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 This study is the first to utilize electron microscopy to quantify skeletal 

muscle damage in mice following injurious downhill running. Downhill running 

naturally implements damaging eccentric contractions in the triceps muscles in mice. 

Skeletal muscle damage was found twenty-four hours following injury and ranged 

from mild to severe in sarcomeric disruption.  
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 Introduction 

 Skeletal muscle is the most abundant tissue in the human body, consisting of 30-40% 

of the total mass. Its main function is to produce force when activated by the nervous system.  

Force is generated when the highly organized cells of the muscle contract. Force is 

transmitted to the tendon that pulls on its attached skeletal system, ultimately resulting in 

gross motor movement, much like a lever system.  

 Skeletal muscle possesses the ability to change and adapt to different stressors placed 

on it, however, when stressors exceed the innate ability of the muscle to adapt, acute injuries 

take place. Acute muscle injuries are defined as changes to the normal skeletal muscle 

structure that result from stressors applied over a short period of time (Tidball, 2011). 

Stressors can be presented in several forms, including chemical, trauma, or contraction-

induced. Chemical trauma can occur when cell membranes become damaged and permit the 

release of subcellular contents. Trauma-induced injuries are commonly found in naturally 

occurring circumstances, such as car wrecks and blunt forces being applied to a small area. 

When a skeletal muscle is actively generating force with dynamic contractions, it is more 

susceptible to injury, especially when the contraction is eccentric in nature (lengthening as 

force is generated) (Tidball, 2011). The results of an injury can be quantified in many ways, 

including a reduction in force production, a delay in the onset of muscular soreness (DOMS), 

and local disturbances within the muscle fibers themselves (Davies & White, 1981; Friden, 

Sjostrom, & Ekblom, 1983).  

 Skeletal muscle has the ability to regenerate itself following acute injuries in as little 

as a few weeks (depending on the degree of injury) by entering several stages of myogenesis 

(the re-growth of new muscle tissue). Myogenesis is facilitated by satellite cells (the stem 
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cells of skeletal muscle), which become activated and enter a set of stages leading to the 

regeneration of the fibers (Bigland & Lippold, 1954). Several other research labs have 

investigated skeletal muscle damage using downhill run mice (Tsivitse, Peters, Stoy, Mundy, 

& Bowen, 2009), but no one has identified such damage using transmission electron 

microscopy. Therefore, the purpose of this study is to use transmission electron microscopy 

to investigate the extent to which an acute bout of downhill running produces skeletal muscle 

damage in young mice. I hypothesize that substantial skeletal muscle damage, in the form of 

sarcomeric disruption, will be identifiable in mouse muscle tissue using transmission electron 

microscopy following an acute bout of downhill running.  
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Review of Literature 

 Skeletal muscle is composed of sarcomeres that reside in series with one another, 

forming muscle fibers. These muscle fibers contract, resulting in the generation of force, 

which can then be transferred to the tendon at the distal end of the muscle, generating a gross 

motor movement of the skeletal system. While this overview sounds simple, the actual 

mechanisms of force transmission along the muscle are much more complicated. Only a 

fraction of force generated by skeletal muscle is actually transmitted directed to the 

myotendenous junction (MTJ), and this only occurs when lateral transmission of force is 

directly to the cell membrane/extracellular matrix (Monti, Roy, Hodgson, & Edgerton, 1999). 

Muscle Contraction  

 The sliding filament theory describes muscle force production that occurs within the 

sarcomere during crossbridge cycling of the myosin heads and actin. Muscle contraction is 

initiated from an electrical signal that is delivered to the motor end plate of the 

neuromuscular junction, where acetylcholine is released by presynaptic axons. Acetylcholine 

binds to acetylcholine receptors on the postsynaptic membrane, depolarizing the muscle cell 

membrane (sarcolemma). Following depolarization, the electric impulse propagates down the 

sarcolemma and into the muscle fiber via transverse tubules. The depolarization stimulates 

calcium release from the sarcoplasmic reticulum via volted-gated calcium channels. 

Intracellular calcium binds to troponin, causing a conformational change in tropomyosin that 

uncovers the myosin binding site on actin, enabling actin and myosin to interact, i.e. form a 

crossbridge. When actin:myosin crossbridges form, the powerstroke is initiated by the release 

of ADP and inorganic phosphate from the myosin head. Ultimately, myosin pulls actin 

towards the sarcomeric midline and muscular force is generated. Once the acetylcholine 
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becomes deactivated, calcium is transported back into the sarcoplasmic reticulum, allowing 

tropomyosin to cover the myosin binding sites; actin slides back into its resting position; and 

muscle relaxation occurs (Huard, Li, & Fu, 2002).  

The Sarcomere and Sarcomeric Proteins  

 Within each muscle fiber are myofibrils that contain highly organized sarcomeres 

aligned perfectly with one another in series and in parallel. Each sarcomere contains a 

contractile apparatus and is composed of thick (myosin) and thin (actin) filaments. Z-discs 

connect sarcomeres in series along the length of the muscle fiber as well as to adjacent z-

discs of parallel myofibrils. Force is generated, and the myosin head binds to actin in the 

presence of calcium, causing the actin to be pulled to the midline of the sarcomere. Demsin is 

a protein in the intermediate filament that links z-discs to themselves both in series as well as 

to other z-discs that are in series with a parallel muscle fiber (Granger & Lazarides, 1979) 

(Kelly, 1969; Price & Sanger, 1979).   

 Force transduction via MTJ. The MTJ is a specialized complex held together by the 

muscle protein, desmin. It is responsible for linking the muscle fiber to the extracellular 

matrix, creating a path for contractile forces to be transferred to the bone via tendons. The 

capacity of skeletal muscle to produce great amounts of tension is a result of the capacity of 

individual sarcomere to exert tension equal to the whole fiber’s tension (Street & Ramsey, 

1965). If the force generated by the muscle becomes too great, the sarcolemma reaches it’s 

yield tension, resulting in sarcomeric damage. When damage occurs, it is typically found 

near the MTJ, because that is where the shortest sarcomeres are found; however, localization 

of damage is more dependent on the muscle type and activation state (Bass, 1969; Morgan, 

1990).    
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 Lateral force transmission. Not all muscle fibers within a muscle are series-fibers 

but terminate within the muscle belly at one end (known as non-spanning fibers). Non-

spanning fibers do not attach to the MTJ at the distal end of the muscle but do overlap other 

fibers with more than 40% of their length, creating an opportunity for lateral force 

transmission.  

 An experiment conducted in 1983 provided evidence supporting this theory of lateral 

force transmission by demonstrating force transmission is not solely focused at the MTJ 

(Street, 1983). In this experiment, a single fiber was used that was surrounded with a bundle 

of transected fibers at one end. Without being held stationary at one end, the single fiber was 

able to transmit 76-100% of the force transmitted to the distal end when held stationary at 

both ends (Street, 1983). Street further investigated lateral force transmission by using two 

splints each attached to a bundle of muscle fibers connected by a single muscle fiber. Upon 

being pulled apart, the spacing of the sarcomeres within the single fiber connecting the two 

bundles (creating equal spacing to that of the change in length of the local membrane of the 

muscle fiber attaching the two bundles). The synchronism between the sarcomere spacing 

and that of the length change in the local membrane provided further evidence of a link 

between the sarcomere and the cell membrane being utilized to transduce force (Street, 

1983). This transfer of extreme force between the sarcomere and cell membrane can induce 

muscle damage.   

 Lateral connections being responsible for force transduction was further investigated 

by using a bundle of muscle fibers in a divalent cation-free bath. When fibers were stretched 

to MTJ failure, stretched sarcomeres remained stretched and did not return to their resting 

position upon MTJ failure (becoming free of force transduction). The sarcomeres remained 
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in a stretched state upon termination of the stretch as a result of lateral connections 

overpowering the sarcomeric proteins made during the eccentric stretch (Law & Lightner, 

1993). This link was found to be composed of several proteins linking Z-lines and M-lines of 

the sarcomere to the cell membrane and connective tissue (Street, 1983). Costameres connect 

the sarcomere to the cell membrane and function to transmit forces laterally from the 

sarcomere along the entire sarcolemma.  

Types of Muscle Contractions  

 There are three types of muscle contractions: isometric, concentric, and eccentric 

(Tidball, 2011). During an isometric contraction, the force of the load is equal to the force 

generated by the muscle. As a result, the muscle does not change in length during the 

contraction. In concentric contractions, the force generated by the muscle is greater than the 

load, causing the muscle to shorten. During eccentric muscle contractions, the muscle 

lengthens as a result of the muscle not being able to overcome the load that is being placed 

on the muscle, forcing it to lengthen. Eccentric contractions are the most damaging 

contraction type, as sufficient crossbridges are difficult to attach/maintain during 

lengthening, which gives rise to contractile failure (Huxley, Faruqi, Bordas, Koch, & Milch, 

1980). Concentric contractions do not generate the same forces that eccentric contractions do, 

therefore concentric contractions do not typically generate the amount of damage as eccentric 

contractions (Armstrong, Ogilvie, & Schwane, 1983). However, when damage does occur as 

a result of concentric contractions, it is typically a result of great forces being exerted on the 

muscle or even ununiformed shortening of fibers exhibiting significant force (Julian & 

Morgan, 1979; Morgan, Mochon, & Julian, 1982).  
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 Contraction-induced examples of muscle damage are demonstrated by the fact that no 

detectable myofibrillar damage occurs with 30km of flat surface running (Friden et al., 

1983). However, significant damage in the calf muscles can occur within just thirty minutes 

after completing eccentric exercises (Friden, Sjostrom, & Ekblom, 1981). Rats subjected to 

downhill running displayed a disruption in the normal striated banding pattern of skeletal 

muscles following eccentrically biased exercise compared to flat or uphill running (Friden, 

Sjostrom et al. 1981.  

 Differences in concentric & eccentric contractions. There are significant 

physiological differences between concentric and eccentric contractions (other than) that the 

muscle lengths change when force is produced. In an early experiment in 1952, it was 

demonstrated that eccentric contractions elicit more force than concentric contractions. The 

two subjects bicycled (one peddled forward, generating concentric contractions, while the 

second test subject was forced to pedal backward). Because the forces were equal and 

opposite, and the cadence remained consistent throughout the study, greater force production 

was applied to the muscles contracting eccentrically than concentrically to do the same 

amount of work (Abbott, Bigland, & Ritchie, 1952).  

Types of Muscle Injury  

 Acute muscle injuries are changes to the normal structure of skeletal muscle that 

occur over a relatively short period of time. These injuries are sustained when the loading 

capacity of the muscle is exceeded (as seen in eccentric contractions) when skeletal muscle is 

presented with an unprecedented factor that can cause damage to the contractile elements. 

There are three distinct types of muscle injury: chemical, trauma, and contraction-induced 

damage. All three of these categories of damage have been utilized as a means of studying 
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muscle repair/regeneration processes. Although these three categories of damage are broad, 

each posses subgroups that provide more extensive details of the repair/regenerative process 

that they elicit.  

Chemical Damage 

 Myotoxins. Myotoxins are commonly injected into skeletal muscle as a means of 

studying subsequent degeneration/regeneration, as they are highly reproducible and mimic 

the natural influx of calcium that occurs following muscle damage (Ownby, Fletcher, & 

Colberg, 1993).  Chemical damage is commonly investigated through the use of electron 

microscopy and light microscopy(Foster & Carlson, 1980). Myotoxins include bupivacaine 

(Marcaine), a anesthetic, cardiotoxins (CTX), and notexins (NTX), which are derived from 

snake venom (Benoit & Belt, 1970). NTX, specifically, functions as a neuromuscular 

inhibitor because it specifically inhibits acetylcholine from being released. Cardiotoxins 

purified from the venom of Naja mossambica, in particular, are used in many studies as they 

offer a unique advantage of not affecting satellite cells or blood vessels (d'Albis, Couteaux, 

Janmot, Roulet, & Mira, 1988). However, it is important to note that the mechanism behind 

how myotoxins induce muscle damage is not very well understood.  

 Lefauchner and Sebille injected NTX into the TA of mice inducing subsequent 

degeneration followed by relatively rapid regeneration. In 1995 it was demonstrated that in as 

little as one day, the fiber displayed signs of necrosis as well as phagocytosis; and after three 

days, myogenic cells were in the process of regenerating. At day four following injury, 

myotubes began to form and remained present through day 21 as cells were almost normal, 

with centrally located nuclei still present (Lefaucheur & Sebille, 1995).   
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 In 1994, Saadi et al. studied muscle regeneration specifically of the fast type muscle 

fiber after being injected with the CTX Xenopus laevis. Their findings included degeneration 

of all myofibers 24 hours post-injection, proliferation of mononucleated cells at the 15th day 

post-injection, and the formation of new myotubes as well as centrally located nuclei at 19 

days post-injury. Somewhere between 19 and 20 days post-injection, the researchers noted a 

transition from myotubes to myofibers as well as the movement of centrally located nuclei to 

the periphery (Saadi, Nicolas, Gallien, & Chanoine, 1994).  

  Singhal and Martin studied time points of day 1, 4, 7, 14, and 28 post CTX injection. 

The CTX was diluted to a concentration of 10 µM in Phosphate Bufferes Saline (PBS) and 

was injected intramuscularly into gastrocnemius, tibialis anterior (TA), or quadriceps of 

various two month old mice (Singhal & Martin, 2015). Muscle cell sizes were measured and 

quantified, and it was found that 14 and 18 days following injury myofiber diameters 

decreased significantly. In another study, 25 µl of CTX was injected into the Tibialis anterior 

(TA) of an adult mouse. The tissue had an inflammatory response between day one and day 

four following injection. Around five to six days, cell differentiation as well as myotube 

formation occurred. Ten days following the injury, the general muscle architecture returned 

to normal; however, there were still centrally located nuclei for three to four weeks following 

the injection (Charge & Rudnicki, 2004). Generally speaking, light microscopy and 

immunohistochemistry (IHC) are techniques that are commonly used to investigate 

myotoxin-induced muscle damage.  

 Electron microscopy has been used to study the affects of exposing intact and skinned 

skeletal muscle at muscle fibers to bupivacaine in situ. Initially following exposure, the 

muscle fibers become super contracted (on both the macro and microscopic level), followed 
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by experiencing extreme plasma membrane injury. Although satellite cells were not affected 

by the administration of the drug, intercellular levels of calcium were extremely high (Ikai, 

1986). In another study using bupivicaine performed (in vivo), both immortalized and 

primary muscle cell lines were utilized and induced to form myotubes. The myotubes were 

exposed to increasing concentrations of bupivacaine for 1-2 hours. In both cell lines, 

increased concentrations of bupivacaine resulted in a decline in survival rates (Hofmann et 

al., 2013).  

 Trauma. Trauma-induced injuries are frequently found in naturally occurring 

circumstances. They can be easily be replicated and studied by using several different models 

aiming to mimic them. This is critical, as trauma-induced paralysis muscular injuries are 

unique to every naturally occurring circumstance.  

 Crush and heat. Crush and heat injuries commonly result in rhabdomyolysis. With 

muscle injury from heat or crush injuries, the skeletal muscle becomes so damaged that toxic 

intercellular components leak into the circulation, resulting as toxins in the blood. Creatine 

kinase is toxic to the extracellular environment, where its presence is unprecedented.  Crush 

and heat injuries are commonly identified with the use of light microscopy by a utilizing 

hematoxylin (H&E) stain. Although this is not a widely studied model of damage, it is 

important to note that crush and thermal injuries resulting in rhabdomyolysis are a direct 

result of severe skeletal muscle damage to both contractile elements as well as the cell 

membrane, thus promoting the leak of toxins (Coban, 2014). 

 Some scientists induce crush injury as a way of studying subsequent regeneration of 

damaged muscle. Crush injury of specific skeletal muscles can be initiated by contusing 

skeletal muscle by closing hemostat forceps either directly over the skeletal muscle itself or 
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over the entire limb. Some researchers prefer to use forceps as a means of eliciting direct 

crush injury, as it is more reproducible than indirect crush (over the entire limb) (Tatsumi et 

al., 2009).   

 Skeletal muscle regenerates continuously when its sarcolemma sheath is disrupted 

during injury. Regeneration is referred to as being continuous when sarcoplasmic buds 

develop at the ends of damaged fibers, where nuclei originate from existing healthy fibers. 

Discontinuous regeneration occurs when mononuclear cells begin to form inside of existing 

sarcolemma tubes.  

 Shono et al. used crush injury as a means of studying regeneration, more specifically 

the time course of macrophage infiltration. Both M1 and M2 marker proteins (CD197 and 

CD 206 respectively) were identified by immunohistochemical techniques. Their results 

indicate a presence of M1 macrophages one to four days following injury with a significant 

peak at day 4. From 7-10 days following injury M2 macrophages were present but peaked at 

day 7. Hematoxylin and eosin stains reveled that multinucleated muscle fibers were also 

present from days 1-5 following injury, with centrally located nuclei present from days 5-9 

post-injury. The injured tissue made a full recovery by day 30, which was indicated by no 

centrally located nuclei (Shono et al., 2013).   

 Cut. Muscle regeneration following both crush and cut muscle fibers have been 

studied side by side. Although the basic structure of skeletal muscle becomes less 

disorganized from a crush injury than from being cut, both forms of trauma-induced damage 

result in myogenesis. Upon injury of rat latissimus dorsi muscle, the muscular sheath may 

become completely disrupted, causing continuous regeneration (the sarcoplasmic buds grow 

away from damaged fibers, eventually fusing with one another). However, discontinuous 
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muscular regeneration may also take place in muscle fibers if injury occurs and the 

sarcolemmal sheath remains intact. In this case, mononucleated cells will begin accumulating 

inside of empty sarcolemmal tubes, eventually leading to fused myoblasts (Ali, 1979).   

 Specific time points of regeneration were noted in muscle that was injured by being 

cut. Day one through half of the second day following being cut 5-10mm in length, the 

latissimus dorsi of rats were infiltrated by leucocytes and macrophages that removed 

damaged tissue. This set the stage for small sarcoplasmic buds to form at the ends of the cut 

fibers three to four days after being cut. Around one week following the original injury, 

muscle fibers began bridging the gap with new fibrous tissue (Ali, 1979).  

 Homografting. Homografting is an experimental protocol that involves extracting 

muscles from small animals, mincing them into a semi-liquid state and reintroducing it (the 

muscle in a semi-liquid state) back into the animal. This procedure allows researchers to 

study muscle regeneration from a severely damaged state, not only its regeneration, but also 

the reinnervation of the nervous system. Within one month of the experimental protocol, the 

tissue possessed centrally located nuclei and severe atrophy of the muscle (of greater than 

50%). However, from two to six months, the muscle became fully restored, not only in mass 

and weight but also functional activity (Studitsky, 1964). Additionally, many researchers 

have used the extraction of heterogeneous populations of muscle cells being transplanted into 

the muscle of a new host to study muscle regeneration (Partridge, 2003).  

 Denervation-devascularization (DD). Denervation-devascularization (DD) is a 

simplified way of eliciting a similar regenerative response as homografting, with a less 

invasive technique by inducing temporary ischemia (Anderson, 1991). In the following DD 

model, Lefauchner and Sebille exposed the anterior compartment of the leg and dissected out 
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the distal tendon of the extensor digitorum longus muscle. Once this was accomplished, a 

thread was slipped under the tendon and run up the muscle to disrupt the nerve supply and 

vasculature, crushing the tendon on both the distal and proximal ends with forceps caused 

additional damage. Within as little as a few hours, inflammatory cells were present. On the 

second day after injury, necrotic myofibers were visible, and phagocytosis began at day three 

and lasted until day four.  Early signs of regenerated (enlarged) muscle cells appeared at day 

5 and remained present until day 14. Regenerating myotubes began to form at day 14, with 

all myotubes showing regenerative qualities (centrally located nuclei) at day 28 following 

injury (Lefaucheur & Sebille, 1995).  

 The regeneration following DD injury of the EDL is delayed as compared to that of 

notexin. Regeneration not only took place earlier following injury, but also required a shorter 

time period to reach completion. This could be a result of quiescent satellite cells being 

affected by the localized anesthetic in notexin injections as they are in the DD injury 

protocol, as satellite cells are resistant to myotoxins including both Marcaine and snake 

venoms (Harris & Cullen, 1990; Schultz & Lipton, 1978).  

 Freeze. Freeze injury is yet another method by which muscle can be damaged. In 

1997, Mclennan et al. studied the subsequent regeneration in rat skeletal muscle following 

freeze injury. The freeze injury was administered via a five second application of the blunt 

end of a liquid-nitrogen-cooled surgical probe to the muscle tissue. The subsequent 

regeneration of the muscle tissue was studied using IHC techniques, which allowed 

researchers to take comparative quantities and locations of specific growth factors (TGF-β2 

and TGF-β3). After which the locations of specific growth factors were noted in an attempt 

to pinpoint the stage of degeneration/regeneration that the tissue was in at various time points 
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(McLennan & Koishi, 1997). Freeze injury, just like other forms of trauma (cutting, 

denervation-devascularization, etc.) that can be a naturally occurring form of muscle damage 

that is also easily replicated in the laboratory setting.  

 Contraction-induced muscle injury. Any load applied to the skeletal muscle 

exceeding the muscle’s innate force producing capacity can result in damage. Hind limb 

unloading followed by subsequent reloading is a common method to induce contraction 

injuries. As muscles adapt to disuse, atrophy occurs, which sets the stage for any use or 

exercise to be unaccustomed, and damage occurs. As stated previously, eccentric muscle 

contractions produce the greatest amount of muscle injury and are easy models to study 

muscle damage for that reason.  

 Eccentric contractions are of particular importance as they are so applicable. This 

lengthening contraction is naturally implemented during phases that occur during exercise, 

such as running and walking. While it may be relatively easy to obtain muscle damage from 

eccentrically contracted muscles, concentric and isometric contraction induced injury might 

need to be studied using different circumstances to amplify their resulting damage.  

 Eccentric contraction. Eccentric contractions are the leading cause of contraction-

induced skeletal muscle damage (Friden, 1984; McCully & Faulkner, 1985). During an 

eccentric contraction, myofibrils are stretched to capacity. There are many sarcomeres within 

one skeletal muscle, each with varying degrees of elasticity and strength (possibly a result of 

their varying lengths) (Morgan, 1990). During elongation of the muscle, the weaker 

sarcomeres are the first to absorb the stretch and lengthen rapidly (Morgan, 1990). As the 

elongation progresses, the weaker sarcomeres have little overlap between thick and thin 

filaments, so they are the first to become overstretched, followed by the next strongest 
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sarcomeres. Disrupted sarcomeres form when the thick and thin filaments fail to fall back in 

line following injurious overstretching.  Because each sarcomere is attached end to end, the 

disrupted sarcomeres can propagate their destruction to adjacent myofibrils. Extensive 

damage in this fashion leads to damage to the sarcoplasmic, reticulum membrane, transverse 

tubules or sarcolemma, resulting in calcium to penetrate areas of the muscle freely, causing 

degradation (Proske & Allen, 2005).  

 Barash et al. studied the biological responses of eccentric contraction-induced injury 

in mice to examine their genetic profiles 48-hours after injury. Their goal was to develop a 

model of eccentrically induced injury in mice in order to identify the major genes involved in 

determining each animal’s subsequent biological response. Following injury, five muscle-

specific genes were up-regulated as compared to isometrically stimulated and contralateral 

muscles at 48 hours following injury. These findings suggest that eccentric contraction-

induced injury not only produces more damage but also elicits a greater regenerative 

response (Barash, Mathew, Ryan, Chen, & Lieber, 2004).  

 Strains. Strains are another way that researchers induce damaging eccentric 

contractions. Smith et al. utilized strains of the plantar flexor group of mice in an attempt to 

investigate muscle regeneration signals. To induce contraction of the plantar-flexor group, 

the muscles were tetanized using field stimulation. Upon stimulation, the muscles contracted 

causing the ankle to plantar flex. During the contraction, while the ankle was planar flexed, 

researchers moved the animal’s foot manually through its normal range. This caused the 

plantar flexors to become eccentrically loaded, and a muscular strain (damage) was produced 

via eccentric contractions (C. A. Smith, Stauber, Waters, Alway, & Stauber, 2007) 
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 Suspension/reloading. Reloading skeletal muscle following an unloading process 

that atrophies the muscle is a common method used to study muscle damage. In one study, 

rats experienced twenty-eight days of unloading via hind limb suspension, followed by 

reloading. Twenty-eight days of unloading produced atrophied muscles, and subsequent 

reloading resulted in severe sarcolemmal disruption. This method of muscle injury does not 

necessarily lead to necrosis and degeneration of reloaded skeletal muscle as it was previously 

thought (Kasper, 1995). Although information can be gained as to the skeletal muscles 

response of this situation, researchers must keep in mind this muscle injury model is unique. 

There is applicability in hind limb suspension followed by reloading, scientists can study the 

biological response of patients being exposed to prolonged periods of disuse resulting in 

muscle atrophy, just as astronauts are during space travel.  

 Downhill running (DHR). Downhill running is used to induce muscular injury in 

mice because it naturally implements eccentric contractions within the muscles (Armand et 

al., 2003). Eccentric contractions are generally the most damaging form of contraction 

because the muscle is forced to increase in length while an outside force such as gravity is 

acting on the muscle while it produces tension, resulting in direct mechanical damage to the 

myofibril (Armstrong et al., 1983; McCully & Faulkner, 1985; H. K. Smith, Plyley, Rodgers, 

& McKee, 1997; Tidball, 2011). During eccentric loading, skeletal muscle recruits less motor 

units compared to concentric loading (up hill running), increasing force generated per motor 

unit (Bigland & Lippold, 1954). Previous research has noted increased levels of neutrophils, 

and an increase in satellite cell activation and in a number of cells proliferating after being 

exposed to DHR (Darr & Schultz, 1987; Tidball & Villalta, 2010; Tiidus, Deller, & Liu, 
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2005; Tsivitse et al., 2003). Furthermore, DHR induces a large myogenic affect after damage 

(Armand et al., 2003; Friden, 1984; H. K. Smith et al., 1997).  

Consequences of Damage  

 Any force acting on a muscle fiber that exceeds its innate ability to combat the force 

will result in damage. Forces acting on the muscle fiber not resulting in a complete fiber tear 

cause z-band streaming. Z-band streaming can be defined as any alteration from the innate 

myofibrillar architecture. This alteration can include z-band alterations, z-bands out of 

registrar with one another, z-bands being extended or bisected by other z-bands, as well as 

widening of the z-bands. Muscle damage is commonly measured by decreases in force 

production. This is a direct result of mechanical disruption, as the contractile elements of the 

sarcomere are compromised during damage.  

 The consequences of z-band streaming on contractile function of the muscle include a 

temporary reduction in force production and z-band streaming especially in eccentric 

contraction-induced injuries to the myofibrils as well as cell membranes (Davies & White, 

1981; Friden et al., 1983). This force is transferred down the sarcomeres within each fiber as 

well as transmitted laterally to parallel fibers via z-bands. Muscle fibers that run continuously 

from their origin to insertion generate force that is translated through serial sarcomeres to the 

myotendinous junction (MTJ). Sarcomeres near the MTJ and the MTJ itself experience the 

greatest amount of force and damage/z-band streaming (Monti et al., 1999).  

 In 1996, Macpherson et al. investigated single eccentric stretches of varying strains 

applied to muscle fibers under three conditions of activation: a passive state, submaximal 

state, and maximally activated state. Results indicated that muscles produced less force than 

before stretching as a result of mechanical damage of myofibrils. More specifically, the 
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activated muscle fibers demonstrated a significant decline in force activation while passively 

stretched muscle fibers did not. In fact, the deficit in force was positively correlated with the 

magnitude of strain in activated muscle (Macpherson, Schork, & Faulkner, 1996). In a study 

using whole muscle fibers of the EDL of young mice, activated muscles that were exposed to 

a 30% strain expressed significant force reduction where passively stretched muscles requires 

much greater strains to result in a significant force deficit (Brooks, Zerba, & Faulkner, 1995).  

 Elongation of z-disks during eccentric contractions occurs by instantaneous 

lengthening in order from weakest to strongest sarcomeres and has been described as 

“popping” (Julian & Morgan, 1979). This popping occurs when sarcomeres reach their yield 

point during long eccentrically loaded stretch or during non-damaging short stretches (Julian 

& Morgan, 1979; Morgan, 1990). Un-uniformed popping or z-band streaming occurs along 

the muscle fiber as a result of each sarcomere possessing differences in strength, isometric 

capacity at specific lengths, and amounts of contractile proteins (Bass, 1969; Morgan, 1990). 

More generalized muscle damage includes sarcomeric disruption, which includes any 

abnormality that occurs with the sarcomeres themselves and can extend to other sarcomeres.  

Electron Microscopy as a Tool to Quantify Damage  

 Electron microscopy is a tool that is commonly used to examine the ultrastructure of 

skeletal muscle, as it can show structure of small objects as a result of the much shorter 

wavelength of electrons as compared to photons of visible light. Skeletal muscle samples are 

commonly analyzed using electron microscopy because it easily shows alterations in 

sarcomere structure, including misplaced z-line material. Because of this, electron 

microscopy has been used as a method of providing evidence for muscle damage (Friden et 
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al., 1981). Although there is no uniform method to quantify muscle damage in terms of z-

band streaming, several researchers have devised their own schemes.  

 Muscle samples analyzed using an electron microscope of healthy young individuals 

following injurious down stair running indicated local disturbances at two and seven days 

following injury. Disturbances consisted of broadening, streaming, and total disruption of the 

z-bands. Damage ranged from single z-bands within one myofibril to several damaged 

sarcomeres and myofibrils involved within a focal region. Damaged z-bands had adjacent 

myofilamentous material that was both super-contracted and out-of-register from other 

adjacent z-bands. Uniquely, these researchers noted gapping in the lattice patterns of z-bands 

that occurred in areas without broadening or z-band streaming, indicating disruption to the z-

band lattice as being a early sign of muscle damage (Friden et al., 1981).   

 In 1988, Ogilvie et al. provided a way to classify skeletal muscle lesions to protein 

structures during exercise. The first consisted of focal disruption of the A band, which was 

found to occur in 90% of lesions. Z-line/Z-band dissociation was the second classification of 

damage (Ogilvie, Armstrong, Baird, & Bottoms, 1988). In 2001, Matsuura et al. classified 

images from electron microscopy techniques containing sarcomere lesions as being present 

in five forms (sometimes more than one at a time). Classifications were created based on 

characteristics including sarcomere length, z-band alignment and the organization of 

myofilaments. Hypercontraction of the sarcomere occurs when they are shortened by more 

than 70% their natural length. Sarcomere hyperstretching was found to occur with forced 

elongation of the sarcomere by more than 130% of resting length. In the case of 

hyperstretching, the z-bands often appear wavy or blurred. Z-band disarrangement is the third 

classification of muscle damage and occurs when sarcomeres are normal in size but 
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demonstrate wavy or blurred contractile elements (Matsuura et al., 2001). Others have 

reported muscle damage by means of transmission electron microscopy in the rat and human 

(Matsuura et al., 2001; Wrede, Margraf, Goebel, Deuschl, & Schulz-Schaeffer, 2012). 

However, my study is the first to investigate muscle damage as a result of injurious DHR in 

mice as imaged using electron microscopy 
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Methods 

 
For this study, four young (12 week old) male C57Bl/J6 mice were used. Three of the 

mice underwent an acute bout of injurious DHR until exhaustion at -20° decline and 17 

m/min (meter per minute), while the fourth mouse was used as a no DHR control. Twenty-

four hours following DHR, the triceps brachii muscles were harvested and immediately 

processed for transmission electron microscopy. 

 

Downhill Run Protocol  

 Familiarization. The purpose of the familiarization protocol is to allow naïve mice to 

become acquainted with the treadmill environment and the act of running over a period of 

five days. Based on our experience, mice perform better on the treadmill if they are assigned 

a specific lane on the treadmill belt as well as run with multiple mice (3-4) per lane. All 

experiments were performed during the dark period of the light cycle, as mice are naturally 

nocturnal. After each familiarization period, the mice were returned to their individual cages 

residing in a separate room.  

All familiarization sessions were performed on a flat (no incline or decline) treadmill. 

The first day of familiarization consisted of placing the mice on the treadmill for five minutes 

with the belt off. On the second day, mice were placed on the treadmill with the belt off for 

two minutes before its speed was increased to 7 m/min for two minutes. On day three, the 

mice repeated the day two procedure followed by the belt speed increasing to 9 m/min for 

two minutes. Day four consisted of the mice repeated the day two procedure, followed by an 

increase in speed to 7 m/min for three minutes then an increase in speed of 9 m/min for three 
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minutes. On day five, the mice repeated day four, but performed two additional minutes of 

running at 11 m/min. 

 Warm-up protocol. The day following the last familiarization day (day six), each 

mouse performed a warm-up protocol. This was critical, before this point none of the mice 

had been exposed to DHR or even a belt speed of more than 12 m/min. During the first 

minute of the warm-up protocol, each mouse was placed in the same lane as they were 

assigned during the familiarization protocol with their same running mates with the shock 

grid active and the belt speed set to 7 m/min. The mice ran, and the belt speed was increased 

every minute by 1 m/min for eleven total minutes. At minute three, the belt was set at a 2° 

decline, followed by a 5° decline in minute five, a 10° decline in minute seven, a 15° decline 

in minute nine. At minute ten, the mice will experience a 20° decline with a final belt speed 

of 17 m/min.  

 Downhill treadmill running protocol. Following the warm-up protocol, the mice 

were subjected to running downhill (-20°) at a speed of 17 m/min until exhaustion. 

Exhaustion was defined as each mouse exhibiting a change of gait, as well as being in 

contact with the shock grid for ten consecutive seconds. When each mouse reached a point of 

exhaustion, the exercise bout was immediately terminated and that mouse was removed from 

the treadmill. The mice were placed back in their cage and monitored until they returned to 

normal activity with access to food and water.  

Muscle Harvesting & Fixation  

 Twenty-four hours post-DHR, each mouse was taken to a surgery room following 

general anesthesia and euthanized using cervical dislocation. Triceps brachii muscles of the 
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left and right forelimbs were harvested and immediately fixed in 4% glutaraldehyde, then 

stored at 4° C for subsequent tissue preparation.  

Semi-thin sections were cut at approximately 0.90µm thickness, stained with 

methylene blue, and observed under light microscopy. For transmission electron microscopy, 

serial ultrathin sections (approximately 90nm in thickness) were cut, mounted on a copper 

grid, stained using uranyl acetate and lead citrate and examined in a JEOL, JEM-1400 TEM 

at 120kv. Once the tissues were cut into both thick and thin sections longitudinally, they were 

analyzed using an Olympus IX81 and a JEOL JEM-1400 Transmission Electron Microscope, 

respectively. This enabled the experimenter to verify muscle damage, as evident by the 

presence of z-band streaming.  

 Tissue preparation for electron microscope analysis. Tissues were first washed in 

three increments of forty-five minutes with a sodium phosphate buffer at pH of 7.4 (to mimic 

the natural pH of skeletal muscle). Next, the tissues were post-fixed in 1% osmium tetroxide 

and placed in 4°C overnight. The following day the samples were washed three times with 

sodium phosphate buffer (PBS) at pH of 7.4 for 45 minutes, then dehydrated in a stepwise 

fashion. 

 Tissue dehydration. Acetone was used for dehydration in ascending concentrations 

for seven hours. The samples were exposed to each concentration for one hour (30%, 50%, 

75%, 85%, 95%, 100%, and 100%). After removing the second 100% acetone step, medium 

Spurr’s resin was mixed in a 1:1 ratio with 100% acetone and placed on the samples for 

twenty-four hours with the lid ajar for proper ventilation at room temperature. 

Infiltration & embedding. On the third day the 1:1 mixture was pipetted off of the 

sample and room temperature pure medium Spurr’s resin covered the longitudinally oriented 
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tissue within Single End Molds (Ted Pella, Redding, CA96049), and all samples were cured 

at 63 °C overnight (15 hours) 

Trimming & cutting semi-thin sections. The Spurr’s resin casts with tissue were then 

trimmed using a razor blade and a dissecting microscope to obtain a trapezoidal shape around 

3mm in length on the longitudinal face of the tissue. Once a flat cutting face was obtained, 

thick serial sections were cut 0.9 µm thick with a glass blade, and sections were stained with 

methylene blue azure II-basic fuchsin stain for epoxy-embedded tissue sections and analyzed 

with a light microscope to confirm longitudinal orientation.  

 Methylene blue-azure II-basic fuchson stain was used to provide a contrast in the 

semi-thin sections. Each semi-thin section was collected on a glass slide, placed on a drop of 

deionized water, and heated at a medium temperature for five minutes to allow the water to 

evaporate. Once the glass slide was cooled, it was immersed in methylene blue-azure II 

solution for ten minutes at 61° C, immediately followed by rinsing in two changes of 

deionized water. Following the rinsing steps, the samples were transferred to the basic 

fuchson solution for two to three minutes at room temperature. The slide was then rinsed a 

second time in two changes of deionized water. The sample was air dried, and a coverslip 

was applied with one drop of xylene and one drop of mounting media then allowed to dry in 

room temperature before being analyzed using a light microscope (Humphrey & Pittman, 

1974).  

 Ultrathin sections. Serial thin sections (90 nm) were cut using the microtome and 

collected on copper grids. Once on the grid, the sample could be stained to provide a contrast 

to be seen using the TEM.  Tissue sections on copper grids were placed sample side down on 

single liquid drops that were placed on a covered wax surface stained all grids. Four separate 
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staining dishes were used: the first contained one drop of 1% aqueous uranium acetate, the 

second dish contained ten drops of deionized water, followed by a dish with one drop of the 

lead citrate, then the last wash dish with ten drops of deionized water.  

 Four grids were stained at a time; the first four were placed on the surface of the 

uranium acetate drop (section face down) for four minutes. Following the uranium acetate 

step, the copper grids were transferred to the first drop of water in the second dish (section 

face down). Each sample was then washed with exposure to each of the ten drops of water 

one minute each for a total of ten minutes. After each of the grids completed the wash phase, 

they were exposed to the lead stain (section face down) for three minutes. Next, all four of 

the grids were placed sample side down on each of the ten drops of deionized water for one 

minute each (as before), then blotted dry by dabbing the copper grids on a paper towel 

(section face up).  

Imaging via TEM  

 Images were taken at 2000x, 3000x and 5000x magnifications. The images that were 

selected included a variety of objectives because of the difficulty in obtaining images. 

Reasons for it being difficult to obtain images at every magnification were due to obstructed 

fields of view (by the copper grids), and scarcity of sample sections on each grid.  
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Results 

 Mouse characteristics and visualized damage are displayed in Table 1. Three mice 

completed DHR (DHR 1-3), and one mouse was used as a control (no DHR). DHR 1 

performed 42 minutes of DHR, DHR 2 performed 54 minutes, and DHR 3 performed 63 

minutes. The control sample contained no damage, as made apparent by highly the organized 

sarcomeric structure and aligned z-discs (figures 1 & 2). As compared to the control sample, 

DHR samples generally displayed damaged myofibrils and mild to severe sarcomeric 

disruption. Specifically, DHR 1 displayed nine out of nine damaged myofibrils and moderate 

sarcomeric disruption as made apparent by the disorganized z-disc alignment (figure 3). The 

top fiber in Figure 4 for DHR 2 displayed six out of eight damaged myofibrils and moderate 

sarcomeric disruption, while the bottom myofiber displayed two out of five damaged 

myofibrils and mild sarcomeric disruption. Two representative imaged from DHR 3 were 

used. The first image displayed one out of twelve damaged myofibrils and severe sarcomeric 

disruption, as made apparent by the staggered z-disc alignment (figure 5). The second image 

for DHR 3 displayed four out of fourteen damaged myofibrils and moderate sarcomeric 

disruption (figure 6).  
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Table 1: Mouse Characteristics, DHR exercise time, and indication of sarcomeric damage. 
 
 
  

Animal' Body'Weight'(g)' Exercise'Time'(min)' Damage'(sarcomeric'
disrup<on)'

Control' 25' 0' None'

DHR1' 23' 42' moderate'

DHR2' 25' 54' mild'

DHR3' 25' 63' Moderate9severe'
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Figure 1: Control (No DHR), this image demonstrates what normal tissue looks like. Arrows 
indicate uniform z-bands spanning the length of the image, connecting fibrils. This image 
was taken at 3000x, and the scale bar is 1 µm in length.  
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Figure 2: Control (No DHR), this 4000x image demonstrates normal skeletal muscle 
structure, arrows highlight clearly defined z-bands that run continuously between adjacent 
myofibrils. The scale bar is 1 µm in length.  
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Figure 3: DHR 1, This image of DHR 1 was taken at a 3000x objective; the scale bar 
represents 1 µm. Nine of the nine myofibrils present displayed damage (shown by stars), 
illustrating that the image as a whole demonstrated moderate sarcomeric disruption. 
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Figure 4: DHR 2, six of the eight myofibrils demonstrated damaged in the top left myofiber, 
and two of the five myofibrils displayed damage in the bottom right myofiber (as shown by 
stars). The top left myofiber contained moderate sarcomeric disruption, while the bottom 
right myofiber contained mild sarcomeric disruption. The image was taken at 2000x and the 
scale bar represents 2 µm. 
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Figure 5: DHR 3, the scale bar in the 2000x objective image is 1 µm, and the insert was 
taken at a 8000x objective. Figure 5 displayed one out of twelve damaged fibrils. Severe 
sarcomeric disruption is apparent by the staggered z-disc alignment. The stars indicate areas 
of damage, and the arrows indicate the staggered z-discs.  
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Figure 6: This image of DHR 3 was taken at a 3000x objective; the scale bar represents 1 
µm. In this image, four of the fourteen myofibrils displayed damage; the wavering z-bands 
(as indicated by arrows) demonstrate moderate sarcomeric disruption.  
 

 

 

 

 

 

 

  



	  

	  34 

Discussion  

 The purpose of this study was to use transmission electron microscopy to investigate 

the extent to which an acute bout of downhill running produces skeletal muscle damage in 

young mice. Similar to findings from rabbit and human studies (Frias et al., 2005) (Mackey 

et al., 2008), I was able to detect damage in mouse skeletal muscle tissue in response to an 

acute bout of injurious downhill treadmill running and provide a means to quantify the 

muscle damage. The findings in the current study are consistent with the timeline of damage 

and regeneration following muscle injury in the literature demonstrated using various 

techniques including Delayed Onset Muscle Soreness (DOMS), Hematoxylin and Eosin 

(H&E) staining, Immunohistochemistry (IHC), and Evans Blue Dye (EBD). In order to gain 

an understanding of where muscle damage falls in the spectrum of the physiological response 

to injury, it is important to take the findings from each technique into consideration.   

Techniques Used to Quantify Muscle Damage 

 DOMS. Muscle soreness is commonly used as a measurement tool to quantify muscle 

damage following exercise, however it has produced inconsistent results. DOMS utilizes a 

scale to assess muscle damage based on the subject’s perceived soreness/pain of the muscle. 

Major limitations of this technique are that it is: 1) subjective and 2) not feasible for use in 

animal models of muscle damage. Despite the limitations and inconsistencies in the presence 

of DOMS that have been reported, it is an easy, noninvasive technique commonly used to 

give researchers insight into the degree of muscle damage that has occurred following 

various muscle injury protocols.  

 In 2008, Mackey et al. assessed muscle soreness pre and post-exercise during three 

different conditions: self-palpation, active contraction, and passive stretching of the medial 
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gastrocnemius (Mackey et al., 2008). A significant increase in soreness levels were found 72 

hours following electrically stimulated contraction-induced damage, and the degree of 

soreness returned to normal after seven days in all three different states. In another study 

using DOMS to quantify muscle damage following injurious isometric contractions of the 

quadriceps muscles, muscle soreness was found to be significantly higher than that of 

controls 48 hours following injury (Jubeau et al., 2008). In a study using electrical 

stimulation to induce muscle damage in the quadriceps muscle of trained athletes, researchers 

did not find any muscle soreness at all, and attributed the fact that there was little to no 

soreness to the fact that subjects were highly trained (Zorn, Szekeres, Keilani, Fialka-Moser, 

& Crevenna, 2007).   

 In the current study, damage was found in just 24 hours following downhill running 

in the triceps mice using transmission electron microscopy. This is justifiable as electron 

microscopy is a technique that allows researchers to see damaged ultrastructures immediately 

after the damage occurs, and DOMS is a noninvasive technique that measures the aftermath 

of damage on a more holistic scale. The timing of DOMS should be taken into consideration 

with other techniques that measuring muscle damage.  

 Hematoxylin & eosin (H&E). H&E is another method that is commonly used to 

quantify muscle damage. It allows researchers to visualize muscle cells, and quantify damage 

that is expressed as a percent of damaged muscle cells. Tsivitse et al. (2003) quantified 

muscle damage using H&E in the soleus muscle of mice following an injurious bout of DHR. 

The injury protocol that was used is similar to the one used in the current study and involved 

mice running downhill (-16%) at a speed of 17 m/min for five minutes with a two minute rest 

interval; this was repeated for a total of eighteen times (80 minutes of running total). 
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Although they were able to detect muscle injury in as little as 24 hours following DHR, peak 

damage was not found until 72 hours following DHR, compared to control.  

 Later, Tsivitse et al. (2009) demonstrated skeletal muscle injury from a different DHR 

protocol. This protocol included the mice running at a -15% decline at a speed of 22 m/min 

for a continuous bout lasting 40 minutes in duration. Although there was minimal muscle 

damage 24 hours following injury (using H&E), significant muscle damage was found 96 

and 120 hours after DHR. These findings are very similar to those found in the current study 

using electron microscopy.  

 Both H&E and electron microscopy techniques provide images of the structure of 

skeletal muscle. However, H&E usually utilizes cross-sectional images to measure abnormal 

cells that are among healthy, undamaged cells. The change in the morphology of damaged 

cells apparent in cross-sections requires a biological response, thus requiring time following 

injury. Electron microscopy is much more sensitive at detecting muscle damage because 

sarcomeric organization can be visualized rather than cellular damage with H&E staining. 

This explains why the studies mentioned above only demonstrate minimal damage after 24 

hours but report significant muscle damage 72-120 hours following injury.  

 Immunohistochemistry (IHC). Immunohistochemistry has been used to study the 

presence of inflammatory cells, as they are critical to the repair process of skeletal muscle 

following injury (Pizza, McLoughlin, McGregor, Calomeni, & Gunning, 2001; Seale & 

Rudnicki, 2000). In 2003, Tsivitse et al. reported an increased concentration of neutrophils 

following injurious downhill running at 2, 6 and 24 hours following injury. However, none of 

the concentrations were deemed significant, compared to control (Tsivitse et al., 2003). Other 

researchers have demonstrated a significant increase in neutrophil concentration around the 
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same time points following lengthening contractions (Pizza et al., 2001). This verifies that 

muscle regeneration, as evidenced by inflammatory cells, occurs as little as two hours 

following the initial injury and lasts at least until 24 hours following injury.  

 In addition to inflammatory cells being viable markers of regeneration following 

damage, the presence and absence of proteins critical to the structure of skeletal muscle have 

also been used. Mackey et al. reported macrophage infiltration in skeletal muscle 48 hours 

following injurious electrical stimulation (Mackey et al., 2008). These findings were 

consistent with z-line alterations that were present in every exercised sample, similar to the 

findings in the current study.  

 The identification of inflammatory cells present between 2-24 hours following injury, 

combined with the alteration of critical sarcomeric proteins 48 hours following damage 

illustrate muscle regeneration. For muscles to regenerate, muscle damage must first be 

present. The evidence of muscle damage found in this study supports the findings using IHC, 

as damage has been found 24 hours following injury, and the inflammatory response and 

absence of proteins were found around the same time point, and continued past it. There is a 

lag following initial damage, for the body to make physiological adaptations, the results 

captured in this study illustrate initial muscle damage 24 hours following injury and the 

results mentioned above using IHC illustrates the physiological adaptation that follows.   

 Evans blue dye (EBD). Evans Blue Bye is commonly used to study cell membrane 

damage (Hamer, McGeachie, Davies, & Grounds, 2002). Muscle cells infiltrated with EBD 

in soleus muscle were reported at 72, 96, and 120 hours following injurious DHR, indicating 

a possibility of compromised muscle cell membranes at these time points. Additionally, 

significant muscle injury was found at 96 hours following injury (using H&E staining) 
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(Tsivitse et al., 2009). These findings indicate that the cell membrane is most likely 

compromised when the muscle is originally damaged, prior to physiological adaptations to 

muscle damage that are apparent when using H&E staining, IHC, or EBD.  

Discontinuity in Describing Muscle Damage seen using Electron Microscopy 

In the current study, the control sample demonstrated uniform sarcomeric structures 

that spanned the length of the myofibrils and possessed normal skeletal structure with clearly 

defined and uniform z-bands. Mild sarcomeric disruption was said to include two of the five 

myofibrils being damaged (figure 4). Moderate sarcomeric disruption included six out of the 

eight myofibrils or 4:14 myofibrils possessing damage, with wavering z-bands present 

(figure 4, figure 6). Severe disruption included one out of twelve myofibrils being damaged 

with severely staggered z-disc alignment (Figure 5).  As was evident, I believe that the 

quality and organization of z-discs and overall structure takes precedence over the damaged 

to healthy myofibrillar ratio when quantifying damage.  

 Researchers have taken several different approaches to quantifying skeletal muscle 

damage. The most popular method of quantifying muscle damage from ultrastructure 

longitudinal images is by counting the total number of fibers and providing a ratio of the 

number of damaged fibers over the total amount of fibers present in the image. Once it is 

determined that there is a ratio of damaged fibers to undamaged ones, researchers utilize 

different methods of ranking the degrees of damage, and seem to assign their own titles. This 

makes it extremely difficult to compare results across several different researchers. In the 

current study, I chose to use a combination of z-band disorganization and sarcomeric 

disruption to assess muscle damage. 
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 For example, in 1981, Friden et al. refers to damaged fibers as having any of the 

following characteristics/features: frequent focal disturbances, extreme disorganization of 

one fiber, one z-band of one myofibril affected, and several sarcomeres and myofibrils being 

affected. Friden et al. 1981 added to the confusion by naming different damaged areas in 

images that are taken at different objectives. This technique can be quite subjective and can 

lead to the misinterpretation that an image taken at a medium objective may contain many 

more areas of focal or moderate disruption or that the damage may just be out of the field of 

view.  

 In 1983, Friden et al. are not even consistent with their own titles of damage assigned 

among their studies. In a study conducted just two years later, Friden et al. use different titles 

to describe the damage, including severely disorganized z-band extending into the I-bands, z-

band streaming and broadening, and abundant z-band extensions. The image that possessed 

severely disorganized z-bands extending into the I-bands was taken at 30,000x objective. 

Other images that were given different titles of damage, such as abundant z-band extensions 

(taken at 7,500x) could quite possibly also have z-bands extending into the I-bands, but it is 

much harder to detect, given that the objective is so different (Friden et al., 1983).  

 In 1995, Gibala et al. seem to take it one step further by not only defining sarcomeric 

disruption as inclusion of any apparent disturbances of the normal banding pattern but also 

ranking damage into three categories: focal, moderate, and extreme. According to Gibala et 

al., focal disturbances must cover an area occupying 1-2 adjacent myofibrils and/or 1-2 

continuous sarcomeres. An area of moderate disturbance must occupy an area encompassing 

3-10 continuous sarcomeres and/or 3-10 adjacent myofibrils or more than 10 moderate areas 

of disruption. An extreme disturbance rating must include more than 10 continuous 
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sarcomeres and 10 adjacent myofibrils or more than 10 moderate areas of disruption (Gibala, 

MacDougall, Tarnopolsky, Stauber, & Elorriaga, 1995) 

 Kocman et al. utilizes yet another damage classification system that provides five 

different areas of damage, as well as a score chart. However, these rankings are not specific 

to TEM images as they include aspects that are out of the scope of electron microscopy. The 

five areas of damage include degeneration of the muscle fibers, centralization of nuclei, 

inflammatory cell infiltration, vasoconstriction, and disorganization. These five categories 

are then assigned an analog damage score from 0 to 2; with 0 being normal (no apparent 

damage), 1 being mild, and 2 being severe (Kocman et al., 2015).  

 As is evident, there are multiple methods described in the literature to assess skeletal 

muscle damage, yet there is no one method better than another. However, researchers have 

overcome this obstacle by developing their own criteria, as I have done in this study. 

Although this may clarify some aspects of their data within one publication, the classification 

of muscle damage is not only inconsistent among researchers, but also between publications 

by the same group of authors.   

 In conclusion, the present study utilized electron microscopy to visualize muscle 

damage in mice twenty-four hours following an acute bout of injurious downhill running. 

Electron microscopy is a worthwhile, but complex and time-consuming method of detecting 

muscle damage in the early timepoints following damage. Furthermore, it allows researchers 

to visualize the mechanical results of contraction-induced damage immediately after they 

occur. Other methods of identifying muscle damage require the identification artifacts that 

are associated subsequent repair/regeneration, which requires time for physiological 

responses to take place.   
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