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Abstract 

 Duchenne Muscular Dystrophy (DMD) is a male-affected muscle wasting disease 

caused by the complete loss of the sarcolemmal protein dystrophin. No cure exists and 

patients typically succumb to cardiorespiratory issues in the third or fourth decade of life. 

Dystrophin loss also leads to dysfunction in other pathways; including impaired 

sarcoplasmic reticulum (SR) calcium (Ca2+) handling, further perpetuating the disease. 

This thesis examined potential differences in SR Ca2+ handling in two mouse models of 

DMD. The D2.B10-Dmdmdx/J (D2 mdx) mouse has emerged as a more pathologically 

representative model of DMD than the C57BL/10ScSn-Dmdmdx/J (C57 mdx) mouse model, 

showing greater muscle weakness, wasting and earlier disease onset. However, SR Ca2+ 

has not yet been characterized in the D2 mdx mouse. Thus, the aim of this study was to 

compare SR Ca2+ handling in the D2 mdx and C57 mdx mice. Using age-matched (9-10 

week-old) mice, we found that D2 mdx mice had less mass, smaller gastrocnemius 

muscles, and were less ambulant. The D2 mdx mice had significantly higher energy 

expenditure and respiratory exchange ratio compared with the D2 WT mice. Two separate 

SR Ca2+ uptake assays revealed that D2 mdx mice have less Ca2+ uptake and leak, and 

higher starting myoplasmic Ca2+. SERCA activity (ATP hydrolysis) was lower in D2 mdx 

mice while higher in C57 mdx mice. These dramatic impairments in SR Ca2+ handling were 

not attributed to differences in SERCA isoform content or changes in its regulator, 

sarcolipin. However, under reducing conditions, protein nitration and nitrosylation content 

were significantly higher in D2 mdx gastrocnemius muscles. Further, pre-treatment with 

dithiothreiotol (DTT) did not improve SR Ca2+ handling in these muscles, suggestive of 

irreversible reactive oxygen/nitrogen post-translational modifications. Finally, calpain 

proteolytic activity was examined to determine the consequence of the impaired SR Ca2+ 

handling in the D2 mdx mouse. While D2 WT mice already had higher levels of calpain 
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activity, the D2 mdx mouse had significantly higher calpain activity vs the C57 mdx mouse. 

Altogether, the results from this thesis suggest that impaired SR Ca2+ handling may be 

partially responsible for more severe pathology found in the D2 mdx mice. 
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Chapter 1: Literature Review 

1.1  Duchenne Muscular Dystrophy 

 Duchenne Muscular Dystrophy (DMD) is an X-linked recessive severe muscle-

wasting disorder that affects approximately 1 in 3500 boys worldwide [1,2]. Onset of 

clinical symptoms in these boys occurs around 3 to 4 years of age and leads to wheelchair 

dependence by 7 to 13 years of age [3,4]. When DMD boys reach approximately 20 years 

of age, they enter the terminal stages of the disease and require ventilation [5]. There is 

currently no cure for DMD and patients often succumb to cardiac and/or respiratory failure 

due to their disease around 30 to 40 years of age [5,6]. 

 DMD is caused by mutations in the DMD gene, a 79-exon gene which codes for 

the protein dystrophin. Over seven thousand mutations exist which result in non-functional 

dystrophin protein [7,8]. Numerous large and small mutations of the DMD gene may occur, 

and 80% of mutations can be attributed to large mutations (1 exon or larger) while 20% 

arise from small mutations (< 1 exon) (Table 1.1). Of the large mutations, deletions 

account for several thousand mutations, while duplications compose several hundred. 

Small mutations are induced most commonly by point mutations, small deletions, small 

insertions and affected by splice site. Less common small mutations include missense and 

mid-intronic mutations. 
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Table 1.1: Known Mutations of the DMD gene causing Duchenne Muscular Dystrophy. 

Large Mutations (1 exon or larger) 
 Number of Known 

Mutations 
% of Total LARGE Mutations 

Deletions 4894 86% 
Duplications 784 14% 
Total Large Mutations 5682 80% of Total Mutations 

Small Mutations (< 1 exon) 
 Number of Known 

Mutations 
% of Total SMALL Mutations 

Small Deletions 358 25% 
Small Insertions 132 9% 
Affected by Splice Sites 199 14% 
Point Mutations 756 52% 
Missense Mutations 30 2% 
Mid-Intronic Mutations 22 0.3% 
Total Small Mutations 1445 20% of Total Mutations 
Total Known Mutations 7149 

 

 Under normal physiological conditions, dystrophin is a cytoplasmic protein which 

connects the cytoskeleton and extracellular matrix of a muscle fibre, linking it directly to 

the sarcolemma [9]. Dystrophin combines with other proteins to form the dystrophin-

glycoprotein complex (DGC), which is involved in the structural integrity of the muscle cell 

membrane [9]. However, when functional dystrophin is absent as in the case of DMD, it 

will lead to the loss of the DGC which can cause membrane tearing and myofibre 

damage/degeneration. Healthy skeletal muscles can regenerate damaged myofibres 

through the activation of normally quiescent cells called satellite cells. Upon activation, 

satellite cells proliferate and either self-renew or differentiate to become muscle precursor 

cells called myoblasts that can mature and fuse with damaged muscles [10]. In early 

stages of the disease, muscle regeneration is evident in DMD patient biopsies through the 

observation of small, immature centrally nucleated fibres [11,12]. This enhancement of 

muscle regeneration aims to offset the degenerative nature of the disease. However, as 
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the disease progresses, the ability to regenerate declines [13] and fibrous extracellular 

matrix (ECM) and adipose tissue replace muscle fibres, shifting the balance in favour of 

necrosis. 

 Like other forms of muscular dystrophies, DMD is characterized by an increase in 

central nuclei, fibre size variability, serum creatine kinase (CK) levels, progressive fibrosis, 

fat infiltration and muscle weakness [14]. Though the loss of functional dystrophin is the 

primary cause of disease in DMD, several secondary consequences including chronic 

inflammation, oxidative stress, and Ca2+ overload (discussed below), ultimately lead to the 

pathologic degeneration/failed regeneration, necrosis and fibrotic/fatty tissue replacement 

of muscular tissue [15].  

 

1.2  The role of Ca2+ in DMD 

Ca2+ is a potent signaling and regulatory molecule in all cells. In resting skeletal 

muscle, intracellular Ca2+ levels ([Ca2+]i) levels are relatively low ~10-7 M or 100 nM [16]. 

During excitation-contraction coupling (ECC) as exemplified in Figure 1.1, depolarization 

of the surface membrane (A)  travels down into invaginations of the membrane called 

transverse-tubules (t-tubules) [17]. There, L-type voltage gated Ca2+ release channels, 

dihydropyridine receptors (DHPR) sense the change in membrane charge (B), and 

through a mechanical interaction, relays this information to the ryanodine receptor (RyR) 

found within the sarcoplasmic reticulum (SR) membrane (C) [18]. This leads to the rapid 

release of Ca2+ out from the SR (D) and through RyR [19], and can reach intracellular Ca2+ 

levels of up to 20 µM [20]. As increased Ca2+ enters the cytosol, Ca2+ binds to the troponin 

complex ultimately moving tropomyosin from the globular (G)-actin sites of the thin 

filament (E) [16]. The exposure of the G-actin sites allow the thin and thick filament to 
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engage in cross-bridge formation initiating muscle contraction [16]. After contraction, the 

sarco(endo)plasmic reticulum Ca2+ ATPases (SERCA) actively transports Ca2+ from the 

cytoplasm back into the SR (F) where it binds to calsequestrin (G) thereby returning [Ca2+]i 

to resting levels [21]. This is important because aside from ECC, Ca2+ regulates several 

other pathways including energy expenditure, second messenger signaling, activation of 

transcription factors, and apoptosis [22]. If [Ca2+]I become chronically elevated, it can 

impart negative effects leading to muscle damage and weakness. 

Figure 1.1: Normal SR Ca2+ handling in skeletal muscle. Created with bioRender. 

 

It is widely accepted that membrane instability causes a subsequent chronic influx 

of Ca2+ into the muscles of patients living with DMD. The resulting Ca2+ overload 

exacerbates oxidative stress, inflammation, and cellular necrosis thereby perpetuating 

dystrophic pathology [23,24]. Ca2+-induced muscle necrosis occurs through at least two 

distinct mechanisms: 1) the activation of the Ca2+-sensitive protease, calpain and; 2) 
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mitochondrial swelling and rupture. As a result of the elevated [Ca2+]i, proteolytic calpain 

activation is heightened in muscular dystrophy leading to excessive protein degradation 

and thus muscle loss. Transgenic overexpression of calpastatin, a specific inhibitor of 

calpains has been shown to decrease muscle necrosis, muscle lesions all while reducing 

the number of actively regenerating muscle fibres in the mdx mouse – the traditional 

mouse model of DMD [25]. The mitochondria also contributes to intracellular Ca2+ 

regulation, however, in conditions of Ca2+ overload, the mitochondria will excessively take 

in Ca2+ leading to the mitochondrial permeability transition pore opening and intrinsic 

apoptosis [26]. Thus, Ca2+ dysregulation is a well-known pathological contributor in DMD. 

Though the initial cause of Ca2+ overload in DMD is membrane instability, impairments in 

SR Ca2+ handling (ie. RyR and SERCA dysfunction) can also contribute to muscle 

weakness and pathology. 

Figure 1.2: The SR calcium hypothesis of DMD. Created with bioRender. 
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1.3  Healthy RyR function   

RyRs are the largest known ion channels, containing approximately 5000 amino 

acid residues (565 kDa) per tetramer, resulting in a total weight of over 2.2 MDa [27,28]. 

RyRs consist of a transmembrane domain which forms an ion-conductive pore and a large 

N-terminal cytoplasmic domain [28]. There are three known isoforms of mammalian RyR; 

RyR1, RyR2 and RyR3. RyR2 is the cardiac isoform [29–31], and RyR3 is ubiquitously 

expressed [32–35]. Though RyR3 has been found in skeletal muscle, it does not appear 

to play a role in ECC and its exact function is not yet well understood [36]. Conversely, 

RyR1 is the dominant and most important isoform found in skeletal muscle, and will 

therefore be the focus of this review/proposal [28,37,38].  

 

RyR and DHPR orientation 

 In skeletal muscle, ECC is dependent on the physical interaction between DHPR 

and RyR1. DHPR, the main effector of RyR1, interacts with the cytoplasmic domain (or 

foot) of RyR1 in a tetradic arrangement via DHPR loops (Figure 1.1) [39]. It is known that 

these loops are critical for relaying the electrical signal of an action potential to a 

mechanical one causing Ca2+ release through the RyR1 channels. In this respect, the α1S 

II-III loop of DHPR have a critical role in conformational coupling with RyR1, however its 

specific mechanism remains to be elucidated [39]. In muscle, the DHPR tetrads do not 

completely occupy all RyR1 cytoplasmic feet, giving rise to a ‘checkerboard’ pattern of 

orientation (Figure 1.1). Thus, the number of DHPR linked with RyR1 is an important factor 

in Ca2+ gating and release. 
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Figure 1.3: RyR and DHPR orientation. RyR is organized in a tetramer with each ‘foot’ protruding 
out towards the cytosol. A DHPR tetrad faces the RyR foot and is connected through cytoplasmic 
loops (not shown here). Created with bioRender. 

 

Muscles that have more RyR1 linked to DHPR will have a greater capacity to 

release Ca2+ and at a much faster rate compared with muscles that have relatively less 

RyR1 and DHPR. This is best exemplified when comparing the various fibre types that 

can be found within skeletal muscle. Slow-twitch (type I) fibres exert slow, prolonged, and 

less forceful contractions and they exhibit high oxidative (ie. mitochondrial 

content/respiration) capacity making them fatigue resistant. Conversely, fast-twitch (type 

II) fibres exert fast and more forceful contractions; however, their contractile and metabolic 

properties can be further sub-divided. Type IIA fibres have both high oxidative and 

glycolytic potential but are generally slower than the fast-glycolytic type IIX and IIB fibres. 

Notably, type IIB fibres are not present in human skeletal muscle but can be found in 

rodent skeletal muscle [40]. Differences in RyR1 content and orientation with DHPR can 

contribute to the differences in contractile properties between slow and fast fibre types by 

altering the rate and amount of Ca2+ release. Research has shown that slow twitch 
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muscles contain lower amounts of total RyR1 and RyR1 linked to DHPR [41,42] (Figure 

1.2).  

Figure 1.4: Fiber type differences in RyR and DHPR expression. Mammalian fast-twitch fibres have 
higher RyR1 content and greater ratio of linked RyR1 to DHPR in comparison to slow-twitch fibres, 
leading to differences in contractile function. Created with bioRender. 
 

Thus, muscles that have a large proportion of slow fibres such as the soleus will 

release less Ca2+ and at a much slower rate upon excitation compared with muscles that 

are dominated by fast twitch fibres such as the extensor digitorum longus (EDL) (Figure 

1.3). These differences in the Ca2+ amplitude and Ca2+ transient are directly in line with 

the known differences in the amount and rate of force produced between these muscles 

(Figure 1.3). 
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Figure 1.5: Twitch Ca2+ and force tracings from rodent soleus and extensor digitorum longus (EDL) 
muscles. A) Single Ca2+ transients from fibres obtained from soleus and EDL muscles loaded with 
the Ca2+ fluorescent indicator Magfluo-4AM [43]. As depicted, EDL muscles have a larger Ca2+ 
amplitude, and shorter rise time. Previous studies have shown that rat slow fibres have a peak 
[Ca2+]i of 9 µM compared with the 19 µM in fast fibres; and 1.3 µM in slow fibres vs. 2.4 µM in fast 
fibres using fura-2 as a Ca2+ fluorescent indicator [20]. B) Force tracings from intact soleus and 
EDL muscles from our lab (unpublished data) showing the greater force and faster twitch kinetics 
in the EDL.  
 
 
Regulation of RyR 

 In addition to its primary effector DHPR, many factors can regulate RyR – including 

Ca2+, magnesium (Mg2+), caffeine, calmodulin (CaM), calcium channel stabilizing binding 

protein (calstabin), and various post-translational modifications. Micromolar cytosolic 

levels activate the channel while millimolar levels inhibit the channel. This biphasic 

behaviour can be explained by the presence of two binding sites for Ca2+ on RyR: one 

with moderate-affinity, which activates RyR opening, and another with low-affinity which 

inhibits opening when [Ca2+] become too high [44]. Further, Mg2+ can also modulate the 

Time (ms)

m
N m

N

Time (ms)

 
Time (ms)Time (ms)

Δ
F/

F

Δ
F/

F

Soleus EDL

A

B



 10 

effect of Ca2+ on RyR acting as a competitive antagonist of Ca2+ thereby inhibiting RyR 

opening at physiological concentrations [45]. At 1 mM, Mg2+ decreases the binding affinity 

of Ca2+ from 1 µM to 50 µM [46]. Conversely, caffeine acts as an allosteric agonist of Ca2+, 

and the addition of caffeine to SR vesicles results in an increase of open probability of 

RyR [47] by enhancing Ca2+ binding sensitivity [48].   

Calstabin is an immunophilin that has a high affinity to bind to the tetramers of the 

RyR1 complex at a ratio of one calstabin to each monomer (Figure 1.4). Calstabin 

stabilizes the closed state of the channel, coordinating gating behaviour of RyR1 opening 

during muscle contraction and preventing intracellular Ca2+ leak [49–51]. Ca2+ leaks are 

spontaneous Ca2+ release events originating from the uncontrolled opening RyR.  

CaM is a ubiquitous Ca2+-binding protein that can modulate proteins through direct 

binding and/or activation of CaM-dependent protein kinases and phosphatases [52]. CaM 

in the Ca2+ free state (apo-CaM) and Ca2+ bound state (Ca2+/CaM) binds directly to RyR 

to influence channel function [53]. At nanomolar Ca2+ concentrations, apo-CaM acts as a 

feed forward mechanism, and activates RyR1 opening. However, when Ca2+ reaches 

micromolar concentrations, Ca2+/CaM acts as a negative feedback loop and inhibits RyR1 

opening [54]. In addition, CaM activation of Ca2+/CaM-dependent kinase II (CaMKII) can 

increase phosphorylation of RyR1 leading to increased Ca2+ release. Phosphorylation of 

RyR1 can also occur with protein kinase A (PKA) at which can be activated with b-

adrenergic signaling and exercise. Specifically, it has been shown that PKA and CAMKII 

mediated phosphorylation at Ser2843 of RyR1 causes the release of calstabin from RyR 

thereby increasing channel activity [55,56]. Importantly, hyperphosphorylation of RyR1 

leads to excessive Ca2+ leak impairing SR Ca2+ release leading to fatigue and exercise 

intolerance [57]. 
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Figure 1.6: 3-D protein shape of RyR1. Four calstabin are bound to RyR1 and are highlighted by 
red circles surrounding the protein. Created with bioRender. 
 

 Finally, the redox state of RyR regulates its structure and function to either activate 

or inactivate the channel, affecting subsequent Ca2+ signaling [58,59]. RyRs are sensitive 

to reactive oxygen/nitrogen species (RONS) such as endogenous free radicals superoxide 

(O2‾) and nitric oxide (NO). This is due to the presence of multiple sulfhydryl groups on 

cysteine residues on the RyR complex making the structure susceptible to post-

translational modifications, including cysteine (S)-nitrosylation [60,61]. Peroxynitrite 

(ONOO-), formed through a reaction of O2- and NO [62] can result in S-nitrosylation of 

residues RyR1-Cys-3635 and RyR1-Cys2327, which has been shown to increase RyR1 

channel activity and Ca2+ leak through a decrease in calstabin binding (to RyR1) [60,63]. 

The interaction between oxidative/nitrosative agents which act on RyR are important 

regulators in the physiological and pathophysiological function of the channel. 
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1.4  RyR and DMD pathology 

While the initial insult in DMD leading to Ca2+ overload is membrane instability, 

several studies have shown that impaired RyR function also contributes to Ca2+ 

dysregulation, muscle weakness, and dystrophic pathology. Specifically, excessive RyR1 

Ca2+ leak has been observed [64,65]. This leak has been found to be caused by both 

calstabin depletion and elevated S-nitrosylation of RyR1, whereas the role of PKA-

mediated phosphorylation at Ser2483 in dystrophic pathology remains unclear [65].  

Figure 1.7: RyR is S-nitrosylated and subsequently depleted of calstabin in mdx mice [65]. 
 

 Importantly, treating C57BL/10ScSn-Dmdmdx/J (C57 mdx) mice with Rycal S107, 

a drug that enhances RyR-calstabin binding, reduced Ca2+ leak, calpain activation, and 

ultimately alleviated the histopathology and muscle weakness found in these mice [65].  

Aside from DMD, leaky RyR channels are a common event across other muscular 

dystrophies. In β-sarcoglycan deficient mice (Sgcb-/-), a model of Limb-Girdle muscular 

dystrophy, RyR channels were found to be nitrosylated and oxidized. Along with calstabin 

depletion, this altogether corresponded with increased RyR open probability [64]. In 

addition, S107 therapy also had positive outcomes on the dystrophic phenotype in these 

mice, resulting in improved Ca2+ transients, specific muscle force, and exercise capacity 

[64]. Together, these studies demonstrate the role of RyR leak in dystrophic pathology 

and that mitigating RyR Ca2+ leak can also mitigate muscular dystrophy. 
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Figure 1.8: Rescuing of RyR leak pharmaceutically with S107 diminishes dystrophic pathology 
[65].  
 

1.5  Healthy SERCA pump function 

 SERCA is a 100-110 kDa integral SR membrane protein responsible for 

maintaining and restoring resting levels of [Ca2+]i by pumping Ca2+ against a near 10,000-

fold gradient into the SR using energy derived from adenosine triphosphate (ATP) 

hydrolysis [66,67]. The SERCA protein structure consists of three cytoplasmic domains 

(actuator, phosphorylation, and nucleotide binding; collectively referred to as the 

headpiece), 10 transmembrane domains (M1 through M10), and two high affinity Ca2+ 

binding sites (site I and II), which are located between transmembrane helices M4-M6 and 

M8 [68–70] (Figure 1.5). Based on binding capacity, SERCA can optimally transport two 

Ca2+ ions into the SR for every 1 ATP hydrolyzed ATP [66]; however, the coupling ratio in 

vivo is much lower. More than 10 isoforms of SERCA exist in vertebrates [66], however, 

in adult skeletal muscle two isoforms reign – SERCA1a and SERCA2a. Isoform 

expression is suggested to be reliant on muscle fibre type where SERCA1a is primarily 

expressed in fast type II skeletal muscle fibers, while SERCA2a is primarily expressed in 

slow type I muscle fibres in cardiac and skeletal muscle [71]. It should be noted that both 

isoforms are expressed in type I and type II fibers [72]. Further, though SERCA1a is known 

as the fast SERCA isoform compared with SERCA2a, the primary determinant in the rate 

of SR Ca2+ uptake is the amount or density of the SERCA pump – to which the fast type II 
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fibres have more than the slow type I fibres [73]. This ultimately allows for a more rapid 

rate of Ca2+ re-uptake and muscle relaxation in fast muscles such as the EDL compared 

with the soleus (Figure 1.3). 

Figure 1.9: SERCA protein structure. The cytoplasmic domain consists of the actuator (A) domain, 
nucleotide (N) domain, phosphorylation (P) domain. The transmembrane (M) domain consists of 
M1-M10, and the two Ca2+ bindings sites. The binding groove for SERCA regulators, sarcolipin 
(SLN) and phospholamban (PLN) is also highlighted. Created with bioRender. 
 

Regulation of SERCA 

 In addition to SERCA pump density, SERCA1a and SERCA2a are predominately 

regulated by two small molecular-weight proteins, sarcolipin (SLN) and phospholamban 

(PLN) [66]. Although it has been shown that SLN preferentially regulates SERCA1a and 

PLN preferentially regulates SERCA2a, SLN and PLN may regulate both isoforms in 

human skeletal muscle [72]. Both micropeptides function to lower Ca2+ binding affinity of 

SERCA1a/2a to inhibit SERCA-mediated transport [74]; however, SLN has the additional 

role of uncoupling the SERCA pump and mediating muscle-based thermogenesis.  



 15 

PLN is most known for its role in regulating SERCA in cardiac muscle. It may 

become phosphorylated at Ser16 by PKA and Thr17 by CaMKII to relieve its inhibition on 

SERCA [75,76]. This control mechanism is critical for regulating the inotropic and 

chronotropic effects of b-adrenergic stimulation to the heart. For example, during the fight-

or-flight response PKA mediated phosphorylation of PLN increases SERCA-mediated 

Ca2+-re-uptake thereby increasing the rate of relaxation and the amount of releasable Ca2+ 

in the SR [77]. Though SLN may also be phosphorylated at Thr5, under regular 

physiological conditions, SLN is not typically phosphorylated [78] and thus the 

physiological role of SLN phosphorylation remains unknown.  

 In addition to SLN and PLN, RONS can also regulate SERCA function. SERCA 

contain sensitive cysteine, tyrosine and lysine residues, making the pump sensitive to 

post-translational modifications like oxidation, S-nitrosylation and tyrosine (T)-nitration 

[79–81]. T-nitration and S-nitrosylation have been the most studied thus far. Interestingly, 

SERCA2a has been shown to be the isoform most susceptible to T-nitration causing to 

impairments in its function [80,82]. Though SERCA1a may not as sensitive to T-nitration 

[79,82], both SERCA2a and SERCA1a can also be modulated by peroxynitrite-dependent 

S-nitrosylation, which has also been shown to inactivate the pump [79,83].  

 

1.6  SERCA and DMD 

Similar to RyR, the SERCA pump has also emerged as a therapeutic target for 

DMD. Impaired maximal Ca2+ uptake (Vmax) and Ca2+ affinity of SERCA was reported in 

the soleus, diaphragm, and quadriceps muscles obtained from the C57 mdx mouse model, 

and the more severe mdx-utrophin double knockout model that lacks both dystrophin and 

its functional homolog utrophin. As expected, both maximal SERCA uptake and SERCA 
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affinity for calcium were most impaired in the mdx-utrophin knockout model compared with 

the C57 mdx and WT mice [84]. Like RyR, impairments in SERCA function have also been 

observed in other models of muscular dystrophy, including the limb girdle models, Sgcb-

/- and dy2j/dy2j [85,86]. Further, studies have shown that upregulating SERCA content in 

C57BL/6 mdx and Sgcb-/- muscles either through transgenic overexpression or adenoviral 

gene therapy alleviates the dystrophic pathology reducing fibrosis and serum CK and 

improving muscle force production levels in the diaphragm [85,87]. The reductions in 

SERCA pump activity and uptake in dystrophic models can be partly attributed to the 

oxidative/nitrosative stress that can lead to damaging protein modifications. In fact, 

protecting the SERCA pumps from oxidative/nitrosative stress via transgenic or 

pharmacological upregulation of the chaperone protein heat shock protein 72 (HSP72) in 

C57 mdx mice improved SERCA function lowering serum CK levels and increasing 

muscle-specific force [88]. HSP72 has the ability to bind to and protect the SERCA pumps 

from inactivation due to oxidative/nitrosative stress [89–91]. 

Though the role of PLN-mediated SERCA regulation in DMD skeletal muscle 

pathology has yet to be studied, PLN overexpression in murine skeletal muscle causes 

severe muscle atrophy and a myopathic phenotype that exhibits some dystrophic features 

[92]. These include heightened Ca2+-activated proteolysis, protein S-nitrosylation, central 

nucleation, progressive fibrosis, and elevated serum CK. On the other hand, the role of 

SLN in dystrophic pathology has been recently studied with conflicting results. SLN is 

upregulated several-fold in muscles obtained from mdx mice and is upregulated further in 

the more severe mdx-utrophin double knockout model [84]. Thus, SLN expression 

increases with disease severity, and with its role as a SERCA inhibitor, is thought to 

contribute to dystrophic pathology. In agreement with this, SLN deletion in the 

mdx/utrophin double knockout mouse alleviated both skeletal and cardiac muscle 
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pathology prolonging lifespan in these mice [93]. In the C57BL/6 mdx mouse model, 

genetic deletion of SLN resulted in partial improvements in serum CK levels, grip strength, 

and treadmill performance [94]. However, in contrast with these previous findings, Fajardo 

et al., (2018) found that genetic deletion of SLN in the C57BL/6:C57BL10 mdx mouse 

actually worsened the dystrophic pathology with increased serum CK, muscle 

degeneration, and lowered cage activity [95].  

Though the explanation for these discrepant findings remains unknown, it could 

relate to the level of SERCA improvement observed with SLN deletion. Voit et al., (2017) 

found that SLN deletion in the mdx/utrophin double knockout mouse restored maximal 

SERCA Ca2+ uptake and SERCA’s affinity for Ca2+ to that of WT levels [93]. Conversely, 

Fajardo et al., (2018) only found improvements in SERCA’s affinity for Ca2+ and not 

maximal SERCA activity when SLN was genetically deleted from C57BL/6:C57BL/10 mdx 

mice [95].  

Collectively, these studies show that SERCA function is impaired in DMD and other 

forms of muscular dystrophy. Restoring SERCA pump activity and Ca2+ uptake to healthy 

WT levels via transgenic overexpression, cytotoxic protection, or in some cases SLN 

deletion can alleviate dystrophic pathology. Therefore, the SERCA pump plays a critical 

role in the Ca2+ dysregulation that occurs in DMD. 

 

1.8 The D2 mdx mouse 

 The mdx mouse is the classical mouse model used to investigate the cellular 

mechanisms underlying DMD (including but not limited to the roles of SERCA and RyR). 

It was originally discovered by Bulfield and colleagues (1984) in the inbred line of 

C57BL/10 mice by which a mutation of exon 23 arose spontaneously, causing an early 
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termination code and truncation of dystrophin protein [96–98]. Similar to DMD patients, 

mdx mice lack functional dystrophin protein, resulting in the dystrophic phenotype. The 

majority of mdx studies have used the traditional C57 mdx mouse. The major limitation to 

this model is that the pathology displayed does not match the severe, progressive nature 

of disease seen in human DMD. Pathophysiology like fibrosis, calcification, and necrosis 

do not appear to progressively worsen in the C57 mdx mouse, and severe symptoms 

including severe muscle weakness, accumulation of fat and fibrosis, muscle weight loss, 

and shortened lifespan are not present until 2 years of age [99]. In fact, the only muscle 

largely affected in the C57 mdx mouse is the diaphragm, which displays progressive 

degeneration, and loss of force production [100]. To try and circumvent this limitation, 

researchers have used the mdx/utrophin double knockout model that more closely mimics 

the phenotype of DMD with respect to disease severity. However, this has its limitations 

in that it does not genotypically represent DMD cases where the utrophin gene is intact 

and serves as a compensatory mechanism. 

 Recently, the C57 mdx mouse model was backcrossed onto a DBA/2J strain (D2 

mdx) and was found to more closely mimic DMD pathology. Specifically, EDL maximum 

and specific force has been shown to be significantly more reduced in D2 mdx mice 

compared to C57 mdx mice [101], and as soon as 7 weeks of age [102]. Diaphragm 

muscle in C57 mdx and D2 mdx mice have been demonstrated to undergo similar deficits 

in specific muscle force [101]. This is accompanied by significantly lower amounts of 

centrally nucleated fibres [102,103], and significantly less total myofibres by 8 months of 

age [104]. Unlike the C57 mdx mice, muscles from the D2 mdx mice do not display 

pseudohypertrophy and are smaller than their WT counterparts [101].  Evans blue uptake 

(EBD) is used to measure membrane stability with greater uptake in muscle fibres 

indicative of heightened muscle damage. Not surprisingly, EBD uptake is much more 
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extensive in the D2 mdx mouse compared with the C57 mdx mouse [102]. The percentage 

of unhealthy tissue, including fibrosis, necrosis and inflammation in D2 mdx compared to 

C57 mdx mice was significantly greater in quadriceps, gastrocnemius, triceps, and 

diaphragm by 10 weeks of age [105] (Figure 1.6). Though cardiac function is not directly 

related to this proposal, the hearts of D2 mdx mice display fibrosis at the early age of 10 

weeks of age, and cardiac dysfunction is earlier detected in D2 mdx mice compared to 

C57 mdx mice is progressive at 34 weeks of age [102,105].  

 

Figure 1.10: Comparison of H&E stained skeletal muscles and quantified unhealthy tissue from 10 
week old C57 mdx and D2 mdx mice (obtained from reference # [105]). By this age, D2 mdx 
quadriceps, gastrocnemius, tibialis anterior, triceps and diaphragm muscles are all significantly 
more damaged than C57 mdx muscles. 
 



 20 

Though the exact mechanisms underlying the differences in severity between C57 

mdx and D2 mdx mice remain unknown, a role for transforming growth factor b (TGF-b) 

has been reported. Elevated TGF-β has been previously implicated in DMD 

pathophysiology [106,107], and has been shown to limit myogenesis and lead to the 

development of muscle fibrosis [108–111]. Mazala et al. (2020) found that the D2 mdx 

mice have chronically elevated TFG-β contributing to impaired satellite cell function and 

excessive fibrosis [112]. However, to the best of my knowledge, the role of Ca2+ 

dysregulation in mediating differences in disease severity between mdx models has not 

been examined. Indeed, the earlier onset of soleus and EDL muscle weakness in the D2 

mdx compared with C57 mdx suggests that differences in Ca2+ regulation may exist. 

Further, given the importance of Ca2+ regulation, particularly RyR and SERCA function in 

dystrophic pathology, it would be of interest to characterize their function in the D2 mdx 

mouse model. However, to my knowledge this has not yet been done. Investigating the 

function of RyR and SERCA in the D2 mdx mouse model would be the first step in 

determining whether Ca2+ dysregulation plays a role in the worsened D2 mdx pathology 

further supporting the importance of Ca2+ homeostasis in DMD.  
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Chapter 2: Thesis Aims  
 

2.1  Statement of Research Problem 

 Previous studies in the C57 mdx have clearly demonstrated a role of RyR leak and 

impaired SERCA function in dystrophic pathology further demonstrating the importance of 

Ca2+ regulation. One of the most notable limitations of the C57 mdx mouse is that the mice 

present with a relatively less severe dystrophic phenotype which reduces the 

transferability of mechanistic and interventional findings to human DMD patients. To 

circumvent this limitation, the mdx mouse was crossed onto the DBA/2J strain giving rise 

to the D2 mdx mouse. Unlike the C57 mdx mice, the D2 mdx mice displays a more severe 

and earlier onset pathophysiology. Currently the exact underlying mechanisms explaining 

the differences in severity remain unknown.  More specifically, whether the function of 

Ca2+ handling proteins RyR and SERCA are further impaired in the D2 mdx mouse 

muscles compared with the C57 mdx mouse remains to be investigated. This is important 

as it this data would provide indication as to whether SERCA and/or RyR and Ca2+ 

regulation can be targeted in the D2 mdx mouse. 

 

2.2  Purpose 

 The purpose of this study is to determine if Ca2+ handling, specifically by RyR and 

SERCA, is further impaired in the skeletal muscles obtained from D2 mdx mice compared 

to those from the C57 mdx mice.  
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2.3  Hypotheses 

The overarching goal of this thesis is to examine SR calcium regulation in the C57 

and D2 mdx mice at an age, where D2 mdx mice show worsened pathology compared 

with C57 mdx mice (i.e., smaller and weaker muscles). Along with worsened pathology, I 

hypothesize SERCA-mediated calcium uptake and activity will be most impaired in the D2 

mdx muscles. I also hypothesize that D2 mdx muscles will have the most SR Ca2+ leak, 

contributing to dysfunctional SR Ca2+ handling and weakness. Associated with these 

changes in SR calcium handling, particularly in the D2 mdx mice, will be an increase in 

irreversible RONS modifications and calpain activity.  

 

 

  



 23 

Chapter 3: Methodology 

 
3.1 Animals and Design 

Male C57 mdx (n = 12), C57 WT (n = 12), D2 mdx (n = 12), and D2 WT (n = 12) 

mice were purchased from Jackson Laboratories at 7-8 weeks of age. They were 

acclimated and housed in Brock University’s Animal Facility, in an environmentally 

controlled room with a standard 12:12 hour light-dark cycle and allowed access to food 

and water ad libitum. After the mice reached 9-10 weeks of age, they were euthanized via 

cervical dislocation under general anesthetic (vaporized isoflurane) and their tissues were 

collected. All animal procedures were reviewed and approved by the Animal Care 

Committee of Brock University and followed the guidelines of the Canadian Council on 

Animal Care (see Appendix A).  

 

3.2 Metabolic Caging 

 At 7-8 weeks of age, mice were housed in pairs in a Promethion Metabolic Cage 

System for 48 hours. Two 12-hour light and dark cycles were measured, and data was 

collected. Food and water intake were measured through mass changes with the MM-1 

load cell, the Promethion mass measurement device. Cage ambulation was quantified 

through metres travelled which is collected through beam breaks with the BXYZ 

Beambreak Activity Monitor in the x y, and z planes. Respiratory exchange ratio (RER) 

was calculated as VCO2 (volume of carbon dioxide expired each minute) divided by VO2 

(volume of oxygen inspired each minute) measured from the Promethion metabolic cages 

equipped with O2 and CO2 gas analyzers. To obtain mean energy expenditure expressed 

in kcal/hr, the Weir equation was used [113]. 
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3.3 Sample collection and homogenization 

Gastrocnemius muscles (n=12/group) were rapidly extracted from euthanized 

animals and flash frozen in liquid N2 and stored at -80˚C. For SERCA uptake and activity 

analyses, muscles were homogenized in homogenizing buffer (5 mM HEPES, 250 mM 

sucrose, 0.2 mM PMSF, 0.2% NaN3; pH 7.5) at 10 times the weight of the muscle (muscle 

weight in mg * 10 = µl of homogenizing buffer). An aliquot of muscle was then 

supplemented with Protease (phosSTOP 04096845001)/Phosphatase (cOmplete Mini, 

EDTA-free 11836170001) inhibitors for western blot analyses.  

 

3.4 Uptake + leak 

Ca2+ uptake rate was recorded across each sample and measured with a 

spectrofluorometric assay and Indo-1 in the gastrocnemius muscle. Indo-1 (Cayman 

Chemicals # 20418) was added to each sample and was excited at 350nm. Samples were 

then be read at 405nm to measure Indo-1 bound to Ca2+ and at 485nm to measure Ca2+-

free Indo-1. The ratio of bound:unbound Indo-1 was used to calculate free Ca2+ ([Ca2+] f) 

in each sample. This assay was performed first (n=6 per group) on a Photon Technology 

International (PTI) spectrofluorometer (Ratiomaster system, Photon Technology 

International, Birmingham, NJ) equipped with dual-emission monochromators. Briefly, 150 

µl of gastrocnemius homogenate was pipetted into 2 ml of uptake buffer (20mM HEPES, 

200mM KCL, 10mM NaN3, 5µM TPEN, 15mM MgCl2, 5mM Oxalate; pH 7.0), constantly 

stirred in a 4ml cuvette, and held in a heated jacket at 37˚C. Then, 2 µl of Indo-1 was 

pipetted into the cuvette, followed by the addition of 40 µl of 250 mM ATP, which initiated 

calcium uptake. Once the uptake plateaued, 1 µl of SERCA-specific inhibitor, 

cyclopiazonic acid (CPA) (40mM, Sigma #239805) was added to inhibit SERCA activity, 
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leading to Ca2+ leak. Following the leak portion of the assay, each sample was calibrated 

using a two-point system. First, 145 µl EGTA was added to create a low-Ca2+ point as 

EGTA chelates calcium. Then, 40 µl of high Ca2+ (10 M CaCl2) was added to the cuvette 

to saturate Indo-1 and create a high-Ca2+ calibration point. Using Formula 1 (listed below) 

and a dissociation constant of 250mM-1, the free Ca2+ concentration ([Ca2+] f) in each 

sample was measured. The amount of Ca2+ uptake and leak was measured through an 

area under the curve (AUC) analysis.  

[𝐶𝑎!"] = 𝐾# 	(
𝑅 −	𝑅$%&
𝑅$'( − 𝑅

+ (
𝑆)!
𝑆*!

+ 

 
Formula 1: Free Calcium Concentration ([Ca2+]f) 
Kd is the dissociation constant of Indo-1 (250nM). Rmin refers to the ratio of bound:unbound Indo-1 
in the EGTA portion. Rmax refers to the ratio of bound:unbound Indo-1 in the high Ca2+ portion. Sf2 
is the fluorescence emission at 485nm (Ca2+-free Indo-1) in the EGTA portion and Sb2 is the 
fluorescence emission at 485nm in the high Ca2+ portion. 

 

We recently fitted the Ca2+ uptake assay onto a 96-well plate using our M2 

Molecular Device plate reader (Molecular Devices, San Jose, CA) to allow for a high-

throughput analyses with less sample requirement (25 µl of sample vs 150 µl). To 

determine whether this 96-well plate assay would produce similar results to that observed 

in the PTI spectrofluorometer, another set of gastrocnemius samples (n=6) were 

processed. In brief, 200 µl of uptake buffer, 25 µl of gastrocnemius homogenate, and 1 µl 

of Indo-1 was pipetted into black Eppendorf tubes. 100 µl of this mixture was then loaded 

in duplicate on a black 96-well plate and read for starting Ca2+ levels. Swiftly, 4 µl of ATP 

was added to each well, and the plate was read with a kinetic program set with an 

excitation wavelength of 355 nM and emission wavelengths of 405 nm (Ca2+-bound Indo-

1) and 485 nm (Ca2+-free Indo-1). After 800 seconds, the program was paused and 1 µl 

of CPA was added to inhibit the SERCA pump and initiate SR Ca2+ leak. The plate was 
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read for another 600 seconds. In the dithiothreitol (DTT, Bioshop #DTT001) treatment, 

conditions were similar, except 26 µl of DTT was added with 174 µl of uptake buffer in the 

sample mixture and allowed to incubate for 10 min. The amount of Ca2+ uptake and leak 

were measured through an area under the curve analysis (AUC). In addition, rates of Ca2+ 

uptake and leak were analyzed and normalized to grams of protein measured by a BCA 

assay. 

 

3.5 SERCA Activity 

 An enzyme-linked spectrophotometric assay measuring ionophore-supported 

SERCA activity was measured across a range of Ca2+ concentrations (pCa 7.0 -5.0) on a 

96-well plate. The SERCA activity assay links ATP hydrolysis to the disappearance of 

NADH using pyruvate kinase (PK, Sigma #P1506-25KU) and lactate dehydrogenase 

(LDH, Sigma #L2625-25KU) (18 U I-1 for both). This assay was performed on a M2 

Molecular Devices MultiMode plate reader (n=6/group). Ca2+ ATPase buffer (20mM 

HEPES, 200mM KCl, 10mM NaN3, 1mM EGTA, 15mM MgCl2, 5mM ATP, 10mM 

phosphoenolpyruvate [Biobasic, #PB0687]) was made and stored at -20ºC prior to 

experimentation. A reaction master mix was made including 5 mL ATPase buffer, 12 µl 

LDH, 18 µl PK, 10.5 µl Ionophore (Sigma, #A23187) and 10 µl of gastrocnemius sample. 

Then, 300 µl of reaction master mix were added to 16 separate Eppendorf tubes, each 

loaded with different volumes of 10 mM CaCl2 (8 µl, 9 µl, 10 µl, 10.5 µl, 11 µl, 11.5 µl, 12 

µl, 13 µl, 14 µl, 15 µl, 16 µl, 17 µl, 18 µl,19 µl, 20 µl, 20 µl + 1µl of 40mM CPA) and mixed, 

before loading 100 µl of each tube in duplicate onto a 96-well clear plate.  Next, 4 µl of 

1.9% (w/v) NADH (Sigma, #45507628) was added to start the reaction. The plates were 

read at 340 nm for 30 minutes. SERCA activity in gastrocnemius homogenates was 
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calculated with a pathlength correction, extinction coefficient of NADH (6.22 mM), and the 

subtraction of ATPase activity in the presence of 1 µl SERCA-specific inhibitor, CPA (40 

mM) from total ATPase activity across the range of calcium concentrations. The calcium 

concentration in each tube was measured and calculated using the fluorometric indicator, 

Indo-1 and reported as pCa (negative logarithm of [Ca2+]. A bicinchoninic acid (BCA) assay 

was done to normalize submaximal and maximal SERCA activity to grams of protein 

loaded into each well.  

 

3.7 Western Blotting 

Western blotting was conducted in gastrocnemius homogenates to determine 

protein expression of SERCA1a/2a, total and phosphorylated PLN, SLN, RyR1 and 

calstabin. Laemmli buffer (BioRad, Mississauga, ON) was added to muscle homogenates 

and electrophorectially separated at 240V for 22 minutes on a 7-12% TGX gradient gel 

(BioRad). Proteins were transferred to PVDF or nitrocellulose membranes for 6 minutes 

using BioRad Trans Blot Turbo and TGX Turbo settings, or methodology specified in Table 

3.1. Prior to blocking, SuperSignal western Blot Enhancer (46641; Thermo Scientific, 

Mississauga, ON) was applied for SLN blot. A 5% (w/v) milk and TBST solution was used 

to block the membranes for one hour. Primary antibody was then added and incubated 

overnight at 4℃. The primary antibodies SERCA1a (MA3-911), SERCA 2a (MA3-919), 

calstabin (PA1-026A) were obtained from ThermoFisher Scientific (Waltham, MA, USA). 

The primary antibody for SLN (ABT13) was obtained from Sigma-Aldrich (Oakville, ON, 

CA). The primary antibody for nitrocysteine (ab94930) was obtained from Abcam 

(Cambridge, UK). The primary antibody for nitrotyrosine (189542) was obtained from 

Cayman Chemical (Ann Arbor, MI, USA). Subsequent to primary incubation, the 
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membranes were washed three times with TBST and then incubated with anti-mouse 

(SERCA1a/2a, RyR1 ;7076; Cell Signalling Technology, Whitby, ON) or anti-rabbit 

(calstabin, SLN; 7074, Cell Signalling Technology,) secondary antibodies at room 

temperature for 1 hour. The membranes were then washed again three times with TBST 

then chemiluminescent substrate Millipore Immobilon (WBKLS0500; Sigma-Aldrich) or 

SuperSignal West Femto Maximum Sensitivity Substrate (34095; Thermo Scientific) was 

added prior to imaging with a BioRad Chemidoc . Optical densities were analyzed with 

imageLab (BioRad) and normalized to total protein visualized with a ponceau stain (59803; 

Cell Signalling Technology). 

 

Table 3.1: Western Blotting Conditions 
 Membrane 

Running 
Conditi-

ons 

Transfer 
Conditi-

ons 
Membrane Primary 

Dilution 
Secondary Type 

& Dilution 
Chemilumin-

escent 
Substrate 

SERCA1a 
/2a 

TGX 
Precast 

22 min at 
240V 

6 min 
(TGX 

Turbo) 
PVDF 1:2,000 Anti-mouse; 

1:10,000 Immobilon 

RyR1 TGX 
Precast 

45 min at 
240V 

6 min 
turbo PVDF 1:1,000 Anti-mouse; 

1:2,000 Immobilon 

Calstabin1 TGX 
Precast 

22 min at 
240V 

6 min 
turbo PVDF 1:1,000 Anti-rabbit; 1:5,000 Immobilon 

SLN Tricine 

15 min at 
100V, then 
60 min at 

120V 

90 min 
wet 

transfer 
Nitrocellulose 1:500 Anti-rabbit; 1:2,000 West Femto 

Nitro-
tyrosine 

TGX 
Precast 

22 min at 
240V 

6 min 
turbo PVDF 1:2,000 Anti-mouse; 

1:10,000 Immobilon 

Nitro-
cysteine 

TGX 
Precast 

22 min at 
240V 

6 min 
turbo PVDF 1:2,000 Anti-mouse; 

1:10,000 Immobilon 

 

3.8 Calpain Assay 

 A commercialized calpain assay (QIA120; Millipore Sigma) was used in order to 

determine calpain activity in the gastrocnemius. Tissue was freshly homogenized in RIPA 

lysis buffer (632424; Millipore Sigma) at a 1:20 ratio. Using the kit, 50 µl of sample was 

placed in duplicate in either 100 µl of activator buffer (with 1 µl of reducing agent) or 100 

µl of inhibitor buffer in a 96-well plate. Then, 50 µl of diluted substrate was added in the 
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dark into each well and the plate was incubated for 15 minutes. The plate was then 

measured for 10 minutes as a kinetic plate at an excitation of 370 nm and emission of 450 

nm to determine the rate of calpain activity normalized to total protein.  

 
3.9 Statistical Analysis 

 A two-way ANOVA was used to test the main effects of genotype (mdx) and strain 

(C57 or D2) and their potential interaction for most analyses. Post-hoc testing was 

completed using Sidak multiple comparison testing.  A Student’s t-test was also used to 

compare cage ambulation data. Statistical tests were conducted using GraphPad Prism 8 

Software (San Diego, USA). All values are presented as means ± standard error. 

Statistical significance is set to p ≤ 0.05. 
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Chapter 4: Results 

 
4.1 Differences in Muscle and Body Mass 

 Body and gastrocnemius muscle mass were recorded at 10 weeks of age (Figure 

1). For body mass, a significant main effect of mdx and strain were found, along with a 

significant interaction between mdx and strain (Figure 4.1A). Sidak’s post-hoc analyses 

revealed that while C57 WT and C57 mdx had similar body mass, the D2 mdx mice 

weighed significantly less than the D2 WT mice (p < 0.0001, Figure 1A).  A significant 

main effect of strain was also detected for gastrocnemius muscle mass, however, there 

was no effect of mdx nor was there an interaction when expressed in absolute and relative 

(to body mass) terms (Figure 1 B and C).  

 

Figure 4.1: Body and muscle mass are dependent on genetic background. A) Body weight, 
B) gastrocnemius weight, C) gastrocnemius mass:body mass ratio (mg:g). Values are represented 
as mean ± SEM. A two-way ANOVA was used for all comparisons, n=12 per group. **** p < 0.0001 
with a Sidak’s post hoc test. 

C57 D2
0

50

100

150

200

G
as

tr
oc

ne
m

iu
s 

M
as

s 
(m

g)

B

strain, p < 0.0001 WT

mdx

C57 D2
0

10

20

30

B
od

y 
M

as
s 

(g
)

A
strain, p < 0.0001
mdx, p < 0.0001
mdx x strain, p < 0.0001

✱✱✱✱

C57 D2
0

2

4

6

G
as

tr
oc

ne
m

iu
s:

B
od

y 
M

as
s 

R
at

io
 (m

g:
g)

C

strain, p = 0.0025



 31 

4.2 Cage activity and metabolic caging 

 Water intake, food intake, cage activity, energy expenditure and respiratory 

exchange ratio (RER) were measured over a 48-hour period. Light and dark cycles (12-

hours each) were analyzed along with a daily 24-hour period. Two-way ANOVA of water 

intake revealed that there was a significant main effect of background strain (D2 vs. C57) 

in the light cycle and daily 24-hour period (Figure 4.2 A and C). We did not detect a main 

effect of mdx genotype or an interaction between strain and mdx genotype across any 

time period (Fig. 4.2 A-C).  

 

Figure 4.2: Water Intake. Water intake was measured in A) light (12-hr), and B) dark cycles (12-
hr), as well as during a C) daily 24-hour period. Values are represented as mean ± SEM. Main 
effects expressed in bars over the graph. A two-way ANOVA was used for all comparisons, n=5-6 
per group. 
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Food intake was analyzed in a similar fashion. Two-way ANOVA analysis of food 

intake revealed a significant main effect of background strain in the light, dark, and daily 

time periods (Figure 4.3 A-C).  A significant main effect of mdx was found in the dark and 

daily time periods (Figure 4.3 B and C). A significant interaction between mdx and 

background strain was detected in the dark period, with post-hoc analyses showing that 

only the D2 mdx mice had significantly reduced food intake vs their respective WT.  

 

Figure 4.3: Food Intake. Food intake was measured in A) light (12-hr), and B) dark cycles (12-hr), 
as well as during a C) daily 24-hour period. Values are represented as mean ± SEM. Main effects 
expressed in bars over the graph. A two-way ANOVA was used for all comparisons, n=5-6 per 
group. **p < 0.01 with a Sidak’s post hoc test.  
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Cage ambulation quantified the amount of physical movement (in meters travelled) 

the mice had while housed in the metabolic cages not including fine movements like 

grooming. Two-way ANOVA revealed a significant main effect of strain throughout the 

light, dark and daily periods showing that D2 mice were less ambulant in their cages 

compared with C57 mice, irrespective of the WT or mdx genotype (Figure 4.4 A-C). There 

was no main effect of mdx or interaction between mdx genotype and background strain 

detected. However, it is important to note that since the main effect of strain was so 

prominent, accounting for 40-60% of total variation in the data, detecting a main effect of 

mdx or an interaction would be difficult. Indeed, a Student’s t-test showed that D2 mdx 

mice are less ambulant in their cages compared with D2 WT mice across the light (p = 

0.04), dark (p = 0.004), and daily 24-hour (p = 0.06) time periods. However, this was not 

observed when comparing C57 mdx and C57 WT mice (p = 0.65 – 0.95). 
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Figure 4.4: Cage Ambulation. Cage ambulation was measured in A) light (12-hr), and B) dark 
cycles (12-hr), as well as during a C) daily 24-hour period. Values are represented as mean ± SEM. 
Main effects expressed in bars over the graph. A two-way ANOVA was used for all comparisons, 
n=5-6 per group. 
 

Energy Expenditure 

 Using indirect calorimetry and the Weir equation, energy expenditure was 

measured then normalized to body mass           (kg). Two-way ANOVA analysis showed 

a significant interaction between the mdx genotype and background strain in all time 

periods (Figure 4.5 A-C). Sidak post-hoc analysis showed that D2 mdx mice had 

significantly greater energy expenditure compared to D2 WT mice whereas there were no 

differences between C57 mdx and C57 WT mice (Figure 4.5 A-C).  
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Figure 4.5: Energy Expenditure. Relative energy expenditure was measured in A) light (12-hr), 
and B) dark cycles (12-hr), as well as during a C) daily 24-hour period. Values are represented as 
mean ± SEM. Main effects expressed in bars over the graph. A two-way ANOVA was used for all 
comparisons, n=5-6 per group. ***p < 0.001, ****p < 0.0001 with a Sidak’s post hoc test.  
 

Respiratory Exchange Ratio 

 Respiratory exchange ratio (RER) was calculated as VCO2  expelled over VO2 

consumed. Two-way ANOVA analysis showed interaction effects between mdx and strain 

in the dark and daily time periods with no effects observed during the light cycle (Figure 

4.6 A-C).  
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Figure 4.6: Respiratory Exchange Ratio. Respiratory exchange ratio was measured in A) light 
(12-hr), and B) dark cycles (12-hr), as well as during a C) daily 24-hour period. Values are 
represented as mean ± SEM. Main effects expressed in bars over the graph. A two-way ANOVA 
was used for all comparisons, n=5-6 per group. 
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4.2 SR Calcium Uptake and Leak 

PTI 2 mL cuvette assay 

 SERCA-mediated Ca2+ uptake and leak were measured in gastrocnemius 

homogenates in a 2 mL cuvette assay using the membrane-impermeable Ca2+ 

fluorometric dye, Indo-1 (Figure. 4.7 and 4.8). When the samples are given ATP, SERCA 

uses this energy to catalyze Ca2+ transport into the SR, causing dissociation from Indo-1 

in the cytoplasm and dropping [Ca2+]free over time (Figure 4.7A). While this can be seen 

occurring similarly in the C57 WT, D2 WT and C57 mdx samples, the D2 mdx samples 

start at a higher [Ca2+]free and are less able to drop [Ca2+]free over time (Figure 4.7A). In 

statistical support of this, two-way ANOVA analyses of the area under the curve (AUC) 

revealed a significant interaction effect between background strain and mdx genotype, 

with a Sidak’s post-hoc test showing a significant increase in AUC in the D2 mdx 

gastrocnemius compared to the D2 WT (Figure 4.7B). Similarly, analyses of starting 

[Ca2+]free revealed a trending (p = 0.06) interaction between background strain and mdx 

genotype, where the D2 mdx muscles appear to have a higher starting [Ca2+]free compared 

with WT (Figure 4.7C). As AUC, is inherently affected by the starting [Ca2+]free, data was 

then made relative to starting [Ca2+]free  (Figure 4.7D). Despite this normalization, uptake 

was still visibly impaired in the D2 mdx gastrocnemius muscles. Further, relative AUC 

analyses revealed a significant interaction between mdx genotype and background strain, 

with a Sidak’s post-hoc test showing a significantly greater AUC in D2 mdx samples 

compared to D2 WT sample, and yet no differences in C57 mdx and C57 WT mice (Figure. 

4.7E). 

 



 38 

Figure 4.7: Gastrocnemius Ca2+ uptake assay (2mL cuvette). A) Ca2+ tracing of absolute uptake 
in gastrocnemius homogenates. B) Area under the curve of absolute Ca2+ uptake. C) Starting Ca2+ 
levels immediately after ATP addition. D) Calcium tracing of uptake relative to starting calcium. E) 
Area under the curve of relative Ca2+ uptake. Values are represented as mean ± SEM. Interaction 
and main effects expressed in bars over the graph. Significance is indicated by *p < 0.05, **p < 
0.01, ***p < 0.001, with a two-way ANOVA along with a Sidak’s post hoc test, n =5-6 per group. 
 

 After allowing SERCA Ca2+ uptake to plateau, SR Ca2+ leak was initiated with the 

addition of CPA, which inhibits the SERCA pump. Upon CPA addition, [Ca2+]free rises as 

Ca2+ is released back into the cytoplasm (Figure 4.8). There was a similar leak 

pattern/trace between C57 WT, D2 WT and C57 mdx samples, however, SR Ca2+ leak 

was dramatically lower in the D2 mdx gastrocnemius samples (Figure 4.8 A).  AUC 

analyses via Two-way ANOVA revealed a trending interaction between background strain 

and the mdx genotype (p = 0.06), where the D2 mdx mice appeared to have less Ca2+ 

leak (lower AUC) compared with WT.  
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Figure 4.8: Gastrocnemius Ca2+ leak (2 mL cuvette). SR Ca2+ leak was measured after reaching 
the plateau of Ca2+ uptake in gastrocnemius homogenates. A) Depicts the change in [Ca2+]free 
relative to starting [Ca2+] prior to the addition of cyclopiazonic acid (CPA). The addition of CPA 
inhibits the SERCA pump allowing for SR Ca2+ to be released back into the cytosol.  B) Area under 
the curve analysis. Values are represented as mean ± SEM. For B) a two-way ANOVA was used.  
 
 
Molecular Devices 96-well plate reader assay 

 While this thesis was underway, the Ca2+ uptake assay was fitted onto a 96-well 

plate to circumvent technical and analytical limitations associated with the 2 mL cuvette 

assay (see discussion). Thus, in a separate set of 6 mice per group, Ca2+ uptake and leak 

experiments were repeated. Figure 4.9 reveals similar results of Ca2+ uptake with an 

obvious impairment in D2 mdx gastrocnemius samples and higher starting Ca2+ 

concentration (Figure 4.9 A and B). AUC analyses also produced similar findings, with a 

significant main effect of mdx genotype and a significant interaction between background 

strain and mdx genotype (Figure 4.9 C). A Sidak’s post-hoc analyses revealed that only 

the D2 mdx muscles had significantly higher AUC, demonstrating impaired Ca2+ uptake 

compared with D2 WT (Figure 4.9 C). Furthermore, even after expressing the data relative 

to starting [Ca2+]free to account for the differences observed in Figure 4.9B, a significant 

interaction between mdx genotype and background strain was observed indicating that 

the D2 mdx mice had greater AUC compared with D2 WT and thus less Ca2+ uptake 

(Figure 4.9 C and D). 
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Figure 4.9: Gastrocnemius Ca2+ uptake (96-well plate reader assay). A) Calcium tracing of 
absolute uptake in gastrocnemius homogenates. B) Starting [Ca2+]free levels immediately after ATP 
addition. C) Area under the curve of absolute Ca2+ uptake. D) Calcium tracing of uptake relative to 
starting Ca2+. E) Area under the curve of relative Ca2+ uptake. Values are represented as mean ± 
SEM. Interaction and main effects expressed in bars over the graph. Significance is indicated by 
*p < 0.05, **p < 0.01, ***p < 0.001, with a two-way ANOVA along with a Sidak’s post hoc test, n =5-
6 per group. 
 
 
 Once Ca2+ uptake reached its plateau, SR Ca2+ leak was initiated by adding CPA 

to each well (Figure 4.10). The Ca2+ leak traces showed that the D2 WT gastrocnemius 

samples had the highest amount of SR Ca2+ leak, followed by C57 WT, C57 mdx and D2 

mdx (highest to lowest) (Figure 4.10 A). AUC analyses via Two-way ANOVA revealed a 

significant main effect of background strain, mdx genotype, and their interaction, with a 

Sidak’s post-hoc test showing that the D2 mdx leak was significantly lower compared with 

D2 WT, with no differences in the C57 mice (Figure 4.10 B).  
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Figure 4.10: Gastrocnemius Ca2+ leak (96-well plate reader assay). SR Ca2+ leak was measured 
in gastrocnemius homogenates after reaching the plateau of Ca2+ uptake. A) Depicts the change 
in [Ca2+]free relative to starting [Ca2+] prior to the addition of cyclopiazonic acid (CPA). The addition 
of CPA inhibits the SERCA pump allowing for SR Ca2+ to be released back into the cytosol.  B) 
Area under the curve analysis. Values are represented as mean ± SEM. For B) a two-way ANOVA 
was used along with a Sidak’s post hoc test, ***p < 0.01, n =5-6 per group.  
 

4.3 SERCA Activity 
 

In addition, to Ca2+ uptake and leak, maximal and sub-maximal rates of SERCA 

ATP hydrolysis were measured using a Ca2+-dependent enzyme-linked 

spectrophotometric assay. Two-way ANOVA analysis of SERCA activity in the D2 WT and 

D2 mdx gastrocnemius muscles revealed a significant main effect of pCa, highlighting the 

Ca2+ dependency of this assay, with SERCA activity increasing with elevated [Ca2+] (lower 

pCa) (Figure 4.11 A). A significant main effect of mdx genotype was also observed 

suggesting lower submaximal and maximal SERCA activity in the D2 mdx gastrocnemius 

compared with D2 WT (Figure 4.11 B). When analyzing the C57 WT and C57 mdx data, 

we found a significant main effect of pCa and genotype (Figure 4.11 B), which was 

indicative of elevated SERCA ATP hydrolysis rates in the C57 mdx compared with C57 

WT.  
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Figure 4.11: SERCA ATPase activity in gastrocnemius muscle. A) & B) SERCA ATP hydrolysis 
activity over varying Ca2+ concentrations in the D2 and C57 strains, respectively. Values are 
represented as mean ± SEM. A two-way ANOVA was used along with a Sidak’s post hoc test * p 
< 0.05, n=6 per group. 
 
 
4.4 Western Blot Analyses 

In figures 4.12 and 4.13, protein contents of SR leak-related proteins were semi-

quantified via western blotting in the gastrocnemius muscle. Figure 4.12 shows the total 

protein contents of SERCA isoforms 1a and 2a in the gastrocnemius. Two-way ANOVA 

analyses of SERCA1a content revealed a main effect of mdx genotype (Figure 4.12 A). 

Similarly, SERCA2a analyses revealed a significacnt main effect of mdx genotype, along 

with a significant main effect of background strain and a significant interaction between 

the two (Figure 4.12 B). A Sidak’s post-hoc test revealed a significantly higher SERCA2a 

content in the D2 mdx samples compared to D2-WT, while this effect was not apparent in 

the C57 counterparts (Figure 4.12 B). 
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Figure 4.12: Total Protein Content of SERCA1a and SERCA2a in Gastrocnemius Muscles. 
SERCA1a (A), SERCA2a (B) and SLN (C) content was quantified (normalized to total protein) and 
expressed as arbitrary units (AU). Values are represented as mean ± SEM. A two-way ANOVA 
was used with a Sidak’s post-hoc test (A & B), or Students’ t-test (C) *p < 0.05, **p < 0.01 mdx vs 
WT per genetic strain, n= 6.  
 
 

Two-way ANOVA of total RyR1 revealed main effects of mdx and strain (trending), 

while no significant differences were seen in calstabin content between mice (Figure 4.13 

A and B). However, when calstabin content was expressed as a ratio with RyR1 content, 

a significant interaction between mdx and background strain was observed, with Sidak’s 

post-hoc test showing greater calstabin: RyR1 ratio in the D2 mdx gastrocnemius 

compared to the D2 WT (p < 0.0001), while this difference did not exist in the C57 

counterparts (Figure 4.12 C). 
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Figure 4.12: Total protein content of RyR1 and calstabin1 in gastrocnemius muscle. RyR1 
(A) and calstabin (B) content was quantified (normalized to total protein) and expressed as arbitrary 
units (AU). C) Ratio of castabin1 over RyR1 content in gastrocnemius. Values are represented as 
mean ± SEM. A two-way ANOVA was used with a Sidak’s post-hoc test, ****p < 0.0001 mdx vs WT 
per genetic strain, n= 6.  
 

 Figure 4.13 shows analysis of total protein tyrosine nitration and cysteine 

nitrosylation in the gastrocnemius. Two-way ANOVA analysis of nitrotyrosine and 

nitrocysteine both revealed significant main effects of mdx, background strain, and their 

interaction, albeit the interaction was only trending for nitrocysteine (Figure 4.13 A and B). 

Sidak post-hoc test showed that D2 mdx had significantly greater protein nitration and 

nitrosylation compared with D2 WT samples (tyrosine, p = 0.0007; cysteine, p = 0.007), 

whereas no differences were found in the C57 counterparts. 
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Figure 4.13: Total Nitration Content in Gastrocnemius Muscles. Protein nitrotyrosine (A) and 
protein nitrocysteine (B) content was quantified (normalized to total protein) and expressed as 
arbitrary units (AU). Values are represented as mean ± SEM. A two-way ANOVA was used with a 
Sidak’s post-hoc test, **p < 0.01 and ***p < 0.001 mdx vs WT per genetic strain, n= 6.  
 
 
4.5 Calcium Uptake in Reducing Conditions 

 The results presented in Figure 4.13 show that the D2 mdx mice have greater 

levels of RONS-mediated protein modifications. As these were measured in reducing 

conditions (i.e., standard SDS-PAGE) these effects are likely reflective of irreversible post-

translational modifications. In support of this irreversible and damaging post-translational 

modification, D2 mdx gastrocnemius homogenates were treated with DTT, a potent 

reducing agent, prior to loading onto a 96-well Ca2+ uptake assay; however, DTT treatment 

did not restore Ca2+ uptake (Figure 4.14). 
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Figure 4.13: Ca2+ uptake non- and DTT treated of D2 mdx gastrocnemius homogenates. SR 
Ca2+ uptake in the D2 mdx gastrocnemius and D2 mdx treated with 10mM DTT.  
 

4.6 Calpain Activity 

 A calpain activity assay was used to measure the activity of Ca2+-activated cysteine 

proteases, which contribute to myofibril degradation and necrosis. Two-way ANOVA 

analysis found a main effect of mdx and strain (Figure 4.14). Planned comparisons also 

revealed a significant difference in calpain activity in D2 mdx vs C57 mdx mice (p = 0.0006, 

Student’s t-test). 

Figure 4.14: Calpain activity in the gastrocnemius homogenates. Calpain activity was 
measured over a 10-minute period to determine rate of activity. Values are represented as mean ± 
SEM. a two-way ANOVA was used and main effects expressed in bars over the graph.  
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Chapter 5: Discussion 
The purpose of this study was to characterize SR Ca2+ handling in the C57 mdx 

and D2 mdx mice, hypothesizing that Ca2+ handling would be worse off in comparison in 

the D2 mdx mouse. The further decrements in Ca2+ handling in the D2 mdx mouse would 

likely be due to the more severe pathology displayed, which occurs at a much earlier age. 

In this study we sought to confirm the earlier onset of pathology in the D2 mdx mice 

compared with C57 mdx mice prior to examining SR Ca2+ handling in the gastrocnemius 

muscle. Notably, this is the first study to compare SR Ca2+ uptake and leak, in any 

muscular tissue in the C57 and D2 mdx mice. 

Consistent with previous studies [101,102,105], the D2 mdx mice in the current 

study displayed smaller body mass and muscle mass; however, these differences appear 

to be strain specific differences between the C57 and D2 backgrounds, irrespective of the 

mdx genotype. The smaller body mass coincides with reductions in food and water intake 

in the D2 mdx mice, yet still an increase in total daily energy expenditure – highlighting a 

hypermetabolic state or potential net negative state. With the use of Promethion metabolic 

cages, we also examined daily cage activity as a marker of muscle weakness. We 

observed a strong main effect of background strain – where both D2 WT and D2 mdx mice 

were less ambulant in their cages. This strain main effect accounted for 40-60% of the 

variation in the two-way ANOVA test, likely reducing statistical power of detecting a 

significant interaction. Nevertheless, our planned comparisons with independent t-tests 

revealed that D2 mdx mice were less ambulant in their cages compared to D2 WT mice 

across all time periods analyzed, however this was not observed in C57 mice. Altogether, 

this suggests that at this age (10-12 weeks) only the D2 mdx mice are weaker than their 

WT counterparts. This result is consistent with previous reports showing a more severe 

dystrophic pathology in D2 mdx mice occurring at an early age [102,105].  
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The lower ambulation observed with the DBA/2J background may also be 

perpetuating the DMD phenotype in the D2 mdx mice as we know that low intensity 

exercise can combat the DMD phenotype through the activation of multiple pathways, 

including the calcineurin and AMP-activated protein kinase (AMPK) pathways, which 

enhance the oxidative gene programming [114]. Elevation of intracellular Ca2+ causes 

calcineurin to dephosphorylate transcription factor nuclear factor of activated T cells 

(NFAT) to active it and control the expression of multiple genes [115]. AMPK is known to 

enhance oxidative properties in muscle through the activation of nuclear respiratory factor-

1 (NRF1), promoting mitochondrial biogenesis [116]. The promotion of the slow oxidative 

phenotype is a well-known mitigator of dystrophic pathology as it increases PGC-1a and 

utrophin content in the mdx mouse [117–119]. This is interesting, since additional 

measures of RER with the Promethion metabolic cages revealed a cross-over interaction 

effect, where C57 mdx mice had a lower RER compared to C57 WT, while D2 mdx had a 

higher RER compared to D2 WT. A lower RER correlates to a greater substrate utilization 

of fats or proteins as a source of energy, while a higher ratio correlates to carbohydrates 

as a source [120]. However, the shift towards glycolytic metabolism may be less indicative 

of a fibre type change and may be more reflective of substrate availability. That is, the 

higher reliance on carbohydrates for energy would likely correspond with large reductions 

in adipose tissue in the D2 mdx mice. In fact, body composition analysis via DXA scanning 

from a separate cohort of mice shows that D2 mdx mice have a drastic reduction in fat 

mass compared with D2 WT mice, outweighing the reduction in lean mass (Appendix C). 

Unfortunately, we obtained the InSiGHT Small Animal DXA scanner after the completion 

of this study, and therefore we do not have any body composition analyses for C57 mdx 

mice. The loss of fat mass may speak to further complications in these mice such as 
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lipodystrophy, contributing to a reduction in ability to store long-term energy sources [121]. 

The hypermetabolic demand we saw in the D2 mdx mice would likely be a partial 

contributor to these results also.	Interestingly, Strakova et al (2018) showed that C57 mdx 

mice also have reduced body fat % and elevated RER [122]. However, this study utilized 

~5-month-old mice, which could explain the discrepancy between the findings presented 

within this thesis. That is, the metabolic effects of dystrophin deletion may be more 

apparent in older C57 mdx mice, which would be consistent with the D2 mdx mice showing 

a more severe phenotype at an earlier onset.  

 To examine SR Ca2+ regulation, a Ca2+ uptake and leak assay was performed. The 

assay was conducted twice with two separate cohorts of n=6 per group. The first set was 

run using a 2 mL cuvette assay, the second using a 100 µl 96-well fitted assay. The 2 mL 

assay has been the long-standing Ca2+ uptake and leak experiment used in our lab and 

other labs (Professor Russell Tupling, University of Waterloo). This assay however has 

technical limitations. First, a large amount of required sample, which was ~150 µl of 

homogenate for the gastrocnemius data, negated the possibility of running samples in 

duplicate or triplicate. Aged Microsoft Windows software (Windows 95) led to time 

consuming set-up and frequent software related error codes. The rig used for the assay 

itself was aged and had mechanical issues including the constant deviation of the stir bar, 

issues warming the cuvette to 37ºC which required constant cleaning on the lines and leak 

in the jacket to keep the cuvette warmed to 37ºC. The Ca2+ tracing outputs also had a poor 

signal: noise ratio, making reading/analyzing data difficult. The development of the 96-well 

fitted assay resolved the above issues, allowing us to obtain data/outputs more reliably, 

as well as allowing us to measure in duplicate – giving way to greater precision.  
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Importantly, both assays were completed on two different cohorts, and produced 

very similar results, indicative of a replicable finding of impaired SERCA-mediated Ca2+ 

uptake and SR filling in the D2 mdx mice. Both assays communicate that firstly, the D2 

mdx mice had a high starting myoplasmic Ca2+ level, which indicates impaired SR Ca2+ 

handling and could be reflective of the Ca2+ overload in the D2 mdx model. As muscles 

are homogenized, the internal Ca2+ stores are released and the SERCA pumps must act 

to restore resting levels. Thus, the higher levels of starting myoplasmic Ca2+ in the D2 mdx 

muscles are already indicative of impaired SR Ca2+ handling. Moreover, when the samples 

are provided with ATP, the Ca2+ decay was obviously impaired in the D2 mdx muscles 

from both samples presented in absolute or relative terms. This led to significantly higher 

AUC, suggesting that myoplasmic Ca2+ was higher in the D2 mdx samples throughout the 

uptake protocol, and that SR Ca2+ filling was disrupted. Further evidence of this was found 

when CPA was added to the reaction mixture to inhibit SERCA and to elicit SR Ca2+ leak. 

That is, the D2 mdx mice had the lowest amount of Ca2+ released back into the myoplasm 

with CPA addition. It is important to note that this may not suggest that RyR leak of Ca2+ 

was impaired in the D2 mdx mice. This is because the leak assay inherently relies on the 

amount of SR Ca2+ filling, which we know was severely impaired in the D2 mdx samples. 

However, impaired SR Ca2+ filling can occur through two pathways: 1) a reduction in 

SERCA activity and 2) enhanced leak of Ca2+ through RyR1. Due to a reliance of SR Ca2+ 

filling of our Ca2+ uptake and leak assay, we cannot determine the nature of the leak in 

these samples. If the samples do not have much uptake and/or a large amount of leak, 

the protocol would not show much leak upon the addition of CPA, as the SR does not have 

adequate Ca2+ stored. Therefore, while our assay determined that SERCA uptake is 

impaired, it is still possible SR Ca2+ leak is enhanced. Use of an assay that is less 
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dependent on SR Ca2+ filling should be used to better determine SR Ca2+ leak in D2 mdx 

mice.  

To further compliment the SR Ca2+ uptake and leak results, a SERCA activity 

assay, which measures the rate of ATP hydrolysis, was performed. Results showed a 

main effect indicating that across submaximal and maximal Ca2+ concentrations, SERCA 

activity was significantly reduced in the D2 mdx mice compared to the D2 WT mice. 

Conversely, in the C57 mice, SERCA activity was elevated in the C57 mdx mice compared 

to the C57 WT mice gastrocnemius. When combined with the Ca2+ uptake data, the 

unaltered Ca2+ uptake with elevated ATP hydrolysis in the C57 mdx muscles suggests 

reduced SERCA transport efficiency – requiring more energy to transport Ca2+ into the 

SR. This could be due to the elevation of SLN, which is a known SERCA uncoupler that 

is upregulated in mdx muscles. SLN upregulation in dystrophic muscles coincides with 

disease severity, with its expression being more elevated in the mdx:utr knockout mice 

compared with mdx mice [84]. However, in the present study SLN was found to be 

elevated in both D2 and C57 mdx showing ectopic expression in gastrocnemius muscles, 

however SLN content was higher in the C57 mdx muscle vs D2 mdx muscle. No obvious 

signs of reduced SERCA transport efficiency can be seen in the D2 mdx muscles where 

both uptake and ATP hydrolysis were drastically reduced. Thus, these findings show that 

in 10–12-week-old C57 mdx mice, SLN does not dramatically cause impairments in 

SERCA function. Further, since less SLN was found in the D2 mdx muscles, it cannot 

explain the severe impairments in SERCA function. These findings are consistent with 

another study showing that SLN levels can vary between mouse strains [123], but also 

suggests that SLN may not always follow disease severity. 

To determine the cellular basis behind the impairments in Ca2+ regulation in the 

D2 mdx mouse, additional western blotting was done. Both C57 and D2 mdx mice had an 
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increase in both SERCA isoforms, which may represent a compensatory response to bring 

Ca2+ into the SR during states of high Ca2+ stress. However, a clear upregulation in 

SERCA2a isoform was present in solely the D2 mdx mice, which has been shown in the 

quadriceps of the highly affected mdx/utrophin KO mice [84]. Further, the greater 

increases in SERCA2a, the slow fibre type SERCA isoform, may be more indicative of a 

fast-to-slow twitch muscle fibre compensatory change towards the DMD protective slow 

phenotype. Additionally, RyR1 content was reduced in both C57 and D2 mdx mice 

compared to their respective WTs. D2 WT also has a trending reduction in RyR1 content 

compared to C57 WT. The reduction in RyR1 content in the mdx mice is again reflective 

of a shift towards a slow fibre type. Interestingly, when calstabin - an important regulator 

of RyR channel leak is expressed as a ratio to RyR1, the calstabin: RyR1 ratio is much 

higher in the D2 mdx gastrocnemius. This indicates that there is likely much more calstabin 

binding to RyR1, which would inhibit the ability to leak Ca2+ from the SR, which correlates 

to the leak data in both leak assays. This may also be a compensatory relationship to 

reduce SR Ca2+ leak in a state of Ca2+ dysregulation.  

Thus far, neither SLN, SERCA isoform or RyR examination can explain the 

dramatic reductions in SERCA function observed in the D2 mdx muscles. Quantification 

of total protein adducted nitrocysteine and nitrotyrosine found a much higher amount of 

RONS attached to proteins in the D2 mdx gastrocnemius. This suggests that only the D2 

mdx mice have signs of elevated oxidative/nitrosative stress. Indeed, these RONS are 

known to modify proteins, including SERCA and RyR. For example, if RONS modifications 

change and subsequently impair SERCA’s ATP and Ca2+ binding domains, this can lead 

to muscle damage and weakness [124,125]. When my blots were performed for total 

protein nitration in gastrocnemius, RONS were most prominent at approximately 110 kDa, 

the molecular weight of SERCA. Thus, it is highly likely that RONS may be inducing post-
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translational modifications on the SERCA pumps in D2 mdx mice. Of even more interest, 

these blots were performed in standard SDS-PAGE (i.e., reducing) conditions, which 

would mean that it is likely that any present nitrocysteine or nitrotyrosine represents 

irreversible protein damage. In fact, when D2 mdx gastrocnemius were treated with DTT 

(a potent reducing agent) during the 96-well plate uptake and leak assay, they did not 

exhibit any improvements in SR Ca2+ handling. The presence of high cysteine and tyrosine 

nitration in reducing conditions, coupled with DTT treatment in the D2 mdx mice, indicate 

irreversible RONS modifications and SR Ca2+ handling damage in the gastrocnemius as 

early as 10 weeks of age. This is likely a major contributor to the impairments in SR Ca2+ 

handling in the D2 mdx mouse. 

 When Ca2+ is highly dysregulated in DMD, pathological outcomes perpetuate the 

disease, including increased calpain activation [126]. This study is the first to demonstrate 

that rates of calpain activity are higher in the D2 background compared to C57, irrespective 

of the mdx genotype. Furthermore, planned comparisons between D2 mdx and C57 mdx 

reveals a significant 2.2-fold increase in calpain activity in the former vs the latter (p = 

0.0006 via Student’s t-test). This finding is important and adds mechanistic insight that 

may partly explain the worsened pathology in the D2 mdx mouse. It is interesting that the 

D2 WT mice already had elevated calpain activation compared with C57 WT, and though 

I do not have an exact explanation, this apparent difference in background strain can also 

partially explain why the mdx mice on the DBA/2J background are worse off than mdx 

mice on the C57BL/10 background. One explanation that is not yet well understood, is a 

potential crosstalk between calpain activation and the pro-fibrotic factor TGF-b. A few 

works found that TGF-b1 upregulation in lung fibroblasts and atrial derived myocytes can 

increase calpain activation [127,128]. It is additionally understood that a polymorphism of 
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LTBP4 in D2 WT greatly upregulates TGF-b [129], suggesting that the increased TGF-b 

activity could increase calpain activity in the D2 WT mice. This combined with the 

impairments observed in SERCA function could contribute to elevated calpain in the D2 

mdx mice. 

 Additionally, high intracellular Ca2+ can lead to mitochondrial dysfunction in DMD 

pathology. Elevated myoplasmic Ca2+ can increase intake of Ca2+ into the mitochondria 

which eventually leads to the opening of the mitochondrial permeability transition pore 

(mPTP), then swelling and bursting of the mitochondria, excessive H2O2 emission into the 

myoplasm, and subsequent calpain activation [130]. A recent study by Hughes and 

colleagues indeed found that D2 mdx mice have a greater number of swollen 

mitochondria, increased susceptibility to mPTP opening in the quadriceps and excessive 

H2O2 emission [131]. This could be contributing to the increased RONS released into the 

muscle and subsequent SR Ca2+ handling dysfunction. 

In addition to calpain activation, SR Ca2+ dysregulation in the D2 mdx muscles may 

be a contributing factor to the elevated daily energy expenditure seen in the metabolic 

caging data. Considering the large reductions in cage ambulation, a high demand on Ca2+ 

regulation may contribute to the heightened energy expenditure in the D2 mdx mice. It is 

presumed that SERCA would be consuming a large amount of energy to try and limit 

myoplasmic Ca2+ levels in the D2 mdx muscles. SLN is a known mediator of muscle-based 

thermogenesis, and its overexpression has been linked to elevated daily energy 

expenditure, however, SLN was more elevated in C57 mdx muscles and only the D2 mdx 

mice had elevated daily energy expenditure. This high energetic demand could be due to 

the increased muscle wasting in the D2 mdx mice. Calpain is known to activate both 

apoptotic and necrotic events [132]. Apoptosis is known to be an active programmed 

process requiring energy, while the necrotic pathways are debated as active or passive 
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processes [133,134]. The ubiquitin-proteasome system acts to selectively degrade 

intracellular proteins and requires energy use through ATP hydrolysis [135]. The 

proteasome system and calpain system are also known to interact where increased 

calpain activity can increase proteasome-dependent proteolysis [136], which could add to 

energy expenditure in the D2 mdx mice. 

In contrast to our energy expenditure results, a previous study in ~ 5-month-old 

C57 mdx and WT mice, where Strakova et al., (2018) found that although there are no 

significant differences in cage activity between C57 mdx and WT mice, the mdx phenotype 

results in significantly greater energy expenditure (normalized to bodyweight). These 

differences may be due to age differences between Strakova’s study and ours. Another 

study found that at 8 weeks of age, mdx/utrophin double knock out mice have lower activity 

levels relative to oxygen consumption [137], which supports that some metabolic 

differences can occur at younger ages in more severe mdx models. Additionally, C57 mdx 

mice at 5 months of age are less able to maintain core temperature [138,139] which may 

contribute to an increase in non-shivering thermogenesis via futile Ca2+ cycling to maintain 

body temperature [140]. The hypermetabolic phenotype in slightly older C57 mdx mice 

likely occurs from this response to maintain body temperature in the cold. It would be of 

interest to determine whether D2 mdx mice are unable to maintain core temperature at 

the age used in this present study. 

 

Strengths and Limitations 
 

A strength of the study design is the comparison of both mdx models against their 

strain WT. This accounts for potential, and in our case, actual differences in strain that 

decrease the ability to directly compare the mdx models. Additionally, the age of the mice 

we used was a strength to determine the severity of Ca2+ dysfunction at a young age, 
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which would be a more reflective age of boys affected with DMD. As we can validate and 

replicate our uptake measures on a separate set of samples with the use of two different 

pieces of equipment strengthens our findings and highlights reproducibility. We were also 

able to determine that increased Ca2+ dysfunction was leading to pathologic Ca2+ 

pathways by determining calpain activation in our samples, and potentially alterations in 

energy expenditure. 

Our study design did encounter limitations, which will be addressed in this section. 

A large change that had to be made during the study’s course was the skeletal muscle 

tissue that was collected. Originally, we intended to collect the EDL to conduct these 

experiments, as it is a well-studied muscle in mdx experiments and demonstrates 

decrements in function in previous D2 mdx studies [102,105]. However, we had to switch 

our focus to the gastrocnemius muscle as our original uptake and leak assay required a 

large amount of tissue, and the EDLs of D2 mdx mice did not provide enough sample. 

However, the gastrocnemius proved to be an excellent substitute – it had great 

responsiveness in our assays, but more importantly, is a highly affected skeletal muscle 

in DMD [141,142], and had already been shown to be highly affected in the D2 mdx mouse 

[105,131]. Nevertheless, other muscles such as the diaphragm and cardiac muscle should 

be analyzed, especially considering the fact that most patients with DMD succumb to 

cardiorespiratory failure. 

 While our total protein analyses indicate elevated oxidative/nitrosative stress in the 

D2 mdx muscles, co-immunoprecipitation experiments with SERCA and RyR to determine 

direct protein RONS modifications would strengthen our conclusions. Furthermore, other 

SERCA regulators such as phospholamban and neuronatin – a novel SERCA regulator 

we have identified in skeletal muscle (Braun et al., 2021 [under review]) could provide 

further insight on SR Ca2+ handling in the D2 mdx mice. Although there is significant 
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evidence of the involvement of SERCA, RyR and RONS modifications in Ca2+-related 

pathology in the mdx mouse, it is possible that other SR proteins or sarcolemmal channels 

may be influencing Ca2+ dysregulation. This could include DHPR, calsequestrin and store 

operated Ca2+ entry channels [143–145]. This is not an extensive list, nevertheless these 

factors among others should be considered in further Ca2+ handling characterization of the 

D2 mdx mouse. 

 
 
Future Directions 
 

This is the first study demonstrating that Ca2+ regulation, specifically at the level of 

the SERCA pump, is worsened in D2 mdx mice – the more phenotypical murine model of 

DMD. This knowledge leads into a critical question: will the improvement of SERCA 

function improve D2 mdx pathology? Previous work in other mdx models suggest that this 

could be true as displayed in the C57 mdx model. The overexpression of SERCA has 

demonstrated alleviation of DMD pathology in mdx and Sgcb-/- mice [85,87]. Relatable to 

our current study’s findings, HSP72 can protect SERCA from oxidative stress. 

Pharmacological and genetic induction of HSP72 has been shown to mitigate dystrophic 

pathology in the C57 mdx and the mdx:utr knockout mice [88]. However, the improvement 

of SERCA function in previous studies have not always led to the improvement of mdx 

pathology. When Fajardo and colleagues genetically deleted SLN in the C57 mdx mice, 

SERCA function was slightly improved, but dystrophic pathology was actually worsened 

[95].This was due to an impairment in calcineurin activation, since SLN is also a well-

known activator of calcineurin. Thus, in the absence of SLN, mdx mice had less utrophin 

and a smaller proportion of oxidative fibres. This is in contrast with other studies who have 

showed that SLN deletion improved maximal SERCA activity and uptake and mitigated 

dystrophic pathology [93], and another study that showed that SLN deletion had no effect 
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in mdx mice [146]. Though the reasons for this are unclear, it is speculated that SLN-

inhibition of SERCA may operate in hormesis, and in the context of DMD, some inhibition 

of SERCA via SLN would be beneficial as it would stimulate calcineurin signalling. 

Furthermore, SLN would also be able to protect the SERCA pumps from 

oxidative/nitrosative stress, by physically binding to the SERCA and preventing oxidant 

damage [147]. However, too much SLN can lead to drastic impairments in SERCA 

function, perpetuating calcium dysregulation and dystrophic pathology. Considering the 

results from this thesis, it appears that SLN does not contribute to the worsened Ca2+ 

handling or disease severity in the D2 mdx muscles, since SLN was more upregulated in 

the C57 mdx muscles. Thus, future studies improving SERCA function in D2 mdx mice 

may need to look at alternative methods, outside of SLN alterations, to determine whether 

improving SERCA function can alleviate the disease. 

A potential target of interest for intervention is the enzyme glycogen synthase 

kinase 3 (GSK3). Our lab group and others have demonstrated that GSK3 is a regulator 

of SERCA function as it can increase SERCA2 and HSP72 content [148,149]. A 

pharmacological inhibitor of GSK3, called tideglusib, is currently being tested in our lab 

with promising results of improved muscle function and reduced serum creatine kinase 

release. Tideglusib exerts its effect by irreversibly inhibiting GSK3, and is already in clinical 

trials for another distinct form of muscular dystrophy – called myotonic dystrophy type 1 

[150–152]. Future studies should examine its effect on SR Ca2+ handling in cardiac and 

skeletal muscle. Aside from tideglusib or other GSK3 binding drugs could be explored, 

including lithium, a long-standing therapeutic used clinically which has also shown promise 

in SERCA content upregulation [149]. Finally, to fully determine the therapeutics role of 

GSK3 inhibition, muscle specific GSK3 deletion in the D2 mdx mouse could be explored.  
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Another study of importance would be a time-course study determining SR Ca2+ 

handling dysfunction in the D2 mdx mice through age. This would be important to conduct 

at earlier ages, up until the time-point of this study (10 weeks of age) to determine an ideal 

age of potential intervention in the D2 mdx mice before irreversible damage to muscle 

occurs. As other studies show distinct muscle damage in the D2 mdx mice by 8 weeks of 

age [102], early treatment is of great importance. The median age of DMD diagnosis in 

humans is approximately 5 years of age [153], which can be related to roughly 3-4 weeks 

of age in mice [154], making this an ideal age of intervention.  

In conclusion, this study contributes novel knowledge of the SR Ca2+ handling 

phenotype in D2 mdx mice and future studies aimed at improving Ca2+ regulation in these 

mice may better inform on potential therapeutic strategies for patients living with DMD.   

 

 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 60 

Chapter 6: Appendix 
 
Appendix A 
 
This AUP has been amended to include D2 mdx experiments.
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Appendix B 

 Co-immunoprecipitation (Co-IP) was conducted to examine SERCA1a/SERCA2a 

and RyR1 nitrosylation and nitration in gastrocnemius muscle. Calstabin binding to RyR1 

was also measured. RyR1 and SERCA (1a and 2a) antibodies (5 µg) were conjugated to 

protein G magnetic beads (50 µg) (Surebeads #161-4023, BioRad). The antibody-protein 

G complex was then incubated with muscle homogenate (75 µg) for an hour at room 

temperature. SERCA1a/SERCA2a and RyR1 proteins and interacting proteins were then 

eluted using non-reducing (nitrosylation and nitration) 1x Laemmli buffer at 70℃ for 10 

minutes. western blotting (as described above) was then used to quantify levels of 

nitrosylation and nitration in the eluent of SERCA1a/SERCA2a and RyR1. All nitrosylation, 

nitration and calstabin levels were then normalized to the amount of respective protein of 

interest in the eluent after western blotting. 

 

Table 3.2: Western Blotting Conditions for Co-IP Experiments 

 Membrane 
Running 
Conditi-

ons 

Transfer 
Conditi-

ons 
Membrane Primary 

Dilution 
Secondary 

Type & 
Dilution 

Chemilum
ine-scent 
Substrate 

SERCA1
a/2a 

TGX 
Precast 

22 min at 
240V 

6 min 
turbo PVDF 1:20,000 Anti-mouse; 

1:20,000 Immobilon 

RyR1 TGX 
Precast 

45 min at 
240V 

6 min 
turbo PVDF 1:1,000 Anti-mouse Immobilon 

Calstabi
n1 

TGX 
Precast 

22 min at 
240V 

6 min 
turbo PVDF 1:5,000 Anti-rabbit Femto 

West 
Tyrosine: 

SERCA 
TGX 

Precast 
22 min at 

240V 
6 min 
turbo PVDF 1:2,000 Anti-mouse Immobilon 

Cysteine: 
SERCA  

TGX 
Precast 

22 min at 
240V 

6 min 
turbo PVDF 1:2,000 Anti-mouse Immobilon 
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Appendix C 
 

Figure 1 (Appendix C): Body Compositions of D2 WT and D2 mdx mice. A) demonstrates 
differences in body mass in grams. B) Lean mass in grams. C) Fat mass in grams. D) Percent of 
fat mass. E) Percent of lean mass. F) Bone mineral density (mg/cm2). G) Bone mineral content 
(mg). A Students’ t-test was used for all comparisons. 
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