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Abstract 

Myotonic dystrophy type 1 (DM1) is the most prevalent form of adult-onset muscular dystrophy 

and arises from a CTG trinucleotide repeat expansion mutation in the dystrophia myotonica protein 

kinase (DMPK) gene. Mutant DMPK mRNAs accumulate as nuclear foci and cause disruptions in 

pre-mRNA processing via a toxic gain-of-function mechanism that involves the misregulation of 

key RNA-binding proteins, such as muscleblind-like splicing regulator 1 (MBNL1). These 

misregulations result in perturbations in pre-mRNA alternative splicing, amongst other cellular 

processes, which promote skeletal muscle impairments and give rise to several clinical features of 

DM1 including weakness, wasting, and myotonia. To date, there is no cure for DM1. 

AMP-activated protein kinase (AMPK) signaling is a key regulator of skeletal muscle 

plasticity that was initially revealed by the Jasmin Laboratory to be impaired in a mouse model of 

DM1. Our lab also demonstrated that potent AMPK activators, AICAR and exercise, improve the 

disease phenotype in DM1 mouse skeletal muscles. Here, we examined the combinatorial impact 

of these AMPK agonists on the DM1 skeletal muscle phenotype. Our findings revealed that, in 

combination, 4 weeks of swimming exercise and AICAR treatment additively mitigate the nuclear 

accumulation of toxic RNA foci and promote muscle fiber hypertrophy in the skeletal muscles of 

female DM1 mice. These combinatorial effects were accompanied by a concomitant reduction in 

both the misregulation of MBNL1 and aberrant alternative splicing of key pre-mRNA targets. 

Altogether, these results highlight the therapeutic potential of combining AMPK-based 

interventions for the treatment of DM1.
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Chapter 1: General Introduction 

1.1 Muscular Dystrophy 

Muscular dystrophy refers to a group of inherited disorders that adversely impact skeletal 

muscle, the largest organ in the human body, to various extents and with diverse consequences. 

These conditions are caused by mutations in genes that are generally associated with the structure 

and function of skeletal muscle but may also influence these aspects in other tissues (2). The main 

symptoms of muscular dystrophy include muscle weakness and movement-related impairments 

that can progress over time and, in some cases, preferentially affect specific types of skeletal 

muscles (2). Given the essential roles of skeletal muscle in producing locomotion, regulating 

breathing, maintaining posture, and stabilizing joints, muscular dystrophy can significantly impact 

the performance of activities of daily living and contribute to reduced life expectancy in patients 

(3). To date, there remains a persistent need for the development of novel therapeutic interventions 

and, ideally, curative treatments for these conditions. In this thesis, I present a combinatorial 

therapeutic strategy targeting AMPK activation for a form of muscular dystrophy known as 

Myotonic Dystrophy Type 1. 

1.2 Myotonic Dystrophy Type 1 

Myotonic dystrophy type 1 (DM1) is an autosomal dominant neuromuscular disease with 

an estimated genetic prevalence of 1 in 2,100 births in a cosmopolitan population (4), and an 

estimated worldwide prevalence of 9.27 per 100,000 cases (5). The highest point prevalence of 

DM1, 158 in 100,000 (1 in ~600) individuals (6), has been reported in the geographical region of 

Saguenay-Lac-St. Jean, Quebec, Canada, due to a founder effect (7). As the most common form 

of muscular dystrophy diagnosed in adulthood, DM1 is characterized by myotonia (delayed 

relaxation following a voluntary muscle contraction) and progressive skeletal muscle weakness 
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and wasting (8), the latter of which has been attributed to the increased risk of premature death in 

DM1 patients (9,10). In addition to skeletal muscle abnormalities that typically impact the distal 

limb muscles and diaphragm, the symptoms of DM1 are multisystemic and can include cataracts, 

cardiac arrythmia, insulin resistance, gastrointestinal dysfunction, and cognitive decline (11,12). 

In separate cohorts of adult-onset DM1 patients, respiratory failure and adverse cardiac events 

were determined to be the major causes of DM1-associated mortality, with a median survival age 

of 59-60 years (9,10,13). To date, there is no cure for DM1 and current treatment 

recommendations, which include various interventions such as periodic cardiac evaluations, 

ventilation support, anti-myotonia medication and physical therapy, are limited to alleviating 

individual symptoms (14). 

While DM1 is a complex, multisystemic disorder, a vast number of studies have focused 

on characterizing and mitigating the DM1 skeletal muscle phenotype given that impairments in 

this tissue [1] are the most common disease symptoms reported by patients (15), [2] serve as key 

predictors of DM1-associated mortality (3,9), and [3] can be more readily studied at the functional, 

cellular, and molecular levels in patients and well-established preclinical models. In this context, 

the scope of my thesis is limited to the study of DM1 in skeletal muscle; however, it is important 

to acknowledge that additional complexities in the pathophysiology and treatment of DM1 arise 

from its multisystemic and highly variable nature. 

1.2.1 Pathomechanism of DM1: RNA Toxicity Paradigm 

 DM1 is caused by a cytosine-thymine-guanine (CTG) trinucleotide repeat expansion 

mutation in the 3’ untranslated region (UTR) of the dystrophia myotonica protein kinase (DMPK) 

gene (16,17). In the general population, healthy individuals typically carry 5-34 CTG repeats, 

whereas individuals with 35-49 repeats can remain asymptomatic but have an increased probability 
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of transmitting a larger CTG expansion to subsequent generations, resulting in a phenomenon 

known as genetic anticipation (18,19). In DM1, symptoms begin to manifest in individuals with 

expansion sizes that can range from 50 to >1000 repeats (18) from which five clinical subtypes 

based on the age of onset have been established: congenital (most severe), childhood/infantile, 

juvenile, adult, and late adult (most mild) (12,20). The length of the CTG expansion mutation has 

generally been shown to inversely correlate with the age at which symptoms arise in DM1 patients 

(20) (Table 1). However, the severity of disease is highly variable both between and within clinical 

subtypes with overlapping CTG size distributions (8,12). Findings from a correlational study in 

DM1 patients have indicated that respiratory function and skeletal muscle power strongly correlate 

with CTG repeat length after accounting for several confounding factors including sex and age 

(21), thereby emphasizing the complex relationship between DM1 genetics and resulting 

phenotypes. 

Table 1. Clinical subtypes of DM1 based on the age of onset. 

Phenotype CTG Length** Age of Onset* 

Asymptomatic/Pre-Mutation 35-49 - 

Late Adult 50-150 > 40 years 

Adult/“Classical” 50-1000 20 to 40 years 

Juvenile† >800 10 to 20 years 

Childhood/Infantile >800 1 month to 10 years 

Congenital >1000 Birth to < 1 month 

* Based on de Antonio et al. (12) 

** Based on Seifert et al.(18) and the Muscular Dystrophy Association (22) 

† Due to the lack of consensus on early-onset subtype distinctions (12), juvenile DM1 can also be 

categorized under the childhood form
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Since the identification of its genetic basis (16,17), the etiology of DM1 has been shown 

to be influenced by multiple pathomechanisms. It was initially postulated that the DM1 phenotype 

arose from the haploinsufficiency of DMPK (23), a protein kinase that is highly expressed in 

cardiac and skeletal muscle and whose precise function(s) remain relatively unknown (24). Early 

studies demonstrated that Dmpk deficient mice display a mild to progressive myopathy and 

reduced force generation capacity (25,26), whereas more recent findings did not reveal significant 

skeletal muscle dysfunction in response to heterozygous or homozygous Dmpk deletion (24). 

Similarly, knockout experiments targeting SIX5, a neighboring gene with reduced expression 

levels in DM1 that lies adjacent to the CTG repeat expansion, revealed that Six5 deficient mice 

develop cataracts (a symptom of DM1) without skeletal muscle abnormalities (27). Although 

Dmpk and Six5 knockout studies characterize DM1 as a multigenic disorder, the lack of significant 

muscular involvement in these models revealed that both DMPK and SIX5 depletion are not 

sufficient to elicit the major clinical symptoms of DM1 in skeletal muscle (24,27). 

The preferred model and major pathologic effect of the CTG repeat expansion occurs 

following transcription of the mutant DMPK allele and can be referred to as the RNA toxicity 

model of DM1 (Figure 1). CUG repeat expansions (CUGexp) in mutant DMPK mRNA transcripts 

form hairpin-like structures that aggregate in the nucleus as distinct RNA foci (28,29). Through a 

toxic gain-of-function mechanism, CUGexp RNA foci bind and sequester muscleblind-like splicing 

regulator 1 (MBNL1) (30–32), an RNA-binding protein that mediates the developmental transition 

from fetal to adult splice isoforms for MBNL1-targeted pre-mRNA transcripts (33–35). In addition 

to MBNL1 sequestration, the presence of CUGexp foci has been shown to increase the activation 

and stabilization of CUG binding protein Elav-like family member 1 (CELF1) (36), another RNA-

binding protein that antagonizes the role of MBNL1 in splicing regulation (37). Moreover, the 
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post-natal expression of CELF1 is abnormally elevated in DM1 which further exacerbates the 

missplicing of CELF1-regulated pre-mRNA transcripts (36,38–40). In addition to these two 

splicing regulators, several other RNA-binding proteins are known to also be misregulated in DM1 

muscle including Staufen1, heterogenous nuclear ribonucleoprotein (hnRNP) A1, and hnRNP H 

(41–43). 

The misregulation of RNA-binding proteins and, in particular, the sequestration of MBNL1 

and upregulation of CELF1 cause disruptions in alternative splicing processes, generally resulting 

in the promotion of fetal mRNA splice isoforms whose protein counterparts can compromise 

downstream cellular functions (34,37,44). Therefore, DM1 is referred to as a spliceopathy 

(described in section 1.2.2). The disease-specific roles of these splicing factors have been 

extensively studied using overexpression and knockout models that recapitulate clinical features 

of DM1 skeletal muscle, thereby establishing MBNL1 and CELF1 as major RNA-binding proteins 

affected by CUGexp RNA toxicity (33–35,39,45–48). Indeed, the majority of DM1-related splicing 

abnormalities and transcriptomic changes caused by CUGexp RNA foci expression have been 

ascribed to the functional loss of MBNL1 (34,35,47,49). In contrast, CELF1 upregulation in mice 

gives rise to the dystrophic phenotype observed in DM1 skeletal muscle and further promotes a 

subset of DM1-related alternative splicing events (40,45). Similar experiments have also 

implicated Staufen1 and hnRNP A1 in the DM1 skeletal muscle spliceopathy, amongst other 

disease features such as muscle atrophy (41,50). 

CUGexp RNA toxicity was characterized as a primary pathomechanism of DM1 following 

the generation of the human skeletal actin long repeat (HSALR) mouse, a disease model that 

expresses approximately 250 CTG repeats in the 3’ UTR of the human skeletal actin (ACTA1) 

transgene (51). The skeletal muscles of HSALR mice recapitulate the following characteristics of 
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DM1: nuclear RNA foci accumulation, MBNL1 sequestration, aberrant alternative splicing, 

myopathy, and myotonia, although CELF1 upregulation and skeletal muscle weakness and wasting 

are not robustly observed (34,51). In contrast, the expression of five CTG repeats in transgenic 

mice (classified as human skeletal actin short repeat or HSASR) did not reproduce the DM1 skeletal 

muscle pathology. The characterization of the tissue-specific HSALR and HSASR models provided 

proof-of-concept evidence that the presence of CUGexp RNA induces toxic effects in skeletal 

muscle and is sufficient to produce hallmark features of the DM1 phenotype (51). In combination 

with similar observations in other transgenic DM1 mouse models (40,52,53), these findings have 

implicated RNA-mediated toxicity as a dominant mechanism of disease in DM1 skeletal muscle 

(54).
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Adapted from Turner & Hilton-Jones (11) and Chau & Kalsotra (55).
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Figure 1. The RNA toxicity paradigm of DM1. DM1 is caused by a CTG repeat expansion 

mutation in the DMPK gene. The size of the CTG expansion (n) that corresponds with the 

emergence of the DM1 phenotype ranges between 50 to >1000 repeats. Following transcription, 

CUGexp in mutant DMPK mRNA transcripts form hairpin-like loops and accumulate in the nucleus 

as distinct foci. The toxic effect of CUGexp RNA foci involves the misregulation of key RNA-

binding proteins such as MBNL1 and CELF1. MBNL1 is sequestered by CUGexp RNA foci, while 

the activity of CELF1 is upregulated in DM1. The functional depletion of MBNL1 and 

hyperactivation of CELF1, amongst other RNA-binding protein perturbations, results in the 

abnormal regulation of alternative splicing processes which favors the expression of fetal mRNA 

splicing patterns in adult tissues. The dysregulation of cell signaling pathways has also been 

suggested to arise from the presence of toxic CUGexp RNA foci or aberrant alternative splicing 

events and further contribute to the disease pathology in skeletal muscle. The asterisk (*) indicates 

that there is a limited amount of evidence for the underlying molecular mechanism(s) which, in 

general, remain uncharacterized.
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1.2.2 DM1 Skeletal Muscle Spliceopathy 

Aberrant alternative splicing is a cardinal molecular characteristic of DM1 that arises from 

CUGexp RNA toxicity and the concomitant misregulation of RNA-binding proteins such as 

MBNL1. In healthy tissue, alternative splicing processes mediate the essential transition from fetal 

to adult mRNA splice isoforms for developmentally regulated genes. Splicing perturbations in 

DM1 generally involve the abnormal retention of fetal mRNA splicing patterns (34), which results 

in the production of fetal protein isoforms that cannot adequately support physiological functions 

in adult tissue. Multiple transcriptomic analyses of the DM1 splicing phenotype have collectively 

revealed an array of aberrant alternative splicing events (ASEs), several of which have been 

associated with disease symptoms in skeletal muscle (56–58). 

A well-established DM1 ASE that underlies myotonia, the hallmark clinical feature of 

DM1, is the missplicing of voltage-gated chloride channel 1 (CLCN1) pre-mRNA transcripts 

(56,59,60). CLCN1 is preferentially expressed in adult skeletal muscle and has an integral role in 

regulating the electrical excitability of the sarcolemma (muscle fiber plasma membrane) (61). The 

influx of chloride ions via CLCN1 is necessary to restore and stabilize the resting membrane 

potential of the sarcolemma following its depolarization during excitation-contraction (EC) 

coupling (61). In healthy skeletal muscle, the post-natal splicing pattern of CLCN1/Clcn1 pre-

mRNA transcripts requires the MBNL1-mediated removal of fetal exon 7A to produce the 

functional protein in adult tissue (59,60). In DM1, the nuclear depletion of MBNL1 by CUGexp 

RNA foci results in the aberrant inclusion of exon 7A which creates a premature stop codon in 

mature CLCN1/Clcn1 mRNA (59,60). While CLCN1/Clcn1 pre-mRNA alternative splicing is 

developmentally regulated by MBNL1 (35), CELF1 upregulation has been suggested to destabilize 

CLCN1/Clcn1 mRNA transcripts independently of splicing processes (37). As a result, 
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CLCN1/Clcn1 mRNA isoforms that retain exon 7A are either degraded in the nucleus or exported 

to produce a truncated, non-functional protein during translation (62,63). The deficit in functional 

CLCN1 causes the sarcolemma to become hyperexcitable, thereby increasing its susceptibility to 

myotonic discharges that impair muscle fiber relaxation (59,62,64). The correction of Clcn1 

missplicing by various therapeutic interventions has been associated with improvements in 

myotonia in the HSALR mouse model of DM1 (64–66). 

Other examples of adverse ASEs in DM1 that are associated with skeletal muscle 

dysfunction include the missplicing of the sarcoplasmic/endoplasmic reticulum calcium ATPase 1 

(ATP2A1; exon 22), ryanodine receptor 1 (RYR1; exon 70), and bridging integrator 1 (BIN1; exon 

11) mRNA transcripts, whose protein products have integral roles in EC coupling and relaxation 

mechanisms (56,67–69). RYR1 regulates the release of calcium from the sarcoplasmic reticulum, 

a process that is required for muscle fiber contraction (68,70). In contrast, ATP2A1 (also known 

as SERCA1) enables the re-uptake of calcium into the sarcoplasmic reticulum during muscle fiber 

relaxation (70). BIN1 proteins contribute to the structural integrity and formation of the T tubule 

network on which EC coupling is highly dependent (69). Collectively, these proteins mediate the 

dynamic processes that generate skeletal muscle force and facilitate movement. Thus, splicing 

defects in ATP2A1, RYR1 and BIN1 mRNA transcripts have been postulated to contribute to 

DM1-associated skeletal muscle weakness and wasting (56,67,68). 

In addition to those described, multiple DM1 ASEs in skeletal muscle have been linked to 

ultrastructural abnormalities, contractile weakness, and signaling perturbations (outlined in Table 

2) (34,38,56,58,71–73). Recent work has shown that the combined effects of these splicing 

perturbations can underlie pathological features in the skeletal muscles of DM1 mice (74). 

However, the functional impact(s) of the vast majority of identified DM1 ASEs remain 
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uncharacterized (56,57). Nevertheless, splicing defects that correlate with or directly influence the 

DM1 skeletal muscle phenotype can serve as important markers of disease progression and help 

evaluate the efficacy of therapeutic interventions (56). 

.Table 2. Select examples of DM1 ASEs in skeletal muscle. 

Gene Product ∆ASE Associated or Postulated 

Impairment(s) 

Reference(s) 

Muscle-specific chloride 

channel 1 (CLCN1) 

∆Exon 7A Myotonia (59,60) 

Sarco/endoplasmic 

reticulum calcium ATPase 

1 (ATP2A1) 

∆Exon 22 Altered Ca2+ homeostasis (67) 

Bridging integrator 1 

(BIN1) 

∆Exon 11 Altered T-tubule formation 

Skeletal muscle weakness 

(69) 

Ryanodine receptor 1 

(RYR1) 

∆Exon 70 Altered Ca2+ homeostasis and EC 

coupling 

(67,68) 

Fast troponin T (TNNT3) ∆Fetal Exon Altered sarcomere structure (34) 

LIM domain binding 3 

(LDB3) 

∆Exon 11 Altered sarcomere structure 

CELF1 upregulation 

(73) 

Cav1.1 voltage-dependent 

calcium channel  

(CACNA1S) 

∆Exon 29 Altered Ca2+ regulation and EC 

coupling 

Skeletal muscle weakness 

(72) 

Pyruvate kinase M2 

(PKM2) 

∆Exon 10 Altered energy metabolism (71) 

Calcium/calmodulin-

dependent protein kinase II 

(CAMK2B) 

∆Exon 13 Signaling perturbations (56,75) 

Insulin receptor (INSR) ∆Exon 11 Insulin resistance (38) 
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1.2.3 Altered Signaling Pathways in DM1 Skeletal Muscle 

Despite the historical focus on studying the molecular pathology and its impact in skeletal 

muscle, the plethora of cellular dysfunctions observed in DM1 also includes perturbations across 

multiple signaling axes. Indeed, alterations in the activity of several pathways regulated by 

glycogen synthase kinase 3 (GSK3) (76), TWEAK/Fn14 (77), mammalian target of rapamycin 

complex 1 (mTORC1) (75,78), and AMP-activated protein kinase (AMPK) (75,79) have more 

recently emerged as key contributors to the DM1 skeletal muscle phenotype, and are associated 

with disease features to varying extents. The increased activity of GSK3 is linked to impairments 

in muscle fiber regeneration that contribute to progressive skeletal muscle weakness (76). 

Similarly, the upregulation of TWEAK/Fn14 signaling, has been suggested to promote muscle 

fiber degeneration in DM1 (77). Metabolic dysfunction in HSALR mice and DM1 patient muscle 

cells have been shown to arise from the abnormal signaling responses of key metabolic proteins, 

mTORC1 and AMPK (75), the latter of which was discovered by the Jasmin Laboratory to be 

markedly repressed in DM1 skeletal muscle (79). Moreover, several studies have indicated that 

CUGexp RNA foci expression (36,76) and concomitant splicing abnormalities (56,71,75)  can cause 

or exacerbate dysregulated signaling in DM1; however, the underlying molecular mechanism(s) 

for most of these perturbations remain unclear. 

Given the significant influence of these proteins in skeletal muscle physiology, the 

modulation of their respective signaling axes is emerging as a promising therapeutic strategy for 

DM1. Indeed, genetic or pharmacological interventions targeting GSK3, TWEAK/Fn14, 

mTORC1, or AMPK signaling in preclinical models have been shown to ameliorate several 

characteristics of DM1 skeletal muscle including myotonia, muscle weakness, nuclear CUGexp 

RNA foci accumulation, aberrant alternative splicing, and histopathology (75–77,79,80). In line 
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with our previous work on altered signaling pathways in DM1 (79,81), a central research aim of 

the Jasmin Laboratory focuses on the impact of AMPK as a therapeutic target in DM1 skeletal 

muscle. 

1.3 AMP-Activated Protein Kinase 

Cellular functions primarily depend on the availability of chemical energy sourced from 

adenosine triphosphate (ATP) molecules, which are hydrolyzed to release energy and subsequently 

form adenosine diphosphate (ADP) or monophosphate (AMP). The regulation of metabolism, 

which encompasses the various processes by which energy is produced and expended in the cell, 

involves the monitoring and maintenance of the intracellular supply of ATP under a variety of 

physiological conditions (82). AMP-activated protein kinase (AMPK) is a master regulator of 

energy homeostasis that mediates metabolic adaptations in response to reduced ATP availability. 

The heterotrimeric AMPK complex is composed of an , , and  subunit that each have 

distinct roles in its structure, function, and activity (83) (Figure 2). The  subunit is catalytic, 

while the non-catalytic  and  subunits are regulatory with specific involvement in scaffolding 

and nucleotide-binding, respectively (84–87). The potential combinations of the subunit isoforms 

(1 or 2; 1 or 2; 1, 2 or 3) give rise to twelve different AMPK isoenzymes, several of which 

have been shown to be expressed in a tissue-specific manner (88,89). 

AMPK is activated under physiological conditions that increase the cellular AMP to ATP 

ratio, such nutrient deprivation and exercise (90–92). The activation of AMPK involves two 

canonical mechanisms: [1] upstream phosphorylation of the catalytic  subunit at threonine-172 

(Thr172) by the constitutively active liver kinase B1 (LKB1) (93,94), and [2] binding of AMP to 

the regulatory  subunit (92). In particular, AMP binding allosterically activates AMPK, further 

promotes Thr172 phosphorylation by LKB1, and protects against phosphatase-mediated 
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dephosphorylation, thereby increasing net AMPK activation (95,96). AMP itself can modestly 

activate AMPK (96); however, Thr172 phosphorylation is additionally required for maximal 

enzymatic activity (97,98). While LKB1 is the major upstream kinase that regulates AMPK 

activation, calcium/calmodulin-dependant protein kinase kinase  (CaMKK) has also been 

shown to phosphorylate AMPK at Thr172 in response to increased intracellular Ca2+, without 

changes in AMP levels (92,99). 

In addition to physiological stimuli, a variety of compounds have been identified as 

pharmacological AMPK agonists including 5-aminoimidazole-4-carboximide ribonucleotide 

(AICAR), metformin, and several small molecule activators (100–105). AICAR (also known as 

ZMP) is an AMP mimetic that similarly binds to the  subunit and stimulates both allosteric 

activation and upstream Thr172 phosphorylation of AMPK, albeit to a lesser extent than AMP 

(98,102). Metformin, an indirect AMPK activator, has been suggested to increase the ratio of 

cellular AMP to ATP by inhibiting complex I of the mitochondrial electron transport chain 

(106,107). In contrast to the activation mechanisms of AICAR and metformin, small molecule 

AMPK agonists have been shown to directly bind to the allosteric drug and metabolite (ADaM) 

site, located between the  and  subunits of the AMPK complex (108), which allosterically 

activates AMPK and protects against Thr172 dephosphorylation (100,104). 

Once activated, AMPK coordinates the inhibition of anabolic processes (e.g., protein 

synthesis) while stimulating catabolic processes (e.g., glycolysis) to produce ATP and restore 

cellular energy homeostasis (109). Acute and chronic metabolic adaptations elicited by AMPK 

activation are mediated by its interactions with various substrates, including acetyl-coA 

carboxylase (ACC), another metabolic enzyme whose phosphorylation by AMPK is a classical 

marker of AMPK activity (91). Indeed, the AMPK signaling network comprises over a hundred 
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downstream targets and subsequently influences a diverse range of cellular functions (109), 

thereby establishing AMPK as a prime molecular candidate for study in a variety of biological 

contexts, including disease. 

1.3.1 AMPK-Mediated Skeletal Muscle Adaptations 

In addition to its role as a cellular energy sensor, AMPK is also an important regulator of 

skeletal muscle plasticity. In particular, AMPK has been shown to mediate structural and 

functional adaptations in skeletal muscle through its coordination of various cellular processes, 

including metabolism, protein synthesis, and autophagy (110). A well-established effect of long-

term pharmacological or exercise-induced AMPK activation is the promotion of a more oxidative 

phenotype that is characterized by increased mitochondrial content, a shift in muscle fiber type 

composition from fast-twitch type II to slow-twitch type I muscle fibers, and enhanced endurance 

capacity (111–114). These metabolic adaptations involve the AMPK-mediated increase in the 

expression of peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC1), a 

master regulator of mitochondrial biogenesis and downstream target of AMPK (115). AMPK is 

also implicated in the regulation of skeletal muscle structure and mass via its regulation of the 

anabolic and catabolic processes of protein synthesis and autophagy, respectively (116). AICAR-

induced AMPK activation has been shown to inhibit the activity of mTORC1, a key regulator of 

protein synthesis (117), and stimulates the induction of autophagy (118). Perturbations in these 

major cellular processes have been suggested to underlie skeletal muscle impairments and 

dysfunction (119,120). For this reason, AMPK has been implicated as a therapeutic target for 

several neuromuscular diseases, including DM1, in which the effects of its chronic activation have 

been shown to be beneficial (121). 
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Figure 2. The heterotrimeric AMPK complex and selected mechanisms of its activation. 

AMPK is comprised of an , , and  subunit and canonically activated by upstream 

phosphorylation and allosteric binding of AMP to the  subunit. The catalytic  subunit is 

phosphorylated at Thr172 by the upstream kinases LKB1 or CAMKK, the latter of which is 

stimulated by increased Ca2+ levels. An increase in the cellular ratio of AMP to ATP caused by 

physiological conditions (e.g., exercise or nutrient deprivation) or pharmacological compounds 

(e.g., metformin) stimulates AMPK activation. Pharmacological agonists of AMPK also include 

the AMP-mimetic AICAR, ADaM site-binding small molecules (MK-8722 and PF-739), and 

O304, which prevents the dephosphorylation of AMPK by protein phosphatase 2C (PP2C). Once 

activated, AMPK mediates the restoration of energy homeostasis by inhibiting anabolic pathways 

and promoting catabolism.
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1.4 Therapeutic Potential of AMPK in DM1 Skeletal Muscle 

Within the past decade, AMPK has emerged as a promising therapeutic target for DM1 

after its chronic activation was first shown by the Jasmin Laboratory to be an effective therapeutic 

approach for Duchenne muscular dystrophy (DMD) (122–125). A wide range of pharmacological 

and physiological interventions that stimulate AMPK activation have now collectively revealed its 

beneficial effects also on the DM1 skeletal muscle phenotype. Laustriat et al. (126) initially 

demonstrated that metformin treatment reverses the missplicing of several mRNAs, including 

ATP2A1 (exon 22), TNNT2 (exon 5) and INSR (exon 11), in primary myoblasts from DM1 patients. 

The authors also reported that treatment with AICAR elicited similar improvements in TNNT2 and 

ATP2A1 splicing perturbations, thereby providing preliminary evidence for a partial role for 

AMPK in correcting DM1 ASEs. 

Subsequent work by Brockhoff et al. (75) revealed that AMPK signaling is dysregulated 

in the HSALR mouse model of DM1. In particular, the activation of AMPK and downstream 

induction of autophagy were shown to be impaired in response to nutrient deprivation in the tibialis 

anterior (TA) muscles of 2-month-old HSALR mice. The lack of increase in Thr172-

phosphorylated AMPK levels was independent of LKB1 protein abundance, which did not 

significantly differ between HSALR and control mice irrespective of experimental conditions. 

Similar observations were reported in transdifferentiated muscle cells from DM1 patients, which 

displayed a comparatively mild induction of autophagy in response to glucose deprivation. The 

dysregulation of AMPK, whose signaling axis is interlinked with that of mTORC (127), was 

accompanied by the abnormal activation of downstream targets of mTORC1, but not mTORC1 

itself, under fasted conditions in both DM1 mouse and patient muscles. 
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In contrast to findings from Laustriat et al. (126), Brockhoff et al. demonstrated that short-

term (1-week) treatment with AICAR, but not metformin, reduced myotonia, Clcn1 exon 7A 

missplicing, and the nuclear accumulation of CUGexp RNA foci in HSALR mice. Interestingly, 

AICAR mitigated several DM1 skeletal muscle features in comparison to the mTORC1 inhibitor 

rapamycin, which improved myotonic symptoms independent of changes in CUGexp RNA foci 

accumulation or DM1 ASEs (75). These results further established a therapeutic role for AMPK 

in DM1 skeletal muscle and shed light on a potential mechanism involving the dispersion of 

CUGexp RNA foci, in addition to the regulation of alternative splicing processes. 

Complementary findings from the Jasmin Laboratory (79) further revealed that the levels 

of phosphorylated AMPK and PGC1 are significantly reduced in the extensor digitorum longus 

(EDL) muscles of 9-month-old HSALR mice, without changes in total AMPK protein abundance. 

In line with results from Brockhoff et al. (75), Ravel-Chapuis et al. demonstrated that a 6-week 

treatment with AICAR reduced nuclear CUGexp RNA foci accumulation and corrected Atp2a1, 

Ryr1, Tnnt3 and Clcn1 DM1 ASEs in the EDL muscles of HSALR mice, thereby confirming the 

beneficial effects of AICAR-induced AMPK activation in DM1 skeletal muscle. Moreover, the 

extended treatment with AICAR elicited additional improvements in histopathological 

abnormalities and induced a more oxidative phenotype in HSALR mouse muscles. Importantly, the 

beneficial effects of AICAR on DM1 ASEs and nuclear CUGexp RNA foci dispersion were also 

recapitulated in transdifferentiated muscle cells from DM1 patients (79). 

In addition to pharmacological AMPK activation, Ravel-Chapuis et al. further examined 

the effect of physiological AMPK activation in DM1 skeletal muscle by initiating a therapeutic 

approach with exercise. With these experiments, our lab discovered that several weeks of volitional 

wheel running improved the DM1 skeletal muscle spliceopathy in 4–8-month-old HSALR mouse 
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muscles (79). Subsequent reports from Manta et al. (65) and Sharp et al. (128) confirmed the 

beneficial impact of exercise on DM1 ASEs in HSALR mice, and revealed additional improvements 

in CUGexp RNA foci accumulation, MBNL1 sequestration, myotonia, and skeletal muscle function 

in response to wheel running and treadmill exercise interventions. Although the acute activation 

status of AMPK was not evaluated in the aforementioned studies, recent work from Mikhail et al. 

(129) demonstrated that AMPK activation is significantly increased following a single bout of 

treadmill exercise in HSALR mice. Similar observations were reported in DM1 patient muscle 

biopsies, which displayed lower baseline levels of Thr172-phosphorylated AMPK that trended 

towards an increase in response to chronic exercise in a recent clinical study (130). These results 

suggest that exercise, unlike prolonged nutrient deprivation (75), is capable of stimulating AMPK 

activation in DM1 skeletal muscle and can elicit beneficial adaptations that mitigate key disease 

features in this tissue. 

While the molecular mechanism(s) underlying impaired AMPK signaling in DM1 skeletal 

muscle remain unknown, the collection of evidence from the aforementioned studies has 

established the beneficial impact of AMPK activation on the disease pathology. Taken together, 

these findings have expanded the repertoire of potential DM1 therapeutics to include 

pharmacological and/or physiological interventions that target AMPK. 

1.5 Therapeutic Approaches for DM1 

As previously mentioned, there is no cure for DM1 and current clinical recommendations 

are based on the management of individual symptoms (14). Within the DM1 drug development 

pipeline are several nucleic acid-based therapies and repurposed small molecules that are 

progressing through clinical trials at various stages (131). These therapeutic approaches have been 

shown to target one or more aspects of the disease pathology such as the formation of toxic DMPK 
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RNA foci, misregulation of RNA-binding proteins, perturbations in cell signaling pathways, and 

tissue-specific impairments. Potential drug candidates that have recently advanced to phase II or 

III clinical trials include metformin (AMPK activator), mexiletine (anti-myotonia medication), 

tideglusib (GSK3 inhibitor), and erythromycin (antibiotic medication) (131,132). In addition to 

pharmacological interventions, aerobic exercise has also been examined as a potential lifestyle 

intervention for DM1 that can improve skeletal muscle function (130), although the lack of large-

scale studies with standardized exercise parameters and physiological measurements in DM1 

patients has hindered its clinical application (133). Moreover, given the highly complex and 

multisystemic nature of DM1, the efficacy of combinatorial treatment approaches has been 

previously explored at the preclinical level (66,134,135). This strategy has been shown to mitigate 

the DM1 skeletal muscle pathology through the combination of synergistic small molecules (66) 

or nucleic acid-based therapy and exercise (134). As various therapeutic interventions progress 

through the DM1 pipeline, these findings suggest that their potential combinations might be 

advantageous for the treatment of this disease and therefore warrant future investigation. 

1.6 Rationale & Hypothesis 

 Given our findings of reduced AMPK activation and the beneficial impacts of AICAR and 

volitional wheel running exercise on the DM1 skeletal muscle phenotype (79), we sought to 

determine whether the combination of these AMPK agonists would enhance disease correction in 

HSALR mice. A swimming regimen was selected because it is a low impact type of exercise that 

has been previously shown to have beneficial effects in preclinical disease models displaying 

skeletal muscle degeneration (136,137), but has not been evaluated in the context of DM1 skeletal 

muscle to date. The goal of this translational aim is to provide insight into combinatorial 

therapeutic approaches for DM1 that synergistically or additively activate AMPK and examine the 
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effect of low-impact aerobic exercise in DM1 skeletal muscle. We hypothesize that activating 

AMPK both pharmacologically and physiologically will additively or synergistically mitigate the 

DM1 pathology in skeletal muscle, and that swimming exercise will elicit similar improvements in 

the DM1 skeletal muscle phenotype as previously reported in our initial work with wheel running. 

Objectives: 

1. Determine if a combinatorial therapeutic approach with daily AICAR treatment and 

swimming exercise for 4 weeks can potentiate improvements in the DM1 skeletal muscle 

phenotype in male and female HSALR mice. 

2. Examine the impact of 4 weeks of swimming exercise on the DM1 skeletal muscle 

phenotype in male and female HSALR mice. 
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Chapter 2: Materials & Methods 

2.1 Ethics Approval 

All procedures and experiments performed in this study were approved by the University 

of Ottawa Animal Care Committee and met the standards of the Canadian Council on Animal Care 

and Ontario Animals for Research Act. All mice were housed and cared for by the University of 

Ottawa Animal Care and Veterinary Service throughout the duration of this study. 

2.2 Animal Models & Drug Treatments 

Two- to three-month-old male and female wild-type FVB/N (IMSR Cat# JAX:001800, 

RRID: IMSR_JAX:001800), HSASR, and DM1 HSALR mice line LR20b (IMSR Cat# 

JAX:032031, RRID: IMSR_JAX:032031, obtained from Dr. Charles Thornton, University of 

Rochester) were used in this study. Age-matched WT and HSASR (transgenic control expressing 

five CUG repeats in the 3’ UTR of the human skeletal actin transgene) mice were used as untreated, 

sedentary controls. In line with previous investigations involving AICAR treatment in HSALR mice 

(75,79), a sample size of 4-6 mice per experimental group was used. WT and HSASR mice were 

pooled into a control (CTL) group. Treatments with AICAR (Toronto Research Chemicals, 

Toronto, Canada; 500 mg/kg per day, subcutaneous injection) or vehicle (saline) were 

administered one hour prior to the first bout of exercise and at the same time each day. Food and 

water were provided ad libitum. Eighteen to 24 hours following the last bout of exercise or drug 

administration, mice were euthanized via pentobarbital injection. To assess long-term adaptations 

in DM1 skeletal muscle, the EDL, TA, and gastrocnemius muscles were harvested. These muscles 

were selected for study because they are extensively recruited during swimming exercise (138,139) 

and are primarily composed of fast-twitch muscle fibers, in which the HSA promotor containing 

CUGexp repeats is predominantly activated (140,141). Hindlimb skeletal muscles were dissected 
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and either snap frozen in liquid nitrogen for RNA extraction or embedded in Tissue-Tek OCT 

compound (VWR, Mississauga, Canada) for histological and immunofluorescence analyses. Since 

sex is a modifying factor influencing the phenotype in DM1 (142,143), male and female mice were 

analyzed separately to account for potential differences between sexes. 

2.3 Exercise Protocol 

The swim tank apparatus was adapted from Evangelista et al. (144) and consisted of a large 

tank (49 cm height, 97.5 cm length, and 57 cm width) divided into 12 swimming zones by a 

Plexiglas grid. Each zone had a surface area of 15.5 cm by 19.5 cm and an approximate water 

depth of 20 cm to enable individual exercise. The temperature of the water was maintained between 

30-32C using a portable immersion heater. To prevent mouse inactivity due to flotation, water 

bubbles were continuously generated by tubes attached to a nitrogen gas cylinder to break water 

surface tension and encourage constant locomotion. DM1 (HSALR) mice were acclimated to the 

swimming protocol by gradually increasing the duration of exercise up to 30 minutes over the 

course of 3 days. Following acclimation, mice were subjected to 30-minute bouts of swimming 

twice daily, 5 days per week for a total of 4 weeks. Sedentary control mice (WT and HSASR) were 

placed in the tank for 5 minutes twice a week to mimic water stress elicited by the exercise 

protocol. To avoid significant discomfort or drowning, mice were closely monitored during each 

bout of exercise and were given a short (1-minute) break or removed from the tank if exhaustion 

was observed. 

2.4 Fluorescent in situ Hybridization 

Frozen TA skeletal muscle cross-sections (10 µm) were air-dried for 30 minutes at room 

temperature and fixed in 4% paraformaldehyde in 1X D-PBS (Wisent Bioproducts, Saint-Jean-

Baptiste, QC, Canada) for 30 minutes. Sections were permeabilized using 2% acetone (pre-chilled 
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at -20C) or 0.5% Triton X-100 in 1X D-PBS for 5 minutes, rehydrated using 1X D-PBS for 10 

minutes, and incubated in 30% formamide, 2X UltraPure SSC Buffer (Invitrogen) for 10 minutes 

at room temperature. Sections were incubated with a Cy3-labelled (CAG)5 oligonucleotide probe 

(1 ng/µl; Cat#F5001; PNA Bio, Thousand Oaks, California, USA) diluted in FISH buffer (30% 

formamide, 2X SSC, 0.02% BSA, 66 ug/mL yeast tRNA, 10% dextran sulfate, 2 mM vanadyl 

ribonucleoside complex) for 2 hours at 37C, followed by a 30-minute wash in 30% formamide, 

2X SSC at 45C and two 30-minute washes in 1X SSC at room temperature. Finally, sections were 

mounted with Vectashield Mounting Medium containing DAPI (Vector Laboratories, Burlingame, 

CA, US). Images of whole skeletal muscle cross-sections were acquired at 20X magnification (0.8 

NA; air) and analyzed using Imaris (RRID:SCR_007370). For analysis, three ROIs were randomly 

selected per cross-section. Imaris Spot Detection functions were used to identify nuclei (as 

indicated by DAPI) and RNA foci, respectively, and applied to all images. The number of nuclear 

RNA foci detected by the CAG(5) probe was automatically quantified using the Imaris 

Colocalization (Object) function and expressed as a percentage of the total number of nuclei 

identified. The average number of nuclei counted per cross-section was ~1700 and no differences 

were observed in the total number of nuclei identified between experimental groups (Fig. A1). 

For co-localization analyses with MBNL1 following FISH staining, muscle cross-sections 

were thrice washed in 1X D-PBS, blocked with 1% goat serum albumin and 1% BSA in 1X D-

PBS for 1 hour at room temperature, and incubated with anti-MBNL1 primary antibody (1:250; 

Abcam Cat#ab45899, RRID: AB_1310475) overnight at 4C. After washing with 1X D-PBS, 

sections were incubated with an Alexa fluorophore 488-conjugated goat anti-rabbit IgG (1:200; 

ThermoFisher Scientific) secondary antibody, washed with 1X D-PBS, and mounted with 

Vectashield Mounting Medium containing DAPI (Vector Laboratories). Three randomly selected 
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ROIs per cross-section were imaged at 63X magnification (1.4 NA; oil) using Z-Stacks (20 focal 

planes collected at 0.430 µm intervals). All images were analyzed using Imaris Spot Detection 

functions to identify nuclei (DAPI), RNA foci, and MBNL1 puncta. For MBNL1, the same 

fluorescence intensity threshold was applied to each image to detect MBNL1 puncta. The number 

of MBNL1 puncta that co-localized with nuclear RNA foci was automatically measured and 

expressed as a percentage of the total number of nuclei identified (an average of ~70  11 nuclei 

per ROI). 

2.5 RT-PCR 

Total RNA was extracted from skeletal muscle tissue by homogenizing muscle powder in 

TRIzol reagent (Roche). Samples were shaken for 15 minutes with 200 l of chloroform and 

centrifuged at 13,000 rpm for 15 minutes at 4C. The clear aqueous phase containing RNA was 

collected and purified by treatment with DNase (Invitrogen/ThermoFisher Scientific). For reverse 

transcription, 500 ng to 1 g of RNA was used to synthesize cDNA with RT Master Mix (abm 

G490). RT-PCR was performed using GoTaq Flexi DNA polymerase (Promega) and mouse 

primers for Atp2a1 exon 22, Ryr1 exon 70, Clcn1 exon 7a, and Bin1 exon 11 DM1 alternative 

splicing events (Table 3). RT-PCR products were run on 5% acrylamide gels, stained with GelRed 

dye (Biotium, Freemont, California), and imaged using a Gel Doc XR+ Imaging System (Bio-Rad, 

Hercules, CA, US). Quantification of alternative splicing patterns (% of exon inclusion or 

exclusion) was determined using ImageLab (Bio-Rad) software (Image Lab Software, 

RRID:SCR_014210) by measuring the ratio between the respective band intensities of fetal and 

adult splicing isoforms. 
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2.6 Central Nucleation Analyses 

Skeletal muscle cross-sections (10 m) were stained with hematoxylin and eosin (H&E), 

washed with subsequent ethanol solutions (70%, 90% and 100%), and mounted with toluene. 

Images of whole muscle cross-sections were acquired at 10X magnification (0.45 NA; air). For 

TA muscle cross-sections, images were acquired at 20X magnification (0.8 NA; air). For central 

nucleation analyses, three ROIs per muscle cross-section were randomly selected for analysis. The 

number of centrally located nuclei were visually counted and expressed relative to the total number 

of nuclei. 

2.7 Muscle Fiber Cross-Sectional Area Analyses 

Skeletal muscle cross-sections were immunostained with a laminin-specific primary 

antibody (Table 4) and mounted with Vectashield Mounting Medium containing DAPI. Cross-

sections were imaged at 20X magnification (0.8 NA; air). For EDL muscles, the CSA of individual 

myofibers within an entire cross-section was analyzed. For TA muscles, three ROIs were randomly 

selected for analysis. The CSA of individual myofibers was measured using Cellpose (145) and 

the LabelsToROIs ImageJ plugin (146). 

2.8 Western Blotting 

Whole skeletal muscles were crushed on dry ice, and muscle powder was resuspended and 

homogenized in urea buffer (7 M urea, 2 M thiourea, 65 mM CHAPS, 100 mM DTT, 125 mM 

Tris-HCl pH 6.8, phosphatase and protease inhibitors [PhosSTOP and cOmplete, respectively; 

Roche]). Protein extracts were centrifuged at 20,000 g for 15 minutes at 4C, and supernatants 

were collected and stored at -80C. Skeletal muscle protein concentration was quantified using the 

CB-X Protein Assay Kit (G-Bioscience, St. Louis, MO). SDS-PAGE was used to separate proteins 
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(15 to 20 g), followed by transference onto a nitrocellulose membrane (Amersham Protran 0.2 

m, Cytiva) overnight at 4C. Equal loading of protein was determined by staining membranes 

with Ponceau solution (Sigma). Membranes were blocked with 5% skim milk or bovine serum 

albumin (BSA; Sigma-Aldrich) in 1X PBS-T or TBS-T (phosphate- or Tris-buffered saline 

containing 1% Tween-20, respectively) followed by incubation with primary antibodies as per 

manufacturer recommendations (Table 4). After washing with 1X PBS-T or TBS-T, incubation 

with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (Jackson 

Laboratories), and subsequent washing, enhanced chemiluminescence (ECL) reagents 

(ThermoFisher Scientific) were applied to membranes and bands were visualized using X-ray film 

(Diamed). Quantification of protein expression levels normalized to Ponceau staining was 

determined using Bio-Rad Image Lab (Image Lab Software, RRID:SCR_014210) and ImageJ 

(ImageJ, RRID:SCR_003070) software. 

2.9 Succinate Dehydrogenase Staining 

Skeletal muscle (TA) cross-sections (10 m) were incubated with staining medium (1.5 

mM nitroblue tetrazolium chloride, 130 mM sodium succinate and 0.1 M PBS pH 7.4) for 1 hour 

at 37C and mounted using FluorSave Reagent (Calbiochem, San Diego, CA, USA). Images of 

whole muscle cross-sections were acquired at 10X magnification (0.45 NA; air) and analyzed 

using Fiji (Fiji, RRID:SCR_002285). The area of stained fibers at a given intensity (dark, medium, 

or light) was measured using the same threshold parameters for each image and expressed relative 

to the total area of the whole muscle section. 
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2.10 Muscle Fiber Typing 

Frozen skeletal muscle cross-sections (10 m) were air dried at room temperature for 15 

minutes and prepared using the M.O.M. Immunodetection Kit (Vector Laboratories). Sections 

were incubated with MHC type I-, IIA-, and IIB-specific primary antibodies as well as anti-laminin 

primary antibody (Table 4) for 45 minutes at 37C. Following washes with 1X PBS, sections were 

incubated with fluorophore-conjugated secondary goat anti-mouse antibodies (Table 4) for 30 

minutes at 37C, subsequently washed with 1X PBS, and mounted using FluorSave Reagent 

(Calbiochem, San Diego, CA, USA). Images of muscle sections were acquired at 20X 

magnification (0.8 NA; air). Three ROIs per cross-section (~300 muscle fibers per ROI) were 

randomly selected for analysis of TA muscles. The number of MHC I-, IIA, IIX-, and IIB-positive 

myofibers were counted and expressed as a percentage of the total number of muscle fibers. 

2.11 Image Acquisition 

Images were acquired using a Zeiss-AxioImager.M2 microscope with the following 

objectives: Zeiss 63X Plan-Apochromat (1.4 NA; oil), Zeiss 40X EC Plan-NeoFluar (1.3 NA; oil), 

20X Plan-Apochromat (0.8 NA; air), 10X Plan-Apochromat (0.45 NA; air), and 5X EC Plan-

NeoFluar (0.16 NA; air). Images of H&E-stained TA cross-sections were acquired using a Zeiss-

AxioScan.Z1 microscope with the following objective: 20X Plan-Apochromat (0.8 NA; air). An 

X-Cite 110 LED lamp (Excelitas Technologies, Vaudreuil, Quebec, Canada) and transmitted LED 

light source were used for epifluorescence and Brightfield imaging, respectively. Images were 

acquired and processed using Zeiss AxioCam mRm CCD (monochrome), AxioCam mRc (color) 

or Hitachi-HV-F202SCL (color) detectors and Zen Blue 2.3 software (ZEN Digital Imaging for 

Light Microscopy, RRID:SCR_013672). 
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2.12 Statistical Analysis 

One-way ANOVA followed by Tukey’s post-hoc test was used to determine if differences 

between experimental groups were statistically significant. Error bars correspond to the standard 

error of the mean (SEM). The level of significance was set at P < 0.05. GraphPad Prism 9 

(GraphPad Prism, RRID:SCR_002798) was used for statistical analysis. 

Table 3. Primer sequences used for RT-PCR analyses in this study. 

Gene Species PCR Primer Sequence 5’ → 3’ 

Atp2a1 Mouse Forward: ATCTTCAAGCTCCGGGCCCT 

Reverse: CAGCTTTGGCTGAAGATGCA 

Ryr1 Mouse Forward: GACAATAAGAGCAAAATGGC 

Reverse: CTTGGTGCGTTCCTGATCTG 

Clcn1 Mouse Forward: GGAATACCTCACACTCAAGGCC 

Reverse: CACGGAACACAAAGGCACTGAATGT 

Bin1 Mouse Forward: TCAATGATGTCCTGGTCAGC 

Reverse: GCTCATGGTTCACTCTGATC 
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Table 4. Antibodies used for Western blot (WB) and immunofluorescence (IF) analyses. 

Antibody Concentration Reference 

PGC1 WB 1:1000 Abcam Cat#ab54481 RRID: AB_881987 

OXPHOS total rodent WB 

cocktail 

WB 1:1000 Abcam Cat#ab110413 RRID: 

AB_2629281 

GAPDH HRP-conjugated WB 1:2000 Abcam Cat#ab9482 RRID: AB_307272 

MBNL1 IF 1:250 Abcam Cat#ab45899, RRID: 

AB_1310475 

Laminin IF 1:100 Sigma-Aldrich Cat#L9393, RRID: 

AB_477163 

MHC-I BA-D5-supernatant 

(mouse IgG2b) 

IF 1:100 DHSB Cat#BA-D5, RRID: AB_2235587 

MHC-IIA SC-71-supernatant 

(mouse IgG1) 

IF 1:100 DSHB Cat#SC-71, RRID: AB_2147165 

MHC-IIB BF-F3-purified 

(mouse IgM) 

IF 1:100 DSHB Cat#BF-F3, RRID: AB_2266724 

Goat anti-mouse IgG1 A488 IF 1:200 Thermo Fischer Scientific Cat# A-21121, 

RRID: AB_2535764 

Goat anti-mouse IgM A594 IF 1:200 Thermo Fischer Scientific Cat# A-21044, 

RRID: AB_2535812 

Goat anti-rabbit IgG A647 IF 1:200 Thermo Fischer Scientific Cat# A-21044, 

RRID: AB_2535812 

Goat anti-mouse IgG2b CF405 IF 1:200 Millipore Sigma Cat#SAB4600477 
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Chapter 3: Results 

3.1 Introduction 

Two- to three-month-old male and female HSALR mice (hereafter referred to as DM1 

mice), which express 250 CTG repeats in the 3’UTR of the human skeletal actin transgene (51), 

were randomly sorted into sedentary or exercised groups and treated daily with AICAR or saline 

for 4 weeks. Untreated, sedentary, wild-type (WT) and HSASR (transgenic model expressing five 

CUG repeats) mice were used as healthy controls (Fig. 3). Following a brief period of acclimation, 

exercised mice underwent 30-minute bouts of swimming twice daily for five consecutive days per 

week during the 4-week study (Fig. 3). 

3.2 Combinatorial treatment with exercise and AICAR additively mitigates nuclear 

CUGexp RNA foci accumulation in female DM1 mice. 

The pathologic formation and nuclear aggregation of CUGexp DMPK mRNA underlies the 

RNA toxicity model of DM1 (28–30). Previous results have shown that treatment with AICAR or 

daily exercise reduces the nuclear accumulation of toxic CUGexp-containing mRNA in DM1 

skeletal muscles (65,75,79). To determine whether a combinatorial treatment potentiates this effect 

in DM1 mice, we performed fluorescent in situ hybridization (FISH) analyses on TA skeletal 

muscle cross-sections using a (CAG)5 Cy3-labeled oligonucleotide probe (Fig. 4A, 5A). Nuclei 

were visualized by co-staining the muscle cross-sections with 4′,6-diamidino-2-phenylindole 

(DAPI). We determined the percentage of CUGexp foci-positive nuclei by colocalization analysis 

of fluorescent signals (Fig. 4C, 5C).
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Figure 3. Combinatorial treatment with exercise and AICAR in DM1 mice. (A) DM1 mice 

were treated with saline (DM1), exercised (DM1 + Swim.), treated with AICAR (DM1 + AICAR), 

or exercised and treated with AICAR (DM1 + Combin.). Wild-type FVB/N and HSASR mice were 

used as controls (CTL). (B) Timeline of the exercise regimen. (C) Swimming apparatus. 
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Figure 4. Combinatorial treatment with exercise and AICAR reduces the nuclear 

accumulation of toxic RNA foci and MBNL1 sequestration in female DM1 mouse TA 

muscles. (A) Representative FISH staining of female TA muscles. Colocalization of nuclei (blue) 

and CUGexp RNA foci (red) are indicated by arrows. (B) Representative FISH and MBNL1 IF 

staining of female TA muscles. Colocalization of nuclei (blue), CUGexp RNA foci (red) and 

MBNL1 (green) are indicated by arrows. (C) Percentage of RNA foci-positive nuclei. (D) 

Percentage of MBNL1 sequestration by CUGexp RNA foci. N = 3. One-way ANOVA was used 

followed by Tukey’s post-hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. 

CTL or as indicated; ## p < 0.01, ### p < 0.001, #### p < 0.0001 vs. DM1; $$ p < 0.01 vs. DM1+ 

AICAR). Scale bar = 20 m.
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Figure 5. Impact of AICAR treatment and exercise individually and in combination on 

nuclear RNA foci accumulation and MBNL1 sequestration in male DM1 mouse TA muscles. 

(A) Representative FISH staining of male TA muscles. Colocalization of nuclei (blue) and CUGexp 

RNA foci (red) are indicated by arrows. (B) Representative FISH and MBNL1 IF staining of male 

TA muscles. Colocalization of nuclei (blue), CUGexp RNA foci (red) and MBNL1 (green) are 

indicated by arrows. (C) Percentage of RNA foci-positive nuclei. (D) Percentage of MBNL1 

sequestration by CUGexp RNA foci. N = 3-4. One-way ANOVA was used followed by Tukey’s 

post-hoc test (** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. CTL or as indicated; # p < 0.05, ## 

p < 0.01, ### p < 0.001, #### p < 0.0001 vs. DM1). Scale bar = 20 m.
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As expected, no CUGexp foci were detected in the TA muscles of control mice, while 

approximately ~38% of nuclei were foci-positive in saline treated male and female DM1 mice (p 

< 0.0001) (Fig. 4C, 5C). In contrast to the effect of volitional wheel running in DM1 mice (65), 

we did not observe a significant impact on nuclear foci accumulation following four weeks of 

swimming exercise alone. AICAR treatment significantly decreased the percentage of foci-

positive nuclei by ~30% and ~25% in female (Fig. 4C) and male (Fig. 5C) DM1 mice (p < 0.01 

for both sexes), respectively, as previously observed (79). Remarkably, our results demonstrate 

that the percentage of CUGexp RNA foci-positive nuclei was further reduced (~48%) in 

combinatorially-treated female DM1 mice as compared to both saline (p < 0.0001) and AICAR-

treated DM1 mice (p < 0.01; Fig. 4C). This increased reduction (~42%) was also observed in the 

TA muscles of combinatorially-treated male DM1 mice (p < 0.001 vs. DM1; Fig. 5C) but did not 

significantly differ from AICAR treatment alone. 

In addition to nuclear aggregation, CUGexp RNA foci exert a dominant toxic gain-of-

function in DM1 by binding and sequestering MBNL1, an important pre-mRNA alternative 

splicing regulator (30,34,35). The pathological sequestration of MBNL1 by CUGexp in nuclear 

DMPK mRNA aggregates causes distinct punctate staining (30). Given the marked reduction in 

nuclear CUGexp RNA foci accumulation observed in the muscles of combinatorially treated DM1 

mice, we proceeded to next examine whether a concomitant decrease in MBNL1 sequestration had 

occurred. As illustrated (Fig. 4B, 5B), we performed immunofluorescence (IF) staining with an 

anti-MBNL1 primary antibody in addition to CAG(5) FISH on TA skeletal muscle cross-sections. 

The number of MBNL1 puncta, detected using a fluorescence intensity threshold, that co-localized 

with nuclear CUGexp RNA foci was measured and expressed as a percentage of the total number 

of nuclei in each image (Fig. 4D, 5D). In line with our results of reduced nuclear RNA aggregates, 
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the number of MBNL1 puncta co-localized to CUGexp foci was significantly decreased in both 

combinatorially treated male (~34%; p < 0.05 vs. DM1) and female (~54%; p < 0.01 vs. DM1) 

DM1 mice (Fig. 4D, 5D). Together, our findings reveal that 4 weeks of combinatorial treatment 

with swimming exercise and AICAR treatment effectively mitigates the nuclear accumulation of 

RNA foci and concomitant sequestration of MBNL1 in the skeletal muscles of DM1 mice. Our 

results in female DM1 mice further suggest that swimming exercise potentiates the beneficial 

effect of AICAR treatment in reducing nuclear CUGexp foci aggregation in comparison to either 

intervention alone. 

3.3 Combinatorial treatment reverses MBNL1-dependent DM1 ASEs in DM1 skeletal 

muscles with a greater correction observed in female mice. 

Prominent symptoms of DM1, including myotonia and skeletal muscle weakness, have 

been shown to arise from the dysregulation of alternative splicing (59,60,67,69). For any 

therapeutic intervention to be successful and provide benefits to DM1 muscle, ASEs need to be 

rescued, ideally even normalized (56). Approximately 80% of DM1 ASEs in skeletal muscle have 

been attributed to the sequestration and functional inhibition of MBNL1 by toxic RNA foci (47). 

Given our observations of reduced nuclear CUGexp foci accumulation and MBNL1 sequestration 

following four weeks of combinatorial treatment, we evaluated whether improvements in the DM1 

skeletal muscle spliceopathy had occurred (Fig. 6, 7). Using RT-PCR, we analyzed several DM1 

ASEs in the TA and gastrocnemius muscles of male and female DM1 mice. In particular, we 

examined the patterns of MBNL1-dependent splicing targets that are altered in DM1: Atp2a1 exon 

22, Ryr1 exon 70, Clcn1 exon 7a, and Bin1 exon 11 (34,44,48,69) (Fig. 6, 7).
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Figure 6. Treatment with AICAR individually and in combination with exercise improves 

DM1 alternative splicing events in female DM1 mouse skeletal muscles. (A, F) Representative 

RT-PCR analysis showing the splicing patterns of Atp2a1 exon 22, Ryr1 exon 70, Clcn1 exon 7a, 

and Bin1 exon 11 in the TA (A) and gastrocnemius (F) muscles of female control and DM1 mice. 

(B-E, G-J) Percentages of Atp2a1 exon 22 inclusion, Ryr1 exon 70 inclusion, Clcn1 Ex7a 

exclusion, and Bin1 exon 11 inclusion with mean ± SEM. N = 3-10. One-way ANOVA was used 

followed by Tukey’s post-hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. 

CTL, # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 vs. DM1). 
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Figure 7. Treatment with AICAR individually and in combination with exercise improves 

DM1 alternative splicing events in male DM1 mouse skeletal muscles. (A, F) Representative 

RT-PCR analysis showing the splicing patterns of Atp2a1 exon 22, RyR1 exon 70, Clcn1 exon 7a, 

and Bin1 exon 11 in the TA (A) and gastrocnemius (F) muscles of male control and DM1 mice. 

(B-E, G-J) Percentages of Atp2a1 exon 22 inclusion, Ryr1 exon 70 inclusion, Clcn1 Ex7a 

exclusion, and Bin1 exon 11 inclusion with mean ± SEM. N = 3-10. One-way ANOVA was used 

followed by Tukey’s post-hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. 

CTL, # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 vs. DM1).
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As previously described, the DM1 splicing patterns of Atp2a1 exon 22, Ryr1 exon 70, 

Clcn1 exon 7a, and Bin1 exon 11 result in mRNAs that encode fetal isoforms of these proteins, 

while the adult splicing isoforms are expressed in healthy tissue (Fig. 6, 7). In the TA muscles of 

female DM1 mice, swimming exercise partially corrected the missplicing of Atp2a1 exon 22 (p < 

0.05 vs. DM1), while treatment with AICAR improved Atp2a1 exon 22, Clcn1 exon 7a and Bin1 

exon 70 ASEs (Fig. 6A-E). Four weeks of combinatorial treatment elicited a complete rescue in 

the splicing pattern of all analyzed ASEs in female DM1 TA muscles to the control phenotype 

(Fig. 6A-E). For Atp2a1 exon 22 and Ryr1 exon 70 splicing targets, our results are indicative of a 

trend towards an additive improvement in aberrant alternative splicing following the 4-week 

combinatorial treatment as compared to AICAR treatment alone (p = 0.07 vs. DM1 + AICAR; 

Fig. 6A-C). In female DM1 gastrocnemius muscles, which displayed greater impairments in 

missplicing (Fig. 6F-J), the combinatorial treatment completely rescued Clcn1 exon 7a and 

significantly corrected Ryr1 exon 70 (p < 0.05 vs. DM1) ASEs towards the control phenotype in 

comparison to swimming exercise or AICAR treatment alone. 

Similar to our findings in female mice, swimming exercise had only a mild effect on DM1 

ASEs in the TA muscles of male DM1 mice, while the combinatorial treatment completely 

corrected the missplicing of Atp2a1 exon 22, Clcn1 exon 7a, and Bin1 exon 11 ASEs (Fig. 7A-E). 

Beneficial improvements were further observed in male DM1 gastrocnemius muscles as AICAR 

and the combinatorial treatment partially reversed the missplicing of Atp2a1 exon 22 and Clcn1 

exon 7a ASEs towards the control phenotype (Fig. 7F-J). Unexpectedly, our results showed only 

a small trend in improvement in Ryr1 exon 70 missplicing in the TA muscles of AICAR- and 

combinatorially treated male DM1 mice (Fig. 7A, C), while both Ryr1 exon 70 and Bin1 exon 11 

DM1 ASEs remained unchanged in the gastrocnemius muscles following AICAR or combinatorial 
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treatment (Fig. 7F, H). Given our observations of improved Ryr1 and Bin1 missplicing in the 

muscles of combinatorially treated female DM1 mice, this result may have arisen from sex- or 

muscle-specific differences in the underlying correction mechanism(s) for these splicing targets in 

response to the combinatorial treatment. Overall, our findings reveal that four weeks of 

combinatorial treatment with swimming exercise and AICAR markedly improves the DM1 

skeletal muscle spliceopathy for several MBNL1-dependent ASEs, thereby reducing the severity 

of disease in different types of DM1 mouse muscles. Additionally, our data indicate that these 

benefits appear to be greater in female DM1 mouse muscles. 

3.4 Combinatorial treatment with swimming and AICAR improves the histopathological 

features of DM1 mouse skeletal muscle and induces hypertrophy in female DM1 mice. 

Previous studies have shown that the beneficial effects of AICAR on the DM1 skeletal 

muscle phenotype are duration-dependant. Indeed, a 1-week treatment with AICAR mitigated 

RNA toxicity (75), while improvements in both RNA toxicity and muscle histology were observed 

after 6 weeks of treatment in extensor digitorum longus (EDL) muscles of DM1 mice (79). To 

examine the impact of the 4-week combinatorial treatment on histological features of DM1 

muscles, we performed hematoxylin and eosin (H&E) staining on EDL cross-sections from control 

and DM1 mice from each experimental group (Fig. 8A, B).
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Figure 8. Combinatorial treatment with exercise and AICAR improves the histopathological 

characteristics of DM1 mouse EDL muscles. (A, B) Representative H&E staining of EDL 

muscles. Centrally located nuclei are indicated by arrows. (C, F) Percentages of central nucleation. 

(D, G) EDL myofiber cross-sectional area. (E, H) Coefficient of variation of CSA. (A, C, D, E) 

Female EDL muscles, N =3-4 and (B, F, G, H) Male EDL muscles, N =3-4.  One-way ANOVA 

was used followed by Tukey’s post-hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001 vs. CTL, # p < 0.05 vs. DM1). Scale bar = 20 m.
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Figure 9. Impact of combinatorial treatment with exercise and AICAR on the 

histopathological characteristics of DM1 mouse TA muscles. (A, B) Representative H&E 

staining of TA muscles. Centrally located nuclei are indicated by arrows. (C, F) Percentages of 

central nucleation. (D, G) TA myofiber cross-sectional area. (E, H) Coefficient of variation of 

CSA. (A, C, D, E) Female TA muscles, N =3-4 and (B, F, G, H) Male TA muscles, N =3-4. One-

way ANOVA was used followed by Tukey’s post-hoc test (* p < 0.05, ** p < 0.01 vs. CTL). Scale 

bar = 50 μm.
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We first analyzed changes in the prevalence of centrally located myonuclei, a key feature 

of the DM1 muscle histopathology. Indeed, central nucleation has been suggested to occur due to 

the incomplete maturation of skeletal muscle fibers in DM1 (76,147) and it can also be taken as a 

sign of muscle fiber degeneration/regeneration (2,148). As illustrated in Figure 8, the percentage 

of centrally located nuclei was significantly increased in EDL muscles of saline treated male (p < 

0.05) and female (p < 0.01) DM1 mice compared to control mice (Fig. 8C, F). Swimming alone 

had no significant effect on the degree of central nucleation in female DM1 mice (Fig. 8C) but 

induced a 1.5-fold increase in male DM1 mice that failed to reach statistical significance (p = 0.18 

vs. DM1) (Fig. 8F). Since centrally located nuclei are also indicative of skeletal muscle repair, this 

increase may have occurred in response to exercise-induced muscle damage (148). In comparison 

to saline treated DM1 mice, both AICAR and the combinatorial treatment showed a trend towards 

a decrease in the prevalence of central nucleation in both male and female DM1 mice by similar 

magnitudes (Fig. 8C, F). This trend was further observed in TA muscles of AICAR and 

combinatorially treated female DM1 mice, but not in male DM1 mice (Fig. 9). 

In addition to central nucleation, we also assessed the distribution of muscle fiber size 

following four weeks of each treatment in male and female DM1 mice (Fig. 8D, G). We thus 

performed immunofluorescence (IF) staining on EDL cross-sections using an anti-laminin primary 

antibody (images not shown) to define the periphery of individual muscle fibers for cross-sectional 

area (CSA) analysis. In DM1 mice, the fiber size distribution has been previously shown to be 

shifted towards larger, hypertrophic muscle fibers (>3000 m2) in comparison to controls (51,79). 

In line with this observation, our CSA analysis of the EDL muscle fibers from saline treated 

female DM1 mice demonstrated a modest shift in fiber size distribution towards larger fibers 

(>2000 m2) (Fig. 8D). Swimming exercise and AICAR treatment alone induced a mild shift in 



Deus scientiarum Dominus est 

 44 

the CSA frequency distribution towards the control phenotype (Fig. 8D). Interestingly, 

combinatorial treatment significantly increased the proportion of larger muscle fibers (between 

2000 to 4000 m2) in female DM1 mice, relative to control (p < 0.05) and saline treated (p < 0.05) 

groups (Fig. 6D). In male mice, the CSA frequency distributions of saline treated, exercised, and 

AICAR-treated DM1 mice were not significantly altered as compared to the controls (Fig. 8G). In 

contrast to our findings with DM1 EDL muscles, the CSA frequency distributions of male and 

female DM1 TA muscles did not significantly differ between experimental groups (Fig. 9). 

To examine changes in the variability of muscle fiber size which is higher in DM1 mice 

(79), we calculated the coefficient of variation (CV) in CSA for each experimental group (Fig. 8E, 

H). In comparison to control mice, the CV was significantly increased in saline treated female 

DM1 mice (p < 0.001) (Fig. 8E), but only mildly elevated in male DM1 mice (p = 0.2; Fig. 8H). 

For both sexes, we observed a trend in the normalization of the CV towards control levels in 

response to the combinatorial treatment which was more prominent in female DM1 mice (p = 0.09 

vs. DM1) (Fig. 8E, H). Collectively, these data indicate that four weeks of combinatorial treatment 

elicit greater morphological benefits in EDL muscles of female DM1 mice as compared to males. 

3.5 Both AICAR and the combinatorial treatment promote a shift towards a more 

oxidative phenotype in female DM1 mouse muscles. 

Chronic AMPK activation is known to stimulate metabolic adaptations towards a more 

oxidative phenotype in skeletal muscle (112,114). To determine whether the 4-week combinatorial 

treatment enhanced this phenotypic shift in DM1 mouse muscles, we assessed changes in the 

protein expression levels of PGC-1α, a master regulator of mitochondrial biogenesis and 

downstream target of AMPK (115), as well as mitochondrial oxidative phosphorylation 

(OXPHOS) proteins CV-ATP5A, CII-SDHB, and CIV-MTCO1 (Fig. 10).
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Figure 10. Treatment with AICAR individually and in combination with exercise promotes 

a more oxidative phenotype in female DM1 mouse muscles. (A, B) Representative Western 

blots of PGC-1α and OXPHOS proteins (CV-ATP5A, CIV-MTCO1 and CII-SDHB) in TA 

muscles. (C, D, E, F) Quantifications of protein expression levels normalized to Ponceau staining 

with mean +/- SEM. (A, C, D) Female TA muscles, N = 5-10 (B, E, F) Male TA muscles, N = 4-

10. (G, H) Representative SDH staining (I, J) SDH-positive fiber distribution, N = 3-4. One-way 

ANOVA was used followed by Tukey’s post-hoc test (* p < 0.05, ** p < 0.01 vs. CTL, # p < 0.05, 

## p < 0.01 vs. DM1). Scale bar = 500 m.
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Our results show that PGC-1α protein expression levels trended towards an increase in the 

TA muscles of combinatorially treated female DM1 mice (p = 0.068 vs. DM1) and was only 

significantly elevated in comparison to control levels in male DM1 mice (p < 0.05) (Fig. 10A-C, 

E). The corresponding shift towards oxidative metabolism, as indicated by increased OXPHOS 

protein expression levels, was more prominent in AICAR- and combinatorially treated female 

DM1 mice (Fig. 10A, D) in comparison to males (Fig. 10B, F). 

To complement these results, we also examined the relative oxidative capacity of DM1 

muscles by performing succinate dehydrogenase staining on TA cross-sections (Fig. 10G, H). In 

comparison to saline treated DM1 mice, both AICAR and the combinatorial treatment significantly 

altered the distribution of SDH staining intensity towards a more oxidative phenotype in female 

DM1 mice (Fig. 10G, I), with no significant changes observed in male DM1 mice (Fig. 10H, J). 

To determine whether this shift towards enhanced oxidative metabolism in female DM1 mice was 

related to changes in muscle fiber type composition, we performed IF staining on TA cross-

sections using anti-myosin heavy chain (MHC) type I-, IIA-, and IIB-specific primary antibodies 

(Fig. 11). We did not observe any significant alterations in fiber type ratios across all experimental 

groups in female DM1 TA muscles (Fig. 11A, C). A similar trend was observed in male TA 

muscles, which only displayed an increase in the percentage of oxidative type IIA muscle fibers 

(p < 0.05 vs. CTL) in the saline treated group, in comparison to control mice (Fig. 11B, D). 

Altogether, our results demonstrate that both AICAR and the combinatorial treatment induced a 

significant shift towards a more oxidative phenotype in muscles of female DM1 mice, without 

alterations in muscle fiber type composition.
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Figure 11. Combinatorial treatment with exercise and AICAR does not significantly alter 

muscle fiber type distribution in DM1 TA muscles. (A, B) Representative immunofluorescence 

images of MHC type I (blue), IIA (green), IIB (red) and Laminin (white). MHC type IIX remained 

unstained (black). (C, D) MHC-fiber type distribution. (A, C) Female TA muscles, N =3-4 and 

(B, D) Male TA muscles, N = 3-4. One-way ANOVA was used followed by Tukey’s post-hoc test 

(* p < 0.05 vs. CTL). Scale bar = 100 m.



Deus scientiarum Dominus est 

 49 

Chapter 4: General Discussion 

4.1 Summary 

In the present study, we examined the effect of a 4-week combinatorial treatment strategy 

with swimming exercise and AICAR on the DM1 skeletal muscle phenotype in male and female 

DM1 mice. We demonstrate that this therapeutic approach improves the DM1 muscle phenotype 

and has a greater beneficial impact on female DM1 mouse muscles, in which the combinatorial 

treatment additively mitigated the nuclear accumulation of CUGexp RNA foci and promoted 

muscle fiber hypertrophy. Our results further show a concomitant reduction in the sequestration of 

MBNL1 which was accompanied by the correction of key DM1 ASEs and reduced 

histopathological abnormalities in both AICAR- and combinatorially treated male and female 

DM1 mice. Our findings collectively reveal that exercise potentiates the beneficial impact of 

AICAR in mitigating the DM1 skeletal muscle pathology and that this combinatorial approach is 

particularly effective in female DM1 mice as compared to males. 

4.1.1 AICAR and the combinatorial treatment elicit a more oxidative phenotype in female 

DM1 mouse muscle 

Given that AICAR and exercise are potent stimulators of AMPK, an important question 

raised by our study is whether the beneficial effects of these combined interventions in DM1 

skeletal muscle resulted from increased AMPK activation. Although the status of AMPK 

activation was not reported due to the time point at which tissue collection occurred, the shift 

towards a more oxidative skeletal muscle phenotype that is elicited by chronic AMPK stimulation 

(111,112,114) was observed in AICAR- and combinatorially treated female DM1 mice. This 

phenotypic shift was accompanied by a trend towards an increase in PGC1α protein abundance in 

the combinatorial treatment group only. Our results could suggest that the magnitude of AMPK 
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activation, as indicated by its chronic downstream effect on the level PGC1α protein, may have 

been greater in response to the combination of AICAR and exercise in female DM1 mice. In male 

DM1 mice, it remains unclear why the corresponding shift towards a more oxidative phenotype 

did not occur following the combinatorial treatment despite elevated PGC1α protein levels. 

Interestingly, we did not observe a significant reduction in PGC1α protein abundance that was 

previously reported and associated with reduced AMPK activation in our initial work (79). 

However, this result could have arisen from differences in the types of skeletal muscles (EDL vs. 

TA) and/or ages of DM1 mice (3-4 vs. 9-month-old) that were analyzed in these studies. 

4.1.2 AICAR treatment and swimming exercise in combination promote muscle 

hypertrophy 

In addition to mitigating key pathological features of DM1, an unexpected but potentially 

beneficial result of the combinatorial treatment was the skeletal muscle hypertrophy observed in 

female DM1 mice. Interestingly, the combination of AICAR treatment and exercise has been 

previously shown to promote muscle fiber hypertrophy in mouse models of chronic inflammatory 

myopathy (149) and DMD (150). Given that skeletal muscle weakness and wasting are prominent 

symptoms of DM1, this hypertrophic response could potentially prevent or delay the onset of these 

features in DM1 skeletal muscle. 

While this finding also appears at first glance in contradiction with our initial reports of a 

more normalized muscle fiber CSA distribution following AICAR treatment (79), we hypothesize 

that improvements in the regulation of autophagy may underlie this hypertrophic response in DM1 

mouse skeletal muscles. The dysregulation of autophagy has been suggested to promote skeletal 

muscle dysfunction due to the accumulation of damaged proteins and organelles (151). Multiple 

reports have suggested that pharmacological or physiological stimulation of autophagy is an 
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effective therapeutic approach to conserve skeletal muscle mass and function in several models of 

muscle degeneration (119,136,152–154). Since HSALR mouse muscles display impaired 

autophagy induction due to perturbed AMPK/mTORC1 signaling (75,78), the combination of 

AICAR and exercise may serve to upregulate autophagy, thereby enabling exercise-induced 

adaptations, including hypertrophy, to occur (155,156). In accordance with this potential 

mechanism, recent findings have suggested that exercise may beneficially stimulate autophagy in 

HSALR mouse skeletal muscles (129). It thus appears important to assess in future work the state 

of autophagy and associated signaling pathways in DM1 skeletal muscle in response to the 

combination of pharmacological and physiological AMPK activation. 

4.1.3 Swimming exercise does not robustly improve the DM1 skeletal muscle phenotype 

A parallel objective of our study was to determine whether swimming exercise would 

improve the DM1 skeletal muscle phenotype. In our initial work (79), Ravel-Chapuis et al. 

demonstrated that volitional wheel running exercise improved several MBNL1-dependent DM1 

ASEs in HSALR mouse muscles. In line with these findings, subsequent studies have reported 

additional improvements in nuclear CUGexp foci accumulation, aberrant alternative splicing, 

myotonia, and histological abnormalities following wheel and treadmill running exercise regimens 

(65,128). In contrast, results from the present study revealed a modest improvement in Atp2a1 

exon 22 missplicing in female DM1 mice only. The comparatively minimal effect of swimming is 

likely due to variations in the exercise parameters used (further discussed in section 5.2). Notably, 

the 4-week timeframe of our study was shorter in comparison to previous studies that have spanned 

8-10 weeks (65,79,128), which might suggest a duration-dependent effect of exercise. 

Interestingly, very recent reports that were published after the completion of our study have 

contradicted previous findings on the effect of exercise in DM1 skeletal muscle. Fifteen weeks of 
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moderate treadmill exercise were shown to partially improve DM1 ASEs and symptoms of fatigue 

in the absence of robust changes in nuclear CUGexp RNA foci accumulation or MBNL1 

sequestration in aged HSALR mouse gastrocnemius muscles (134). Findings from a recent clinical 

study have also demonstrated that a 12-week cycling program significantly improves the 

cardiorespiratory fitness and muscle function of DM1 patients without concomitant changes in 

RNA toxicity-related outcomes (130). Although these results imply that exercise-induced AMPK 

activation might not impact the fundamental characteristics of the DM1 skeletal muscle pathology, 

the functional improvements observed in HSALR mice and DM1 patients preserve the clinical 

relevance of exercise as a therapeutic intervention (130,134). Moreover, the present study 

highlights the potential advantage of its combination with pharmacological interventions that 

mitigate CUGexp RNA toxicity. 

4.1.4 The therapeutic potential of combinatorial interventions with exercise for DM1 

In DM1 skeletal muscle, combinatorial therapeutic strategies have been previously shown 

to be effective in mitigating multiple disease features at both the molecular and functional level 

(66,134). To date, only one other study has evaluated the combination of exercise with other 

therapeutic interventions in the context of DM1 skeletal muscle. Hu et al. (134) previously 

demonstrated that combining antisense oligonucleotide treatment with moderate treadmill exercise 

attenuates the DM1 skeletal muscle pathology and fatigue in aged HSALR mice, while the 

individual application of each therapy improves one of these aspects but not the other. Our results 

suggest that the combination of AICAR treatment with exercise can potentiate the reduction of 

nuclear accumulation of CUGexp foci and promote muscle fiber hypertrophy. However, the 

functional consequences of these improvements and those that may have been elicited by 

swimming exercise alone were not assessed in the present study and should be examined in future 
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work. The clinical translation of our findings is limited by the use of AICAR, which is not currently 

approved for administration in humans, as well as the feasibility of our exercise protocol in DM1 

patients. However, this proof-of-concept work further establishes the potential of combining 

AMPK-based therapeutic approaches for DM1 which might be advantageous provided that several 

aspects, including the parameters of exercise (frequency, intensity, time, duration, and type), are 

optimized for application in patients. 

4.2 Study Limitations 

 Although our exercise protocol accounted for important variables such as frequency, time, 

and type, one of the limitations of this study was the inability to quantify exercise intensity during 

swimming bouts due to the nature of the experimental set-up. Given that exercise-induced AMPK 

activation is intensity-dependent (157), this parameter remains an underlying factor that could have 

influenced the magnitude of disease correction as well as other phenotypic adaptations (e.g., fiber 

type switch) in DM1 mice. The use of an adjustable-flow swimming pool, as previously described 

(136,137), would permit the establishment of an absolute exercise intensity during swimming 

bouts and improve the reproducibility of our study. Moreover, the use of relative exercise intensity 

could ideally account for potential variations in exercise capacity between male and female DM1 

mice (65); however, this measurement is not necessarily feasible with swimming exercise regimes. 

Future investigations that incorporate these elements would provide greater insight into the 

threshold of exercise intensity and, by consequence, magnitude of AMPK activation required for 

improvements in DM1 skeletal muscle to occur, while enabling a better comparison of treatment 

efficacy between experimental groups. 

Another limitation of the present study arises from the lack of acute AMPK activation 

measurements in response to swimming exercise and AICAR treatment interventions alone or in 
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combination. The time point at which tissue harvesting occurred was intentionally chosen to assess 

chronic adaptations and would have precluded the detection of acute signaling changes elicited by 

exercise or AICAR in DM1 mouse skeletal muscles. Although our main objective was to examine 

the long-term impact of combining pharmacological and physiological AMPK activators on the 

DM1 skeletal muscle phenotype, our investigation would have benefited from time course 

experiments that validated acute skeletal muscle AMPK activation post-intervention. These 

experiments would reveal whether a greater magnitude or more prolonged stimulation of AMPK 

was elicited by the combinatorial treatment in comparison to AICAR or exercise alone, which 

could strengthen the conclusions of our study and provide a potential explanation for the 

differences observed between male and female DM1 mice and in different types of muscles. Given 

the important information that would be obtained from such work, future studies should evaluate 

the acute status of AMPK activation (as indicated by Thr172-phosphorylated AMPK relative to 

total AMPK protein abundance) and activity (as indicated by the level of phosphorylated ACC) in 

DM1 skeletal muscle in response to combinatorial treatments with AMPK agonists. 

Lastly, one of the inherent limitations of the HSALR mouse model of DM1 is the absence 

of prominent skeletal muscle weakness and wasting symptoms. For this reason, we did not 

examine changes in skeletal muscle function in the present study, although these could have 

occurred in response to swimming exercise and AICAR treatment alone or in combination 

(149,150). Hu et al. (134) and Mikhail et al. (130) have previously shown that exercise therapy 

can elicit functional adaptations without improvements in the molecular phenotype in DM1 

skeletal muscle, thereby highlighting the importance of evaluating such outcomes. Moreover, in 

light of our observations of muscle fiber hypertrophy following the combinatorial treatment, future 

studies should determine if functional benefits arise from this cellular response. Jones et al. (76) 



Deus scientiarum Dominus est 

 55 

previously suggested that grip strength is reduced in aged HSALR mice, which can also exhibit a 

progressive myopathy (134). Thus, it would be interesting to examine if the combination of 

pharmacological and physiological AMPK agonists could prevent or delay the onset of weakness 

in DM1 skeletal muscle by preserving muscle mass and/or integrity. 

4.3 Future Directions 

Several important questions raised by the findings and limitations of the present study 

warrant future investigation. Although our results further establish the therapeutic potential of 

AMPK-based interventions for DM1, the molecular mechanisms that underlie the beneficial 

impact of its activation on the DM1 skeletal muscle phenotype remain unknown. Moreover, our 

results do not exclude the potential therapeutic contribution(s) of AMPK-independent pathways 

that can be stimulated by AICAR or exercise in skeletal muscle (158,159). To date, the collection 

of evidence that implicates AMPK as an important molecular target in DM1 (described in section 

1.4) has been obtained primarily through the use of indirect AMPK activators (75,79,126). Thus, 

mechanistic studies using gene knockout or direct pharmacological approaches, or a combination 

thereof, are needed to delineate the precise therapeutic role of AMPK in DM1. These investigations 

could take advantage of the recent emergence of direct pan-AMPK small molecule activators, such 

as MK-8722, that have been shown to allosterically activate AMPK by binding to the ADaM site 

(100,104). The specificity of these AMPK agonists would confirm the beneficial effects of its 

activation in DM1 skeletal muscle and provide greater insight into the degree to which previously 

reported improvements can be attributed to AMPK. Furthermore, complementary experiments 

using gene knockout models or AMPK inhibitors in combination with AICAR treatment could 

help elucidate the contributions of other cellular pathways whose modulation might be 

therapeutically relevant in DM1 skeletal muscle. 



Deus scientiarum Dominus est 

 56 

In addition to defining the molecular basis for AMPK-mediated improvements in DM1 

skeletal muscle, future studies should also examine the impact of clinically relevant AMPK 

activators, such as O304 (105) or metformin (160), in combination with exercise interventions. As 

previously mentioned, the therapeutic application of AICAR in human beings has not received 

approval and is limited by its poor oral bioavailability, variable efficacy in clinical trials, and 

potential adverse effects at high doses (159,161). Similarly, the clinical translation of MK-8722 is 

prevented by its ability to promote cardiac hypertrophy (104), which remains a potential adverse 

effect of systemic AMPK activation that should be evaluated in the context of DM1. In contrast, 

O304 is a novel small molecular AMPK agonist has been shown to activate AMPK in skeletal 

muscle without inducing cardiac hypertrophy during systemic administration (105). Moreover, the 

therapeutic potential of O304 is further demonstrated by its oral bioavailability and previous use 

in a phase IIA clinical trial in type 2 diabetes patients (105). Metformin is another AMPK activator 

that is already FDA-approved and has been shown to improve mobility in DM1 patients (132). It 

is currently under evaluation in phase III clinical trials (131), and could therefore serve as an 

alternative pharmacological AMPK agonist in a combinatorial treatment with exercise for DM1. 

In light of recent findings from Nikolaidis et al. (162), which suggest that the bioavailability of 

metformin is increased with exercise in healthy individuals, we postulate that exercise could also 

potentiate disease correction in DM1 skeletal muscle by enhancing the bioavailability or systemic 

delivery of pharmacological AMPK activators. Although currently speculative, this hypothesis 

could be examined in future studies that account for the pharmacokinetic profiles of the 

aforementioned AMPK agonists in combination with exercise. 

Lastly, the HSALR mouse model limits the scope of our investigation to DM1 skeletal 

muscle. To strengthen the clinical relevance of combinatorial DM1 treatments that target AMPK, 



Deus scientiarum Dominus est 

 57 

the impact of this therapeutic approach on other affected tissues in DM1 could possibly be 

evaluated using multisystemic preclinical models such as the DM200 mouse, which displays DM1-

related impairments in both skeletal muscle and the heart (52). Such studies should include a 

comprehensive analysis of the systemic effects of activating AMPK in order to identify additional 

benefits and possible adverse effects (e.g., cardiac hypertrophy) that might arise from its chronic 

activation in other tissues. 

4.4 Conclusion 

DM1 is a highly complex neuromuscular disease for which there is no effective cure. In 

the present study, we examined the combined effect of the AMPK agonists, AICAR and exercise, 

on the DM1 skeletal muscle phenotype in HSALR mice. Our findings further establish the 

importance of targeting AMPK in DM1 and reveal that a combinatorial therapeutic approach with 

swimming exercise potentiates the effect of pharmacological AMPK activation, with a significant 

reduction in nuclear CUGexp RNA foci accumulation observed in female DM1 mouse skeletal 

muscles. The combination of AICAR and exercise also promoted muscle fiber hypertrophy in 

female DM1 mice, which may protect against the onset of skeletal muscle weakness and wasting 

symptoms. In comparison to previous preclinical findings (65,79,128), swimming exercise alone 

did not markedly improve DM1 skeletal muscle features. As previously discussed, our results 

could be limited by variations in the intensity of exercise, which was unable to be quantified due 

to the nature of the exercise apparatus, as well as the contribution of AMPK-independent effects 

induced by AICAR or exercise. Future investigations that account for these parameters could 

increase the clinical relevance of this combinatorial treatment strategy and elucidate the 

mechanism(s) by which AMPK activation ameliorates the DM1 skeletal muscle pathology. 

Despite these limitations, the data presented in this thesis further associates the chronic activation 
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of AMPK with beneficial adaptations in DM1 skeletal muscle and highlights the therapeutic 

potential of combinatorial AMPK-based treatments for DM1.
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Appendix A 

 

Figure A1. Total number of nuclei counted per TA cross-section for FISH analyses. (A) 

Female TA muscles, N = 3. (B) Male TA muscles, N = 3-4. One-way ANOVA was used followed 

by Tukey’s post-hoc test. 
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Figure S3. Total number of nuclei counted per TA cross-section for FISH analyses. (A) Female 

TA muscles, N = 3. (B) Male TA muscles, N = 3-4. One-way ANOVA was used followed by 

Tukey’s post-hoc test.
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