our
development of assays for TGF-ß.
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Figure 8. Transcript and protein content from control (right) and strain-injured (left) muscles.

2. TGF-ß1 and Collaqen: Because of the initial success noted above and the observation that TGF-ß1,
a fibrogenic cytokine, was localized around pathologic myofibers (32l(Figure 7), new methods were developed
to investigate the role of TGF-ß 1in stimulating collagen synthesis and inhibiting muscle regeneration. As
expected, TGF-ß1 transcript (Figure 9) and latent TGF-ß1 protein (L TGF-ß1) content were both increased 48
hrs after injury. However, this increase did not correlate directly with the number of pathologic cells within the
muscle. Although collagen i and II transcript content also increased, -68% and -79% respectively, there was
no increase in active TGF-ß1 (Figure 9) but collagen content increased. TGF-ß1 may have been rapidly
internalized by ligand binding to chimeric TGF~ß receptors, thus stimulating collagen synthesis (1). Additional
studies are necessary to determine if specific TGF-ß receptor populations (TßR-I, TßR-II, TßR-1I1) are
upregulated andlor activated following muscle injury. Also the mechanisms of L TGF-ß activation by proteolysis
remain unclear, perhaps limited proteolysis occurs after the initial injury leaving a reservoir of L TGF-ß1 in the
extracellular matrix bound to betaglycan and/or decorin. Following chronic injury, this reservoir could become
fully activated or released leading eventually to fibrosis.

3. CollaQen ELISA Development: To document the proliferation of collagen in response to strain injury,
we developed our own ELISA system for collagen Type I (Figure 9). We utilized quail muscle homogenates
spiked with pure type I collagen to develop the assay system prior to evaluating rat muscles. Quail muscle
was used to rule out non-specific binding of antibody to muscle speCific proteins. The antibodies to rat
collagen type i do not cross-react with avian collagens. We planned also to assay for collagen type II but the
standards available were not free from contamination by other collagens. Using this assay system, type 

i

collagen (Figure 10) was elevated in strain injured muscles 48 hours following injury indicating that increases in
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collagen I transcripts correlate to increases in collagen I protein. Collagen I.is found predominantly in fibrotic
muscles and the ELISA assay wil allow the assessment of muscle fibrosis following chronic RSI.

EISA for Type I Collagen
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4. TGF-ß1 and reçieneration: To test the biological effects ofTGF-ß1 on inhibition of muscle
regeneration, myogenic regulatory factors (myogenin and MyoD) were measured. If TGF-ß1 were to inhibit
regeneration in vivo as it does in cell culture (30), then increases in MyoD andlor Myogenin associated with
myogenesis following injury would be suppressed. MyoD protein and myogenin transcript abundance were not
suppressed as both increased 48 hours following injury whereas myogenin protein levels were unchanged
(Figures 18 & 19). Thus, muscle regeneration was 

inhibited at this time point.
5. Bradvkinin and pain: Unfortunately, we were unable to measure bradykinin in muscle homogenates

even though some can be observed in tissue sections. The ELISA assay system can detect exogenous
bradykinin (spiked) added to the muscle samples but the quantity of bradykinin in the injured tissue must be
below the limits of detection. The assay was quite variable even after column separation and concentration of
bradykinin by SpeedVac have been applied indicating that bradykinin was just at or below the 

level of
detection. These studies must wait for a more sensitive assay or other methods of detection applied and have
been discontinued.

Specific Aim 3.: The hypothesis is that chronic strain injury together with fatigue will produce increased
collagen deposition (fibrosis) and pathology in skeletal muscles.

Based on observations in our lab, a continuum from adequate stimulus for increased muscle strength
and hypertrophy to decreased function and fibrosis from chronic repeated strains exists depending on
repetition number, rest interval, and frequency of exposure. A number of possible adaptations to daily chronic
strains including isometric force, collagen and collagen crosslink content, and muscle fiber size were studied in

female rat plantar flexor muscles following 6 weeks of daily exposure (except weekends). A decrease in
strength following such large amounts of high intensity loading was expected. However, no decrement in
maximal isometric force was observed for the plantar flexor muscles of rats exposed to 6 weeks .of daily bouts
of 50 strains to one leg. The lack of change in strength occurred together with a decrease in myofiber area of
the gastrocnemius and soleus muscles. Since the gastrocnemius muscle is responsible for 80% of the
isometric force of the plantar flexor muscles (6;43), a decrease in myofiber area of about 26% for the
gastrocnemius muscle would be expected to decrease the maximal isometric force recorded.
Increased isometric force with decreased cross-sectional area of myofibers could arise if more force were
produced per cross-sectional area or the specific tension of the muscle were to 

increase (9). Two possibilities
for increased specific tension would be: 1) an increase in the density of contractile proteins within each
myofiber or 2) an increase in sarcomere force transmission to the skeleton (9). We did not measure
myofilament density of these muscles using electron microscopy. However, in humans, resistance training
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increased the cross-sectional area of myofibrils but did not change the density of the thick filaments (23). So
changes in myofiament density probably did not contribute to the maintenance of isometric force.

For force to be transmitted to the skeleton, connective tissue is required in the form of tendon and
fascial connections. In our chronic loaded rats, the Achiles tendon contained more collagen per unit dry
weight implying that the collagen fibril density increased in order to accommodate the increased muscle force ~
a stronger tendon. Tendon adaptations to repeated eccentric muscle actions have not been studied except
when used to produce a tendinosis in rats (28). To produce a tendinosis, one hour of 1,800 repetitions 3 days
a week for up to 4 weeks were used (28). In our study, there was no evidence of pathology or overt
inflammation in the Achiles tendons from the repeated eccentric muscle actions but increased collagen
content was measured. The increase in collagen content could have resulted from a decrease in non-collagen
components (e.g. proteoglycans) of the tendon. Further studies are needed to define the non-collagen
changes that occurred. However, since collagen cross-link content did not increase in the Achilles tendons of
resistance trained rats, tendon stiffness would not be expected to change even with an increase in collagen
content.

In our previous studies of rat plantar flexor muscles, increased ECM and the formation of collagen
struts between myofibers were reported following repeated strains. These collagen connections could serve to
increase the lateral transmission of force from the sarcomeres to the tendon. For the anterior tibial
compartment of the rat, extramuscular myofascial force transmission has been reported (17; 18). Therefore,
the presence of increased collagen content of chronically strained muscles could have offset any decrease in
force production by reduced myofiber area.

In summary, in spite of a decrease in myofiber areas of the soleus and gastrocnemius muscles, daily
exposure to 50 strains for 6 weeks did not result in a loss of isometric strength. Indirect evidence for an
increase in specific tension due to an increased proportion of connective tissue offsetting the decrease in
myofiber area was supported by an increase in ECM area and collagen content. Increased collagen content of
the Achiles tendon provided evidence that tendons may become stronger as welL.

Specific Aim 4: The hypothesis is that, in response to strain injury that produces pathology, TGF-ß2 wil
appear in the blood (Biomarker) in proportion to the number of pathologic muscle cells and can serve as a
serum marker for the amount of on-going pathology whereas TGF-ß1 wil not.

While we were able to measure an increase in TGFß2 transcripts and LTGFß2 protein content 48 hours
following injury, the increased TGFß2 expression did not correlate with the number of injured myofibers (Le.
degree of injury). Therefore, we did not test serum. TGFß2 may serve as a local mediator 

in muscle injury

regulating myoblast fusion andlor motor neuron survival (27). Since cells in vitro respond differently depending
on other growth factors added to the culture medium, additional in vivo studies are needed to determine the
physiological action of both TGFß1 and TGFß2 on muscle following strain injury.

Because of our preliminary work with a novel biomarker for muscle-specific inflammation, these
experiments were ended. Instead, the PI took the liberty to alter direction and develop a method for pain
assessment and muscle inflammation. These additional experiments were not 

listed in the original specific
aims but are consistent with the long-term goals outlined for this research.

Additional Studies on Strain Injured Muscles: Pain Assessment.
The relationship between injury and pain. A poor correlation exists between the decrease in isometric

force indicative of muscle strain injury and the increase in the sensation of pain (33). However, the time-
courses for myopain and macrophage accumulation are quite similar and consistent with an 

inflammatory-
mediated pain response (33). Since there is a relationship between repetition number and histopathology (16),
muscle pain should be a function of the amount of histopathology (Le. inflammation) and not 

loss of strength.

Measurement of muscle pain could serve as an index of the amount of tissue 
inflammation and guidelines

developed for treatment interventions or "light work days" to allow for recovery. No research has been
conducted in this area. However, there may be an "inflammation" threshold for the sensation 

of pain as well as

12



an "inflammation" limit where further damage does not produce additional pain sensation because no further
sensitization of the mechano-nociceptive pain system can occur.

1. Muscle Pain: Since pain, not weakness or muscle stiffness., is responsible for the loss of work, an
objective measurement of pain was required for our strain-injured rats. In humans, the quantitative measure of
myopain is pressure algometry (10). We adapted pressure algometry to assess the pressure-pain threshold of
ske.letal muscles of rats (n=4)(Figure 11).

Muscle pain, which is exaggerated by pressure, provides evidence that mechanoceptors are involved in
muscle pain following strain injury (3). Mechanoceptors can be sensitized by bradykinin (12) resulting in
hyperalgesia. Bradykinin has been shown to be elevated in humans following eccentric exercise (4) and
bradykinin was observed in rats around damaged myofibers following repeated strain injuries (RSI) with short
rest times. Bradykinin is produced from kininogens resident in the extracellular matrix and transported within
infiltrating neutrophils (29) which are found in our injured rat muscles (n==9)(37;39).

2. Manuallniurv Protocol: To investigate myopain, a manual stretching technique (35) was used to
avoid the surgery required for nerve cuff implantation which itself produces hyperalgesia of the rat's lower leg.
Two electrodes were placed under the skin on the medial and lateral side of the calf overlying the
gastrocnemius muscles. Muscle activation resulted from electrical stimulation; the muscles were stretched by
rotating the ankle through its physiological range of motion. The opposite leg was exposed to needles alone or
equal numbers of repeated isometric contractions. Various combinations of repetition number and inter-stretch
rest times, as pilot studies, were conducted prior to dynamometer experiments (371. For example, using a 50
stretch protocol with an with inter-stretch rest time of 40 sec, 12% of the muscle fibers were albumin positive
(injured) 48 hrs after the protocol indicating a loss of cell membrane integrity. These injured rat muscles were
also painful with a decreased threshold for pressure-induced pain (Figure 12).

In pilot studies using a 50 manual stretch protocol, a residual, 38% isometric force deficit (weakness)
was recorded 48 hrs after the protocol. The injured medial gastrocnemius muscle had an abundance of
necrotic fibers (:;12%) and marked inflammation. A new dynamometer is being tested and wil assess the
functional impairment from the manual stretching protocols on strength and power under submaximalloading.

3. Pressure-Pain Threshold: Algometry has become the objective measurement of choice for
myofascial pain in humans (10;11). In our hands, attempts using clinical algometers for testing rats were met
with difficulties because the rat is more sensitive to pressure while recovering from anesthesia and the
algometers tested were not sensitive enough to record the reduced pressure-pain threshold. Using sub-
anesthetic concentrations of barbiturates, an exaggerated response to pain (hyperalgesia) can be observed
but is not perceived as pain (8). We exploited this response by using a short acting barbiturate, Brevital, for
anesthesia and a modification of the Randall-Sellitto assay for measuring pain (Figure 11). We used a
commercially available Paw Pressure Analgesia Meter with 2 weight discs and a pressure tip with a diameter
of about 1-cm. A constantly increasing load was applied to the plantar flexor muscles while the rat is side
lying. When a withdrawal reflex üump response) was observed, the machine was stopped and the force
recorded. Testing was reproducible with the coeffcient of variance of 4.0:t 3.0 %.750 ~ 12
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We constructed a finger pressure device that allows us to quickly record a pressure-pain threshold by
simply pinching the plantar flexor muscles between the thumb and first finger and stopping when we observe
the "jump response"(Figure 12)(n=4). The objective measurement of myopain in rats using pressure-pain
threshold determination (algometry) is a novel approach. Such myopain measurements wil help iluminate the
cause of acute and chronic pain in rats after exposure to different RSI protocols.

E. Acknowledgements:

The research was aided by the consultation and work of Drs. Steve Alway, Greg Cutlip, Gerry Hobbs,
Cheryl Smith and Mark Wilems. Technical assistance was provided by Francoise Stauber and Paul Harton.

F. References:

1. Anders RA, Arline SL, Dore JJ, Leof EB: Distinct endocytic responses of heteromeric and homomeric

transforming growth factor beta receptors. MoL. BioI. Cell 8:2133-2143, 1997
2. Armstrong RB, Warren GL, Warren JA: Mechanisms of exercise-induced muscle fibre injury.. Sports Med.

12:184-207, 1991

3. Barlas P, Walsh DM, Baxter GD, Allen JM: Delayed onset muscle soreness: effect of anischaemic block

upon mechanical allodynia in humans. Pain 87:221-225, 2000
4. Blais C, Jr., Adam A, Massicotte D, Peronnet F: Increase in blood bradykinin concentration 

after eccentric
weight- training exercise in men. J.Appl.Physiol 87:1197-1201,1999

5. Blei ML, Conley KE, Odderson IB, Esselman PC, Kushmerick MJ: Individual variation in contractie cost
and recovery in a human skeletal muscle. Proc.NatI.Acad.ScLU.S.A90:7396-7400, 1993

6. Delp MD, Duan C: Composition and size of type I, IIA, IID/X, and liB fibers and citrate synthase activity of
rat muscle. J.Appl.Physiol 80:261-270, 199ô

7. Duan G, Delp MD, Hayes DA, Delp PD, Armstrong RB: Rat skeletal muscle mitochondrial (Ca2+) and
injury from downhill walking. J.AppI.PhysioI68:1241-1251, 1990

8. Dundee JW, Wyant GM: Barbiturates: pharmacodynamics, in Intravenous Anesthesia, Edinburgh,
Churchil Livingstone, 1988, pp 97-134

9. Enoka RM: Muscle strength and its development. New perspectives. Sports Med.6:146-168, 1988
10. Fischer AA: Pressure algometry over normal muscles. Standard values, validity and reproducibility of

pressure threshold. Pain 30:115-126, 1987
11. Fischer AA: Documentation of myofascial trigger points. Arch.Phys.Med.Rehabil. 69:286-291, 1988
12. Franz M, Mense S: Muscle receptors with group iV afferent fibres responding to application of bradykinin.

Brain Res. 92:369-383, 1975
13. Gissel H: Ca2+ accumulation and cell damage in skeletal muscle during low frequency stimulation.

Eur.J.AppI.Physiol 83:175-180, 2000
14. Gissel H, Clausen T: Excitation-induced Ca(2+) influx in rat soleus and EDL muscle: mechanisms and

effects on cellular integrity. Am.J.Physiol Regul.ntegr.Comp PhysioI279:R917-R924, 2000
15. Goldstein SA, Armstrong T J, Chaffin DB, Matthews LS: Analysis of cumulative strain in tendons and

tendon sheaths. J.Biomech.20:1-6, 1987
16. Hesselink MK, Kuipers H, Geurten P, Van Straaten H: Structural muscle damage and muscle strength

after incremental numbar of isometric and forced lengthening contractions. J.Muscle Res.Cell Moti.
17:335-341, 1996

17. Huijing PA, Baan GC: Extramuscular myofascial force transmission within the rat anterior tibial
compartment: proximo-distal differences in muscle force. Acta Physiol Scand. 173:297-311,2001

18. HuiJing PA, Baan GC: Myofascial force transmission causes interaction between adjacent muscles and

connective tissue: effects of blunt dissection and compartmental fasciotomy on length force
characteristics of rat extensor digitorum longus muscle. Arch.Physiol Biochem. 109:97-109,2001

14



19. Kalovidouris AE: Mechanisms of inflammation and histopathology in inflammatory myopathy.
Rheum.Dis.Clin.North Am 20:881-897,1994

20. Larsson B, Bjork J, Elert J, Lindman R, Gerdle B: Fibre type proportion and fibre size in trapezius muscle
biopsies from cleaners with and without myalgia and its correlation with ragged red fibres, cytochrome-c-
oxidase-negative fibres, biomechanical output, perception of fatigue, and surface electromyography
during repetitive forward flexions. Eur.J Appl Physiol 84:492-502, 2001

21. Lieber RL, Ljung 80, Friden J: Sarcomere length in wrist extensor muscles. Changes may provide
insights into the etiology of chronic lateral epicondylitis. Acta Orthop.Scand. 68:249-254, 1997

22. Ljung BO, Lieber RL, Friden J: Wrist extensor muscle pathology in lateral epicondylitis. J.Hand Surg.(Br.)
24:177-183,1999

23. MacDougall JD: Morphological changes in human skeletal muslce following strength training and
immobilzation, chap. 17, in Human Muscle Power, edited by Jones NL, McCartney N, McComas AJ,
Champaign, Human Kinetics Publishers, 1986, pp 269-285

24. McBnde T:lncreased depolarization, prolonged recovery and reduced adaptation of the resting
membrane potential in aged rat skeletal muscles following eccentric contractions. Mech.Ageing Dev.
115: 127-138, 2000

25. McBride TA: Stretch-activated ion channels and c-fos expression remain active after repeated eccentric
bouts. J Appl Physiol 94:2296-2302, 2003

26. McBride TA, Stockert BW, Gorin FA, Carlsen RC: Stretch-activated ion channels .contribute to membrane
depolarization after eccentric contractions. J.Appl.Physiol 88:91-101, 2000

27. McLennan iS, Koishi K: The transforming growth factor-betas: multifaceted regulators of the development
and maintenance of skeletal muscles, motoneurons and Schwann cells. Int.J Dev.Biol. 46:559-567, 2002

28. Messner K, Wei Y, Andersson B, Gilquist J, Rasanen T: Rat model of Achiles tendon disorder. A pilot
study. Cells Tissues.Organs 165:30-39, 1999

29. Naidoo Y, Snyman C, Raidoo DM, Bhoola KD, Kemme M, Muller-Esterl W: Cellular visualization of tissue
prokallkrein in human neutrophils and myelocytes. Br.J.Haematol. 105:599-612, 1999

30. Olson EN, Sternberg E, HuJS, Spizz G, Wilcox C: Regulation of myogenic differentiation by type beta
transforming growth factor. J Cell BioI. 103:1799-1805, 1986

31. Proske U, Morgan DL: Muscle damage from eccentric exercise: mechanism, mechanical signs,
adaptation and clinical applications. J.Physiol 537:333-345, 2001

32. Smith CA, Stauber WT, Alway SE, Miler GR: Transforming growth factor- in skeletal muscle strain injury.
(abstract) Med.ScLSport Exerc. 33:S230, 2001

33. Smith LL: Acute inflammation: the underlying mechanism in delayed onset muscle soreness?

Med.ScLSports Exerc. 23:542-551, 1991
34. Stauber WT, Baril ER, Stauber RE, Miler GR: Isotonic dynamometry for the assessment of power and

fatigue in the knee extensor muscles of females. Clin.PhysioI20:225-233, 2000
35. Stauber WT, Fritz VK, Vogelbach DW, Dahlmann B: Characterization of muscles injured by forced

lengthening. i. Cellular infiltrates. Med.ScLSports Exerc. 20:345-353, 1988
36. Stauber WT, Smith CA: Cellular responses in exertion-induced skeletal muscle injury. Mol.Cell Biochem.

179:189-196,1998
37. StauberWT, Wilems ME: Prevention of histopathologic changes from 30 repeated stretches of active rat

skeletal muscles by long inter-stretch rest times. Eur.J Appl Physiol 88:94-99, 2002
38. Takekura H, Fujinami N, Nishizawa T, Ogasawara H, Kasuga N: Eccentric exercise-induced

morphological changes in the membrane systems involved in excitation-contraction coupling in rat
skeletal muscle. J.Physiol 533:571-583, 2001

39. Tidball JG: Inflammatory cell response to acute muscle injury. Med.ScLSports Exerc. 27:1022-1032, 1995
40. Trump BF, Berezesky IK: Calcium-mediated cell injury and ceil death. FASEB J. 9:219-228,1995
41. Warren GL, Lowe DA, Armstrong RB.: Measurement tools used 

in the study of eccentric contraction-
induced injury. Sports Med. 27:43-59, 1999

15



42. Wilems MET, Stauber WT: Attenuation of stretch-induced histopathologic changes of skeletal muscles
by quinacrine. Muscle & Nerve 27:65-71, 2003

43. Woittiez RD, Baan GC, Huijing PA, Rozendal RH: Functional characteristics of the calf muscles of the rat.
J.Morphol. 184:375-387, 1985

44. Wrogemann K, Pena SDJ: Mitochondrial calcium overload: A general mechanism for cell-necrosis in
muscle diseases. Lancet 1 :672-674, 1976

G. Publications:

1. Wilems, M. E. T., Miller, G. Rand W.T. Stauber. 2001. Force deficits after active stretches of rat skeletal
muscles with reduced collagen cross-links. Eur. J. Appl. Physiol. 85: 405-411.

2. Wilems, M. E. T. and W.T. Stauber. 2001. Force deficits after repeated stretches of activated skeletal
muscles in female and male rats. Acta Physiol. Scand. 172: 63-67.

3. Willems, M.E.T. and W.T. Stauber. 2002. Force deficits by stretches of activated muscles with constant
or increasing velocity. Med. ScL Sports & Exerc. 34: 667-672.

4. Wilems, M.ET. and W.T. Stauber. 2002. Effect of contraction history on torque deficits by stret~hes of
active rat skeletal muscles. Can. J. Appl. Physiol. 27: 323-335.

5. Wilems, M. E T. and W.T. Stauber. 2002. Fatigue and recovery at long and short muscle lengths
following resistance training. Med. ScL Sports & Exerc. 34: 1738-1743.

6. Stauber, W.T. and M.ET. Wilems. 2002. Prevention of histopathologic changes from 30 repeated
stretches of active rat skeletal muscles depends on inter-stretch rest time. Eur. J. Appl. Physiol. 88: 94-99.

7. Wilems, M.E.T. and W.T. Stauber. 2003. Attenuation of stretch~induced histopathologic changes of
skeletal muscle by quinacrine. Muscle.& Nerve 27: 65-71.

8. Stauber, W.T. 2004. Factors involved in strain-induced injury in skeletal muscles and outcomes of
prolonged exposures. J. Electromyography & Kinesiology 14 (1): 61-70.

9. Wilems, M.ET. and W.T. Stauber. 2005. Streptomycin and EDTA decrease the number of desmin-
negative fibers following stretch injury. Muscle & Nerve (In press).

H. Abstracts:

1 ó Smith, C.A., Stauber, W.T., Alway, S.E, and G.R Miler. Transforming growth factor-ß in skeletal muscle
strain injury. Medicine and Science in Sports and Exercise 33 (5), S230, 2001.

2. Stauber, W. T. and M.E.T. Wilems. Length-dependent fatigue in rat plantar flexor muscles after
resistance training. Medicine and Science in Sports and Exercise 33 (5), S262, 2001.

3. Wilems, M. E T. and W.T. Stauber. Force deficits of rat plantar flexor muscles after ankle rotations with
constant velocity or acceleration. Medicine and Science in Sports and Exercise 33 (5), S296, 2001.

4. Wilems, M.ET. & Stauber, W.T. Deficits in isometric force but not peak stretch force depend on the
activation level during stretches of skeletal muscles. American Society of Biomechanics, San Diego, CA,
USA, August 8-11, 2001.

5. Wilems, M. E T. and W.T. Stauber. Inter-stretch rest time is important for development of 
pathology from

stretches of activated muscles. Medicine and Science in Sports and Exercise 34 (5), S184, 2002.
6. Wilems, M. E T., Miler, G. R, and W.T. Stauber. Is active force production of skeletal muscles altered by

collagen content? Proceedings of the Fourth World Congress of Biomechanics, Calgary, Canada, AugA-
9,2002.

7. Wilems, M. E T. and W.T. Stauber. Low-frequency fatigue increases with the number of stretches of
activated rat skeletal muscles. Medicine and Science in Sports and Exercise 35 (5), S144, 2003.

8. Stauber, W.T. and M. E. T. Wilems. Muscle speCific atrophy after 6 weeks of overtraining with eccentric
muscle actions in rats. Medicine and Science in Sports and Exercise 35 (5), S238, 2003.

9. Smith, C. A., Waters, C., Tain, Y. L., Baylis, C., Alway, S. E, and W.T. Stauber. Nitric Oxide Synthase in
skeletal muscle repair following strain injury. Medicine and Science in Sports & Exercise. 36 (5), S2, 2004.

16


