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ABSTRACT 

 

Investigating the Potential Effectiveness of Two Therapeutic Targets, Utrophin and HSP70, in the 
Treatment of Duchenne Muscular Dystrophy 

Daniel Spensieri 

 

Duchenne muscular dystrophy is an incurable, genetic neuromuscular disorder that causes 

progressive, severe muscle wasting in young men and eventually leads to early death. The disease is 

caused by a mutation in the gene encoding the cytoskeletal protein dystrophin, which leads to stress 

induced sarcolemmal tearing. Abnormally high levels of intracellular Ca2+ in muscle cells is a main 

feature of the disorder as it triggers many secondary effects that are detrimental to the proper 

functioning of skeletal muscle. Both utrophin and HSP70 have been suggested to have potential 

therapeutic potential as a result of their preferential expression in the relatively damage-resistant slow, 

oxidative fibres. In my studies, I found that by forcing transgenic expression of the Ca2+ chelator 

parvalbumin in slow fibres, utrophin expression in slow fibres was blunted without altering HSP70 

expression. In this case, the slow fibres showed increased signs of stress and damage therefore 

suggesting that endogenous HSP70 alone may not spare dystrophin deficient muscle fibres. These 

results indicate that utrophin (but not HSP70) is a potential therapeutic target that will prevent muscle 

degeneration in patients with DMD.  
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1. INTRODUCTION 

1.1 – DUCHENNE MUSCULAR DYSTROPHY 

Duchenne muscular dystrophy (DMD) is the most prevalent genetic neuromuscular disorder in 

the world (1). It is an X-linked disorder affecting 1 in 3600-6000 males (2). Symptoms begin at an early 

age when affected children experience difficulties in walking or stair-climbing. Patients are wheelchair 

bound by their teenage years. Death of DMD patients occurs in the late twenties, usually as a result of 

cardiac or respiratory failure (1, 2). Although modern medicine has extended the life expectancy and has 

made it easier to live with the disorder, there is still no known cure. 

1.1.1 – DMD Etiology 

A mutation in the gene encoding dystrophin is the cause of DMD (3). Dystrophin is a 427-kDa 

cytoskeletal protein predominantly expressed in skeletal and cardiac muscle with smaller amounts also 

found in the brain (3-5). The 2.5 Mb dystrophin gene is located on the X chromosome and is composed 

of 79 exons, making it the largest gene in the human genome (3, 6). The mutation either results in a 

non-functional protein in DMD; or a truncated, yet still functional form of dystrophin in Beckers 

muscular dystrophy; a much less devastating disorder (3, 7). 

Dystrophin is a member of the dystrophin-associated protein complex (DAPC) (8). The DAPC is 

an extensive protein scaffolding complex localized throughout the entire sarcolemma and is important 

in maintaining the structural integrity of the entire muscle fibre (9). The DAPC links extracellular laminin 

protein to the intercellular filamentous actin protein (f-actin) (fig1) (10). In DMD and the murine-model 

equivalent (mdx mouse), muscles are susceptible to stretch and contraction-induced damage (7, 11). 

Healthy muscles have a fairly high regenerative capacity to repair damaged tissue (12), however 

dystrophin-deficient muscle tissue undergoes continuous cycles of degeneration and regeneration which 

eventually exhausts the muscle progenitor pool of satellite cells responsible for repair (13). This 

exhaustion leads to muscle failure as contractile tissue is replaced with inert scar tissue and fatty 

adipose deposits (14). Degeneration-regeneration cycles can be phenotypically identified histologically 

by an increase in centrally located nuclei (CLN) and fibre-size variability (FSV), as well as increases in 

serum levels of creatine kinase (15, 16). 
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Figure 1 Dystrophin-Associated Protein Complex - adapted from (17) 

Dystrophin binds to cytoskeletal f-actin at its NH2 terminus. At its COOH terminus, dystrophin is associated with dystroglycan which then 

associates with extracellular laminin via the sarcoglycans. Mutations leading to loss of functional dystrophin lead to membrane weakness in 

DMD or a truncated protein at the central rod-domain leads to smaller, but still functional dystrophin protein in the less devastating Becker 

muscular dystrophy. 

 

1.1.2 – Mdx mouse model 

The mdx mouse model of this disease was first discovered when a group of inbred C57BL/10 

mice demonstrated three-fold higher levels of creatine kinase and pyruvate kinase (18). In mdx mice, a 

point mutation in exon 23 on the X chromosome causes a premature stop codon resulting in a 

truncated, non-functional dystrophin protein (18, 19). Contrary to DMD, the lifespan of mdx mice is not 

significantly reduced (20) and they do not display any signs of obvious weakness (21). Muscles from mdx 

mice do however display significant decreases in normalized force and power outputs per unit of muscle 

mass (21). Hindlimb muscles are considered to be less affected in mdx mice since they display relatively 

little fibrotic activity and never display adipose deposition (22). Regenerating fibres hallmarked by CLN 

are mainly seen between 2-4 months of age (22). Skeletal muscles are composed of four different fibre 

type ranging from fast and glycolytic type 2 fibres, to the slow and oxidative type 1 fibres (23). Biopsies 

taken from DMD patients, display that fast muscle fibre types are preferentially affected (24) and the 
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same effect is observed when comparing the fast extensor digitorum longus (EDL) muscle to the slow 

soleus muscle in mdx mice (25).  The pathophysiological differences between human DMD and mdx 

mice are not fully understood however the mdx mouse remains an important model in DMD research. 

1.1.3 –DMD Treatment 

The glucocorticoid therapies used to treat DMD provide limited results and do not prevent early 

death. Glucocorticoids do not decrease membrane fragility but rather decrease secondary inflammation 

caused by damaged muscle fibres (26). More specific therapeutic strategies which prevent fibrosis and 

loss of function of dystrophin-deficient muscles are currently being explored. Several gene therapy 

studies are underway to replace the mutated dystrophin gene with a functional one however major 

hurdles still need to be overcome before this can be achieved (27-29). Large-scale gene therapy 

treatment for DMD may not be clinically available for several years therefore a more promising shorter-

term avenue is to increase endogenous expression of the dystrophin-related protein utrophin, as 

utrophin is homologous to dystrophin in both structure and function  (30, 31). 

1.2 - UTROPHIN-MEDIATED RESCUE 

Utrophin has a spectrin-like central rod domain and binds f-actin at one end and interacts with 

DAPC members at its other end in the same way as dystrophin (31). The main difference between 

dystrophin and utrophin is its localization within the muscle fibre. In healthy muscle fibres, dystrophin is 

located along the length of the sarcolemma while utrophin is restricted to the neuromuscular junction 

(NMJ) and myotendinous junctions (10, 32, 33). In some dystrophin deficient muscle fibres, total 

utrophin expression is increased and its localization is extended beyond the NMJ and myotendinous 

junction, and throughout the sarcolemma (34, 35). 

1.2.1 - Extrajunctional utrophin is found in slower fibre-types 

A connection between utrophin and slow muscle fibre types was first discovered by 

investigating dystrophic extraocular muscles (36). The primarily slow, extraocular muscles, show 

relatively little signs of damage in mdx mice, however in the absence of both utrophin and dystrophin, 

these muscles are severely affected (36). Further investigation via immunofluorence (IF) and in situ 

hybridization experiments in wildtype (WT) soleus (slow) and EDL (fast) muscles revealed extrajunctional 

utrophin localization is specific to the slower type I and IIa fibres (37). An increased utrophin level in 

type 1 fibres is attributed to an increase in mRNA stability in slow muscles (37). The findings of 
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utrophin’s selective extrajunctional presence in slow fibres in conjunction with the fact that slow fibres 

are more resistant to the dystrophic pathology spawned the theory that promoting the slower, more 

oxidative myogene program could attenuate the dystrophic phenotype. Identification of signaling 

pathways which promote this program then became a focal point of DMD research. The calcineurin (Cn) 

signaling pathway is known to promote the slower fibre myogene program (38). 

1.2.2 – Calcineurin/NFAT signaling pathway 

Calcineurin is a Ca2+/Calmodulin (CaM) regulated  serine/threonine protein phosphatase (39). Cn 

enzymatic activity requires a catalytic (CnA) and a regulatory (CnB) subunit (40). The CnA subunit 

includes protein domains conferring catalytic activity, CnB interaction and a CaM-binding site (41). It 

also includes a C-terminal autoinhibitory domain, which blocks the catalytic site and is removed in 

response to Ca+ release (41). Constitutively active CnA (CnA*) -lacks the autoinhibitory domain and CaM-

binding sites- (42) is commonly used to study the role of CnA activity in vitro and in vivo. 

Cn-dependant signaling mechanisms were first characterized extensively in the activation of 

cytokine gene expression in T and B lymphocytes where the binding of Ca2+ to a CaM/Cn complex 

stimulates serine/threonine phosphatase activity of Cn of which dephosphorylates many downstream 

targets (43). The family of Nuclear Factor of Activated T-cells (NFATc1-NFATc4) transcription factors 

represent the major targets of CaM/Cn signaling (fig2) (44). Dephosphorylation of NFAT binding sites by 

Cn removes phosphate groups that mask its nuclear localization signal thereby enabling translocation 

from the cytoplasm to the nucleus, where it binds to, and stimulates transcription of target genes (43-

45). Cn/NFAT activity responds preferentially to sustained low-amplitude intracellular elevations of Ca2+ 

and is insensitive to transient, high-amplitude intracellular oscillations in Ca2+ (43, 46). Similarities 

between Intracellular Ca2+ oscillations found in T and B lymphocytes and those found in skeletal muscle 

upon neuromuscular stimulation pointed to a potential role for Cn/NFAT signaling in skeletal muscle.  

In skeletal muscle, signals from motor neurons trigger the rapid release and uptake of 

intracellular Ca2+ during muscle contraction (47). Tonic motor-nerve activity found in slow muscle fibres 

is characterized at 10-15Hz (48), resulting in sustained, low-amplitude elevations in intracellular calcium 

concentrations [Ca2+]i (49) similar to those found in T lymphocytes. The sustained levels of intracellular 

Ca2+ found in slow fibres is sufficient enough to activate CnA/NFAT signaling (38, 50, 51). Conversely, 

CnA/NFAT signaling does not occur with short bursts of 50Hz stimulation, consistent with those found in 

fast fibres (48, 50). Once activated, CnA/NFAT signaling plays an important role in the determination of 
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skeletal muscle fibre type by promoting the slower, more oxidative myogene program (38, 52, 53). CnA* 

treatment of skeletal myocytes targets expression of the slow fibre gene program promoters, troponin I 

slow (TnIs) and myoglobin, but not the fast muscle creatine kinase (MCK) promoter (38, 54) whereas 

treatment of mice with the CnA blockers, Cyclosporin-A and FK506, induces slow to fast fibre type 

conversions  

1.2.3 - Transgenic alterations of CnA/NFAT signaling 

 As a result of its vast range of signaling targets, several transgenic models of mice have been 

created to alter Cn activity in skeletal muscle in order to better investigate its role in skeletal muscle.  

One model of increased Cn activity, uses CnA* and links it to the MCK promoter (fig2). MCK is 

preferentially expressed in type 2 muscle fibres, this ensures that Cn activity is now present in all 

skeletal muscle myofibrils (52, 55). In order to inhibit Cn activity, another transgenic mouse was created 

which links calmodulin binding peptide (CaMBP) to the TnIS promoter (fig2) (53). CaMBP binds CaM 

thereby inhibiting its activation of Cn. TnIS is specific to type 1 fibres therefore making the transgene 

highly active in these fibres and ensuring a complete silencing of skeletal muscles CnA activity.  

 

Figure 2 Transgenic models used to study CnA Signaling - Adapted from (56) 

1) The CnA* mice express a constitutively active form of Cn in fast fibres thereby increasing CnA/NFAT signaling. 2) In CaMBP 

mice, CnA/NFAT signalling is inhibited by expressing Calmodulin binding peptide in slow fibres. 3) PV mice express Ca
2+

 chelator 

parvalbumin in slow fibres which prevents Ca
2+

-mediated activation of the CnA/NFAT signaling pathway. 

 

 



6 
 

 

1.2.4 - CnA/NFAT promotes utrophin-mediated mdx rescuing 

As a result of CnA’s implication in the slow fibre gene program, expression of utrophin 

transcripts in mice having altered CnA activity was studied and revealed that increased CnA/NFAT 

activity upregulates extrajunctional utrophin expression (fig. 3) (57). Furthermore, electrophoretic 

mobility and supershift assays revealed the presence of a NFATc1 binding site on the utrophin promoter 

and either mutation of the NFAT binding site or CsA/FK506 treatment decreases utrophin expression 

(57, 58). It is therefore theoretically possible that promoting CnA/NFAT activity could stimulate 

extrajunctional utrophin expression and restore sarcolemmal integrity in dystrophin deficient muscles. 

 

Figure 3 Schematic model regulatory events controlling utrophin gene expression adapted from (58) 

Synaptic regions of fast and slow fibres express utrophin. In slow muscle fibres, tonic electrical activity triggers specific patterns 

of Ca
2+

 flux thereby activating the CnA/NFAT signaling pathway. Once dephosphorylated, NFAT is free to travel to myonuclei to 

transactivate the utrophin-A promoter in extrasynaptic (extrajunctional) compartments. This pathway is not active in fast 

muscle fibres, thus explaining the absence of utrophin in their extrasynaptic compartments. 

 

By crossing mdx mice with the mck-CnA* mice, our lab has previously shown that promoting a 

slow fibre gene program was able to rescue the dystrophic pathology as a result of increased CnA/NFAT-

mediated utrophin expression (57, 59). In contrast,  the soleus from mdx mice crossed with TnIS-CaMBP 

mice have decreased CnA signalling, resulting in decreased extrajunctional utrophin expression and an 

exacerbated dystrophic phenotype as measured by an increase in CLN, FSV and collagen infiltration (60). 
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These studies showed not only the therapeutic potential of increased CnA/NFAT signaling but also 

emphasized the role that CnA/NFAT plays in limiting slow fibre damage. 

1.3 – RESTORING CA2+ HOMEOSTASIS HAS THERAPEUTIC POTENTIAL 

An important feature of dystrophin deficient muscles is higher levels of [Ca2+]i (61, 62). Calcium 

homeostasis is critical for the normal functioning of many aspects of muscle function (63). Though the 

genetic defect underlying the disorder is not directly related to Ca2+ activity, disturbed intracellular Ca2+ 

signaling is a significant contributor to the pathology of DMD. The sustained, influx of [Ca2+]i in mdx does 

increase CnA/NFAT activity in slow fibres however it also triggers other unwanted effects such as 

increased inflammatory response (64, 65), increased proteolysis (66) and mitochondrial dysfunction 

(67). The increase in [Ca2+]i is attributed to a combination of three pathomechanisms occurring in 

dystrophin deficient tissue; 1) hyperactive Ca2+ channels (68-70) 2) transient sarcolemmal tearing (11, 

63) and decrease function of Ca2+ handling proteins (71, 72). For this reason, another therapeutic 

avenue of research, independent of utrophin-related research, has developed in recent years which 

moves to restore Ca2+ homeostasis in dystrophic tissue (71, 73-75). 

1.3.1 – HSP70-mediated rescue 

A recent publication by the Lynch group has shown that mdx muscles with forced Heat Shock 

Protein-70 (HSP70) activity either by transgenic mutation or by the pharmaceutical agent BGP-15 show 

less damage (74). They speculated that this occurs as a result of HSP70’s protective role on 

Sarco/Endoplasmic Reticulum-Ca2+-ATPase (SERCA) (74, 76). SERCA is responsible for pumping out large 

amounts of Ca2+ out of the sarcoplasm after muscle contraction (77). As high [Ca2+]i caused by leaky Ca2+ 

channels is a feature of dystrophin-deficient muscles, preserving SERCA function could theoretically 

correct the [Ca2+]i (74). Interestingly the Lynch group showed that HSP70-mediated rescuing occurred 

independent from utrophin as dystrophin/utrophin dKO mice also showed less signs of damage (74). 

1.3.2 - HSP70 preferentially expressed in type I and IIa fibres 

Heat shock proteins are a set of proteins that are rapidly synthesized in cells in response to 

protein-damaging stresses (78). They are most commonly associated with having a protective role in 

response to heat-related stress (78). Although normally found at lower levels in unstressed skeletal 

muscle fibres, the inducible isoform of the HSP70 family is constitutively expressed in slow fibres (79, 

80). The exact reasoning for this is not fully understood, however it is postulated that the constitutive 
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expression of HSP70 in slow fibres is related to the higher activity levels of these fibre types. Fast to slow 

fibre type remodelling of the rat plantaris muscle induced by functional overload increases  CnA/NFAT 

activity as well as HSP70 expression (52, 79, 81). The strong evidence of HSP70’s localization in slow 

fibres may be a potential explanation for the findings by the Lynch group since slow fibres are already 

known to be resistant to dystrophic phenotype. Furthermore, it could be argued that the improvements 

observed when HSP70 was pharmacologically introduced into dystrophin/utrophin dKO mice were not 

as pathophysiologically significant as other studies aimed at increasing extrajunctional utrophin. No 

changes in contraction-mediated damage, no decrease in inflammatory markers, or functional 

improvements were found upon increased HSP70 expression. Finally, although significant increase in the 

time to death was found in dystrophin/utrophin dKO mice, premature death was still not prevented by 

the pharmacological induction of HSP70 (74). The role for HSP70 in regulating Ca2+ homeostasis and 

rescuing the dystrophic phenotype in mdx mice still remains unclear.  
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2. HYPOTHESIS AND SCIENTIFIC RATIONALE 

2.1 – Scientific rationale 

In order to get a better understanding of the relationship that utrophin and HSP70 may have in 

the rescuing of slow fibres with altered Ca2+ activity, a transgenic line of mdx mice was developed which 

overexpress the Ca2+ buffering protein parvalbumin (PV) in slow type 1 fibres via the TnIS promoter (fig. 

2). Parvalbumin is a high affinity Ca2+-binding protein endogenously expressed in fast type 2 fibres (82). 

Its high affinity to Ca2+ allows for accelerated removal of Ca2+ from the sarcoplasm (83). Altered PV 

function in fast fibres leads to higher intracellular Ca2+ levels and prolonged time required to attain peak 

twitch tension (83). PV overexpression in slow fibres attenuates CnA/NFAT signalling, and leads to 

altered contractile properties of slow twitch muscle, decreased oxidative and glycolytic capacities and 

increased expression of genes related to the fast phenotype without actually altering the MyHC 

composition of the fibres (84). The insertion of the pv TG in dystrophic slow fibres facilitated the study 

of the behaviour of HSP70 in an environment of altered Ca2+ activity as well as decreased CnA/NFAT 

activity along with its downstream target, utrophin. Under these conditions, it was possible to observe 

HSP70’s therapeutic role in protecting dystrophin and utrophin null fibres. 

 

2.2 - Hypothesis 

Altered Ca2+ homeostasis in slow muscle fibres will exacerbate the dystrophic pathology as a 

result of decreased calcineurin signaling and will not be reversed by endogenous levels of 

HSP70. 
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3. SPECIFIC AIMS 

3.1 Aim 1 

To decrease Cn signaling by altering Ca2+ oscillatory patterns in slow muscle fibres (mdx/pv 

model). 

3.2 Aim 2 

To measure the volume of damaged fibres as a result of the absence of extrajunctional utrophin 

in mdx/pv mice 

3.3 Aim 3 

To observe if utrophin deficient dystrophic fibres can be rescued by endogenous levels of 

HSP70. 
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4. METHODS 

4.1 - Animal Care Protocols 

All animal protocols were carried out in accordance with the guidelines of the Canadian 

Council for Animal Care. These procedures were approved by the University Animal Research 

Ethics Committee (UAREC) of Concordia University. Transgenic mice expressing either PV-HA, 

CnA*, CaMBP were crossbred with mdx mice. Transgenic mice were identified by PCR screening 

of genomic DNA isolated from tails. All mice were housed in a room with a twelve hour light 

cycle. 

4.2 - Generation and identification of mdx/pv mice  

To assess the role of [Ca2+]i kinetics in a dystrophin deficient background, mdx mice 

expressing a PV transgene specifically in slow muscle fibers was generated. Previous findings 

have determined that mdx/pv mice are healthy and capable of breeding. PCR-based screening 

was used to identify animals expressing PV-HA transgene as well as mdx mice carrying a 

spontaneous nonsense mutation in exon 23 of the dystrophin gene. Immunoblotting analyses 

of soleus and the primarily fast EDL muscles from WT, pv, mdx and mdx/pv mice (n=3) 

demonstrated the presence of endogenous pv in both soleus and EDL muscles of all mice and 

the expression of PV-HA solely in soleus muscles of PV and mdx/PV mice with no detectable 

levels in EDL muscles (unpublished results). 

4.3 - Mice Genotyping 

Genomic DNA was isolated from 5mm clippings of 6 week old mouse tails. Briefly, tail 

clippings were left to digest overnight at 55oC in a mix of lysis buffer and proteinase K solution. 

DNA was then purified using a phenol/chloroform isolation method. Amplification was 

performed by polymerase chain reaction as described previously for the following targets: mdx 

(85), PV-HA (84), CnA* (59) and CaMBP (60). Genotyping primers are listed in table 1. 

4.4 - Animal surgeries and tissue extraction 

Tissues from mdx mice were extracted at 10-14 weeks of age. All surgical procedures 

were performed under aseptic conditions on animals anesthetized by intramuscular injection 



12 
 

(1.2 μl/g) of 100 mg/ml ketamine hydrochloride (Ketalean, CDMV, Canada) and 10 mg/ml 

xylazine (rompun, CDMV, Canada) in a volume ratio of 1.6:1.0. Bilateral soleus and GAS samples 

were excised and embedded in frozen tissue mounting medium (Neg-50, Thermo Scientific, 

Canada) and frozen in a pool of melting isopentane cooled in liquid nitrogen. The mice were 

then euthanized via cervical dislocation. Tissues were stored at -80oC until processed. 

 

4.5 - Assessment of NFATc1 Nuclear Localization 

Assessment of NFATc1 nuclear localization was performed as previously described (59). 

Briefly, soleus muscle cross-sections (10µm thick) were fixed with 4% paraformaldehyde (PFA), 

blocked and permeabilized with 2% goat serum and 0.2% Triton X-100, then washed with 1X 

phosphate buffer saline (PBS) and incubated with rabbit anti-NFATc1 (sc-13033, Santa Cruz, 

USA) at 4o overnight. After washing, sections were incubated with goat anti-rabbit IgG Alexa-

546 (Invitrogen, Canada) for one hour, then washed and mounted with Vectashield containing 

1.43nM 4',6-diamidino-2-phenylindole (DAPI) (Vector laboratories, Canada) for nuclear staining. 

Quantification of NFATc1 nuclear localization was performed by counting the number of 

myonuclei positively stained for NFATc1 in cross sectional views of myofibers and calculating 

the percentage of nuclear NFATc1 (n=3).  

4.6 - Assessment of Central Nucleation and Muscle Fiber Size Variability 

Degeneration and regeneration of soleus muscles from mdx and mdx/pv mice was 

assessed by examining the percentage of fibers displaying central nucleation using the 

Hematoxylin and Eosin (H&E) stain-counterstain method. Hematoxylin stains the nucleus 

purple, whereas eosin stains the cytoplasm pink. 10µm cross sections from soleus muscles were 

stained for 5mins in a Hematoxylin solution and then counterstained for 3mins in an Eosin 

solution. Sections were then dehydrated in a series of ethanol solutions, cleared with xylene 

and mounted using permount mounting medium (Fisher Scientific, Canada). The sections were 

visualized using a standard halogen light microscope, where 2-3 10x images per soleus section 

were captured so as to represent the entire area of the soleus without acquiring overlapping 

areas. A percentage of fibres displaying central nucleation (CLN) was then quantified using the 
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following formula;                    
                

            
 (n=3). Fibre size variability was 

assessed as previously described (86) by using the variance coefficient between fibres of a given 

section using the following formula; 

                     
                                       

                      
 (n=3). 

4.7 - Immunofluorescence Experiments 

Serial cryosections (9µm) of soleus and GAS midbellies were captured onto superfrost 

plus slides (VWR, Canada) and stored in a humid chamber until usage. Sections were fixed in 

cold acetone for 10mins and then washed 2x5 mins in 25mM PBS. Sections were then blocked 

in either 5% goat serum or mouse on mouse blocking reagent (M.O.M staining standard kit, 

Vector Laboratories, Canada) for 1h. Sections were washed 2x2 mins in PBS or M.O.M diluent 

followed by 30 min primary antibody incubation with either rabbit anto-HSP70: SPA-812 (Enzo 

Life Sciences, USA) 1:50 or mouse anti-utrophin: DRP3/20C5 (Leica biosystems, Canada) 1:200. 

Sections were then washed 3x5 mins in PBS followed by secondary antibody incubation for 

10mins with either biotinylated anti-mouse IgG or biotinylated anti-rabbit IgG (Vector 

Laboratories). This was followed by another PBS wash and 5 minute incubation with 

streptavidin-Dylight 594 (Vector laboratories, Canada).  

Separate serial sections were also incubated overnight with the following primary 

antibodies: mouse anti-Serca1: MA3-912 (Thermo Scientific, Canada) 1:200; mouse anti-Serca2: 

MA3-919 (Thermo Scientific, Canada) 1:200; mouse anti-MyHC I: A4.840, (DSHB, USA) 1:25; 

mouse anti-MyHC IIa: SC71 (DSHB, USA) 1:10 or mouse anti-MyHC IIb: BF-F3 (DSHB, USA) 1:10. 

Sections were then washed 6x5 mins followed by secondary antibody incubation for 2 hours 

with either goat anti-mouse IgG Alexa-488 or goat anti-mouse IgM Alexa-546 (Invitrogen, 

Canada) 1:500 for Serca1/2 or 1:25 for the MyHC’s.  

All slides were then washed extensively in PBS and air dried for 30mins. Coverslips were 

then mounted with Vectashield mounting medium containing 1.43nM DAPI (Vector 

Laboratories, Canada). Coverslips were sealed with nail polish and slides were stored at 4oC. 
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Control experiments omitting primary antibodies revealed absent or very low-level 

background staining (fig. S1). Antibody specificity of the polyclonal HSP70 was also verified with 

two other monoclonal antibodies (fig. S1). 

 

4.8 - Immunofluorescent Image Analysis 

Images were acquired on an Olympus BX-60 fluorescent microscope (Olympus) using 

the same exposure settings between sets. All analyses were performed using Image-pro 6.2 

software (Olympus, Canada). 

For all analyses in soleus muscles, three randomly selected areas per set of either mdx 

or mdx/pv were analyzed for protein expression of MyHC I, MyHC IIa, and utrophin as well as 

localization of nuclear DAPI staining (n=3). For all analyses in GAS muscles, three areas per set 

of either mdx, mdx/pv, mdx/CnA* or mdx/CaMBP were selected only under the condition that 

they have at least one representative fibre of each fibre type. Areas were then analyzed for 

protein expression of MyHC I, MyHC IIa, MyHC IIb, HSP70, utrophin, as well localization of 

nuclear DAPI staining (n=2). Serca1 and Serca2 were also assessed in mdx and mdx/pv samples 

(n=1). 

 

4.9 - Statistical analysis 

Statistical analyses were performed using the SPSS software program version 17.0. (IBM 

SPSS, USA). Results were expressed as means ± SEM. Independent samples T tests assuming 

equal variances were used to compare means (P<0.05). 
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Transgene Forward Reverse 
Product 

size (bp) 

Mdx 

5’-

GCGCGAAACTCATCAAATATGCGTGTTAG

TGT-3’ 

mutant: 5’-

CGGCCTGTCACTCAGATAGTTGAAGCCATT

TTA-3 

117 

WT: 5’-

GATACGCTGCTTTAATGCCTTTAGTCACTC

AGATAGTTGAAGCCATTTTG-3’ 

134 

PV-HA 5’-CCCACCAGCCCAGCTTTTCTA-3’ 

5’-

TTAGGCGTAGTCGGGCACGTCATATGGGT

AGCTTTGGCCAC-3’ 

450 

CnA* 
5'-CGATTCAAAGAACCACCTGCTTATGGG-

3' 

5'-

CCCAAGCTTGGGTTTCTGATGACTTCCTTC-

3' 

600 

CaMBP 5'-CCTTTACTTCTAGGCCTGTACG-3' 
5'-AGCATTTTTTTCACTGCATTCTAGTTGT-

3' 
450 

Table 1: Genotyping primers 

 

  



16 
 

5. RESULTS 

5.1 - Mdx/pv mice have decreased CnA/NFAT signaling and increased dystrophic phenotype 

Dystrophin-deficient mdx mice were inserted with a transgene that preferentially 

expresses pv in type 1 fibres via the TnIS promoter (fig. 2), in order to assess the role of calcium 

kinetics. In WT mice, the TG displayed Cn activity levels that were 36% of their WT counterparts 

(84). Although in the current study, calcineurin phosphatase activity was not directly assayed, it 

was indirectly measured via IF experiments of the downstream target NFATc1 (fig. 4A). For this 

purpose, the primarily slow mdx and mdx/pv soleus muscles were studied, as this is where the 

TG is known to be most active based on the high levels of TnIS. Since dephosphorylated NFATc1 

is shuttled to the nucleus, the quantification of how many nuclei expressing NFATc1 is a reliable 

indication of NFATc1 activity. As predicted, nuclei from mdx/pv soleus muscles had 34% of 

activated NFATc1 compared to mdx mice (fig. 4A) (87). 

The next step was to confirm whether this decrease in CnA activity exacerbated the 

dystrophic phenotype. The number of centrally located nuclei in mdx soleus is reported to be  

just over 60% between 8-13 weeks of age (20). Similar results were found in this study, with 

63% of fibres from the mdx soleus displaying CLN. As hypothesized, a significantly larger 

number of fibres with CLN were found in the mdx/pv soleus (81%) (fig. 4B).  

Another histological indicator of damage in dystrophin deficient mice is the fibre-size 

variability in the cross-sectional area of fibres. Generally, mdx muscles have a variance 

coefficient double that of their WT counterparts (86). Surprisingly, no significant difference in 

the FSV was observed in the presence of the pv TG (4C). 

Overall, the results suggest that the pv TG altered the Ca2+ kinetics of mdx mice and 

decreased CnA signaling activity enough to exacerbate the dystrophic pathology, however, the 

histological phenotype was not as severe as found in dystrophin/utrophin dKO mice (88). 
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Figure 4. Characterization of mdx/pv model 

Forced expression of the pv transgene in slow muscle fibres results in decreased CnA/NFAT signaling and 

increased markers in damage.  (A) Representative photomicrographs showing a decrease in NFATc1 nuclear 

localization. Arrows indicate nuclei positively co-staining with NFATc1. Panel on the right shows the 

quantification (performed by Dr. Al Zein) of the percentage of nuclei staining positive for NFATc1 (relative to 

mdx). Scale bar, 20µm. (B) Representative photomicrographs and quantification of H&E stains showing an 

increase in the percentage of fibres displaying centrally located nuclei. (C) Representative photomicrographs 

and quantification of H&E stains showing no significant difference in the fibre size variability between mdx 

and mdx/pv mice. H&E scale bars, 50µm. Means ± SEM are shown. (*) indicates statistical significance (n=3, 

p<0.05). 
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5.2 - Mdx/PV soleus have decreased utrophin and more damage 

Immunofluorescence stains were then performed in serial cross-sections of soleus 

muscles to confirm that the pv TG also affects utrophin levels of mdx/pv mice. The soleus was 

studied as it is comprised of approximately 50% type I fibres (89), therefore making the TG 

highly active in this muscle. In addition to its high proportion of slow fibres, the soleus’ function 

as a weight bearing muscle increases the risk of stress-induced damage when compared to 

other slow muscles such as the extra-ocular muscles. All fibres within a randomly selected area 

were first analyzed for their presence of either MyHC I or MyHC IIa (fig. 5). Next, serial sections 

of the fibres were analyzed for the presence of extrajunctional utrophin. As predicted, a 

qualitative difference in the amount of extrajunctional utrophin seen in the mdx soleus 

compared to their transgenic counterparts with the latter displaying less (fig. 5). Furthermore, 

an increase in the number of type I fibres displaying CLN was observed in mdx/pv mice (fig. 5). 

These results confirm previous findings that dystrophin deficient mice with decreased 

CnA/NFAT signaling display decreased levels of utrophin and show increased signs of damage 

(59, 60).  
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5.3 – Mdx fibres are still damaged in the presence of HSP70 but not utrophin 

It was then determined if HSP70 could rescue dystrophic fibres in the absence of 

utrophin. To verify this, the “mixed-fibre” GAS muscle was used. Since it is already known that 

HSP70 is present in the slower type I and IIa fibres but not the faster IIb fibres, it was then 

possible to assess whether there was a difference in the number of damaged utrophin-deficient 

fibres in the presence or absence of HSP70. The fast IIb fibres served as an internal negative 

control for both utrophin and HSP70 staining as well as a positive control for damaged fibres in 

both mdx and mx/pv mice. For this analysis, type I and IIa fibres were grouped together and 

termed as type “IIb-negative” fibres, as has been previously performed (59). 

All fibres within a given capture-frame were analyzed for their presence of either MyHC 

I, MyHC IIa or MyHC IIb with any unstained fibres assumed as IIx fibres. To ensure that no other 

Figure 5.  Decreased utrophin expression in mdx/pv mice results in more damage 

Representative photomicrographs of serial crossections from mdx and mdx/pv soleus muscles. In 
the mdx soleus, the majority of type I fibres display extrajunctional utrophin and are resistant to 
damage hallmarked by a lack of centrally located nuclei as demonstrated by (*). Mdx/pv soleus type 
I fibres do not display extrajunctional utrophin resulting in an increased number of centrally located 
nuclei as indicated by (*). n=3 (performed in collaboration with Dr. Al Zein). 

A 



20 
 

compensatory mechanisms to restore normal Ca2+ levels in slow fibres had occurred, fibres 

were also assessed for the presence of either SERCA1 or SERCA2. No difference in SERCA 

isoforms was observed between mdx and mdx/pv mice, with type I fibres displaying SERCA2 

expression and type II fibres displaying SERCA1 expression (fig. 6). As expected, the majority of 

type IIb fibres were positive for damage in both mdx and mdx/pv mice with no noticeable 

difference between the two groups. As previously shown in the mdx GAS (57), extrajunctional 

utrophin was present in all MyHC IIb-negative fibres (fig. 6A). Similar to the soleus muscle, 

forced expression of pv in slow fibres of the GAS muscle also resulted in a decrease in 

extrajunctional utrophin expression (fig. 6B). Finally HSP70 localization was observed and 

revealed no difference in mdx/pv compared to their mdx counterparts, with all IIb-negative 

fibres staining positive for HSP70 (fig. 6).  

Finally, all IIb-negative fibres were assessed for the presence of CLN. In the mdx GAS, 

IIb-negative fibres displayed both extrajunctional utrophin and HSP70 and were resistant to 

damage. Alternatively, the utrophin-deficient IIb-negative fibres found in mdx/pv mice, showed 

relatively more damage despite the presence of HSP70. 



21 
 

  

Figure 6. IIb-negative fibres are not rescued by HSP70 in the Absence of Utrophin 

Representative photomicrographs of serial sections of mdx (A) and mdx/pv (B) “mixed-fibre” GAS muscle. 

The top four panels display the MyHC isoform of each fibre in which unstained fibres can be assumed to be 

IIx fibres. The MyHCIIb/DAPI merge shows that the majority of type IIb fibres have centrally located nuclei in 

both mdx and mdx/pv mice. In mdx mice, a relatively small portion of MyHC IIb-negative fibres display 

centrally located nuclei however in mdx/pv mice, a larger portion have centrally located nuclei present 

(indicated by arrows). All IIb-negative fibres are also positive for both utrophin and HSP70 in mdx mice 

however in mdx/pv mice, IIb-negative fibres are positive for HSP70 but have no extrajunctional utrophin. 

Bottom two panels show no difference in SERCA distribution in which Serca2 is found only in type I fibres 

whereas Serca1 is found in all type II fibres. Mdx: n=3 (n=1 for SERCA IFs); mdx/pv: n=1. 



22 
 

5.4 – Extrajunctional Utrophin Rescues IIb Fibres Despite the Absence of HSP70 

Ca2+ has a wide variety of signaling targets in skeletal muscle therefore it was 

important to confirm the findings from the mdx/pv crosses by also performing similar IF 

stains in other well-known models of altered CnA/NFAT signaling. The two models used in 

this study target CnA/NFAT signaling more directly without affecting the Ca2+ oscillatory 

patterns.  

The first model used was the mdx/CaMBP crossbreeds, which are already known to 

decrease extrajunctional utrophin expression and exacerbate the dystrophic phenotype 

(60). The CaMBP TG blunts CnA/NFAT signaling in slow fibres more effectively than the pv 

TG by binding to, and inhibiting the catalytic domain of CnA thereby preventing 

dephosphorylation of NFATc (fig. 2). As previously described (60), the CaMBP TG decreased 

extrajunctional utrophin expression in IIb-negative fibres (fig. 7C). Similar to mdx/pv mice, 

the IIb-negative fibres of mdx/CaMBP mice also displayed increased damage compared to 

mdx mice despite expressing high levels of HSP70 (fig. 7). 

The second model used was the mdx/CnA* crossbreeds, which are already known to 

increase extrajunctional utrophin expression and ameliorate the dystrophic phenotype. The 

CnA* TG is active in all type II fibres therefore CnA/NFAT signaling is activated in all four 

fibre-types (fig. 2). Studying this model provided access to dystrophic fibres that displayed 

extrajunctional utrophin but relatively little HSP70 for the purpose of assessing damage. As 

predicted, an increase in extrajunctional utrophin was observed in IIb fibres of mdx/CnA* 

mice however HSP70 remained localized in IIb-negative fibres (fig. 7B). This resulted in a 

decrease in the number of damaged IIb fibres despite the absence of HSP70 (fig. 7). 

All together these results confirm that the exacerbation of the dystrophic phenotype 

observed in mdx/pv mice is a result of decreased CnA/NFAT signaling and not likely from 

another Ca2+
 signaling mechanism. It also indicates that endogenous levels of HSP70 do not 

have protective role in utrophin deficient dystrophic fibres. 
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Figure 7. Directly Targeting Cn/NFAT Signaling Shows Similar Results 

Representative photomicrographs of serial sections from the “mixed-fibre” GAS of mdx (A) 

and two previously characterized models of altered Cn/NFAT signaling. The mdx/CnA* model 

(B), expresses activated CnA in fast fibres resulting in a larger number of type IIb fibres to 

express extrajunctional utrophin with no changes in HSP70 expression. An increased number 

of type IIb fibres show no signs of damage as indicated by (*). The mdx/CaMBP model (C) 

directly inhibits CnA activity in slow fibres without altering Ca2+ oscillations. MyHC IIb-negative 

fibres do not display extrajunctional utrophin but still express HSP70. There is an increase in 

the number of IIb-negative fibres with centrally located nuclei as indicated by arrows. mdx: 

n=3; mdx/CnA* and mdx/CaMBP: n=2. 



25 
 

6. DISCUSSION 

6.1 – Forced PV in Slow Muscle Fibres Exacerbates the Dystrophic Phenotype 

The maintenance of Ca2+ homeostasis is essential for the proper functioning of skeletal 

muscles however it is disrupted in dystrophin deficient muscles (63, 90). Restoring normal Ca2+ 

transients in dystrophic muscles can protect muscle fibres from stress induced damage (71, 73, 

90). Although excessive Ca2+ entry can have adverse effects in muscle fibres (63), dystrophic 

slow fibres are particularly resistant to this effect, in part, due to the activation of the Ca2+ 

sensitive CnA/NFAT pathway under these conditions (37, 38). The forced expression of pv in WT 

slow muscle fibres effectively disrupts the slow and sustained Ca2+ oscillatory patterns that are 

characteristic of slow muscle fibres and subsequently decreases CnA activity by over 60% (84). 

In this study, CnA/NFAT activity was indirectly measured in mdx/pv mice and a similar result 

was observed (fig. 4). Measuring dephosphorylated, nuclear NFAT levels is not as accurate as 

directly assaying CnA activity since other factors may influence levels of NFAT activity (44). The 

reduced NFATc1 nuclear localization in mdx/PV soleus muscles could, in part, be explained via 

activation of MAPK-JNK1 pathway. Altered Ca2+ levels can also activate other transcriptional 

factors, including stress-activated MAPK-JNK1 pathway (91, 92). Increased JNK1 activity 

increases interactions with NFATc1 and results in its dislocation from the nucleus (93). Overall, 

the decrease in nuclear NFAT observed in mdx/pv mice was similar to WT mice with the 

transgene (84). Therefore the decrease in nuclear NFAT was likely a result of decreased CnA 

activity. 

As hypothesized, altering Ca2+ homeostasis in dystrophic slow muscles increased the 

number of damaged fibres (fig. 4). It did not however, increase the fibre size variability, another 

phenotypic histological indicator of damage in mdx muscles. This can be explained by two 

possible reasons; 1) CnA activity in mdx/pv mice is not completely blocked therefore the 

measurement of CLN may be more sensitive than FSV in these mice and 2) the age of the mice 

used in the study. Although the progression of the disease in mdx mice is slower in the soleus, it 

is still progressive and certain stress markers such as FSV are already plateaued at 12 weeks of 

age (20). It is possible that the fibre size variability may have progressed and plateaued earlier 
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in the life cycle of the mdx/pv mice however at three months of age, as studied here, both mdx 

and mdx/pv mice had similar levels of fibre size variability. 

It is widely accepted that extrajunctional utrophin expression can prevent stress-

induced damage in slow fibres (30, 36, 37). In the current study, co-staining between MyHC I, 

MyHC IIa and utrophin confirmed that only the type I fibres display extrajunctional utrophin in 

the mdx soleus. Furthermore, significantly less fibres displayed CLN when extrajunctional 

utrophin was expressed compared to when utrophin expression was limited to the NMJ thereby 

confirming previous results (37, 59). In agreement with the decreased NFATc1 nuclear 

localization found in mdx/pv mice, a decrease in extrajunctional utrophin was observed not 

only in IIa fibres but also type I fibres. This resulted in an increase in the number of type I fibres 

displaying CLN in the mdx/pv soleus compared to the mdx soleus. Taken together, this suggests 

that disrupted Ca2+ oscillatory patterns in slow muscle fibres results in an increased risk of 

stress-induced damage, largely as a result of impaired CnA/NFAT signaling and its downstream 

target, utrophin.  

Altered Ca2+ homeostasis can also have effect on other signaling pathways including the 

Ca2+ sensitive protease calpain (63, 94). Calpain selectively degrades key proteins in the Ca2+ 

cycle and is involved in several muscle diseases including limb-girdle muscular dystrophy type 

2A (95). In this context it is theoretically possible that altered calpain activity as a result of the 

pv TG in mdx mice could also account for the increase in damage found in both soleus and GAS 

tissues. Although no measurement of calpain activity was conducted in this study, two other 

well characterized models of altered CnA/NFAT signaling were looked at in mdx mice, neither of 

which alter Ca2+ homeostasis and by association, calpain activity. In these models, results 

similar to the mdx/pv data were observed (fig. 7); therefore confirming that the increase in 

damage found in mdx/pv mice was likely a result of decreased CnA/NFAT activity. 

6.2 – HSP70’s Therapeutic Role is Dependant on Extrajunctional Utrophin Expression 

It has been recently suggested that the pharmacological induction of HSP70 can 

ameliorate the dystrophic phenotype (74) however no evidence was found in the current 

investigation that supports this claim. Results from IF experiments, in agreement with previous 
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data, show that type IIb-negative fibres are more resistant to the dystrophic phenotype in the 

mixed-fibre GAS. Furthermore, HSP70 was consistently found in IIb-negative fibres, confirming 

previously found data on the location of HSP70 expression in skeletal muscle tissue (81, 96). 

Since both HSP70 and utrophin are present in the rescued IIb-negative fibres, a comparison was 

performed to identify whether rescued fibres are more closely associated with the presence of 

HSP70 or extrajunctional utrophin. As hypothesized, the absence of utrophin resulted in a large 

proportion of damaged fibres however no obvious increase in the number damaged fibres was 

observed in the absence of HSP70. This can partly be explained by the proposed therapeutic 

roles that each utrophin and HSP70 are suggested to assume. While utrophin functionally 

replaces dystrophin in the DAPC therefore restoring sarcolemmal strength, HSP70 is suggested 

to limit secondary complications found as a result of stress-induced membrane tearing (30, 74). 

Transgenic overexpression of HSP70 in mdx mice does not improve muscle fibre structural 

integrity (74). The fact that more fibres with CLN are found in the mdx/pv mice despite 

sustained HSP70 expression may indicate that dystrophin deficient fibres have a stronger 

necessity for the restoration of membrane integrity (via extrajunctional utrophin expression) 

rather than a limitation of secondary effects caused by membrane tearing as is suggested of 

HSP70’s therapeutic role. Overall, the preliminary IF data suggests that the potential 

therapeutic effects of HSP70 in muscular dystrophy may only be a small member of a 

collaborative effort of the slower, more oxidative muscles fibres. 

HSP70 may still have a therapeutic role in ameliorating the dystrophic phenotype since 

it also acts as a molecular chaperone protein that inhibits inflammatory mediators including the 

aforementioned p-JNK (97) as well as the pro-inflammatory cytokines tumor necrosis factor-α 

(TNF-α) and nuclear factor-κB (NF-κB) (98). Although TG overexpression of HSP70 in mdx mice 

does not decrease p-JNK or NF-κB activity, it does decrease mRNA expression of macrophage 

markers CD68 and F4/80 as well as expression of TNF-α (74). Since inflammation promotes 

degradation in mdx mice (64), it is possible that HSP70 can be used in combination with other 

therapeutic remedies to ameliorate muscle phenotype in DMD however current glucocorticoid 

treatments are more effective at decreasing inflammation and are already approved for 

treatment of people with DMD (26). 
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HSP70 was also suggested to improve SERCA function as it is known to bind SERCA and 

prevent functional deactivation under cellular stress (74, 76).  Improved SERCA function 

regulates Ca2+ homeostasis and therefore prevents degeneration of dystrophic muscle (71). The 

current study shows no difference in the expression of SERCA isoforms between mdx and 

mdx/pv mice as shown by preliminary immunofluorescent stains (fig. 6) as well as by western 

blotting (unpublished results). Although no difference in SERCA protein expression was found, 

the limitations of the techniques used to measure expression are not sensitive to SERCA activity 

levels. In mdx mice, SERCA activity decreases compared to WT mice, largely due to post-

translational modifications such as nitrosylation, which decrease maximal SERCA activity as a 

result of changes in Ca2+ binding and ATP-binding domains (76). It is possible that there is a 

difference in max SERCA activity in mdx/pv mice despite having similar expression patterns to 

mdx mice. In this case it would be important to further investigate whether HSP70 helps to 

preserve SERCA function in the absence of utrophin. 
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7. CONCLUSION 

 Collectively, the current results emphasize a need to restore skeletal muscle membrane 

integrity in DMD. Although the restoration of Ca2+ homeostasis does improve dystrophin-

deficient muscle function, it does not prevent membrane tearing caused by sarcolemmal 

structural weakness. Dystrophin-related protein utrophin upregulation continues to be a 

primary therapeutic candidate.  Unfortunately, utrophin upregulation via the CnA/NFAT 

signaling pathway is not pharmacologically possible as a result of calcineurin’s important 

functions elsewhere in the body, namely in the heart and immune system. It is therefore more 

important to pursue other avenues which increase CnA/NFAT signaling in muscle indirectly by 

promoting a fast to slow fibre-type conversion. Various other targets have been shown to 

promote the fast to slow fibres type conversion and ameliorate the dystrophic phenotype in 

mdx mice such as PGC1-α/PPAR (58), AMPK (99), and Sirt1 (100).  



30 
 

References: 

1. Blake DJ, Weir A, Newey SE, Davies KE. Function and genetics of dystrophin and dystrophin-
related proteins in muscle. Physiological Reviews. 2002;82(2):291-329. 
2. Bushby K, Finkel R, Birnkrant DJ, Case LE, Clemens PR, Cripe L, et al. Diagnosis and management 
of Duchenne muscular dystrophy, part 1: diagnosis, and pharmacological and psychosocial management. 
Lancet Neurology. 2010;9(1):77-93. 
3. Koenig M, Hoffman EP, Bertelson CJ, Monaco AP, Feener C, Kunkel LM. Complete cloning of the 
Duchenne muscular dystrophy (DMD) cDNA and preliminary genomic organization of the DMD gene in 
normal and affected individuals. Cell. 1987;50(3):509-17. 
4. Watkins SC, Hoffman EP, Slayter HS, Kunkel LM. Immunoelectron microscopic localization of 
dystrophin in myofibers. Nature. 1988;333(6176):863-6. 
5. Bies RD, Phelps SF, Cortez MD, Roberts R, Caskey CT, Chamberlain JS. Human and murine 
dystrophin mRNA transcripts are differentially expressed during skeletal muscle, heart, and brain 
development. Nucleic Acids Research. 1992;20(7):1725-31. 
6. Roberts RG, Coffey AJ, Bobrow M, Bentley DR. Exon structure of the human dystrophin gene. 
Genomics. 1993;16(2):536-8. 
7. Hoffman EP, Brown Jr RH, Kunkel LM. Dystrophin: The protein product of the Duchenne 
muscular dystrophy locus. Cell. 1987;51(6):919-28. 
8. Ervasti JM, Ohlendieck K, Kahl SD, Gaver MG, Campbell KP. Deficiency of a glycoprotein 
component of the dystrophin complex in dystrophic muscle. Nature. 1990;345(6273):315-9. 
9. Menke A, Jockusch H. Decreased osmotic stability of dystrophin-less muscle-cells from the mdx 
mouse. Nature. 1991;349(6304):69-71. 
10. Ervasti JM, Campbell KP. Membrane organization of the dystrophin-glycoprotein complex. Cell. 
1991;66(6):1121-31. 
11. Petrof BJ, Shrager JB, Stedman HH, Kelly AM, Sweeney HL. Dystrophin protects the sarcolemma 
from stresses developed during muscle contraction. Proceedings of the National Academy of Sciences of 
the United States of America. 1993;90(8):3710-4. 
12. Lash JW, Holtzer H, Swift H. Regeneration of mature skeletal muscle. The Anatomical Record. 
1957;128(4):679-97. 
13. Pagel CN, Partridge TA. Covert persistence of mdx mouse myopathy is revealed by acute and 
chronic effects of irradiation. Journal of the Neurological Sciences. 1999;164(2):103-16. 
14. Schmalbruch H. Regenerated muscle fibers in Duchenne muscular dystrophy: a serial section 
study. Neurology. 1984;34(1):60-5. 
15. Duncan CJ, Jackson MJ. Different mechanisms mediate structural changes and intracellular 
enzyme efflux following damage to skeletal muscle. Journal of Cell Science. 1987;87 ( Pt 1):183-8. 
16. Jones DA, Newham DJ, Round JM, Tolfree SE. Experimental human muscle damage: 
morphological changes in relation to other indices of damage. The Journal of Physiology. 1986;375:435-
48. 
17. Ruegg MA, Glass DJ. Molecular mechanisms and treatment options for muscle wasting diseases. 
Annual Review of Pharmacology and Toxicology. 2011;51:373-95. 
18. Bulfield G, Siller WG, Wight PA, Moore KJ. X chromosome-linked muscular dystrophy (mdx) in 
the mouse. Proceedings of the National Academy of Sciences of the United States of America. 
1984;81(4):1189-92. 
19. Sicinski P, Geng Y, Ryder-Cook AS, Barnard EA, Darlison MG, Barnard PJ. The molecular basis of 
muscular dystrophy in the mdx mouse: a point mutation. Science. 1989;244(4912):1578-80. 
20. Pastoret C, Sebille A. mdx mice show progressive weakness and muscle deterioration with age. 
Journal of the Neurological Sciences. 1995;129(2):97-105. 



31 
 

21. Lynch GS, Hinkle RT, Chamberlain JS, Brooks SV, Faulkner JA. Force and power output of fast and 
slow skeletal muscles from mdx mice 6-28 months old. The Journal of Physiology. 2001;535(2):591-600. 
22. Woo M, Tanabe Y, Ishii H, Nonaka I, Yokoyama M, Esaki K. Muscle fiber growth and necrosis in 
dystrophic muscles: a comparative study between dy and mdx mice. Journal of the Neurological 
Sciences. 1987;82(1-3):111-22. 
23. Ranatunga KW, Thomas PE. Correlation between shortening velocity, force-velocity relation and 
histochemical fibre-type composition in rat muscles. Journal of Muscle Research and Cell Motility. 
1990;11(3):240-50. 
24. Webster C, Silberstein L, Hays AP, Blau HM. Fast muscle fibers are preferentially affected in 
Duchenne muscular dystrophy. Cell. 1988;52(4):503-13. 
25. Moens P, Baatsen PH, Marechal G. Increased susceptibility of EDL muscles from mdx mice to 
damage induced by contractions with stretch. Journal of Muscle Research and Cell Motility. 
1993;14(4):446-51. 
26. Khan MA. Corticosteroid therapy in Duchenne muscular dystrophy. Journal of the Neurological 
Sciences. 1993;120(1):8-14. 
27. Mendell JR, Rodino-Klapac L, Sahenk Z, Malik V, Kaspar BK, Walker CM, et al. Gene therapy for 
muscular dystrophy: lessons learned and path forward. Neuroscience Letters. 2012;527(2):90-9. 
28. Hoffman EP, Bronson A, Levin AA, Takeda S, Yokota T, Baudy AR, et al. Restoring dystrophin 
expression in duchenne muscular dystrophy muscle progress in exon skipping and stop codon read 
through. The American Journal of Pathology. 2011;179(1):12-22. 
29. Aoki Y, Yokota T, Wood MJ. Development of multiexon skipping antisense oligonucleotide 
therapy for Duchenne muscular dystrophy. BioMedical Research International. 2013;2013:402369. 
30. Tinsley JM, Davies KE. Utrophin: a potential replacement for dystrophin? Neuromuscular 
disorders : NMD. 1993;3(5-6):537-9. 
31. Tinsley JM, Blake DJ, Roche A, Fairbrother U, Riss J, Byth BC, et al. Primary structure of 
dystrophin-related protein. Nature. 1992;360(6404):591-3. 
32. Ohlendieck K, Ervasti JM, Matsumura K, Kahl SD, Leveille CJ, Campbell KP. Dystrophin-related 
protein is localized to neuromuscular junctions of adult skeletal muscle. Neuron. 1991;7(3):499-508. 
33. Weir AP, Burton EA, Harrod G, Davies KE. A- and B-utrophin Have Different Expression Patterns 
and Are Differentially Up-regulated in mdx Muscle. Journal of Biological Chemistry. 2002;277(47):45285-
90. 
34. Helliwell TR, Man NT, Morris GE, Davies KE. The dystrophin-related protein, utrophin, is 
expressed on the sarcolemma of regenerating human skeletal muscle fibres in dystrophies and 
inflammatory myopathies. Neuromuscular disorders : NMD. 1992;2(3):177-84. 
35. Karpati G, Carpenter S, Morris GE, Davies KE, Guerin C, Holland P. Localization and quantitation 
of the chromosome 6-encoded dystrophin-related protein in normal and pathological human muscle. 
Journal of Neuropathology and Experimental Neurology. 1993;52(2):119-28. 
36. Porter JD, Rafael JA, Ragusa RJ, Brueckner JK, Trickett JI, Davies KE. The sparing of extraocular 
muscle in dystrophinopathy is lost in mice lacking utrophin and dystrophin. Journal of Cell Science. 
1998;111 ( Pt 13):1801-11. 
37. Gramolini AO, Belanger G, Thompson JM, Chakkalakal JV, Jasmin BJ. Increased expression of 
utrophin in a slow vs. a fast muscle involves posttranscriptional events. American Journal of Physiology 
Cell Physiology. 2001;281(4):C1300-9. 
38. Chin ER, Olson EN, Richardson JA, Yang Q, Humphries C, Shelton JM, et al. A calcineurin-
dependent transcriptional pathway controls skeletal muscle fiber type. Genes & Development. 
1998;12(16):2499-509. 
39. Klee CB, Draetta GF, Hubbard MJ. Calcineurin. Advances in Enzymology and Related Areas of 
Molecular Biology. 1988;61:149-200. 



32 
 

40. Hogan PG, Chen L, Nardone J, Rao A. Transcriptional regulation by calcium, calcineurin, and 
NFAT. Genes & Development. 2003;17(18):2205-32. 
41. Guerini D, Klee CB. Cloning of human calcineurin A: evidence for two isozymes and identification 
of a polyproline structural domain. Proceedings of the National Academy of Sciences of the United 
States of America. 1989;86(23):9183-7. 
42. O'Keefe SJ, Tamura J, Kincaid RL, Tocci MJ, O'Neill EA. FK-506- and CsA-sensitive activation of the 
interleukin-2 promoter by calcineurin. Nature. 1992;357(6380):692-4. 
43. Dolmetsch RE, Lewis RS, Goodnow CC, Healy JI. Differential activation of transcription factors 
induced by Ca2+ response amplitude and duration. Nature. 1997;386(6627):855-8. 
44. Rao A, Luo C, Hogan PG. Transcription factors of the NFAT family: regulation and function. 
Annual Review of Immunology. 1997;15:707-47. 
45. Beals CR, Clipstone NA, Ho SN, Crabtree GR. Nuclear localization of NF-ATc by a calcineurin-
dependent, cyclosporin-sensitive intramolecular interaction. Genes & Development. 1997;11(7):824-34. 
46. Timmerman LA, Clipstone NA, Ho SN, Northrop JP, Crabtree GR. Rapid shuttling of NF-AT in 
discrimination of Ca2+ signals and immunosuppression. Nature. 1996;383(6603):837-40. 
47. Winegrad S. Role of intracellular calcium movements in excitation-contraction coupling in 
skeletal muscle. Federation Proceedings. 1965;24(5):1146-52. 
48. Hennig R, Lomo T. Firing patterns of motor units in normal rats. Nature. 1985;314(6007):164-6. 
49. Sreter FA, Lopez JR, Alamo L, Mabuchi K, Gergely J. Changes in intracellular ionized Ca 
concentration associated with muscle fiber type transformation. American Journal of Physiology - Cell 
Physiology. 1987;253(2):C296-C300. 
50. Liu Y, Cseresnyes Z, Randall WR, Schneider MF. Activity-dependent nuclear translocation and 
intranuclear distribution of NFATc in adult skeletal muscle fibers. The Journal of Cell Biology. 
2001;155(1):27-39. 
51. Chin E, Allen D. The role of elevations in intracellular [Ca2+] in the development of low 
frequency fatigue in mouse single muscle fibres. The Journal of Physiology. 1996;491(Pt 3):813-24. 
52. Dunn SE, Burns JL, Michel RN. Calcineurin is required for skeletal muscle hypertrophy. The 
Journal of Biological Chemistry. 1999;274(31):21908-12. 
53. Dunn SE, Chin ER, Michel RN. Matching of calcineurin activity to upstream effectors is critical for 
skeletal muscle fiber growth. The Journal of Cell Biology. 2000;151(3):663-72. 
54. Wu H, Naya FJ, McKinsey TA, Mercer B, Shelton JM, Chin ER, et al. MEF2 responds to multiple 
calcium-regulated signals in the control of skeletal muscle fiber type. The EMBO Journal. 
2000;19(9):1963-73. 
55. Naya FJ, Mercer B, Shelton J, Richardson JA, Williams RS, Olson EN. Stimulation of slow skeletal 
muscle fiber gene expression by calcineurin in vivo. The Journal of Biological Chemistry. 
2000;275(7):4545-8. 
56. Michel RN, Chin ER, Chakkalakal JV, Eibl JK, Jasmin BJ. Ca2+/calmodulin-based signalling in the 
regulation of the muscle fibre phenotype and its therapeutic potential via modulation of utrophin A and 
myostatin expression. Applied Physiology, Nutrition, and Metabolism. 2007;32(5):921-9. 
57. Chakkalakal JV, Stocksley MA, Harrison MA, Angus LM, Deschenes-Furry J, St-Pierre S, et al. 
Expression of utrophin A mRNA correlates with the oxidative capacity of skeletal muscle fiber types and 
is regulated by calcineurin/NFAT signaling. Proceedings of the National Academy of Sciences of the 
United States of America. 2003;100(13):7791-6. 
58. Angus LM, Chakkalakal JV, Mejat A, Eibl JK, Belanger G, Megeney LA, et al. Calcineurin-NFAT 
signaling, together with GABP and peroxisome PGC-1{alpha}, drives utrophin gene expression at the 
neuromuscular junction. American Journal of Physiology Cell Physiology. 2005;289(4):C908-17. 



33 
 

59. Chakkalakal JV, Harrison MA, Carbonetto S, Chin E, Michel RN, Jasmin BJ. Stimulation of 
calcineurin signaling attenuates the dystrophic pathology in mdx mice. Human Molecular Genetics. 
2004;13(4):379-88. 
60. Chakkalakal JV, Michel SA, Chin ER, Michel RN, Jasmin BJ. Targeted inhibition of Ca2+ 
/calmodulin signaling exacerbates the dystrophic phenotype in mdx mouse muscle. Human Molecular 
Genetics. 2006;15(9):1423-35. 
61. Jackson MJ, Jones DA, Edwards RH. Measurements of calcium and other elements in muscle 
biopsy samples from patients with Duchenne muscular dystrophy. Clinica chimica acta; international 
journal of clinical chemistry. 1985;147(3):215-21. 
62. Bodensteiner JB, Engel AG. Intracellular calcium accumulation in Duchenne dystrophy and other 
myopathies: a study of 567,000 muscle fibers in 114 biopsies. Neurology. 1978;28(5):439-46. 
63. Berchtold MW, Brinkmeier H, Muntener M. Calcium ion in skeletal muscle: its crucial role for 
muscle function, plasticity, and disease. Physiological Reviews. 2000;80(3):1215-65. 
64. Porter JD, Khanna S, Kaminski HJ, Rao JS, Merriam AP, Richmonds CR, et al. A chronic 
inflammatory response dominates the skeletal muscle molecular signature in dystrophin-deficient mdx 
mice. Human Molecular Genetics. 2002;11(3):263-72. 
65. Acharyya S, Villalta SA, Bakkar N, Bupha-Intr T, Janssen PM, Carathers M, et al. Interplay of 
IKK/NF-kappaB signaling in macrophages and myofibers promotes muscle degeneration in Duchenne 
muscular dystrophy. The Journal of Clinical Investigation. 2007;117(4):889-901. 
66. Turner PR, Westwood T, Regen CM, Steinhardt RA. Increased protein degradation results from 
elevated free calcium levels found in muscle from mdx mice. Nature. 1988;335(6192):735-8. 
67. Wrogemann K, Pena SD. Mitochondrial calcium overload: A general mechanism for cell-necrosis 
in muscle diseases. Lancet. 1976;1(7961):672-4. 
68. Altamirano F, Lopez JR, Henriquez C, Molinski T, Allen PD, Jaimovich E. Increased resting 
intracellular calcium modulates NF-kappaB-dependent inducible nitric-oxide synthase gene expression in 
dystrophic mdx skeletal myotubes. The Journal of Biological Chemistry. 2012;287(25):20876-87. 
69. Edwards JN, Friedrich O, Cully TR, von Wegner F, Murphy RM, Launikonis BS. Upregulation of 
store-operated Ca2+ entry in dystrophic mdx mouse muscle. American Journal of Physiology Cell 
Physiology. 2010;299(1):C42-50. 
70. Vandebrouck C, Martin D, Colson-Van Schoor M, Debaix H, Gailly P. Involvement of TRPC in the 
abnormal calcium influx observed in dystrophic (mdx) mouse skeletal muscle fibers. The Journal of Cell 
Biology. 2002;158(6):1089-96. 
71. Goonasekera SA, Lam CK, Millay DP, Sargent MA, Hajjar RJ, Kranias EG, et al. Mitigation of 
muscular dystrophy in mice by SERCA overexpression in skeletal muscle. The Journal of clinical 
investigation. 2011;121(3):1044-52. 
72. Nicolas-Metral V, Raddatz E, Kucera P, Ruegg UT. Mdx myotubes have normal excitability but 
show reduced contraction-relaxation dynamics. Journal of Muscle Research and Cell Motility. 
2001;22(1):69-75. 
73. Zhao X, Moloughney JG, Zhang S, Komazaki S, Weisleder N. Orai1 mediates exacerbated Ca(2+) 
entry in dystrophic skeletal muscle. PloS One. 2012;7(11):e49862. 
74. Gehrig SM, van der Poel C, Sayer TA, Schertzer JD, Henstridge DC, Church JE, et al. Hsp72 
preserves muscle function and slows progression of severe muscular dystrophy. Nature. 
2012;484(7394):394-8. 
75. Morine KJ, Sleeper MM, Barton ER, Sweeney HL. Overexpression of SERCA1a in the mdx 
diaphragm reduces susceptibility to contraction-induced damage. Human Gene Therapy. 
2010;21(12):1735-9. 



34 
 

76. Tupling AR, Gramolini AO, Duhamel TA, Kondo H, Asahi M, Tsuchiya SC, et al. HSP70 binds to the 
fast-twitch skeletal muscle sarco(endo)plasmic reticulum Ca2+ -ATPase (SERCA1a) and prevents thermal 
inactivation. The Journal of Biological Chemistry. 2004;279(50):52382-9. 
77. Launikonis B, Murphy R, Edwards J. Toward the roles of store-operated Ca2+ entry in skeletal 
muscle.European Journal of Physiolology. 2010;460(5):813-23. 
78. Morimoto RI. Cells in stress: transcriptional activation of heat shock genes. Science. 
1993;259(5100):1409-10. 
79. Locke M, Atkinson BG, Tanguay RM, Noble EG. Shifts in type I fiber proportion in rat hindlimb 
muscle are accompanied by changes in HSP72 content. The American Journal of Physiology. 1994;266(5 
Pt 1):C1240-6. 
80. Tanguay RM, Wu Y, Khandjian EW. Tissue-specific expression of heat shock proteins of the 
mouse in the absence of stress. Developmental Genetics. 1993;14(2):112-8. 
81. Oishi Y, Ogata T, Ohira Y, Taniguchi K, Roy RR. Calcineurin and heat shock protein 72 in 
functionally overloaded rat plantaris muscle. Biochemical and Biophysical Research Communications. 
2005;330(3):706-13. 
82. Fuchtbauer EM, Rowlerson AM, Gotz K, Friedrich G, Mabuchi K, Gergely J, et al. Direct 
correlation of parvalbumin levels with myosin isoforms and succinate dehydrogenase activity on frozen 
sections of rodent muscle. The journal of Histochemistry and Cytochemistry : Official Journal of the 
Histochemistry Society. 1991;39(3):355-61. 
83. Schwaller B, Dick J, Dhoot G, Carroll S, Vrbova G, Nicotera P, et al. Prolonged contraction-
relaxation cycle of fast-twitch muscles in parvalbumin knockout mice. The American journal of 
Physiology. 1999;276(2 Pt 1):C395-403. 
84. Chin ER, Grange RW, Viau F, Simard AR, Humphries C, Shelton J, et al. Alterations in slow-twitch 
muscle phenotype in transgenic mice overexpressing the Ca2+ buffering protein parvalbumin. Journal of 
Physiology. 2003;547(Pt 2):649-63. 
85. Shin J-H, Hakim CH, Zhang K, Duan D. Genotyping mdx, mdx3cv, and mdx4cv mice by primer 
competition polymerase chain reaction. Muscle & Nerve. 2011;43(2):283-6. 
86. Briguet A, Courdier-Fruh I, Foster M, Meier T, Magyar JP. Histological parameters for the 
quantitative assessment of muscular dystrophy in the mdx-mouse. Neuromuscular disorders : NMD. 
2004;14(10):675-82. 
87. Zein M, Jasmin BJ, Michel RN. Distinct calcineurin-related transgenic approaches rescue or 
exacerbate the dystrophic phenotype in fibers from crossbred mdx mice despite constant HSP70 
expression. The FASEB Journal. 2013;27(1_MeetingAbstracts):1200.3. 
88. Deconinck AE, Rafael JA, Skinner JA, Brown SC, Potter AC, Metzinger L, et al. Utrophin-
dystrophin-deficient mice as a model for Duchenne muscular dystrophy. Cell. 1997;90(4):717-27. 
89. Carnwath JW, Shotton DM. Muscular dystrophy in the mdx mouse: histopathology of the soleus 
and extensor digitorum longus muscles. Journal of the Neurological Sciences. 1987;80(1):39-54. 
90. Allen DG, Gervasio OL, Yeung EW, Whitehead NP. Calcium and the damage pathways in 
muscular dystrophy. Canadian Journal of Physiology and Pharmacology. 2010;88(2):83-91. 
91. Nicol RL, Frey N, Olson EN. From the sarcomere to the nucleus: role of genetics and signaling in 
structural heart disease. Annual Review of Genomics and Human Genetics. 2000;1:179-223. 
92. Bornman L, Polla BS, Lotz BP, Gericke GS. Expression of heat-shock/stress proteins in Duchenne 
muscular dystrophy. Muscle and Nerve. 1995;18(1):23-31. 
93. Kolodziejczyk SM, Walsh GS, Balazsi K, Seale P, Sandoz J, Hierlihy AM, et al. Activation of JNK1 
contributes to dystrophic muscle pathogenesis. Current biology : CB. 2001;11(16):1278-82. 
94. Suzuki K, Sorimachi H, Yoshizawa T, Kinbara K, Ishiura S. Calpain: novel family members, 
activation, and physiologic function. Biological Chemistry Hoppe-Seyler. 1995;376(9):523-9. 



35 
 

95. Kinbara K, Sorimachi H, Ishiura S, Suzuki K. Skeletal muscle-specific calpain, p49: structure and 
physiological function. Biochemical Pharmacology. 1998;56(4):415-20. 
96. O'Neill DE, Aubrey FK, Zeldin DA, Michel RN, Noble EG. Slower skeletal muscle phenotypes are 
critical for constitutive expression of Hsp70 in overloaded rat plantaris muscle. Journal of Applied 
Physiology (Bethesda, Md : 1985). 2006;100(3):981-7. 
97. Park HS, Lee JS, Huh SH, Seo JS, Choi EJ. Hsp72 functions as a natural inhibitory protein of c-Jun 
N-terminal kinase. The EMBO Journal. 2001;20(3):446-56. 
98. Senf SM, Dodd SL, McClung JM, Judge AR. Hsp70 overexpression inhibits NF-kappaB and Foxo3a 
transcriptional activities and prevents skeletal muscle atrophy. FASEB journal : Official Publication of the 
Federation of American Societies for Experimental Biology. 2008;22(11):3836-45. 
99. Pauly M, Daussin F, Burelle Y, Li T, Godin R, Fauconnier J, et al. AMPK activation stimulates 
autophagy and ameliorates muscular dystrophy in the mdx mouse diaphragm. The American Journal of 
Pathology. 2012;181(2):583-92. 
100. Hori YS, Kuno A, Hosoda R, Tanno M, Miura T, Shimamoto K, et al. Resveratrol ameliorates 
muscular pathology in the dystrophic mdx mouse, a model for Duchenne muscular dystrophy. The 
Journal of Pharmacology and Experimental Therapeutics. 2011;338(3):784-94. 

 

  



36 
 

SUPPLEMENTARY FIGURES 

 

 

Figure S1. Polyclonal Antibody is Specifically Found in 2b –negative fibres 

Representative photomicrographs taken with a 10X objective lens of serial sections from the “mixed-fibre” GAS of 

WT mice testing the specificity of the polyclonal AB used in these experiments. The polyclonal Ab was tested 

alongside two different monoclonal Ab’s and displayed similar staining patterns in which each Ab co-stained with 

2b-negative fibres. Separate serial sections were also captured and followed the same staining procedure with no 

primary Ab and displayed no specific staining pattern. n=2. 


