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Abstract 

Rotator cuff injury is a debilitating condition and when injury cannot be managed through non-

operative procedures, surgery is required. To determine explanations for the failure of surgery to 

restore joint function, human muscle biopsies of supraspinatus were studied compared to deltoid. 

Histology showed atrophy and a tendency toward fibrosis/fatty infiltration in injured 

supraspinatus. Findings from AChR-subunit western blot and Sema3A localization around 

satellite cells suggest supraspinatus denervation. Nucleotide incorporation to quantify satellite 

cell activation in culture showed a significant increase in BrdU+(active) satellite cells in 

supraspinatus treated with a nitric oxide-donor drug, but not deltoid muscle. The application of 

principal component analysis to these data extracted components that suggest variables assaying 

muscle atrophy, satellite cell activity, and fibrosis contribute strongly to the observed variability. 

The results suggest supraspinatus muscle of the injured rotator cuff is atrophic, denervated, 

possibly subject to fibro-fatty infiltration, and support the idea that treatment could promote 

growth in atrophic supraspinatus to improve functional outcomes.   
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Thesis Plan 

Shoulder injury is a common and painful condition that affects between one third and one 

half of individuals (Lewis 2009; Yamaguchi et al. 2006). This project utilized human muscle 

biopsies from participants with rotator cuff injury. The basics of skeletal muscle including 

formation, structure, nerve and vascular supply, satellite cell biology and regulation, and rotator 

cuff function and injury will be reviewed. Study hypotheses were formulated based on the ideas 

presented in the literature and preliminary findings from my honours project. Objectives led to a 

plan for experiments to test the hypotheses, and development of project-specific methods. 

Findings are reported, discussed, and interpreted with a new understanding of the significance of 

the research area, and point toward future investigations.  

Literature Review 

Myogenesis  

Myogenesis is the process of muscle formation. During prenatal development all the skeletal 

muscle in the body forms from cells in somites which are made up of dorsal mesoderm 

(MacIntosh et al. 2006). Cells destined for the muscle lineage express myogenic regulatory 

factor proteins produced from myogenic master regulator genes including myoD, myf5, 

myogenin and myf6 (Buckingham 2001). Initially, myf5 and myoD activation triggers cells 

(subsequently called myoblasts) of the somites to a myogenic fate. Myoblasts are spindle-shaped 

cells and are actively undergoing transcription. During development, myoblasts migrate from the 

somites to the site of body and limb muscles, proliferate, align with parallel long axes of 

respective body segments, and fuse into multinucleate myotubes which terminally differentiate 

and therefore cease cellular division (MacIntosh et al. 2006).  
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Three temporally distinct groups of myoblasts migrate from the somites to form 

myotubes; the first group consists of primary, or embryonic myoblasts which fuse into primary 

muscle fibres, while the second group is composed of secondary, or fetal myoblasts which fuse 

into secondary muscle fibres (MacIntosh et al. 2006; Feldman and Stockdale 1992). Innervation 

occurs concurrently with the formation of secondary myotubes (Buckingham 2001). The third 

and final group of migrating myoblasts consists of adult, satellite cells; the appearance of these 

cells in a muscle corresponds with the formation of the basement membrane around the fibre 

(MacIntosh et al. 2006; Yablonka-Reuveni et al. 1994). 

Myotubes enlarge and muscle masses split when they reach a critical size; these new 

fascicles are surrounded by perimysium by the activity of fibroblasts, which produce connective 

tissue proteins and deposit them in the extracellular matrix. Growing myofibres must separate to 

keep an optimal surface area to volume ratio, important in regard to receiving nutrients and 

maintaining homeostasis (MacIntosh et al. 2006). Postnatally, muscles undergo longitudinal 

growth through the addition of sarcomeres (MacIntosh et al. 2006). If fibres undergo injury or 

stretch, and growth or regeneration is required, special muscle cells called satellite cells are 

activated (see section on “Satellite Cells”). 

Skeletal Muscle Structure 

Healthy skeletal muscle contracts to produce everyday movements, be they for self-care, sport or 

otherwise. The contractile ability of skeletal muscle is attributable to sarcomeres, which also give 

muscle its striated appearance. Sarcomeres are comprised of repeating units of muscle filaments 

(called myofibrils) and it is the interaction of these myofibrils, including actin and myosin, that 

cause shortening (and subsequent lengthening) of muscle fibres to yield the characteristic 

contraction/relaxation mechanism of skeletal muscle; the sarcomeres are the units of contraction, 
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and they are grouped into bundles called myofibrils (MacIntosh et al. 2006). A single muscle 

fibre (myofibre) is comprised of many myofibrils, and is formed during development or muscle 

growth by the fusion of mononucleated muscle cells (myocytes). The myofibre membrane is 

called the sarcolemma, and is comprised of the plasma membrane of the cells and an external 

layer of polysaccharides.  

Each individual muscle fibre is surrounded by a connective tissue sheath termed 

endomysium which holds the tissue together and acts as a scaffold for muscle development 

during muscle growth or repair (MacIntosh et al. 2006). Many myofibres come together to form 

a fascicle and many fascicles make up the muscle belly. Similar to individual muscle fibres, 

fascicles are also surrounded by a connective tissue sheath, termed perimysium, while 

epimysium surrounds the entire muscle belly. The perimysium surrounding fascicles has some 

looser and more delicate collagen fibres to permit blood vessels and nerve branches to penetrate 

within the muscle for metabolic homeostasis and excitation/contraction coupling (MacIntosh et 

al. 2006). The connective tissue within the muscle is structurally important because it resists 

stretch and evenly distributes forces to minimize potential damage to the fibres (MacIntosh et al. 

2006).  

Vascularization 

Muscle, similar to all tissue, requires a vascular network of blood vessels by which to receive 

nutrients and discard wastes. The blood vessel density of muscle is related, then, to the metabolic 

activity of that muscle (Best et al. 2013). Angiogenesis is the process by which new capillaries 

form by sprouting from existing vasculature, and it occurs to increase the vessel density when 

metabolic demands rise (Liu et al. 2011). Blood vessel density in muscle can be indicative of the 

metabolic demands on the tissue, and insufficient vasculature may be indicative of a diseased 
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state. An inadequate supply of nutrients or a build-up of toxic waste products due to a lower-

than-necessary vascular density may lead to atrophy and a decrease in muscle strength and 

function. These detrimental changes to the vascular supply may therefore lead to joint instability 

(due to muscle weakness) and ultimately muscle or joint-capsule and tendon injury.  

Reports on the vasculature of the rotator cuff (RC) largely focus on tendon vasculature. 

In each of the four muscles that comprise the RC, tendon vasculature differs (Chansky and 

Iannotti 1991). The supraspinatus (SS) tendon in particular is known to have a region of 

decreased vascularity close to its insertion on the humeral head, which has been named in the 

literature “Codman’s critical zone” (Chansky and Iannotti 1991; Lohr and Uhthoff 1990).  This 

region is commonly associated with tears; however, whether vulnerability is due to the 

hypovascular region is debatable (Chansky and Iannotti 1991; Lohr and Uhthoff 1990).  

In an extensive review of SS tendon vasculature, Lohr and Uhthoff (1990) also describe 

differences in the articular and bursal sides of the SS tendon, in addition to the hypovascular 

“critical zone”. The vasculature on the articular side of the SS tendon is described as uniformly 

sparse, whereas the bursal side is described as well vascularized (Lohr and Uhthoff 1990).  That 

report goes on to suggest that injury to the articular side may be due to the decreased vasculature 

in that area; and that partial tears in this region produce little inflammation (Lohr and Uhthoff 

1990). Clark and Harryman (1992) suggest secondary disruption of vessels due to minor, 

microscopic tendon or capsule injury may restrict blood flow and cause subsequent necrosis or 

tendon degeneration. Rodeo (2007) found an increase in vascularity following repair of an acute 

injury which suggests the importance of vascular invasion. That being said, vascular invasion 

does not always indicate repair. Chansky and Iannotti (1991) contrast mechanisms of chronic 

tendon pain and pathology with spontaneous rupture in sport on the basis of vasculature or lack 
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thereof; findings suggested that the invasion and proliferation of new vessels causes swelling in 

chronic tendon pathology whereas lack of vasculature and asymptomatic degeneration may 

underlie spontaneous tendon injuries. Moseley and Goldie (1963) suggest the vascular pattern of 

the RC does not change with age, while Rodeo (2007) reports linear decreases in tendon 

vascularity with increasing age. The effect of aging on muscle will be discussed more later (see 

“Effect of Aging on Muscle”) 

The Extracellular Matrix  

An extracellular matrix (ECM) surrounds muscle fibres. Though not directly involved with the 

contraction of muscle, the ECM has a pivotal role in muscle plasticity and function, consistent 

with the observation that a majority of the genes that show increased expression due to exercise 

are related to the ECM (Dahiya et al. 2011). The ECM surrounding skeletal muscle fibres is 

often called the basement membrane and it provides structural support and restricts the impact of  

a given area of damage while simultaneously providing a framework for regeneration (more on 

Muscle Regeneration later) (Sanes 2003). The basement membrane can be further divided into 

two components: the basal lamina, which resides immediately upon the sarcolemma (i.e., just 

external to the muscle fibre membrane), and the outer reticular lamina, which is external to the 

basal lamina. The basal lamina, and consequently the basement membrane, is comprised 

primarily of collagen IV and laminin. Collagen is a large filamentous protein coiled into a helix 

that is resistant to degradation by most proteases and can only be degraded by matrix 

metalloproteinases (MMPs); as a result, MMPs are often involved in tissue remodeling (Piez and 

Carrillo 1964; Kuehl et al. 1981; Bruckner and Prockop 1981; Kuhn 1995; Varghese 2006). The 

outer reticular lamina is interconnected with the basal lamina, the sarcolemma and the 

cytoskeleton via various cross linking and anchoring proteins including integrins and the 
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dystrophin-glycoprotein complex (DGC) which will be reviewed later (Jung et al. 1995; 

Campbell and Stull 2003). The integrity of the basal lamina is crucial for proper muscle 

regeneration, adequate revascularization and reinnervation; this dependence is shown by the poor 

recovery of injured muscle in which the basal laminar scaffold has been disrupted (Sanes 2003). 

Laminin, in particular, plays an important role in myoblast proliferation, migration, and 

differentiation. Thus the basal lamina, composed mainly of laminin, may actually promote as 

well as spatially restrict regeneration to the region of injury (Sanes 2003; Campbell and Stull 

2003). 

The ECM also has trophic functions and is the location of enzymatic activity, as many 

biologically active proteins (related to various cellular events) bind to proteoglycans on laminin 

and collagen IV of the ECM (Sanes 2003). This storage of various factors in the ECM negates 

the need for de novo transcription of a gene to then produce a protein; rather, proteins, some in 

their inactive zymogen forms, can be cleaved from the matrix and activated quickly via 

proteases, in response to various stimuli (Rullman et al. 2013). Depending on the nature of the 

molecule, these signals can then regulate many cellular events including cell motility, division, 

differentiation and survival (Wang and McPherron 2012).  

Matrix Metalloproteinases  

As mentioned earlier, MMPs have a role in tissue remodeling and Zimowska et al. (2008) 

suggest MMPs also have a role in myoblast migration. Specifically, MMP9 is a member of the 

zinc-dependent family of endopeptidases and has low basal expression in most tissues in addition 

to broad substrate specificity (Dahiya et al. 2011; Rullman et al. 2013). MMP9 is also referred to 

as gelatinase B; gelatinase A is a similar proteinase also known as MMP2 which has a higher 

basal expression in tissue (Rullman et al. 2013; Wang et al. 2012). Of particular interest is the 
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capability of MMP9 to degrade ECM proteins including the major component of the basal 

lamina, collagen IV (Rullman et al. 2013). Wang and associates (2012) explain that ECM 

remodelling via gelatinases/MMPs maintains matrix composition and integrity and is important 

to muscle growth and repair. Dahiya and colleagues (2011) found increased muscle content 

(measured as cross-sectional area) in mice with increased expression of active MMP9, 

suggesting the activity of MMP9 may contribute to muscle growth. The involvement of MMP9 

with muscle growth and ECM remodelling is also shown by the increase in this protein following 

exercise (Dahiya et al. 2011; Rullman et al. 2013). It is interesting to note that MMP9 has also 

been found to increase when there is nerve injury (Dahiya et al. 2011). Rullman and associates 

(2013) correlate increased basal lamina modification with exercise; the report goes on to describe 

the important role of MMPs in muscle regeneration since they permit white blood cell entry into 

the muscle tissue, a process that is achieved via ECM degradation. As mentioned, the majority of 

gene expression that changes with exercise is related to changes in the ECM, so the increase of 

MMP9, an ECM remodeller, with exercise is not surprising.  

On first review, the reported increase in muscle growth that is seen with increased MMP9 

activity may seem contradictory given the role of MMP9s in tissue degradation; however, 

cleavage of ECM proteins subsequently releases and/or activates growth factors, stimulating 

growth similar to that seen during muscular repair. Similarly, in some cases a build-up of fibrotic 

tissue may actually impede the motility and activity of cells involved with muscle repair by 

changing the availability of activating growth factors (Dahiya et al. 2011). In those instances, an 

increase in collagenases and gelatinases such as MMP9 is beneficial, and may function to 

decrease the structural restriction imposed by the ECM on cell activity. If growth factors are 
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more readily available or released from the ECM by MMP9, this extends the role of this protein 

from tissue remodelling to involvement in cell signalling and regulation of repair.   

Dystrophin 

Many important proteins interact with the ECM, including dystrophin. Dystrophin is a sub-

sarcolemmal, rod-shaped, cytoskeletal protein anchored to the muscle membrane by dystrophin-

associated glycoproteins (DAGs); it is part of a larger complex, the DGC and it has a 

cytoskeletal role in skeletal muscle fibres (Clerk et al. 1992; Vater et al. 1995). The entire DGC 

has a major role in the normal physiology of muscle because absence of dystrophin results in 

many muscle-wasting disorders including Duchenne muscular dystrophy. The DGC bridges the 

inner cytoskeleton, sarcolemma and ECM, and acts as a shock absorber. Blake et al. (2002) 

describe dystrophin as an essential component for maintaining the integrity of the muscle 

membrane. Additionally, Rice and colleagues (2006) report that there is a decrease in the amount 

of dystrophin in mouse soleus with increasing age, and a subsequent decrease in membrane 

integrity. Furthermore, Kong and Anderson (1999)  report a decrease in acetylcholine receptor 

(AChR) clustering, with fragmentation of the neuromuscular junction in the absence of 

dystrophin. The amount of this structurally crucial protein in muscle with non-genetically based 

pathology is not known and was one aspect of interest in this project on rotator cuff muscle.   

Satellite Cells 

Satellite cells (SCs) are mitotically quiescent muscle stem cells located between the basal lamina 

and the muscle membrane (Dhawan and Rando 2005; Mauro 1961). Unlike terminally 

differentiated or senescent cells which are permanently mitotically dormant, SC dormancy (in G 

of the cell cycle) is temporary and these cells can be activated from their quiescent state to begin 

proliferating (Sang et al. 2008). Maintenance of SC quiescence is due, at least in part, to the high 
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expression of miRNA489, which suppresses an oncogene that promotes proliferative expansion 

(Cheung et al. 2012). SCs remain quiescent until they are activated. 

As previously mentioned, SCs make up the third group of myogenic cells that migrate 

from the somites during development and their appearance coincides with the appearance of the 

basement membrane at roughly 10-14 weeks of human development (Yablonka-Reuveni et al. 

1994; Cossu et al. 1985). SCs are responsible for postnatal muscle growth and repair. With 

muscle activity, SCs are activated by a signalling cascade (Wozniak et al. 2003) and enter G1 of 

the cell cycle. Upon activation, SCs migrate to the area of damage, confined to this region by the 

basal lamina, and then proliferate. A large number of SCs fuse and form new myotubes while a 

portion return to quiescence and await future activation for growth and repair. Quiescent, adult 

SCs express Pax7 and myf5, a transcription factor and myogenic regulatory factor, respectively. 

When activated, SCs express myoD in addition to myf5, which is another myogenic regulatory 

factor. A decrease in Pax7 expression and an increase in myogenin (another myogenic regulatory 

factor) mark terminal differentiation of the cell (Le Grand and Rudnicki 2007). Alternatively, 

possibly due to asymmetric division, the cell may maintain Pax7 expression and lose the 

aforementioned myogenic markers and return to quiescence as the self-renewing fraction of cells 

(Le Grand and Rudnicki 2007).   

Cell activation in response to stretch indicates the presence of a conversion of mechanical 

changes to chemical signalling within the muscle. SCs are activated through a signalling cascade 

initiated by an influx of calcium due to mechanical stress on the muscle sarcolemma (Tatsumi et 

al. 1998) and mediated by nitric oxide (NO)(Anderson 2000). This activation cascade is 

dependent on the interaction of hepatocyte growth factor (HGF) with the c-met receptor 

(Sheehan et al. 2000; Tatsumi et al. 1998). The c-met receptor is a tyrosine kinase receptor found 
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on the surface of SCs, and it is the primary receptor for HGF; a molecule largely responsible for 

SC activation and present in the ECM in an active form (Tatsumi et al. 1998; Tatsumi and Allen 

2004; Wozniak and Anderson 2007). Upon mechanical stimulation, calcium channels open to 

allow an influx of calcium. Calcium binds to calmodulin, which then stimulates production of 

NO by nitric oxide synthase (NOS) (Hara et al. 2012). NO activates a MMP, which cleaves HGF 

from the ECM. Heparin sulphate proteoglycans are also reported to be activated upon muscle 

injury or stretch to cleave HGF from the ECM (Casar et al. 2004). Syndecans 3+4 on the surface 

of SCs immobilize HGF in close proximity to the c-met receptor (Casar et al. 2004; Carey 1997).  

Anderson (2000) explained that NO is produced by NOS in response to mechanical 

forces on the sarcolemma and represents the conversion from the physical stimulus to NO 

synthesis and subsequent SC activation. NOS is associated with dystrophin in the DCG (i.e., it is 

connected to the ECM) and is therefore capable of producing NO in response to mechanical 

forces on the sarcolemma (Leiter et al. 2012). SCs are in an optimal position, then, close to the 

muscle fibre perturbed by tension or force production, and ready to respond to NO produced by 

NOS in response to mechanical changes (Tatsumi et al. 2006; Anderson 2000). If SCs are 

improperly regulated, muscle regeneration and consequently muscle function is impeded.  

In addition to their role in muscle repair, recent research has implicated SCs in the 

process of muscle reinnervation. SCs are reported to have the potential to influence axon growth 

and the reappearance of NMJs through the secretion of semaphorin 3A (Sema3A) (Sato et al. 

2013). It is known that SCs secrete Sema3A, a neural chemorepellent that theoretically prevents 

(at least temporarily) the axons of motor neurons from reconnecting with a repairing muscle 

fibre, until the muscle has undergone sufficient regeneration (Tatsumi et al. 2009). According to 

the working model proposed by Tatsumi and associates, once muscle is sufficiently regenerated, 
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axons would no longer be inhibited by Sema3A and thus would be permitted to re-contact the 

repaired muscle fibre.  

A Nitric Oxide-Donor Drug, Isosorbide Dinitrate 

As previously mentioned, activation of SCs is mediated by NO. Mechanical stimulation and 

subsequent SC activation can be mimicked chemically with the addition of NO or HGF. 

Manipulation of these crucial molecules related to activation allows researchers to investigate 

various aspects of cell activation and muscle growth at a molecular level. Anderson’s (2000) 

findings for uninjured muscle suggest that the manipulation of NO has potential to prevent or 

treat muscle atrophy due to age, inactivity or zero gravity and even to contribute to new fibre 

growth.  In addition, Marques and collaborators (2005) concluded from experiments in vivo, that 

isosorbide dinitrate (ISDN), an NO donor, could be clinically useful because it improved muscle 

regeneration in mdx dystrophic mice. Leiter and Anderson (2010) demonstrated that exposure of 

muscles in vitro to ISDN increased SC activation. Mizunoya and associates (2011) demonstrated 

the use of ISDN to improve muscle regeneration in the thoracic diaphragm muscle of dystrophic 

mice treated with ISDN, and in another in vivo study the administration of this NO-donor to old 

mice increased the muscle growth-response to exercise in 18 month old female mice with pre-

existing atrophy (Leiter et al. 2012). Therefore, ISDN is a useful tool to activate SCs and 

investigate the response of muscle at a molecular level.  

Muscle Regeneration 

In addition to SC activity, many other cellular events occur during muscle regeneration. There 

are two overall phases in the repair process: myolysis (degeneration) with inflammation, and 

reconstruction (regeneration) (Zimowska et al. 2008). As mentioned, mechanical force such as 

stretch or injury disrupts the sarcolemma and this leads to a subsequent disruption of the calcium 
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equilibrium. Sarcolemmal disruption and calcium disequilibrium mark the beginning of the 

degeneration phase and result in the activation of calcium-activated proteases called calpains, 

which are involved in muscle self-digestion and myolysis (Charge and Rudnicki 2004). 

Inflammation, too, is triggered by a break in the sarcolemma (Best and Hunter 2000). 

Mononucleated inflammatory cells (including macrophages) display chemotaxis to areas of 

injured muscle (Tidball 1995). There are two main populations of cells that invade the site of 

injury and are involved with muscle regeneration. In the early stages following acute injury, 

monocytes differentiate into pro-inflammatory macrophages (M1) and drive pro-inflammatory 

events including phagocytosis and myoblast proliferative activity (Sakaguchi et al. 2014). There 

is a second wave of anti-inflammatory macrophages that form from proliferation of the 

monocytes both in the muscle and from a second infiltration into the muscle. These anti-

inflammatory type II macrophages (M2) are involved with the advanced stages of repair and 

healing, including myoblast differentiation and fusion (Sakaguchi et al. 2014). Macrophages also 

secrete growth factors to enhance the growth of muscle cells and activate and attract SCs to the 

area of injury when muscle degeneration progresses through autolytic and other processes 

(Arnold et al. 2007; Wood et al. 1993). Initially, macrophages may actually cause more damage 

by engulfing muscle to remove deteriorated fibres. The infiltration of inflammatory cells around 

a single injured fibre can be extended to engulf one or two ‘layers’ of surrounding fibres in the 

muscle (Morrison et al. 2000). The activities of monocytes in inflammation and debris removal 

are critical to effective regeneration. The significance of monocytes in muscle repair is shown by 

the lack of repair in muscle without monocytes (Arnold et al. 2007). In addition, Cantini and 

associates (2002) report that rat muscle regeneration is enhanced with injection of medium 

conditioned by macrophages, further indicating their significance to repair.  
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Muscle degeneration is followed by reconstruction which involves SC proliferation, 

fusion and the formation of new myofibres (Zimowska et al. 2008). As described previously, 

SCs can be activated through the NO/HGF signal cascade in response to mechanical forces on 

the sarcolemma, and now we have seen macrophages also contribute to SC activation and 

migration. As mentioned, upon activation SCs proliferate and migrate to the area of damage 

where they align in parallel to the long axis of fibres and fuse to form new muscle fibres; a 

subset of proliferative myoblasts returns to quiescence to renew the SC population on the fibres 

in the local area of original damage. Collagen-producing cells in muscle, called myofibroblasts, 

regenerate the connective tissue sheath around each muscle fibre. 

Muscle Innervation 

Establishing muscle innervation and muscle reinnervation are yet additional complex phenomena 

whereby a motor axon connects with a muscle fibre to transmit contraction signals from the 

nervous system to muscle. The smallest functioning unit in skeletal muscle is called a motor unit 

and is comprised of one motor neuron and all the muscle fibres it innervates. Similar to the 

histological pattern of muscle fibres, nerves are also surrounded by connective tissue sheaths. A 

single axon is encased in endoneurium, while many nerve axons bundle to form a fascicle which 

is surrounded by perineurium; finally, the entire nerve trunk is surrounded by a thicker 

epineurium (MacIntosh et al. 2006). Motor nerve axons carry contraction signals known as 

action potentials (APs) to the muscle endplate at highly specialized regions called the 

neuromuscular junctions (NMJs). Proteins involved with receiving and transmitting the AP to 

muscle, including acetylcholine receptors (AChRs), are concentrated at the NMJ. At the motor 

endplate the muscle membrane invaginates into primary and secondary clefts to increase surface 

area. AChRs are located in primary clefts and the uppermost portion of secondary clefts, and are 
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anchored by cytoskeletal proteins including rapsyn (MacIntosh et al. 2006). A single AP impulse 

triggers the release of many acetylcholine (ACh) molecules from the axon terminal into the 

synaptic cleft; most of the ACh binds to the AChRs in the postsynaptic membrane, and the result 

is an amplification of the single contraction signal to the muscle belly.  

Neuromuscular Junction Development 

During development of the nervous system neurons proliferate and migrate, and their axons grow 

toward muscle. The initial growth of an axon toward the muscle is guided by various chemical 

factors and NMJs are formed on the muscle in the region where contact occurs. Synaptic 

specialization is a multi-step process involving both nerve terminals and the muscle (Witzemann 

2006). At first many NMJs form and by 10 weeks of development many primitive, unspecialized 

NMJs are visible (MacIntosh et al. 2006). NMJs increase in specialization (with development of 

synaptic clefts and their branches) and decrease in number per muscle fibre until about 19 weeks 

of gestation; after that time, only one NMJ per muscle fibre persists to adulthood. The non-

persisting NMJs are eliminated via neuronal death during a process called pruning; the most 

synaptically active NMJs on each fibre tend to survive the pruning process, and there may be 

trophic factors involved, though this selection process is not clearly understood (Witzemann 

2006). During this development, muscle and nerve activity and communication between muscle 

and nerve spatially restrict the transcription of AChRs and other synaptic molecules, including 

muscle specific kinase (MuSK), to the muscle nuclei located at the NMJ region (Wu et al. 2010; 

Fambrough 1979). MuSK is thought to contribute to nerve-independent clustering of AChRs, in 

a process called “pre-patterning” (Wu et al. 2010). These clusters of AChR complexes are 

stabilized by a protein called rapsyn (Witzemann 2006). Another protein called agrin is 

synthesized in motor neurons and released to synaptic basal lamina. Agrin further stabilizes 
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synaptic contacts and induces post-synaptic differentiation, including AChR clustering (Wu et al. 

2010). The exact mechanism by which agrin is involved in post-synaptic differentiation is 

unclear; however, it is hypothesized that agrin is coupled to MuSK signalling through a co-

receptor called lipoprotein receptor protein 4 (Lrp4) (Wu et al. 2010). As development continues, 

further structural specialization of the NMJ including clustering and changes in the arrangement 

of AChRs follow, and are described below (Fambrough et al. 1979; Witzemann 2006; Wu et al. 

2010).  

Acetylcholine Receptors 

Acetylcholine receptors on the post-synaptic muscle surface receive and transmit the electrical 

signal from the motor neuron to the muscle to stimulate contraction. The post-synaptic 

membrane is very sensitive to ACh, as the density of AChRs can reach up to 10 000 

molecules/µm
2
 at the NMJ (Fambrough et al. 1979; Gillespie et al. 1996; Missias et al. 1996). 

These receptors are pentameric complexes, which means 5 subunits associate to form a 

functioning receptor (Gardnerova et al. 1997). There are 2 alpha (α) subunits in a receptor and 2 

molecules of ACh actually bind with the α-subunits to activate the receptor; in addition there is 

also 1 molecule of each of beta (β) and delta (δ) subunits. The identity of the final, fifth subunit 

of the receptor is dependent on the stage of maturation and/or the innervation status of the 

muscle. Fetal or denervated muscle contains AChRs that express the gamma (γ) subunit, while 

adult and/or innervated muscle contains AChRs that express the epsilon (ε) subunit (Missias et 

al. 1996). Acetylcholine induced muscle activity decreases the expression of fetal, but not adult, 

subtypes (Witzemann 2006). The development of AChRs results in a transition from receptors 

containing the γ subunit to those containing the ε subunit (Contitronconi et al. 1982; Fambrough 

et al. 1979).  
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In addition to the conversion of subunit composition, the arrangement of AChRs on the 

sarcolemma also changes with maturation and innervation. Maturation results in a transition 

from dispersed and linearly arranged AChRs to complexly clustered AChRs (Mazhar and Herbst 

2012). With denervation, AChRs revert back to the dispersed and linear arrangement (Missias et 

al. 1996). Interestingly, the pattern in denervation is similar to that in embryonic muscle, in 

which AChRs are not restricted to NMJs, but rather, are dispersed across the entire sarcolemma 

(Fambrough et al. 1979). Therefore, features of denervation in skeletal muscle can be detected by 

methods that study the relative amount and location of fetal and adult AChR subunits and the 

physical arrangement of AChRs at the NMJs on the sarcolemma. 

Muscle Denervation 

Loss of nervous control to muscle occurs when transmission of the AP from a motor neuron in 

the spinal cord (called a lower motor neuron) to the muscle is disrupted; this is denervation of 

one motor unit. The extent of denervation can be partial, affecting one or many motor units 

(when there may be many thousands of motor units in a large muscle), or complete, with loss of 

the entire nervous signal to a muscle. Denervation can occur for many reasons including: trauma 

(e.g., nerve damage), infection (e.g., polio, Guillain-Barré syndrome), toxicity (e.g., lead), loss of 

vascular supply (e.g., in diabetes), or auto immune processes (Kamath et al. 2008). First and 

foremost, denervation results in an obvious lack of contraction due to the interruption in the 

transmission of the AP and consequently causes muscle weakness. Note that muscle weakness 

also results from loss of nervous control from the brain itself, a condition referred to as damage 

to upper motor neurons. The upper motor neurons give higher-order input via synapses on the 

lower motor neurons in the spinal cord that innervate a muscle. 
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In addition to the most obvious consequence of denervation, in which the severity of the 

loss of function depends on the number of motor units affected, muscle denervation can also 

have negative effects on muscle at a molecular level. The most notable change following 

denervation is a decrease in muscle mass known as denervation atrophy (MacIntosh et al. 2006; 

Higashino et al. 2013; Lu et al. 1997; Fu and Gordon 1995) that happens with damage to the 

lower motor neuron (cell body, axon, or axon terminal). In addition to atrophy, fibrosis and fatty 

infiltration have been reported to accompany denervation as well, especially in human muscle 

(Lu et al. 1997; MacIntosh et al. 2006). Gordon and researchers (2007) associated denervation 

atrophy with poor functional outcomes likely due to the replacement of muscles with fat. In rat 

muscle, denervation due to nerve injury also causes an increase in resting blood flow (Higashino 

et al. 2013). Interestingly, Kamath and associates (2008) discuss an increase in muscle blood 

volume with denervation, seen as an increase in the size of the capillary bed within denervated 

muscles. If denervation persists for long periods of time, future reinnervation of a muscle is 

impaired, particularly if the muscle also needs to regenerate (Fu and Gordon 1995).  

Normal muscle structure is thought to be maintained, at least in part, by nourishing or 

trophic input from the motor neuron, including induced contractile activity and chemical signals 

received from the neuron at the synapse (MacIntosh et al. 2006; Buffelli et al. 1997). 

Denervation results in muscular changes similar to those observed with prolonged disuse, which 

indicates there is a requirement for contraction, or secretion of something from the axon terminal 

to the cleft, in the maintenance of normal, healthy muscle (MacIntosh et al. 2006; Allen et al. 

2014). Lu and colleagues (1997) explain the sequential changes in rat skeletal muscle appearance 

and composition with denervation, divided roughly into 3 timeframes. The earliest phase occurs 

up to three months after the loss of electrical conduction, and is accompanied by the appearance 
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of atrophy, central nuclei, and some decrease in vascular density (though restoration of muscle 

function is still possible). In the middle timeframe, between three and seven months, there is a 

decline in restoration success, a further decrease in vascular density, and the start of fibrosis in 

the muscle. After seven months, a denervated muscle has a decreased number of SCs, further 

atrophy and fibrosis with limited restoration potential. Lu et al. (1997) go on to suggest the 

decrease in muscle mass observed with denervation is part of a protective response whereby the 

size of non-functional muscles is reduced to decrease the load in that functionless region. 

Muscle Reinnervation 

Reinnervation of muscle following denervation can occur in one of two ways. The original 

damaged nerve may grow toward the muscle, guided by various cues in a process called axonal 

regeneration. Alternatively, other healthy axons may sprout new branches that will grow towards 

the denervated muscle fibres in a process termed collateral reinnervation (MacIntosh et al. 2006; 

Bennett et al. 1973). Unlike axons in the central nervous system, axons in the peripheral nervous 

system are capable of regenerating (Nguyen et al. 2011). Contact guidance from the basement 

membrane and secreted guidance molecules help to orient and promote nerve regeneration and 

specific synapse formation at the original motor end-plate (Nguyen et al. 2011; Zhang and 

Yannas 2005; Bennett et al. 1973; Keynes et al. 1984). Kang and Lichtman (2013) found that the 

age-related decline in nerve regenerative capacity may be due to physical obstruction. Thus, 

detrimental muscular changes including fibrosis may impede the reinnervation of muscle (recall 

reinnervation and axon guidance from Satellite Cells).  
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Muscle Pathology 

Atrophy 

Muscle atrophy is a decrease in muscle mass; it is often observed with age, disuse and injury, etc. 

(Wei et al. 2013), in addition to being a consequence of lost innervation from lower motor 

neurons. Though there are many causes of muscle atrophy, for example, diabetes, nerve injury, 

and/or disuse, the end result is the same: abnormally high protein breakdown, largely through the 

ubiquitin proteasome pathway (Gomes et al. 2001). Similar to fibrosis, the consequences of 

atrophy are all negative and include muscle weakness due to a decrease in contractile mass. Fatty 

infiltration is often seen to accompany atrophy and fibrosis, whereby there is an accumulation of 

fat cells (adipocytes) around and between muscle fibres (Fuchs et al. 1999). These detrimental 

muscle changes lead to an increased susceptibility to muscle injury and a subsequent impediment 

of muscle regeneration.   

Atrogin-1 

In 2001, Gomes and researchers identified a gene for which expression is significantly up-

regulated in muscle atrophy, and deemed it the “atrophy gene” or atrogin-1. The end product of 

the atrogin-1 gene is a 41.5 kDa ubiquitin ligase (E3) involved with the Skp1-Cullin-Fbox 

(SCF/E3) protein complex; it is believed to have a role in the evolution of increasing muscle 

protein degradation with atrophy. The level of atrogin-1 expression increases up to 9 times in 

atrophic muscle; as of yet, this is the largest known atrophy-related increase in mRNA reported, 

which further confirms its significance (Gomes et al. 2001). The ubiquitin-protease system 

(UPS) is responsible for protein catabolism and the result of increased protein degradation in 

skeletal muscle is atrophy (Attaix et al. 2005). The mechanism of protein degradation is 

somewhat complex; a simplified version is provided here. Muscle proteins are first poly-
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ubiquinated, by the sequential action of three proteins: E1, E2 and E3 (Attaix et al. 2005). 

Ubiquitin ligases, including atrogin-1, cause attachment of ubiquitin to a target protein, 

consequently signalling its fate for degradation by a proteasome (Ardley and Robinson 2005; 

Attaix et al. 2005). Thus, an increase in atrogin-1 translates to an increase in the amount of 

protein targetted for degradation.  

Fibrosis (Fibro-Fatty Infiltration) 

Muscle regeneration may not fully restore the contractile tissue content; rather, fibrosis may 

occur after injury, and it can in turn restrict future regeneration (Best et al. 2013). Initially 

muscle damage is followed by regeneration, but in some cases muscle is replaced by an 

accumulation of collagen and adipose (fat) tissue in the ECM, known as fibrosis and fatty 

infiltration (Huebner et al. 2008). Fibrosis is defined as ECM remodelling where increased 

production of collagenous connective tissue, including collagen I and III, leads to fibrotic tissue 

outside fibres increasing in relation to the overall contractile content of muscle that is inside 

fibres (Finsterer et al. 2006; Laron et al. 2012; Zhao et al. 2003). The production of collagen is 

regulated by signalling through transforming growth factor-beta (TGF-β), a major activator of 

collagen synthesis (Huebner et al. 2008). Interestingly, a known anti-fibrotic agent called 

halifuginone has been shown to activate rat fibrolytic MMPs in studies of liver fibrosis (Popov et 

al. 2006). In that same study, the activated MMPs then combated liver fibrosis through 

degradation of collagens, recall “Matrix Metalloproteinases”. 

A tendon tear can result in a decrease in the length of muscle due to muscle retraction. 

The angle at which muscle fascicles connect to their respective tendons (the force-generating 

axis) is known as the pennation angle (Lieber and Friden 2001). The pennation angle changes to 

a more obtuse angle with decreases in muscle length (either due to contraction or injury) or 
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increases in fibre diameter (as in hypertrophy), whereas decreases in muscle fibre diameter result 

in a more acute angle of pennation (as in atrophy). An increase in the pennation angle of muscle 

fibres due to muscle retraction upon tendon injury may allow fibrotic and fatty tissue to 

accumulate in these newly formed “spaces” that open between fibres. Myofibroblasts produce 

collagenous stress fibres that occupy the areas of previous muscle fibres. The consequences of 

increased fibrosis are all negative, and include decreased muscle-force generation and function 

due to the loss of actual muscle content, and increased stiffness of muscle (which affects overall 

function);  as well, these effects hinder muscle repair (Laron et al. 2012; Zimowska et al. 2008). 

Increased fibrotic content interferes with migration of SCs, even if they can still be activated by 

activity, stretch, or injury in a fibrotic muscle and this also results in impaired regeneration. 

Fibrosis also affects vascularization; increased fibrotic content can prevent blood vessels from 

reaching muscle tissue developing during repair, and thereby restricts the flow of nutrients 

required for normal growth, from reaching the muscle (Liu et al. 2011). This deprivation as a 

result of locally reduced perfusion (and accompanying modest ischemia) could also impede 

muscle regeneration and lead to muscle weakness and increased susceptibility to further injury.  

Rotator Cuff Injury 

The shoulder joint is the most moveable joint in the body, and is capable of 360° rotation in the 

sagittal plane in a healthy individual. The high mobility of the joint results in greater instability 

compared to a joint like the hip, where weight-bearing during locomotion is the main functional 

demand. The rotator cuff (RC) is comprised of four muscles responsible for stabilizing the 

shoulder joint: the supraspinatus, infraspinatus, subscapularis and teres minor (figure 1). These 

muscles originate on the scapula, insert on the head of the humerus and function to keep the head 

of the humerus in the rather shallow socket of the shoulder (table 1). Rotator cuff injury (RCI) 
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occurs when there is damage to one or more of these RC muscles or their associated tendons 

and/or nerves. Physical injury to the cuff results in shoulder pain and weakness (Yamaguchi et 

al. 2006). The supraspinatus (SS) muscle is the focus of the experimentation described here. In 

addition to stabilizing the head of the humerus, this muscle acts to rotate and abduct (move away 

from body) the humerus (Gates et al. 2010).  

Damage to the SS occurs through tears in the tendon or injury to the suprascapular nerve 

responsible for innervating this muscle. Tears in the SS tendon can range from partial tendon 

tears, defined as damage to the soft tissue, to full or “complete” tears whereby the soft tissue is 

actually split in two pieces (Guckel and Nidecker 1997). There are extrinsic and intrinsic causes 

of tears and injuries can be classified as either acute or chronic. Extrinsic causes include 

impingement of the tendon where it passes below the acromion, a bony projection on the scapula 

(Lee et al. 2013b). Conversely, intrinsic causes include degeneration, apoptosis, and 

inflammation (Lee et al. 2013b). Chronic injuries are usually ascribed to age-related muscle 

degeneration and may result from repetitive stress or prolonged use, while acute injuries are 

usually due to a sports injury and occur as a result of a sudden, high-stress motion of the arm or 

impact from the arm onto the joint (Longo et al. 2011; Matava et al. 2005; Nho et al. 2008; 

Yamaguchi et al. 2006). Lee and researchers (2013b) note that RC tears may occur as a result of 

insufficient vascularization, or because excessive mechanical forces are funnelled onto the 

tendon. A SS-tendon tear is particularly significant to functional stability of the shoulder joint, 

because there is a greater risk of injuring other cuff muscles after a SS injury, as shown by van 

Drongelen and associates (2013); it is also thought that the other three cuff muscles need to 

contract more than usual, to compensate for the joint instability induced by loss of SS function 

with injury.   
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Figure 1. Schematic representation of the bones and muscles of the right shoulder 
Bones shown in: orange = clavicle, black = scapula, blue = humerus.  Points of muscle origin 

and insertion shown in: red = deltoid, yellow = subscapularis, pink = supraspinatus, green = 

infraspinatus, purple = teres minor.  

 

 

Table 1. Rotator cuff muscle information. O= rigin, I= insertion. Adapted from (Richardson 

2011; Bernstein 2003). 

Muscle Attachments Innervation Blood Supply Function 

Supraspinatus O: supraspinous fossa 

I: greater tuberosity of 

humerus 

Suprascapular 

nerve 
Suprascapular artery 

Elevation of 

humerus and 

stabilize humeral 

head 

Infraspinatus O: infraspinous fossa 

I: greater tuberosity of 

humerus 

Suprascapular 

nerve 

Suprascapular and 

circumflex scapular 

arteries 

External rotation 

and stabilize 

humeral head 

Subscapularis 
O: subscapular fossa 

I: lesser tuberosity of 

humerus 

Upper and lower 

subscapular 

nerves 

Subscapular artery 

Internal rotation, 

stabilize humeral 

head and prevent 

anterior 

sublaxation 

Teres Minor O: superior part of 

lateral border of scapula 

I: greater tuberosity of 

humerus 

Axillary nerve 

Subscapular and 

circumflex scapular 

arteries 

External rotation 

and stabilize 

humeral head 

Deltoid O: clavicle, acromion 

and spine of scapula 

I: deltoid tuberosity of 

humerus 

Axillary nerve 

Deltoid branch of 

thoracoacromial 

artery 

Flex, medially 

rotate, abduct, 

extend, and 

laterally rotate 

arm   



24 

 

Full- or partial-thickness tears require surgical repair to restore function, and recurrence 

of tears is likely. Regardless of improvements in surgical procedures, failure rates range from 30-

94% (Isaac et al. 2012). Low regenerative success may be due to adverse changes in muscle, 

including fatty infiltration, fibrosis and/or denervation (Kamath et al. 2008). In a simulated 

unrepaired cuff tear in rabbits, Rubino and colleagues (2007) found some notable muscular 

changes including an increase in fatty infiltration over time, beginning at 6 weeks and increasing 

up to the 1-year end point of the study; fat cells built up in the area of muscle wasting and 

authors noted that this fatty degeneration may not recover following repair.  

Effect of Aging on Muscle 

With increasing age, both progressive muscle atrophy, known as sarcopenia, and an increase in 

fibro-fatty infiltration of muscle can be observed (Melis et al. 2010). These detrimental muscular 

changes may impair functional stability and strength; the result is a weakened shoulder with an 

increased susceptibility to injury. This is consistent with the epidemiology of RCI in that 

prevalence of injury generally increases with age (Longo et al. 2012). Some researchers argue 

there is an increase in the conversion of myogenic cells to a non-myogenic lineage with 

increasing age, which would at least partially help to explain the reported increase in fibro-fatty 

infiltration with age (Ryall et al. 2008). Although in culture and in vivo, myogenic cells can 

differentiate into adipose cells, fibroblasts, and chondrocytes (Lee et al. 2000; Nagarajan et al. 

2010), some researchers do not support the idea that myogenic cells convert to non-myogenic 

lineages; instead they suggest the presence of a sub-population of progenitor cells that 

differentiate preferentially toward the myofibroblasts that are responsible for fibro-fatty 

infiltration (recall above “Fibrosis (Fibro-Fatty Infiltration)”). Many hormonal systems including 

testosterone, growth hormone and cytokines decline in activity with increasing age and that 
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change could influence the overall health of muscle and its ability to regenerate (Ryall et al. 

2008). Florini (1987) suggests changes in muscle sensitivity to circulating hormones may explain 

the observed decreases in fibre size (particularly fast fibres) with increasing age. With that being 

said, a study on mice by Lee and researchers (2013a) found that muscle in old and senescent 

mice maintains its ability to regenerate functional muscle following a variety of injury 

mechanisms, despite any underlying intrinsic changes with age; the most effective regeneration 

following injury in very old, senescent mice, was noted after injury with a muscle-specific toxin 

(cardiotoxin) that does not damage the neurovascular supply to muscle.  

As mentioned, muscle requires a sufficient vascular supply for nutrient delivery, waste 

removal, oxygen supply, etc., to sustain a healthy state. Hawke and Garry (2001) and a more 

recent study by Leiter et al. (2012) report a decrease in muscle capillary density with age. Hawke 

and Garry (2001) go on to report that there is a decreased immune response with age, which 

translates to a decrease in macrophages and, recalling their involvement with regeneration, a 

subsequent decrease in muscle repair. Hawke and Garry (2001) also found that SCs retain a 

normal response to activation and ability to proliferate, and note the changes observed with age 

are likely due to the fact that fibres formed are thinner and more fragile. This can be contrasted 

to another study, where SCs of older mouse muscle were found to show a decreased response to 

activation, an observation that can potentially explain the progressive decrease in muscle growth 

capacity in response to exercise with age (Leiter and Anderson 2010). Florini (1987) describes a 

loss of SC replication potential as “bisexual menopause of muscle”, relating muscle SCs to 

follicles in the ovary. While the literature is still debating the extent of changes in muscle 

regenerative capacity and SC responsiveness with increasing age, new information on the 

number and activity of SCs in pathological and control human muscle, identified for study in this 
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thesis project, will add valuable information regarding SC population and proliferative activation 

to the literature. What is certain, however, is that together, these and other age-related changes in 

muscle, vascularity, fibrosis, fatty infiltration, and innervation, result in muscle atrophy and 

weakness, and have potential to increase susceptibility to muscle injury, and a net decrease in the 

capability for repair.  

On the basis of this body of literature, a research project was developed (Leiter, 

MacDonald and Anderson, Canadian Orthopaedic Foundation, Research Legacy Award 2010) to 

investigate the innervation status and SC responsiveness of well-characterized SS muscle in 

human subjects after RCI. The preliminary study included my honours thesis project and two 

BSc. (Medicine) studies (Macek, Anderson and Leiter, unpublished; Xu, Leiter and Anderson, 

unpublished). Following preliminary analyses, the study was extended to include additional 

participants (with appropriate human ethics approval) and additional assays to further explore the 

histological character, SC responsiveness, innervation status, protein expression, and 

vascularization of SS muscle after RCI; these extensions were the subject of research for this 

Master’s thesis. 

Preliminary Data 

My honours thesis work investigated muscle histology, SC response to activation via ISDN, and 

the innervation status of SS (all compared to deltoid muscle) biopsied from patients with RCI 

who were receiving orthopedic-surgical treatment. All methods for sample collection and 

processing were optimized for human biopsies received in the manner described below. The 

results from that project are pending publication (Gigliotti et al. 2015 in press), and are 

summarized here.  
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Studies of muscle histology revealed SS muscle had more smaller-diameter fibres than 

deltoid muscle, which is suggestive of muscle atrophy. A few biopsy sections, typically from the 

SS rather than the deltoid, displayed adipocytes and/or fibrous connective tissue as the dominant 

feature accompanying a population of small-diameter fibers. This observation prompted further 

investigation into the atrophic state of the muscle, including the quantification of fibrosis, fatty 

infiltration, and vascularization performed in the present thesis.  

The idea that denervation in addition to disuse may contribute to atrophy in RCI, led to 

the analysis of the innervation state of the muscle samples according to the arrangement of 

AChRs on the sarcolemma. Preliminary analysis did not reveal any significant results, although 

there were some trends in the data that resembled those expected for denervated muscle. 

Visualization of AChRs in muscle sections from 13 participants showed that the SS tended to 

have slightly more linearly arranged AChRs than clustered AChRs. Although the difference was 

not significant, the importance of the relationship between disuse and denervation in causing RCI 

led to further investigation in the present thesis, of subunit composition in additional participant 

samples with the aim of determining (with confidence) whether or not SS muscle from RCI is 

denervated.  

The preliminary study of SC responsiveness to ISDN in culture showed that SCs in 

control deltoid muscle did not respond to ISDN with activation and proliferation (marked by 

incorporation of a tagged nucleotide, bromodeoxyuridine (BrdU) in SC nuclei). By comparison, 

in SS muscle cultures, SCs did show an increase in activation. The finding suggests that ISDN or 

another NO-donor drug, may be useful in stimulating SS muscle growth in patients with RCI.   

In this thesis, the activation study was extended to additional subjects to confirm an important 

finding. It was also augmented by a study of the protein Sema3A, synthesized and secreted by 
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active SCs, since that information would be relevant in interpreting findings related to atrophy, 

possible denervation, and the potential to promote growth and tissue repair after RCI. 

  Hypotheses and Predictions 

Based on preliminary study (Gigliotti et al. 2015) additional assays to further explore the 

histological character, SC responsiveness, innervation status, protein expression, and 

vascularization of SS muscle after RCI were performed based on the central hypothesis that 

changes in innervation status (AChR subunit composition), SC activation, Sema3A localization 

to SCs, and protein composition (atrogin-1, dystrophin) accompany the atrophy of SS in RCI, in 

comparison to ipsilateral deltoid (as a control). Individual assays are discussed below.  

1. If SS muscle from patients with RCI is denervated then the γ:ε-AChR subunit ratio 

assayed via WB will be higher than in control.  

In an effort to determine if SS muscle is denervated, the subunit composition of AChRs on 

the sarcolemma was quantified through WB analysis. Investigating the subunit composition was 

a novel idea developed from reading about subunit conversion in neuromuscular disorders with 

nerve damage. Recall that denervated muscle contains AChRs with γ subunits, while innervated 

muscle contains AChRs with ε subunits. Analysis of AChR subunit composition represents a 

potential way to assess the innervation status of the muscle molecularly. The innervation status 

of muscle holds implications for therapy and treatment. If a muscle does not have a nerve supply 

it will not receive contraction signals and that muscle will not function. Determining whether or 

not denervation underlies RCI is important when considering the cause of injury and the tendon 

repair process. Despite tendon repair if reinnervation does not occur, the muscle will remain non-

functional. 
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1.1. If SS muscle is denervated and the denervation is due (at least in part) to aberrant 

regulation of SC Sema3A secretion, then more activated SCs of SS muscle will show 

Sema3A secretion compared to control.  

To determine if SCs of injured SS secrete more Sema3A than those in control deltoid, 

immunohistochemistry staining (IHC) for Sema3A was performed. Recall that in addition 

to muscle growth and repair, SCs are also implicated in the process of re-innervation 

through secretion of the neural chemorepellent Sema3A. Activated SCs secrete Sema3A 

while a muscle is regenerating; thus, SCs activated via culture with ISDN should secrete 

more Sema3A than those without treatment. If there are irregularities in the secretion of 

Sema3A, that change could influence (i.e., reduce) reinnervation and that could lead to 

denervation atrophy after RCI. To date, there is no information published on Sema3A in 

human SCs.  

 

2. If SS muscle is atrophic then histological analysis will show more smaller-diameter 

fibres when compared to control deltoid.  

Histological analysis of the pathological muscle through H&E staining was performed to 

assess fibre diameter in injured SS and control deltoid muscle. Muscle degradation can be 

beneficial in small measure, as it provides a source of energy; however, excessive protein 

degradation will result in muscle weakness and corresponding joint instability, pain, or injury. It 

is not unusual to expect that muscle with a torn tendon would be atrophic; therefore, this assay 

was used as confirmation and to standardize the second cohort of participants with those from 

the Honours thesis study, before delving further into an analysis of the underlying cause(s) of the 

observed muscle atrophy.  
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2.1. If SS muscle is susceptible to RCI due to denervation atrophy then the muscle will 

show elevated amounts of atrogin-1 compared to control, assayed by WB.  

The discovery of atrogin-1 and its large increase with atrophy provides a useful protein to 

quantify in investigation of muscle atrophy. To my knowledge very few reports on 

human muscle involve study of atrogin-1, so quantification of atrogin-1 in these human 

samples will serve as a basis for further study of RCI and other conditions. More 

specifically, the relationship between denervation, myogenin, atrogin-1 and subsequent 

atrophy could help develop new ways to quantify denervation atrophy (Macpherson et al. 

2011), and also find new ways to treat atrophy. 

 

3. If failure to repair a SS tendon tear in RCI is due (at least in part) to fibrosis then 

that muscle will show a higher amount of collagenous tissue.  

Following preliminary analysis of fibre diameter in my honours project it appeared that 

SS muscle had more fibrotic content than sections of deltoid. The amount of fibrosis in muscle 

sections was quantified using Sirius red staining and polarized microscopy. Injured SS muscle 

was expected to show more collagen than normal deltoid muscle, reflecting fibrosis. 

Confirmation of this detrimental muscle change would allow further investigation into the 

molecular mechanisms potentially underlying it. Recalling the negative effects of fibrosis on 

muscle function, including decreased contractility and hindered repair, it will be important to 

know with confidence the extent of fibrosis in muscle from RCI. 
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3.1. If SS muscle displays fibrosis and it is caused by impairment in the amount of 

MMP9 protein, then the SS muscle from RCI will have less MMP9 protein content 

than control.  

The amount of MMP9 protein was quantified via WB due to its unique ability to degrade 

collagen, and the changes in the amount of protein correlated with muscle growth, MMP9 

is an interesting protein to investigate. If there are any differences in the amount of 

MMP9 in affected SS muscle compared to deltoid it may suggest irregularities in the 

regulation of the activity of this protein. If SS muscle shows increased fibrotic content in 

combination with a smaller MMP9 protein content, this would suggest a potential error in 

MMP9 activity in the injured muscle.  

 

4. If RCI causes impaired vascular supply to SS muscle, or is due to decreased muscle 

vascularity, then the vascular density of injured SS will be significantly lower than 

control muscle.  

Muscle deprivation of nutrients due to decreased blood vessel density may increase 

susceptibility to muscular injury. Alternatively, injured SS muscle may show lower vessel 

density compared to deltoid muscle, as a consequence of injury. Alkaline phosphatase staining 

allowed quantification of blood vessel density in SS and control deltoid muscle.  

The comprehensive exploration of the pathological state of SS muscle will allow future 

research into the underlying molecular mechanisms and provide valuable information to direct 

treatment strategies that can be targeted specifically to alleviate or minimize the consequences of 

RCI.  
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Methods 

Tissue Collection and Handling 

The experiments described herein involved the collection and processing of human tissue from 

participants recruited according to a protocol (Exploring the biologics of rotator cuff injury and 

advancing repair) that was initially approved in 2011 by the Biomedical Research Ethics Board 

at the University of Manitoba, Ethics Reference # B2010:074, and extended in 2013 (under the 

same reference number). Prior to starting the study, informed consent was obtained via a signed 

form from patients with clinical evidence of a rotator cuff tear who failed conservative 

management. Approval was granted to collect biopsies of SS and deltoid muscle from a second , 

consecutive cohort of 15 subjects undergoing arthroscopic repair of a SS tendon tear. 

Experimental procedures that were performed are standard lab protocols and recipes are adapted 

from IHC World Protocols (2008) (see appendix for recipes of solutions).   

During arthroscopic surgical repair at the Pan Am Clinic in Winnipeg, Manitoba, biopsies 

of the pathological SS muscle and normal deltoid muscle on the same side of the body were 

collected from consenting individuals. Results obtained from experimentation on the deltoid 

muscle were used as a control to the affected SS muscle. Although supraspinatus would be an 

ideal control, the supraspinatus on the opposite side of the body as the torn RC is often 

asymptomatically affected by RCI, while the deltoid is unaffected in patients reporting 

symptoms of RCI (Yamaguchi et al. 2006). In addition, a study by Irlenbusch and Gansen (2003) 

used the deltoid muscle as a control to demonstrate a reduction in fiber diameter with increasing 

pathology of the rotator cuff muscle; from partial- to full-thickness tears (Irlenbusch and Gansen 

2003). The study went on to note any changes to either muscle in the presence of SS pathology 
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were more evident in the SS muscle than the deltoid, further emphasizing the application of the 

deltoid as a control muscle.  

Deltoid and SS biopsy samples were coded as “A” or “B” to minimize bias and handled 

with identical procedures. Tissue biopsies collected during arthroscopic repair were separated 

into three parts and processed as described below (see also the schematic, figure 2 and table 1).  

Clinical Examination 

MRI scans took place at the Pan Am Clinic (Winnipeg, MB) and were performed using a 1.5T 

Siemens MAGNETOM scanner (Siemens, Erlangen, Germany). The occupancy ratio, defined as 

the cross-sectional area of the SS muscle belly in relation to the cross-sectional area of the SS 

fossa, was used as a quantitative measure of atrophy (Thomazeau et al. 1996; Zanetti et al. 1998). 

An occupation ratio of less than 50% indicates SS muscle atrophy. The classification system of 

Goutallier (1994) for CT scans, adapted for MRI (Fuchs et al. 1999), was applied to the 

supraspinatus and infraspinatus. The scale runs from 0-4 describing intramuscular fat, as follows. 

A grade of 0 indicates no intramuscular fat; 1 indicates small streaks of fat without significant 

accumulation, 2 corresponds to significant fat but less than the amount of muscle, 3 describes 

equal amounts of fat and muscle; and 4 indicates there is more fat than muscle.  

Part 1: Immediately Fixed for IHC 

A single sample of each muscle was coded as either “A” or “B” and fixed in 10mL of 4% 

paraformaldehyde (PFA) at 4°C for 24 hours. Next, samples were transferred into cryoprotectant 

and stored at 4°C until they were frozen for cryo-sectioning (below). 
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Figure 2. Flow chart of experimental design  

Beginning with biopsy during surgery and highlighting important steps for each of the three parts 

of tissue collected; for sections, for culture and then sections, and for protein analysis. 
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Table 2. Summary of experimental procedures and assays. 

  

Biopsy Experiment Assay 

Part 1: fixed 

immediately and 

sectioned 

H&E Histology (atrophy & fatty infiltration) 

Sirius Red Fibrosis 

Alkaline Phosphatase Blood Vessel Density 

Part 2: culture with 

ISDN then fixed and 

sectioned 

HRP-DAB IHC Sema3A 

BrdU+Pax7 fluorescence SC activation 

Part 3: collected for 

protein quantification 

and western Blot 

Atrogin-1 Atrophy 

MMP9 Fibrosis 

γ and ε AChR subunits Innervation status 

Dystrophin 
“molecular age” and quantify in non-

genetic pathological muscle 
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Part 2: Cultured then Fixed for IHC 

Two samples of both the SS and deltoid muscles were used for culture experiments with ISDN. 

As mentioned, samples were coded as “A” or “B” and then further coded as “A1 or A2”, “B1 or 

B2”, indicating treatment with ISDN or not. All samples (A1 through B2) were each cultured in 

4mL of basal growth medium (BGM) with 0.65µM (200µg/L) BrdU (+/- ISDN as appropriate) 

in 60mL Petri dishes for 40 hours at 37°C with 5% CO2.  One sample of each muscle (A1 or A2, 

B1 or B2) was activated using a concentration of ISDN known to activate SCs 

(1mM/236.14µg/L) (Gigliotti et al. 2015) while the other sample of each muscle (the negative 

control, to establish “baseline”) did not receive ISDN treatment (Leiter and Anderson 2010). 

Following 40 hours of incubation with or without ISDN, the four tissue samples were transferred 

to 4% PFA and kept at 4°C for 24 hours for fixation, after which they, too, were transferred to 

cryoprotectant and stored at 4°C until they were flash frozen for sectioning. 

Part 3: For Protein Quantification 

Similar to part 1, part 3 was comprised of a single sample of each muscle and was used to 

quantify proteins of interest. Following collection during surgery, the two samples (“A” and “B”) 

were stored in 1.5mL of RNA later solution (Life Technologies, Burlington, Ontario) at minus 

20°C before processing for use in western blot (see below). 

Cryosectioning  

Muscle samples in cryoprotectant from parts 1 and 2 were allowed to sink to the bottom 

of the conical tube (roughly 24 hours) before being prepared for cryosectioning (7µm-thick) 

using a cryostat at minus 21°C and collected on silanated slides (Tatsumi et al. 1998). In brief, 

samples were blotted on filter paper to absorb residual cryoprotectant solution, then flash frozen 
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in a Tissue-Tek® cryomold (Sakura Finetek, Torrance, California) containing Shandon 

cryomatrix (Thermo, Pittsburgh, Pennsylvania) by immersion in isopentane below minus 50°C. 

Slides were stored at minus 20ºC until further processing. 

To ensure uniform processing, three sections of both muscle samples from part 1 were 

collected per slide. These slides were processed for hematoxylin and eosin, Sirius red staining, 

and alkaline phosphatase staining. Two sections of each muscle treatment in part 2 (culture; A1 

through B2) were collected onto one slide, for a total of 8 sections per slide. These slides 

underwent immunohistochemistry for BrdU + Pax7 (fluorescence), and sema3A (3,3’-

diaminobenzidine (DAB)). Staining procedures were performed as described below. 

Hematoxylin and Eosin Staining for Histology 

One slide per biopsy (total of 15 slides) was brought from minus 20ºC to room temperature for 

30 minutes. Slides went through successive incubations in various solutions, each for a different 

duration. First, slides were submersed in 100% ethanol for two periods of five minutes, followed 

by 95% ethanol for 2 minutes. Slides were rinsed via immersion in distilled water for 5 minutes 

(referred to as a “rinse” henceforth). Slides were incubated in Harris’ Hematoxylin (Fisher, 

Fairlawn, New Jersey) for 4.5 minutes to stain nuclei in the muscle tissue and then rinsed. Slides 

were then dipped five times in 1% acid alcohol, followed by a rinse. Next, slides were submersed 

in saturated lithium carbonate for 2 minutes, and then rinsed. Slides were then incubated in eosin 

for 2 minutes to stain fibre cytoplasm, followed by ten dips in distilled water, ten dips in 70% 

ethanol and fifteen dips in 95% ethanol. Finally, slides were incubated in 100% alcohol solution 

for two, two-minute periods followed by two, two-minute periods in Slide Brite™ (Sasco of 

Georgia Inc., Albany, Georgia). Slides were allowed to air dry briefly, and then were mounted 

with coverslips using Permount mounting medium (Fisher, Hampton, New Hampshire). Slides 
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were visualized on an Olympus microscope (BH-2, Olympus, Tokyo, Japan), photographed 

using an Olympus digital camera (Model: UC50, Olympus, Tokyo, Japan) with imaging software 

(Olympus Soft Imaging Solutions) and a maximum of twenty images per section at 400X 

magnification were captured for analysis. Measurements of muscle fibre diameter were made 

using ImageJ software after calibration of the digital images (using a micrometer slide) and data 

were tabulated in Excel 2010 (Microsoft). The amount of fat in a maximum of twenty non-

overlapping fields (346.2 x 458.6μm) taken at 200X magnification of muscle sections stained 

with H&E was quantified using a 10x13 (34.4μm
2
) grid; the count of the number of grid 

intersections over fat cells represents the areal proportion of fat in a typical field of a section, and 

is referred to as the relative amount of fat. 

Immunohistochemistry 

One slide per biopsy (total of 15 slides) was brought from minus 20ºC to room temperature for 

30 minutes and then washed with 0.01M phosphate buffered saline (PBS) before being processed 

for antigen retrieval (incubation in 2N hydrochloric acid (HCl) for one minute, and allowed to air 

dry for ten minutes) when required. Another three washes with 0.01M PBS was performed 

before incubation with 1% Triton-X 100 (Mallinckrodt, Pointe-Claire, Quebec) for 30 minutes at 

room temperature. Slides then underwent blocking for one hour at room temperature with a 

solution consisting of serum from the secondary antibody host, unconjugated antibody against 

the host of the primary antibody and 2M glycine at a ratio of 20:1:1 to reduce non-specific 

background staining. Following blocking, slides were washed three times with 0.01M tris-

buffered saline with Tween-20 (TBS-T) and then further blocked using 0.001% avidin solution at 

room temperature for fifteen minutes, rinsed with PBS and blocked for an additional fifteen 

minutes at room temperature in 0.001% biotin solution to further reduce background staining as 
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required. Blocking was followed by another three washes with TBS-T before slides were 

incubated overnight at 4ºC with primary antibody solutions as appropriate. The next day, slides 

were processed for either fluorescent secondary antibodies or visualization through the 

horseradish peroxidase (HRP) and 3,3’-diaminobenzidine (DAB) staining method. 

Fluorescent Secondary Antibody; BrdU + Pax7 

To visualize SCs (Pax7+) that incorporated BrdU during incubation, slides were developed with 

fluorescent secondary antibodies. Following overnight incubation with primary antibody solution 

(anti-BrdU and anti-Pax7), slides were washed with TBS-T before incubation for one hour at 

room temperature with a fluorescent secondary antibody solution. From this point forward slides 

were protected from light. Following incubation with the secondary antibody solution, slides 

were washed three times with TBS-T and then mounted with Vectashield mounting medium 

(Vector Labs, Burlingame, California). The location of antibody-bound epitopes fluoresced and 

were visualized and photographed on the Zeiss ApoTome (Jena, Germany or Carl Zeiss Inc., 

Thornwood, New York) with an oil immersion lens for differential interference contrast (DIC) 

and fluorescence imaging and a maximum of 20 non-overlapping photographs per section were 

taken. Fluorescent SCs were counted and tabulated in Excel 2010 (Microsoft) as activated 

(BrdU+ and Pax7+) or not (BrdU- and Pax7+). The proportion of active cells (BrdU+/Pax7+ 

over the total number of Pax7+ cells) was compared between muscle samples treated with ISDN 

and those not treated, using Student’s paired t-tests.  

HRP-DAB staining; Sema3A   

To visualize SC secretion of Sema3A slides were developed using the HRP-DAB method. 

Following overnight incubation with primary antibody solution (anti-Sema3A), slides were 

washed twice with 0.01M PBS with tween-20 (PBS-T) and incubated at room temperature for 
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ten minutes with 3% hydrogen peroxide (H2O2) to quench endogenous peroxidase. Slides were 

rinsed with PBS-T and incubated in biotin-conjugated secondary antibody for 1 hour at room 

temperature and then washed three times with PBS-T. Following secondary antibody incubation 

slides were incubated with HRP-streptavidin solution for 20 minutes at room temperature, 

washed three times with TBS and developed for visualization with DAB for roughly 8 minutes 

before being washed with water and mounted with Immumount. The location of antibody-bound 

epitopes appeared dark in colour and were visualized and photographed on an Olympus 

microscope (BH-2, Olympus, Tokyo, Japan), using an Olympus digital camera (Model: UC50, 

Olympus, Tokyo, Japan) with imaging software (Olympus Soft Imaging Solutions) and a 

maximum of twenty non-overlapping photographs at 400X magnification were taken per section. 

The stained area around SCs was measured using ImageJ software (NIH, Bethesda, Maryland) 

and data were tabulated and analyzed in Excel 2010 (Microsoft). 

Alkaline Phosphatase Staining for Blood Vessels 

To visualize blood vessels, one slide from each biopsy was brought to room temperature for 30 

minutes. A colour solution comprised of 0.175mg/mL 5-bromo-4-chloro-3-indolyl phosphate 

(BCIP) and 0.35mg/mL Nitro blue tetrazolium (NBT) (from Roche, Basel, Switzerland) was 

made up in 0.1M Tris-HCl. Next, 180μL of this colour solution was applied to slides and 

covered with a coverslip. Slides were then covered with aluminum foil and incubated at 37°C for 

45 minutes. Following incubation, slides were washed with water up to ten times before being 

mounted with Immumount (Thermo, Pittsburgh, Pennsylvania). Slides were examined on an 

Olympus microscope (BH-2, Olympus, Tokyo, Japan), and a maximum of 20 images per section 

at 400X magnification were captured using an Olympus digital camera (Model: UC50, Olympus, 

Tokyo, Japan) with imaging software (Olympus Soft Imaging Solutions) for analysis to 
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determine the vascular density. Vascular density was determined by quantification of stained 

vessels intersecting the top and left gridlines of a 10x12 grid overlay. Data were compiled in an 

Excel 2010 spreadsheet (Microsoft) before they were decoded and analyzed. Vascular density in 

SS was compared to that in the deltoid using Student’s paired t-tests.   

Sirius Red Staining for Collagen 

To quantify collagen content, Sirius Red staining was performed on muscle tissue sections as 

previously described (Huebner et al. 2008). In brief, one slide from each biopsy was brought to 

room temperature for 30 minutes then washed with double distilled water for three minutes. 

Slides were then incubated in 0.1% Sirius red, in picric acid solution for 30 minutes to stain 

collagen. Following incubation, slides were rinsed and cleared with Slide Brite™ (Sasco of 

Georgia Inc., Albany, Georgia) and then mounted with Permount (Fisher, Hampton, New 

Hampshire).  

Slides were visualized with an Olympus microscope (BH-2, Olympus, Tokyo, Japan) 

using polarizing filters and images were captured with an Olympus digital camera (Model: 

UC50, Olympus, Tokyo, Japan) with imaging software (Olympus Soft Imaging Solutions). A 

maximum of 10 images per section at 400X magnification and at three different angles (0°, 45°, 

90°) were captured for analysis. Sections were analyzed using ImageJ Software (NIH, Bethesda, 

Maryland). Images were converted to the red plane, and the average, maximum, and minimum 

gray intensities (representing red) were calculated. Data were compiled in an Excel 2010 

spreadsheet (Microsoft) before they were decoded and analyzed. The average “red” intensity 

(ARI) was used for analysis. For each sample, first the average ARI of 10 fields was calculated 

at each of the three angles. Next, that average ARI value for all three angles were summed for 

each sample and compared between SS and deltoid muscle using Student’s paired t-tests. 
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Western Blot 

Muscle samples from part 3 underwent protein isolation, protein assay (to determine protein 

concentrations) and sample preparation before use for western blot to quantify the amount of the 

proteins of interest, including: atrogin-1, dystrophin, MMP9, and γ- and ε-AChR subunits. 

Protein Isolation 

The steps in the process of Western blot followed a standard lab protocol (Leiter et al. 2012). 

Tissue samples in minus 80⁰C were thawed briefly and removed from RNA later storage 

solution. Tissue was weighed and chopped into small pieces in a petri-dish on ice. Depending on 

the weight of the tissue, smaller or larger than 0.01g, 100µL or 200µL respectively of lysis 

buffer was pipetted into Matrix D lysing tubes (MP Biomedicals, Solon, OH) with ceramic 

spheres before the tissue was added. Tissue was homogenized at 4.0m/s two times for 20 seconds 

each time in the Fast-Prep 24 homogenizer (MP Biomedicals, Solon, OH). Tubes were then 

vortexed for 30 seconds, incubated on ice for 1 hour and then vortexed again for 30 seconds. 

Samples were centrifuged for 5 minutes at 10 000 rpm and the supernatant of each sample (the 

protein extract) was drawn into a labeled Eppendorf® (Eppendorf, Westbury, New York) tube to 

be processed for protein assay. 

Protein Assay 

A protein assay, using the BCA Pierce Protein Assay Kit (ThermoFisher Scientific, Rockford, 

Illinois), was performed to determine the concentration of protein such that 20µg of each sample 

could be loaded into the gels. A 2.0g/mL stock solution of bovine serum albumin (BSA) was 

diluted to concentrations of 2000, 1500, 1000, 750, 500, 250, 125, 25, and 0µg/mL (blank) to 

form a ‘standard’ curve to calibrate sample concentration. Working reagent was prepared in a 
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ratio of 50:1 of Reagents A:B. In labeled tubes, 1.0mL of working reagent was added to 50µL of 

the BSA standards while 2.5µL of protein sample (previously isolated from each biopsy) was 

added to 47.5µL sterile distilled water and 1.0mL of the working reagent. All tubes (standards 

and samples) were incubated in a water bath at 37°C for 1 hour and then cooled to room 

temperature for 10 minutes. Using a spectrophotometer set to 562nm, the absorbance of fluids in 

all tubes was measured and the concentrations of the known standards was used to construct a 

standard curve and the equation of the linear-fit line (plotted in Excel 2010 (Microsoft)) was 

used to determine the unknown protein concentration of the samples. The correct volume of each 

sample to yield 20µg of protein was aliquotted and stored at minus 80°C until use for Western 

blot. 

Protein Sample Preparation 

Aliquotted protein samples were thawed from minus 80°C, mixed with sample buffer, and 

centrifuged before being incubated in a block heater at 98°C for 3-5 minutes. Tubes were then 

quenched on ice for 1 minute and centrifuged again. Sample supernatants were then loaded into 

gels. 

Gel Electrophoresis 

Separating gels were made from 9% polyacrylamide gel, and allowed to polymerize for 30-45 

minutes. On the top of each separating gel, a stacking gel solution was poured and allowed to 

polymerize with an embedded 15-tooth comb for 30 minutes. For dystrophin quantification pre-

made 4% gels (BioRad Inc., Hercules, California) were used in place of 9% gels. The 

electrophoresis apparatus (BioRad Inc.) was assembled and filled with running buffer before 

samples were loaded into wells. The predetermined amount of each sample was loaded such that 

20µg of protein from a sample was loaded into each well. A molecular weight marker (BioRad 
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Inc.) was loaded into the last well of each gel. Gels were run at 80V until the dye in the sample 

buffer aligned with the top of the separating gel (~15min) and then run at 180V until the dye ran 

off the end of the gel. Gels were blotted onto polyvinylidene fluoride (PVDF) membranes 

(Immobilon Millipore Corporation, Billerica, MA) that were soaked in methanol and rinsed with 

transfer buffer. A blotting apparatus prepared and filled with transfer buffer was used with a 

transfer sandwich made for each membrane with sponges, the gel, and a PVDF membrane; 

proteins were transferred to the membrane at 100V for 1 hour. The membranes were stained in 

Ponceau Red (Sigma, St. Louis, Missouri) for 5 minutes, rinsed three times with water and 

scanned to allow quantification of total protein in each lane. One hour of blocking in 5% milk in 

PBS-T was followed by overnight incubation at 4°C in a primary antibody solution made in 5% 

milk in PBS-T. The next day, the membranes were washed in PBS-T and incubated for one hour 

at room temperature in a secondary antibody solution made in 5% milk in PBS-T. Following 

incubation with a secondary antibody, the membranes were washed with PBS-T and then 

analyzed using VersaDoc technology, described below.  

Developing the Membrane 

The Santa Cruz Western blot luminol-detection system for HRP was used with 

chemiluminescence detection to visualize and quantify proteins of interest. Membranes were 

incubated in luminol for 1 minute, placed inside a transparent, plastic film in the VersaDoc 

chamber (BioRad Inc.) and images were captured using the QuantityOne program over a period 

of 600 seconds with increasing exposure increments of 100 seconds. Captured images were 

opened in ImageOne software and the density of the relevant bands were measured and tabulated 

in Excel 2010 (Microsoft) for analysis. 
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Quenching the Membranes 

To standardize quantification of the various proteins described here, each membrane was 

quenched and re-probed for β-actin as a loading control. If the amount of two proteins was to be 

compared (for example: γ- and ε-AChR subunits), the quench re-probe method was used on the 

same membrane in an effort to reduce variability in experimentation. Following processing for 

the given protein of interest, the membranes were quenched as previously described (Upadhaya 

et al. 2011). In brief, membranes were washed with PBS-T, quenched for 20 minutes with 27% 

H2O2 and then washed with PBS-T again. Membranes were then incubated in a primary antibody 

solution made in 5% milk powder in PBS-T. The next day, the membranes were washed in PBS-

T and incubated for one hour at room temperature in a secondary antibody solution conjugated 

with horse radish peroxidase (HRP), again made in 5% milk powder in PBS-T. Following 

incubation with the secondary antibody, the membranes were washed with PBS-T, processed for 

luminol detection, and analyzed using the VersaDoc software as previously described.  

Antibody Information 

Antibodies used for blocking in fluorescence IHC include: unconjugated goat-anti-mouse (1:20; 

115-007-003), and unconjugated goat-anti-rabbit (1:20; 111-007-003, Jackson Immuno, West 

Grove, Pennsylvania). Primary antibodies used in fluorescence IHC include: rabbit anti-Pax7 

(1:150; ab34360, AbCam, Cambridge, United Kingdom), and mouse anti-BrdU (1:200; 11-

170376001, Roche, Basel, Switzerland). Finally, secondary antibodies used for fluorescence IHC 

include: goat anti-rabbit Dylight-488 (1:200), and goat anti-mouse Dylight-649 (1:200).  

 Antibodies used for HRP-DAB visualization include the aforementioned unconjugated 

goat-anti-rabbit antibody, as well as the following antibodies: rabbit anti-Sema3A (1:300; 
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ab23393-50, AbCam), biotin conjugated goat anti-rabbit (1:200; 111-067-003, Jackson 

Immuno), and HRP streptavidin (1:500; Vector Labs, Burlingame, California). 

 For Western blot analysis the following primary and secondary antibodies were used, 

rabbit anti-atrogin-1 (1:25; ab74023, AbCam), HRP conjugated donkey anti-rabbit (1:5000; 

NA9340V, GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom), goat anti-

dystrophin (1:500; sc7461, Santa Cruz), HRP conjugated bovine anti-goat (1:350; sc2350, Santa 

Cruz), goat anti-MMP9 (1:400; sc6840, Santa Cruz), rabbit anti-γ-AChR subunit (1:250; sc-

13998, Santa Cruz), goat anti-ε-AChR subunit (1:150; sc1454, Santa Cruz), mouse anti-β actin 

(1:1500; sc81178, Santa Cruz), and HRP conjugated goat anti-mouse (1:5000; A2304, Sigma, St. 

Louis, Missouri). 

Data Presentation & Statistics 

Data were compiled in an Excel 2010 spreadsheet (Microsoft) and statistical analysis was 

performed using Excel and R, as appropriate. A probability of p < 0.05 was used to determine 

significance. Normality of data was assessed and transformed as appropriate. Parametric tests 

applied include: Student’s t-tests. Non-parametric Chi-squared analysis was performed on data to 

determine any difference in a frequency distribution between SS and deltoid muscle. Western 

blot data were analyzed using Student’s paired t-tests to assess any potential differences in the 

amount of atrogin-1, MMP9, and dystrophin. To determine any difference in blood vessel 

density Student’s paired t-tests were also performed on alkaline phosphatase data. A principal 

component analysis (PCA) was performed in an effort to highlight the variables which contribute 

the most to the variability observed in the dataset. Results are presented following the order of 

methodology; the discussion of results is grouped by the experimental assays for studying a 

particular feature of the muscle (i.e. muscle atrophy).  
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Principal Component Analysis 

The objective of PCA is to summarize the information provided by the data in the 

smallest number of components. Thus, PCA accounts for most of the variation within the 

original multivariate dataset in fewer factors, while minimizing the loss of information. For 

example, PCA has been applied to data on variables of old people at home and was used to 

identify any age-related differences between very old people and those just past the age of 

retirement (Sadeghi et al. 2000). Similarly, PCA can be applied to anatomical information for 

different species to identify the most important source(s) of variation. In those same analyses, 

PCA was used to first determine whether sex affects those anatomical variables in each species. 

New variables, termed principal components (PCs), are extracted via linear 

transformation of the data. These are the eigenvectors of covariance or correlation matrices and 

they represent the variability in the original dataset. The first new variable, or PC, is the vector 

along which the data varies the most. The next is the vector along which the data varies the next 

most, etc. In other words, the first PC accounts for the most variance in the data, the next PC 

accounts for the next highest amount of variation, etc. 

Assumptions of PCA include: variables must be linearly related, the mean and variance 

of the data describe the distribution, and the largest variances are assumed to be the most 

important (Shlens 2005). To meet these assumptions it is useful to graphically check for outliers 

via boxplots, and examine scatterplots to ensure no obvious non-linear relationships can be 

observed. Transformations, including log or square root functions, may be performed to improve 

the linearity of the data and increase the extraction of eigenvectors. 

Results 

Results are presented below, following the order described for methodology. 
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Participants and Surgery 

In a pilot study (my Honours thesis), 15 patients consented to providing biopsies for study; two 

patients were omitted, and 13 samples were processed. This study is an expansion of the 

previous study. An additional 15 biopsies (phase 2) of both SS and deltoid muscle were collected 

and processed, as reported here for a total of 28 participants. Total sample size varied for some 

experiments based on the available samples; N will be reported for each assay, where 

appropriate. In some cases, data from the full sample set will be reported, while in others only 

data from phase 2 of participants will be reported.  

Demographic data for both phase 1 and 2 of participants are presented in table 2. For the 

second phase of participants, the average time from onset of symptoms to surgery was 57.2 

weeks (N=14, data missing for one participant, range: 12-114 weeks), for an overall average of 

72.5 weeks (range: 12-520) in all 26 individuals for which information is available. It should be 

noted that without the one extreme case of 520 weeks, the average time from onset of symptoms 

to surgery was 53.9 weeks (range: 12-114 weeks) for all 26 participants. For phase 2 participants, 

gender distribution was 11:3 (male to female) and smoking status was 4:10 (smokers to non-

smokers) with data missing for one participant. In 11 cases participants noted a traumatic injury 

associated with the tear, while in 3 cases no specific injury was identified. A full-thickness tear 

was confirmed arthroscopically in 13 participants and a partial-thickness tear in 1 participant. 

Rotator cuff supraspinatus repair was performed in all 14 patients of whom there are data for. In 

addition to the supraspinatus repairs, one patient also had infraspinatus repair and two underwent 

subscapularis repair. Other surgical diagnoses for the second phase of  
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Table 3. Summary of participant demographic information and MRI findings. 

A) Demographic data from 28 participants 

B) MRI findings, including description of supraspinatus (SS) tear (full FT; or partial FT), tear 

thickness (cm), muscles affected by the tear (supraspinatus (SS); infraspinatus (IF); teres minor 

(TM), tangent sign, occupation ratio (muscle atrophy), and Goutallier classification (fatty 

infiltration). Note that MRI information for some participants was not available; these are 

recorded as missing data (md).  

A. Demographics 

Age 56.6 ± 1.5 yr (range 45-66) 

Gender Male, N=20; Female, N=7 

Shoulder affected Right, N=16; Left, N=11 

Height 1.7 ± 0.11 m 

Weight 86.4 ± 17.8 kg 

BMI 28.4  ± 4.3 

Smoking history Yes, N=8; No, N=19 

Injury mechanism Traumatic, N=19; Not traumatic, N=8 

 

B. MRI findings 

SS Tear 2 PT, 25 FT 

SS Tear thickness 1.95 ± 0.93 cm 

Muscles affected by tear SS, N=19; SS+IS, N=5; SS+TM, N=2; 

md=2 
Tangent sign negative, N=19; positive, N=3, md=6 

Occupancy ratio 0.79 ± 0.18, md=5 

Goutallier classification 0.91 ± 0.75 (range 0 to 3), md=5 
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participants include: labral tear (N=3), subscapularis tear (N=4), type-1 superior labrum anterior 

and posterior lesion (SLAP-1) (N=1), type-2 SLAP (N=1), biceps tendinopathy (N=5) and 

infraspinatus tear (N=4). Biceps tenotomy (N=6), acromioplasty (N=13), bursectomy (N=2), and 

labral debridement procedures (N=3) were also performed during surgery. These diagnoses will 

be discussed in conjunction with other findings, as appropriate. 

Histology 

Muscle Atrophy 

Sections looked similar in the sense that muscle tissue stained a salmon colour and nuclei stained 

a dark plum colour by H&E (figure 3a). Some sections showed fibres in cross-section, and others 

showed longitudinal sections of fibres, depending on the angle of the section in relation to the 

orientation of fibres in the muscle sample. Sections from different participants differed in the 

amount of muscle tissue, and the amount of visible fibro-fatty infiltration.  

Fibre diameter was measured on 1400 SS fibres and 1211 deltoid fibres stained with 

H&E.  Mean fibre diameter was smaller (N=14, p=0.008) in the SS (16.84μm ± 1.66μm, 

mean±SEM; range: 3.3-42.75μm) than in the deltoid (19.51μm ± 3.71μm, mean ±SEM; range: 

6.05-55.5μm). Fibre diameter frequency distribution also showed a significantly greater 

proportion of small-diameter fibres compared to the deltoid (p << 0.005, Chi-squared (df=9) = 

123.36).  Both of these findings are suggestive of decreased muscle content in injured SS muscle, 

when compared to the control deltoid.  

In the full dataset (N=26), fibre diameter was measured on a total of 2275 SS fibres and 

1983 deltoid fibres. Mean fibre diameter (figure 3b) was significantly smaller in the SS 

(16.60μm ± 4.09μm, mean±SEM; range: 3.24-56.32μm, p < 0.001) than in the deltoid (20.36μm 

± 5.12μm, mean±SEM; range: 3.33-67.09μm). Again, the fibre diameter frequency distribution  
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Figure 3. Muscle Histology 

A) Representative micrograph of 

Hematoxylin and eosin-stained 

muscle taken at 200X 

magnification. Scale bar = 50 μm. 

B) Graph of fibre diameter 

(mean±SEM) in supraspinatus and 

deltoid muscle biopsies (N=26). 

Asterisk (*) indicates significant 

difference, with supraspinatus 

having a smaller mean fibre 

diameter than deltoid (paired t-

test, p=0.008).  

C) Frequency distribution of fibre 

diameter for supraspinatus and 

deltoid muscle, plotted in 5μm 

bins (x-axis). There was a 

significant shift toward a smaller 

fibre diameter in supraspinatus 

muscle compared to deltoid (Chi-

squared (df=9, 123.36), 

p<<0.005).   
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(figure 3c) showed significantly more small-diameter fibres compared to the deltoid (p<<0.001, 

Chi-squared (df=12) = 194.27). Histological findings suggest SS muscle from participants with 

RCI is atrophic, and consistent with MRI information on occupation ratio.  

Fibro-Fatty Infiltration 

Fibrosis is a common feature of RCI and it can limit muscle and joint function, and muscle 

regeneration. To quantify the amount of collagen in muscle tissue, polarized microscopy was 

used to study sections prepared with a picrosirius red stain.  The red colour intensity was used to 

quantify collagen. One representative micrograph was selected to show staining (figure 4a). 

Originally micrographs were going to be captured at two different angles (0° and 90°); however, 

during analysis there was considerable difference in the collagen birefringence between these 

two angles; therefore, a third angle (45°) was added and captured, per field of view. The average 

red intensity at each of the three angles was calculated for ten fields per section, and then those 

values were summed to yield one value of red intensity, per section. In other words, the overall 

average intensity was calculated as the sum of average intensity at the three angles. 

Depending on the orientation of the sections, muscle fibres appeared dark or blue/green 

in colour, while areas of collagen fibres were displayed as a bright red. The amount of fibrotic 

tissue in each section varied considerably, with some sections having next-to-no birefringent 

collagen, while others had more collagen than muscle. In some cases, a small amount of collagen 

was visible around the periphery of fibres. Interestingly, some fibres appeared to be pulling 

apart, with fibrotic tissue seemingly “filling in” the torn region.  

Data were log-transformed for normality and results showed there were no significant 

differences in collagen content between SS and deltoid muscle. The mean red intensity of 3 

angles (figure 4b1) tended to be higher in SS (0.413±0.352, mean±SEM) than in deltoid  
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Figure 4. Sirius red micrographs and measurements. 

A-C) longitudinal sections of muscle showing 1) picrosirius red-stained slides with birefringence 

(right) and 2) 8-bit, grayscale, red-plane conversion to remove blue and green, ie/ non-collagen 

(left). Slides were photographed at 200X magnification at three different angles, as labeled 

(0(A),45(B), and 90°(C)). Scale bar = 50μm.  

D) Graphs representing the maximum red intensity (D1) and mean red intensity (D2) in 

supraspinatus and deltoid muscle, measured by ImageJ software. There was no significant 

difference between average red intensity in supraspinatus and deltoid muscle; however, 

supraspinatus tended to have a larger average red intensity than the deltoid (p=0.19). 

Supraspinatus also had a strong tendency to have higher maximum red intensity when compared 

to deltoid muscle (p=0.059). 

D1                                                                     D2 
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(0.389±0.401, mean±SEM) (paired Student’s one-sided t-test, p=0.19; N=28). It is of interest to 

note that the average maximum red intensity (figure 4b2) had a strong tendency to be higher in 

SS (1.94±0.185, mean±SEM) than in deltoid (1.88±0.233, mean±SEM) muscle (one-sided paired 

Student’s t-test, p=0.059, N=28). Histological assessment of muscle sections therefore, did not 

confirm significant fibrosis in SS compared to deltoid; however, sections of SS did tend to have 

more fibrotic content than control deltoid.  

Similar to fibrosis, fatty infiltration is another common detrimental change in muscle 

observed with RCI, and can limit muscle and joint function. The amount of fat was quantified on 

the MRI images using the Goutallier method adapted for MRI (Fuchs et al. 1999); however, 

there were also noticeable amounts of adipocytes invading the muscle tissue on the sections 

stained with H&E, displayed like “chicken wire” between and around muscle fibres. The amount 

of fat present in the sections on the slides was measured for interest, toward potential comparison 

to the MRI findings. The amount of fat in 20 non-overlapping fields (346.2 x 458.6μm) taken at 

200X magnification of muscle sections stained with H&E was quantified using a 10x13 

(34.4μm
2
) grid; the count of the number of grid intersections over fat cells represents the areal 

proportion of fat in a typical field of a section, and is referred to as the relative amount of fat. 

There was no significant difference in the relative amount of fat in the two muscles, though SS 

(3.26±1.45 fat per field, mean±SEM, range: 1.15-5.87) tended to have more fat in each field than 

deltoid (2.66±1.00 fat per field, mean±SEM, range: 1.18-4.23) (one-sided paired Student’s t-test, 

p=0.129, N=13). The tendency for SS to have more fat per field is consistent with the Goutallier 

classification by MRI; however, there was no significant correlation between these two 

parameters (R
2
 = 0.054, F1= 0.5137, p=0.4917).  
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Blood Vessel Density 

Vascular supply to a tissue can indicate metabolic demands, and potentially indicate the health of 

that tissue, as a lack of blood flow could result in tissue necrosis (death). Blood vessel density 

was quantified in sections of SS and deltoid using alkaline phosphatase staining of endothelial 

tissue. All sections looked similar in the sense that the muscle fibres were not stained and 

endothelial tissue (capillaries) stained a dark plum colour. Sections from different participants 

differed subjectively in the amount of muscle and vascular tissue that was observed. Some slides 

showed muscle fibres in cross section while others had primarily longitudinal sections through 

the muscle fibres. Most of the sections had relatively uniformly spaced capillaries, distributed 

around the periphery of individual muscle fibres. In sections with longitudinal sections (figure 

5a) the vessels ran lengthwise along muscle fibres, while in cross-sections of muscle fibres 

(figure 5b), vessels appeared as roughly circular spots of staining. Even without a tissue stain 

(such as eosin), adipocytes were apparent in some of the muscle sections, particularly from the 

SS.  

Micrographs were analyzed and the number of vessels overlapping the intersections in a 

10x13 grid was counted; the total number of vessels per field of view was compiled for each 

sample. Supraspinatus muscle had comparatively lower blood vessel density (figure 5b; 

2.31±1.10 vessels per field, mean±SEM, range:0.17-4.1) than control deltoid muscle (3.90±1.84 

vessels per field, mean±SEM, range: 1.1-8.95) (2-sided paired Student’s t-test, p=0.0006, N=27). 

An apparently lower vascular supply in the SS could be related to the atrophic state of that 

muscle determined by MRI and studies of the mean and frequency distribution of fibre diameter.  
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Figure 5. Blood vessel density 

A) Representative micrographs of alkaline phosphatase staining, showing both the cross 

sectional (A1) and longitudinal (A2) orientations sometimes observed. Scale bar = 50 μm. 

B) Graph of blood vessel density, reported as vessels per field of view in supraspinatus and 

deltoid muscle. Deltoid had significantly higher blood vessel density than supraspinatus (paired 

t-test, p=<<0.001). 
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Protein Quantification 

Atrogin-1 

The amount of atrogin-1 protein, related to protein degradation and muscle atrophy, was assessed 

in protein extracts prepared from homogenized SS and deltoid muscle. Muscle samples were 

analyzed via western blot and band optical density was standardized against protein 

concentration and the optical density of the β-actin band from the same sample (on the same gel). 

No significant difference in the amount of atrogin-1 was found (figure 6a), although SS tended to 

have higher atrogin-1 protein content (0.0586±0.064, mean±SEM) than deltoid (0.0511±0.055, 

mean±SEM) (one-sided paired Student’s t-test, p=0.074, N=20). This tendency for SS to have 

more atrogin-1 protein, a protein related to the ubiquitin-proteasome pathway for protein 

degradation, is consistent with the atrophy observed in the SS muscle and may represent a 

possible mechanism involved in RCI pathology and the potential for successful treatment.  

AChR Subunits  

Knowing that the ε-AChR subunit reverts to the γ subunit upon denervation, the γ:ε-AChR 

subunit ratio has potential for use as an indicator of the innervation status of a muscle. γ and ε-

AChR subunits were again quantified via western blot in this second phase of participants. This 

is in follow-up to the trend (p=0.13) for SS to have a higher ratio, previously found (Gigliotti et 

al. 2015). However, even with this increased sample size, there was no significant difference in 

the subunit ratio between SS and deltoid control muscles; however, again SS tended to have a 

higher ratio than deltoid (one-sided Student’s paired t-test, p=0.0898, N=20). A power analysis 

run on the first phase of data suggested a sample size of 61 to find significance with this dataset.  
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Figure 6. Protein quantification via western blot analysis 
Representative western blots prepared from protein extracts of supraspinatus and deltoid muscle 

biopsies and processed for immunodetection of proteins of interest (as labeled and β-actin for 

standardization). Graphs of optical density scanned from the aforementioned western blots 

probed for proteins of interest. A) No significant difference in the amount of atrogin-1 was 

found; however, supraspinatus tended to have higher atrogin-1 than control deltoid (p=0.074). B) 

There was a significant difference in the amount of γ-AChR subunit in supraspinatus compared 

to deltoid muscle (p<<0.001). C) There was no significant difference in the amount of 

dystrophin in supraspinatus compared to deltoid muscle; however, when dystrophin was 

standardized to fibre diameter rather than β-Actin (graph C) supraspinatus had a larger ratio than 

control deltoid (p=0.008). D) No significant difference in the amount of MMP9 was found. 
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It should be noted that the band intensity varied a lot between WBs for participants in 

phase 1 and phase 2 and that further magnified the variability in comparison of these groups. I 

re-ran as many samples as remained from phase 1 participants, in an effort to reduce the 

variability in the WB data for the γ-AChR subunit. Unfortunately, the ε-AChR subunit antibody 

yielded unsatisfactory results in this experiment, so the WB data for the γ-AChR subunit were 

standardized to β-actin, probed from the same membrane (figure 6b). Results of this comparison 

show SS had significantly higher amounts of γ-AChR subunit than control deltoid muscle (one-

sided Student’s paired t-test, p<<0.001, N=19). These results suggest denervation of SS muscle 

at the time of the biopsy, which is consistent with the finding of muscle atrophy through 

histological analysis, and the tendency for atrogin-1 to be higher in SS than in deltoid.  

Dystrophin 

The amount of dystrophin, a protein important to muscle membrane structure, was also assessed 

via western blot to yield information on membrane integrity, and potentially function as a 

“molecular clock” because some studies (Rice et al. 2006) report a decrease in dystrophin with 

increasing age. Results show no significant difference in the amount of dystrophin standardized 

to β-actin (figure 6c) in SS compared to deltoid (two-sided paired Student’s t-test, p=0.68, 

N=24). Considering that dystrophin is a cytoskeletal protein, the amount of dystrophin was also 

standardized to fibre diameter and then analyzed, with the idea that many small-diameter fibres 

would have larger membrane surface area-to-volume ratio and would subsequently have 

comparatively higher amounts of dystrophin, relative to their larger-diameter counterparts. When 

standardized to fibre diameter, SS had significantly more dystrophin compared to deltoid muscle 

(two-sided paired Student’s t-test, p=0.008).  
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MMP9 

The level of MMP9, a proteinase involved with degradation of collagen and ECM remodeling, 

was quantified via western blot. MMP9 is reported to have a low basal level of expression 

(Dahiya et al. 2011; Rullman et al. 2013), and it was measured with the idea that even small 

changes in the protein would be detectable in these muscle samples (figure 6d); however, there 

was no significant difference between the amount of MMP9 in SS compared to deltoid muscle 

(two-sided Student’s paired t-test, p=0.79, N=20). The amount of MMP9 protein was 

investigated in relation to muscle fibrosis, with the idea that a difference in the amount of this 

degradative protein could yield a difference in the amount of collagen in the muscle; however, 

neither western blot analysis or histological analysis using Sirius Red staining, found a 

significant difference in the amount of collagen or MMP9 in these muscle samples.  

Satellite Cell Activation 

Preliminary analysis of 13 participants found culture with ISDN increased the number of active 

(BrdU+) SCs in SS (one-sided Student’s paired t-test, p=0.03) but not deltoid. In the same 

experiments on samples from phase 2 participants, again for the control deltoid muscle, no 

significant difference between treated and baseline samples was found, and there was no 

significant difference between treated SS and baseline deltoid. When SC activation via ISDN 

was investigated in experiments with the 15 phase 2 samples, again culture with ISDN increased 

the proportion of active SCs in SS muscle (two-sided Student’s paired t-test p=0.03, N= 15), but 

not deltoid (figure 7).  

In the full dataset (N=27 participants), SS muscle cultured with ISDN (“treated”) had a 

significantly higher proportion of active SCs (BrdU+/Pax7+ over total Pax7+ cells) 

(0.430±0.133, mean±SEM) than untreated control SS muscle (“baseline”) (0.377±0.163,  
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Figure 7. Satellite cell activation assay  
A) Micrographs of immunofluorescence staining for BrdU and Pax7. Images are as labeled; DIC 

images to show the satellite location of the cell, Cy5 channel visualizing anti-BrdU staining and 

GFP channel visualizing anti-Pax7 staining with a merge of both channels to show overlap. B) 

displays a cell that is Pax7+/BrdU- and A2 shows a cell that is Pax7+/BrdU+ (merge is yellow).  

C) Graph of the proportion (mean and standard error of the mean) of active, BrdU+ satellite cells 

(Pax7+) over the total number of Pax7+ satellite cells observed via immunofluorescence in 

sections of supraspinatus (SS) and deltoid (D) muscles prepared after 40 hour culture in the 

presence of BrdU, with or without isosorbide dinitrate (ISDN). Treatment with ISDN increased 

the number of proliferative BrdU+ cells in the supraspinatus muscle but there was no difference 

in the number of proliferative BrdU+ cells in the deltoid muscle. Asterisk (*) indicates 

significant difference from untreated supraspinatus muscle (paired t-test, p=0.015).   
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mean±SEM) (two-sided Student’s paired t-test, p=0.015, N=27). It is interesting to note that the 

baseline level of SC activity in SS is significantly less than that of deltoid (two-sided Student’s 

paired t-test, p=0.016, N=27).  

Semaphorin3A 

Changes in SC secretion of the neural chemorepellent Sema3A upon activation could affect 

muscle innervation. To determine if SCs in injured SS differentially secrete Sema3A, IHC was 

performed on muscle samples cultured with ISDN (to activate SCs) and the area and density of 

staining was quantified. Results show that SCs in the baseline, untreated SS muscle cultures 

appear to secrete more Sema3A (0.782±0.059) than control deltoid (0.765±0.062), by this assay 

of optical density (figure 8, one-sided Student’s paired t-test p=0.041, N=10). Interestingly, no 

difference was found between treated and untreated SS or deltoid samples. The finding of greater 

Sema3A protein localization is consistent with the finding of SS muscle denervation (through 

WB assay), as SCs produce the neuro-chemorepellent, and this is proposed as a means of 

preventing premature innervation of regenerating fibres.  

Correlations 

Data were examined using correlation analyses to explore potential mathematical relationships 

between patient demographic information (including sex, age, body-mass index (BMI) and 

smoking status) and the experimental findings (including muscle histology, innervation status, 

and SC activity). These correlations were examined to highlight potential relationships that may 

direct future research, with little implication of a cause/effect relationship. Notable correlations 

from phase 2 of experimentation include the following (figure 9).  

Supraspinatus fat content quantified in H&E stained sections of muscle was negatively 

correlated with smoking status and the regression coefficient (R
2
) suggests smoking status  
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Figure 8. Sema3A staining 

A) Representative micrograph of Sema3A staining around satellite cells (arrow) observed via the 

HRP-DAB staining method. B) is a negative control. Scale bar = 50 μm. 

C) Graph of optical density of Sema3A stain in supraspinatus and deltoid muscle. Supraspinatus 

had significantly higher densities of Sema3A stain around SCs when compared to deltoid muscle 

(one-sided paired t-test, p=0.04).  
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Figure 9. Scatterplots of notable 

correlations between molecular 

muscle data and patient 

information from phase 2 of 

participants  

including: A) supraspinatus fat with 

smoking status (R
2
=0.47, F1=10.7, 

p=0.007); B) supraspinatus fibre 

diameter with blood vessel density 

(R
2
=0.34, F1=6.8, p=0.022); C) 

baseline number of active SCs in 

supraspinatus with blood vessel 

density (R
2
=0.35, F1=7.1, p=0.020). 

Trend lines (with R
2
 values) are 

shown for linear regressions. 

Significant relationships (slope 

statistically different from zero) are 

indicated by an asterisk (*).  

 

  

* 

* 

* 
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explained approximately 47% of the variation within the data for the fat (R
2
=0.472, F1=10.7, 

p=0.007, figure 9a). Supraspinatus fibre diameter was negatively correlated with blood vessel 

density, and the R
2
 suggests 34% of the variation is explained in this correlation (R

2
=0.344, 

F1=6.8, p=0.022, figure 9b). The baseline activity of SCs in supraspinatus muscle was also found 

to negatively correlate with blood vessel density, and the R
2
 value suggests 35% of the variation 

is explained in this relationship (R
2
=0.352, F1=7.1, p=0.020, figure 9c). 

Notable correlations in the full dataset (N=28) include the following (figure 10). 

Occupation ratio (an indicator of muscle atrophy, from MRIs) was negatively correlated with the 

average time from symptom onset to surgery (symptoms to surgery, StS). The R
2
 suggests StS 

explained approximately 29% of the variation within the data for the occupation ratio in SS 

muscle, in that the occupation ratio decreased due to increasing atrophy of SS, when StS 

increased (R
2
=0.286, F1=7.6, p=0.0125, figure 10a1). Interestingly, correlation analysis also 

suggests StS explained approximately 27% of the variation within the data for the Goutallier 

classification (a measure of intramuscular fat) in SS (R
2
=0.270, F1=7.0, p=0.016, figure 10a2). 

Supraspinatus occupation ratio was also correlated with tear size, with an R
2
 value suggesting 

that tear size explained approximately 56% of the variation within data for occupation ratio 

(R
2
=0.564, F1=24.6, p<<0.001, figure10a3). An interesting correlation was found with the 

quantification of atrogin-1 in samples of SS. The amount of atrogin-1 explained approximately 

53% of the variation in the proportion of active SCs (BrdU+/Pax7+) in treated samples of SS 

(R
2
=0.530 F1=24.8, p<<0.001, figure 10b). Finally, SS Sema3A stain intensity tended to be 

negatively correlated with weeks between symptom onset and surgery, with an R
2
 value of 35% 

(R
2
=0.3534, F=4.37, p=0.069, figure 10c). 
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Figure 10. Scatterplots of noteable correlations between molecular muscle data and patient 

information from full dataset 

including: A1) occupation ratio with weeks between symptom onset and surgery (R
2
=0.29, 

F1=7.6, p=0.0125); A2) Goutallier classification with weeks between symptom onset and surgery 

(R
2
=0.27, F1=7.0, p=0.016); A3) occupation ratio with tear size (R

2
=0.56, F1=24.6, p<0.001); B) 

supraspinatus atrogin-1 content with active SCs in treated supraspinatus (R
2
=0.53, F=24.8, 

p<0.001); C) supraspinatus Sema3A stain with weeks between symptom onset and surgery 

(R
2
=0.35, F=4.37, p=0.069). 

Trend lines (with R
2
 values) are shown for linear regressions. Significant relationships (slope 

statistically different from zero) are indicated by an asterisk (*). 

* 

* * 

* 
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Principal Component Analysis 

In some experimental studies, data are gathered with such a high number of variables that it 

becomes difficult to visualize them dimensionally. The ability to reduce the dimensionality of 

multivariate datasets with many attributes, to data in two or three dimensions is an important tool 

in statistical analysis for ease of visualization. Principal component analysis (PCA) does just 

that. In addition, sometimes it makes more sense and is more useful to analyze many variables at 

one time, rather than looking at variables individually or in pairs, with multiple correlations; this 

is another useful feature of PCA, in that PCA can be applied to a dataset and consider the whole 

condition or context. Though other statistical tests (for example the t-test) are used to test 

specific hypotheses related to one variable, PCA provides a comprehensive look at the data 

together.  

Figure 11 shows the results of PCAs applied to these data following previously reported 

protocol (Shlens 2005). The first PCA included all experimental variables, for both muscles. For 

curiosity, a second PCA was run with the first 3 identified principal components (PCs) from the 

previous analysis. In this second look at the data, the PCs now explained 75% of the variation in 

the variables used, and the majority of the variables loading on each PC remained the same (data 

not shown or discussed). A PCA was also run with muscle as a variable, in which only those 

variables predicted to be most informative (based on the previous analysis) were included. 

Finally, a PCA using only information for SS muscle was run. In all three PCAs, the first three 

PCs each accounted for over 10% of the variation, and together explain over 50% of the total 

variation in the respective datasets used. There are some similarities in the variables found to 

load on each of the PCs, including the number of active SCs in ISDN-treated samples, and 

quantification of fibrosis through Sirius red staining. 
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Figure 11. PCA results 

Graphs and tables of factor 

loadings on the first 3 

principle components for each 

variable included in three 

PCAs. A) All variables 

included. A factor loading of 

0.3 was considered critical 

(highlighted).  B) 

Supraspinatus variables only. 

A factor loading of 0.35 was 

considered critical 

(highlighted).  C) Relevant 

variables, including “muscle” 

as a variable. A factor loading 

of 0.35 was considered critical 

(highlighted).  
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Abbreviations used in the graphs are as follows: 

SS – Supraspinatus 

D – Deltoid  

SSdiam – SS fibre diameter 

Ddiam – D fibre diameter 

SS:Dratio – Ratio of fibre diameters 

SSBVD – SS blood vessel density 

DBVD – D blood vessel density 

SSbase – Baseline level of SC activity in SS 

Dbase – Baseline level of SC activity in D 

SSISDN – Activity of ISDN treated SC, SS 

DISDN – Activity of ISDN treated SC, D 

SSdyst – Quantification of dystrophin in SS 

Ddyst – Quantification of dystrophin in D 

SSatrogin – Quantification of atrogin-1 in SS 

Datrogin – Quantification of atrogin-1 in D 

SSgam – Quantification of γ-AChR subunit, SS 

Dgam – Quantification of γ-AChR subunit in D 

SSgamep – Ratio of γ:ε-AChR subunits in SS 

Dgamep – Ratio of γ:ε-AChR subunits in D 

SSlogSirius – Log max Sirius red intensity, SS 

DlogSirius – Log max Sirius red intensity, D 

Paintosurg – Weeks between onset of 

symptoms and surgery  
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For the PCA performed on variables available for both muscles, the first component identified by 

PCA represents active SCs in treated SS, supraspinatus atrogin-1 content, supraspinatus 

dystrophin and the γ:ε-AChR ratio; this accounted for 30% of the total variance of the whole 

dataset. This first principal component could be classified as “atrophic, denervated activation”. 

The next component accounted for just over 12.6% of the total variance and represents body 

weight, BMI, deltoid diameter, and SS fibrotic content. This second component could be 

classified as “body size and fibrosis”.  Finally, weeks between symptom onset and surgery, SS 

and deltoid fibre diameter, and active SCs in baseline SS are represented by the third component, 

which accounts for just under 10% of the total variation. The third component could be classified 

as “muscle status and time since injury”. Together these three components account for almost 

53% of the total variance.  

For the next PCA performed on variables from SS muscle, including data on MRI 

variables, the first component represents the quantification of atrogin-1 and dystrophin, and 

active SCs in treated samples, and accounts for just over 28% of the total variance. This first 

component could be classified as “atrophy”. The next component accounts for just over 16% of 

the total variance and represents height and fibrotic content; this component could be classified 

as “shorter with fibrosis”. Finally, the last component contrasts weeks between symptom onset 

and surgery with blood vessel density and smoking status, and accounts for just under 10% of the 

total variance. The final component could be classified as “time since injury and vascularity”. 

Together these three components account for almost 67% of the total variance.  

In the final PCA, with muscle included as a variable, the first component represents the 

quantification of atrogin-1 and dystrophin, active SCs in baseline and treated samples, and the 

γ:ε-AChR subunit ratios. This first component accounts for almost 27% of the total variance and 
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could be classified as “atrophic activity”. The second component accounts for almost 13% of the 

total variance and contrasts weight and BMI with fibrotic content. This second component could 

be classified again as “body size and fibrosis”. The third and final component represents muscle 

as a variable and MMP9 content, and accounts for just over 11% of the total variance. It could be 

classified as “muscle type and collagen degradation”. Together, these three components account 

for almost 60% of the total variance in the data.  Discussion of these extracted PCs will be 

described later (see “Principal Component Analysis”).  
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Discussion 

The purpose of these experiments was to study intra-operative muscle from RCI at a cellular and 

molecular level to further investigate muscle pathology including atrophy, fibrosis, and fatty 

infiltration as well as features of muscle denervation. These experiments were performed 

following a preliminary study in which SS muscle showed atrophy and trends indicative of 

denervation. These experiments also followed up on the identification of the use of ISDN in 

culture to activate SCs in samples of SS muscle from RCI. The overarching hypothesis was that 

changes in innervation status (AChR subunit composition), SC activation, Sema3A localization 

to SCs, and protein composition (atrogin-1, dystrophin) accompany the atrophy of SS in RCI, in 

comparison to ipsilateral deltoid (as a control). Research regarding muscle degeneration and/or 

denervation with RCI is a limited, but growing, area of literature.  

In this study the ipsilateral deltoid was used to serve as a control muscle, since the 

contralateral SS is often affected by RCI, sometimes asymptomatically; as well, the deltoid is 

reportedly not affected in patients with symptoms of RCI (Yamaguchi et al. 2006). Furthermore, 

in an ultrasonographic study, Ro and researchers (2015) reported high prevalence of contralateral 

RC tears in participants with medium or larger RC tears, further negating the use of the 

contralateral SS as a reliable control muscle. In a study on muscle progenitor cell regenerative 

capacity in RC tears, Meyer and associates (2015) also used deltoid muscle as a non-rotator cuff 

control, to study results obtained arthroscopically in the SS and infraspinatus muscles. Therefore, 

this study was designed to biopsy ipsilateral deltoid muscle as a comparison to the SS muscle of 

RCI participants, and thereby control for age, life history and activity (Meyer et al. 2015) which 

are likely to be important variables affecting a person’s health including smoking status, as well 
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as the status of the many parameters that were measured in the skeletal muscle biopsies of the 

current project. 

The following discussion of findings has grouped the results into the features (e.g., muscle 

atrophy) under study by experimental assays.  

Histology 

Muscle Atrophy 

Muscle pathology is commonly assayed through histological staining and analysis. Fibre 

diameter measurements on H&E stained sections was used to confirm muscle atrophy (Stockmar 

et al. 2006) seen as smaller-diameter fibres in injured SS compared to control. With 

denervation/disuse or in disease states, muscle is degraded as a source of amino acids, utilized 

for energy and only acute protein synthesis is maintained in vital organs, such as the brain 

(Attaix et al. 2005). In small proportions, muscle wasting is arguably beneficial, but prolonged 

catabolic conditions result in detrimental muscle changes and a decrease in function which could 

increase mortality and ultimately increase health care costs (Attaix et al. 2005; Ventadour and 

Attaix 2006). Denervation, immobilization, and unweighting all result in similar rates of loss in 

skeletal muscle mass, which suggests the presence of a common atrophy mechanism (Bodine and 

Baehr 2014). Whatever the underlying cause of atrophy, the end result is the same: a decrease in 

muscle mass, usually due to increase protein breakdown, with or without decreased protein 

synthesis (Gomes et al. 2001). A decrease in the contractile mass of muscle results in weakness, 

and, for the case of RCI, joint instability. It is arguably worthwhile, then, to investigate muscle 

atrophy further. There are many proteolytic pathways; however, there is only evidence for one 

such pathway to be involved with muscle wasting: the ubiquitin-proteosome dependent pathway 

(Bodine and Baehr 2014; Ventadour and Attaix 2006). To date the largest increase in mRNA 
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expression related to atrophy is for atrogin-1, an ubiquitin ligase (E3) responsible for targeting 

protein for degradation. In WB assays of atrogin-1 quantification, no significant difference was 

found between control deltoid and injured SS muscle. In considering the atrophy found by 

histological analysis of SS muscle, it is surprising that atrogin-1 is not significantly higher in 

atrophic SS compared to control. There are many possible reasons for this, including the time-

course increase in ubiquitin ligases such as atrogin-1. Muscle biopsies were collected during 

arthroscopic surgery that occurred an average of 72 weeks after the onset of symptoms, so it is 

possible that the upregulation of atrogin-1 occurred at an earlier time point, and the level of 

atrogin-1 had subsequently returned to a more basal level by the time of the biopsy. To date, 

there have been no time-course studies in human muscle samples to quantify the amount of 

atrogin-1 (Bodine and Baehr 2014); therefore, it is difficult to know if a change in the amount of 

this protein should be anticipated at an average of 72 weeks post-injury. In rodent models of 

unloading, there is a sustained elevation of atrogin-1 for 7-10 days, which decreases to baseline 

by 14 days after unloading (Bodine and Baehr 2014).  Medina and associates (1995) also report 

increases in the amount of atrogin-1 protein in rat soleus muscle after cutting the sciatic nerve. 

These two reports suggest that atrogin-1 changes would indicate recent atrophy or atrophy in 

progress, and were not captured by the analysis of RCI-biopsy pathology at the time of 

orthopedic procedures in this study.    

Originally atrogin-1 and MuRF1 were thought to increase in response specifically to 

denervation (Attaix et al. 2005). Now, rapid increases in both atrogin-1 and MuRF1 have been 

reported in rodent models of disuse (hind limb unloading) (Bodine and Baehr 2014). The targets 

of atrogin-1 and MuRF1 are not clear in human muscle (Jones et al. 2004); though reports 

speculate that atrogin-1 may target myoD, while MuRF1 targets ATP-generation proteins 
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(Bodine and Baehr 2014). Tintignac and researchers (2005) report an inverted pattern in the 

expression of myoD and atrogin-1 and suggest that atrogin-1 suppresses myoD-related 

differentiation by degrading myoD. It would be interesting to extend western blot analysis to 

compare the relative amount of both myoD and atrogin-1 in atrophic muscle.  

Unfortunately, it is not possible to investigate the effect of atrogin-1 knockouts because 

knockout is fatal (Bodine and Baehr 2014) which suggests a critical role of atrogin-1. The 

investigation of these genes (and proteins) is quite novel for study of human muscle disease and 

Jones and colleagues (2004)  remind readers that the roles of MuRF1 and atrogin-1 in humans 

are not well characterized. Most work to date, on MuRF1 and atrogin-1 has been in rodent 

models. Though results here were not significant, these data add valuable information from 

human muscle regarding the amount of an ubiquitin ligase that is critical to muscle atrophy.  

Fibro-Fatty Infiltration  

Often, in restoring tissue continuity following chronic injury, muscle is replaced by fibrous and 

fatty tissue; this changes the microenvironment and sacrifices muscle function, and is in contrast 

to the situation after acute injury, which has a better chance to restore muscle continuity through 

myogenic regeneration. With injury, and changes in muscle architecture, fibrotic and fatty tissue 

can accumulate in spaces between muscle fibres. These detrimental muscle changes could 

compromise the success of the reparative process (Joe et al. 2010).  

Fibrosis: MMP9 

The extracellular matrix of muscle is pivotal to plasticity and function, as it provides structural 

support and a framework for muscle regeneration (Dahiya et al. 2011; Sanes 2003). The basal 

lamina is made up primarily of collagen IV and laminin (Sanes 2003). Recall that matrix 
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metalloproteinases remodel the ECM in response to exercise and may have a role in the 

migration of myoblasts by cleaving growth factors stored in the ECM (Zimowska et al. 2008; 

Rullman et al. 2013). There is a reported increase in MMP9 with exercise (Rullman et al. 2013) 

and interestingly also a reported increase in MMP9 with nerve injury (Dahiya et al. 2011). An 

increase in muscle contractile content was found in the muscle of mice with increased expression 

of MMP9, possibly related to the permission of white blood cells (WBCs) to invade the muscle 

tissue for repair (Rullman et al. 2013).  Lo and colleagues (2004) mention the importance of 

MMPs in many medical fields, including soft-tissue remodeling, both during maturation and 

following injury. The importance of proper remodeling on tissue integrity was further 

highlighted in a study by Lundgreen and researchers (2014) which showed that dysregulated 

tendon cell density could impede the maintenance of healthy structure and ultimately result in 

failure of the tendon and muscle to withstand loading.  

There was no significant difference in the amount of MMP9 between SS and control 

deltoid; this finding is interesting and may be explained in a few different ways. It was difficult 

to predict the expected change in MMP9 with SS tendon injury in RCI. The literature presents 

conflicting predictions when assessing the amount of MMP9 in pathological samples. On first 

thought, given the anticipated presence of fibrosis in the muscle samples, one would assume the 

amount of a proteinase such as MMP9 would remain low in the hypothetically fibrotic tissue, 

because an increase in fibrotic tissue could result from slow or minimal degradation in a stably 

fibrotic tissue. Histological analysis showed that SS muscle only tended to have more fibrotic 

tissue than control (p=0.08). Considering the results of MMP9 assays (by WB) and studies of 

fibrosis (Sirius Red staining) together, it is not surprising that there is no difference in the 

amount of MMP9 if the muscle is not significantly fibrotic.  
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We could also predict an increase in MMP9 with injury considering the reported increase 

in MMP9 with muscle-crush injury in mice (Zimowska et al. 2008); however, Gotoh (2013) 

found no change in MMP9 in tendons from cadavers with RCI. Again, the time-course of MMP9 

activity in relation to the progression of pathology in RCI and the StS interval may also have 

contributed to the lack of significance in assays of both MMP9 and fibrosis. 

On the other hand, given the atrophic state of the SS muscle, one might expect tissue 

remodeling through an increase in MMP9 to be occurring in the injured samples more so than the 

control muscle; this remodelling would include cleavage of ECM proteins to allow activation of 

GFs and/or invasion of macrophages for repair. That being said, Dahiya (2011) reported an 

increase in muscle tissue with increased MMP9 expression; therefore, given the decrease in 

muscle tissue (atrophy) observed in SS with RCI we might expect the opposite, a decrease in 

MMP9. In addition, taking the SC activity into consideration, the low baseline level of 

BrdU+/Pax7+ SCs in SS muscle cultures (without ISDN) suggests that active repair is not 

occurring (evident as a low proportion of active SCs). This could be due, at least in part, to a lack 

of cleavage of GFs from the ECM (possibly related to lack of change in MMP9). In any case, the 

quantification of MMP9 in fresh biopsies of human muscle from participants with RCI adds a 

valuable piece of information to the growing body of literature on MMPs.  

To my knowledge, little work has been done to investigate MMPs in human muscle 

samples; to date, only human tendons have been investigated. I chose to quantify MMP9 based 

on its reportedly low basal expression (Dahiya et al. 2011; Rullman et al. 2013) and an increase 

with nerve injury (Dahiya et al. 2011). I anticipated being able to identify even a small change in 

the amount of MMP9 in injured muscle vs. control, if one was present, and to provide another 

piece of information to interpreting the innervation status of SS muscle from RCI (which was of 
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interest as tendon and/or nerve impingement is considered a possible contributor to RCI 

pathology). It is possible that MMP9 activity is not regulated in human muscle the same way it is 

in the rodent models. Alternatively, human MMP9 could have different targets than in rodents, 

given its reportedly broad substrate specificity. In an assessment of ruptured RC tendons and 

post-operative re-tears, Gotoh (2013) found no relation between the amount of MMP9 and the 

incidence of re-tearing. Zimowska and researchers (2008) found that the increase in MMP9 with 

crush injury depends on the type of muscle and the time-course of regeneration, with fast muscle 

exhibiting decreased MMP9 during myolysis (early) and slow muscle exhibiting increased 

MMP9 during both myolysis and reconstruction (later). In an additional study on the present 

muscle samples from participants with RCI (Xu, Leiter and Anderson, unpublished), histological 

analysis of SS muscle fibre type composition found 44±1% slow fibres, 53±1% fast fibres, and 

3.4±0.4% intermediate fibres. This distribution suggested a shift toward fast-twitch fibres in 

injured muscle compared to control deltoid. Similarly, western blot analysis showed 49.5% slow 

fibres, 50% fast fibres, and 0.2% intermediate fibres in SS samples. This can be contrasted to 

44.6%, 55.1% and 0.2% respectively, in deltoid samples. Given the results of Zimowska and 

researchers (2008), the mixed distribution of fibre types in SS muscle, and the factors discussed 

above, it is difficult even now, to make any prediction regarding the amount of MMP9 that 

would be expected in a study of this type.  

It would be interesting to quantify an MMP with a substrate more specifically related to 

fibrosis (a build-up of collagen IV/I) in muscle, such as MMP1 or MMP13, as Lo (2004) found 

an increase in MMP13 in tendon tissue from patients with RCI. MMP13 is known to degrade the 

major component of tendons, collagen I (Lo et al. 2004), and was also found to increase in 

conditions involving excessive degradation of the ECM, such as periodontal inflammation. 
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Considering the relation between WBC infiltration and MMP activity in tissue remodeling with 

exercise, it would be interesting to look at the relationships between inflammation and MMP 

levels. In keeping with this, by investigating the level of various GFs in the ECM, it would be 

interesting to determine whether fibrosis restricts cleavage of GFs, which would be expected to 

subsequently result in decreased SC activity, or if MMPs are inherently lower in inflammation, 

and thus not cleaving the GFs for subsequent SC activation. Knowing that the SCs can be 

activated via ISDN in culture, one might be able to eliminate the level of NO production and 

influence on SC activation as possible explanations for decreased MMP activity.  

Fibrosis: Sirius red stain 

An increase in collagen production unopposed by compensatory remodelling or myogenic repair 

after muscle injury, leads to fibrotic tissue essentially replacing contractile muscle tissue. This 

results in a loss of muscle function and in severe cases, prevents any further repair. In addition, a 

stiff, fibrotic muscle may be more prone to injury as many features of the muscle architecture 

would presumably be more strongly anchored to the less elastic elements of connective tissue. 

By stiffening muscle tissue, fibrosis may thus also prevent or attenuate the subsequent activation 

by mechanical stretching or contractile shortening of SCs on remaining fibres in that muscle, 

which would in turn prevent normal growth and later repair. Fibrosis also affects vascularization; 

increased fibrotic content can prevent blood vessels from reaching muscle tissue and thereby 

restrict the flow of nutrients (required for normal growth) from reaching the muscle (Liu et al. 

2011). This deprivation could impede muscle regeneration and lead to further muscle weakness 

and increased susceptibility to injury of tissues at the joint it should stabilize. 

Investigation of tissue injuries in a mouse model of RCI by Liu and researchers (2012) 

found that denervation, rather than tendon transection, resulted in the largest increase in fibrotic 
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tissue. Similar muscle fibrosis has been reported in both rabbit and sheep models of RCI (Fabis 

et al. 2001; Gerber et al. 2004), though it should be noted those researchers used Sirius red 

staining in the absence of polarized light to quantify collagenous tissue.  

 Given that muscle from RCI has been subject to injury and was atrophic, in addition to 

results previously published, it was hypothesized here, that SS would also exhibit features of 

fibro-fatty infiltration. The amount of fibrosis per field was quantified through polarized light 

microscopic analysis of Sirius red staining at three different angles. The overall average intensity 

was calculated as the sum of average intensity at the three angles. No significant difference was 

found between SS and deltoid muscle; however, SS tended to have both a higher average 

(p=0.13) and maximum (p=0.059) red intensity than control deltoid muscle.  

 Sirius red staining is generally considered a semi-quantitative assay, and may not be 

specific enough to detect subtle changes in tissue fibrosis in a biopsy study, at least in SS, similar 

to previously published literature. Bright-field measures of red and green areas in sections 

stained with Sirius red may yield significant results, where proper use of polarized light may not 

find significance. That being said, no significant difference between SS and control was found 

when MMP9 was quantified via western blot. By these assays, results suggest muscle from RCI 

is not significantly fibrotic. Alternatively, it may be that additional measures (more fields per 

section, or more sections from each biopsy), or additional participants are required. More 

significantly, study of biopsies from participants with a narrower symptoms-to-surgery interval 

may have demonstrated a significant increase in fibrosis, given the trends found here in assays 

using Sirius red staining and since well-controlled studies of muscle fibrosis in animal models 

are able to detect fibrosis using Sirius red staining quantified by polarized light (Huebner et al. 

2008) or red-green quantification (Van Erp et al. 2006). 
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Fatty Infiltration 

It is common clinical practice to assess the amount of fat in muscle tissue through the Goutallier 

(1994) classification method, modified for MRI images. Recall that the scale runs from 0-4 in 

describing intramuscular fat, with the following grades: 0 indicates no intramuscular fat; 1 

indicates small streaks of fat without significant accumulation, 2 corresponds to significant fat 

but less than the amount of muscle, 3 describes equal amounts of fat and muscle; and 4 indicates 

there is more fat than muscle. Meyer and colleagues (2015) raise concern as to whether MRI is 

reliable to visualize increases in intramuscular fat and subsequent decreases in physiological 

muscle cross-sectional area. This is relevant to RCI because clinical outcome and re-tear rate 

have been highly correlated with fatty infiltration and muscle atrophy. For these reason, I was 

interested in quantifying the amount of fat in sections of SS muscle from participants with RCI, 

in addition to the clinical information provided by MRI analysis. Results show no significant 

difference in the amount of fat in SS, compared to deltoid as a control; however, SS tended to 

have more fat per field than deltoid (p=0.13, N=13). MRI data on the Goutallier classification 

were only available for SS muscle in 22 participants; therefore, it is difficult to compare my 

histological findings with the clinical results. That being said, the average Goutallier score for 

these muscle samples was 0.9 ± 0.752, defined as less fat than muscle, with the highest score of 3 

in one participant, indicating equal amounts of fat and muscle. Taken together, results suggest a 

low degree of fatty infiltration of SS muscle from present participants with RCI. Overall this is 

good news for the participants, as Meyer and associates (2015) suggest fatty degeneration 

persists even after surgical repair of tendon tears, and fatty infiltration is extensively reported to 

impede the repairative process. Interestingly, in a mouse model of denervation, Liu and 

researchers (2012) reported fatty infiltration of muscles. Investigation of the innervation status of 
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the present muscle samples via western blot for the γ-AChR subunit protein, suggests the SS 

muscle is denervated. With denervation and injury, changes in muscle architecture could result in 

fibro-fatty infiltration, owing to the adipocytes in histological analysis, and low-grade fatty 

infiltration observed through MRI.  

MRI results suggest fatty infiltration of SS muscle, and histological analysis found SS 

muscle tended to have more fat when compared to control. The mechanism of fatty infiltration is 

a controversial topic in the literature. Joe and associates (2010) postulate that the infiltration of 

fat with muscle damage is due to the presence of a subpopulation of bi-potent fibro/adipogenic 

progenitors, termed “FAPs”. The idea is that FAPs enter the cell cycle following muscle injury 

and may induce differentiation of primary myoblasts through expression of molecules that 

promote differentiation. On the other hand, Vettor and colleagues (2009) suggest SCs are 

capable of transiting to an adipogenic lineage, which is thought to result in the increases in 

intermuscular adipose tissue seen with weight gain and/or metabolic disease. In either case, the 

change in lineage progression by precursor cells would be interesting to track in further research 

in human disorders where the balance of contractile muscle, fat and fibrotic tissues determines 

both the short-term outcome of an injury and the longer term outcome of function after a 

regenerative response. 

Blood Vessel Density 

Blood vessel density was examined to highlight any difference between injured and control 

muscle. Changes in vascularization with age, BMI, smoking, etc. could help explain the 

progression of muscle atrophy or the failure to restore muscle function following surgery. 

Muscle repair requires revascularization within the region of damage, and the highly active 

process of angiogenesis is critical to that repair. Rodeo (2007) found an increase in vascularity 
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following repair from an acute injury which is consistent with  the importance of vascular 

invasion. In the current study, SS blood vessel density was significantly lower (2.31±1.10 

vessels/field) than that of control deltoid (3.90±1.84 vessels/field, Student’s paired t-test, 

p<0.001, N=28). In another study on these samples (Xu, Leiter and Anderson, unpublished), 

vascular endothelial growth factor (VEGF) was found to be significantly higher in the SS than 

the control deltoid, suggesting an increase in the promotion of angiogenesis, potentially for 

muscle regeneration. VEGF is a key regulator in the process of angiogenesis, as it stimulates 

endothelial cell proliferation; studies of injured muscle show increases in VEGF at locations of 

new vessel formation during repair (Ferrara and DavisSmyth 1997), and increased VEGF before 

an increase in vascular density in muscle growth in old mice treated with exercise and ISDN 

(Leiter et al. 2012). Taken together, the literature and the unreported findings on VEGF suggest 

that injured SS may have a lower blood vessel density either causing or due to injury and that 

VEGF may increase in these injured muscles in an effort to promote vascularization and improve 

muscle repair.  

Chansky and Iannotti (1991) contrasted chronic tendon pain and pathology with 

spontaneous tendon rupture in sports, on the basis of vasculature or lack thereof; their report 

suggested that the invasion and proliferation of new vessels causes swelling in chronic tendon 

pathology, whereas lack of vasculature and asymptomatic degeneration may underlie 

spontaneous tendon injuries. Results here suggest the latter is the case: reduced vascular density 

in the SS muscle may underlie spontaneous tendon injuries as part of the pathology of RCI. It is 

particularly interesting to consider the injury mechanism with blood vessel density, given that a 

large portion (19/27) of participants reported a single traumatic event as the cause of their RCI. 

Interestingly by contrast, regression analyses in this study suggest there is no relation between 
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blood vessel density and injury mechanism (R
2
=0.00008, F1=0.002, p=0.96), nor a correlation 

between SS fibre diameter and injury mechanism (R
2
=0.003, F1=0.009, p=0.92). The apparent 

decrease in vascular density of injured SS may underlie or be a result of spontaneous tendon 

injuries as part of the pathology of RCI; therefore, an effort to promote vascularization may 

improve muscle repair and restore joint function following reparative surgery. 

Protein Quantification 

γ:ε-AChR Subunits and Innervation Status 

Muscle function and health both depend on proper innervation. There is an immediate loss of 

muscle function with denervation and/or peripheral nerve injury, and if denervation persists, 

atrophy will soon follow. The level of muscle contractile activity contributes to the regulation of 

protein breakdown (Medina et al. 1995). Beeler and researchers (2013) reported that asymmetric 

atrophy follows tendon retraction and muscle denervation, and suggested incomplete denervation 

may occur, which would result in differential amounts of muscle wasting within a muscle belly. 

Worse still, prolonged denervation will lead to both atrophy and muscle fibrosis. Batt and 

associates (2006) reported many changes in denervated rat gastrocnemius muscle including an 

increase in atrogin-1 and MuRF1, an increase in fibroblasts, and a decrease in the ratio of 

capillaries to muscle cells. That report goes on to note that the time to reinnervation was 

correlated to the functional outcome of the muscle (Batt et al. 2006), which emphasizes that the 

time to reinnervation is actually a critical predictor of the level of functional muscle recovery 

following denervation. The idea that denervation, with or without disuse, may contribute to the 

observed muscle atrophy in RCI initially led to our investigation of possible SS denervation in 

RCI. 
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Quantification of the AChR subunits has been used to indicate the innervation state of the 

muscle since Li and researchers (2008) found an increase in the γ-AChR subunit in rat models of 

muscle denervation, and Gatttenlohner and associates (2002) found a similar increase in γ-AChR 

subunit in humans with neurogenic disorders. Results from the initial 11 participants did not 

show a significant change in the γ:ε-AChR subunit ratio although, SS tended to have a higher 

γ:ε-AChR subunit ratio than deltoid. Further study of the γ:ε-AChR subunit ratio in the 

additional 15 participants in phase 2 of the study, also found no significant difference, but again 

there was a strong tendency for SS to have a higher γ:ε ratio (p=0.08) than deltoid. Post hoc 

power analysis based on the first phase of participants suggested that a sample size of N=61 

would be required to find significance at p=0.05, given the level of variability in the ratio. 

However, analysis of the γ-AChR subunit standardized to β-actin showed SS had a significantly 

higher level of γ-AChR subunit protein (0.032 ± 0.016) than control deltoid (0.010 ± 0.001; 

Student’s paired t-test, p<<0.001, N=19). These results support the notion that SS muscle in this 

study was denervated, and that may play a role in the RCI pathophysiology, consistent with the 

findings of muscle atrophy and the tendency to higher atrogin-1 in SS than in deltoid, given that 

atrogin-1 has been reported to increase in models of denervation atrophy.  

Interestingly, both Higashino and colleages (2013) and Kamath and associates (2008) report 

increases in resting blood flow and capillary bed size in denervated muscle whereas Lu and 

colleagues (1997) report a decrease in vascular density after 3 and 7 months of denervation. 

However, in my study of correlations, SS blood vessel density explained only a small amount 

(9%) of the variation in the amount of γ-AChR subunit protein. These results do not suggest a 

clear connection between blood vessel density and innervation status of the muscle. Notably, the 

present study did not control for the time-course of RCI pathology, and we do not know whether 
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the subunit ratio of the AChRs would change homogeneously within a muscle that had injury 

inducing regional denervation, and clinical data cannot confirm or rule out denervation of 

different parts of the SS muscle.  

In summary, findings from this study show there was denervation in SS muscle from 

participants with RCI. However, while they cannot establish denervation in the causation of RCI, 

results here do establish the value of exploring the innervation status of RCI SS in the clinic, 

given the relationship between muscle innervation and functional recovery.  

Dystrophin 

Dystrophin is a structurally important cytoskeletal protein, and is part of a large complex called 

the DGC that connects actin of the cytoskeleton to extracellular proteins of skeletal muscle and 

acts as a shock absorber (Blake et al. 2002; Ervasti and Campbell 1993). The absence of 

dystrophin leads to changes in this crucial complex and also results in muscle degeneration, seen 

as X-linked muscular dystrophy (Ervasti and Campbell 1993). There was no difference in the 

amount of dystrophin protein in the SS muscle compared to the control deltoid (according to WB 

studies). This finding is interpreted to indicate that although the SS muscle is atrophic, it is not in 

an extreme degenerative state that affects the level of dystrophin. In correlation analyses 

dystrophin was not correlated with age, despite a report in the literature that there is a decrease in 

dystrophin with increasing age (Rice et al. 2006). The amount of dystrophin did not correlate 

with innervation status as hypothesized, despite the observation by Kong and Anderson (1999) 

that AChR clustering decreased and NMJs were fragmented in the regenerated muscle in the 

absence of dystrophin, probably because the amount of dystrophin in injured SS muscle was not 

changed compared to control deltoid muscle.  
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The amount of this essential component of the muscle membrane in muscle with non-

genetic pathology was previously unknown. That there was no significant difference in the 

amount of dystrophin implies that the structural integrity of the membrane is maintained after 

RCI despite atrophy of the muscle. Reduced membrane integrity could theoretically cause 

muscle weakness, joint instability and ultimately, muscle injury, since Hawke and Garry (2001) 

suggested muscle atrophy might be due to thinner and more fragile muscle fibres. Histological 

analysis confirmed the presence of more, small-diameter fibres; however, the results suggest 

structural integrity of the muscle membrane is not impaired in RCI. These data also provide 

valuable insight into the amount of dystrophin in paired samples of non-genetic pathological and 

control human muscle in adults 

Satellite Cell Activation 

Results from the first phase of participants showed that SCs in SS were activated through culture 

with ISDN (NO-donor drug), whereas SCs in the control deltoid muscle showed no change in 

activation with treatment. Upon expansion to the second phase of participants, results again 

showed SCs in SS were significantly activated after culture with ISDN relative to baseline 

(untreated). In both phases, the level of activated SCs induced by ISDN treatment in SS cultures 

did not differ from the baseline level of SC activation in deltoid cultures; again, in phase 2 

cultures, deltoid muscle SCs did not respond to ISDN. The response of SS SCs to activation 

through culture with ISDN, despite atrophy and denervation, shows these cells retain their 

proliferative capacity. The findings of the culture experiments are consistent with the results of 

Leiter et al. (2012), where the administration of ISDN to old mice with pre-existing atrophy 

increased the muscle growth-response to exercise.  



88 

 

It is through the activation of SCs and subsequent addition of new daughter nuclei to 

myofibres, in addition to hypertrophy of individual fibres without myogenic cell proliferation, 

that muscle is capable of growing in response to increases in loading. The insensitivity of muscle 

to growth cues could be a result of changes in SC number or their proliferative activity, in 

addition to changes in the balance of anabolic vs. catabolic processes that affect contractile 

proteins in muscle. Meyer and researchers (2015) found there was no decrease in the number of 

muscle progenitor cells in biopsies taken from individuals who had full-thickness tendon tears at 

the time of arthroscopic surgical repair. Consistent with those previously published results, in the 

present study there was no difference in the total number of Pax7+ cells in SS compared to 

control deltoid. Furthermore, Meyer and colleagues (2015) go on to report that there was a 

decreased proliferation of muscle progenitor cells in samples from subjects with partial-thickness 

but not full-thickness tears. By comparison, when separated by tear thickness, results from the 

current study do not show a correlation between either the number or the activity of SCs and tear 

thickness. Leiter and Anderson (2010) report a decrease in SC responsiveness to stretch-induced 

activation with increasing age. No correlation with age and SC activation was found in samples 

of SS or deltoid muscle from participants with RCI.  

Finally, Meyer and associates (2015) suggest that the microenvironment plays a critical 

role in skeletal muscle repair, as skeletal muscle progenitor cells after RC tears could fuse and 

form new myotubes in vitro, in an identical process to those from control muscle, when provided 

with the correct cues. Results from experimentation in the present study, suggest that SCs in 

injured SS muscle retain the capacity to respond to activation via proper cues. However, since 

the baseline activity of SCs was significantly lower than in control muscle, findings indicate 

there may be underlying differences in the microenvironment. Since NO levels in a muscle could 
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be anticipated to support optimal SC activity for the architecture and functional demands of a 

particular muscle, SCs of healthy adult muscle may not respond to a particular NO stimulus, as 

delivered by the ISDN concentration used in this study. Conversely, injured SS may have a 

relatively low level of NO due to disuse, compared to a healthy muscle (control), and this 

condition could result in SC increased sensitivity to the NO-donor drug. The result of this 

microenvironment would predict the present result, that culture with ISDN effectively raised SC 

activation up to the baseline level seen in control muscle.  

These findings add to the limited body of knowledge on the effect of ISDN on SCs in 

human muscle. The therapeutic potential of activating SCs by drugs that act through the NO-

mediated pathway has been extensively investigated in mouse (Anderson 2000; Marques et al. 

2005; Sciorati et al. 2010) and zebrafish (Zhang and Anderson 2014) models. Confirming that 

human SCs are responsive to activation with an NO-donor drug, despite atrophy and possible 

denervation, shows the clinical potential for a treatment based on NO delivery to muscle in RCI 

patients to promote SS growth as a means of helping restore muscle strength and achieve 

maximal functional outcome after tendon repair.  

Semaphorin3A 

Based on recent reports that Sema3A, an axon-guidance molecule in the central nervous system, 

is secreted by SCs after their activation and early differentiation (Do et al. 2011; Suzuki et al. 

2013; Tatsumi et al. 2009), possible changes in SC-derived Sema3A with age, injury, or 

inflammation in humans may be related to innervation status and the potential for successful 

surgical repair of RCI. Observations of immunostaining for Sema3A showed that SCs in SS had 

significantly higher staining for Sema3A than SCs in control deltoid. Considering the atrophic 
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and denervated state of injured SS muscle, this confirmation that the neuro-chemorepellant was 

secreted, is not surprising. SC secretion of Sema3A is postulated to represent a coordinated 

scheme to delay neurite sprouting and reattachment of motoneuron terminals onto damaged 

muscle fibres in early stages of regeneration, until fibres are sufficiently repaired. The present 

results are consistent with previous findings in animal models of injury, including crush and 

toxic injection, that report increases in Sema3A following both injury mechanisms (Do et al. 

2011; Sato et al. 2013). To my knowledge this is the first investigation of Sema3A in human 

muscle samples from participants with RCI. This new information adds to the growing body of 

literature on Sema3A and could provide valuable insight into novel strategies to combat 

denervation-atrophy often observed with aging.  

Effect of Aging on Muscle 

As mentioned, muscle atrophy and fibro-fatty infiltration increase with increasing age and may 

make muscle more susceptible to injury (Melis et al. 2010; Ryall et al. 2008). It is not surprising, 

then, to find atrophy and an increase in fat in the samples of injured SS muscle from participants 

with a mean age of 56 years. Ryall et al (2008)  propose both intrinsic and extrinsic causes of 

these detrimental muscle changes observed with increasing age. It is well reported in the 

literature that these detrimental muscle changes are due at least in part to decreased physical 

activity (extrinsic) (Ryall et al. 2008). That being said, some of the participants in this study 

report a traumatic injury that was felt while performing weight-lifting activities, suggesting these 

individuals do not have a sedentary lifestyle. For this reason we cannot deem the observed 

muscle atrophy and fatty infiltration as merely due to disuse. Other intrinsic, biological factors 

reported to influence muscle structure and function include oxidative stress (accumulation of 

free-radical damage) over the individual’s lifetime. It is possible that, with increasing age, there 
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is an accumulation of intrinsic damage and degeneration that subsequently predisposes muscle 

and tendons to injury. It is interesting to note, however, that there was no significant difference 

in the amount of fibrotic tissue between injured SS and control muscle, as that would have been 

expected after accumulated injury.  

Muscle regenerative capacity can also influence the overall health of a muscle, which in 

turn is related to SC number and activity. For example, Lee and colleagues (2013a) highlighted 

changes in the level and distribution of NOS-1, which could result in a change in the amount of 

NO, particularly during muscle regeneration, and ultimately could produce a change in SC 

proliferative activity. The regenerative capacity of human SCs with increasing age is a somewhat 

controversial area in the literature. In animal models, a decrease in the number of SCs and a 

decrease in SC response to activation with age have both been reported (Leiter and Anderson 

2010; Ryall et al. 2008), although not without the opposite finding (Lee et al. 2013b). However, 

in human studies there are mixed reports either of no change or of an increase in the number of 

SCs with increasing age (Roth et al. 2000; Dreyer et al. 2006) and Hawke and Garry (2001) 

report SC retention of a normal response to activation, similar to work by Lee and colleagues 

(2013b). Here, I found no correlation between SC number or the proliferative activity of SC with 

age. That being said, in this study there is a limited age range (45-62 years of age) and it could be 

that a larger range is required to observe any significant changes in SC number or response to 

activation. Treatment with ISDN significantly increased the number of active SCs (identified by 

BrdU incorporation) in injured SS muscle compared to untreated cultures, suggesting these SCs 

are still capable of responding to activation. That capacity allowed the treated SCs to reach a 

level of activity virtually identical to that seen in control muscle, as there was no significant 

difference in SC activity between treated SS and either baseline or treated control. Results of 
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these culture experiments suggest important potential for NO-based treatment of human muscle 

atrophy, which would feasibly improve function in the presence of appropriate innervation. 

Notably, this study was able to distinguish between ongoing proliferative activity of SCs at 

baseline in cultures without treatment, from the responsiveness of SCs to activation by ISDN.  

Participants and Surgery 

Preliminary correlation studies compared experimental results with participants’ demographic 

information and some notable results were found. Notable correlations between experimental 

results and participant information from phase 2 of experiments were different than those in 

phase 1, possibly reflecting the high variability in these datasets. Although the majority of 

correlations involving smoking status (fibre diameter, blood vessel density, and SC activity; see 

discussion below) did not return significant findings, the amount of fat in sections of SS appears 

to be higher in smokers. This correlation could arguably reflect the apparent health of the muscle 

in smokers; however, more data would strengthen confidence in this finding. In keeping with the 

consideration of the apparent health of SS, the negative correlation between blood vessel density 

and both fibre diameter and baseline SC activity supports the idea that these samples of injured 

muscle have a poor health status compared to deltoid where these parameters were not correlated 

(see discussion of Blood Vessel Density, below).  

When pooled, the data from phase 1 and phase 2 participants together begin to give a 

more broad idea of the potential underlying relationships. Looking at the notable correlations 

from the full dataset and considering the decline in muscle health with disuse (Jones et al. 2004; 

Kaariainen and Kauhanen 2012), it makes sense that StS is correlated both with higher (more 

severe) atrophy scores (occupation ratio) and increased fatty infiltration assessed through the 

Goutallier classification method. The correlation between the level of atrogin-1 protein and the 
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activity of SCs in SS treated with ISDN supports the idea that treatment with ISDN is 

particularly beneficial to atrophic SS. Considering the significantly lower baseline level of SC 

activity in atrophic SS samples, it appears conclusive from both phases of the dataset, that ISDN 

treatment helps restore the activity level to similar to that seen in control muscle. The correlation 

between SS occupation ratio with tear size suggests the magnitude of the injury is highly 

correlated to the extent of atrophy and could be highly relevant to the idea that more severe 

injuries are accompanied by atrophy. Whether that is denervation-, or disuse-atrophy remains to 

be elucidated.  

Smoking 

The effect of smoking on the musculoskeletal system in the literature is not clear, with some 

reports indicating negative effects (Lundgreen et al. 2014; Rodeo 2007) and some studies 

indicating no relation between nicotine and negative changes (Akhter et al. 2003). In a study on 

tendon samples of rotator cuff muscles, comparing data on smokers and non-smokers, Lundgreen 

(2014) found smokers had more advanced degenerative changes, longer symptom duration, and 

increased cell proliferative activity; this was hypothesized to be a compensatory attempt to 

restore cell density in the tendons. It is interesting to note from that study, that the population of 

smokers with more advanced degenerative changes was younger than that of non-smokers, 

which would suggest a negative impact of smoking on tendon health. In a study on healing from 

acute injury, Rodeo (2007) reported longer periods of inflammation and lower cell proliferation 

in the presence of nicotine, with the ultimate result of delayed healing in sheep. However, in the 

present study, regression analysis between smoking status and SC activation did not reveal 

significant correlations, and neither did a regression analysis performed on smoking status and 

fibre diameter. 
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Lundgreen (2014) also suggests that smoking increases the risk of RC tears due to 

decreased microperfusion of the tendon and changes in ECM remodeling in that tissue. That 

being said, smoking as an etiological factor of RCI is not clear. In the current study, smoking 

was not found to correlate significantly with many other variables. In particular, there was no 

significant correlation between blood vessel density and smoking, although higher SS blood 

vessel densities tended to correlate with non-smoking, (R
2
= 0.12, F=0.08). This correlation was 

not apparent in deltoid muscle, with R
2 

= 0.04 (F=0.33).  

These data are inconsistent with the previously reported literature, although the effect of 

smoking on musculoskeletal health is currently (still) controversial. These results should be 

interpreted with caution, as only 9 participants (33%) had a recorded history of smoking. 

Investigating these variables in a larger number of smokers vs. non-smokers would be useful to 

elucidate any meaningful relationships between smoking status and the experimental variables 

used here. It would also be interesting to perform follow-up studies on the current participants to 

correlate the functional outcome of their surgery with their smoking status.  

Principal Component Analysis 

Though useful to identify groups of variables, or principal components influencing the overall 

dataset, the interpretation of these PCs is complicated. To my knowledge, this is the first 

application of PCA to experimental results from basic cell and molecular assays, on clinical 

human muscle samples from patients with RCI. By identifying the most meaningful variables in 

our dataset, it is possible that our findings could be used to direct future experimentation, 

knowing the important factors that contribute most to the variability observed in the dataset. 

Though mathematically extracted components have no underlying obligation to hold significant 
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meaning, it is often found that with careful thought and perhaps a little imagination, components 

can be readily interpreted (Jolliffe 2002).  

  In considering the PCs extracted from all 3 PCAs performed, some similarities in the 

clustering of variables become apparent. In all three analyses the first component was related to 

muscle atrophy and grouped with SC activity in 2/3 cases. These results suggest it is informative 

to retain the variables regarding muscle atrophy in this study. The second PC in all three analyses 

related body size (weight or height) with fibrosis, suggesting it could be important to retain 

information regarding these variables in analyses. This is somewhat intuitive, considering 

differences in body-size could potentially correlate with other variables (ex/ BMI). The third PC 

is slightly more variable across these three analyses but suggest time since injury accounts for a 

substantial amount of total variation in the data set. Interestingly, in the analysis with muscle as a 

variable, muscle is only extracted in the third PC. This suggests that differences in the variables 

are not primarily attributable to differences in the muscle; rather, this result suggests individual 

differences account for more variability in the whole dataset. Not only does this provide valuable 

insight in considering the state of the muscle and other variables, but it also increases confidence 

in the use of deltoid as a control, because this suggests the differences observed are not primarily 

due to the different muscles, rather, differences in the previously mentioned variables.  

Given the variables that have been extracted as contributing the most to the variation in 

the entire dataset, findings suggest that future work should investigate other features related to 

muscle atrophy and the process of protein degradation, and correlate this information with 

demographic information including body size and time between symptom onset and surgery. 

These findings could also have clinical application, to predict successful recovery vs. failed 

surgery, if follow-up information, including joint function after surgery, were added to analyses. 
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The current analysis suggests body size could be used to predict potential denervation or reduced 

perfusion (and potentially a subsequent reduced chance of recovery). 

As a descriptive technique, PCA doesn’t provide a p-value, and is not a hypothesis-based 

statistical procedure. For this reason, PCA alone is not sufficient to provide information on 

statistical significance. However, PCA is useful to use as an aside to hypothesis-based testing. 

Given that humans are the subject of this study, and given the large number of variables that can 

potentially affect each individual, the application of PCA is useful when determining the major 

sources of variation. 

Limitations  

As with many scientific studies, there are a number of limitations to this study that should be 

noted. Drawbacks were minimized wherever possible. During surgical collection of the biopsies, 

there were some initial limitations. Variability in the location of the sample could have been 

introduced because more than one surgeon collected the biopsies in collaboration with myself, or 

Dr. Jeff Leiter. Results were interpreted as if the biopsy was representative of the whole muscle; 

however, despite a standardized surgical procedure, the area of the biopsy may not have been a 

representative sample of the whole muscle, given the intra-muscular variability of histological 

structure and neurovascular supply, noted earlier. The size (volume) of each biopsy, and the 

relative amount of actual muscle tissue (rather than connective tissue or fat) in each biopsy also 

varied. The use of the deltoid muscle as a control as opposed to an uninjured SS muscle was 

another consideration. Although healthy SS muscle would have been the ideal control, collecting 

a SS biopsy from an uninjured individual would be more invasive and would likely be more 

difficult to get approved by an ethics review board, without the basis of information provided by 

the results presented in this thesis. During the surgical approach to SS tendon repair, the deltoid 



97 

 

is anatomically available to biopsy, and thus, was used as a control, similar to other studies 

(Einarsson et al. 2011; Irlenbusch and Gansen 2003; Meyer et al. 2015).  

Limitations following biopsy collection include the process of embedding samples in 

cryomatrix prior to cryosectioning. It was not possible to orient the tissue in a particular manner; 

therefore, the orientation of sections through the muscle varied from ideal cross-section to more 

oblique, tangential sections, and further to longitudinal sections through individual fibres. The 

fibre diameter measurements may not have been taken at the most anatomically consistent point 

on the fibres, due to this variable orientation of samples; however, this artifact of sectioning 

should not have affected the results in a significant manner because of the large number of fibres 

that were measured.  

Furthermore, this study only captured a moment in time intraoperatively. That is to say, it 

is an observational study with no record of disease evolution. For more information, a longer, 

chronological study following participants with multiple assessments starting from admittance to 

the study at the initial time of pain/injury, through to a two-year follow-up, could be performed. 

The lack of follow-up MRI studies is arguably another limitation of the current study, as it would 

be very useful to consider the outcome of surgical treatment in light of the findings from this 

thesis project. With these data to act as a pilot project, further studies can now be approved to 

include follow-up protocol.  

Strengths 

In addition to the aforementioned limitations, this study also had some inherent strengths. Many 

clinical studies published on RCI include only clinical data, such as measurements taken via 

MRI analysis. Knowledge of shoulder muscle properties may affect clinical and surgical 

decision-making. This study was performed with the benefit of intraoperative confirmation of a 
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tendon tear. This is particularly significant considering that one of the participants was excluded 

from the study in the operating room, due to the lack of a tendon tear, which would have been 

previously diagnosed via MRI. At a cellular and molecular level, this study was strengthened by 

the quantification of proteins assayed via western blot, rather than mRNA transcripts. It can be 

argued that the protein is the “active form” of a transcript, and a change in mRNA does not 

necessarily indicate a change in activity at the cellular level. Depending on the context, for other 

studies investigation of RNA expression is invaluable. Ideally both RNA and protein studies 

would be performed together; however, if only one procedure can be performed, in a study 

similar to the current study it is useful to quantify the active protein rather than RNA transcript.  

Future Directions 

Based on results from this study, for future studies it would be useful to include variables 

regarding innervation status (γ-AChR subunit quantification), SC activity (BrdU/Pax7 double 

fluorescence), and atrogi-1 (related to protein degradation observed with atrophy).  

To prevent this study from becoming unmanageable, the planned experimentation and analyses 

were relatively restricted. There are many other proteins that could be analyzed to gain further 

insight on RCI, innervation, and muscle pathophysiology. Quantifying the amount of a protein 

related to the NO signalling cascade, namely NOS1, would be interesting. If SCs are improperly 

regulated, muscle regeneration, and consequently muscle function will be threatened. Given the 

finding that SCs from SS are at an overall lower baseline level of activity than in control muscle, 

it would be interesting to quantify the baseline level of NOS1, and/or other proteins involved 

with the cascade of SC activation in muscle samples from RCI. Interestingly, Beeler (2013) 

indicated different morphological changes in rotator cuff muscles with chronic tendon tears in 

comparison to denervation from neuropathy. With that in mind, MRI analysis could be 
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performed in an effort to highlight these different morphological changes as an additional 

indication of possible denervation. Furthermore, electrophysiology tests could also be conducted 

before tendon-repair surgery, to determine if there is nerve damage or reduced muscle 

contractility. Electromyography can be used to evaluate and record the electrical activity 

produced by skeletal muscle. Though informative, it would require intramuscular needle 

recording, which is painful, and may require slight sedation or anesthesia. Additional 

demographic information could also be collected, including medical history related to previous 

shoulder injuries, patient participation in sport, and the extent of any previous physiotherapy. In 

addition to pre-operative tests, post-operative outcomes could be investigated. Follow-up results 

could then be considered in conjunction with demographic information and the present 

experimental findings, noted above; for example, post-surgery outcomes could be investigated in 

smokers compared to non-smokers to elucidate the effect (if any) that smoking has on functional 

outcome.   

Significance and Conclusions 

With an ever-aging population, debilitating conditions such as RCI will become even more 

common, because the prevalence of injury increases with age (Lewis 2009; Matava et al. 2005). 

RCI produces painful symptoms which make activities of daily living difficult, to impossible 

(Yamaguchi et al. 2006). As the current literature regarding RCI is heavily dominated by clinical 

studies, it is important, if not necessary, to understand the underlying cellular and molecular 

changes that occur with injuries including RCI. By conducting this work, we have gained a better 

understanding of the cause(s) of RCI, context, and potential explanations for the subsequent 

surgical failure that is often observed with attempts to repair this injury.  
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The innervation status of affected muscle and potential denervation atrophy that 

subsequently follows from RCI was and remains of particular interest. Regardless of surgical 

repair, denervated muscle will be unable to regain normal function unless it is reinnervated. 

Furthermore, detrimental muscular changes associated with denervation, including atrophy and 

fibrosis, could pose as a potential culprit for progressive loss of function and surgical failure. The 

combination of atrophy and denervation, whatever the root cause, would contribute to joint 

instability and pain. As a result, both atrophy and denervation need to be considered in 

therapeutic strategies for patient treatment and recovery from RCI. The confirmation of a 

significant difference in SC activation using ISDN provides support for the use of ISDN in 

treatment to promote muscle growth.  

The other chapters of the work are no less important. Regarding changes in vascularity, it 

is interesting to note that affected muscle has a lower blood vessel density when compared to 

control, possibly due to denervation. Though fibrosis was not confirmed histologically, future 

studies including other approaches to study fibrosis, or more comprehensive analysis of those 

taken here, may be informative. Going further, determining the mechanism or causative factor(s) 

of potential fibrosis will also be important. This assay of MMP9 protein in human pathological 

muscle was novel and could potentially guide future studies of other proteins involved in the 

regulation of collagen deposition and fibrosis in muscle from RCI or other pathologies. Finally, 

the activity of SCs and their role in the process of muscle reinnervation (via Sema3A) is a 

relatively newly published finding, and it was interesting to examine this phenomenon in 

denervated, injured, human SS muscle and find significantly more Sema3A protein localization 

to SCs in SS compared to deltoid control (Tatsumi et al. 2009).  
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It is difficult to conclude with confidence or certainty, about a single cause of atrophy in 

RCI, be it disuse or denervation; however, information gathered here and in other studies will 

help guide future research and uncover the mechanisms related to injury - ultimately that 

information will be the best guide for ways to design improved treatment strategies. It is only 

after we understand the changes occurring at a cellular and molecular level that we can then 

suggest potential strategies for prevention and/or treatment. 
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