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ABSTRACT OF THE DISSERTATION

 

Biochemical, Biomechanical and Cellular Investigation of Skeletal Muscle Fibrosis 

 

by 

 

Mark Andrew Chapman 

Doctor of Philosophy in Bioengineering 

University of California, San Diego, 2015 

Professor Richard Lieber, Chair 

Professor Andrew McCulloch, Co-Chair 

 

 Skeletal muscle fibrosis is a condition that is characterized by an increase in 

extracellular matrix proteins, particularly collagen, in muscle. Fibrosis is a defining 

characteristic of muscle pathologies, where fibrotic scars decrease muscle strength and 
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range of motion in patients suffering from various diseases. Given that fibrosis is present 

in a diverse range of pathologies, understanding how fibrosis affects muscle structure and 

the mechanisms behind its development are critical to finding treatments. Thus, this 

dissertation investigates muscle fibrosis from a biochemical, biomechanical and cellular 

perspective to gain a thorough understanding of this devastating condition.  

The work in this dissertation begins with the development and characterization of 

a genetic knockout animal, the nesprin 1 – desmin double knockout mouse. This mouse 

was created to investigate the importance of myonuclear anchorage for skeletal muscle 

health. Nuclear anchorage was found to be dramatically decreased in double knockout 

animals, suggesting that nesprin 1 and desmin play overlapping roles.  

Interestingly, the loss of nuclear anchorage in these mice corresponded with 

dramatic muscle fibrosis as marked by increases in both collagen content and passive 

mechanical properties. However, a causal relationship between collagen content and 

tissue modulus was not found. Given this, Chapter 3 examines collagen crosslinking as a 

potential source of tissue stiffness. Surprisingly, the amount of collagen crosslinking did 

not dictate tissue mechanical properties. These findings suggest other parameters, such as 

ECM organization or glycosaminoglycan content, or a combination of these factors could 

be driving muscle mechanical properties.  

Chapter 4 then builds on the studies in chapters 2 and 3 by examining the cells 

responsible for ECM production, particularly collagen type I, in fibrotic DKO skeletal 

muscle. Since it has been shown that various cell types produce collagen I, to 

indiscriminately label all cells contributing to fibrosis, collagen I reporter mice were bred 
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with DKO mice. With the creation of this mouse, it was discovered that collagen I 

producing cells are a heterogeneous population composed of fibro/adipogenic progenitor 

cells, skeletal muscle progenitor cells and a third population that are hypothesized to be 

fibroblasts. Furthermore, these cell populations were dramatically increased in fibrotic 

skeletal muscle, and the percentage of collagen producing cells in each cell population 

also increased. This study increases our knowledge of the cellular mechanisms behind 

muscle fibrosis, and can potentially contribute to the creation of anti-fibrotic therapies. 
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CHAPTER 1 : INTRODUCTION

 

1.1 General Introduction to the Dissertation 

 Skeletal muscle is the largest organ in the body and we use it everyday to interact 

with the world around us. Muscles are able to produce large amounts of force from a 

microscopic structure within muscle cells: the sarcomere. Sarcomeres are primarily 

composed of actin and myosin, which interact to produce force when the globular heads 

of the myosin protein bind to actin filaments. In addition to actin and myosin, muscle 

cells also consist of a complex network of cytoskeletal proteins that serve to transmit 

force from the inside of the muscle cell to the ‘outside world’. Interestingly, a vast 

number of muscle diseases are associated with mutations in these cytoskeletal 

connections, indicating their importance for proper muscle function. A major hallmark of 

skeletal muscle pathologies associated with mutations in cytoskeletal proteins in fibrosis, 

which is characterized by an irregular deposition of extracellular matrix proteins.  

Skeletal muscle fibrosis is a large clinical problem that replaces active contractile 

tissue with scar tissue. This increased extracellular matrix (ECM) in skeletal muscle 

results in decreased force production, reduced range of motion and in some cases, joint 

contractures. Muscle fibrosis is present in various skeletal muscle diseases, such as 

muscular dystrophy and cerebral palsy. Muscular dystrophies, in particular, are 

associated with mutations in various cytoskeletal proteins. Cytoskeletal proteins serve 

numerous roles in muscle, and the work in this thesis focuses on cytoskeletal proteins that 

are important for anchorage of myonuclei. In particular, we examine the consequences of 

ablating two proteins involved in myonuclear anchorage. This dissertation examines 
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skeletal muscle fibrosis from a biochemical, biomechanical and cellular perspective in 

order to gain a deeper understanding of this devastating clinical condition. 

Chapter 2, which has been published in Human Molecular Genetics, of this 

dissertation focuses on a transgenic animal that was created to investigate the role of 

outer nuclear membrane proteins in skeletal muscle physiology. Emery Dreifuss 

Muscular Dystrophy (EDMD) is associated with mutations that occur in the inner nuclear 

membrane (INM) proteins, emerin and lamin. In humans, only about 40% of EDMD 

cases are associated with mutations in these proteins, and recent studies suggest that 

mutations in outer nuclear membrane (ONM) proteins are found in EDMD [1, 2]. Given 

this, chapter 2 examines the consequences of ablating two proteins thought to be involved 

in nuclear anchorage, nesprin 1 and desmin. Overall, the results of this study demonstrate 

that nesprin 1 and desmin serve overlapping roles in skeletal muscle nuclear anchorage, 

and that their absence coincides with a dystrophic phenotype marked by increased 

collagen content and tissue stiffening.   

Chapter 3, which has been published in the Journal of Biomechanics, builds off of 

the findings from chapter 2 by examining the sources of passive stiffness in the extremely 

fibrotic skeletal muscle of nesprin 1-desmin double knockout (DKO) mice. When 

plotting muscle stiffness versus collagen content in the first study, no relationship was 

present. This surprising finding led us to examine other possible sources of tissue 

stiffness, and based upon existing data in the cardiac and pulmonary literature, collagen 

crosslinking was selected. Using high performance liquid chromatography (HPLC), we 

determined the level of three different collagen crosslinks, hydroxylysyl pyridinoline, 

lysyl pyridinoline and pentosidine and performed a stepwise regression against the 
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existing mechanical data to determine which parameters could predict muscle stiffness. 

Interestingly, we found that none of the collagen crosslinks we examines correlated with 

tissue stiffness. We postulate that other parameters, such as collagen organization or 

proteoglycans could dictate muscle mechanical properties.  

Chapter 4 builds on the studies in chapters 2 and 3 by examining the cellular 

mechanisms responsible for the fibrosis observed in DKO skeletal muscle. Collagen I is 

the main component of skeletal muscle ECM, and it is known to be a key factor 

contributing to skeletal muscle fibrosis. In this study we bred a collagen I reporter mouse 

with the fibrotic DKO mouse. Crossing these mouse lines permitted direct identification 

of any cell that actively produces type I collagen based on green fluorescence. In this 

study, a combination of histology, fluorescence activated cell sorting (FACS) and 

RNAseq are used to describe and characterize collagen I producing cells in healthy and 

fibrotic muscle. Using FACS, collagen-producing fibro/adipo progenitor (FAP) cells and 

skeletal muscle progenitor (SMP) cells were identified as well as cells that fell into 

neither category. Compared with healthy muscle, there was a large increase in the amount 

of collagen producing cells in DKO mice. Also, this study revealed that more FAP, SMP 

and MISC cells are being recruited to produce collagen in fibrotic muscle. These results 

demonstrate the heterogeneity of collagen I producing cells in both healthy and fibrotic 

muscle. Additionally, these data show that in a model of muscle fibrosis there is an 

~130% increase in collagen I producing cells, and that collagen-producing cell population 

dynamics are altered compared with wild-type animals.  
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Chapter 5 summarizes the findings of this dissertation as well as the significance 

of this work. Additionally, future studies are discussed that could build upon the work in 

this dissertation. 

 

1.2 Skeletal Muscle Structure 

Skeletal muscle is able to produce large amounts of force by virtue of its 

hierarchical and composite structure (Figure 1.1) [3]. At the smallest scale, a myofibril 

consists of numerous sarcomeres in series, which are bundled together in parallel to 

create a single muscle cell, known as a muscle fiber. These muscle fibers are packed 

together to create muscle bundles and, finally, those muscle bundles are assembled 

together to create the whole muscle. In addition to the active force producing components 

in skeletal muscle, a connective tissue matrix serves to organize the various hierarchical 

levels in skeletal muscle.  

The connective tissue matrix in skeletal muscle is organized into three different 

levels: the endomysium, perimysium and the epimysium [4]. The endomysium serves to 

connect adjacent myofibers together, while perimysial extracellular matrix (ECM) 

surrounds bundles of fibers. At the whole muscle level, the epimysium ensheaths the 

muscle belly. Skeletal muscle ECM serves a structural support role as well as an avenue 

by which force can be transmitted to tendons to create movement. Perimysial ECM is 

contiguous with the tendons on both ends of the muscle, suggesting that this layer of 

ECM is important for transmitting force from muscle cells to the tendons, and thus to the 

skeleton to create movement.  
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The extracellular matrix in skeletal muscle is composed of various ECM proteins, 

which are primarily different types of collagens [4]. The fibrillar collagens – types I and 

III – dominate in the endomysial, perimysial and epimysial layers in skeletal muscle. As 

mentioned above, these collagenous ECM layers provide mechanical stabilization and 

force transduction pathways in skeletal muscle. Collagen mechanical integrity is vital for 

skeletal muscle health. Collagen molecules are strengthened and stabilized by inter- and 

intramolecular crosslinks. These crosslinks are formed by a reaction catalyzed by lysyl 

oxidase which deaminates certain lysyl and hydroxylysyl residues into reactive aldehyde 

groups that spontaneously react to create covalent crosslinks [5]. Advanced glycation 

end-products (AGEs), non-enzymatic collagen crosslinks, are also formed in skeletal 

muscle ECM. These crosslinks form when glucose reacts with lysine and the resulting 

compound is oxidized [6]. 

In addition to active contractile proteins within muscle, skeletal muscle cells are 

also composed of numerous cytosolic proteins. These proteins serve to provide avenues 

for force transduction, muscle mechanical stabilization and organelle anchorage within 

muscle cells. In order for muscles to properly function, forces generated in the sarcomere 

must be transmitted from the inside of the muscle cell to the ECM, and thus down to the 

tendons to create movement. Cytosolic proteins and focal adhesions, specifically the 

dystroglycan complex (DGC) and integrins, link myofibrils to the sarcolemma and 

provide an avenue for force transduction in muscle (Figure 1.2). These complexes are 

composed of numerous proteins that work in concert to provide a force-transducing 

network. The DGC is composed of dystrophin and numerous glycoproteins within and 

around the sarcolemma. F-actin links myofibrils to dystrophin in the DGC allowing force 
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transmission from sarcomeres through the DGC and to the ECM. On the extracellular 

surface of the sarcolemma, α-dystroglycan connects the DGC to the ECM via its 

interaction with laminin. Integrins also provide a link between sarcomeres and the ECM. 

These focal adhesions bind to the intermediate filament protein desmin, which is an 

important protein for sarcomeric stability. Desmin, which is the main intermediate 

filament in skeletal muscle, serves to link adjacent myofibrils to each other, thus 

providing mechanical stabilization within muscle fibers. In addition to these protein 

complexes that linking sarcomeres to the ECM and provide mechanical stabilization, 

other cytosolic proteins are vital for organelle anchorage in skeletal muscle. 

Organelle anchorage in muscle is important for proper muscle function. In 

particular, anchorage of myonuclei is important for mechanical signaling and overall 

organ function [7–11]. Myonuclei are connected to the cytoskeleton through nesprins, 

which are a family of outer nuclear membrane (ONM) transmembrane proteins that bind 

to SUN (Sad1p/UNC84) proteins in the perinuclear space [12–15].  

The different roles for these cytosolic proteins mentioned above are of paramount 

importance for skeletal muscle health, which is highlighted by the fact that many skeletal 

muscle pathologies are associated with mutations in these proteins. Mutations in proteins 

that provide mechanical stabilization and force transduction often result in devastating 

muscle pathologies, such as Duchene’s muscular dystrophy [16]. In addition, mutations 

of proteins outside of the DGC that provide mechanical stabilization to skeletal muscle, 

such as desmin, also result in myopathies [17, 18]. Furthermore, mutations in cytosolic 

proteins that provide nuclear anchorage are also associated with muscle disease, in 

particular in EDMD [1, 19, 20]. All of these disorders described above are characterized 
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by muscle weakness and fibrosis. Given these previous studies, it is apparent that 

mutations in a diverse range of cytosolic proteins in skeletal muscle result in a broad 

range of disorders that are all characterized by muscle weakness and, in particular, 

muscle fibrosis.  

 

 1.3 Skeletal Muscle Fibrosis 

 Muscle fibrosis is a devastating clinical condition that appears in numerous 

muscle diseases as discussed in the previous section. Muscle fibrosis in skeletal muscle is 

a replacement of muscle fibers with an overabundance of ECM. Fibrosis causes a 

reduction in patient range of motion as well as a decrease in muscle force production.  

Various definitions of skeletal muscle fibrosis exist depending on how the muscle 

is investigated. The classical definition of skeletal muscle fibrosis is an increase in the 

ECM as marked by increased collagen content. Overall collagen level in skeletal muscle 

can be measured using a standard colorimetric assay for determining hydroxyproline 

levels [21].  Another method to investigate fibrosis is the ECM area fraction. Skeletal 

muscle typically has an ECM area fraction of 5%, but this value can increase with muscle 

fibrosis [22]. Measuring collagen content or ECM area fraction provide a descriptive 

definition for skeletal muscle fibrosis, but do not describe how the tissue is functionally 

affected. Muscle mechanical properties are also measured to define skeletal muscle 

fibrosis, and these experiments provide valuable functional data as to how fibrosis affects 

muscle. In fibrotic skeletal muscle, the tissue modulus increases, demonstrating that the 

ECM is functionally altered [23–25]. The deposition of pathological levels of ECM 

begins when skeletal muscle is damaged 



  8 

 

 Skeletal muscle damage causes tissue inflammation, which is marked by 

macrophage invasion and the release of proinflammatory factors (Figure 1.3). Skeletal 

muscle fibrosis occurs when mononuclear cells in skeletal muscle and the extracellular 

space receive signals to produce ECM proteins. Damaged muscle cells as well as 

inflammatory cells, such as macrophages, both release inflammatory factors, such as 

TGF-β and TNFα, that stimulate mononuclear cells to produce ECM proteins [26]. This 

process is part of the normal healing process for skeletal muscle, and tissue inflammation 

is usually transient. However, in cases where the underlying cause of muscle damage is 

not repaired, such as in muscular dystrophy, a state of chronic damage and inflammation 

is present, resulting in pathological levels of ECM deposition. There are many cells that 

are thought to be involved in the production of fibrotic ECM, such as fibroblasts, 

myofibroblasts, fibro/adipogenic progenitor cells and muscle progenitor cells, but the 

contribution of each cell type to the ECM is unclear [26–28].  
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Figure 1.1 Schematic of skeletal muscle structure [29]. 
Skeletal muscle is a hierarchical composite structure of muscle tissue and extracellular 
matrix. A layer of connected tissue known as the epimysium surrounds the muscle belly. 
Within the muscle belly are numerous muscle fascicles, which are surrounded by the 
perimysial ECM. Each muscle fascicle is composed of a number of muscle fibers, which 
are ensheathed by a layer of endomysial ECM. Finally, each muscle fiber is composed of 
many myofibrils, which are composed of the basic subunit in skeletal muscle, the 
sarcomere. Each sarcomere produces force by the interaction of actin and myosin, and 
this force is efficiently transduced through skeletal muscle ECM to the tendons to create 
movement.  

Epimysium

Perimysium

Endomysium

Fascicle

Fiber

Myofibril

Myosin

Actin
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Figure 1.2 Schematic of the cytosolic proteins important for force transduction and 
nuclear anchorage in skeletal muscle. 
The dystroglycan complex (DGC) and integrins provide a connection between the inside 
of muscle cells and the ECM. This connection is vital for efficient force transmission 
from myofibrils to the ECM. Additionally, the intermediate filament protein, desmin, is 
important for linking adjacent myofibrils together as well as linking these myofibrils to 
the sarcolemma. Furthermore, desmin has a role in the anchorage of myonuclei through 
plectin and nesprin III in the outer nuclear membrane. In addition to desmin, nespin I and 
II are also important contributors to nuclear anchorage. These nepsrins link the outer 
nuclear membrane to the actin cytoskeleton.  
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Figure 1.3 Illustration of the cellular response to tissue injury in skeletal muscle 
[26]. 
(A) Healthy skeletal muscle is composed of various quiescent mononuclear cells in 
skeletal muscle as well as in the extracellular space. (B) Tissue inflammation results 
when skeletal muscle becomes injured. The inflammatory response in skeletal muscle 
results in the secretion of cytokines that cause various cells to produce ECM proteins. 
Myofibroblasts, fibroblasts, fibro/adipogenic progenitor cells are theorized to participate 
in tissue fibrosis. The extent to which each cell type is involved in fibrosis is unclear.  
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CHAPTER 2 : DISRUPTION OF BOTH NESPRIN 1 AND DESMIN RESULTS IN 

NUCLEAR ANCHORAGE DEFECTS AND FIBROSIS IN SKELETAL MUSCLE 

 

2.1 Summary   

Proper localization and anchorage of nuclei within skeletal muscle is critical for 

cellular function. Alterations in nuclear anchoring proteins modify a number of cellular 

functions including mechanotransduction, nuclear localization, chromatin 

positioning/compaction and overall organ function. In skeletal muscle, nesprin 1 and 

desmin are thought to link the nucleus to the cytoskeletal network. Thus, we hypothesize 

that both of these factors play a key role in skeletal muscle function. To examine this 

question we utilized global ablation murine models of nesprin 1, desmin or both nesprin 1 

and desmin. Herein, we have created the nesprin-desmin double knockout (DKO) mouse, 

eliminating a major fraction of nuclear-cytoskeletal connections and enabling 

understanding of the importance of nuclear anchorage in skeletal muscle. Globally, DKO 

mice are marked by decreased lifespan, body weight, and muscle strength. With regard to 

skeletal muscle, DKO myonuclear anchorage was dramatically decreased compared to 

wild type, nesprin 1-/- and desmin-/- mice. Additionally, nuclear-cytoskeletal strain 

transmission was decreased in DKO skeletal muscle. Finally, loss of nuclear anchorage in 

DKO mice coincided with a fibrotic response as indicated by increased collagen and 

extracellular matrix deposition, and increased passive mechanical properties of muscle 

bundles. Overall, our data demonstrate that nesprin 1 and desmin serve redundant roles in 

nuclear anchorage, and that the loss of nuclear anchorage in skeletal muscle results in a 

pathological response characterized by increased tissue fibrosis and mechanical stiffness.  
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2.2 Introduction  

Skeletal muscle is a composite hierarchical tissue composed of myofibers 

embedded in extracellular matrix (ECM). At the myofibrillar level, actin and myosin, in 

combination with other proteins, comprise the sarcomere, the functional contractile unit 

in skeletal muscle [1]. Structural proteins, such as dystrophin, interconnect myofibrils 

within a fiber to the extracellular matrix via the dystroglycan complex (DGC) [2]. It is 

known that myopathies result when mutations occur in proteins associated with the DGC 

as well as in other structural proteins associated with the sarcolemma and organelles, 

such as the nucleus [2]. In the present study, we probed the connections between the 

nucleus and the rest of the cell, to determine whether disruption of these connections 

leads to muscle defects. 

Proper localization and anchorage of the nucleus within skeletal muscle is critical 

for cellular function [3–5]. A number of recent studies demonstrated that loss of nuclear 

anchorage, localization, and integration of mechanical signaling results in muscle defects 

[5–7]. Recent attention has turned to protein complexes that link the nucleus to the 

cytoskeleton [3–5, 8, 9]. These factors are necessary for mechanosensing, nuclear 

anchorage and positioning. Deficiencies in these connections have been associated with 

decreases in muscle function [5]. Two factors, nesprin 1 and desmin, are of particular 

interest as they have been shown to play roles in anchorage, mechanical loading and 

localization of the nucleus [5, 7]. Moreover, these proteins are compromised in a number 

of murine and human pathologies, including Emery-Dreifuss Muscular Dystrophy 

(EDMD) [5, 6, 10–12]. Thus, understanding the nuclear anchorage proteins nesprin 1 and 
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desmin can lend deeper insight into the importance of nuclear anchorage in skeletal 

muscle.  

Nesprins are a family of nuclear proteins that contribute to maintaining proper 

skeletal and cardiac muscle function as well as nuclear anchorage, positioning and 

morphology [5, 6, 11]. Nesprins belong to a family of ubiquitously expressed type II 

transmembrane, spectrin-repeat proteins (Nesprin 1-4, KASH5) that anchor nuclei to 

actin filaments, intermediate filaments and the microtubule cytoskeleton [13]. Nesprin 1 

and 2 are highly expressed in skeletal muscle and produce a number of isoforms that vary 

markedly in size via alternative transcription initiation, RNA splicing or termination [13–

16]. Structurally, these factors link the actin cytoskeleton via two N-terminal calponin-

homology (CH) domains and contain a variable number of spectrin repeats [14, 15, 17–

19]. Key to these factors is a conserved Klarsicht, ANC-1 and Syne C-terminal homology 

(KASH) domain [13]. The KASH domain anchors nesprin 1 and 2 to the outer nuclear 

membrane (ONM) and links them to the inner nuclear membrane (INM) binding partners 

the SUN (Sad1p/UNC84) proteins. It has also been reported that Nesprin 3 interacts with 

SUN proteins via its KASH domain and links to Desmin via Plectin  [20].  

Recent data from our laboratory showed that loss of nesprin 1 results in a mild 

dystrophic murine phenotype [5]. This study demonstrated that nesprin 1 ablation results 

in skeletal muscle defects, reduced survival and altered nuclear position of myonuclei 

under basal conditions and in response to tensile loading [5]. Moreover, this report 

demonstrated that removal of nesprin 1 resulted in partial, but not complete loss of 

nuclear anchorage. Thus, these data suggest that other proteins could play redundant roles 

in skeletal muscle nuclear anchorage.  



 

 

18 

Other proteins thought to interact with the nucleus, specifically desmin, could aid 

nesprin 1 in providing nuclear anchorage within skeletal muscle. Desmin primarily 

functions as the major intermediate filament in skeletal muscle. Desmin is responsible for 

linking adjacent myofibrils to one another and the sarcolemma [21]. These interactions 

mechanically stabilize skeletal muscle and limit sarcomere length heterogeneities [7, 22, 

23]. Apart from structurally stabilizing myofibers, it has been shown that Desmin is 

linked to the outer nuclear membrane protein nesprin 3 via plectin [20]. Ablation of 

desmin has been linked to partial nuclear anchorage defects and altered nuclear 

deformation in skeletal muscle during passive fiber loading (5). Additionally, mutations 

in desmin alter disease severity in patients with EDMD, a dystrophy associated with 

mutations in nuclear-associated proteins [10]. 

Given that both nesprin 1 and desmin contribute to nuclear anchorage and 

positioning, we hypothesize that muscle nuclei are anchored to the cytoskeleton in two 

major ways: by interaction with the intermediate filament desmin through its connection 

with nesprin 3; and by interaction of nesprin 1 with actin myofilaments. Furthermore, we 

hypothesize that alterations in both connections will lead to more severe pathological 

phenotypes. To address this hypothesis, we developed a murine model where we globally 

ablated nesprin 1 (nesprin 1-/-), desmin (desmin-/-) or both nesprin 1 and desmin (DKO). 

We found that dual ablation increased mortality and caused a more severe dystrophic 

phenotype. Interestingly, DKO mice also had exacerbated nuclear defects (anchorage and 

positioning) as well as decreased nuclear deformation under tensile loading compared to 

control or single knockout mice. We conclude that nesprin 1 and desmin play key and 
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redundant roles in skeletal muscle nuclei anchorage and that loss of nuclear anchorage 

results in a dystrophic-like phenotype.  

 

2.3 Materials and Methods 

Generation of nesprin and desmin double knockout mice  

 Previously we generated nesprin 1 knockout mouse [5], and desmin knockout 

animals were generated elsewhere [21]. To establish DKO lines, nesprin 1+/- and 

desmin+/- were crossed to generate nesprin 1+/-; desmin+/- double heterozygous mice. 

Double heterozygous mice were crossed with each other to generate 4 groups: 

homozygous wild type, nesprin 1 knockout (nesprin 1-/-), nesmin knockout (desmin-/-), 

and DKO mice for experiments. All mice were maintained on a mixed Black Swiss and 

129/SvJ background. 

Mouse survival and growth curve determination 

 Murine survival was assessed as previously described [5]. In this study, 90 wild 

type, 15 nesprin 1-/-, 10 desmin-/- and 15 double knockout animals were examined for up 

to one year of age. Time points were collected at t= birth, 1 week, 2 weeks, 3 weeks, and 

at 1-13 months of age. Growth curves for each genotype were determined as previously 

described [5]. Briefly, body weights were determined by weighing mice from each 

genotype (WT (n=12), NES 1-/-(n=12), DES-/- (n=12), DKO (n=10)), at 3 weeks, 1-8 

months, 10 months and 12 months of age.   

Single fiber isolation and staining 

 Single myofibers were obtained from soleus and tibialis anterior (TA) muscles 

fixed with 4% paraformaldehyde (PFA) overnight. Fixed muscles were divided into 
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bundles by pulling the tendon with forceps, and removing non-muscle tissue under a 

binocular microscope. Single muscle fibers were teased out of muscle bundles. Isolated 

myofibers were rinsed twice with phosphate-buffered saline (pH 7.2) for neutralization. 

Fibers were then mounted in mounting medium with DAPI (Vector, H1200).  

Maximum force generation and Rotarod duration time 

 Maximum force production was determined by having mice grab onto a bar with 

their forelimbs (n=5 (WT), 6 (nesprin 1-/-), 7 (desmin-/-), 8 (DKO)). This bar was linked 

to a force transducer, and when the tail was pulled back by hand, maximum force was 

recorded. In order to assess coordination, balance and endurance, mice were placed onto 

a rotarod, and the amount of time they were able to stay on was recorded. The rotarod 

protocol was as follows: 0.1m/min for 3 minutes, and then speed was increased by 

0.02m/min, up to 0.35m/min. The rotarod duration time was recorded when the mice 

became exhausted and fell down.  

Histology  

The tibialis anterior muscle was isolated from one-month-old mice were (n=10 

(WT), 6 (NES 1-/-), 10 (DES-/-), 13 (DKO)), pinned under tension, flash-frozen in liquid 

nitrogen-cooled isopentane, and stored at -80°C until further processing. A section from 

the midline (~1mm) of the TA was cut out of the muscle with a razorblade. The section 

was carefully placed in OCT with muscle fibers oriented such that transverse sections 

would be cut from the muscle. 10 µm sections were cut from OCT embedded samples on 

a cryostat at -20°C (Microm HM500, Waldorf, Germany), stained for laminin to visualize 

the extracellular space. Samples were blocked with BSA, and incubated overnight with a 

primary antibody to laminin (rabbit polyclonal, Sigma, St. Louis, MO). Samples were 
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then treated with an Alexa-Fluor 594 goat anti-rabbit immunoglobin G (Invitrogen) 

secondary antibody. ECM area fraction was determined from laminin stained cross-

sections as previously described [12]. Image background was subtracted such that fiber 

centers were set to a value of 0 in the RGB channel. A threshold was then applied to the 

images in which the amount of white (stained) pixels was determined as a percentage of 

total area. Image processing parameters were standardized between images to ensure no 

bias. Each image was inspected for blood vessels and areas of poor staining prior to 

analysis, and those regions were removed from the quantification.   

Immunofluorescent Staining and Analyses 

3-month old mouse soleus muscles from WT, nesprin 1-/-, desmin-/- and DKO 

mice (3 biological replicates per condition) were stained as previously described [6] for 

HP1β (Cell Signaling Technology, Danvers, MA, USA). Nuclei were also stained using 

DRAQ5 (Cell Signaling Technology, Danvers, MA, USA), a fluorescent DNA stain that 

binds to the A-T minor groove. Samples were imaged using a 60X objective with 

glycerol immersion using an inverted confocal microscope (LSM 510, Zeiss). 

Approximately 200+ nuclei were imaged per condition and used for Pearson’s 

Correlation Coefficient analyses, performed via Volocity high performance 3D imaging 

software (PerkinElmer). 

Active Mechanics 

Active mechanical testing was performed on the fifth toe belly of the extensor 

digitorum longus (EDL) muscle on one-month-old mice (n=10 (WT), 8 (nesprin 1-/-), 8 

(desmin-/-), 11 (DKO)) as previously described [25]. Dissection was performed in 

mammalian Ringer’s solution containing (in mM): NaCl (137), KCl (5), NaH2PO4 (1), 
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NaHCO3 (24), CaCl2 (2), MgSO4 (1), and glucose (11) containing 10 mg/l curare. 

Following removal of the TA, the EDL was made visible. The second, third, and fourth 

toe bellies of the EDL were carefully dissected away one-by-one using a 30-gauge needle 

to cut away connective tissue.  Once the superfluous muscle bellies were cut away, only 

the fifth toe of the EDL remained. 6-0 silk sutures (Teleflex Medical; Coventry, CT) were 

tied around the proximal and distal tendon of the muscle as close to the fibers as possible 

to minimize tendon-series compliance. The proximal and distal tendons were then 

transected, releasing the fifth toe EDL. The muscle was placed into a custom chamber 

with Ringer’s solution, the distal tendon was secured to the arm of a dual-mode 

ergometer (model 300B; Aurora Scientific, Richmond Hill, ON, Canada), and the 

proximal tendon was secured to a fixed medal pin. Muscle slack was taken up, and 

muscle length was measured. The muscle was then stretched by 15%, which typically 

corresponded to a sarcomere length of 3.0 µm. The sarcomere length was confirmed by 

laser diffraction, and if the sarcomere length was not 3 µm, it was adjusted accordingly. 

The fiber length was measured. To determine the voltage that would yield maximal force 

production, the muscle was stimulated with an electrical stimulator (model S88; Astro-

Med, West Warwick, RI) via platinum plate electrodes that extended the length of the 

EDL. Muscle twitches were administered beginning with a twitch voltage of 4V. The 

twitch voltage was increased by 1V until the output by the muscle no longer increased 

with an increase in twitch voltage. This peak twitch voltage was doubled, and then a bout 

of 3 isometric contractions (400ms train of 0.3ms pulses at 100Hz) was administered at 

this voltage with two minutes of rest between each fused tetanus. Following this bout of 

contractions, the muscle was subjected to a bout of 10 eccentric contractions (EC). The 
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EC begins with maximally stimulating the muscle, and 200 ms into the contraction, the 

muscle was forcibly lengthened by 15% fiber length at 2 fiber lengths/sec. Then the 

stimulus ended, and the muscle returned to its starting length. This process was repeated 

for a total of 10 times with three minutes rest between contractions. Three isometric 

contractions were then imposed on the muscle to determine how much the muscle had 

been damaged. Following the final isometric contraction, the muscle was removed from 

the chamber, blotted dry, and weighed. The maximum force values were converted into 

maximal stress values by dividing by the physiological cross-sectional area (PCSA). 

 

 

Where θ=pennation angle, ρ=muscle density (1.056g/cm3), and Fl=fiber length 

Passive Mechanics 

Passive mechanical testing was performed on single fibers and bundles from the 

TA muscle (n=11 (WT), 8 (nesprin 1-/-), 10 (desmin-/-), 13 (DKO)) as previously 

described [26]. These samples were collected from the contralateral side of the same one-

month-old mice used for the histological analysis.  TA samples were isolated from the 

lower limb, and stored in a storage solution at -20°C for up to 2 weeks containing (in 

mM): K-propionate (170), K3EGTA (5), MgCl2 (5.3), imidazole (10), Na2ATP (21.2), 

NaN3 (1), glutathione (2.5), leupeptin (0.05), and 50% (vol/vol) glycerol. Before passive 

mechanical testing, samples were transferred to a relaxing solution as described earlier. 

Single muscle fibers as well as bundles of fibers were dissected out of the TA and 

secured in a custom chamber. On one side, the sample was secured to a force transducer 

(Aurora Scientific 405A; Aurora, ON, Canada) and the other side was secured to a 

€ 

PCSA =
mass× cos(θ)

ρ × Fl
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titanium wire rigidly attached to a rotational bearing (Newport MT-RS; Irvine, CA). 

Once securely attached, the sample was elongated to take up the slack, and register a 

force just above the noise level (~1mN for fibers, ~20mN for bundles). Slack sample 

length (L0) was measured as the loop-loop distance, and the diameter was measured in 

three different locations along the sample. Sarcomere length was measured by laser 

diffraction using a low powered laser diode. An incremental stress-strain protocol was 

then implemented on the sample. Samples were stretched by 10% L0 at a strain rate of 

20FL/s, then allowed to stress-relax for 3 minutes. Fibers were stretched until failure, or 

achieving a sarcomere length of 4 µm, whichever occurred first. At the end of each stress-

relaxation period, the force and sarcomere length were recorded. Stress was calculated by 

dividing the recorded force by the cross-sectional area of the sample. Sample cross-

sectional area was calculated from the initial sample diameter, assuming that the sample 

was an isovolumic cylinder [27]. The tangent stiffness was calculated by fitting a 

quadratic equation to the stress-sarcomere curve, and calculating the slope at a sarcomere 

length of 3.2µm.  

Hydroxyproline Assay  

Collagen content of tibialis anterior muscles was determined using a modified 

version of a previously published protocol [28]. The collagen content of TA samples 

from one-month-old mice, previously used for histological analysis, was quantified (n=8 

(WT), 7 (nesprin 1-/-), 7 (desmin-/-), 13 (DKO)). Six to ten thick (35µm) sections were cut 

from OCT embedded samples using a cryostat at -20°C (Microm HM500, Waldorf, 

Germany).  The OCT was carefully peeled away from each section, leaving only muscle 

tissue. These sections were placed into the pre-weighed Eppendorf tubes and the tubes 
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were weighed again to determine the mass of each sample. 6M HCl was pipetted into 

each tube at a concentration of 5mg of sample per mL of acid. Samples were placed in an 

oven at 110°C for 24 hours for digestion. Following sample digestion, standards of 

hydroxyproline (OHP) were made at varying concentrations. OHP standards and samples 

were pipetted, in triplicate, onto a 96-well plate. The 96-well plate was then placed into a 

vacuum desiccator where the standards and samples were evaporated to dryness (~1hr). 

Once the samples in the 96-well plate were dried, a chloramine-T solution was added to 

each well, and the samples were incubated for 20 minutes at room temperature with 

gentle agitation. The standards and samples were then incubated with a para-

dimethylaminobenzaldehyde solution for 30 minutes at 60°C. Absorbance readings at 

550nm were taken using a spectrophotometer, and the amount of collagen in each sample 

was calculated by using a hydroxyproline to collagen conversion factor of 7.46. 

Transmission electron microscopy 

For TEM analysis samples were prepared as previously described [29]. Mice were 

first anaesthetized with Ketamine with Xylene, and subsequently perfused through the 

left ventricle with Tyrode’s buffer including 50mM KCl, followed by fixative (2% 

paraformaldehyde, 2% glutaraldehyde in PBS, pH 7.4). The muscles examined were 

removed, diced, and kept in fixative overnight. Samples were then washed 3 times with 

0.15 M sodium cacodylate buffer and then post-fixed with 2% OsO4 in 0.15 M sodium 

cacodylate buffer for one hour. The following day, tissues was stained overnight in 2% 

uranyl acetate, dehydrated, and embedded into Durcupan resin (EMD, Gibbstown, NJ) 

using a standard method. Ultra-thin sections (60-70 nm) were stained with 2% uranyl 
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acetate and statured lead citrate solution, and observed with a JEOL-1200EX 

transmission electron microscope at an accelerating voltage of 80 kV. 

Examination of skeletal muscle nuclear positioning 

 To examine nuclear positioning we first generated obscurinH2BGFP+ mice as 

previously described [30]. Briefly, expression of nuclear tagged GFP was driven by the 

obscurin promoter, which is limited to cardiac and skeletal muscle, thus allowing for 

examination of nuclei were labeled only in these tissues. We then generated crossed these 

mice to our nesprin 1-/-;obscurinH2BGFP+, desmin-/-; obscurinH2BGFP+ and nesprin 1-/-

:desmin-/-; obscurinH2BGFP+ lines. 3D analysis was performed as previously described 

[6, 31].  

Nuclear Deformation  

Nuclear deformation testing was performed on muscle bundles from tibialis 

anterior (TA) muscles of 3-month-old mice as previously described [32]. Samples were 

isolated from 3 animals per group (WT, nesprin 1-/-, desmin-/-, and DKO) with four 

bundles per animal and approximately 4 nuclei per bundle tested. Tibialis anterior (TA) 

muscles were isolated and separated from the lower limbs and placed into a relaxing 

solution at pCa 8.0 and pH 7.1 containing (in mM): imidazole (59.4), KCH4O3S (86), 

Ca(MSA)2(0.13), Mg(MSA)2(10.8), K3EGTA (5.5), KH2PO4 (1), leupeptin (0.05),  and 

Na2ATP (5.1) for 30 minutes. Muscle bundles were carefully dissected out and secured 

into a custom apparatus with 10-0 monofilament nylon suture. The apparatus was made 

by a modifying a Lab-Tek™4-chambered coverglass (Thermo Fisher Scientific; Waltham, 

MA) depicted in figure 1. The coverglass was modified by securing a dissecting pin in 

paraffin wax on one side of the chamber, and another dissecting pin, held in place with 
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SYLGARD® (Dow Corning; Midland, MI) was threaded through a hole drilled into the 

side of the chamber on the other side of the coverglass. A hypodermic needle was 

crimped onto this pin, which allowed for stretching of the secured muscle bundles. 

Bundle length was measured, and the chamber was secured onto a custom made stage of 

an inverted confocal microscope (LSM 510, Zeiss). Bundles were stretched using a 

micrometer until all slack was taken up. Four nuclei were imaged at slack length, and 

slack sarcomere length was determined from the bright field image, then the bundles 

were stretched in sarcomere length increments of ~0.25 µm until achieving a sarcomere 

length >4.0 µm. After each stretch, the same nuclei were imaged and the sarcomere 

length was recorded. Changes in nuclear aspect ratio with increasing strain were 

determined using ImageJ (NIH, Bethesda, MD). 

 

2.4 Results 

Ablation of both nesprin 1 and desmin results in increased mortality, decreased body 

weight and increased kyphosis  

 To examine the role(s) of nesprin 1 and desmin we crossed our knockout lines for 

nesprin 1 (nesprin 1-/-) [5] and desmin (desmin-/-) [21] to ablate both nesprin 1 and 

desmin (DKO) and examined the global phenotypes of these mice. Survival rates were 

examined in each of the four experimental groups. Both wild type and desmin-/- lines 

presented with 100% survival at 13 months of age (Fig. 2.1A). Consistent with previous 

studies, ~60% of nesprin 1-/- animals died within 2 weeks of birth and these mice did not 

have increased mortality after this point. Interestingly, DKO mice had a similar (~60%) 

decrease in survival during the first 2 weeks of life. However, unlike nesprin 1-/- or 
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desmin-/- mice, DKO mice survival continued to decline, with all mice dead after 13 

months (Fig. 2.1A). In addition, DKO mice able to survive past 2 weeks had significantly 

decreased body weight compared to their wild type, nesprin 1-/- and desmin-/- controls 

(Fig. 2.1B).  

 DKO mice presented with indicators of exacerbated pathological phenotypes. At 

birth, wild type, nesprin 1-/-, desmin-/- and DKO mice all presented with normal body 

shape and size. However, after weaning, DKO mice had impaired growth and kyphosis as 

determined by visual inspection and X-ray (Fig. 2.2). These data indicate that loss of both 

nesprin 1 and desmin in DKO mice results in exacerbated development of pathological 

phenotypes compared to the other three experimental groups. 

Strength and coordination are significantly decreased in double knockout mice 

Strength and coordination of 3 and 6 month old mice were assessed by measuring 

forelimb grip strength and the ability to remain on a rotating rod (rotarod), respectively. 

At both 3 and 6 months of age, wild type and nesprin 1-/- animals had the highest peak 

force, both significantly higher than desmin-/- and DKO animals (Fig. 2.3A). DKO 

animals had the lowest maximum force at 3 and 6 months compared with the other three 

genotypes. To assess coordination, mice were placed on a rotarod and the amount of time 

they were able to stay on was recorded. At 3 months of age, wild type and nesprin 1-/- had 

the same duration, which was significantly higher than desmin-/- or DKO mice (Fig. 

2.3B). By 6 months of age, wild type animals had the longest duration, and were able to 

stay on the rotarod for a significantly longer period of time compared to the other three 

genotypes (Fig. 2.3B). Desmin-/- and DKO animals had the shortest duration, and were 

not significantly different from one another (Fig. 2.3B).  



 

 

29 

Stress production in DKO mice is affected to the same degree as single knockout mice 

Given the low force generation observed in DKO mice, we measured stress 

production to understand how muscle force was affected independent of cross-sectional 

area in DKO mice. Here we measured stress production in the fifth toe of the extensor 

digitorum longus muscle. When force was normalized to physiological cross-sectional 

area, stress production in wild type muscle was significantly higher compared to the other 

three genotypes (Fig. 2.4A). No differences were found among nesprin 1-/-, desmin-/- and 

DKO animals. These data suggest that DKO animals have no additional functional loss 

over single knockouts for either gene in terms of stress production. Muscle response to 

injury was also investigated by measuring stress production in the same muscles after 10 

eccentric contractions. After muscle injury, wild type stress production was still 

significantly higher compared to the other 3 genotypes, however desmin-/- were not as 

affected by the injury compared to nesprin 1-/- mice (Fig. 2.4B). Additionally, when 

examining percent decrease in isometric stress production, nesprin 1-/- mice were 

significantly more injured compared to either wild type or desmin-/- mice (Fig. 2.4C).  

Tangent stiffness of skeletal muscle bundles and skeletal muscle fibrosis were increased 

in DKO mice  

Passive mechanical properties are altered in desmin null skeletal muscle due to 

fibrosis [12]. Therefore, in the present study, we determined how knockout of both 

desmin and nesprin 1 alters muscle passive mechanics by mechanical testing of both 

single muscle fibers and fiber bundles. Single fiber testing, which is indicative of 

mechanical changes within muscle cells, revealed no genotypic differences (Fig. 2.5A). 

However, bundle testing, which reflects changes in the extracellular matrix, revealed a 
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dramatic increase in tangent stiffness in DKO animals (Fig. 2.5B). These data 

demonstrate that there is a dramatic change in the extracellular matrix (ECM) in the DKO 

model. Increased stiffness could stem from deposition of additional ECM, reorganization 

or crosslinking of the existing matrix proteins, or a combination of the two. Thus, 

collagen content, the main component of the ECM, was quantified. 

Collagen content of tibialis anterior muscles was determined using a modified 

hydroxyproline assay [28], as described in methods. Collagen content was lowest in wild 

type and nesprin 1-/- animals, with desmin knockout samples being significantly more 

collagenous than wild type. Interestingly, DKO mice were significantly higher compared 

to both wild type and nesprin 1-/- muscles (Fig. 2.6A). Extracellular matrix (ECM) area 

fraction was then determined by examining laminin stained cross-sections of muscle 

(Figs. 2.6B-F) as previously described [12]. Similar to the collagen data, desmin-/- and 

double knockout skeletal muscle had a higher ECM area fraction compared to wild type. 

Additionally, both the desmin-/- and double knockout animals had a higher ECM area 

fraction compared to nesprin 1-/- mice. Together these data demonstrate increased fibrosis 

in our DKO mouse model as well as desmin-/- animals.  

Nuclear anchorage and localization defect in skeletal muscles of mice with dual nesprin 

and desmin ablation 

 Given that both nesprin 1 and desmin interact with nuclei in skeletal muscle, we 

further interrogated our mouse models to examine potential alterations in nuclear 

anchorage. Nuclear shape and localization patterns were examined by fluorescence 

imaging of DAPI stained single fibers from soleus muscle. In wild type fibers, nuclei 

were spaced evenly along the fiber length (Fig 2.7A). Desmin-/- nuclei had a similar 



 

 

31 

pattern to wild type mice (Fig. 2.7C). As previously described [5], nuclei of nesprin 1-/- 

mice were distributed along the length of the muscle fiber, but were in lines and clusters 

not observed in wild type or desmin-/- animals (Fig 2.7B). Interestingly, nuclei of DKO 

mice were significantly clustered and some were detached from the fiber (Fig 2.7D).  

 Under a 40X objective, wild type and desmin-/- nuclei were spherical in shape and 

evenly spaced along the fiber (Fig 2.7E and G). Nesprin 1-/- nuclei were aggregated 

together in lines along the length of the muscle fiber (Fig 2.7F). In DKO mice, the 

nuclear patterns seen were qualitatively different from the other three genotypes (Fig. 

2.7H-J). Here, significant irregular nuclear clusters were observed in various locations 

along the length of the fiber (Fig. 2.7I and J). Additionally, in many locations, it was 

observed that a number of nuclei had detached from the fiber, indicating compromised 

nuclear anchorage in DKO mice (Fig. 2.7I). Finally, irregular individual nuclear shapes 

were observed in numerous imaging fields of DKO muscle fibers (Fig. 2.7H-J). These 

data suggest that nuclear anchorage is aberrant in DKO mice compared to controls.  

 To further quantify nuclear patterns, mice with GFP labeled nuclei were generated 

by crossing mice with a nuclear restricted GFP (H2B-GFP) cassette driven by the 

obscurin promoter [30] with nesprin 1 and desmin mutant mice. Creation of these mice 

allowed us to examine skeletal muscle nuclei without staining nuclei of other cell types. 

Moreover, this model permitted imaging of entire muscle bundles under confocal 

microscopy and examination of 3-dimentional spatial changes in response to loss of 

nesprin 1 and/or desmin (Fig. 2.8). As previously shown, wild type and desmin-/- animals 

displayed a uniform distribution of nuclei along the length of the muscle fiber with a 

similar distribution of nuclear volumes in both the soleus and TA muscles (Fig 2.8A&B). 
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Nuclear aggregation was not observed in wild type samples, and it was primarily absent 

in desmin-/- samples except for small areas observed in the soleus muscle (Fig. 2.8A&B). 

Nuclei of nesprin 1-/- were again visualized as aggregates, where the soleus and TA 

muscles showed increased nuclear cluster volume as determined using Volocity Software 

(PerkinElmer, Waltham, MA) (Fig. 2.8A&B). As was seen in DAPI stained single fibers, 

3D reconstructions of DKO nuclei in muscle bundles revealed a dramatic alteration in 

nuclear anchorage (Fig. 2.8A&B). Large aggregates composed of several nuclei were 

seen in soleus and TA muscles of DKO animals in a manner not seen in the other three 

genotypes. Soleus and TA nuclear cluster volume distributions were dramatically shifted 

towards larger values in DKO mice (Fig. 2.8A&B). This shift in nuclear cluster volume 

indicates an increase in both the size and abundance of nuclear clustering in DKO mice 

over WT and single knockout animals.  

Mice with ablation of nesprin and desmin present with decreased nuclear deformation 

under biomechanical stretch 

 Investigation of nuclear morphology and localization in the above images only 

provides information on nuclear placement within the muscle fiber. It is unclear how 

strain transmission between the nucleus and cytoskeleton is affected in DKO animals.  To 

examine strain transmission, single nuclei were imaged during controlled deformation of 

muscle bundles. When tibialis anterior muscle bundles were stretched, nuclei of each 

genotype were deformed to different extents (Fig. 2.9A). The amount of nuclear 

deformation was indicated by quantifying the nuclear aspect ratio of each nucleus at 

increasing sarcomere lengths (Fig. 2.9B). The slope of aspect ratio versus sarcomere 

length line indicated the amount of deformation imposed upon the nucleus by the 
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cytoskeletal network (Fig. 2.9C). Nuclei from all four genotypes deformed linearly, 

however the extent of deformation was altered in nesprin 1-/- and DKO animals. Nuclei of 

nesprin 1-/- and DKO mice deformed significantly less compared to wild type and desmin-

/- nuclei (p<0.05). 

Ultrastructural and immunofluorescent examination of myonuclei from mice with 

ablation of nesprin and desmin reveal nuclear aggregation and altered chromatin 

compaction 

 Transmission electron microscopy was used to examine the nuclear phenotype of 

DKO muscles. In wild type and desmin-/- soleus muscle, single nuclei were observed 

along the periphery of the muscle fiber with no clustering observed (Fig. 2.10A and 

2.10C). As seen with light microscopy, TEM showed nesprin 1-/- nuclei clustered in lines 

along the muscle fiber periphery (Fig. 2.10B). TEM micrographs also revealed that DKO 

mice had severe aggregation of nuclei in muscle tissue compared to WT and single 

knockout mice (Fig. 2.10D). Qualitative observations of these images revealed changes in 

electron dense regions at the nuclear envelope (Fig 2.10D, yellow arrows). These indicate 

a change in chromatin compaction and loss of heterochromatin, similar to other models of 

nuclear anchorage loss [6]. 

 To quantify this change in chromatin compaction we examined localization of 

chromatin and heterochromatin protein 1 beta (HP1β) [33, 34]. HP1β interacts with 

methylated histone H3 and plays a key role in heterochromatin maintenance [35, 36]. A 

reduction in co-localization of DRAQ5, a fluorescent DNA stain, and HP1β would 

suggest altered chromatin compaction/localization to confirm observed loss of compacted 

chromatin by TEM (Fig 2.10D) [37]. Dual ablation of both nesprin and desmin resulted 
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in a reduced interaction of DRAQ5 and HP1β as visualized by immunofluorescence and 

quantitative Pearson's correlation coefficients (Fig 2.10 E and F).  These data indicate 

that loss of nuclear anchorage results in altered patterns of chromatin 

compaction/localization. Taken together, we conclude that loss of both nesprin 1 and 

desmin causes an aggregation of nuclei and alerted chromatin compaction.  

 

2.5 Discussion 

A key feature of skeletal muscle that affects its development and phenotype is the 

linkage of the nucleus to the cytoskeleton [3–5]. A number of skeletal muscle pathologies, 

including EDMD, have been directly linked to proteins associated with myonuclei. Thus, 

understanding the factors involved in nuclear anchoring and positioning can reveal the 

importance of nuclear connectivity in skeletal muscle.  Therefore, in this study we 

examined two proteins that are involved in nuclear anchorage, nesprin 1 and desmin. 

Herein, we demonstrate that dual ablation of nesprin 1 and desmin results in increased 

muscle weakness, loss of nuclear anchorage and positioning, defective chromatin 

localization, decreased nuclear-cytoskeletal strain transmission and increased skeletal 

muscle fibrosis compared to the three other models examined.  

Prior observations demonstrated that knockout of either nesprin 1 or desmin 

resulted in skeletal muscle defects as well as partial loss of nuclear anchorage and nuclear 

deformation under tensile loading [5, 7]. A nesprin 1 global ablation model resulted in 

partial nuclear anchorage and nuclear-cytoskeletal strain transmission defects [5]. Loss of 

desmin alone was also shown to result in mild nuclear anchorage defects as well as a 

progressive skeletal muscle fibrosis phenotype [7, 12].  
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In a previous study, our laboratory found that the mortality rate for nesprin 1 

knockout animals was ~60% by one month of age [5]. A similar mortality rate for those 

animals was seen in this study, but interestingly, ablation of both nesprin 1 and desmin 

resulted in increased mortality rates (Fig. 2.1A). We found that at 13 months of age, there 

were no surviving double knockout mice. This is a striking finding compared to the 

nesprin 1 null animals, where the survived 40% of animals remain alive at 13 months of 

age. This increased mortality rate in DKO animals can likely be attributed to the observed 

muscle wasting and weakness in these mice. In addition to the high mortality rate 

observed in DKO animals, there was an increase in severity of dystrophic phenotypes, 

such as muscle weakness and fibrosis. Evidence of muscle wasting was present in DKO 

animals in the form of decreased body weight, increased incidence of kyphosis, and 

decreased muscle strength (Figs. 2.1B, 2.2 and 2.3A). These data demonstrate that, with 

the loss of both nesprin 1 and desmin, severe defects in skeletal muscle result. 

Interestingly, when active mechanical studies were performed that took muscle 

physiological cross-sectional area into consideration; muscle stresses in DKO animals 

were not significantly different from their single knockout littermates (Fig. 2.4A). These 

data demonstrate that low force production in DKO mice is due to the smaller size of 

these mice and their smaller muscles and that DKO mice have no additional functional 

loss compared to single knockout animals with regards to stress production.  

Skeletal muscle fibrosis is a major clinical problem resulting in muscle weakness 

and a loss of flexibility [38]. Previous studies showed that desmin deletion results in a 

progressive skeletal muscle fibrosis phenotype [12]. Our data are consistent with this 

study showing elevated tangent muscle bundle stiffness and collagen content in desmin 
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null skeletal muscle. More striking was the observation that muscle tangent stiffness of 

DKO samples was six times greater compared to wild type samples. This large increase 

in tissue stiffness demonstrates that a dramatic fibrotic response resulted from ablation of 

both nesprin 1 and desmin. In addition to an increase in tissue stiffness, collagen content 

was also increased in DKO skeletal muscle. Collagen content does not correlate with 

passive mechanical data (Figs. 2.5 and 2.6). When plotted against each other, the tangent 

stiffness versus collagen content graph reveals no relationship (Fig. 2.11). This is 

especially evident when looking at the points within each genotype. The weak correlation 

suggests that there is another factor that explains the dramatic increase in mechanical 

stiffness with increased collagen. Since collagen did not become much more abundant in 

DKO muscle, a possible explanation is that collagen organization, not collagen quantity, 

was altered. Crosslinks within the collagen molecule, which have been implicated in both 

cardiovascular and pulmonary fibrosis, could also be causing this increase in the tangent 

stiffness [39, 40]. Additionally, collagen fibril orientation and organization may be 

responsible for this increased stiffness, but additional studies would have to be conducted 

to verify this.  

One of the most dramatic results from this study was the effect that knocking out 

both nesprin 1 and desmin had on nuclear localization and anchorage (Figs. 2.7-2.9). It is 

well established that myonuclei in healthy skeletal muscle are spaced evenly along the 

fiber length and maintain a particular myonuclear domain size [41]. It has been 

hypothesized that in order to minimize transport from nuclei, each nucleus is ‘assigned’ 

to a particular region to fulfill the needs of the adjacent cytosolic volume [41]. For the 

vast majority of cases, nuclei in skeletal muscle are spaced as far apart from each other to 
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presumably minimize transport distances between the nucleus and cytosol [41]. Loss of 

nuclear-cytoskeletal connections in the current study resulted in large clusters of nuclei 

throughout different muscles of DKO animals. The large clusters of nuclei in DKO 

animals could imply that transport distances are not minimized and certain domains 

within the muscle may not be receiving the necessary signals for proper function. A lack 

of proper nuclear localization and aberrant nuclear clumping could explain the more 

severe phenotype seen in these DKO animals. With transport distances not minimized 

between the cytosol and nuclei, certain factors, such as mRNA transcripts, may not be 

able to reach their targets. This may result in protein production remaining limited to 

small areas surrounding these nuclear clumps. Limited spatial distribution of proteins 

could potentially inhibit muscle size, causing the stunted skeletal muscle growth and 

weakness observed in DKO mice.  This is a potential explanation of why we observe 

decreased muscle strength, but not decreased stress production in DKO mice over 

controls; however, future work is needed to address this question.  

Similar to our previous study in nesprin knockout animals, we observed that 

nuclei of nesprin null animals had decrease nuclear deformability compared with wild 

type animals [5]. Decreased nuclear deformation was also found in DKO animals (Fig. 

2.9). Limited nuclear deformation suggested that mechanical integration between the 

nucleus and the cytoskeleton was reduced in nesprin 1-/- and DKO mice. Although not 

significantly different from nesprin 1-/-, the DKO trended toward less nuclear deformation.  

Collectively, we have shown that ablation of both nesprin 1 and desmin 

dramatically reduced connectivity of the nucleus to the cytoskeletal network in skeletal 

muscle. Globally, this lack of nuclear connectivity coincides with a decrease in muscle 
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strength, drastically shorter lifespans, and a decrease in adult mass. With regard to 

skeletal muscle specifically, it was found that myonuclei in DKO mice had a decrease in 

nuclear-cytoskeletal strain transmission. This loss of nuclear connectivity coincided with 

a fibrotic tissue response as marked by increases in tissue stiffness, collagen content and 

ECM area fraction. Together these results suggest that nesprin 1 and desmin play 

redundant roles in nuclear anchorage in skeletal muscle, and this loss of connectivity 

could potentially explain the observed pathology in our DKO mice. Future research into 

the connection between nuclear anchorage and our observed dystrophic phenotypes is 

necessary to elucidate a mechanism behind how these may be causally related. This 

future research could allow us to better understand and develop treatments for disorders 

associated with nuclear connectivity defects, muscle weakness and fibrosis, such as 

EDMD.   
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Figure 2.1 Disruption of both nesprin and desmin affect the life span and body 
weight of the mice. 
(A) Typical survival curve of wild type (WT, n=90), nesprin 1 (NES 1-/-, n=15), desmin 
(DES-/-, n=10) and double knockout (DKO, n=15) mice. (B) Growth curve of aging mice, 
WT (N=12), NES 1-/-(n=12), DES-/- (n=12), DKO (n=10). Note that wild type and DES-/- 
curves exactly overlap. 
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Figure 2.2 Kyphosis in DKO mice. 
Upper panel shows representative images of each genotype, with the white arrow 
indicating spinal kyphosis. Lower panel shows X-rays of the corresponding mice in the 
upper panel.  
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Figure 2.3 Strength and coordination are decreased in DKO mice. 
(A) Maximal force as measured by forelimb grip strength was significantly decreased in 
desmin and double knockout animals at both 3 and 6 months of age compared to wild 
type and nesprin 1-/- animals (p<0.05, via one-way ANOVA). Maximum force production 
of DKO animals was the lowest of all four groups at both 3 and 6 months of age. (B) The 
amount of time mice from each genotype were able to stay on a rotarod was recorded. At 
3 months of age, wild type and nesprin 1-/- animals had a significantly longer duration 
time than both desmin and double knockout animals. This was also true at 6 months of 
age, but the duration time for nesprin 1-/- animals was also significantly shorter than wild 
type mice (*p<0.05, via one-way ANOVA). (n=5 (WT), 6 (NES 1-/-), 7 (DES-/-), 8 
(DKO)). 
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Figure 2.4 Stress production in DKO animals was identical to single knockout mice. 
(A) Isometric stress production in wild type animals was significantly higher than 
desmin-/-, nesprin 1-/- and double knockout mice (n=10 (WT), 8 (NES 1-/-), 8 (DES-/-), 11 
(DKO)) (B) Following an injury protocol, stress production was decreased in all groups. 
It was found that the isometric stress for wild type was still significantly higher than the 
stress for the other three genotypes. Additionally it was found that stress production in 
desmin-/- animals was significantly higher compared to nesprin 1 knockouts.  (C) 
Percentage decreases in isometric stress following injury revealed that nesprin 1 null 
animals were the most susceptible to damage. The other three genotypes were statistically 
indistinguishable (*p<0.05, via one-way ANOVA).  
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Figure 2.5 Passive mechanical testing showed increases in bundle stiffness, but not 
fiber stiffness, in DKO muscle. 
(A) Tangent stiffness values for each genotype from passive mechanical tests of single 
muscle fibers. No significant differences were found from the one-way ANOVA. (n=11 
(WT), 8 (NES 1-/-), 10 (DES-/-), 13 (DKO)). (B) Tangent stiffness values for each 
genotype from passive mechanical tests of muscle bundles. The tangent stiffness for the 
double knockout was found to be significantly greater than the other genotypes. (*p<0.05, 
via one-way ANOVA) 
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Figure 2.6 Skeletal muscle fibrosis occurs in desmin-/- and double knockout mice. 
(A) Double knockout samples were significantly more collagenous compared to the wild 
type and nesprin 1 knockout samples, while the desmin knockout samples were 
significantly greater than the wild type samples (*p<0.05 one-way ANOVA). (n=8 (WT), 
7 (NES 1-/-), 7 (DES-/-), 13 (DKO)). (B) ECM area fraction was also found to be elevated 
in both desmin and double knockout muscle compared with wild type. (n=10 (WT), 6 
(NES 1-/-), 10 (DES-/-), 13 (DKO)) (C-F). Laminin stained samples of C: WT, D: NES 1-/-, 
E: DES-/-, F: DKO. Scale bar=100µm 
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Figure 2.7 Nuclear anchorage defects. 
(A-D) Longitudinal images of single muscle fibers from 4-month-old mice using a 10X 
objective (A: WT, B: NES 1-/-, C: DES-/-, D: DKO). Fibers were isolated from PFA fixed 
soleus muscle and stained with DAPI. Note aggregation of nuclei in nesprin 1 and double 
knockout fibers (B and D, respectively) compared with the evenly spaced nuclei in wild 
type and desmin knockout fibers (A and C, respectively). Additionally, some nuclei in 
double knockout fibers have fallen away from the fiber. This is not seen in the other 
genotypes. Scale bar=100µm. (E-J) Longitudinal images of single muscle fibers from 4-
month-old mice under a 40X objective (E: WT, F: NES 1-/-, G: DES-/-, H-J: DKO). 
Nuclei of wild type (E) and desmin knockout (G) mice were spherical in shape, and were 
spaced evenly along the fiber. Nuclei in nesprin 1-/- animals were clustered in lines within 
the muscle fiber (F). In double knockout mice, the nuclei showed multiple shapes and 
were clustered together (H-J). Scale bar=20µm 
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Figure 2.8 Elevated levels of nuclear clustering were observed in DKO mice. 
Dissected muscles were fixed by PFA overnight and then bundles were dissected out of 
the muscle. The small bundles were mounted onto slides and imaged using a confocal 
microscope. The images were collected and analyzed by Volocity software. (A) Nuclei of 
soleus muscle bundles from 4 month-old mice. In DKO animals the nuclei were clustered 
together in large aggregates that are not seen in the other genotypes. Nuclei of nesprin 
null animals were slightly clustered in lines throughout the muscle bundle. Nuclei of WT 
and DES-/- bundles were spaced evenly. Nuclear cluster volume distributions in the lower 
panel of (A) demonstrate increased cluster volumes in both nesprin null and DKO soleus 
muscle.   (B) Nuclei of TA muscle bundles from 4 month-old mice. In both nesprin null 
and DKO animals, nuclear clustering is increased as observed visually and graphically. 
White arrows indicate nuclear clusters. Scale bar=20µm in all images.  
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Figure 2.9 Cytoskeletal-nuclear strain transmission is dramatically reduced in DKO 
skeletal muscle. 
(A) Nuclear deformation caused by a controlled deformation of muscle bundles in the TA 
muscle. Wild type and desmin knockout nuclei deformed, while this deformation was 
attenuated in the nesprin 1 and double knockout mice. Scale bar=25µm (B) Nuclear 
aspect ratio versus sarcomere length. The trend line is an average of the trend lines from 
each experiment. (C) Slope of the aspect ratio versus sarcomere length for each genotype. 
A larger slope correlates to more deformation. The nuclear deformation in the wild type 
and desmin knockout was significantly greater than that observed in the nesprin 1 and 
double knockout mice. n=3 mice/group  (*p<0.05, via one-way ANOVA).  
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Figure 2.10 Ultrastructural and Chromatin localization analyses of skeletal muscle. 
 (A-D) Nuclei of wild type (A) and desmin null (C) skeletal muscle were properly 
localized at the periphery of the cell and no clustering was observed. TEM showed 
nuclear clusters in nesprin 1-/- skeletal muscle (B). DKO micrographs of myonuclei 
showed severe nuclear aggregation and heterochromatin morphology changes (yellow 
arrows) (D). (E) Representative images of heterochromatin 1 beta (HP1β) (green) and 
DRAQ-5 (blue) staining in adult skeletal muscle. (F) Quantitative co-localization 
examination of HP1β and DRAQ5 via Pearson's Correlation Coefficient image analyses. 
Co-localization of HP1β and DRAQ-5 was significantly decreased in DKO muscle, 
indicating a disruption in the heterochromatin structure. TEM – Scale bar=1µm, 
Fluorescence – Scale bar =5µm  
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Figure 2.11 Tangent stiffness of muscle bundles is poorly correlated with collagen 
content.   
Scatter plot of tangent stiffness, as measured by passive mechanical tests, and collagen 
content from the hydroxyproline assay. With the large range in collagen content for a 
given value of tissue stiffness, it is clear to see that another factor such as collagen 
crosslinking or organization can explain the large increase in tissue stiffness seen in DKO 
skeletal muscle.  
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CHAPTER 3 : COLLAGEN CROSSLINKING DOES NOT DICTATE STIFFNESS 

IN A TRANSGENIC MOUSE MODEL OF SKELETAL MUSCLE FIBROSIS

 

3.1 Summary 

Skeletal muscle fibrosis is marked by increases in tissue stiffness and collagen 

content. However, only a very weak correlation exists between collagen content and 

stiffness in skeletal muscle. Recently, it has been hypothesized that collagen crosslinking 

explains tissue stiffness in fibrotic skeletal muscle. Therefore, we addressed this 

hypothesis by correlating tissue stiffness with lysyl-pyridinoline, hydroxylysyl-

pyridinoline, and pentosidine collagen crosslinks. Stepwise regression revealed that, 

separate or together, collagen crosslinks did not correlate with tissue stiffness. Our result 

demonstrates that increased tissue stiffness in skeletal muscle fibrosis is not simply 

explained by increased collagen crosslinks and/or collagen crosslink density. We suggest 

that collagen organization may affect tissue stiffness. Alternatively, changes in other 

extracellular matrix components or specific structural geometry could dictate tissue 

stiffness. 

 

3. 2 Introduction 

 Fibrosis results when skeletal muscle is damaged and the regenerative process 

fails to recapitulate normal development. Skeletal muscle fibrosis is a significant clinical 

problem that arises in numerous myopathies, including muscular dystrophy (Lieber and 

Ward, 2013). Additionally, skeletal muscle fibrosis can occur as a result of skeletal 

muscle trauma or in the case of brain injury, such as in stroke patients. Given that skeletal 
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muscle fibrosis is an abundant clinical problem, a concrete understanding of the condition 

is critical for developing therapies. 

Skeletal muscle fibrosis is the abnormal accumulation of extracellular matrix 

(ECM) between myofibers, specifically expressed as increased collagen content [1]. 

Apart from biochemical changes, biomechanical changes are also observed in skeletal 

muscle, cardiac and liver fibrosis [1–3]. While collagen content and tissue stiffness 

increase with fibrosis, there is not a strong correlation between these two values [4, 5]. 

Interestingly, a recent cardiac study showed that collagen crosslinks, not collagen 

abundance, dictated tissue stiffness [6], suggesting that collagen crosslinks may explain 

increased tissue stiffness in muscle fibrosis. Additionally, a study conducted in 

dystrophic chickens demonstrated that inhibition of excessive lysyl oxidase activity, an 

enzyme responsible for collagen crosslinking, decreased muscle stiffness [7]. 

 Collagen crosslinks are formed both enzymatically and non-enzymatically. 

Enzymatic collagen crosslinks are formed when lysyl oxidase reacts with free lysyl or 

hydroxylysyl side chains within collagen fibrils [8], resulting in lysyl-pyridinoline (LP) 

and hydroxylysyl-pyridinoline (HP) crosslinks, respectively. Non-enzymatic crosslinks, 

such as pentosidine (PE), are created when glucose reacts with lysine and the resulting 

compound is oxidized [9]. We hypothesize that increased collagen crosslinks explain 

increased tissue stiffness in skeletal muscle fibrosis.  

 In this study, we used our recently described nesprin-desmin double knockout 

mouse (DKO) model of skeletal muscle fibrosis [5]. DKO mice had a six-fold increased 

tissue stiffness and a two-fold increased collagen content. Surprisingly, when we 

regressed tissue stiffness against collagen content, there was no significant correlation 
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(Fig. S1 of Chapman et al 2014). This suggested that another factor, such as collagen 

crosslinks, could explain DKO skeletal muscle’s increased stiffness. Thus, the purpose of 

this study was to use multiparametric analysis to determine the role (if any) of HP, LP 

and/or PE collagen crosslinks in determining muscle stiffness in this transgenic model. 

 

3.3 Materials and Methods 

Passive mechanics 

Passive mechanical testing of skeletal muscle bundles from wild-type (WT) 

[n=10], nesprin-1 knockout (nesprin-/-) [n=8], desmin knockout (desmin-/-) [n=10] and 

nesprin-1/desmin double knockout (DKO) [n=13] mice was conducted as previously 

described (Fridén and Lieber, 2003). Briefly, tibialis anterior muscles were dissected, 

placed in a glycerol storage solution [(in mM): K-propionate (170), K3EGTA (5), MgCl2 

(5.3), imidazole (10), Na2ATP (21.2), NaN3 (1), glutathione (2.5), leupeptin (0.05) and 

50% (vol/vol) glycerol] and stored at -20°C for up to two-weeks. For mechanical testing, 

samples were placed into relaxing solution [pCa 8.0 and pH 7.1 containing (in mM): 

imidazole (59.4), KCH4O3S (86), Ca(MSA)2 (0.13), Mg(MSA)2 (10.8), K3EGTA (5.5), 

KH2PO4 (1), leupeptin (0.05) and Na2ATP (5.1)]. Muscle bundles were dissected, placed 

into a mechanical testing chamber and secured with 10-0 monofilament suture to a force 

transducer (Aurora Scientific 405A; Aurora, ON, Canada) on one side and a fixed 

titanium pin connected to a rotational bearing (Newport MT-RS; Irvine, CA, USA) on the 

other. Mechanical testing began by removing bundle slack and measuring slack force and 

length. Sarcomere length was monitored throughout experiments by laser diffraction. A 

stress-relaxation protocol was implemented by incrementally increasing sarcomere length 
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by 0.25 µm/stretch and stress-relaxing for 3 minutes, after which stress decay has been 

shown to be minimal [11]. Bundles were stretched to a sarcomere length of 4.0 µm, or 

until failure, whichever occurred first. After each 3-minute period, force and sarcomere 

length were recorded. Stress was calculated by dividing force by bundle cross-sectional 

area assuming each bundle was an isovolumic cylinder [12]. Tangent stiffness was then 

determined by calculating the slope of the stress-sarcomere length plot at a sarcomere 

length of 3.2 µm.  

Collagen Crosslinks 

HP, LP and PE concentrations of TA muscle samples were determined as 

previously described [13]. These samples were derived from adjacent portions of the 

same muscle samples used for mechanical testing. Tissue was hydrolyzed in 6M 

hydrochloric acid at 110°C for 20 hours. After hydrolysis, samples were dried in a 

vacuum desiccator, redissolved, and then purified using 0.22 µm spin-X centrifuge tube 

filters (Costar, Corning, NY).  

The HPLC column (TSK gel ODS-80Tm, 4.6 mm I.D. x 15 cm packed with 5 µm 

particles, TOSOH Bioscience, Japan) was equilibrated with 0.15% (v/v) HFBA in 24% 

(v/v) methanol. Samples were then injected into the HPLC system. Elution of crosslinks 

and a pyridoxine internal standard was achieved at 40°C at a flow rate of 1.0 mL/min in 

two steps. Fluorescence was monitored at 0-22 min, 295/400 nm; 22-45 min, 328/378 nm 

(gain 100; band width 18 mm). Elution of HP was achieved at 9.8 minutes, LP at 12.1 

minutes, and PE at 21.5 minutes.  

For hydroxyproline analysis, samples were dried and incubated for 10 min at 

room temperature in 20 µL of derivatization solution [methanol: water: triethylamine: 
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phenylisothiocyanate in a 7:1:1:1 ratio + lyophilized hydroxy-L-proline (20 µg/ml)]. 

Samples were then dried and dissolved in 100 µL of reconstitution buffer (5mM 

Na2HPO4 in acetonitrile, pH 7.4). Samples were then injected in the HPLC system. 

Hydroxyproline content was determined using an HPLC column (Waters Spherisorb 

ODS-80. 4.6 mm I.D. x25 cm 2-5 �m particles, All Tech, Deerfield, IL) equilibrated 

with a 6:4:90 solution of acetonitrile: water: 140 mm sodium acetate trihydrate buffer, pH 

6.4 for 15 min at a flow rate of 1 ml/min. Elution of the hydroxyproline was achieved at 9 

minutes. 

Statistical Methods 

Stepwise regression analysis was performed using IBM SPSS Statistics (Armonk, 

NY) to determine which parameters (collagen content, HP, LP, and/or PE if any) could 

predict muscle tissue stiffness. Tissue stiffness was the dependent variable, while 

collagen content, HP, LP and PE were independent variable. Stepwise criteria were as 

follows: probability of F-to-enter �0.05, and a probability of F-to-remove �0.1. 

One-way ANOVA with Tukey’s post-hoc tests was used to determine statistical 

differences in collagen content and crosslink content among the four genotypes 

(GraphPad Prism, La Jolla, CA). Significance level (α) was set to 0.05 in all cases. 

 

3.4 Results 

 Collagen content, measured by HPLC was significantly increased in DKO mice 

compared with all other genotypes (p<0.05; Fig. 3.1A). HP and PE collagen crosslinking 

values were significantly increased in DKO mice (p<0.05; Fig. 3.1A). Additionally, 
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nesprin-/- mice showed elevated levels of HP compared with wild-type, while desmin-/- 

mice had higher levels of HP and PE compared with wild-type animals (p<0.05; Fig. 

3.1A). Surprisingly, LP levels were significantly increased in wild-type animals 

compared to all other genotypes (p<0.05; Fig. 3.1A).  

To determine whether increased crosslinks in DKO mice could explain our results 

independent of collagen amount, crosslink content was normalized to collagen content. 

The amount of HP and PE collagen crosslinks per collagen molecule was identical in WT 

and DKO mice (p<0.05; Fig. 3.1B). WT mice had significantly elevated LP normalized 

crosslink concentration over all other genotypes (p<0.05; Fig. 3.1B). Additionally, 

nesprin-/- muscle had a higher HP normalized crosslink concentration over WT and DKO, 

while desmin-/- muscle demonstrated a higher PE normalized crosslink concentration 

compared with WT and DKO samples (p<0.05; Fig. 3.1B).  

 To investigate whether collagen crosslinks were associated with tissue stiffness, 

crosslink data were plotted against stiffness values (Fig. 3.2). When tissue stiffness was 

plotted against collagen, HP or PE values, there was a significant correlation between 

stiffness and collagen and crosslink content (collagen: p<0.05, r2=0.62; HP: p<0.05, 

r2=0.73; PE: p<0.05, r2=0.52; Figs. 3.2A,B & D). However, when examining each 

genotype separately, this relationship disappeared (WT - collagen: p>0.7, r2=0.01; HP: 

p>0.6, r2=0.02; LP: p>0.7, r2=0.01; PE: p>0.6, r2=0.02; nesprin-/- - collagen: p>0.4, 

r2=.09; HP: p>0.6, r2=0.04; LP: p>0.5, r2=0.05; PE: p>0.9, r2=0.001; desmin-/- - collagen: 

p>0.1, r2=.28; HP: p>0.3, r2=0.13; LP: p>0.2, r2=0.18; PE: p>0.1, r2=0.22; DKO - 

collagen: p>0.6, r2=.02; HP: p>0.2, r2=0.15; LP: p>0.2, r2=0.12; PE: p>0.6, r2=0.02). 

Thus, the correlation was caused by differences between genotypes and created only a 
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pseudocorrelation [14]. LP crosslink content also had no correlation with tissue stiffness. 

These conclusions were further validated using stepwise regression. In the stepwise 

regression model, the only variable that entered the linear model was HP content 

(r2=0.73), suggesting a good relationship. However, it should be noted that when data 

from any single genotype were run through stepwise regression, no variables were 

included in the model. Finally, no relationship was found between tissue stiffness and 

normalized collagen crosslinks (Fig. 3.3A-C). This was further highlighted when 

stepwise regression was used, and no crosslinking variables were included in the model. 

 

3.5 Discussion 

 Previous reports showed that collagen content is a poor predictor of muscle 

stiffness [1, 4, 5]. Given these reports, we determined whether collagen crosslinks dictate 

stiffness as has been observed in human ventricles and dystrophic avian skeletal muscle 

[6, 7]. We found that skeletal muscle stiffness in a murine model of fibrosis did not 

significantly correlate with HP, LP or PE collagen crosslinks.  

HP and PE levels were significantly elevated in DKO skeletal muscle. These 

elevated values are reflected in the increased total collagen content in DKO muscle. 

Surprisingly, LP crosslinks were elevated in WT muscle over all other genotypes. It is 

unclear why WT muscle had elevated LP levels, but it is possible that in fibrotic muscle, 

there is a shift in collagen crosslinks from LP to HP. Compared to our previous study on 

these same mice, HPLC collagen values were slightly elevated. This discrepancy could 

be explained by the different methods used to assay collagen content. In our previous 
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study, we used a colorimetric hydroxyproline assay, while in the current study we used 

HPLC, which may have increased specificity [15]. 

 In spite of the current findings, it remains unclear which parameters in skeletal 

muscle ECM are responsible for dictating tissue stiffness. Although neither collagen 

content nor collagen crosslinks are highly correlated with tissue stiffness, collagen 

organization within the ECM remains a potential contributer to tissue stiffness. None of 

the methods used account in any way for the gross arrangement of collagen bundles 

which are rich in the perimysial space [16]. Recently, a serial block face scanning 

electron microscopy method was used to reconstruct skeletal muscle ECM over hundreds 

of microns [17]. This technology holds great potential for determining collagen/ECM 

ultrastructure, and could answer questions about whether tissue stiffness is related to 

ECM organization. Other factors such as proteoglycans may also affect stiffness, as it has 

been shown that decorin and biglycan are also increased in muscle fibrosis models [18].   

 

3.6 Acknowledgements 

I would like to acknowledge my co-authors from Chapter 3, which is a reprint 

from material as it appears in the Journal of Biomechanics, 2015 Chapman MA, Pichika 

R, Lieber RL. No conflicts of interests were declared. 

Research reported in this publication was supported by the National Institute of 

Arthritis and Musculoskeletal and Skin Diseases of the National Institutes of Health 

under Award Numbers AR061303 & T32AR0607 and by the National Institute of Child 

Health and Human Development under Award Number HD050837. The content is solely 

the responsibility of the authors and does not necessarily represent the official views of 



 
 

 

64 

the National Institutes of Health. We also acknowledge the National Science Foundation 

for an NSF-Graduate Research Fellowship to MAC. 

  



 
 

 

65 

 

Figure 3.1 Collagen content and collagen crosslink values in WT, nesprin-/-, desmin-/- 

and nesprin-/-, desmin-/- double knockout (DKO) skeletal muscle. 
(A) Collagen content and HP, LP and PE collagen crosslinks were assessed using HPLC. 
Collagen content as measured by HPLC was significantly elevated in DKO skeletal 
muscle. HP and PE crosslinks were significantly increased over WT and single knockout 
values. (B) Crosslink data were normalized to collagen content to determine whether 
collagen crosslinking was altered independent of collagen content. (*p<0.05, via one-way 
ANOVA)  
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Figure 3.2 Muscle bundle stiffness versus collagen content and collagen crosslink 
concentrations. 
Tissue stiffness [data from Chapman, et al. 2014] was plotted against collagen content 
(A), HP content (B), LP content (C) and PE content (D) to determine whether these 
parameters correlate with tissue stiffness. Tissue stiffness correlates poorly with collagen 
content (p<0.05, r2=0.62) and HP (p<0.05, r2=0.73), LP (p>0.8, r2=0.0002) and PE 
(p<0.05, r2=0.52) collagen crosslinks. This lack of a relationship is particularly prominent 
when examining each genotype individually (WT - collagen: p>0.7, r2=0.01; HP: p>0.6, 
r2=0.02; LP: p>0.7, r2=0.01; PE: p>0.6, r2=0.02; nesprin-/- - collagen: p>0.4, r2=0.09; HP: 
p>0.6, r2=0.04; LP: p>0.5, r2=0.05; PE: p>0.9, r2=0.001; desmin-/- - collagen: p>0.1, 
r2=.28; HP: p>0.3, r2=0.13; LP: p>0.2, r2=0.18; PE: p>0.1, r2=0.22; DKO - collagen: 
p>0.6, r2=.02; HP: p>0.2, r2=0.15; LP: p>0.2, r2=0.12; PE: p>0.6, r2=0.02). 
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Figure 3.3 Muscle bundle stiffness versus normalized collagen crosslink 
concentration. 
Tissue stiffness plotted vs collagen crosslink concentration normalized by collagen 
content. Similar to raw crosslink values, normalized crosslinking concentrations did not 
correlate with tissue stiffness: (A) HP (p=0.2, r2=0.08), (B) LP (p<0.05, r2=0.17) and (C) 
PE (p=0.52, r2=0.01). 
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CHAPTER 4 : COLLAGEN I PRODUCING CELLS PROLIFERATE IN A 

MODEL OF SKELETAL MUSCLE FIBROSIS

 
4.1 Summary 

 Skeletal muscle fibrosis is a devastating clinical condition that is found in 

numerous muscle diseases. Skeletal muscle fibrosis is marked by a significant increase in 

extracellular matrix protein deposition, primarily in the form of type I collagen, causing 

reduced strength and decreased range of motion. However, the identity of collagen 

producing cells that contribute to fibrosis is poorly defined in the literature. Given this, 

the goal of our study was to create a mouse model that would allow us to identify the 

cells responsible for ECM deposition in chronic muscle fibrosis. To accomplish our goal, 

an existing mouse model of skeletal muscle fibrosis (nesprin-desmin double knockout 

[DKO] mouse) was crossed with a mouse line that expresses GFP under the control of the 

collagen-alpha1 (I) promoter. The creation of this mouse allows for identification of any 

cell that is actively producing collagen type I. Fluorescence activated cell sorting (FACS) 

was used to identify GFP+ cells in skeletal muscle. Additionally, antibodies were used 

against CD31, CD45, alpha-7 integrin, and Sca-1 to further divide the mononuclear cell 

population. GFP+ cells in wild-type (WT) and DKO mice were identified as either 

skeletal muscle progenitor (SMP) cells (CD31-, CD45-, Sca-1-, alpha-7 integrin+) or 

fibro/adipogenic progenitor (FAP) cells (CD31-, CD45-, Sca-1+, alpha-7 integrin-), with a 

portion of GFP+ cells falling in neither category. We show that in a model of muscle 

fibrosis there is an increase in collagen I producing cells, and that the GFP+ cell 

population dynamics are altered compared to WT. 
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4.2 Introduction 

Chronic skeletal muscle pathologies such as muscular dystrophy and cerebral 

palsy as well as acute conditions such as stroke and trauma are often characterized by 

skeletal muscle fibrosis. Muscle fibrosis is defined by an abnormal level of extracellular 

matrix (ECM) protein deposition, primarily in the form of type I collagen [1]. Skeletal 

muscle fibrosis is a large clinical problem that results when the regular regeneration 

pathways are disrupted and healthy muscle is replaced by fibrous connective tissue. The 

resulting fibrous scar reduces muscle strength and can limit range of motion and mobility 

of patients suffering from various ailments [2, 3].  

In the literature, skeletal muscle fibrosis is well characterized by biochemical and 

histological detection of collagen in the extracellular space [1, 4, 5]. Additionally, the 

characterization of muscle fibrosis by passive mechanical tests has yielded functional 

definitions of the condition [4–7]. Although these different descriptions of ECM and 

fibrosis provide valuable insights into the condition, less is known about the cells 

responsible for the production of fibrotic scars. A thorough understanding of the cells 

involved in fibrosis is vital to developing effective therapies for muscle fibrosis.  

Given the importance of determining which cells contribute to muscle fibrosis, 

recent attention has focused on the cells that are responsible for collagen production in 

skeletal muscle fibrosis. Traditionally, attention has been focused on myofibroblasts, and 

these cells are thought to be a primary source of collagen in fibrosis [1, 8–11]. However, 

other mononuclear cells exist in skeletal muscle that have been shown to be involved in 

fibrosis. Mainly, a recently described cell, the fibro/adipogenic progenitor (FAP) cell, has 

been shown to become activated upon muscle injury [12, 13]. Additionally, myoblasts 



  72 

 

have been implicated, albeit to a lesser extent, in producing collagen I and contributing to 

muscle fibrosis [14].  The contribution of these different cell types to collagen production 

in both healthy and diseased muscle is unclear. Thus, given this recent attention in the 

literature, determining the contribution of each cell type to collagen production in fibrotic 

skeletal muscle is warranted.  

Given the many potential cell types, the strategy in this study was to label all 

collagen I producing cells and then determine their identity using fluorescence activated 

cell sorting (FACS) and RNA-sequencing techniques. In addition to the identity of these 

cells not being well known, it is also unclear how collagen-producing cells differ in a 

healthy versus a fibrotic environment in terms of gene expression. Therefore, the purpose 

of this study was to create a transgenic mouse model to directly label the cells responsible 

for collagen deposition in muscle fibrosis. 

In order to study the cells responsible for collagen production in muscle fibrosis, a 

collagen I reporter mouse was bred the nesprin-desmin double knockout mouse, an 

existing mouse model of chronic skeletal muscle fibrosis [4, 15]. Using FACS, we were 

able to identify GFP+ SMP (CD31-, CD45-, Sca-1-, α-7 integrin+) and GFP+ FAP cells in 

both WT and DKO skeletal muscle, with a small fraction of GFP+ cells falling in neither 

category. GFP+ cells in both genotypes were primarily FAP cells (~50% of GFP+ cells 

were also positive for Sca-1). Furthermore, 15-20% of GFP+ cells were SMPs in both 

genotypes. Additionally, ~30% of the GFP+ collagen I producing cells were neither FAPs 

nor SMPs. Importantly, a large increase in GFP+ cells/muscle mass was found in DKO 

mice compared with WT mice in all three cell populations investigated. Intriguingly, we 

show that in fibrotic skeletal muscle there is an increase in the proportion of collagen I 
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producing cells in all three cell populations we investigated (SMPs, FAPs, MISC), 

suggesting that these cell types all respond to a fibrotic environment by increasing 

collagen production.  

 

4.3 Materials and Methods 

Mice 

An existing model of chronic skeletal muscle fibrosis, the nesprin-desmin double 

knockout mouse, was used in the current study [4]. Expression of collagen I, the main 

contributor to fibrotic tissue in skeletal muscle, was identified using a mouse line 

expressing GFP under the control of the collagen-α1(I) promoter [16]. This permitted 

direct identification of any cell that actively produces type I collagen based on green 

fluorescence. In order to study collagen-producing cells in a model of fibrosis, we created 

nesprin-desmin double knockout mice that express GFP under the control of the collagen-

α1(I) promoter by breeding these two mouse lines together. Mice heterozygous for both 

nesprin 1 and desmin were bred with collagen-GFP mice. The resulting male and female 

nesprin 1+/-, desmin+/-, Col-GFP+ mice were bred together to create nesprin 1+/+, desmin+/+, 

Col-GFP+ (WT) and nesprin 1-/-, desmin-/-, Col-GFP+ (DKO) littermates. 

The presence of GFP in each mouse ear punch was determined using a fluorescent 

microscope (Leica MZFL III, Leica Microsystems Ltd., Wetzlar, Germany). Genotyping 

of nesprin 1 and desmin was performed by PCR on DNA from mouse ear punches using 

the following primer sets: desmin wild-type (forward, 5’-

CTCGTCCAGCCAGCGCGTGT-3’; reverse, 5’-GCCCTTGAGCCGGTTGACCTC-3’), 

desmin knockout (forward, 5’-TCCGCCCAGCCAGCCTCGTC-3’; reverse, 5’-
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CCATGGCGATGCCTGCTTGC), nesprin wild-type (forward, 5’-

TGGTAGTCATCAAGATGCTGGCTTGGG-3’; reverse, 5’-

CTTTCTAAGTCTACAGTGGTGGGCTC-3’), and nesprin knockout (forward, 5’-

GTAATATTTGTGGGACCGAGTTCTCTGAG-3’; reverse, 5’-

CTTTCTAAGTCTACAGTGGTGGGCTC-3’).  

Histology 

 Extensor digitorum longus (EDL) muscles were dissected out from WT and DKO 

collagen-GFP mice. Muscles were washed in PBS, pinned and fixed in 0.5% 

paraformaldehyde at room temperature for two hours. EDL muscles were then places in a 

20% sucrose solution overnight at 4°C. Muscle samples were frozen in liquid nitrogen-

cooled isopentane and stored at -80°C until further processing. 10 µm cross-sectional 

sections were cut from OCT-embedded samples at -20°C using a Microm HM500 

cryostat (Waldorf, Germany). Since GFP is denatured by tissue fixation, an antibody 

against GFP was used to visualize GFP. Non-specific binding was blocked with 1% BSA 

and tissue sections were stained with a rabbit polyclonal anti-GFP primary antibody 

(1:500, Life Technologies, Eugene, OR, USA), followed by staining with an Alexa-Fluor 

488 goat anti-rabbit secondary antibody (Invitrogen, Eugene, OR, USA). In order to 

determine the position of GFP+ cells in relation to the basal lamina, a rabbit polyclonal 

anti-laminin primary antibody (Sigma-Aldrich, St. Louis, MO, USA) was used. Prior to 

laminin labeling, the anti-laminin antibody was conjugated to an Alexa-Fluor 568 

fluorophore using an APEX Antibody Labeling Kit (Life Technologies, Eugene, OR, 

USA) according to manufacturer’s instructions. Briefly, APEX™ antibody labeling tip 

resin was hydrated using wash buffer (0.1 M PBS, pH 7.5, 2 mM azide) and 20 µg of 
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anti-laminin antibody was loaded onto the resin. The Alexa-Fluor (AF) 568 fluorophore 

was dissolved in DMSO and 50 mM borate buffer and 10µL of this reactive dye solution 

was added to the resin and incubated for 2 hours at room temperature. To elute unreacted 

dye, wash buffer was passed through the resin. Labeled anti-laminin was then eluted from 

the resin using 0.2 M acetic acid, pH 3.3, and neutralized with 1 M Tris, pH 9.0. The AF-

568-anti-laminin conjugate was diluted 1:500 in 0.1% BSA and incubated on the GFP-

labeled tissue sections for 2 hours at room temperature. Nuclei in each section were 

stained using DRAQ5 (Cell Signaling Technology, Danvers, MA, USA). Samples were 

then imaged under a 63.3X objective with glycerol immersion using an inverted confocal 

microscope (Leica SP5, Wetzlar, Germany).  

Fluorescence activated cell sorting 

Mice were anesthetized with 2% isoflurane at 2 L/min and then euthanized by 

cervical dislocation. Muscle samples were prepared for fluorescence activated cell sorting 

(FACS) as previously described [5]. The quadriceps, tibialis anterior and gastrocnemius 

muscles were dissected out and trimmed of all visible tendon. Muscles were weighed, cut 

into small pieces and incubated at 37°C in digestive solution (in DMEM: 0.27% type I 

collagenase, 0.06 units/mL dispase II, 50 units/mL streptomycin, 50 units/mL penicillin) 

for 50 minutes. Muscles were then mechanically broken down with forceps and then 

incubated at 37°C for 30 minutes. Samples were further broken down by pipetting, and 

then incubated for another 10 minutes. Muscle cell suspensions were then passed through 

a 70-µm filter followed by a 40-µm filter. Cells were then centrifuged and resuspended in 

FACS buffer consisting of 2.5% normal goat serum and 1mM EDTA in PBS. Isolated 

cells were then stained with primary antibodies for 20 minutes on ice, centrifuged and 
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resuspended in FACS buffer. Fluorescence-minus-one controls were created by 

combining cell samples with the appropriate antibodies. Additionally, a portion of the cell 

population was left unstained to serve as the negative control. Antibodies were used 

against CD31 (to identify endothelial cells), CD45 (to identify hematopoietic cells), α-7 

integrin (to identify skeletal muscle progenitor cells), and Sca-1 (to identify 

fibro/adipogenic progenitor cells). GFP+ cells in wild-type (WT) (n=16) and DKO 

(n=14) mice were identified as either skeletal muscle progenitors (SMP) (CD31-, CD45-, 

Sca-1-, α-7 integrin+), fibroadipogenic progenitors (FAP) (CD31-, CD45-, Sca-1+, α-7 

integrin-) or miscellaneous cells (CD31-, CD45-, Sca-1-, α-7 integrin-). These same cell 

population definitions have been previously validated [12].  

Cells were sorted using the BD FACS Aria II Special Order Research Project (BD 

Biosciences, San Jose, CA) with four lasers (405 nm, 100 mW; 488 nm, 50 mW; 561 nm, 

50 mW; 640 nm, 40 mW). Cells were first gated on size based on side versus forward 

scatter plots to eliminate cellular debris (Figure 4.1A). Clumped cells were then 

eliminated by gating on side scatter area versus side scatter width (Figure 4.1B). In order 

to eliminate all endothelial (CD31+) and hematopoietic (CD45+) cells, antibodies for both 

CD31 and CD45 conjugated to pacific blue were used, and then we excluded all pacific 

blue positive cells (Figure 4.1C). The remaining cells, henceforth referred to as lineage 

negative (lin-) cells, were gated on GFP expression (Figure 4.1D). GFP+ cells were then 

sorted into three collection vials based on staining for Sca-1 and α-7 integrin: Sca-1+, α-7 

integrin-; Sca-1-, α-7 integrin+; Sca-1-, α-7 integrin- (Figure 4.1E). The fluorescent 

antibodies were detected at the following wavelengths:  450±25 nm – Pacific blue, 

525±25 nm – GFP, 582±7.5 nm – PE and 780±30 nm – APC/Cy7. GFP+ cells were sorted 
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into SMP, FAP or miscellaneous cell collection vials filled with FACS buffer. Cells were 

centrifuged and lysed in Buffer RLT (Qiagen, Valencia, CA) and TRIzol (Invitrogen, 

Carlsbad, CA). All data were collected using BD FACSDiva software (BC Biosciences, 

San Jose, CA) and analyzed with FlowJo software version 10.0.7 (FlowJo LLC, Ashland, 

OR).  

RNA isolation  

In order to obtain enough RNA, samples were pooled. WT cell populations were 

pooled from three different mice, and DKO populations were pooled from two different 

mice. RNA was then extracted from these pooled samples using an RNeasy Mini Kit 

(Qiagen). Following cell lysis with 1.0 mL of Buffer RLT/TRIzol, 0.3 mL of chloroform 

was added and the sample was vortexed for 15 seconds then centrifuged for 15 minutes at 

12,000g. The supernatant was removed and mixed with equal parts 70% ethanol. The 

samples were then added to an RNeasy Mini spin column and centrifuged. The column 

was washed with RW1 followed by RPE buffer. Following these washes, DEPC-treated 

water was added to the column and RNA was eluted from the columns with 

centrifugation. RNA concentrations were determined by sample absorbance at 260 nm 

using an ND-1000 Spectrophotometer (Thermo Scientific; Waltham, MA).  

RNAseq 

RNA sequencing was performed on Illumina Hi-seq 2500 (rapid run mode). 3 

technical replicates for each cell type (FAPs, SMP and Misc) under each condition (DKO 

and WT) were multiplexed across two lanes (total samples= 24). 100 base- paired reads 

per sample with an average of 22 million reads per sample were obtained.  RNA read 

mapping and the initial quality control was performed using the OSA algorithm [17] to 
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the mouse reference genome version mm10, with Refseq annotation. Four samples (2 

SMP DKO and 2 SMP WT) with <75% uniquely mapped reads were eliminated from 

further analysis. 

  The .BAM files obtained after RNA read mapping for each of the 20 samples 

were used to construct the counts matrix using the “SummarizeOverlaps” function of the 

“GenomicAlignments” package available through R/Bioconductor [18]. The 

“makeTranscriptDbFromUCSC” from the “GenomicFeatures” package was used to build 

the gene model (corresponding to refgene annotation under version mm10) for counting 

reads [18]. The resulting count matrix consisted of 24393 genes across 20 samples. 

Count matrix normalization and differential analysis was performed using the 

“DEseq2” package available through R/Bioconductor as outlined in their vignette [19]. 

DESeq models count data as negative binomial distribution, with variance and mean 

linked by local regression [20]. DESeq2 builds on the previous package by utilizing 

shrinkage estimate for dispersions and fold changes, improving stability and 

interpretability.  The design matrix for our analysis was constructed to accommodate all 

possible comparisons across cell types and conditions, resulting in 9 possible 

comparisons. An absolute log2 based fold change cut-off >0.5 with a Benjamini-

Hochberg false adjusted p$<$0.05 was used as a threshold of significance for identifying 

differential expression, for each comparison.  

Heatmaps were generated using “pheatmap” library in R. Functional enrichment 

analysis of differentially expressed genes was performed using an open source tool- 

DAVID [21]. 
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4.4 Results 

 Fixed tissue sections from WT and DKO EDL muscles were stained with DRAQ5 

and antibodies against laminin and GFP. Compared with healthy WT muscle, the DKO 

sections qualitatively appeared to have and increase in GFP+ collagen producing cells 

(Figure 4.2A). In addition to the increased number of collagen producing cells in DKO 

muscle, the GFP+ cells in fibrotic DKO muscle had extensive cellular projections. In 

addition to these qualitative observations, we observed collagen producing cells beneath 

the basal lamina as well as outside of the basal lamina (Figure 4.2B). This observation 

indicated that the collagen producing cell population is heterogeneous and consists of 

mononuclear cells associated with both skeletal muscle and the extracellular matrix. 

Given these different cell types, we performed FACS to determine the composition of 

collagen producing cells in muscle and to determine how collagen producing cell 

populations are altered in fibrosis.  

Flow cytometery data indicated that the proportion of GFP+ cells that compose the 

lin- cell population was significantly increased in DKO mice (46.32±2.25%) compared 

with WT mice (32.95±2.27%; p=0.0003; Figure 4.3A). Within this GFP+ cell populations, 

we identified cells positive for Sca-1 (FAPs), α-7 integrin (SMPs), and cells that were 

negative for both Sca-1 and α-7 integrin. GFP+ FAPs made up the largest population of 

GFP+ cells in both WT and DKO animals with 50.95±1.2% and 48.21±1.4% of GFP+ 

cells being positive for Sca-1, respectively (p=0.15; Figure 4.3B). There were also no 

differences in the proportion of GFP+ cells that were SMPs with 17.99±0.51% of WT and 

17.39±0.94% of DKO GFP+ cells being positive for α-7 integrin (p=0.56; Figure 4.3B). 

The remaining GFP+ cells unlabeled by Sca-1 and α-7 integrin made up 26.78±1.1% and 
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30.62±1.03% of the GFP+ cell population in WT and DKO mice, respectively (p=0.017; 

Figure 4.3B). Although there was a significant increase in this population from WT to 

DKO mice, the overall distribution of cells within the GFP+ population was relatively 

constant between healthy and fibrotic muscle.  

FACS was used to separate GFP+ collagen producing cells into three populations 

based on CD31, CD45, Sca-1 and α-7 integrin staining.  The abundance of GFP- cells in 

WT and DKO mice was not significantly affected (p=0.08, Figure 4.4A). Although the 

GFP- cell count in WT and DKO mice was constant, the cell counts of GFP+ FAPs (GFP+, 

lin-, Sca-1+, α-7 integrin-), GFP+ SMPs (GFP+, lin-, Sca-1-, α-7 integrin+), and GFP+ cells 

that were neither FAPs nor SMPs (GFP+, lin-, Sca-1-, α-7 integrin-) all significantly 

increased in DKO mice compared with WT (Figure 4.4B-D). The amount of GFP+ FAPs 

increased significantly from 412±29 cells/mg muscle in WT mice to 1121±123 cells/mg 

muscle in DKO muscle (p<0.0001). There was also a significant increase in the amount 

of SMPs positive for GFP in DKO (200±27 cells/mg muscle) muscles compared with 

WT (90±8 cells/mg muscle; p=0.0001). Furthermore, there was a significant increase in 

MISC cells positive for GFP in DKO skeletal muscle (488±71 cells/mg muscle) 

compared with WT samples (195±22 cells/mg muscle; p<0.0001). These data 

demonstrate the heterogeneity of collagen I producing cells in both healthy and fibrotic 

muscle. Additionally, these data show that in a model of muscle fibrosis there is a 

significant increase in normalized cell counts of GFP+ FAPs, GFP+ SMPs and GFP+ cells 

that are not FAPs or SMPs. 

Following the investigation of the GFP+ population, we examined the SMP, FAP 

and miscellaneous cell populations further to determine how collagen expression in these 
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populations was affected in fibrotic skeletal muscle. When examining the SMP 

population further, we found a significant increase in the percentage of FAP cells positive 

for GFP in DKO (69.21±2.33%) versus WT (51.62±1.18%; p<0.0001) mice (Figure 

4.5A). This was also found in FAP cells positive for GFP in DKO (83.6±2.13%) versus 

WT (71.91±1.4%; p<0.0001) skeletal muscle (Figure 4.5B). The proportion of Sca-1-, α-7 

integrin- cells positive for GFP was also increased in DKO (24.59±2.16%) versus WT 

(14.3±1.68%; p=0.0007) mice (Figure 4.5C). These data suggest that more FAP, SMP 

and MISC cells are being recruited to produce collagen in DKO mice. This also signifies 

that FAP and SMP cells are not only proliferating (as the cell counts inform us), but they 

are also becoming activated in chronic skeletal muscle fibrosis. 

The level of GFP expression in these reporter mice is indicative of collagen 

promoter activity. Thus, higher levels of GFP fluorescence is indicative of an increase in 

the activity of the collagen I promoter. Given this, we examined the fluorescence 

intensity histograms of each cell population to determine if the collagen I promoter 

activity was altered in different cell types. In both WT and DKO samples, we found that 

there was a shift in the histogram of fluorescence intensity where α-7 integrin+ had the 

lowest intensity, followed by Sca-1+ cells, and Sca-1-, α-7 integrin- cells had the highest 

GFP intensity (Figure 4.6A). In order to quantify these differences, we calculated the 

median fluorescence intensity of each cell population. Median fluorescence intensity 

values of each mouse were normalized to the mean fluorescence value of the α-7 

integrin+ cell population of the corresponding genotype. The data were normalized to 

eliminate mouse-to-mouse variation in GFP fluorescence intensity. In WT mice, we 

found that the GFP intensity in the Sca-1+ and Sca-1-, α-7 integrin- populations were 
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2.17±0.1 fold and 2.84±0.1 fold higher than the α-7 integrin+ population, respectively 

(p<0.0001; Figure 4.6B).  This same trend was found in DKO mice with the GFP 

intensity in the Sca-1+ and Sca-1-, α-7 integrin- populations were 2.43±0.11 fold and 

3.37±0.23 fold higher than the α-7 integrin+ population (p<0.0001; Figure 4.6B). No 

significant differences were found between genotypes when comparing the GFP intensity 

of the same cell populations. These data suggest that the MISC and FAP cell populations 

have elevated levels of collagen I expression. This large range in collagen promoter 

activity suggests that these cells do not contribute equally to collagen production in 

fibrosis. In order to investigate how these cells differ in their gene expression as well as 

examine how each cell population is altered in fibrotic muscle, RNA sequencing was 

performed.  

RNAseq data showed similar trends in the amount of collagen I expression in 

each cell type (Figure 4.7). The highest expression of collagen I is in the MISC cell 

population, followed by FAP cells, and finally, SMP cells had the lowest level of 

collagen I expression. Differential gene expression analysis comparing WT and DKO 

demonstrated that the fibrotic environment does not dramatically affect each cell 

population. The primary differences that were observed was between different cell types. 

Differential expression between the different cell types demonstrates a distinct role of 

each cell population in the production of skeletal muscle ECM (Figure 4.7). 

  

4.5 Discussion 

In the present study, using collagen I GFP reporter mice, we showed that collagen 

I producing cells proliferate in a murine model of skeletal muscle fibrosis (DKO mice). 
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Furthermore, we found that in both WT and DKO animals, the collagen I producing cell 

population (GFP+) was primarily composed of Sca-1+ fibro/adipogenic progenitor cells 

(~50%) and α-7 integrin+ skeletal muscle progenitor cells (~20%). Additionally, ~30% of 

the GFP+ collagen I producing cells were neither FAPs nor SMPs. RNAseq analyses 

demonstrate a distinct role for each cell type in the production of ECM in skeletal muscle. 

Given that there were not large differences in the differential expression of ECM proteins 

between WT and DKO animals, we can conclude that fibrosis results from an 

overabundance of collagen producing cells, and not an increase in ECM expression in 

each cell. 

Our data demonstrate that all three GFP+ cell subpopulations show a drastic 

increase in numbers, while the GFP+ cell composition generally remains the same 

between WT and DKO skeletal muscle. These data suggest that there is a common factor 

and/or pathway that is activated in DKO muscle that is stimulating all collagen-producing 

cells equally. This is consistent with previous reports that suggest that FAPs are activated 

upon muscle injury, and in turn, these activated FAPs increase skeletal muscle progenitor 

differentiation [12]. Additionally, it has been shown that activated satellite cells have 

significantly elevated levels of collagen 1 gene expression over quiescent cells [22]. 

Therefore, the chronic damage that occurs in DKO muscle is causing FAPs to activate 

and proliferate, which then activates muscle progenitor cells. The activation and 

proliferation of these cells would correspond to an increase in GFP+ cells as well as a 

population shift in percentage of GFP+ cells within the FAP and SMP populations, which 

is consistent with the data in our study. 
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These results demonstrate the heterogeneity of collagen I producing cells in both 

healthy and fibrotic muscle. Additionally, these data demonstrate that, in a model of 

muscle fibrosis, there a ~130% increase in collagen I producing cells compared with WT 

skeletal muscle. Furthermore, this study demonstrates that skeletal muscle fibrosis, at 

least in this model, develops through the proliferation of collagen producing cells and not 

through an increase of ECM gene expression. The factors that determine both the number 

and type of collagen I producing may permit development of antifibrotic therapies.   
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Figure 4.1 Fluorescence activated cell sorting gating strategy. 
Quadriceps, tibialis anterior and gastrocnemius muscles were dissected out of 
mouse hind limbs from collagen-GFP reporter mice and prepared for FACS. Cells 
were stained with antibodies against CD31 (pacific blue), CD45 (pacific blue), α-
7 integrin (PE) and Sca-1 (APC/Cy7). Cells were first gated based on size using 
forward scatter–area versus side scatter–area plots to eliminate tissue and cell 
debris (A). Using side scatter–width versus side scatter–area a single cells gate 
was created to eliminate cells that were clumped together (B).  Single cells were 
then subjected to a lineage negative gate to eliminate CD31 (endothelial cells) and 
CD45 (hematopoietic cells) positive cells (C). These lineage negative cells were 
then gated based on expression of GFP (D). Finally, this GFP+ cell population was 
divided into three separate collection vials for later processing: GFP+, α-7 
integrin+, Sca-1-; GFP+, α-7 integrin-, Sca-1+; GFP+, α-7 integrin-, Sca-1- (E).  
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Figure 4.2 Collagen producing cells are more abundant in fibrotic skeletal muscle 
and they are located inside and outside of the basal lamina. 
(A) A qualitative increase in collagen producing cells in fibrotic muscle of DKO mice 
was observed in confocal images of fixed tissue sections. Additionally, collagen-
producing cells in DKO muscle had qualitative increase in cellular projections. (B) 
Collagen producing cells (GFP+) were found inside and outside of the basal lamina. The 
white boxes in the left figure depict the areas of zoom on the right portion of the figure. 
The upper panel clearly shows a GFP+ collagen-producing cell lying completely beneath 
the basal lamina. The lower panel illustrates a collagen-producing cell that is nestled 
between two muscle fibers, scale bar = 5µm. Red=laminin, green=GFP and 
blue=DRAQ5 nuclear staining.   
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Figure 4.3 The proportion of collagen producing cells among lin- cells increased 
while the composition of collagen producing cells remained constant between WT 
and DKO muscle. 
(A) In fibrotic skeletal muscle of DKO mice, the proportion of collagen producing cells 
among lin- cells was significantly elevated over WT mice (p=0.0003, via unpaired t-test). 
(B) The composition of collagen producing cells remained relatively constant between 
WT and DKO skeletal muscle, where the majority of GFP+ cells were Sca-1+. The 
proportion of skeletal muscle progenitor cells (α-7 integrin+) and fibro/adipogenic 
progenitor cells (Sca-1+) positive for GFP was constant between WT and DKO mice 
(p=0.56 and p=0.15, respectively). There was a significant increase in the proportion of 
GFP+, Sca-1-, α-7 integrin- cells in DKO over WT muscle (p=0.017). 
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Figure 4.4 The amount of GFP+ cells in all investigated cell populations was 
increased. 
(A) The amount of GFP- cells/mg muscle was unchanged in DKO mice (p=0.08). (B) 
GFP+ fibro/adipogenic progenitor cells were significantly elevated in DKO mice when 
normalized by muscle mass (p<0.0001). (C) An increase in GFP+ skeletal muscle 
progenitor cell number was also found in DKO mice when compared to WT muscle 
(p=0.0001). (D) There was also an increase found in GFP+ Sca-1-, α-7 integrin- cells/mg 
muscle (p<0.0001).  
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Figure 4.5 An increased proportion of skeletal muscle progenitors, fibro/adipogenic 
progenitors and cells that are neither SMPs nor FAPs are GFP+ in fibrotic skeletal 
muscle. 
(A) The percentage of skeletal muscle progenitor cells that produce collagen was 
significantly elevated in DKO skeletal muscle when compared to WT (p<0.0001). 
Additionally, over 50% of SMPs in both WT and DKO muscle are GFP+. (B) The 
fraction of fibro/adipogenic progenitor cells positive for GFP was elevated in DKO 
muscles over WT (p<0.0001). Furthermore, we found that the vast majority of FAPs in 
both healthy and fibrotic skeletal muscle are actively producing collagen (GFP+). (C) The 
remaining cells that are neither FAPs nor SMPs also showed an increase in proportion of 
cells that are GFP+ in DKO compared with WT muscle (p=0.0007).  
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Figure 4.6 GFP fluorescence intensity is elevated in Sca-1+ and Sca-1-, α-7 integrin- 
cells over α-7 integrin+ cells. 
(A) Histogram of GFP fluorescence intensity. Skeletal muscle progenitor cells had the 
lowest GFP intensity. The GFP intensity of FAPs was shifted to the right of the SMP cell 
population, while the GFP intensity profile of Sca-1-, α-7 integrin- cells was shifted to the 
right of FAPs and SMPs, indicating that this cell population had the highest fluorescence 
intensity. (B) The median value of each cell population for each mouse was calculated 
and normalized to the mean intensity value of the α-7 integrin+ cells of the corresponding 
genotype. In both WT and DKO skeletal muscle, a significant increase in GFP intensity 
was found when comparing α-7 integrin+ cells to Sca-1+ cells (p<0.0001 for both 
genotypes). When examining the Sca-1-, α-7 integrin- cell population in WT and DKO, a 
significant increase in GFP intensity was found when compared with the other two cell 
populations (p<0.0001). 
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Figure 4.7 Differential gene expression of SMP, FAP and MISC cells in WT animals 
demonstrates distinct roles for each cell type in ECM production. 
In both WT (pictured here) and DKO (data not shown), these same patterns were 
observed. Compared with SMP and FAP cells, MISC cells showed elevated expression of 
fibrillar ECM proteins as denoted by the *. FAP cells showed elevated expression of 
basal laminal ECM proteins as denoted by the +. Finally, SMP cells appeared to have the 
lowest amount of ECM expression compared to the other two cell types. However, there 
were a few genes, such as Lama5, that were expressed at a higher level compared with 
the other cell types. This suggests that these proteins may be important for maintaining 
the ECM niche of SMP cells.  
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CHAPTER 5: SUMMARY AND SIGNIFICANCE

 

5.1 Summary of Findings 

 The objective of this dissertation was to increase understanding of skeletal muscle 

fibrosis using a murine knockout model. This dissertation presents evidence that the 

knockout of cytoskeletal proteins important for nuclear anchorage results in a severe 

muscle pathology. In particular, loss of nuclear anchorage in skeletal muscle coincided 

with a dramatic increase in muscle fibrosis as defined by increases in both collagen 

content and muscle modulus [1]. This significant fibrosis was further investigated from a 

biochemical, biomechanical and cellular perspective to obtain a thorough understanding 

of this devastating clinical condition. 

 Numerous skeletal muscle pathologies are associated with mutations in 

cytoplasmic proteins that are not involved in active force production. This dissertation 

focused on proteins that are involved in myonuclear anchorage, and how skeletal muscles 

are affected when these proteins are ablated in a murine model. Previous reports have 

shown that both nesprin 1 and desmin are important for nuclear anchorage in skeletal 

muscle [2, 3]. Furthermore, it has shown that when more than one nuclear anchorage 

protein is involved a more severe phenotype results [4]. Given this, the nesprin 1-desmin 

double knockout (DKO) mouse was created to assess how loss of nuclear anchorage 

affects skeletal muscle. Chapter 2 of this dissertation is focused on characterizing the 

nuclear phenotype in the skeletal muscle of these animals as well as the effect that this 

knockout had on skeletal muscle physiology. The data in Chapter 2 convincingly show 

that loss of both nesprin 1 and desmin results in a decrease in nuclear anchorage as 
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compared to wild-type, nesprin 1 knockout and desmin knockout animals. These data 

suggest that desmin and nesprin serve overlapping and redundant roles in skeletal muscle. 

 Loss of both nesprin 1 and desmin also resulted in significant alterations in 

skeletal muscle function and extracellular matrix composition and mechanics. Primarily, 

the DKO mice presented with significant muscle fibrosis as shown by both biochemical 

and biomechanical methods. Collagen content of DKO skeletal muscle and muscle 

bundle tangent modulus were significantly increased over the other three genotypes. 

Although an increase was found in both of these parameters that typically define tissue 

fibrosis, a functional relationship between collagen content and muscle mechanics was 

not found. Overall, Chapter 2 demonstrates that the loss of cytosolic proteins important 

for nuclear anchorage results in skeletal muscle fibrosis.  

 Given that tissue mechanical properties could not simply be explained by overall 

collagen content, Chapter 3 sought to determine which factors in skeletal muscle could be 

dictating skeletal muscle mechanical properties. This problem was addressed by 

measuring collagen crosslinking levels, which is a parameter that has been shown to be 

important for dictating tissue stiffness in cardiac skeletal muscle [5]. In this study it was 

found that levels of hydroxylysyl-pyridinoline, lysyl-pyridinoline and pentosidine 

collagen crosslinks did not dictate muscle mechanical properties [6]. These data suggest 

that other properties, such as collagen organization, could be defining the mechanical 

properties of muscle. Additionally, it could be that additional parameters are working in 

concert with collagen content and crosslinking levels to define muscle mechanical 

properties, as it has been shown that other parameters in the ECM are affected in muscle 

fibrosis, such as glycosaminoglycan content [7].   
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  Chapter 4 of this dissertation further investigated the significant levels of muscle 

fibrosis that were described in Chapter 2 from a cell-based perspective. In skeletal muscle 

fibrosis, there is an over production of ECM proteins, particularly in the form of collagen 

I. Previous reports suggests that a diverse group of cell types produced fibrotic collagen 

tissue, making it difficult to fully understand the process of fibrosis. These challenges 

were addressed by breeding collagen I reporter mice with DKO mice to indiscriminately 

label all collagen I producing cells with GFP. The experiments in this chapter highlight 

the heterogeneity of collagen I producing cells in healthy and fibrotic skeletal muscle. 

Using fluorescence activated cell sorting, it was shown that the collagen I producing cell 

population was composed of fibro/adipogenic progenitor cells, skeletal muscle progenitor 

cells and a portion of the collagen cells were not labeled with these antibodies. We 

hypothesize that these cells are most likely fibroblasts and myofibroblasts. In fibrotic 

skeletal muscle, a dramatic increase in collagen I producing cells was found in all three 

cell populations. Additionally, in fibrotic muscle, each cell population had an increase in 

the percentage of cells expressing collagen I.  

 

5.2 Significance of Findings 

 Primarily, the work in this dissertation significantly contributes to the skeletal 

muscle fibrosis literature. Additionally, the findings of this dissertation provide insight 

into skeletal myopathies resulting from mutations in outer nuclear membrane proteins. 

The data presented show that loss of desmin and nesprin results in significant muscle 

fibrosis as marked by increases in both collagen content and tissue mechanical properties. 

Furthermore, this dissertation provides evidence that both collagen and collagen 
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crosslinking do not dictate muscle mechanics in a murine model of fibrosis. These 

findings are significant because these factors are often cited as the main contributors to 

tissue mechanical properties in the literature. This work suggests that other factors such 

as collagen organization or GAG content could be, in part, responsible for defining tissue 

mechanics in skeletal muscle. Finally, the cellular investigation of fibrosis presented in 

Chapter 4 of this dissertation adds a significant amount of knowledge to the literature on 

the cellular sources of skeletal muscle fibrosis. Knowledge of how collagen producing 

cell populations are altered in muscle fibrosis can contribute to potential anti-fibrotic 

therapies.  

 

5.3 Future Directions 

 The work conducted in this dissertation opens various avenues for future research. 

Firstly, research regarding the origin of passive mechanical properties in skeletal muscles 

should be focused on parameters other than collagen content and crosslinking. Given that 

tissue mechanical properties in this model of muscle fibrosis could not be explained by 

overall collagen content nor collagen crosslinking, research should focus on other 

parameters in the ECM that could be altering tissue mechanics. In particular, research 

should focus on determining how ECM organization is altered in muscle fibrosis. It is 

possible that collagen fibers in skeletal muscle ECM change orientation with respect to 

the long axis of muscle. For instance, it is possible that collagen fibers become more 

aligned with the long axis of muscle fibers, which would increase muscle modulus. In 

addition to collagen there are other proteins and glycosaminoglycans that could 

potentially play a role in dictating tissue stiffness. In particular, it has been shown that 
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GAG content, specifically decorin and biglycan, in dystrophic muscle is altered [7]. 

Another avenue that should be explored is that it is possible that multiple parameters 

could be working in concert to define skeletal muscle passive mechanical properties. 

Given this, studies should be performed that assess ECM protein content, GAG content 

and collagen organization in parallel with determining tissue mechanical properties. 

Collection of these data should be followed by regression analysis to determine a group 

of parameters that define tissue mechanical properties. Knowledge of the biochemical 

and structural factors that influence tissue mechanics is critical from both a basic science 

and clinical perspective.  

 The development of the collagen GFP DKO mouse provides numerous paths for 

future research into chronic skeletal muscle fibrosis. Potential future studies using this 

mouse include both in vivo and in vitro work that can further characterize the 

mechanisms of skeletal muscle fibrosis. In vitro work could be performed on each of the 

three collagen-producing cell types (GFP+ SMP, GFP+ FAP, GFP+ MISC) in order to 

characterize the ECM produced by each cell population. Following cell sorting, each cell 

population could be grown in culture for a given amount of time. Following cell culture, 

the cell-derived matrices could be decellularized and the presence of various ECM 

proteins could be assessed by western blot. Comparing the ECM between the different 

cell types would show how each cell population is contributing to fibrosis in vivo. 

Because the findings in Chapter 4 only inform us of the gene activity of the collagen I 

promoter, and not necessarily collagen secretion, these in vivo experiments would allow 

for proper assessment of protein production. Additionally, comparing ECM matricies 

from collagen-producing cells derived from WT and fibrotic muscle, researchers would 
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be able to determine how ECM production and composition are affected in muscle 

fibrosis.  

 Experimentally, fibrosis can be induced in skeletal muscle using a number of 

methods [8]. Fibrosis can be induced by mechanically or chemically damaging the 

muscle, or, as in the case of this dissertation, genetic manipulation. The diverse range of 

experimentally induced fibrosis results in a heterogeneous condition that is not consistent 

between induction methods [8]. Given the heterogeneous nature of the fibrosis that 

results from these different methods, it is also possible that collagen I producing cells are 

responding differently to these different stimuli. This question can now be addressed with 

the use of collagen reporter mice. Collagen producing cells from the fibrotic DKO 

collagen I reporter mice could be compared with cells from WT collagen I reporter mice 

with toxin-induced muscle fibrosis. These experiments would allow researchers to 

determine if the cellular mechanisms behind skeletal muscle fibrosis are altered 

depending on how the condition is caused.    
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