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Exerc. Sport Sci. Rev., Vol. 38, No. 1, pp. 10-16, 2010. A growing body of data supports a view that skeletal muscle’s response after
mechanical loading does not always result in the classically reported ‘‘injury response.”’” Furthermore, current evidence supports a model
of muscle adaptation andfor maladaptation, distinct from owvert injury, in which myofiber degeneration and inflammation do not contribute
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INTRODUCTION

Key elements of the adaptive response that result from
high-intensity muscular contractions involved during me-
chanical loading (i.e., resistance training) are strength gains
and muscle hypertrophy; however, the aging process seems to
attenuate these positive training benefits, although concomi-
tantly exhibiting a sarcopenic state that ultimately leads to
senescence. Not unexpectedly, the best known strategy to
increase skeletal muscle mass is with resistance training;
however, prescribing this mode of training has been cau-
tioned in aged populations because of the compromised con-
dition of the older individual — a sarcopenic state and the
propensity that it will induce overt skeletal muscle injury if
commenced. Despite this, current evidence supports a model
of muscle adaptation after mechanical loading, distinct from
overt injury, in which myofiber degeneration and inflamma-
tion do not contribute as significantly as once reported even
after muscular contractions incorporating repetitive eccentric
contractions.

Contraction-induced muscle injury models in animals are
useful in elucidating the etiology of occupation-, military-,
and sport-related musculoskeletal disorders in humans (14).
Our laboratory has focused on in wivo rat dynamometry,
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which has many benefits in studying muscle function and
injury mechanics. This methodology allows for precise con-
trol of the biomechanical loading signature that is composed
of force, repetitions, range of motion, movement velocity,
work-rest cycle, and number of exposures. In vivo dynamome-
try also is minimally invasive, such that the preparation does
not compromise the physiological response, and allows for
longitudinal study of muscle performance. This model also
permits the study of the limiting influence age has on muscle
adaptation after mechanical loading in vivo.

Single stretches (eccentric contractions) as well as recip-
rocal eccentric/concentric contractions, or stretch-shortening
contractions (SSC), have been shown to lead to overt skeletal
muscle injury (inflammation, myofiber degeneration, and dys-
function) (17,20). Skeletal muscle adaptation (remodeling
and growth with functional gains), and/or maladaptation (a
subdegenerative or subnecrotic state that is usually associated
with low levels of persistent inflammation as well as loss of
function) results from a chronic administration of SSC (13).
In most cases, muscles compensate for increased demands in
a systematic fashion, yet situations do occur in which the
muscle does not adequately meet those demands, thus leading
to overt skeletal muscle injury or maladaptation (defined as a
loss of function without evidence of myofiber necrosis). Pre-
viously, our laboratory has investigated various factors such
as recovery after acute injury (20), the effect of repetition
number on acute injury, the effect of work-rest cycles (15),
range of motion (16), and isometric contraction times (19) on
muscle performance, and how those factors contribute to the
induction of contraction-induced muscle injury and the re-
sulting morphology (Fig. 1A, B) (5-7,15,16). These studies
provided data that helped in optimizing our loading protocol
to produce substantial performance gains as well as muscle
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Figure 1. Morphological changes in muscle tissue from young and
old rats after acute and chronic stretch-shortening contractions (SSC)
loading. Representative hematoxylin and eosin micrographs from acutely
exposed young (A) and old (B) left tibialis anterior muscle (LTA) at 72 h
after injurious SSC displaying myofibers undergoing a significant
degenerative response and increased cellular infiltrates along with
increased swelling of the perimysium and endomysium. Micrograph
from acutely exposed young LTA muscle at 72 h after adaptive SSC
displaying less than 1% of myofibers having a degenerative response (C).
Micrograph from acutely exposed old LTA muscle at 72 h after adaptive
SSC displaying an increased cellular interstitial response as well as an
increased swelling of the perimysium and endomysium (D). Micrograph
from a young contralateral control right tibialis anterior muscle (RTA)
displaying normal myofiber morphology (E). Micrograph from chronically
exposed young LTA muscle at 4.5 wk after adaptive SSC displaying
normal myofiber morphology and increased myofiber cross-sectional area
(F). Micrograph from an old contralateral control RTA displaying normal
myofiber morphology (G). Micrograph from chronically exposed old LTA
muscle at 4.5 wk after adaptive SSC displaying increased cellular
infiltrates with no increased myofiber cross-sectional area (H).

hypertrophy in a chronic model, which we have defined as
adaptation. These optimized protocols allowed us to demon-
strate differences in young versus old rats after as little as
4.5 wk of resistance-type training (12,13).

Characterizing time- and dose-dependent responses for both
skeletal muscle injury and adaptation, two disparate responses
that can result from exposure to both acute and chronic me-
chanical loading, is essential in addressing the current voids and
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misconceptions about skeletal muscle injury. Previous studies
have suggested that contraction-induced muscle damage results
from a single phenomenological event with eccentrically biased
loading of the target muscle (14). We suggest this is not the
case because responses ranging from injury to maladaptation
to adaptation may occur over a broad continuum even when
exposed to high-intensity mechanical loading exposure that
contains eccentric contractions. The effects of age only make
this task more difficult in discriminating and differentiating
the time frame, capacity, and mechanisms that are associated
with repair, regeneration/remodeling, and adaptation after me-
chanical loading exposure/s. Although previous data have sug-
gested that muscle injury (myofiber degeneration/necrosis) is a
customary response after exposure to muscular contractions that
incorporate lengthening movements or eccentric contractions
(23), it is not known if this is absolutely obligatory when
adaptation (positive training effect) is the desired outcome.

Thus, it is our hypothesis that muscle adaptation/
maladaptation occurs with remodeling of the local envi-
ronment (via cell-cell and/or cell-matrix modifications) in
both young and old populations in the absence of myofiber
degeneration and that this phenomenon is distinctly dif-
ferent from overt muscle injury.

CONTRACTION-INDUCED MUSCLE INJURY

The use of muscle contractions in animals to study skeletal
muscle injury as well as adaptive/maladaptive mechanics is
beneficial in understanding the etiology of work-related mus-
culoskeletal disorders. This would aid in designing better
rehabilitative countermeasures to reduce the risk of further
injury after return to work. We know from previous studies
that eccentric muscle actions are known to cause a greater
amount of muscle damage than concentric or isometric muscle
action injuries (2,32). This suggests that high load tensions in
fibers may be more important than other physiological con-
siderations in the etiology of the injury process (30). The high
mechanical forces produced during muscular contractions,
particularly in eccentric exercise, cause disruption of contrac-
tile and intermediate filament proteins in skeletal muscle
fibers and connective tissues (3).

Eccentric contractions have been shown to result in ultra-
structural damage after exposure (18), and 1-3 d after expo-
sure (22,27). The isometric force deficit, a functional measure
defined as the difference in isometric force before and after a
mechanical loading protocol, may be the best indicator of
the magnitude of contraction-induced injury (17). However,
a discrepancy has existed with respect to functional loss after
mechanical loading and the amount of injury quantified in
the target soft tissue. Therefore, it was our intention to devise
a rapid and sensitive method that would be proficient in
establishing highly reproducible results and collectively ex-
pand our understanding of contraction-induced muscle injury.
In our initial studies, we reported time-dependent changes
that occurred in rodent tibialis anterior (TA) muscle after
SSC-induced muscle injury and the resultant levels of myo-
fiber degeneration, inflammation, and related changes in the
interstitial space using our standardized stereological technique
(6). Additionally, we showed that degenerative myofibers
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and interstitial space changes were temporally associated with
functional performance (6). These results are in agreement
with data reported previously (28), yet previous histological
studies have failed to directly quantify myofiber degenera-
tion and its relationship to evident functional deficits after
contraction-induced exposure (6).

Whereas the ability to characterize early-phase muscle
injury is essential in understanding skeletal muscle degener-
ation/regeneration/remodeling (acute phase) kinetics, it also
is important to understand and quantify how changing the
number of repetitions or dose affects the acute phase response
kinetics (5). For this reason, we investigated the effect in-
creasing numbers of SSC had on muscle performance and
morphology (5). Our results showed that increasing indices
of myofiber degeneration and inflammation paralleled the
decrease in functional deficit exhibited by the decline in
isometric force production in groups exposed to increasing
numbers of SSC (isometric contractions, 30 SSC, 70 SSC,
and 150 SSC, respectively). The results indicate an apparent
division with respect to the number of SSC repetitions re-
quired to induce the subsequent inflammatory cascade and
degenerative response, thus surpassing the TA’s safety
threshold at 70 SSC repetitions. Minimal myofiber degener-
ation (only a few fibers exhibit degeneration and necrosis) or
an inflammatory response was observed in the contralateral
control limb, the isometric control group, and the 30 SSC
group. These measures illustrate a clear delineation for the
target muscle’s safety threshold (or tolerance) with increasing
number of repetitions and that there is a level of exposure
where the capacity to withstand the initial injury is com-
promised and, hence, exceeds the muscle’s safety threshold.
This effect has also been shown in eccentric-only loading
models where increasing the number of repetitions produces
increases in indices of muscle damage (20,22).

Depending on the magnitude of the initial contraction-
induced injury, full recovery of normal structure and function
requires 7-30 d (5,8,17,27,28). The physical disruptions of
muscle fibers along with increases in intracellular calcium due
to mechanical loading result in pain and inflammation that
occur 1-7 d after the initial injury (2,20). The inflammatory
response is typically characterized by an infiltration of
neutrophils and macrophages (31). Neutrophils infiltrate
damaged muscle within 1-2 h of the initial injury and are
present for up to 5 d after injury (31). These inflammatory
cells produce cytokines and chemokines that activate local
pathways in damaged tissue that mediate inflammation and
exacerbate damage or assist in repair during the first 5 d after
muscle injury. Resident and phagocytic macrophages also
invade and digest damaged tissue to promote regeneration.
This response is induced by muscle loading in animals (24)
and humans (29). Macrophages can be found between 12 h
and 14 d after the initial muscle injury (29). Days after injury,
the regenerative process is initiated, and central nuclei seem
present (22). At this time, the muscle demonstrates a mixture
of both degenerative and regenerative processes. During
muscle adaptation, the inflammation and tissue damage are
eventually resolved and normal function is restored. However,
if the tissue is not able to adapt, persistent inflammation may
occur, and this inflammation can result in additional tissue

damage (31).
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Collectively, time- and dose-dependent factors impact the
safety threshold of skeletal muscle and are critical when de-
signing preventative strategies in vocational and recreational
arenas, in rehabilitative medicine, and for understanding the
etiology of acute-loading injuries. As a group, these results
set the stage for us to investigate and ask the question: is
contraction-induced injury and resultant inflammation an
obligatory response after all eccentrically biased mechanical
loading?

EVOLVING RESEARCH

The morphological data ascribing the response of skeletal
muscle injury in humans after voluntary muscle contractions
that include lengthening movements do not conform to the
morphological data observed in the numerous animal models.
In fact, in humans undergoing voluntary contractions after
acute mechanical loading, one observes relatively normal gross
muscle morphology; skeletal muscle presenting with minimal
myofiber degeneration and inflammation (inflammatory cells).
This is further accompanied by focal Z-line ultrastructure dis-
organization and intramyocellular protein (desmin) remodel-
ing (34,35). To date, the magnitude of these responses has not
been documented in an animal model, which incorporates
lengthening contractions. In contrast, contraction-induced
muscle injury is characterized by extensive myofiber degen-
eration and a robust inflammatory response in animals
(2,6,7,20). Importantly, in a recent investigation, Crameri
and colleagues (11) eloquently demonstrated in humans that
skeletal muscle’s response after voluntary eccentric-type
(lengthening) exercise did not result in changes described in
animal models (i.e., necrosis, inflammation, loss of intracel-
lular proteins, and extensive myofiber regeneration). Surpris-
ingly, they found, for the first time in humans, that only when
the same eccentric-type exercise is electrically augmented (in-
voluntary contractions) is there myofiber degeneration, loss of
intracellular muscle protein (desmin), and subsequent muscle
regeneration.

Thus, in humans, after mechanical loading that includes
eccentric-type movements, myofiber degeneration, inflamma-
tion, and substantial muscle regeneration does not seem to be
as extensive as hypothesized, unless augmented by electrical
stimulation. Hence, we have shown the ability to produce
muscle injury using our previous animal model ((5-7, 20);
consistent with results produced by Crameri and colleagues
(11) in electrically augmented contractions in humans)
whereas our current loading model in animals (noninjurious)
(4) has been found to mimic more closely voluntary con-
tractions that occur in humans. The mechanism of adaptation
seems to include focal myofiber and interstitial space adap-
tation/remodeling concomitant with increases in function.

Chronic, Adaptive Mechanical Loading Model

In our chronic model of SSC loading, we sought to mimic
the results of high-intensity resistance training that have
been reported in exercise/athletic populations, which have
investigated the ability of young and old subjects to increase
muscle mass (33). To advance these previous findings, it was
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our intent to illustrate possible factors involved in the adap-
tive phase after chronic exposure. Because the loss of skeletal
muscle will directly impact skeletal muscle force production
(muscle strength and power), administration of chronic me-
chanical loading exposures should be designed to create an
adaptive environment in which muscle fiber hypertrophy
would result. After exposure to a protocol of 80 low-velocity
SSC administered 3 times/wk for 4.5-wk duration, the young
rats increased their muscle mass in the TA muscle by ap-
proximately 16% while increasing static and dynamic per-
formance by more than 30% (13). In addition, there were no
histological signs of myofiber injury (degeneration, necrosis)
in the target muscles. Historically, studies have reported
that exposure to high-intensity mechanical loading results in
overt skeletal muscle damage and loss of performance. Our
findings are in sharp contrast with those previous studies.
Moreover, this finding also is in contrast with rodents ex-
posed to high velocity continuous SSC from our laboratory
previously, which exhibited pronounced muscle degenera-
tion after exposure (~10% tissue fraction) (6), similar to
findings that have been reported by other investigators.
The absence of an obvious degenerative effect observed
after high-intensity mechanical loading in this and recent
studies (4) is very fascinating because most published litera-
ture has shown that eccentrically biased loading resulted in
significant muscle injury and loss of performance. In our ro-
dent model, electrodes activate the target muscle via supra-
maximal electrical stimulation, an intensity that will seldom
(if ever) be attained in human populations. Thus, our find-
ings suggest that repetitive muscle contractions that include
high-force eccentric contractions can be administered in a
resistance exercise regimen to promote muscle adaptation
and performance gains in healthy populations. Moreover,
optimizing the intensity of the exposure for an individual is
paramount, especially in those individuals presenting with
risk factors associated with disease states so that they also
may experience the benefits of a resistance exercise program.

Mechanical Loading and the Impact of Age

As we age, skeletal muscle performance decreases, and
aged muscle recovers more slowly after injury (23); thus, it is
clear that aging impairs the ability of skeletal muscle to adapt
to chronic mechanical loading. With aging, the loss of skele-
tal muscle mass is coincidental with the decline in function;
however, whether this is causal or one of the resulting factors
is less clear. More specifically, muscle strength declines ap-
proximately 15%-30% in healthy populations after the
seventh decade of life (1). It may be postulated that if
mechanical loading that uses adaptive contractions does not
result in customary muscle injury, then adaptive mechanical
loading may be the best means to attenuate the effects of
sarcopenia while also increasing function in aged popula-
tions. Indeed, the results from our animal studies indicate
that not all high-intensity mechanical loading produces overt
muscle damage, and that the muscle response can be much
different from that typically observed after “classical” con-
traction-induced muscle injury (4,13). Our chronic loading
model using low-velocity intermittent muscle contractions
produced a robust increase in muscle mass after a 4.5-wk
exposure in the young animals and approximately a 30%
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increase in static and dynamic muscle forces (13). When old
animals (aged 30 months) were exposed to this protocol,
they did not increase muscle mass and lost approximately
30% in maximum static and dynamic forces. However, the
TA muscles from these animals did not display signs of
injury, only low levels of cellular infiltrates. We surmised
from these results that the older animals could not tolerate
the 3 d'wk ™! exposure regimen of 80 maximal SSC/exposure,
thus the muscles maladapted as evidenced by latent in-
flammatory infiltrates, lack of fiber hypertrophy, and loss of
muscle performance. However, the interesting feature was
these animals were exposed to 14 sessions of high-force SSC
that included eccentric contractions without resulting in
muscle fiber injury (13). Thus, titrating the exposure with
either less repetitions per day or less exposures per week may
allow older muscles to adapt much as those from the young
animals did. Accordingly, the approach used in our model
should be considered using a translational approach with
respect to human populations because very recent reports in
older men and women exposed chronically to high-intensity
resistance training concluded that this mode of exposure may
be the most advantageous for improving the quality of life in
aged populations (21).

Acute, Adaptive Mechanical Loading Model

As previously mentioned, we have investigated the impact
of SSC (the most common contraction type used in daily
movement) on muscle injury and adaptation in a chronic
aging model. More recently, we investigated the effect of an
acute, adaptive SSC loading exposure using the same low-
velocity intermittent SSC and found that the regenera-
tive signal in muscle is weaker in old rats (evidenced by an
~200% increase in developmental myosin heavy chain
(MHCye,") labeling in exposed vs the contralateral control
limb), when compared with young rats (~2000% increase in
MHC,.," labeling in exposed vs contralateral control limb;
Fig. 2) (4). This occurs in the absence of significant myofiber
degeneration (Fig. 1C, D), which is in contrast to what has
been reported previously (8). With regard to the morpho-
logical response, when 4.5 wk of chronic, low-velocity SSC
are administered, there is a decrease in performance and
myofiber hypertrophy is less in old rats compared with young
rats (Fig. 1E-H). This indicates that old rats are unable to
adapt to the chronic SSC loading, as indicated by malad-
aptation without degeneration.

We have shown that older rats are less tolerant to chronic
SSC loading than their younger counterparts, and this was
the first study to our knowledge that showed maladaptation
in old rats (both functionally and morphologically) under
controlled repetitive loading (13). It is plausible to suggest
that a decline in the regenerative/remodeling capacity in the
older animals is responsible for this maladaptive response.
Moreover, in our acute, low-velocity loading model, devel-
opmental myosin (MHCy.,) was expressed in rat tissue
that did not exhibit signs of overt skeletal muscle injury,
suggesting that expression of developmental myosin heavy
chain may be indicative of remodeling events, which ulti-
mately lead to chronic muscle hypertrophy in the absence
of myofiber degeneration (4). This suggests one plausible
mechanism as to why performance in our old rats was
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Developmental myosin heavy chain (MHC4e, ) immunohistochemistry and stereology. The graph shows that skeletal muscle from young rats

exposed to an acute, adaptive protocol of SSC had an approximately 2000% increase MHC4a,* versus the control limb (A). The old rats had an increase of
approximately 200% versus their control limb. The two panels in the middle (B) left to (C) right show MHCge,* in injured tissue from young rats 120 h
after injurious SSC exposure and in rat pup tissue. The bottom panels from left to right depict MHC4e," expression in various myofibers from young SSC

loaded rats (D and E) and old SSC loaded rats (F and G), respectively.

decreased at the end of the chronic exposure as compared
with our young rats (young rats having increased force due to
increased myofiber hypertrophy compared with old rats).
Thus, MHCy., may be intimately tied to the adaptive
response in developing and mature myofibers (26). Collec-
tively, these data suggest that chronic muscle adaptation is
not dependent on an initial injurious event that produces a
resulting myofiber degeneration/regeneration phenomenon
and, notably, that a maladaptive state does not manifest
because of myofiber degeneration — even in old rats after
high-intensity mechanical loading.

Furthermore, a study by Brown and colleagues (9) con-
cluded that adaptation of skeletal muscle after eccentric con-
tractions may be the result of an improved ability to repair
ultrastructural changes occurring in individual myofibers (not
removal of necrotic myofibers), and this suggestion is sub-
stantiated by numerous studies (18,34,35). In the aforemen-
tioned studies, young and old dorsiflexor muscles exposed to
an acute protocol of 80 low-velocity SSC did not undergo the
extent of myofiber degeneration that is typically reported
for classical contraction-induced muscle injury (Fig. 1A, B vs
Fig. 1C, D) (6,22,28). Thus, our current findings and several
other studies suggest that the adaptive response of muscle after
mechanical loading is not dependent on myofiber degen-
eration but occurs as a result of ultrastructural modifications
(9,34,35) as well as local environmental changes (influenced
by both autocrine and paracrine mechanisms) in the tissue

(10,13,25).
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Together, these data indicate that the phenomena we are
reporting in our current adaptive acute and chronic models
more likely represent what is occurring in humans after me-
chanical loading when lengthening-type movements are in-
corporated (as reported by Crameri and colleagues) (11).
Therefore, this specific SSC loading model may represent a
more physiologically representative means to investigate these
adaptive/remodeling events.

MODEL APPLICABILITY AND ADAPTABILITY

Our animal model demonstrates that the maladaptation
incurred as a result of repetitive mechanical loading as we
grow older is not due to an initial degenerative insult but
seems to be limited by specific local adaptive and regener-
ative/remodeling events. Specifically, our model may exhibit
its usefulness in elucidating what factors affect the safety
threshold (muscle tolerance) when exposed to repetitive me-
chanical loading and thereby aide in designing exercise and
rehabilitative programs that are useful for older individuals,
whose number is increasing in the United States.

CONCLUSIONS AND FUTURE RECOMMENDATIONS

In summary, we have previously quantified and character-
ized both time- and dose-dependent effects of skeletal muscle
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after acute, injurious SSC in young rodents; investigated the
influence of age on the adaptive response after acute me-
chanical loading; examined and quantified the influence age
has on chronic SSC loading; investigated the acute events
that are involved in skeletal muscle regeneration/remodeling
after adaptive SSC loading and considered the role aging has
on this process; and finally suggested that muscle injury and
muscle adaption/maladaptation resulting from mechanical
loading are two distinctly different phenomena (Fig. 3). Our
results from this final objective indicate that initial muscle
remodeling is a critical element in assuring successful adap-
tation, thus investigating the distinct mechanisms involved
in initiating successful muscle remodeling after exposure will
be beneficial in aging populations. Again, we have demon-
strated that a clear differentiation exists between overt skeletal
muscle injury (classically defined as eccentric-, lengthening-
or contraction-induced muscle injury) and adaptive muscu-
lar contractions (acute and/or chronic SSC that incorporate
lengthening movements). We suggest that initial myofiber
remodeling/regeneration (recapitulation of the developmental
program) is a critical element in assuring successful adaptation.
Furthermore, it is essential and cannot be overstated that not
all acute and chronic mechanical loading (specifically loading

composed of eccentric movements) results in overt skeletal
muscle injury, as has been reported for more than 20 yr.

Because the capacity to respond efficiently to an initial
mechanical stimulus may be one of the most important fac-
tors that ultimately regulate adaptation of skeletal muscle in
the aging process, our best attempt at optimizing the initial
exposure for maximal adaptation as well as improving the
muscle’s local environment (i.e., via supplements, therapeu-
tic agents) may improve the responsiveness of skeletal muscle
to acute and chronic mechanical loading. Finally, as chronic
exposure of skeletal muscles to high-intensity mechanical
loading has been shown to be the most desirable means to
attenuate the effects of sarcopenia, it also may be the most
effective and appealing mode of physical activity to prescribe
for individuals encompassing occupation, military, and sport
sectors to help mitigate the effects involved in musculoske-
letal dysfunction.
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Figure 3.

Overview of skeletal muscle response continuum demonstrating the differences observed in young and old rodents in response to overt

skeletal muscle injury, maladaptation, and adaptation after mechanical loading. In young and old rodent skeletal muscle after an acute stretch-shortening
contractions (SSC) injury exposure (), there is a significant decrease in isometric and dynamic performance and an increase in myofiber degeneration,
infiltrating inflammatory cells (@), and edema. Recovery of performance and resolution of degeneration, inflammation, and edema measures are resolved
over a period of 7-10 d. Following an acute bout of adaptive (noninjurious) SSC, old rodents display a significant loss of performance but no myofiber
degeneration, and this is accompanied by minimal inflammatory cells and edema. However, young rodents respond with a transient decrease in
performance and minimal myofiber degeneration, inflammatory cells, and edema. The indices observed for myofiber degeneration and inflammation after
acute, adaptive SSC are significantly decreased compared with acute, injurious SSC. When we extend our adaptive SSC paradigm out to 4.5 wk of
repetitive loading (44), young rodents adapt by increasing skeletal muscle mass, myofiber cross-sectional area (CSA), and performance measures, whereas
old rodents maladapt by responding with no change or a decrease in muscle mass and myofiber cross-sectional area, and they have a decrease in
performance measures. Importantly, the maladaptation observed in old rodents occurs in the absence of myofiber degeneration with minimal
inflammation and edema. Red shading signifies the area of muscle damage.
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