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Abstract 

 

Duchenne muscular dystrophy (DMD) is an X-linked recessive muscle wasting disease.  

Severe degeneration and necrosis occur in both skeletal and cardiac muscles.  Recent 

epidemiological studies suggest an incidence of approximately 1 in every 5000 live male 

births.  Although there is no permanent cure for DMD currently, many novel experimental 

therapies (in particular, gene therapy) have shown great promise.  In this dissertation, I 

have focused on addressing knowledge gaps that are highly relevant to the development 

of an effective gene therapy for DMD.  Specifically, I addressed several important issues 

that are either unanswered or controversial.  These include (1) cardiac consequences of 

skeletal muscle-centered therapy, (2) whether consistent dystrophin expression is 

required for permanent muscle protection, (3) identification of a putative heart protection 

domain in dystrophin and (4) therapeutic relevance of low-level homogenous dystrophin 

expression in the heart.  Below is the summary.  

(1). Many gene therapy approaches cannot reach the heart.  It is controversial 

whether skeletal muscle-centered therapy can protect the heart or accelerate heart 

deterioration.  While supportive evidence exists for both views, the published data were 

all based on young adult mice.  Unfortunately, young dystrophin-null mdx mice do not 

have heart disease.  Characteristic dystrophic cardiomyopathy can only be modeled in 

aged mdx mice.  To this end, I studied the cardiac phenotype in aged transgenic mdx 

that selectively expressed dystrophin in skeletal muscle only.  Surprisingly, transgenic 

mice and non-transgenic mdx mice showed similar heart fibrosis and similar cardiac 

function deterioration.  My results suggest that dystrophic heart disease is independent 

of skeletal muscle disease.  Gene therapy should treat both the heart and skeletal 

muscle.   
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(2). Published studies suggest that loss of dystrophin expression in adult mice 

does not result in appreciable muscle disease.  If this is true, then an effective gene 

therapy for DMD will not depend on persistent dystrophin expression.  To test if this is 

indeed the case, we generated two strains of floxed mini-dystrophin transgenic mice on 

the dystrophin-null mdx/FVB background.  One strain selectively expressed therapeutic 

mini-dystrophin in skeletal muscle and the other strain selectively expressed therapeutic 

mini-dystrophin in the heart.  We then removed the mini-dystrophin gene using AAV-

mediated Cre recombinase expression in floxed transgenic mice.  In contrast to what 

was reported before, we found that adulthood loss of dystrophin resulted in muscle 

atrophy, degeneration and force loss in skeletal muscle and significantly compromised 

heart function.  These data suggest that continuous dystrophin expression is essential 

for DMD gene therapy. 

(3). It is currently unclear whether dystrophin carries a heart protection domain.  

Large-scale genotype-phenotype analyses of patient data suggest that there may exist 

one or multiple cardiac specific domains.  However, the nature of such domains has 

never been clearly defined. Based on clinical observations, I hypothesized that 

dystrophin R16-19 may carry a putative heart protection domain.  To test this 

hypothesis, I compared the cardiac phenotype of two strains of cardiac-specific mini-

dystrophin transgenic mice.  One strain expressed the ∆H2-R19 minigene while the 

other strain expressed the ∆H2-R15 minigene.  The only difference between these two 

strains is that the latter contains R16-19.  In support of our hypothesis, the ∆H2-R15 

minigene yielded significantly much better cardiac protection.  Specifically, abnormal 

ECG parameters were all normalized in ∆H2-R15 transgenic mice but not in ∆H2-R19 

transgenic mice.  Importantly, the ∆H2-R15 minigene corrected the end-diastolic volume, 

an important diastolic parameter not rescued by the ∆H2-R19 minigene.   
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(4). The amount of dystrophin required for treating dystrophic heart disease has 

never been defined.  To test whether sub-physiological level dystrophin expression can 

benefit the heart, I evaluated the cardiac phenotype in aged mdx3cv mice, a strain that 

expresses uniform low-level dystrophin in every muscle cell.  I demonstrated that aged 

mdx3cv heart contained ~3.3% of wild-type dystrophin.  Although this low-level 

expression did not reduce myocardial inflammation and fibrosis, it partially improved 

ECG and hemodynamic function.  These results suggest that marginal level dystrophin 

expression can still help the heart.  
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Chapter 1 . Introduction 
 

 Neuromuscular disorders can vary from very mild and infrequent to progressive 

and frequent.  Duchenne muscular dystrophy (DMD) falls in the latter being the most 

progressive and common type of childhood muscular dystrophy that has an X-linked 

genetic inheritance.  It debilitates the affected individuals by limiting their mobility and 

respiration.  The disease also predisposes patients to cardiac dysfunction and shortens 

their life expectancy.  Currently there is no cure for DMD.  According to the Muscular 

Dystrophy Association, ~ $800 million/year is spent in caring for DMD patients in the 

USA.  Development of an effective therapy will not only reduce the pain and suffering of 

patients (and their families/friends) but it will also provide a significant economic impact.  

DMD is caused by dystrophin deficiency.  The overarching goal of this dissertation 

project is on gene therapy of Duchenne cardiomyopathy, DMD-associated 

cardiomyopathy.  Specifically, I have studied (1) the cardiac consequences of selective 

replacement of dystrophin in skeletal muscle, (2) whether transient dystrophin 

expression is sufficient to provide long-term therapeutic benefit, (3) structure-function 

relationship of dystrophin in the heart in the hope of identifying dystrophin domains that 

are important for heart function, and (4) therapeutic potential of low-level dystrophin 

expression in the heart.  The findings described here will lay a solid foundation for the 

development of an effective Duchenne cardiomyopathy gene therapy. 

 

Overview of DMD 

DMD was first described as isolated cases during the mid 19th century as 

progressive weakness in limb muscle accompanied with characteristic limb muscle 
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hypertrophy in young boys 1.  In the second half of 19th century, French neurologist 

Guillaume-Benjamin Amand Duchenne (famously known as Duchenne de Boulogne) 

described the fundamental features of the disease, key pathological features and 

referred the condition as “pseudo-hypertrophic muscular paralysis” 1-5.  He recognized it 

as a primary disease rather than the consequences of diseases in the spinal cord or 

brain.  Therefore, the condition acquired the eponym Duchenne muscular dystrophy 

(Online Mendelian Inheritance in Man [OMIM] reference 310200DMD).   

DMD is the most prevalent neuromuscular disorder in childhood and is an X-

linked recessive disorder affecting males 6.  Worldwide studies estimate approximately 

1:5000 newborn boys are affected by DMD 6,7.  The clinical course of DMD has been 

well characterized.  By 5 years of age, signs of the motor function loss are readily 

detectable in all affected boys 8.  With careful evaluations, signs and symptoms of 

delayed motor milestone development can be found during the first two years in life 6.  

The salient clinical features in the early stage of the disease are due to the extensive 

weakness in proximal limb muscles in lower extremities.  Hence, patients often show 

waddling gait, tendency to fall, and the characteristic Gowers maneuver (rising from the 

floor by climbing up their legs) 6.  Some muscles, specifically calves and deltoids show 

signs of pseudo-hypertrophy due to significant accumulation of connective tissue and 

adipose tissue which replaces the contractile muscle fibers 6.  As patients get older, their 

limb muscle function further deteriorates, and eventually results in loss of mobility by 

early teens 6,8.  Further development of the disease results in asymmetric muscle 

contractures and spinal deformities, especially thoracolumbar kyphoscoliosis 6.  During 

the terminal stage of the disease, progressive failure in the diaphragm and intercostal 

muscles leads to respiratory insufficiency.  Cardiac involvement leads to heart failure.  

Death is often due to respiratory and/or cardiac failure. 
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In early reports, the lifespan of DMD patients was below 20 years of age 6,8.  The 

DMD life expectancy has improved worldwide in the course of years due to the use of 

overnight mechanical ventilation.  Three independent studies in Europe revealed the 

increase in average lifespan of DMD patients from 14.4-17 years to 25.3-27 years 9-12.  

In addition to the significant skeletal muscle disorder and heart disease, some DMD 

patients also show neurocognitive impairments such as lower IQ, delayed language 

milestones and challenges in verbal memory 13-18. 

 

Duchenne cardiomyopathy 

In DMD, in addition to skeletal muscle, cardiac muscle too undergoes 

degeneration and necrosis.  Cardiac involvement has been documented since early 

1800’s as illustrated by the enlarged heart seen at necropsy 1.  In 1950’s several groups 

reported electrocardiogram (ECG) abnormalities in muscular dystrophy patients despite 

the absence of clinical signs of heart disease 19-21.  These ECG changes include tall 

precordial R waves and deep limb lead Q waves.  However, since these early studies 

did not separate DMD from other types of muscular dystrophies, a connection between 

ECG alternations and DMD was not established until a decade later 22-27.  In these later 

studies, investigators found multifocal degenerative changes (such as mitochondrial and 

sarcoplasmic reticulum alterations, accumulation of lipid granules and fibrosis) in the 

posterobasal region of the left ventricle as well as ECG defects 22,26,27.  Subsequent 

studies revealed excellent correlation between histopathology, ECG abnormalities and 

aberrant myocardial metabolism 25.  Studies since then have further defined ECG 

changes in DMD patients such as sinus tachycardia, sinus arrhythmia, accelerated 

atrioventricular conduction, right and left bundle branch block and premature ventricular 
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beats 23,24,28.  It was also suggested that abnormal ECG is likely due to (i) focal fibrosis, 

vacuolar degeneration, fatty acid infiltration in the conduction system and (ii) splitting and 

loss of myofibers 28.  Progression of the heart disease in DMD patients ultimately lead to 

clinically distinctive dilated cardiomyopathy 29-35.  In summary, Duchenne dilated 

cardiomyopathy is a chronic disease with characteristic ECG profiles occurring at the 

early phase of the disease and clinical symptoms, echocardiographic abnormalities and 

heart failure at the late stage 36,37.  Currently, it is estimated that up to 40% of deaths in 

DMD is due to heart failure 37,38.   

 

The dystrophin gene 

The dystrophin gene is one of the largest and most complicated genes in the 

mammalian genome.  It is located at the XP21 region of the X chromosome 39.  

Mutations in the dystrophin gene lead to DMD by aborting the production of a functional 

dystrophin protein.  The dystrophin gene was mapped to the X chromosome in 1980s by 

reverse genetics 40-46.  The full-length human dystrophin gene contains 2.3 million base 

pairs.  It has 79 exons and encodes an mRNA transcript of 14 kilobases 47-50.  

Transcription of the dystrophin gene has been estimated to take approximately 16-hours 

51.  The entire dystrophin cDNA was cloned and sequenced by Dr. Kunkel’s group and 

was proposed to encode a rod-shaped cytoskeletal protein 52,53.  Tissue specific 

expression of the full-length dystrophin isoform in muscle (Dp427M), brain (Dp427B) and 

purkinjie fiber (Dp427P) is regulated by three independent promoters 54,55.  In addition to 

the full-length isoforms, four short isoforms, known as Dp260, Dp140, Dp140, Dp71 and 

Dp40 (the numbers refers to the molecular weight of the protein) are produced by four 
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internal promoters.  These shorter isoforms are primarily expressed in non-muscle 

tissues and their expression is regulated in a tissue specific manner 55,56.   

Many different types of mutations and two highly mutable hotspots have been 

described in the dystrophin gene 57.  The global databases reveal several major mutation 

types.  These include large deletions, large duplications, point mutations and small 

rearrangements 58.  The most common mutation is large deletions which accounts for 

62-72% mutations in DMD patients.  The large duplications have been detected in 8-

21.7% patients and small rearrangements in 10.6-26% of patients.  Majority of these 

small rearrangements are point mutations and nonsense mutations 

(http://www.umd.be/DMD/W_DMD/index.html; http://www.dmd.nl; http://www.treat-

nmd.eu; http://edystrophin.genouest.org) 58-62. 

 

The dystrophin protein 

The full-length dystrophin protein is 427kDa in size and localized at the sub-

sarcolemmal region of muscle cells 63-67.  Dystrophin has four functional domains 

including the actin-binding domain, rod domain, cysteine-rich domain and C-terminal 

domain 53,68.  There are also four hinges in dystrophin.  Hinge 1 is located between the 

actin-binding domain and the rod domain.  Hinges 2 and 3 are interspersed in the rod 

domain.  Hinge 4 is located between the cysteine-rich domain and the C-terminal 

domain 69-71.  Dystrophin interacts with a number of cellular proteins such as actin, 

dystroglycan, sarcoglycan, syntrophin, dystrobrevin, neuronal nitric oxide synthase 

(nNOS), keratin, plectin, synemin, myospryn, ankyrin, polarity regulatory kinase (PAR-

1b) and membrane phospholipids.  The binding sites or the binding domains for many of 

these cellular proteins have been determined 70-89.  Some of these proteins (such as the 
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transmembrane protein dystroglycan, sarcoglycan and sarcospan and cytosolic 

syntrophin, dystrobrevin and nNOS) form a structurally distinctive and functionally 

important protein complex referred to as dystrophin associated glycoprotein complex 

(DAGC) 90-93.  The levels of DAGC proteins are significantly reduced in DMD 94,95.   

Dystrophin performs two main roles in the muscle.  First, dystrophin connects the 

intracellular cytoskeleton (F-actin) and the extracellular matrix (laminin) via dystroglycan.  

This connection transmits the force laterally across the muscle to help maintain the 

sarcolemmal integrity (Figure 1.1) 96.  Second, dystrophin serves as a signaling protein 

in muscle.  The dystrophin signaling is accomplished via interaction with sarcoglycan, 

dystrobrevin, syntrophin, integrin, nNOS and biglycan 96.  Of particular interest to DMD 

pathogenesis and gene therapy is dystrophin spectrin-like repeats 16 and 17 (16/17)-

mediated recruitment of nNOS to the muscle cell membrane 76,97,98.  

 

Pathophysiology of DMD 

 The pathogenic mechanisms of DMD is much more complex than the loss of 

dystrophin.  Subsequent to dystrophin deficiency, complex, interconnected changes in 

muscle structure, signaling and metabolic profile results in the pathophysiology observed 

in DMD.  The main functional role of dystrophin is to maintain the sarcolemma integrity 

during muscle contraction.  The physical connection of the cytoskeleton and the 

extracellular matrix by dystrophin and the DAGC partially serves this purpose.  The 

absence of this structural linkage in DMD renders the muscle cell membrane susceptible 

to contraction-induced damage 99-102.  Membrane damage increases the sarcolemma 

permeability and disturbs the homeostasis of the muscle cells. 
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One of the most salient changes in dystrophic muscle cells is the elevation of 

intracellular calcium levels 103,104.  Calcium can enter the cytosol from the extracellular 

milieu via the membrane tears and dysfunctional ion channels on the membrane 

including the L-type calcium channel (LTCC).  Calcium can also enter the cytosol via 

aberrant release of calcium from the sarcoplasmic reticulum due to hyper-nitrosylation of 

the ryanodine receptor (RyR) 105-107.  Supra-physiological levels of Ca2+ accumulation 

activates calcium-dependent proteases including calpains that ultimately results in the 

lysis of the cell membrane and cell death 103,108,109.  Additionally, elevated intracellular 

Ca2+ may also result in mitochondrial dysfunction and metabolic inhibition 107,110,111.  

Dystrophin deficient muscle also undergoes oxidative stress and produces 

elevated levels of reactive oxygen species (ROS) and is susceptible to ROS-mediated 

muscle damage 104,112-114.  Although the exact mechanisms of ROS-mediated damage 

are not fully understood, the current research suggests that it may relates to ROS-

dependent Ca2+ entry and reduction of endogenous antioxidants 96.   

All these mechanisms collectively result in progressive cell death, impaired muscle 

regeneration, excessive and chronic inflammation followed by replacement of the 

degenerated tissue with fibrotic and fatty tissues 102,115.         

 

Current practice in clinical management  

 Unfortunately, at present, a permanent treatment for DMD does not exist.  

However, significant progress has been achieved over last several decades in disease 

management.  Recently, comprehensive clinical care management guidelines were 

introduced to include diagnostics, cardiovascular, respiratory, gastroenterology and 

nutrition, rehabilitation, neuromuscular, psychosocial and orthopedic and surgical 
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aspects of DMD 18,116.  These guidelines recommend the use of multidisciplinary 

approach for preventive measures and active interventions based on independent 

assessment on different aspects of the disease 18,116.  These medical developments 

have dramatically improved the life quality and life span of DMD patients.  

 Only a limited number of pharmacological interventions are available for DMD.  

Glucocorticoids are used to reduce the rate of muscle strength and function decline.  

The most commonly used glucocorticoids are prednisone/prednisolone and deflazacort 

18,117,118.  These glucocorticoids have reduced the risk of scoliosis and improved 

pulmonary function.  However, their role in improving cardiac function is not clearly 

defined and there is no clear evidence suggesting glucocorticoid treatment can delay the 

onset of cardiomyopathy or heart related death 18.  For cardiac disease treatment, the 

use of angiotensin converting enzyme (ACE) inhibitors, diuretics or b-blockers are 

recommended based on the clinical signs and symptoms of cardiac dysfunction 30,37,116.    

Respiratory management plays a vital role in prolonging the survival of DMD 

patients.  Proactive measures such as nocturnal ventilation and assisted cough have 

significantly improved survival in DMD 9,116.  The use of mechanical ventilation has 

improved the life expectancy of DMD patients by about a decade 9-12.    

Other recommended disease management approaches include physical therapy, 

surgical interventions (for lower limb contractures and scoliosis management), bone 

health, use of passive adaptive devices (mainly in non-ambulatory stage), psychological 

assessment and therapy, submaximal aerobic exercises (during ambulatory and early 

non-ambulatory stages), nutritional, gastrointestinal and speech and language 

management 18,116.     
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Therapeutics in development 

 Tremendous progress has been made in research over the years in developing 

therapies for DMD.  Most of these have been performed in animal models of DMD and 

some have reached the clinical trial stage.  The most promising approach to treat DMD 

is to restore the dystrophin expression in muscle and heart.  There are four different 

methods to restore dystrophin expression.  These include direct delivery of the 

dystrophin gene using viral vectors, exon skipping, ribosomal read-through of the stop 

codon, and genome editing.  In addition to dystrophin restoration, other alternative 

approaches also have also shown significant efficacy in animal models.  These other 

methods include use of alternative genetic approaches such as utrophin (a dystrophin 

homolog) overexpression or pharmacological/ protein/ small molecule based therapies 

targeting the cellular signaling and damage.  The cellular signaling and damage 

targeting focuses on reactive oxygen species (ROS), calcium handling, nitric oxide (NO), 

inflammation and fibrosis. 

 

Recombinant adeno associated virus (AAV) mediated dystrophin restoration  

AAV is a single stranded DNA virus.  It belongs to the dependovirus genera of 

the parvoviridae family.  In the mid 1960’s, AAV was discovered as a small 

contaminating DNA virus in adenovirus preparations (hence, the name adeno-

associated virus) 119.  Mature AAV virion is an icosahedrally symmetrical particle about 

20-25 nm in size.  AAV has three overlapping capsid proteins including viral protein (VP) 

1, VP2 and VP3.  VP3 is the major capsid protein.  All three structural proteins are 

produced from the same open reading frame by alternative splicing and the use of 

different translation starting codon.  AAV is classified into different serotypes based on 
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amino acid sequence of the capsids protein.  

Although AAV was initially considered as an integrating virus, recent studies 

show that both wild type AAV and recombinant AAV vectors may mainly persist as 

episomal circular molecules 120,121.  The interest in developing AAV vector originated 

from a unique biological property of wild type AAV serotype-2 (AAV-2).  Most of our 

current understanding on AAV biology comes from studying AAV-2.  Kenneth Berns, 

Robert Kotin and colleagues found that AAV-2 genome specifically integrated in a 

defined region in human chromosome 19 122.  Site-specific integration may significantly 

enhance the safety profile of a gene therapy vector.  Because of the potential safety 

advantage and also because the transduction biology of AAV-2 is well studied, early 

development of AAV vectors has mainly focused on AAV-2.  A unique hurdle for AAV-

mediated gene transfer is the small viral packaging capacity.  A single AAV virion cannot 

handle a vector genome larger than 5 kb 123.   

AAV-mediated gene therapy is a promising approach to restore dystrophin 

expression irrespective of the type of the mutations a patient has.  Dystrophin has an 

extremely large cDNA sequence and AAV cannot package the entire cDNA in a single 

viral particle.  For AAV-mediated gene replacement therapy, investigators have 

developed truncated dystrophin constructs referred to as mini- and micro-dystrophin.  A 

micro-dystrophin gene carries approximately 30% of the full-length coding sequence and 

mini-dystrophin may carry about 50%.  A number of mini- and micro-dystrophin 

constructs have been described over the years 76,124-129.  AAV-mediated delivery of 

truncated dystrophins (Figure 1.2) has been well studied in animal models and holds 

premise for developing as a permanent treatment for DMD 130-134. Scientists have 

achieved histological and functional improvements in both skeletal muscle and the heart 

using the truncated mini- or micro-dystrophin constructs 76,124,125,127,129,135-139.  AAV-
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mediated delivery of larger mini- or full-length dystrophin that exceeds 5Kb genome size, 

is achieved using trans-splicing AAV vectors 124,140-147.  Both the skeletal muscle and 

heart were successfully transduced with the use of the trans-splicing AAV vectors.   

In a clinical trial, six DMD patients were injected with an AAV micro-dystrophin 

vector in their biceps muscles.  However functional dystrophin expression was not 

detected in these boys due to a dystrophin specific T-cell response 148.  

 

Dystrophin restoration via exon-skipping strategy 

 Exon skipping technique restores an in-frame transcript by eliminating mutation-

causing exons with an antisense oligonucleotide (AON) 149,150.  There have been a lot of 

development in engineering novel AONs with increased stability and enhanced tissue 

penetrating properties to reach internal organs such as the heart and brain 151-155.  A 

major limitation of the exon-skipping approach is that AONs have to be designed for 

each specific mutation.  About 13% of DMD deletion mutation occurs around exon 50 

(such as deletion mutations at exons 45-50, 48-50, 50 or 52), AONs designed to skip 

exon 51 may work for all these patients 156.  Two exon-skipping drugs (drisapersen and 

eteplirsen) have been tested in phase 3 clinical trials 157,158.  However, these studies 

have not yielded compelling data on dystrophin expression and clinical improvement.  

None of these two drugs received the Food and Drug Administration (FDA) approval 150.  

It is expected that future clinical trials with improved study design and next generation of 

AON chemistry may eventually lead to more robust exon-skipping and hopefully 

approval by the FDA.  

 



 12 

Modulating ribosomal read-through mechanism 

A subgroup of DMD population carries nonsense mutations that result in pre-

mature termination of protein translation.  The mRNA transcripts carrying nonsense 

mutations also undergo nonsense-mediated decay.  The idea of ribosomal read through 

is to suppress the nonsense mutation but not the normal terminal stop codon and hence 

produce the full-length protein 159.  Ataluren (previously known as PTC124) is the most 

extensively studied read-through drug 159,160.  In a small phase2a open-label clinical 

study, it was shown that Ataluren increased dystrophin expression by 11% from the pre-

treatment levels 161.  The results from the subsequent phase2b trial have not been 

published yet.  

 

Genome editing methods to correct dystrophin mutations 

 Genome editing of the mutated loci is a relatively new approach to treat DMD.  

This is a rapidly advancing field.  Different types of genome editing using engineered 

nucleases to correct DMD mutations have been tested.  The first approach was to use 

meganucleases (MGNs) to correct mutated dystrophin in myoblasts 162.  This approach 

may not be ideal for DMD therapy because (1) the dystrophin gene lacks natural target 

sites for meganucleases, and (2) engineering a therapeutic meganuclease is labor-

intensive and time consuming 163.  An alternative approach is to use zinc finger 

nucleases (ZFNs).  Investigators have successfully corrected mutated dystrophin gene 

in myoblast and patient derived myoblasts using ZFNs 164,165.  Unfortunately, the gene 

correction did not restore the protein, likely due to the low efficiency of the gene 

correction or alteration of the expression pattern in gene corrected cells 163,164.  A more 

flexible type of nuclease consists of tandem amino acid repeats conjugated to FokI 
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nuclease referred to as TALENs (transcriptional activator-like effector nuclease).  

Investigators have successfully corrected the mutation, restored the reading frame, 

produced functional dystrophin in patient derived induced pluripotent stem cells (iPSCs) 

166,167.  TALENs are very precise and versatile for genome editing but engineering of 

mutation-specific TALENs is complicated and cumbersome 163.  The latest genome-

editing tool for DMD is the CRISPR (clustered regularly interspaced short palindromic 

repeats) and Cas (CRISPR associated) system.  This system has yielded efficient 

genome editing comparable to that of the TALENs 167.  CRISPR-Cas mediated genome 

editing has drawn a tremendous attention because it can yield precise modification and it 

is relatively easy to engineer CRISPR/Cas9 for different mutations.  Recently, several 

groups have shown that CRISPR-Cas system can successfully restore dystrophin 

expression and improve skeletal muscle function in mdx mice, the most commonly used 

DMD mouse model 168-172.  More research is underway to evaluate the safety and 

efficacy of CRISPR-Cas system for DMD therapy 163,173.  

 

Other alternative therapeutics in development 

Alternative gene-based approaches such as utrophin overexpression or protein-

based approaches such as biglycans have also shown promising results in preclinical 

studies.  Transgenic overexpression of utrophin in mdx mice significantly ameliorated 

dystrophic presentations 174.  More recently, investigators have identified a small 

molecule that can induce utrophin overexpression.  Preclinical studies in mdx mice 

suggest that this small molecule can reduce the dystrophic phenotype in mdx mice 

175,176.  Biglycans are extracellular matrix proteins.  They bind to sarcoglycans, a DAGC 

protein and are important for the expression of sarcoglycans and nNOS 177,178.  More 
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importantly, biglycans can recruit utrophin to the sarcolemma in mdx mice.  Delivery of 

recombinant protein (rhBGN) to dystrophic mice reduced the pathology and improved 

function of dystrophic muscle 179.  Clinical trial to use rhBGN as a DMD therapeutic is still 

underway 180.  

Non-genetic therapeutic approaches have also been extensively studied to treat 

DMD.  These studies aim to find drugs that can target pathological signaling pathways 

(such as elevated cellular components such as ROS, calcium, nitric oxide) or 

pathological processes (such as inflammation and fibrosis) in DMD using novel high 

throughput drug screening approaches 96.  Main cellular targets of inflammation are 

tumor necrosis factor-a (TNF-a), NF-kB and ROS.  TNF-a and NF-kB inhibitors have 

been shown to reduce muscle necrosis and inflammation in mdx mice  181-188.  Some of 

these drugs have resulted in unfavorable cardiac outcome despite skeletal muscle 

improvement 182.  Direct targeting of fibrotic mediators is another approach.  These 

include inhibition of tumor growth factor-b (TGF-b), overexpression of connective tissue 

growth factor (CTGF), inhibition of serum glucocorticoid kinase 1 (SGK1) and reduction 

of the fibrinogen levels 189-196.  Targeting elevated levels of ROS is another approach to 

treat DMD.  To this end, N-acetylcysteine (NAC) has been used as an antioxidant to 

ameliorate the phenotype in mdx mice 197-201.  Other promising drugs include 

phosphodiesterase type 5 (PDE5) inhibitors such as sildenafil and tadalafil.  These drugs 

may enhance the NO-cGMP signaling pathway.  In preclinical studies these drugs have 

reduced muscle inflammation and fibrosis, and improved diaphragm and heart function 

202,203.  In addition to the approaches described here, there are other gene-based and 

non-genetic based therapeutics being developed as potential DMD treatments.  
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The research described in this dissertation 

The main goal of the research described in this dissertation is to understand numerous 

aspects of the use of truncated dystrophins for treating skeletal muscle and cardiac 

disease in DMD. Chapter 2 describes the cardiac consequences of skeletal muscle 

specific dystrophin restoration.  The findings from this study were published in Human 

Molecular Genetics.  

Wasala, N. B., Bostick, B., Yue, Y., & Duan, D. (2013). Exclusive skeletal muscle correction 

does not modulate dystrophic heart disease in the aged mdx model of Duchenne 

cardiomyopathy. Human Molecular Genetics, 22(13), 2634–41.  

Chapter 3 describes the introduction of mdx genotype in to a new genetic background 

(FVB) to generate mdx/FVB mice.  The new mdx/FVB mice were used to generate the 

transgenic mice described in Chapters 4 and 5.  We introduced the mdx/FVB mice as a 

suitable dystrophic mouse model and the findings were published in PLOS Currents: 

Muscular Dystrophy.  

Wasala, N. B., Zhang, K., Wasala, L. P., Hakim, C. H., & Duan, D. (2015). The FVB 

background does not dramatically alter the dystrophic phenotype of Mdx mice. PLOS 

Currents Muscular Dystrophy. 2015 Feb 10. 

In Chapter 4, I describe the implications of the loss of therapeutic mini-dystrophin.  The 

goal of the study is to investigate the skeletal muscle and cardiac response to the loss of 

therapeutic gene expression.  The findings from this study were published in Human 

Molecular Genetics. 
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Wasala, N. B., Lai, Y., Shin, J., Zhao, J., Yue, Y., & Duan, D. (2016). Genomic removal of a 

therapeutic mini-dystrophin gene from adult mice elicits a Duchenne muscular dystrophy-

like phenotype. Human Molecular Genetics. (Epub ahead of print). 

The studies described in Chapter 5 aim to identify cardiac protective domain(s) in 

dystrophin. The findings suggest that repeats 16-19 in dystrophin may have cardiac 

protective function.  The manuscript is in review.  

Wasala, N. B., Shin, J., Lai, Y., Yue, Y., & Duan, D. (2016). R16-19 is a putative heart 

protection domain in dystrophin. (In review) 

The levels of dystrophin needed to achieve a functional outcome are very important 

topics in DMD therapy design.  We have addressed this issue using mdx3cv mouse 

model, a dystrophic mouse model with very low dystrophin expression.  Chapter 6 

describes the findings from this study and the manuscript is in submission.    

Wasala, N. B., Yue, Y., & Duan, D. (2016). Uniform low-level dystrophin expression in the 

heart partially preserved cardiac function in an aged mouse model of Duchenne 

cardiomyopathy.  (In Review) 

Chapter 7 summarizes the findings from the work described in chapters 2-6, importance 

of these results to the field of DMD and I also discuss future directions.  
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Figure 1.1.  Schematic outline of dystrophin and the dystrophin-associated 

glycoprotein complex (DAGC).  Dystrophin contains N-terminal (NT), middle rod, 

cysteine-rich (CR) and C-terminal (CT) domains. The middle rod domain is composed of 

24 spectrin-like repeats (numerical numbers in the cartoon, positively charged repeats 

are marked in white color) and four hinges (H1, H2, H3 and H4).  Dystrophin has two 

actin-binding domains located at NT and repeats 11-15, respectively.  Repeats 1-3 

interact with the negatively charged lipid bilayer. Repeats 16 and 17 form the neuronal 

nitric oxide synthase (nNOS)-binding domain.  Dystrophin interacts with microtubule 

through repeats 20-23. Part of H4 and the CR domain bind to the β-subunit of 

dystroglycan (βDG).  The CT domain of dystrophin interacts with syntrophin (Syn) and 

dystrobrevin (Dbr).  Dystrophin links components of the cytoskeleton (actin and 

microtubule) to laminin in the extracellular matrix.  Sarcoglycans and sarcospan do not 

interact with dystrophin directly but they strengthen the entire DAGC, which consists of 
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dystrophin, DG, sarcoglycans, sarcospan, Syn, Dbr and nNOS.  (Figure 1.1 was 

reproduced from McGreevy et al 2015 204).  
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Figure 1.2.  Structure of abbreviated dystrophins.  A, Naturally occurring dystrophin 

isoforms. In the topmost schematic, blue boxes denote exons.  The full-length dystrophin 

(Dp427) transcripts have three isoforms, including brain Dp427 (B), muscle Dp427 (M) 
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and Purkinje cell Dp427 (P).  Smaller dystrophin isoforms are produced from promoters 

located in different introns (intron positions are marked for each isoform).  Dp260 is 

expressed in the retina, Dp140 in the brain and kidney, Dp116 in Schwann cells, and 

Dp71 and Dp40 are expressed from the same promoter except Dp71 is ubiquitously 

expressed whereas Dp40 only exists in the brain.  Except for Dp140, all other dystrophin 

isoforms have unique N-terminal sequences not present in the full-length protein.    B, 

Structure of representative mini- and micro-dystrophins. The full-length dystrophin 

protein is shown uppermost, and features the same terminology as that used in Figure 

1.1.  (Figure 1.2 was reproduced from McGreevy et al 2015 204).  
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Chapter 2 . Exclusive skeletal muscle correction does not 
modulate dystrophic heart disease in the aged mdx model of 
Duchenne cardiomyopathy  
 

Abstract 

Duchenne muscular dystrophy (DMD) is characterized by severe degeneration and 

necrosis of both skeletal and cardiac muscle.  While many promising experimental 

therapies have shown great promise in treating skeletal muscle disease, an effective 

therapy for Duchenne cardiomyopathy remains a challenge in large animal models and 

human patients.  The current views on cardiac consequences of skeletal muscle-

centered therapy are controversial.  Studies performed in young adult mdx mice (a mild 

DMD mouse model) have yielded opposing results.  Since mdx mice do not develop 

dystrophic cardiomyopathy until ≥21 months of age, we reasoned that old mdx mice may 

represent a better model to assess the impact of skeletal muscle rescue on dystrophic 

heart disease.  Here, we aged skeletal muscle specific micro-dystrophin transgenic mdx 

mice to 23 months and examined the cardiac phenotype.  As expected, transgenic mdx 

mice had minimal skeletal muscle disease and they also outperformed original mdx mice 

on treadmill running.  On cardiac examination, the dystrophin-null heart of transgenic 

mdx mice displayed severe cardiomyopathy matching that of non-transgenic mdx mice.  

Specifically, both strains showed similar heart fibrosis and similar cardiac function 

deterioration in systole and diastole.  Cardiac output and ejection fraction were also 

equally compromised.  Our results suggest that skeletal muscle rescue neither 

aggravates nor alleviates cardiomyopathy in aged mdx mice.  These findings underscore 

the importance of treating both skeletal and cardiac muscle in DMD therapy.  
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Introduction 

 

Duchenne muscular dystrophy (DMD) is the most common X-linked muscle 

disease caused by genetic mutations in the dystrophin gene.  In DMD, dystrophin 

expression is abolished in all striated muscles.  While dystrophin elimination in skeletal 

muscle results in salient clinical presentations (such as the loss of mobility and death 

from respiratory failure), the consequences of dystrophin deficiency in the heart are 

usually subtle at the early stage of disease.  Nonetheless, signs of cardiac dysfunction 

are detected in all DMD patients by their teenage years and up to 40% of patients may 

die from heart failure or sudden cardiac death (reviewed in 37,38,205).  The molecular 

pathogenesis of dystrophin-deficient cardiomyopathy is not completely understood.  

Prevailing hypotheses include weakened sarcolemma integrity, disrupted cellular 

signaling, abnormal ion channel activity and mitochondrial dysfunction (reviewed in 206-

208).  Besides these cardiomyocyte-originated mechanisms, it has also been suggested 

that skeletal muscle disease may play a pivotal role in the development and progression 

of Duchenne cardiomyopathy (reviewed in 132,209-211).   

The interplay between skeletal muscle disease and cardiomyopathy has been 

evaluated in dystrophin-null mdx mice by many investigators 212-215.  However, there is 

still no conclusive answer.  The most striking difference comes from two studies that 

examined the cardiac phenotype in skeletal muscle rescued transgenic mdx mice 213,214.  

Townsend et al studied skeletal muscle specific micro-dystrophin transgenic mdx mice 

generated in the Chamberlain laboratory 129,214.  Crisp et al examined Fiona mice 

developed by Davies and colleagues 174,213.  Fiona mice are also skeletal specific 

transgenic mdx mice but they selectively express the full-length utrophin, rather than a 

micro-dystrophin gene in skeletal muscle 174.  As expected, skeletal muscle dystrophy 
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was effectively prevented in these transgenic mdx mice irrespective of the therapeutic 

gene used 129,174.  To investigate the relationship between skeletal muscle disease and 

cardiomyopathy, Townsend et al and Crisp et al independently examined cardiac 

manifestations in skeletal muscle corrected transgenic mdx mice 213,214.  Surprisingly, 

these two groups obtained completely opposite results.  Townsend et al found that 

selective skeletal muscle correction precipitated heart damage in 4 to 5-m-old micro-

dystrophin transgenic mdx mice 214.  In sharp contrast, Crisp et al showed that cardiac 

function was normalized in 6 to 9-m-old Fiona mice 213.  An important caveat of these 

studies is the use of young adult mdx mice.  Mdx mice do not show characteristic 

dystrophic cardiomyopathy until they reach 21 months of age or older 137,216-219.  We 

reasoned that studies performed in aged mdx mice might offer more clinically relevant 

insight.  Based on this premise, we designed a study on 23-m-old skeletal muscle 

corrected transgenic mdx mice.  Similar to the mice used by Townsend et al and Crisp et 

al 213,214, skeletal muscle disease was rectified in our experimental mice by targeted 

expression of micro-dystrophin in skeletal muscle 129,220,221.  However, contrary to prior 

reports, we found that skeletal muscle rescued mdx mice displayed myocardial fibrosis 

and dysfunction similar to age-matched non-transgenic mdx mice.  Our results suggest 

that skeletal muscle disease may play a less important role in the development of 

dystrophic cardiomyopathy in aged mdx mice.  We conclude that irrespective of skeletal 

muscle rescue, cardiomyopathy remains a major health threat in DMD and should be 

treated.  
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Materials and Methods 

 

Experimental Animals.  All animal experiments were approved by the institutional 

animal care and use committee and were in accordance with NIH guidelines.  

Experimental BL10 and mdx mice were generated in a barrier facility using founders 

from The Jackson Laboratory (Bar Harbor, ME).  The founder lines of human micro-

dystrophin transgenic mice were generated at the University of Missouri transgenic core 

and have been published before 220,221.  These mice express the ∆R4-23/∆C micro-gene 

under the transcriptional control of the skeletal muscle specific human skeletal a-actin 

promoter and the simian virus 40 polyadenylation sequence.  The experimental 

microgene transgenic mice were obtained after backcrossing with mdx mice for at least 

five generations.  Only male mice were used in the study.  All mice were maintained in a 

specific-pathogen free animal care facility on a 12-hour light (25 lux):12-hour dark cycle 

with access to food and water ad libitum.  Mice were euthanized following the functional 

assays to harvest the tissues.  

 

Morphological studies.  Micro-dystrophin expression was evaluated by 

immunofluorescence staining using a human dystrophin-specific antibody (Dys-3, diluted 

1:20, clone Dy10/12B2, IgG2a; Novocastra, Newcastle, UK).  Additional 

immunofluorescence staining was performed using a dystrophin antibody specific to 

spectrin-like repeat 11 that is absent in the micro-dystrophin gene (Mandys-8, diluted 

1:200; Sigma, St Louis, MO).  Slides were viewed at the identical exposure setting 

predetermined for each specific antibody.  Masson trichrome staining was performed as 

we described before 216,218.   
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Western blot.  The frozen heart was ground to fine powder in liquid nitrogen.  Whole 

heart muscle lysate was prepared as we described before 137,218.  Dystrophin was 

detected with the DysB antibody (1:100, clone 34C5, IgG1; Novocastra).  This antibody 

recognizes an epitope located between hinge 1 and spectrin-like repeat 2.  Since the 

region of hinge 1 to spectrin-like repeat 2 is not deleted in the ∆R4-23/∆C micro-

dystrophin, the DysB antibody can detect both endogenous full-length mouse dystrophin 

and transgenic micro-dystrophin.  Western blot quantification was performed with the gel 

analyzer unit of ImageJ (http://rsbweb.nih.gov/ij/).  The relative intensity of the dystrophin 

band was normalized to the corresponding a-tubulin (loading control) band in the same 

blot.  The relative band intensity in transgenic and non-transgenic mdx mice was 

normalized to that of BL10.   

 

Hydroxyproline assay.  Myocardial and skeletal muscle fibrosis were quantified using 

lyophilized heart and extensor digitorum longus muscle, respectively.  Tissue was 

hydrolyzed in 6 N HCl for 3 hours at 115 °C. After pH neutralization, hydroxyproline 

content was determined as described before137. Briefly, a 1 ml tissue lysate was oxidized 

with1 ml Chloramine-T at room temperature for 20 minutes.  One milliliter of p-

dimethylaminobenzaldehyde/perchloric acid was then added to the mixture and 

incubated for 15 minutes at 60 °C.  Hydroxyproline content was determined by 

measuring the absorbance using a Beckman Coulter DU640 spectrophotometer at 558 

nm of the samples and a standard series.  

 

Treadmill running.  Treadmill endurance assay was performed as we described before 

222. Briefly, the mice were subjected to 5-day treadmill acclimation at a 7° uphill treadmill.  

The running distance was measured on day 6.  The mouse was placed on an unmoving 
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treadmill for 2 min and then run at 5 m/min for 5 min.  The treadmill speed was increased 

by 1 m/min every 5 min.  The total running distance was calculated after the mouse 

became exhausted.  Exhaustion is diagnosed when the animal gives up running and 

ends up in contact with the shocker (at the minimal setting) for typically 1-3 sec without 

attempting to reenter the treadmill. 

 

ECG and hemodynamic assay. A 12-lead ECG assay was performed using a 

commercial system from AD Instruments (Colorado Springs, CO) according to our 

previously published protocol 222.  The Q wave amplitude was determined using the lead 

I tracing.  Other ECG parameters were analyzed using the lead II tracing.  The QTc 

interval was determined by correcting the QT interval with the heart rate as described by 

Mitchell et al 223.  The cardiomyopathy index was calculated by dividing the QT interval 

by the PQ segment 224.  Left ventricular hemodynamics was evaluated using a closed 

chest approach as we have previously described 222.  The resulting PV loops were 

analyzed with the PVAN software (Millar Instruments, Houston, TX).  

 

Right ventricular hemodynamic assay. Right ventricular function was evaluated using 

a Millar ultra-miniature pressure–volume catheter (Model SPR-839; Millar Instruments, 

Houston, TX) (24, 26). Briefly, the mouse was anesthetized using 3% isoflurane (in pure 

oxygen) at 0.5 L/min. The mouse was then placed on a heated platform in a supine 

position and the limbs were secured using laboratory tapes. Anesthesia was maintained 

at 2% isoflurane (in pure oxygen) at 2 L/min. The core body temperature was monitored 

using a rectal thermometer and maintained at 37 °C ±1°C. A small incision was made in 

the midline at the level of the clavicle. Subcutaneous tissues and salivary glands were 

carefully separated to visualize the right jugular vein. A small incision was made in the 
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longitudinal direction of the right jugular vein using the tip of a bent 20G needle. The 

Millar catheter was then gently advanced through the jugular vein to the right ventricle. 

Proper catheter positioning was verified by real-time monitoring of pressure changes 

during catheter advance using Chart software v5.5.6 (AD Instruments, Colorado Springs, 

CO, USA). After signal stabilization, the tracing was recorded for at least 10 minutes. 

The resulting hemodynamic data were analyzed with the PVAN software (Millar 

Instruments, Houston, TX). Ejection fraction was obtained by measuring the 

conductance change of the volume electrodes. This conductance signal was corrected 

for the blood conductance using cuvette calibration per manufacturer’s instruction. The 

corrected relative volume units were then compared to determine the volume difference. 

The percentage change from the baseline was utilized as a surrogate for ejection 

fraction.  

 

Statistical analysis. Data are presented as mean ± stand error of mean (s.e.m.).  The 

SPSS software (SPSS, Chicago, IL) was used for statistical analysis of other 

experiments.  One-way ANOVA analysis and Bonferroni post hoc analysis were used for 

multiple group comparisons.  A P < 0.05 was considered statistically significant. 

 



 28 

Results  

 

Skeletal muscle rescued transgenic mdx mice show robust micro-dystrophin 

expression in skeletal muscle but not the heart.  To evaluate therapeutic effect of the 

micro-dystrophin gene in skeletal muscle, we have previously generated transgenic mdx 

mice that expressed human micro-dystrophin under the human skeletal a-actin (HSA) 

promoter 129,220.  Skeletal muscle pathology was ameliorated and force was improved in 

these mice 129,220,221.  To study micro-dystrophin expression in the heart, we performed 

immunofluorescence staining for dystrophin using two epitope-specific antibodies.  One 

antibody (Dys-3) was used to reveal micro-dystrophin expression because it only 

recognizes human dystrophin.  The other antibody (Mandys-8) was used to detect 

endogenous full-length mouse dystrophin because it reacts with a region deleted in 

micro-dystrophin.  As expected, micro-dystrophin was only found in skeletal muscle of 

transgenic mdx mice (Figures 2.1.A and 2.2.A).  Western blot further confirmed this 

observation (Figures 2.1.B, 2.1.C and 2.2.B).  

 

Dystrophic fibrosis is reduced in skeletal but not cardiac muscle in transgenic 

mdx mice.  To determine whether skeletal muscle correction reduced heart disease in 

transgenic mice, we examined fibrosis by Masson trichrome staining and hydroxyproline 

quantification.  Consistent with our previous reports 129,220,221, micro-dystrophin 

expression significantly reduced skeletal muscle fibrosis in transgenic mice (Figure 

2.3.A and 2.3.B).  In contrast to skeletal muscle, the heart of transgenic mice showed 

fibrotic staining similar to that of mdx mice (Figure 2.3.A).  Measurement of the cardiac 

hydroxyproline content suggests that there was no statistically significant difference in 

cardiac fibrosis between transgenic and non-transgenic mdx mice (Figure 2.3.C).    
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Enhancing skeletal muscle activity neither impairs nor improves heart function in 

aged mdx mice.  Skeletal muscle rescue has been suggested to increase physical 

activity of mdx mice 129,214.  We compared treadmill running in 20-m-old mice.  Although 

not reaching the level of normal mice, skeletal muscle rescued transgenic mdx mice 

significantly outperformed non-transgenic mdx mice (Figure 2.3.D).   

To test whether improved skeletal muscle function influences heart performance, 

we examined the heart weight and weight ratios and we also measured whole heart 

electrophysiology and hemodynamics (Table 2.1, Figures 2.3 and 2.4 and 2.5) 137.  As 

expected, mdx mice were significantly emaciated (Table 2.1).  Interestingly, the heart 

weight, ventricular weight and their relative ratios to the tibialis muscle weight were 

significantly higher in transgenic mdx mice than those of BL10 and non-transgenic mdx 

mice (Table 2.1).  Similar to our previous reports, ECG tracing showed significant 

difference between BL10 and mdx mice in the heart rate, PR interval, QRS duration, 

Mitchell’s corrected QT (QTc) interval, Q wave amplitude and cardiomyopathy index 

(Figure 2.4) 217,219.  An interesting pattern was observed in skeletal muscle rescued 

transgenic mdx mice.  Compared to non-transgenic mdx mice, several ECG parameters 

(heart rate, QRS duration and QTc interval) were significantly increased in micro-

dystrophin transgenic mdx mice.  For other ECG parameters (PR interval, Q wave 

amplitude and cardiomyopathy index), there was no significant difference between 

transgenic and non-transgenic mdx mice although the PR interval of transgenic mice 

showed a trend towards normalization (Figure 2.4). 

Left ventricular catheterization revealed significant deterioration of cardiac 

function in transgenic mdx mice (Figure 2.5).  Representative tracings of pressure-

volume (PV) loops in transgenic mdx mice showed a downward and rightward shift 
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identical to those of non-transgenic mdx mice (Figure 2.5.A).  There was also no 

difference in individual systolic and diastolic hemodynamic parameters between 

transgenic and non-transgenic mdx mice (Table 2.2).  Indices of overall heart function 

(ejection fraction, stroke volume and cardiac output) were equally compromised in both 

mdx strains irrespective of skeletal muscle rescue (Figure 2.5.B).  

Crisp et al found that right ventricular function was compromised in 6 to 9-month-

old mdx mice 213.  This defect was corrected in Fiona mice 213.  To study the function of 

right ventricle, we adopted a catheter assay similar to our established left ventricle 

catheterization technique 222,225,226.  Interestingly, we did not detect a statistically 

significant difference in right ventricular function (maximal pressure, dP/dt max, dP/dt 

min and ejection fraction) among BL10, non-transgenic and transgenic mdx mice at the 

age of 7.5 months (Figure 2.6).  Nevertheless, mdx mice (with or without transgenic 

micro-dystrophin expression) showed a trend of reduced dP/dt max and ejection fraction 

(Figure 2.6).   
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Discussion 

 

In this study, we examined cardiac outcome of life-long skeletal muscle rescue in 

the aged mdx model of Duchenne cardiomyopathy.  We found increased heart size and 

heart rate, and prolonged QRS duration and QTc interval in skeletal muscle transgenic 

mdx mice.  However, compared with non-transgenic mdx mice, there was no significant 

difference in hemodynamic function neither was there a change in heart fibrosis.  These 

findings suggest that treating skeletal muscle alone does not dramatically alter the 

outcome of dystrophic heart disease.   

Understanding cardiac repercussion of targeted skeletal muscle rescue has 

become a pressing issue in light of the emerging novel therapeutic modalities such as 

anti-sense oligonucleotide (AON) mediated exon skipping and adeno-associated virus 

(AAV) mediated micro-dystrophin gene therapy.  In the case of exon skipping, efficient 

myocardial correction has only been achieved in the murine model not long ago using 

the newly developed second generation AON (such as peptide-modified AON) 153,227.  It 

remains a great challenge to achieve effective exon skipping in the heart of DMD 

patients 228.  AAV micro-dystrophin gene therapy has been shown to alleviate skeletal 

muscle disease in dystrophic dog muscle 139.  Surprisingly, systemic delivery of AAV-9, 

the so-called “cardiotropic” AAV serotype, has failed to transduce the dog heart despite 

wide spread skeletal muscles transduction 229.  To determine the best treatment strategy, 

it is crucial to have a definitive answer on how a skeletal muscle-centered therapy may 

influence the course of heart disease.  If cardiomyopathy is induced by skeletal muscle 

disease, one may envision a concomitant recovery of heart function following targeted 

repair of skeletal muscle damage.  On the other hand, if targeted skeletal muscle repair 
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worsens heart disease, extreme precautions should be taken in moving forward with 

skeletal muscle-centered therapy.  

There are currently two conflicting hypotheses on how skeletal muscle injury may 

affect dystrophin-deficient cardiomyopathy.  One theory proposes that normalizing 

skeletal muscle function will accelerate heart disease progression 214,215.  This theory is 

based on the rationale that correction of skeletal muscle disease enables more 

locomotor activity and hence a higher workload for the heart.  The increased demand on 

the heart then triggers pathologic myocardial remodeling and dilated cardiomyopathy.  

The support for this theory mainly comes from studying skeletal muscle specific micro-

dystrophin transgenic mice by Townsend et al 214.  By quantifying cytosolic 

immunoglobulin G accumulation in the heart section, the authors found that targeted 

repair of skeletal muscle resulted in a five-fold increase in myocardial damage of young 

mdx mice.  The authors also studied left heart function using cardiac catheterization.  

They found that the PV loops were shifted towards the right and the end-diastolic volume 

(EDV) was increased in transgenic mice.  The authors concluded that correction of 

skeletal muscle disease resulted in dilated cardiomyopathy in skeletal muscle specific 

micro-dystrophin transgenic mdx mice.  While the morphology data are convincing, the 

authors’ interpretation on the results of catheter assay may require additional discussion.  

First, wild type control was not included in the study.  This makes it difficult to determine 

whether the rightward shift of the PV loop represents functional amelioration or 

deterioration.  Two prior studies from the same group of authors suggest that a rightward 

shift of the PV loop indicates cardiac function improvement in young mdx mice 230,231.  

Second, the authors reached the conclusion of dilated cardiomyopathy because the EDV 

of skeletal muscle rescued transgenic mdx mice was larger than that of non-transgenic 

mdx mice.  Granted, an increase in the EDV suggests that the left ventricle has a bigger 
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size (chamber dilation).  But this does not necessarily mean a pathological change.  

Studies from many groups, including these from Townsend and colleagues, have 

provided compelling evidence that the chamber size of normal mice is significantly larger 

than that of mdx mice when mice are young (≤ 6-m-old) 213,230,231.  As a matter of fact, the 

dystrophin-null heart first undergoes a hypertrophic stage (chamber size reduction) 

before it enters the phase of dilated cardiomyopathy 232,233.  Collectively, the rightward 

PV loop shift and a high left ventricular EDV may suggest functional improvement rather 

than decline in young adult mdx mice. 

Based on the hypothesis of Townsend et al, one would expect skeletal muscle 

transgenic mdx mice to have a shorter life span because aggravated cardiomyopathy 

will lead to early death from heart failure.  Although our study was not designed to 

quantify the life span, all microgene transgenic mdx mice (N=16) survived to the time of 

cardiac catheter assay (23 months of age), an indication of a life span that is at least 

comparable to that of mdx mice (the average life span of mdx mice is ~22 months) 234,235.  

Taken together, the notion that targeted skeletal muscle repair causes emergent dilated 

cardiomyopathy appears not fully supported by the existing evidence.  Finally, it is worth 

pointing out that exercise training is often prescribed to patients suffering from dilated 

cardiomyopathy 236.  In this case, appropriate increase of skeletal muscle activity actually 

enhances heart function.   

A contradictory but quite enticing hypothesis was introduced by Crisp et al 213.  

The authors proposed that skeletal muscle rescue, in particular respiratory muscle (such 

as the diaphragm) rescue, was sufficient to restore heart function in dystrophic mice.  

The logic behind this reasoning involves diaphragm dystrophy-induced respiratory failure 

and pulmonary hypertension.  In DMD patients, loss of respiratory muscle contractility 

results in lung dysfunction.  This causes secondary pulmonary hypertension and 
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subsequent right ventricular failure and eventually left ventricular dysfunction and whole 

heart failure.  To test this hypothesis, Crisp and colleagues examined mouse heart 

function using MRI 213.  They found that right ventricular dysfunction precedes left 

ventricular dysfunction in mdx mice.  Using the same MRI method, the authors further 

showed that cardiac function was improved after repairing skeletal muscle damage by 

either transgenic utrophin expression in Fiona mice or exon-skipping in mdx and 

dystrophin/utrophin double knockout mice 213.  The results of Crisp et al are in line with 

the findings from myoD/dystrophin double knockout (m-dko) mice 212.  MyoD elimination 

impairs skeletal muscle regeneration.  Hence, m-dko mice display more severe skeletal 

myopathy.  Interestingly, when Megeney and colleagues examined the heart of 5-m-old 

m-dko mice, they observed pronounced cardiac dilation and myocardial fibrosis 

suggesting a potential causal link between skeletal muscle disease and cardiomyopathy 

212.  In other words, dilated cardiomyopathy seen in m-dko mice is due to accelerated 

skeletal muscle deterioration and treating skeletal muscle may alleviate heart disease 

212.  

Our results here have revealed a third possibility, i.e. the loss of dystrophin in the 

heart can cause dystrophic cardiomyopathy independent of skeletal muscle condition.  

Studies on X-linked dilated cardiomyopathy (XLDC) offer compelling support for this 

hypothesis (reviewed in 237).  In XLDC patients, dystrophin expression is selectively 

eliminated in the heart but not skeletal muscle 238-240.  These patients develop severe 

dilated cardiomyopathy and congestive heart failure yet no apparent skeletal muscle 

symptoms 237.  Consistent with our results and the findings from XLDC patients, it has 

been shown that cardiomyopathy caused by deficiency of other dystrophin-associated 

proteins (such as g-sarcoglycan) is also independent of skeletal muscle disease 241.  
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In this study, we have intentionally focused on very old mice because aged mdx 

mice display dystrophic cardiomyopathy similar to what has been described in human 

patients 137,216-219.  Further, this experimental design also allows us to study the 

cumulative effect of life-long skeletal muscle correction.  In skeletal muscle specific 

micro-dystrophin transgenic mice, we observed robust micro-dystrophin expression in 

limb muscle and respiratory muscle (Figures 2.1 and 2.2).  As expected, skeletal 

muscle rescued transgenic mice showed increased exercise capacity (Figure 2.3.D).  

Further their heart rate was significantly elevated, a sign of intensified sympathetic 

activity (consistent with increased exercise capacity in these mice) (Figure 2.4).  

However, in contrast to the reports of Townsend et al and Crisp et al 213,214, we found 

that skeletal muscle correction did not reduce myocardial fibrosis neither did it improve 

left ventricular function in aged mdx mice (Figures 2.3 and 2.5).  Interestingly, increased 

ventricular weight suggested that skeletal muscle transgenic mdx mice might have 

developed ventricular hypertrophy (Table 2.1).  This notion was further supported by the 

findings of increased QRS duration (in other words, longer conduction through the 

ventricles) and prolonged QTc interval (an indication of delayed ventricular 

repolarization) (Figure 2.4).   

Crisp et al evaluated right ventricular function by high-resolution cine MRI 213.  

They found that right ventricular dysfunction preceded left ventricular failure in young 

adult mdx mice 213.  Further, skeletal muscle rescue significantly preserved right heart 

function 213.  We performed the right ventricular catheter assay.  However, we did not 

detect a statistically significant difference among BL10, mdx and transgenic mdx mice in 

the right ventricular hemodynamic parameters (maximal pressure, dP/dt max, dP/dt min 

and ejection fraction of the RV) (Figure 2.6).  Although BL10 mice showed a trend of 
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better dP/dt max and ejection fraction, there was no difference between transgenic and 

non-transgenic mdx mice in the right ventricular catheter assay (Figure 2.6).  

In summary, we have demonstrated that exclusive correction of skeletal muscle 

disease neither exacerbates nor ameliorates dystrophic cardiomyopathy in aged mdx 

mice.  Our result has important practical implications in designing/conducting DMD 

therapy.  First, it reduces worries that skeletal muscle-centered therapy may aggravate 

dystrophic cardiomyopathy.  Based on our data, strategies that only show promise in 

skeletal muscle (such as first generation AON-mediated exon skipping) should be 

encouraged rather than withheld.  Second, it emphasizes the need to treat both skeletal 

muscle and the heart in order to achieve a full recovery of DMD. 
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Figure 2.1.  Transgenic mdx mice show exclusive micro-dystrophin expression in 

skeletal muscle but not the heart.  A, Representative photomicrographs of Dys-3 and 

Mandys-8 immunofluorescence staining on skeletal muscle (the tibialis anterior muscle) 

and the heart from BL10, mdx and transgenic mdx mice.  Dystrophin positive myofibers 
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show sarcolemma staining.  Dys-3 is a human dystrophin specific antibody that only 

recognizes human gene derived micro-dystrophin.  Mandys-8 binds to sprectrin-like 

repeat 11 in dystropin.  This repeat is deleted in the micro-dystrophin gene.  Hence, 

positive Mandys-8 staining indicates endogenous mouse dystrophin.  Bar, 100 µm.  B, 

Representative dystrophin western blots of BL10, mdx, and trangenic mdx heart (right 

panel) and skeletal muscle (left panel).  Dystrophin is detected with the DysB antibody 

which recognizes both human micro-dystrophin and full-lengh mouse dystrophin.  Arrow, 

full-length dystrophin; arrowhead, micro-dystrophin.  C, Densitomitry quantification of 

dystrophin western blot (N=3 for each group).  Asterisk, the result is significantly different 

from that of the other groups in the same panel.  
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Figure 2.2.  Transgenic mdx mice show exclusive micro-dystrophin expression in 

cardiorespiratory muscles. A, Representative photomicrographs of Dys-3 and 

Mandys-8 immunofluorescence staining on diaphragm, intercostal and abdominal 

muscles from BL10, mdx and transgenic mdx mice.  Dystrophin positive myofibers show 

sarcolemma staining.  Dys-3 is a human dystrophin specific antibody that only 

recognizes human gene derived micro-dystrophin.  Mandys-8 binds to sprectrin-like 

repeat 11 in dystropin.  This repeat is deleted in the micro-dystrophin gene.  Hence, 

positive Mandys-8 staining indicates endogenous mouse dystrophin.  Bar, 100 µm.  B, 

Representative dystrophin western blots of BL10, mdx, and trangenic mdx diaphragm 

(left panel), intercostal (middle panel) and abdominal muscles (right panel).  Dystrophin 

is detected with the DysB antibody which recognizes both human micro-dystrophin and 

full-lengh mouse dystrophin.  
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Figure 2.3.  Skeletal muscle correction does not reduce myocardial fibrosis in 

transgenic mdx mice.  A, Representative photomicrographs of Masson trichrome 

staining of skeletal muscle (the tibialis anterior muscle) and the heart in BL10, mdx and 

transgenic mdx mice.  Fibrotic tissue stains in blue color.  Bar, 100 µm.  B, Quantification 

of the hydroxyproline content in skeletal muscle (the extensor digitorium longus muscle, 

N=7 for all strains).  The P values of the Bonferroni post hoc analysis were 0.000, 0.003 

and 0.000 for BL10/non-transgenic mdx comparison, BL10/ transgenic mdx comparison, 

and transgenic/non-transgenic mdx comparison, respectively. C, Quantification of the 

hydroxyproline content in the heart (N=5 each for BL10 and mdx, and N=6 for transgenic 

mdx).  The P values of the Bonferroni post hoc analysis were 0.000, 0.003, 0.226 for 

BL10/non-transgenic mdx comparison, BL10/ transgenic mdx comparison, and 

transgenic/non-transgenic mdx comparison, respectively.  D, Quantification of treadmill 
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running distance in BL10, mdx and transgenic mdx mice.  N=17 for BL10, N=9 for mdx 

and N=6 for transgenic mdx mice.  The P values of the Bonferroni post hoc analysis 

were 0.000 for all two group comparisons.  Asterisk, the result is significantly different 

from that of the other groups in the same panel.  
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Figure 2.4.  Skeletal muscle rescued transgenic mdx mice display minor ECG 

alterations. Quantitative evaluation of the heart rate (HR), PR interval, QRS duration, 

QTc interval, Q wave amplitude (Q amp) and cardiomyopathy index (C. index).  Asterisk, 

significantly different from other two strains.  Cross, significantly different from mdx only.  
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Figure 2.5.  Skeletal muscle correction does not improve left ventricular function 

in aged mdx mice.  A, Reresentative pressure-volume loops of BL10, mdx and 

transgenic mdx mice. B, Quantitative hemodynamic evaluation of overall left ventricular 

performance in BL10, mdx and transgenic mdx mice.  Asterisk, significantly different 

from other two strains. 
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Figure 2.6.  Right ventricular hemodynamic parameters show a trend towards a 

defective heart young mdx mice.  Quantitative hemodynamic evaluation of maximum 

pressure, maximum pressure change rate (dP/dt max), minimum pressure change rate 

(dP/dt min) and ejection fraction (percenage relative volume) in BL10, mdx and 

transgenic mdx mice.   
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Table 2.1.  Weight and weight ratios  

 

 

 

 

 

 

 

 

 

Abbreviations: BW, body weight; TW, anterior tibialis muscle weight; HW, heart weight; VW, ventricle weight. 

a, Significantly different from those of other two groups. 

 

 

  

    BL10   Mdx   Transgenic   
Sample Size 
(N)   18   18   12   

Age (m)  23.73 ± 0.80  23.74 ± 0.33  23.61 ± 0.47  
BW (g)  35.72 ± 1.09  28.83 ± 0.71a  35.99 ± 1.48  
TW (mg)  40.26 ± 1.67  40.95 ± 1.32  31.06 ± 2.32a  
HW (mg)  140.91 ± 3.32  137.27± 4.13  159.70 ± 3.09a  
VW (mg)  132.97 ± 3.17  127.78± 4.00  149.27 ± 3.23a  
TW/BW (mg/g)  1.13 ± 0.04a  1.43 ± 0.06a  0.87 ± 0.06a  
HW/BW (mg/g)  3.97 ± 0.09a  4.79 ± 0.16  4.49 ± 0.14  
HW/TW (mg/g)  3.58 ± 0.13  3.40 ± 0.13  5.41 ± 0.35a  
VW/BW (mg/g)  3.75 ± 0.08a  4.46 ± 0.15  4.23 ± 0.14  
VW/TW (mg/g)   3.37 ± 0.12  3.16 ± 0.12  5.16 ± 0.34a  
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Table 2.2.  Quantitative evaluation of left ventricular systolic and diastolic function  

 

 

 

 

 

 

Abbreviations: Max, maximal; Min, minimal, P, pressure.  

a, Significantly different from those of other two groups.  

b, Significantly different from that of mdx only.   

    BL10   Mdx   Transgenic   
Sample Size (N)   17   17   16   
Age (m)  23.7 ± 0.5  23.9 ± 0.4  22.8 ± 0.6  
End systolic volume (µl)  7.94 ± 0.9a  18.1 ± 3.0  20.0 ± 2.5  
Max pressure (mmHg)  104.6 ± 1.8a  80.0 ± 3.5  77.0 ± 3.2  
dP/dt Max (KmmHg/s)  13.0 ± 0.4a  7.35 ± 0.5  6.45 ± 0.3  
End diastolic volume (µl)  29.9 ± 1.5  24.8 ± 2.5  27.2 ± 2.2  
dP/dt Min (KmmHg/s)  -11.4 ± 0.4a  -6.60 ± 0.4  -6.30 ± 0.5  
Tau (msec)  6.50 ± 0.3b  9.8 ± 1.1  9.4 ± 0.5  
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Chapter 3 .  The FVB background does not dramatically alter the 

dystrophic phenotype of mdx mice  
 

Abstract 

The mdx mouse is the most frequently used animal model for Duchenne muscular 

dystrophy (DMD), a fatal muscle disease caused by the loss of dystrophin.  Mdx mice 

are naturally occurring dystrophin-null mice on the C57BL/10 (BL10) background.  We 

crossed black mdx to the white FVB background and generated mdx/FVB mice.  

Compared to that of age- and sex-matched FVB mice, mdx/FVB mice showed 

characteristic limb muscle pathology similar to that of original mdx.  Further, the forelimb 

grip strength and limb muscle (tibialis anterior and extensor digitorum longus) specific 

force of mdx/FVB mice were significantly lower than that of wild type FVB mice.  

Consistent with what has been reported in original mdx mice, mdx/FVB mice also 

showed increased susceptibility to eccentric contraction-induced force loss and elevated 

serum creatine kinase.  Our results suggest that the FVB background does not 

dramatically alter the dystrophic phenotype of mdx mice.   
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Introduction 

 

Duchenne muscular dystrophy (DMD) is an X-linked lethal progressive muscle 

wasting disorder mainly affecting boys.  It is caused by mutations in the dystrophin gene, 

one of the largest and most conserved genes in the genome (reviewed in 39).  Numerous 

mouse models have been used to study dystrophin function and DMD pathogenesis 

(reviewed in 132,242-244).  Among these, the mdx mouse is the most frequently used model 

(reviewed in 245).  First described in 1984 by Bulfield and colleagues as a spontaneous 

myopathy model in C57/BL10 mice, mdx mice carry a nonsense mutation in the exon 23 

of the dystrophin gene 246,247.   

Transgenesis is one of the most powerful technologies to investigate gene 

function in animal models (reviewed in 248,249).  Studies conducted in transgenic mdx 

mice have laid the foundation for our current understanding of the structure-function 

relationship of dystrophin and DMD gene therapy (reviewed in 130).  We recently began 

to use the transgenic approach to characterize the function of the dystrophin nNOS-

binding domain and to explore cardiac unique features of the dystrophin gene 76,217,220,221.  

The FVB mouse has been the preferred inbred strain for the production of transgenic 

mice because of its robust reproductive performance, unusually large pronuclei of the 

fertilized oocytes (easy for microinjection) and excellent nurturing characteristics 250.  To 

minimize the influence of the genetic background, in the past we have to backcross our 

FVB background transgenic mice for many generations to the BL10 background before 

use them in the study 76,217,220.  With more transgenic lines being developed, it becomes 

an extremely labor-intensive and time-demanding task to backcross every FVB 

transgenic line to the mdx background.  To solve this problem, we decided to generate 

FVB background mdx (mdx/FVB) mice.  We backcrossed inbred FVB mice with the 
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original BL10 background mdx mice for seven generations.  The resulting mdx/FVB mice 

had white coat color.  However, they showed the characteristic histological and 

physiological changes as the original mdx mice.  Our results suggest that the mdx/FVB 

mouse may represent a useful model to study DMD. 
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Materials and Methods 

 

Experimental Animals.  All animal experiments were approved by the institutional 

animal care and use committee and were in accordance with NIH guidelines.  Parental 

FVB (FVB/NJ, Jackson stock number 001800) and mdx (C57BL/10ScSn-Dmdmdx/J, 

Jackson stock number 001801) mice were obtained from The Jackson Laboratory (Bar 

Harbor, ME).  All mice were maintained in a specific-pathogen free animal care facility 

on a 12-hour light (25 lux): 12-hour dark cycle with access to food and water ad libitum.  

For histological and physiological studies, only male mice were used.  

 

Generation of mdx/FVB mice.  The mdx/FVB mouse was generated by seven 

generations of backcrossing.  Briefly, female mdx mice were crossed with male FVB 

mice to obtain the F1 progeny.  Heterozygous females were bred with FVB males to get 

F2 progeny.  Heterozygous F2 females were identified by PCR according to our 

published protocol and crossed with male FVB mice to get F3 progeny 251.  In 

subsequent rounds of breeding, the heterozygous females were used to cross with FVB 

males until a total of seven generations of backcrossing was finished.  Dystrophin-

deficient males and heterozygous females from the last round of backcrossing were 

interbred to generate experimental mdx/FVB mice.  

 

Morphological studies.  General histology was examined by hematoxylin and eosin 

(HE) staining.  Central nucleation was quantified on 3 to 5 random 20x fields for each 

muscle.  Fibrosis was examined by Masson trichrome staining as we described before 

252.  Dystrophin expression was evaluated by immunofluorescence staining using the 

dystrophin C-terminal domain specific Dys-2 antibody (1:100; clone Dy10/12B2, IgG2a; 
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Novocastra, Newcastle, UK) 225,253.  Slides were viewed at the identical exposure setting 

using a Nikon E800 fluorescence microscope.  Photomicrographs were taken with a 

Qimage REtiga 1300 camera 252. 

 

Serum creatine kinase (CK) activity assay.  Fresh serum was collected by tail vein 

bleeding.  The CK activity was determined using CK liqui-UV test kit from Stanbio 

Laboratory (Boerne, TX) according to the manufacturer’s guidelines. 

 

Fore limb grip strength measurement.  Fore limb grip strength was measured with a 

computerized grip strength meter (Columbus Instruments, Columbus, OH) as we 

described previously 254,255.  The grip strength meter has a pulling bar attached to a force 

transducer and a digital display.  Briefly, the mice were first checked for any sores in the 

limbs and toes prior to the experiment.  Only mice without apparent skin injury were 

used in the study.  The mice were first acclaimed to the apparatus for approximately 5 

min. Mouse was then allowed to grab the pulling bar by holding it from the tip of the tail.  

The mouse was gently pulled away from the grip bar.  When the mouse can no longer 

grasp the bar, the reading was recorded.  Protocol was repeated five times with at least 

30 sec rest between trials.  The highest three values were averaged to obtain the 

absolute grip strength.  Normalized grip strength was obtained by dividing the absolute 

grip strength with the body weight.  

 

EDL muscle function evaluation.  EDL muscle force was determined ex vivo according 

to our published protocol 254,256.  Briefly, mice were anesthetized via intra-peritoneal 

injection of a cocktail containing 25 mg/ml ketamine, 2.5 mg/ml xylazine and 0.5 mg/ ml 

acepromazine at 2.5 µl/g body weight.  The EDL muscle was gently dissected and 
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mounted to an intact muscle test system (Aurora Scientific, Inc., Aurora, ON, Canada) 

containing oxygenated (95% O2 and 5% CO2 at 30ºC) Ringer’s buffer.  After 10 min 

equilibration, the muscle length (Lm) of the EDL muscle was measured with an electronic 

digital caliper (Fisher Scientific, Waltham, MA, USA).  This length is defined as the 

optimal muscle length (L0).  The maximum isometric tetanic force (P0) was measured at 

150 Hz.  The muscle cross-sectional area (CSA) was calculated according to the 

following equation, CSA = (muscle mass, in gram)/ [(optimal fiber length (Lf), in cm) × 

(muscle density, in g/cm3)].  A muscle density of 1.06 g/cm3 was used in calculation.  

The optimal fiber length is calculated as 0.44 x Lo.  0.44 represents the ratio of the fiber 

length to the Lo of the EDL muscle 256.  Specific muscle force was determined by 

dividing the maximum isometric tetanic force with the muscle CSA.  After tetanic force 

measurement, the muscle was rested for 10 min and then subjected to ten rounds of 

eccentric contraction injury according to our previously published protocol 254,256.  Briefly 

the following a tetanic contraction EDL muscle was stretched 10%L0 at a rate 0.5L0 /sec.  

The muscle was allowed to rest 2 min between each eccentric cycle.  The percentage of 

force drop following each round of eccentric contraction was recorded.  Data were 

processed using the Lab View-based DMC and DMA programs (Version 3.12, Aurora 

Scientific, Inc.).  

 

TA muscle function evaluation.  The TA muscle force was measured in situ according 

to our published protocol 254,256.   Briefly, mice were anesthetized as described above.  

The TA muscle and the sciatic nerve were exposed.  The mouse was transferred to a 

customer-designed thermo-controlled platform of the footplate apparatus.  Sciatic nerve 

was stimulated using a custom-made 25G platinum electrode to elicit muscle 

contraction.  Subsequently, twitch and tetanic forces and the eccentric contraction profile 
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were measured with a 305C-LR dual-mode servomotor transducer (Aurora Scientific, 

Inc.).  Data recording and analysis were identical to methods described for the EDL 

muscle.  In TA muscle cross-sectional area calculation, the optimal fiber length was 

calculated as 0.60 x L0.  0.60 represents the ratio of the fiber length to the L0 of the TA 

muscle 256.    

 

Statistical analysis.  Data are presented as mean ± standard error of mean (s.e.m.).  

Statistical significance between FVB and mdx/FVB was determined by the Student t-test.  

Difference was considered statistically significant when P < 0.05.  
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Results  

 

Adult mdx/FVB mice show dystrophic muscle pathology and elevated serum CK.  

The coat color of mdx mice is black while that of FVB mice is white.  After crossing mdx 

mice with FVB mice for seven generations, we obtained the expected white colored 

mdx/FVB mice (Figure 3.1A).  To determine whether mdx/FVB mice had myopathy, we 

first examined histology in the TA muscle of 3 and 6-m-old mice (Figure 3.1B).  

Dystrophin expression was observed in the FVB muscle but not in the mdx/FVB muscle.  

On HE staining, we observed inflammation, degeneration/regeneration and necrosis in 

the mdx/FVB muscle (Figure 3.1B).  The FVB muscle had the uniform myofiber size but 

in the mdx/FVB muscle, we noticed the presence of extremely large and small myofibers 

(Figure 3.1B).  In wild type FVB mice, central nucleation was <1%.  In mdx/FVB mice, 

central nucleation reached 66-71% (Table 3.1, N=11 mice/group, ~ 12,000 

myofibers/strain). 

 CK level elevation is a salient feature in mdx mice.  Consistently, the CK level in 

mdx/FVB mice was also significantly higher than that of FVB mice (Figure 3.2A).  

 

Muscle function is significantly compromised in mdx/FVB mice.  Three methods 

were used to evaluate muscle function in 3 and 6-m-old FVB and mdx/FVB mice.  

Forelimb grip strength was quantified in awaken intact mice.  Compared to that of FVB 

mice, body-weight normalized grip strength was reduced by ~ 50% in mdx/FVB mice 

(Figure 3.2B). 

The TA muscle force was analyzed in situ in anesthetized mice (Figure 3.3, 

Table 3.1).  The specific twitch force was marginally reduced in mdx/FVB mice (p=0.05) 

(Figure 3.3A).  However, the specific tetanic force was significantly decreased in 
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mdx/FVB mice.  It only reached ~ 80% of the normal (Figure 3.3B).  Mdx/FVB mice 

were significantly more susceptible to eccentric contraction damage (Figure 3.3C).  

From 3 to 6 months, the eccentric contraction profile of FVB mice did not differ much.  

Interestingly, compared to that of 3-m-old mdx/FVB mice, 6-m-old mdx/FVB mice 

showed a much sharper force drop during the first three rounds of eccentric contraction.  

The residual force was also lower in 6-m-old mdx/FVB (~21% of the starting force; this 

value was ~ 35% in 3-m-old mdx/FVB).   

The EDL muscle force was analyzed ex vivo (Figure 3.4, Table 3.1).  The overall 

trend was similar to that of the TA muscle with mdx/FVB mice showing significantly more 

compromised contractility compared to that of normal mice.  Interestingly, a statistically 

significant difference in the specific twitch force was found between FVB and mdx/FVB 

mice (Figure 3.4A).  Further, the eccentric contraction profile of 3-m-old mdx/FVB mice 

was similar to that of 6-m-old mdx/FVB (Figure 3.4C). 
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Discussion 

 

To meet the practical needs of our transgenic studies, we crossed the BL10-

background mdx mice with FVB/NJ mice.  Recent studies suggest that the so-called 

“wild type” inbred mice may actually carry various changes in their genome.  For 

example, the commonly used A/J mice were recently show to display progressive 

muscular dystrophy due to a mutation in the dysferlin gene 257.  The FVB strain was also 

found to carry mutations in several genes of the visual system 258.  It is thus important to 

determine whether the FVB background alters the dystrophic phenotype of the original 

mdx mice.  After seven generations of backcross, we obtained white mdx/FVB mice.  

These mice showed classic dystrophic changes including elevated serum CK, myofiber 

centronucleation, muscle inflammation and fibrosis, force reduction and enhanced 

sensitivity to eccentric contraction injury.  In young adult mdx and mdx4cv mice, the 

specific twitch and tetanic force for EDL muscle range from 26.6±1.2 to 27.7±3.0 and 

129.56±10.5 to 156.52±5.5 mN/mm2, respectively.  In young adult C57Bl/10 (BL10) and 

C57Bl/6 (BL6) mice, the specific twitch and tetanic force for EDL muscle range from 

44.0±3.9 to 46.5±3.7 and 215.3±9.1 to 245.0±1.7 mN/mm2, respectively 76,127,234,259.  

Muscle force drops from 100% (baseline) to 53.5-29.4% (after 10 cycles of eccentric 

contraction) in young mdx mice.   Muscle force drops from 100% (baseline) to 73.1-

68.0% (after 10 cycles of eccentric contraction) in BL10 mice 127,234.  The values we 

observed in EDL muscle of mdx/FVB mice were comparable to these of mdx mice.  The 

contractile properties of the TA muscle in mdx/FVB mice and FVB mice also fall within 

the range of those reported in mdx/mdx4cv mice and BL10/BL6 mice, respectively 260-262.  

Elevated levels of serum CK and myofiber centronucleation are hallmarks of muscle 

diseases in mdx and mdx4cv mice 234,262-264.  The mdx/FVB mice showed the similar 
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trend.  Based on the phenotypic similarity between mdx/FVB mice and the original mdx 

mice, we conclude that mdx/FVB may serve as a good control for studying FVB-

background transgenic mdx mice.   

Over the last two decades, mdx mice have been backcrossed to the background 

of at least six different inbred strains including albino, BALB/C, C3H, BL6, DBA/2 and 

FVB 204,265-270. Except for the DBA/2 background mdx mice 267, the dystrophic phenotype 

is rarely characterized in other backgrounds.  It has become apparent that genetic 

background can significantly modulate the phenotype of single gene mutation in mice 

(reviewed in 271-274).  This feature has been used in genome-wide genetic analysis to 

identify the genetic modifiers that may account for the phenotypic differences in 

muscular dystrophy (reviewed in 275,276).  The mdx/FVB strain described here may add in 

the research in this direction.  
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Figure 3.1.  The tibialis anterior (TA) muscle of the mdx/FVB mouse displays 

characteristic histological changes of muscular dystrophy.  A, Representative 

photographs of experimental mice.  Left panel, BL10 and mdx mice; Right panel, FVB 

and mdx/FVB mice.  B, Representative photomicrographs of dystrophin 

immunofluorescence staining (top panel), HE staining (middle panel) and Masson 

trichrome staining (bottom panel) of the FVB and mdx/FVB TA muscles.     
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Figure 3.2.  Serum creatine kinase (CK) and forelimb grip in FVB and mdx/FVB 

mice. A, Quantification of the serum CK level.  n=8 and 9 for 3-m-old and n=4 and 8 for 

6-m-old FVB and mdx/FVB mice, respectively.  B, Forelimb grip strength.  n=7 and 8 for 

3-m-old and n=4 and 6 for 6-m-old FVB and mdx/FVB mice, respectively.  The absolute 

grip force is normalized to the body weight.  Asterisk, significantly different from that of 

FVB mice.  
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Figure 3.3.  In situ analysis of the contractile properties of the tibialis anterior (TA) 

muscle in FVB and mdx/FVB mice.  A, Specific twitch force. n=10 and 8 for 3-m-old 

and n=8 and 9 for 6-m-old FVB and mdx/FVB mice, respectively; p=0.51 and p=0.50 for 

3 and 6-m-old comparisons respectively.  B, Specific tetanic force. n=10 and 8 for 3-m-

old and n=8 and 9 for 6-m-old FVB and mdx/FVB mice, respectively.  C, Percentage of 

force drop during ten cycles of eccentric contractions. Absolute force generated during 

the first cycle is set as the baseline (100%) and the percentage of force drop following 

each cycle of eccentric contraction is calculated relative to the baseline.  n=7-10 and 7-8 

for 3-m-old and n=7-8 and 6-9 for 6-m-old FVB and mdx/FVB mice, respectively. 

Asterisk, significantly different from that of FVB mice. 
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Figure 3.4.  Ex vivo analysis of the contractile properties of the extensor digitorum 

longus (EDL) muscle in FVB and mdx/FVB mice.  A, Specific twitch force. n=14 and 

12 for 3-m-old and n=7 and 10 for 6-m-old FVB and mdx/FVB mice respectively.  B, 

Specific tetanic force. n=14 and 12 for 3-m-old and n=7 and 10 for 6-m-old FVB and 

mdx/FVB mice respectively.  C, Percentage of force drop during ten cycles of eccentric 

contractions. Absolute force generated during the first cycle is set as the baseline and 

(100%) and the percentage of force drop following each cycle of eccentric is calculated 

relative to the baseline.  n=9-12 and 9-12 for 3-m-old and n=6-7 and 9-10 for 6-m-old 

FVB and mdx/FVB mice respectively.  Asterisk, significantly different from FVB mice. 
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Table 3.1.  Comparison of body weight, muscle weight and centronucleation in 
FVB and mdx/FVB mice 

 

Data shown as mean ± standard error of mean.  

a, significantly different from the 3-m-old FVB control group;  

b, significantly different from the 6-m-old FVB control group.  

Abbreviations: EDL, extensor digitorum longus; CSA, cross sectional area; TA, tibialis 

anterior; CN, central nucleation.  

Sample size:  

Body weight n=11 for FVB, n=10 for mdx/FVB;  

EDL weight/CSA n=7-14 for FVB, n=10-12 for mdx/FVB;  

TA weight/CSA n=8-10 for FVB, n=8-9 for mdx/FVB; 

CN analysis n= 10-11 for each strain. 

 FVB  mdx/FVB 
 3-m-old 6-m-old  3-m-old  6-m-old 
Body weight (g) 28.67±0.60 33.02±0.43  34.06±0.58a 41.34±1.08b 
EDL weight (mg) 11.08±0.27 13.10±0.32  14.03±0.14a 13.39±0.34 
EDL CSA (mm2) 1.81±0.04 2.12±0.04  2.13±0.05a 2.05±0.06 
TA weight (mg) 52.92±1.45 65.38±1.04  62.24±3.01a 73.99±2.10b 
TA CSA (mm2) 5.63±0.15 6.90±0.12  6.08±0.29 7.29±0.14 
Percent CN in TA (%) 0.28±0.15 0.19±0.03  65.80±1.44a 70.77±0.82b 
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Table 3.2.  Contractile properties of FVB versus BL10 limb muscles 

 

 

 

 

 

 

 

 

 

a, values are from the Duan lab studies 

b, values are from 4-m-old BL6 mice 

 

  

  FVB  
(3 to 6-m-old) 

BL10  
(2 to 8-m-old) References 

Extensor digitorum longus    
Specific twitch force (mN/mm2) 34.8±1.7 to 40.8±1.5 33.2±1.8a to 46.5±3.7a 127, 234, 259 
Specific tetanic force (mN/mm2) 189.0±8.7 to 202.0±3.4 185.4±5.7a to 245.0±1.4a 127, 234, 259 
Percent force decrease following 10 cycles of 
eccentric contractions  26.9±2.0 to 28.1±1.5  26.8±0.25a to 32.0±3.2a 127, 234 

Tibialis anterior    
Specific twitch force (mN/mm2) 67.7±3.6 to 75.3±3.7 41.7±1.6b 220 

Specific tetanic force (mN/mm2) 241.9±8.2 to 255.0±7.0 ~225 to 268.5±4.0b 76, 220, 260, 
261 

Percent force decrease following 10 cycles of 
eccentric contractions  39.0±1.9 to 44.2±1.9  23.8±3.6b 220 
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Table 3.3.  Contractile properties of mdx limb muscles on the FVB (mdx/FVB) versus BL10 background (mdx) 

 

 

a, values are from the Duan lab studies 

b, Data are from 4-m-old mdx4cv mice 

 

 

 

 

  mdx/FVB  
(3 to 6-m-old) 

mdx  
(2 to 8-m-old) References 

Extensor digitorum longus    
Specific twitch force (mN/mm2) 24.5±2.3 to 27.3±1.2 26.6±1.2a to 29.0±1.5a 127, 234, 259 
Specific tetanic force (mN/mm2) 120.4±9.3 to 142.2±7.4 129.6±10.5a to 138.5±5.6a 127, 234, 259 
Percent force decrease following 10 cycles of 
eccentric contractions  47.5±2.5 to 55.5±1.8  46.5±4.5a to 70.6±2.7a 127, 234 

Tibialis anterior    
Specific twitch force (mN/mm2) 63.5±4.7 to 72.2±2.3 27.7±3.0b 220 

Specific tetanic force (mN/mm2) 192.5±10.3 to 206.8±7.1 129.5±10.5b to ~200 76, 220, 260, 
261 

Percent force decrease following 10 cycles of 
eccentric contractions  65.1±5.4 to 78.6±2.0  66.4±5.2b 220 
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Chapter 4 . Genomic removal of a therapeutic mini-dystrophin 
gene from adult mice elicits a Duchenne muscular dystrophy-
like phenotype 
 

Abstract 

Duchenne muscular dystrophy (DMD) is caused by dystrophin deficiency.  A 

fundamental question in DMD pathogenesis and dystrophin gene therapy is whether 

muscle health depends on continuous dystrophin expression throughout the life.  

Published data suggest that transient dystrophin expression in early life might offer 

permanent protection.  To study the consequences of adulthood dystrophin loss, we 

generated two strains of floxed mini-dystrophin transgenic mice on the dystrophin-null 

background.  Muscle diseases were prevented in skeletal muscle of the YL238 strain 

and the heart of the SJ13 strain by selective expression of a therapeutic mini-dystrophin 

gene in skeletal muscle and heart, respectively.  The mini-dystrophin gene was removed 

from the tibialis anterior (TA) muscle of 8-m-old YL238 mice and the heart of 7-m-old 

SJ13 mice using an adeno-associated virus serotype-9 Cre recombinase vector 

(AAV.CBA.Cre).  At 12 and 15 months after AAV.CBA.Cre injection, mini-dystrophin 

expression was reduced by ~87% in the TA muscle of YL238 mice and ~64% in the 

heart of SJ13 mice.  Mini-dystrophin reduction caused muscle atrophy, degeneration and 

force loss in the TA muscle of YL238 mice and significantly compromised left ventricular 

hemodynamics in SJ13 mice.  Our results suggest that persistent dystrophin expression 

is essential for continuous muscle and heart protection. 
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Introduction 

 

Duchenne muscular dystrophy (DMD) is an X-linked life limiting genetic disease resulted 

from the loss of dystrophin 39.  It affects approximately one in 5,000 newborn boys 7.  

Patients often fail to meet their motor development milestones at 3 to 5 years of age and 

lose their mobility in early teenage.  They die either from respiratory muscle failure 

and/or heart failure in the second and third decade of the life.  Currently there is no cure.  

Restoration of dystrophin expression holds a great promise to treat DMD at the 

molecular level 277-280.   

A fundamental question in DMD pathogenesis and dystrophin gene replacement therapy 

is whether muscle health depends on continuous dystrophin expression.  If dystrophin is 

required for muscle health throughout the lifespan of the patient, then an effective 

therapy will have to depend on persistent dystrophin expression.  On the other hand, if 

dystrophin is only required during certain developmental/growth stages, then transient 

expression at these stages may meet the therapeutic need.  While it is generally 

believed that DMD therapy requires continuous dystrophin expression, experimental 

support for this notion is lacking.  In contrast, existing evidence seems to suggest that 

the opposite might be true.  In particular, Ghahramani Seno et al found that knockdown 

of dystrophin expression in skeletal muscle of adult normal mice did not cause overt 

dystrophic pathology 281.  Hence dystrophin might be more important in the early 

developmental stage and could become dispensable once this stage is over 282.  

Consistently, Ahmad et al demonstrated that sustained dystrophin production was more 

critical in younger growing muscle than in older muscle 283.  Collectively, these studies 

suggest that dystrophin is less essential in fully developed muscle.  In other words, 

transient restoration of dystrophin during muscle maturation (such as in young 
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adolescent patients) might grant long-lasting protection, or even lifelong therapy.  If this 

theory is confirmed, it will have tremendous implications on our understanding of DMD 

pathogenesis and the development of dystrophin replacement gene therapy. 

To address this critical question, we generated floxed ∆H2-R15 mini-dystrophin 

transgenic mice in the background of dystrophin-null FVB/mdx mice 284.  The ∆H2-R15 

mini-dystrophin gene is a fully characterized and highly functional synthetic dystrophin 

gene.  Transgenic expression of this minigene completely prevented dystrophic muscle 

pathology, restored sarcolemmal neuronal nitric oxide synthase (nNOS), normalized 

muscle force and improved exercise performance in mdx mice 76.  Systemic gene 

therapy with this minigene significantly improved muscle morphology, prevented 

functional ischemia and enhanced muscle force in mdx mice 147.  Since both skeletal 

muscle and the heart are compromised in DMD, we generated two independent strains 

of transgenic mice.  In strain YL238, we selectively expressed the loxP-flanked ∆H2-R15 

mini-dystrophin gene in skeletal muscle using the human skeletal a-actin (HSA) 

promoter (Table 4.1).  In strain SJ13, we achieved heart-specific expression of the loxP-

flanked ∆H2-R15 mini-dystrophin gene with the a-myosin heavy chain (a-MHC) 

promoter (Table 4.1).  As expected, expression of the ∆H2-R15 minigene prevented 

skeletal muscle disease in YL238 mice and cardiomyopathy in SJ13 mice.  To test 

whether persistent dystrophin expression is absolutely required for continuous skeletal 

muscle and heart protection, we removed the mini-dystrophin gene in adult transgenic 

mice using Cre recombinase expressed from an adeno-associated virus serotype-9 

vector (AAV.CBA.Cre).  We then examined dystrophin expression, muscle and heart 

histology and function.  At 12 and 15 months after injection of the AAV.CBA.Cre vector, 

mini-dystrophin expression was reduced by ~87% in the skeletal muscle of YL238 mice 
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and by ~64% in the heart of SJ13 mice, respectively.  Reduction of mini-dystrophin in 

skeletal muscle resulted in significant degeneration, atrophy and force reduction in 

YL238 mice.  Partial removal of mini-dystrophin from the myocardium also significantly 

compromised left ventricular hemodynamics in SJ13 mice.  Our results suggest that an 

effective gene therapy for DMD requires persistent dystrophin expression in both 

skeletal muscle and the heart.  
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Materials and Methods 

 

Experimental Animals.  All animal experiments were approved by the institutional 

animal care and use committee and were in accordance with NIH guidelines.  Two FVB 

background founders of human ∆H2-R15 mini-dystrophin transgenic mice were 

generated at the University of Missouri transgenic core.  In one founder, the ∆H2-R15 

mini-dystrophin gene was driven by the skeletal muscle specific HSA promoter.  The 

promoter and the minigene were flanked by two unidirectional loxP repeats (Figures 

4.1B, 4.2A).  This founder was subsequently crossed with dystrophin-null FVB/mdx mice 

284.  The resulting skeletal muscle-specific mini-dystrophin transgenic mdx mice were 

termed YL238 mice.  In the other founder, the ∆H2-R15 mini-dystrophin gene was driven 

by the cardiac specific α-MHC promoter.  The entire expression cassette (promoter, 

minigene and pA) was flanked by two unidirectional loxP repeats (Figures 4.10A and 

4.2A).  Following crossing with dystrophin-null FVB/mdx mice 284, we obtained cardiac 

specific mini-dystrophin transgenic mdx mice and named these mice SJ13 mice.  All 

mice were maintained in a specific-pathogen free animal care facility on a 12-hour light 

(25 lux):12-hour dark cycle with access to food and water ad libitum.  In light of the 

gender bias in mdx skeletal muscle disease and cardiomyopathy, male mice were used 

in the YL238 mouse study and female mice were used in the SJ13 mouse study 219,259.  

Mice were euthanized following the functional assays and tissues were harvested.  

 

AAV.CBA.Cre production and in vivo delivery.  The cis-plasmid for AAV.CBA.Cre 

production was a generous gift of Dr. Weidong Xiao (Temple University, Philadelphia, 

PA) 285.  The AAV-9 packaging plasmid was a generous gift of Dr. James Wilson 
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(University of Pennsylvania, Philadelphia, PA) 286.  The AAV.CBA.Cre was packaged in 

AAV-9 according to our published protocol 287.  For intramuscular delivery, 2.7x1012 vg 

(50µL) particles of AAV.CBA.Cre were injected into one side TA muscle using a 32G 

Hamilton® syringe (Reno, NV).  The contralateral TA muscle received saline as the 

untreated control.  For systemic delivery, 8x1012 vg (500µL) particles of AAV.CBA.Cre 

were administered in a single bolus via the tail vein.  

 

Morphological studies.  Dystrophin expression was evaluated by immunofluorescence 

staining using four independent dystrophin monoclonal antibodies including Dys2 (1:30; 

Vector Laboratories), Dys3 (1:20; Leica Biosystems, Buffalo Grove, IL), DysB (1:80, 

clone 34C5, IgG1; Novocastra, Newcastle, United Kingdom) and Mandys8 (1:200; 

Sigma Aldrich, St Louis, MO).  Dys 2 recognizes an epitope in the dystrophin C-terminal 

domain.  Dys 3 recognizes an epitope in dystrophin hinge 1.  Dys B recognizes an 

epitope that is located between hinge 1 and dystrophin spectrin-like repeat 2.  Dys2, 

Dys3 and DysB react with ∆H2-R15 mini-dystrophin (Figure 4.1A).  Mandys8 recognizes 

an epitope in dystrophin spectrin-like repeat 11, which is absent in ∆H2-R15 mini-

dystrophin 225,253.  General histology was examined by hematoxylin and eosin (HE) 

staining.  Central nucleation was quantified on six random 20x field images for each 

muscle.  Fiber size was quantified on digitized images using the Adobe® Photoshop® 

software (San Jose, CA).  Briefly, the micrometer scale was defined with the set 

measurement scale option in the software.  The perimeter of each individual fiber was 

marked using the quick selection tool.  The cross sectional area was then calculated by 

the software.  About 400 myofibers were quantified in each TA muscle.  Fibrosis was 

examined by Masson trichrome staining as we described before 252.  Macrophages 

(1:200; Caltag Laboratories, Burlingame, CA), neutrophils (1:80; BD Pharmingen, San 
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Jose, CA), CD4+ T cells (1:800; Affinity Bioreagent, Golden, CO) and CD8+ T cells (1:800; 

BD Pharmingen, San Jose, CA) were examined by immunoshistochemistry staining.  

Slides were viewed at the identical exposure setting using a Nikon E800 fluorescence 

microscope.  Photomicrographs were taken with a Qimage REtiga 1300 camera 252.  

 

Western blot.  TA muscles and hearts lysates were prepared as described before 234.  

Briefly, the tissues were snap frozen in liquid nitrogen.  The frozen tissue samples were 

ground to fine powder in liquid nitrogen followed by homogenization in a buffer 

containing 10% SDS, 5mM EDTA, 62.5mM Tris-HCl at pH6.8 and the protease inhibitor 

cocktail (Roche, Indianapolis, IN).  The crude lysate was heated at 95°C for 3 min, 

chilled on ice for 2 min and then centrifuged at 14,000 rpm for 2 min.  Supernatant was 

collected as the whole muscle lysate.  Protein concentration was measured using the 

DC protein assay kit (Bio-Rad, Hercules, CA) and 50µg of protein was used to load per 

lane for the Western blot.  Dystrophin was detected with Dys3 (1:50 Leica Biosystems, 

Buffalo Grove, IL), DysB (1:100, clone 34C5, IgG1; Novocastra, Newcastle, United 

Kingdom) and Dys2 (1:100 Vector Laboratories, Burlingame, CA) antibodies (Figure 

4.1A).  b-Dystroglycan was detected with a mouse monoclonal antibody against the b-

dystroglycan C-terminus (NCL-b-DG, 1:100; clone 43DAG1/8D5, IgG2a; Novocastra, 

Newcastle, United Kingdom).  a-Sarcoglycan was detected with a mouse monoclonal 

antibody against a-sarcoglycan amino acid residues 217-289 (VP-A105; 1:1,000; clone 

Ad1/20A6, IgG1; Vector Laboratories, Burlingame, CA).  Syntrophin was detected with a 

pan-syntrophin mouse monoclonal antibody that recognized the syntrophin PDZ domain 

(ab11425, 1: 2,000; clone 1351, IgG1; Abcam, Cambridge, MA).  Dystrobrevin was 

detected with a mouse monoclonal antibody against dystrobrevin amino acid residues 
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249 to 403 (#610766, 1: 1,000; clone 23, IgG1; BD Biosciences, San Diego, CA).  

Neuronal nitric oxide synthase (nNOS) was detected with a rabbit polyclonal antibody 

(N7280, 1:2000; Sigma Aldrich, St Louis, MO).  For the loading control, we used the 

GAPDH antibody (1:3000; Millipore, Billerica, MA) and a-tubulin antibody (1:3,000; clone 

B-5-1-2; Sigma, St Louis, MO) for TA muscle and heart western blot, respectively.  

Western blot quantification was performed using the ImageJ (http://rsbweb.nih.gov/ij/) or 

LI-COR Image Studio Version 5.0.21 software (https://www.licor.com).  The relative 

intensity of the respective protein band was normalized to the corresponding loading 

control in the same blot.  The relative band intensity in AAV.CBA.Cre treated muscles 

was normalized to that of untreated controls.   

 

TA muscle function evaluation.  The TA muscle force was measured in situ according 

to our published protocol 254,256.  Briefly, mice were anesthetized via intra-peritoneal 

injection of a cocktail containing 25 mg/ml ketamine, 2.5 mg/ml xylazine and 0.5 mg/ml 

acepromazine at 2.5 µl/g body weight.  The TA muscle and the sciatic nerve were 

exposed.  The mouse was transferred to a custom-designed thermo-controlled platform 

of the footplate apparatus 254,256.  After 5 min equilibration, the sciatic nerve was 

stimulated at the frequency of 1Hz (20V, 1,000mA) to elicit twitch muscle contraction 

using a custom-made 25G platinum electrode at 2.0- 6.0g resting tensions.  The muscle 

length (Lm) of the TA muscle was measured with an electronic digital caliper (Fisher 

Scientific, Waltham, MA, USA) at the resting tension that generated the maximal twitch 

force.  This length was defined as the optimal muscle length (L0).  The twitch force was 

measured at 1Hz frequency followed by the force frequency assay at 50, 100, 150 and 

200Hz with 1 min resting between each contraction. Specific muscle force was 

determined by dividing the maximum isometric tetanic force with the muscle cross 
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sectional area (CSA).  The CSA was calculated according to the following equation, CSA 

= (muscle mass, in gram)/ [(optimal fiber length, in cm) × (muscle density, in g/cm3)].  A 

muscle density of 1.06 g/cm3 was used in calculation.  Optimal fiber length was 

calculated as 0.60 x L0.  0.60 represents the ratio of the fiber length to the L0 of the TA 

muscle.  After tetanic force measurement, the muscle was rested for 5 min and then 

subjected to ten rounds of eccentric contraction according to our previously published 

protocol 254,256.  Briefly, following a tetanic contraction the TA muscle was stretched by 

10%L0 at a rate 0.5L0/sec.  The muscle was allowed to rest 1 min between each 

eccentric contraction cycle.  The percentage of force drop following each round of 

eccentric contraction was recorded.  Muscle twitch and tetanic forces and the eccentric 

contraction profile were measured with a 305C-LR dual-mode servomotor transducer 

(Aurora Scientific, Inc.). Data were processed using the Lab View-based DMC and DMA 

programs (Version 3.12, Aurora Scientific, Inc.).   

 

ECG and left ventricular hemodynamic assay.  A 12-lead ECG assay was performed 

using a commercial system from AD Instruments (Colorado Springs, CO) according to 

our previously published protocol 222.  The Q wave amplitude was determined using the 

lead I tracing.  Other ECG parameters were analyzed using the lead II tracing.  The QTc 

interval was determined by correcting the QT interval with the heart rate as described by 

Mitchell et al 223.  The cardiomyopathy index was calculated by dividing the QT interval 

by the PQ segment 224.  Left ventricular hemodynamics was evaluated using a closed 

chest approach as we previously described 222.  The resulting PV loops were analyzed 

with the PVAN software (Millar Instruments, Houston, TX).  Detailed protocols for ECG 

and hemodynamic assays are available at the Parent Project Muscular Dystrophy 

standard operating protocol web site 
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(http://www.parentprojectmd.org/site/PageServer?pagename=Advance_researchers_so

ps). 

 

Statistical analysis.  Data are presented as mean ± standard error of mean (s.e.m.).  

Statistical significance between un-injected controls and AAV.CBA.Cre injected samples 

were determined by the Student t-test.  For data that were non-parametric, statistical 

analysis was performed with the Wilcoxon Rank Sum test.  Difference was considered 

statistically significant when p < 0.05.   
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Results  

 

Generation of floxed skeletal muscle-specific mini-dystrophin transgenic mice.  

Full-length dystrophin has four functional domains including the N-terminal, rod, 

cysteine-rich and C-terminal domain.  The rod domain can be further divided into four 

hinges and 24 spectrin-like repeats (Figure 4.1A).  Due to the limitation of viral vector 

packaging, the vast majority of dystrophin replacement therapies are based on 

abbreviated mini- or micro-dystrophins.  In this study, we opt to use ∆H2-R15 mini-

dystrophin.  This mini-dystrophin has a smaller rod domain due to a deletion from hinge 

2 to spectrin-like repeat 15 (Figure 4.1A).  We have previously shown that the ∆H2-R15 

minigene can prevent muscle pathology, normalize muscle force and restore 

sarcolemmal neuronal nitric oxide synthase (nNOS) in mdx and mdx4cv mice 76,124,147.   

To generate floxed skeletal muscle-specific ∆H2-R15 mini-dystrophin transgenic mice, 

we cloned two loxP sites (one before the HSA promoter and the other before the 

polyadenylation site) into our previously published HSA.∆H2-R15 mini-dystrophin 

construct (Figure 4.1B, 4.2A, Table 4.1) 76.  In vitro test in 293 cells showed effective 

excision of the floxed mini-dystrophin gene from the transgenic construct by Cre 

recombinase (Figure 4.2B).  The floxed HSA.∆H2-R15 minigene construct was 

microinjected to the zygotes of FVB mice.   The founder mouse was identified by PCR 

and crossed to the background of dystrophin-null FVB/mdx mice 284.  The resulting mice 

were called YL238 mice.  These mice selectively expressed a floxed ∆H2-R15 mini-

dystrophin gene in skeletal muscle but not the heart (Figures 4.1D and 4.3A).  As 

expected, we did not see any signs of skeletal muscle pathology by HE staining (Figure 

4.4A).  Neither was inflammation detected in skeletal muscle of YL238 mice by 

macrophage and neutrophil immunohistochemical staining (Figure 4.4A).  
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Genomic elimination of the minigene significantly reduced mini-dystrophin 

expression in skeletal muscle but had minimal impact on the dystrophin-

associated glycoprotein complex (DGC) in adult YL238 mice.  To study the 

consequences of dystrophin loss in adult skeletal muscle, we used the AAV.CBA.Cre 

vector.  In this vector, the Cre recombinase is expressed from the ubiquitous 

cytomegalovirus enhancer-chicken b-actin promoter (CBA).  2.7x1012 viral genome (vg) 

particles of AAV.CBA.Cre were administrated to the TA muscle of 8-m-old male YL238 

transgenic mice (Figure 4.1C).  We first evaluated the kinetics of the loss of mini-

dystrophin by western blot (Figure 4.5A).  We observed a time-dependent reduction of 

mini-dystrophin.  However, by 16 weeks after AAV.CBA.Cre injection, we still detected a 

substantial amount of residual mini-dystrophin (Figure 4.5A).  To this end, we decided to 

not perform terminal studies until injected mice reached 20-month-old.   

Mice were euthanized at the age of 20 months.  On immunostaining, 

AAV.CBA.Cre injected muscles showed reduced dystrophin staining intensity (Figure 

4.1D).  On western blot, mini-dystrophin expression was also greatly decreased in 

AAV.CBA.Cre injected muscles (Figure 4.1E).  Consistent results were obtained with 

three independent antibodies (Dys2, Dys3 and DysB) that recognize different regions of 

mini-dystrophin (Figure 4.1A, 4.1D, 4.1E).  Quantitative densitometry analysis of 

western blots showed statistically significant reduction (Figure 4.1F, Table 4.2).  

Compared with that of contralateral untreated muscle, AAV.CBA.Cre injection resulted in 

a loss of 86.7±3.4% of mini-dystrophin (the average from results of western blot using 

three independent antibodies).  

We next examined expression of the DGC components and utrophin.  In sharp 

contrast to the dramatic reduction of mini-dystrophin, there were nominal changes in the 
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expression of b-dystroglycan, b-sarcoglycan, dystrobrevin and syntrophin (Figures 4.1F 

and 4.6).  On immunostaining, we did not see substantial changes in utrophin 

expression (Figure 4.1D).  

 

Adulthood loss of mini-dystrophin resulted in skeletal muscle myopathy.  After 

confirming effective mini-dystrophin removal, we examined muscle histology and 

function.  On HE staining, we observed clear signs of myopathy in AAV.CBA.Cre 

injected muscles (such as great variations in the myofiber size and abundant centrally 

nucleated myofibers) (Figure 4.4A).  Immunohistochemical staining revealed 

macrophage, neutrophil and T cell infiltration in muscles treated with AAV.CBA.Cre 

(Figures 4.4A and 4.7A).  On Masson trichrome staining, we did not detect obvious 

fibrosis (Figure 4.7B).  Quantification showed a central nucleation of 59.1±0.6% in 

AAV.CBA.Cre injected muscle while it was only 6.2±0.2% in contralateral untreated 

muscle (Figure 4.4B).  Removal of mini-dystrophin also skewed the distribution of the 

myofiber size (Figure 4.4C).  There was an apparent shift of the peak towards smaller 

size myofibers although the number of super-large myofibers was also increased in 

AAV.CBA.Cre injected muscles (Figure 4.4C).  Consistent with myofiber size 

quantification, the weight and cross-sectional area of AAV.CBA.Cre injected muscles 

were significantly reduced (Table 4.3).  

 To evaluate physiological consequences of adulthood dystrophin removal, we 

measured the contractile properties of the TA muscle in situ.  On single twitch, force-

frequency and eccentric contraction studies, AAV.CBA.Cre injected muscles generated 

significantly much lower absolute force though cross-sectional area normalized specific 

forces were not altered (Figure 4.8).  
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Intravenous delivery of AAV.CBA.Cre to adult YL238 mice elicited acute cardiac 

death.  Next we delivered 8x1012 vg particles of AAV.CBA.Cre through the tail vein to 3-

m-old YL238 mice.  Our goal was to study the consequences of the loss of the 

therapeutic mini-dystrophin gene in all skeletal muscles in the body.  To our surprise 

none of the injected mice survived beyond 20 days post-injection.  The majority of the 

injected mice (>75%) died around 13 to 15 days after AAV.CBA.Cre administration 

(Figure 4.9A).  Necropsy revealed severe heart damage.  On HE staining, we found 

extensive myocardial inflammation in atrial and ventricular walls consistent with the 

diagnosis of acute cardiac death (Figure 4.9B, 4.9C and 4.3A, Table 4.1).  

 

Removal of cardiac ∆H2-R15 mini-dystrophin from adult SJ13 mice by 

AAV.CBA.Cre recombinase altered left ventricular (LV) hemodynamics.  To study 

the impact of adulthood loss of the therapeutic mini-dystrophin gene in the heart, we 

generated SJ13 mice.  We used the same approach as described for the generation of 

YL238 mice except that a floxed cardiac-specific mini-dystrophin transgenic construct 

was used.  Specifically, expression of the ∆H2-R15 mini-dystrophin was confined to the 

heart by the α-myosin heavy chain promoter (α-MHC) and the entire expression cassette 

was flanked by the loxP sites (Figures 4.10A and 4.2A).  Cardiac specific ∆H2-R15 

mini-dystrophin expression prevented myocardial inflammation and fibrosis (Figures 

4.10D and 4.11D). 

To remove the ∆H2-R15 mini-dystrophin gene, we administered 8x1012 vg 

particles of AAV.CBA.Cre to 7-m-old SJ13 mice via the tail vein.  Early time points (up to 

20 weeks post AAV.CBA.Cre injection) showed limited reduction of mini-dystrophin in 

the heart of SJ13 mice (Figure 4.5B).  To achieve the maximal level of mini-dystrophin 

removal from the heart, we evaluated cardiac dystrophin/DGC/utrophin expression, 
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histology, ECG and left ventricular hemodynamics when mice reached 22 months of age 

(15 months after injection) (Figures 4.10, 4.11, 4.12 and Tables 4.4, 4.5).  On western 

blot, the mini-dystrophin level in the heart was reduced by 64.32±5.32% in AAV.CBA.Cre 

injected SJ13 mice (Figure 4.10C, Table 4.3).  Interestingly, immunostaining showed a 

non-homogeneous loss of mini-dystrophin expression in the heart (Figure 4.10D).  While 

mini-dystrophin expression was greatly reduced in some cardiomyocytes, patches of 

mini-dystrophin positive cardiomyocytes were readily visible (Figure 4.10D).  Additional 

studies showed that AAV.CBA.Cre-mediated removal of mini-dystrophin did not change 

DGC expression neither did it induce utrophin upregulation in the heart (Figure 4.11).  

On histology examination, we did not see obvious abnormalities in the heart of 

AAV.CBA.Cre injected SJ13 mice (Figures 4.10D, 4.3B and 4.11D).  There was neither 

inflammatory cell infiltration nor myocardial fibrosis (Figure 4.10D and 4.11D).  The 

body weight (BW), tibialis anterior muscle weight (TW), heart weight (HW) and 

ventricular weight (VW) of AAV.CBA.Cre injected mice were not altered (Table 4.6).  

However, the ratios of HW/BW, HW/TW and VW/TW showed a trend of increase.  

Importantly, the VW/BW ratio was significantly higher in SJ13 mice that received 

AAV.CBA.Cre injection (Table 4.6).  On ECG examination, we clearly detected 

significant differences in many parameters between FVB and FVB/mdx mice (Table 4.7).  

However, no difference was observed in ECG tracing between SJ13 mice and 

AAV.CBA.Cre injected SJ13 mice (Figure 4.12).  Irrespective of AAV.CBA.Cre injection, 

all experimental mice showed the similar heart rate, PR interval, QRS duration, QT 

interval, Q amplitude and cardiomyopathy index (Figure 4.12).  Left ventricle 

catheterization was used to evaluate hemodynamic function of the heart.  Compared 

with FVB mice, FVB/mdx mice had a significantly enlarged volume at the ends of systole 

and diastole (Table 4.8).  FVB/mdx mice also showed reduced maximum pressure and 
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ejection fraction (Table 4.8).  All these parameters were normalized in SJ13 mice 

(Figure 4.10E).  However, the chamber size was clearly enlarged in AAV.CBA.Cre 

injected SJ13 mice as demonstrated by the significant increase in both end systolic and 

end diastolic volumes (Figure 4.10E).  Significant reduction in the maximum pressure 

and ejection fraction of AAV.CBA.Cre injected SJ13 mice suggested that the pump 

function of the heart was compromised in these mice (Figure 4.10E).  Nevertheless, 

there was no significant difference in other hemodynamic parameters (such as stroke 

volume, cardiac output, dP/dt max, dP/dt min and Tau) between SJ13 mice and 

AAV.CBA.Cre injected SJ13 mice (Table 4.5).   
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Discussion 

 

In this study, we examined the consequences of adulthood loss of dystrophin in 

skeletal muscle and the heart in ∆H2-R15 mini-dystrophin transgenic FVB/mdx mice.  

We found that a partial loss of therapeutic mini-dystrophin is associated with significant 

detrimental changes in muscle structure and function.  Our results suggest that 

dystrophin reduction alone is sufficient to induce DMD-like myopathy in adult muscle and 

persistent dystrophin expression is essential for long-term protection.  Our results also 

bring in new perspective on the therapeutic significance of low-level dystrophin 

expression. 

It is well established that the absence of dystrophin causes DMD 63,66.  However, 

it is not clear whether myopathy seen in patients originates from congenital dystrophin 

deficiency during embryogenesis 288.  In other words, it is not clear whether the loss of 

dystrophin from mature muscle alone is sufficient to cause dystrophic changes.  

Discrepancy between dystrophin deficiency and muscular dystrophy has been 

documented in the literature.  At least three patients who had nonsense mutation in the 

dystrophin gene and no detectable dystrophin in their muscle were clinically 

asymptomatic and/or mildly affected 289,290.  Lack of histological and physiological defects 

in ≤ 14-day-old mdx mice is another example where the absence of dystrophin is not 

accompanied with muscle disease 291-294.  To determine whether dystrophin deficiency 

alone can elicit myopathy in adult muscle, Ghahramani Seno et al applied AAV-mediated 

dystrophin RNA interference (RNAi) in adult normal mice 281.  Although they successfully 

reduced dystrophin expression, no overt dystrophic pathology was observed 281.  

Collectively, these observations appear to support the notion that dystrophin deficiency 

by itself may, at least in some cases, not lead to overt muscular dystrophy.  Dystrophin 
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replacement gene therapy has the potential to bring back the missing dystrophin protein 

in large mammals 139,295.  However, current approaches may not lead to life-long 

dystrophin restoration due to the cellular immune response and muscle cell turnover.  

Patients may end up lose their restored dystrophin again.  Hence, there is a strong need 

to understand what will happen after therapeutic dystrophin is lost.   

We designed the current study to investigate whether the adulthood loss of 

dystrophin is associated with deleterious consequences.  In Ghahramani Seno et al 

study, RNAi cannot completely eliminate dystrophin because muscle still carries a 

transcriptionally competent dystrophin gene in the genome.  The residual dystrophin 

expression may at least partially account for the lack of muscle disease seen by the 

authors 281.  To avoid this caveat, we decided to use the gene elimination approach in 

our study.  Specifically, we engineered floxed mini-dystrophin transgenic FVB/mdx mice.  

We hypothesized that excision by Cre recombinase will eliminate the minigene from the 

genome and consequently completely remove mini-dystrophin from muscle.  Because 

AAV is the most robust muscle gene transfer vector and intramuscular AAV injection is 

not associated with any toxicity 127, we opted to use AAV to deliver the Cre recombinase 

gene.  In the Ghahramani Seno et al study 281, dystrophin knockdown was only 

performed in skeletal muscle.  Considering cardiomyopathy is a leading cause of 

morbidity and mortality in DMD patients, we made two independent strains of floxed 

transgenic mdx mice (Table 4.1).  Strain YL238 only had functional mini-dystrophin 

expression in skeletal muscle while strain SJ13 only had functional mini-dystrophin 

expression in the heart (Figure 4.3).  Characterization of the transgenic constructs in 

293 cells confirmed digestion of the minigene by AAV.CBA.Cre (Figure 4.2).  To 

determine how long it would take to remove dystrophin expression from muscle in 

transgenic mice, we performed a time course study (Figure 4.5).  In strain YL238, 
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reduction in mini-dystrophin expression became apparent at 8 weeks after local 

AAV.CBA.Cre injection.  However, mini-dystrophin remained readily detectable at the 

16-week time point (Figure 4.5A).  Systemic AAV.CBA.Cre injection was performed in 

strain SJ13 to knockdown myocardial mini-dystrophin expression.  Surprisingly, at 20 

weeks after injection we still observed substantial amount of mini-dystrophin in the heart 

on western blot (Figure 4.5B).  It has been shown that full-length dystrophin is extremely 

stable 281,283.  Our results suggest that ∆H2-R15 mini-dystrophin may also have a fairly 

long half-life.  Alternatively, our results may also suggest that Cre recombinase digestion 

was incomplete (either not enough Cre recombinase due to poor AAV transduction, or 

not enough digestion time).  Since the dosages used in our studies are known to cause 

saturated gene transfer 140, we decided to extend the experiment duration until these 

mice reached the terminal age of their life (20 to 22 months) (Figures 4.1C and 4.10B).   

To study dystrophin loss in skeletal muscle, we delivered AAV.CBA.Cre to 8-m-

old YL238 mice and examined muscle histology and force when they reached 20 months 

of age.  On western blot, mini-dystrophin level was reduced by ~87% (Figures 4.1E and 

4.1F, Table 4.2).  In contrast to the results of AAV-mediated dystrophin knockdown by 

RNAi 281, we observed significant muscle atrophy, myofiber size change, 

degeneration/regeneration, inflammation, and significant loss of absolute muscle force 

(Figures 4.4, 4.7 and 4.8, Table 4.3).  Our data suggest that dystrophin deficiency alone 

can cause skeletal muscle myopathy in an adult mammal.  Loss of therapeutic 

dystrophin will lead to the relapse of myopathy.  An effective therapy for DMD requires 

persistent expression. 

Most of DMD patients die from respiratory muscle failure.  However, these 

muscles (including the diaphragm, intercostal muscle, abdominal muscle and chest 

muscle) cannot be easily reached by direct muscle injection.  To study the 
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consequences of bodywide loss of mini-dystrophin in skeletal muscle of adult mice, we 

delivered AAV.CBA.Cre intravenously to YL238 mice.  Unexpectedly, all injected mice 

died between 13 to 20 days after injection.  Autopsy suggests that the death was due to 

acute myocarditis (Figures 4.3A and 4.9).  Chronic over-expression of Cre recombinase 

in cardiac Cre transgenic mice has been shown to cause cardiomyopathy at the age of 8 

to 12 months 296.  However, AAV-mediated Cre expression in the heart has not been 

associated with any toxicity 297,298.  To troubleshoot our study, we injected the same 

batch of the AAV.CBA.Cre vector to SJ13 mice at the same dose.  None of the injected 

SJ13 mice died (Figure 4.3B).  This new piece of data suggests that the death seen in 

YL238 mice was not due to AAV vector contamination, but rather, caused by the lack of 

dystrophin in the heart of YL238 mice.  We have previously successfully delivered 

several different AAV vectors (such as alkaline phosphatase reporter vector and micro-

dystrophin vector) to the heart of adult (and even aged) mdx mice without seeing any 

toxicity 137,216,299.  Hence, we don’t believe that the delivery of AAV to the heart of mdx 

mice per se is the cause of cardiac death.  We suspect that, very likely, the observed 

cardiac death in YL238 mice is due to a combined effect of Cre toxicity and dystrophin 

deficiency. Future studies are needed to clarify this issue.   

In our preliminary study, we found that SJ13 mice were more resistant to the 

genetic removal of mini-dystrophin from the heart (Figure 4.5B).  In the hope of 

achieving better dystrophin removal, we injected AAV.CBA.Cre to 7-m-old SJ13 mice 

and waited until they were 22-m-old (Figure 4.10B).  On western blot, mini-dystrophin 

expression in the heart was significantly reduced in mice that received AAV.CBA.Cre 

injection.  On average, the mini-dystrophin level was reduced by ~ 64% (Figure 4.10C, 

Table 4.4).  On immunostaining, homogenous cardiac mini-dystrophin expression 

became patchy in AAV.CBA.Cre injected SJ13 mice (Figure 4.10D).  Similar to what we 
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seen in YL238 mice, expression of the DGC components and utrophin was not altered 

(Figures 4.1C-E and 4.6).  However, in contrast to the histological signs of myopathy 

seen in YL238 mice, we did not detect any overt pathological lesions in the heart of SJ13 

mice following AAV.CBA.Cre injection (Figures 4.10D and 4.11D).  On ECG 

examination, no difference was detected either (Figure 4.12).  Nevertheless, signs of 

dilated cardiomyopathy were clearly noted (Figure 4.10E, Table 4.6).  Specifically, the 

ventricular weight to body weight ratio (VW/BW) was significantly increased (Table 4.6).  

On hemodynamic assays, end systolic/diastolic volumes were significantly increased, 

and the maximum pressure and ejection fraction were significantly reduced (Figure 

4.10E).  Collectively, our data suggest that the reduction of dystrophin alone is sufficient 

to induce Duchenne cardiomyopathy-like functional changes in adult mice.  If we 

extrapolate these findings to gene therapy, it will suggest that a loss of therapeutic 

dystrophin after it has been expressed for a while may lead to the deterioration of an 

already improved heart.  Continuous cardiac dystrophin expression is absolutely 

required to reduce cardiac morbidity and mortality in DMD. 

An important goal of DMD gene therapy studies is to determine how much 

dystrophin is enough for muscle and heart protection.  Homogenous expression of 

marginal level (4 to 5%) dystrophin starting from in utero has been shown to partially 

preserve muscle function in mdx mice and increase survival of severely affected 

utrophin/dystrophin double knockout mice 255,300-302.  More recently, the Wells laboratory 

showed that exon-skipping restoration of 15% homogenous dystrophin expression 

significantly improved the eccentric contraction profile in adult mdx mice 303.  In our 

study, we originally hoped to completely eliminate transgenic ∆H2-R15 mini-dystrophin 

expression.  However, this did not happen.  We still got ~13% and ~36% mini-dystrophin 

expression in skeletal muscle and heart, respectively.  In skeletal muscle, we observed 
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clear morphological evidence of myopathy but the specific muscle force and eccentric 

contraction profile were preserved (Figures 4.4 and 4.8B).  Our results suggest that the 

amount of dystrophin needed for preserving muscle histology is different from that 

needed for preserving specific force.  More dystrophin is required to preserve muscle 

histology 255.   

For reasons yet unclear, we obtained patchy mini-dystrophin elimination in the 

heart on immunostaining in SJ13 mice (Figure 4.10D).  We have previously shown that 

50% mosaic dystrophin expression and complementary utrophin up-regulation are 

sufficient to completely prevent dilated cardiomyopathy in mdx mice 218,225.  In the heart 

of SJ13 mice, AAV.CBA.Cre injection resulted in a loss of ~ 64% mini-dystrophin (Figure 

53.10C, Table 4.4).  However, we did not detect evident histological change in the 

myocardium (Figures 4.10D and 4.11D).  The ECG profile was not altered either 

(Figure 4.12).  Nevertheless, the hemodynamic function of the left ventricle was 

significantly compromised.  These data have further lowered the therapeutic threshold 

for the protection of heart morphology and electrophysiology (from 50% to ~36%).  On 

the other side, the rescue of the heart hemodynamics may require complementary 

utrophin up-regulation in dystrophin-negative cardiomyocytes and/or ≥ 50% dystrophin 

expression in the heart.   

In summary, our results have provided clear evidence that an effective gene 

therapy for DMD depends on persistent expression of a therapeutic dystrophin gene. 
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Figure 4.1.  Genomic excision of the floxed HSA.∆H2-R15 transgenic cassette 

leads to significant reduction of mini-dystrophin expression in skeletal muscle.  A, 

Schematic outline of the structure of full-length dystrophin and ∆H2-R15 mini-dystrophin.  

Dys3, DysB, Mandys8 and Dys2 are four different dystrophin monoclonal antibodies 

used in the study.  Dys 2 recognizes an epitope in the dystrophin C-terminal domain.  

Dys 3 recognizes an epitope in dystrophin hinge 1.  Dys B recognizes an epitope that is 

located between hinge 1 and dystrophin spectrin-like repeat 2.  Mandys8 recognizes an 

epitope in dystrophin spectrin-like repeat 11, which is absent in ∆H2-R15 mini-

dystrophin.  B, Graphical representation of the floxed HSA.∆H2-R15 transgenic cassette 

and Cre recombinase-mediated excision of the cassette.  In YL238 transgenic mice, the 

expression of the ∆H2-R15 minigene is under the control of the skeletal muscle-specific 

human α-skeletal actin promoter (HSA).  C, Experimental outline.  AAV.CBA.Cre was 

injected to one side of the tibialis anterior (TA) muscle in 8-m-old YL238 transgenic mice.  

The contralateral side was mock injected and served as the untreated control.  

Dystrophin expression and muscle force were assessed when mice reached 20 months 

of age.  D, Representative photomicrographs of dystrophin and utrophin 

immunofluorescence staining in the TA muscles of 20-m-old YL238 mice.  Asterisk, the 

same myofiber in serial muscle sections.  E, Representative western blots of dystrophin 

and components of dystrophin-associated glycoprotein complex (b-DG, b-dystroglycan; 

a-SG, a-sarcoglycan; DBR, dystrobrevin; P-Syn, pan-syntrophin; nNOS, neuronal nitric 

oxide synthase) from the TA muscles of 20-m-old YL238 mice.  F, Densitometry 

quantification of western blots.  N=3.  Asterisk, significantly different.   
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Figure 4.2.  Outline of experimental constructs and in vitro characterization of the 

transgenic constructs in 293 cells.  A, Schematic outline of Cre mediated excision of 

the mini-dystrophin expression cassettes.  Top panel, the Cre expression cassette in the 

AAV vector.  Cre expression is driven by the ubiquitous CBA promoter.  Middle panel, 

excision of the mini-dystrophin gene from the floxed HSA.∆H2-R15 transgenic cassette 

in the genome.  This cassette drives selective expression of the ∆H2-R15 mini-

dystrophin gene in skeletal muscle.  Digestion with Cre recombinase removes the HSA 
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promoter and the minigene from the genome.  The leftover can be detected as a 422 bp 

band with the primer set DL1927/28 by PCR.  Bottom panel, excision of the floxed α-

MHC.∆H2-R15 transgenic cassette in the genome. This cassette drives selective 

expression of the ∆H2-R15 mini-dystrophin gene in the heart.  Digestion with Cre 

recombinase removes the entire expression cassette from the genome.  The leftover can 

be detected as a 450 bp band with the primer set DL1925/26 by PCR.  The primer set 

hDMD69/70 yield a 200 bp mini-dystrophin specific band.  B, In vitro demonstration of 

AAV.CBA.Cre mediated excision of mini-dystrophin gene from the transgenic constructs 

in 293 cells.  Transgenic constructs and AAV.CBA.Cre used in the study as well as the 

primer set used in the PCR reaction are marked for each lane.  The diagnostic band for 

the mini-dystrophin gene is 200 bp.  The diagnostic band for Cre excision of YL238 mice 

(HSA.∆H2-R15) was 422 bp.  The diagnostic band for Cre excision of SJ13 mice (α-

MHC.∆H2-R15) was 450 bp.   
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Figure 4.3.  AAV.CBA.Cre injection resulted in acute myocarditis in YL238 but not 

SJ13 mice.  A, Representative photomicrographs showing mini-dystrophin expression in 

the tibialis anterior (TA) muscle and the diaphragm in skeletal muscle-specific YL238 

transgenic mice.  and SJ13 mice respectively.  Systemic delivery of AAV.CBA.Cre in 

YL238 mice resulted in acute myocarditis (HE staining in right panel) and mice died 

within 20 days.  B, Representative photomicrographs showing mini-dystrophin 

expression in the heart in cardiac specific SJ13 transgenic mice.  Systemic delivery of 

AAV.CBA.Cre in SJ13 mice did not induce acute myocarditis. 
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Figure 4.4.  Adulthood loss of dystrophin alters skeletal muscle histology.  A, 

Representative photomicrographs of hematoxylin and eosin (HE) staining, and 

macrophage and neutrophil immunohistochemical staining from the tibialis anterior 

muscles of 20-m-old YL238 mice.  One side of the tibialis anterior muscle received 

AAV.CBA.Cre.  The contralateral side served as the untreated control.  On HE staining, 

myocytes were stained in salmon red and myonuclei and infiltrating immune cells were 

stained in blue.  On immunohistochemical staining, myocytes were stained in thistle 

purple, myonuclei were stained in rosy brown, and infiltrating immune cells were stained 

in dark saddle brown.  Right panels are the enlarged view of the boxed area in the 

corresponding middle panels.  Arrow, infiltrating immune cells.  B, Quantification of 

centrally located myonuclei.  Asterisk, significantly different.  C, Myofiber size distribution 

N=1,223 myofibers for AAV.CBA.Cre injected muscle. N=1,005 myofibers for 

contralateral mock injected control.  
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Figure 4.5.  Time-dependent loss of mini-dystrophin following AAV.CBA.Cre 

injection in YL238 and SJ13 transgenic mice.  A, 2.7x1012 vg particles of 

AAV.CBA.Cre was injected into the tibialis anterior (TA) muscle of 8-m-old YL238 mice.  

The TA muscle was harvested before injection (time 0) and 4, 8, and 16 weeks after 

infection.  Dystrophin western blot showed a time-dependent loss of mini-dystrophin.  

Ponceau S staining was used as the loading control.  B, 8x1012 vg particles of 

AAV.CBA.Cre was injected into the tail vein of 7-m-old SJ13 mice.  The heart was 

harvested before injection (time 0) and 4, 8, 16, and 20 weeks after infection.  

Dystrophin western blot showed a time-dependent slow reduction of mini-dystrophin.  α-

Tubulin was used as the loading control.  
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Figure 4.6.  Immunostaining evaluation of the components of the dystrophin-

associated glycoprotein complex in the tibialis anterior muscle of 20-m-old YL238 

mice.  Representative photomicrographs of immunofluorescence staining for β-

dystroglycan, β-sarcoglycan, dystrobrevin, pan-syntrophin and nNOS on serial muscle 
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sections from YL238 mice (HSA.∆H2-R15) and AAV.CBA.Cre injected YL238 mice 

(HSA.∆H2-R15 + AAV.CBA.Cre).  Asterisk, the same myofiber in serial sections.  
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Figure 4.7.  Histological evaluation of fibrosis and T cell infiltration in the tibialis 

anterior muscle of 20-m-old YL238 mice.  Representative photomicrographs of CD4 

and CD8 T cell immunohistochemical staining (A) and Masson trichrome staining (B) 

from YL238 mice (HSA.∆H2-R15) and AAV.CBA.Cre injected YL238 mice (HSA.∆H2-

R15 + AAV.CBA.Cre).  The high-power view images of the boxed regions in B are 

shown next to the low-power view images. 
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Figure 4.8.  Removal of dystrophin in adult mice significantly reduces absolute 

muscle force. A, Absolute muscle force.  Left panel, twitch force; Middle panel, tetanic 

forces at different stimulation frequencies; Right panel, force drop during ten cycles of 

eccentric contractions.  B, Specific muscle force.  Left panel, twitch force; Middle panel, 

tetanic forces at different stimulation frequencies; Right panel, percentage of force drop 

from the baseline during ten cycles of eccentric contractions.  Asterisk, significantly 

different.  
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Figure 4.9.  Intravenous injection of AAV.CBA.Cre results in lethal myocarditis in 

skeletal muscle mini-dystrophin transgenic FVB/mdx (YL238) mice.  AAV.CBA.Cre 

was injected to adult YL238 mice at the dose of 8x1012 vg/mouse via the tail vein.  

Survival was monitored until all injected mice died.  A, Kaplan-Meier survival curve. 

N=20 mice for each group.  B, Representative HE staining photomicrographs of whole 

heart section from a mouse died at day 15 after AAV.CBA.Cre injection.  C, Higher 

magnification photomicrograph of the boxed area in panel B.  Abundant inflammatory 

cells were seen in myocardia.  
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Figure 4.10.  Loss of dystrophin in the heart of adult mice compromises left 

ventricular hemodynamics.  To evaluate the effects of loss of dystrophin in the heart of 

adult mice, we generated SJ13 mice.  These mice selectively expressed ∆H2-R15 mini-

dystrophin in the heart from a floxed α-MHC.∆H2-R15 expression cassette.  A, 

Graphical representation of the floxed α-MHC.∆H2-R15 transgenic cassette.  Vertical 

dotted lines mark Cre recombinase-mediated excision of the cassette.  B, Experimental 

outline.  AAV.CBA.Cre was injected to 7-m-old SJ13 mice via the tail vein.  Dystrophin 

expression and heart function were assessed when mice reached 22 months of age.  C, 

Representative dystrophin western blots and densitometry quantification.  D, 

Representative photomicrographs of HE staining, Masson trichrome staining, and 

dystrophin immunostaining with Dys2 and Mandys8 monoclonal antibodies.  Boxed 

areas in HE and Masson trichrome staining are enlarged in Figure 4.11.  In 

AAV.CBA.Cre injected SJ13 mice, Dys2 immunostaining revealed patchy mini-

dystrophin expression.  E, Selective left ventricular hemodynamic parameters measured 

by cardiac catheterization in AAV.CBA.Cre injected (N=5) and un-injected (N=6) SJ13 

mice.  Asterisk, significantly different.  
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Figure 4.11.  Reduction of cardiac dystrophin in adult mice did not influence the 

expression of the dystrophin-associated glycoprotein complex and utrophin.  A, 

Representative photomicrographs of immunofluorescence staining for β-dystroglycan, β-
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sarcoglycan, dystrobrevin, pan-syntrophin and utrophin.  B, Representative western blot 

for β-dystroglycan, β-sarcoglycan, dystrobrevin and pan-syntrophin.  α-Tubulin is used 

as the loading control.  C, Densitometry quantification of western blots (β-DG, β-

dystroglycan; β-SG, β-sarcoglycan; DBR, dystrobrevin; p-Syn, pan-syntrophin).  D, The 

high-power view images of the boxed regions in Figure 4.10. 
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Figure 4.12.  Adulthood loss of cardiac dystrophin did not did not alter ECG 

parameters.  A, Quantitative evaluation of the heart rate, PR interval, QRS duration, 

Mitchell corrected QT interval (QTc), cardiomyopathy index and the Q wave amplitude.  

B, Representative lead II ECG tracing from SJ13 mice (α-MHC.∆H2-R15) and 

AAV.CBA.Cre injected SJ13 mice (α-MHC.∆H2-R15 + AAV.CBA.Cre).  
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Table 4.1.  Comparison of two strains of floxed mini-dystrophin transgenic mice  

 

 

 

 

 

 

 

 

  YL238 SJ13 

Promoter HSA a-MHC 
Transgene ∆H2-R15 ∆H2-R15 
Mini-dystrophin expression Skeletal muscle only Heart only 
Skeletal muscle protection Yes No 
Heart protection No Yes 
Acute cardiac death from 
systemic AAV.CBA.Cre injection Yes No 
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Table 4.2.  Raw densitometry data of Dys2 western blot quantification shown in Figure 4.1F.  

 

 

 

 

 

 

 

 

 

 

Sample 
Dystrophin 

band 
Density 

Loading 
Ctrl 

density 

Normalized 
to loading 

Normalized 
to none 
injected 

ctrl 

Avg. 
Relative 
density 

YL238+AAV.CBA.Cre 5.682 13.344 0.4258 0.26   
YL238+AAV.CBA.Cre 0.534 18.338 0.0291 0.02   
YL238+AAV.CBA.Cre 0.437 12.029 0.0363 0.02 0.10± 0.06 

YL238 41.231 19.305 2.1358 1.29   
YL238 26.182 18.913 1.3843 0.84   
YL238 25.935 18.071 1.4352 0.87 1.00± 0.12 

 
p value = 0.0131 
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Table 4.3.  Anatomic properties of the TA muscle of 20-m-old YL238 mice  

 

    HSA.∆H2-R15   HSA.∆H2R15 
+AAV.CBA.Cre 

Sample size (n) 11  10 
TA weight (mg) 48.17± 2.32  40.13± 1.39a 
CSA (mm2) 5.41± 0.28  4.53± 0.18a 
L0 (mm)   14.02± 0.12   13.95± 0.12 

 

Abbreviations: TA, anterior tibialis muscle; CSA, cross sectional area; L0, optimal muscle 

length 

a, Significantly different
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Table 4.4.  Raw densitometry data of Dys2 western blot quantification shown in Figure 4.10C.  

 

 

 

 

 

 

 

 

 

Sample 
Dystrophin 

band 
Density 

Loading 
Ctrl 

density 

Normalized to 
loading 

Normalized 
to none 
injected 

ctrl 

Avg. 
Relative 
density 

SJ13+AAV.CBA.Cre 0.8076 0.8537 0.946 0.30   
SJ13+AAV.CBA.Cre 0.9983 0.9064 1.1013 0.35   
SJ13+AAV.CBA.Cre 0.8245 0.6862 1.2015 0.39 0.35± 0.04 

SJ13 1.4759 0.4389 3.3624 1.08   
SJ13 1.489 0.4455 3.3422 1.08   
SJ13 1.3916 0.5322 2.6148 0.84 1.00± 0.08 

 
p value = 0.0017 
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Table 4.5.  Some results of the left ventricular hemodynamics in 22-m-old SJ13 
mice (See Figure 4.10E for results that showed statistically significant difference). 

 

 

 

 

 

 

 

 

Abbreviations: BPM, beats per minute; Max, maximum; Min, minimum, dP/dt, the 

pressure change over the time, Tau, the relaxation constant of the heart at diastole. 

  

 

    α-MHC.∆H2-R15    α-MHC.∆H2-R15+ 
AAV.CBA.Cre   

Sample size (n) 6  5 
Age (m)  22.4 ± 0.1  22.0± 0.7 
Heart rate (BPM) 550 ± 15.8  597 ± 22.8 
Stroke volume (µl) 11.93 ± 1.9  12.75± 1.6 
Cardiac output (mL/min) 6.7 ± 1.2  7.5± 0.8 
dP/dt Max (KmmHg/s) 10.9 ± 0.8  9.4 ± 1.1 
dP/dt Min (KmmHg/s) -6.9± 0.7  -7.3 ± 0.5 
Tau (msec)   10.0 ± 1.2   13.0± 1.7 
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Table 4.6.  Weights and weight ratios of 22-m-old SJ13 mice  

 

 

 

 

 

 

 

 

 

Abbreviations: BW, body weight; TW, anterior tibialis muscle weight; HW, heart weight; 

VW, ventricle weight. 

a, Significantly different. 

  

    α-MHC.∆H2-R15 
α-MHC.∆H2-R15 
+AAV.CBA.Cre 

Sample size (n) 9  6 
Age (m)  22.91 ± 0.05  22.25 ± 0.65 
BW (g)  30.68 ± 2.03  26.93 ± 1.85 
TW (mg)  34.26 ± 1.46  33.46 ± 2.2 
HW (mg)  143.64 ± 6.63  149.17 ± 8.06 
VW (mg)  132.90 ± 5.83  139.38 ± 8.39 
TW/BW (mg/g) 1.14 ± 0.06  1.26 ± 0.07 
HW/BW (mg/g) 4.79 ± 0.25  5.61 ± 0.26 
HW/TW (mg/g) 4.30 ± 0.26  4.51 ± 0.22 
VW/BW (mg/g) 4.43 ± 0.23  5.24 ± 0.26a 
VW/TW (mg/g) 3.98 ± 0.23   4.21 ± 0.21 
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Table 4.7.  Comparison of ECG assay results between FVB and FVB/mdx mice. 

 

 

 

 

 

 

a, significantly different from FVB 

  

  FVB   FVB/mdx 
Sample size (n) 14  17 
Heart rate (BPM) 555.4 ± 10.70  525.8 ± 14.60 
PR interval (ms) 34.0 ± 1.51  25.4± 1.35a 
QRS duration (ms) 8.9± 0.36  11.4± 0.82a 
QTc interval (ms) 17.9 ± 0.75  27.9 ± 1.60a 
Cardiomyopathy index 0.9 ± 0.05  1.9 ± 0.23a 
Q amplitude -76.4 ± 29.10   -351.2 ± 32.10a 
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Table 4.8.  Comparison of left ventricular hemodynamics between FVB and 
FVB/mdx mice. 

 

  FVB   FVB/mdx 
Sample size (n) 19  13 
End systolic volume (µL) 6.8 ± 1.35  16.2 ± 2.43a 
End diastolic volume (µL) 18.9 ± 1.73  23.8± 2.72 a 
Max pressure (mmHg) 89.4± 2.70  81.9± 2.69 a 
Ejection Fraction (%) 72.5 ± 0.91   44.5 ± 3.49 a 

 

a, significantly different from FVB 
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Chapter 5 . R16-19 is a putative heart protection domain in 

dystrophin. 
 

Abstract 

Dystrophin is a long rod-shaped multi-domain protein.  Its absence leads to Duchenne 

muscular dystrophy (DMD).  Cardiomyopathy is a major health threat to DMD patients.  

Genotype-phenotype analyses suggest that deletion of dystrophin spectrin-like repeats 

16 to 19 (R16-19) may associate with early onset and/or more severe cardiac disease.  

Based on clinical observations, we hypothesize that dystrophin R16-19 may carry a 

putative heart protection domain.  The ∆H2-R19 mini-dystrophin gene does not contain 

R16-19.  Transgenic expression of this minigene in skeletal muscle normalized histology 

and force in dystrophin-null mdx mice.  Interestingly, transgenic expression of this 

minigene in the heart of mdx mice only partially corrected ECG and heart 

hemodynamics.  To test whether addition of R16-19 can improve cardiac rescue, we 

added R16-19 to the ∆H2-R19 minigene and generated the ∆H2-R15 minigene.  To 

avoid time-consuming multi-year backcrossing to the original BL10 background of mdx 

mice, we generated cardiac-specific and skeletal muscle-specific ∆H2-R15 minigene 

transgenic mice in the FVB background mdx mice.  Skeletal muscle expression of the 

∆H2-R15 minigene normalized histology and contractility suggesting disease rescue is 

not compromised on the FVB background.  In support of our hypothesis, abnormal ECG 

parameters were all normalized in cardiac-specific ∆H2-R15 minigene transgenic mice.  

The ∆H2-R15 minigene also improved cardiac hemodynamics on the catheter assay.  

Importantly, it corrected the end-diastolic volume, an important diastolic parameter not 

rescued by the ∆H2-R19 minigene.  Our results suggest that R16-19 may have some 
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cardiac protection function but additional dystrophin regions and/or concomitant skeletal 

muscle rescue are required to fully recover heart function.    
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Introduction 

 

Loss of vital muscle protein dystrophin results in Duchenne muscular dystrophy 

(DMD). While skeletal muscle presentations start at the toddler age, symptoms of 

myocardial involvement are rarely seen before teenage.  Despite the later onset, up to 

40% of patients die from heart failure and/or sudden cardiac death 37,38,205.  Currently, 

there is no etiology-based treatment for DMD.  Introduction of a functional dystrophin 

gene to muscle by gene therapy may solve the fundamental problem of dystrophin 

deficiency in DMD.  Some serotypes of adeno-associated virus (AAV) have the intrinsic 

property of reaching all body muscles after a single intravascular delivery 229,295,304,305.  

This makes AAV a favored vector for DMD gene therapy.  Unfortunately, the dystrophin 

gene is one of the largest genes in the genome and AAV is one of the smallest viruses.  

As a matter of factor, the size of the full-length dystrophin coding sequence is about 

three times the size of the AAV genome.  The size of full-length dystrophin protein (150 

nm) is about six times the size of an AAV particle (25 nm).  Development of minimized 

dystrophin may open the door for AAV packaging and AAV-mediated DMD gene 

therapy.  

Dystrophin is a 427-kD rod-shaped protein encoded by 79 exons.  It can be 

divided into four major functional domains.  The N-terminal domain interacts with 

filamentous cytoskeletal g-actin.  Immediately following the N-terminal domain is the rod 

domain which accounts for more than 70% of the molecular weight of dystrophin.  The 

rod domain can be further divided in 24 spectrin-like repeats (R) and four intervening 

hinges (H).  The rod domain contains the second actin-binding domain and neuronal 

nitric oxide synthase (nNOS) binding domain.  Towards the carboxyl end is the cysteine-

rich (CR) domain and the C-terminal domain.  The CR domain interacts with 
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transmembrane protein dystroglycan.  The C-terminal domain binds to syntrophin and 

dystrobrevin.  Abbreviated dystrophins have been generated largely based on our 

understanding of the structure-function relationship of dystrophin in skeletal muscle.  Of 

particular interest is the notion that most part of the rod domain can be deleted without 

significant consequences on function 129,306.  A 6.2-kb ∆17-42 minigene was found in a 

61-year-old ambulant patient 306.  The Chamberlain lab optimized this 6.2-kb minigene 

into the 6-kb ∆H2-R19 minigene.  Transgenic expression of the ∆H2-R19 minigene in 

skeletal muscle of mdx mice showed improved protection.  It completely normalized 

histology (≤1 % of centrally nucleated myofiber) and fully restored specific tetanic force 

76,129.  In light of these encouraging data, we generated cardiac specific ∆H2-R19 

minigene transgenic mdx mice 217.  The ∆H2-R19 minigene eliminated histological 

lesions in the heart but only partially corrected ECG and cardiac hemodynamic 

deficiencies.  This unexpected result suggests that the ∆H2-R19 minigene may lack 

domain(s) important for heart function.   

Few studies have investigated the structure-function relationship of dystrophin in 

the heart.  Most of our current knowledge comes from patient-based phenotype-

genotype correlation studies.  On reviewing the clinical literature, we found that patients 

with deletion mutations in the region of R16 to R19 often tend to display early onset 

and/or more severe heart disease 307-321.  Hence, we hypothesize that R16-19 may carry 

a putative heart protection domain.  To test our hypothesis, we inserted R16-19 to the 

∆H2-R19 minigene and made the ∆H2-R15 minigene (Figure 5.1A).  We then generated 

new cardiac-specific ∆H2-R15 minigene transgenic mice using the same α-myosin 

heavy chain (αMHC) promoter we used before in cardiac-specific ∆H2-R19 minigene 

transgenic mdx mice 217.  We have previously backcrossed the FVB background 

transgenic mice with the BL10 background mdx mice (mdx/BL10) for five to seven 
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generations to reach incipient congenic status before used the mice in the study 217.  To 

eliminate this labor-intensive and time-consuming process, we recently developed FVB 

background mdx mice (mdx/FVB) 284.  We have also shown that mdx/FVB mice and 

mdx/BL10 mdx mice displayed similar dystrophic phenotypes 284.  Here, we studied the 

heart specific ∆H2-R15 minigene transgenic mdx/FVB mice.  Consistent with our 

findings with the αMHC.∆H2-R19 transgenic mdx/BL10 mice, myocardial histology was 

completely corrected in αMHC.∆H2-R15 transgenic mdx/FVB mice.  Encouragingly, 

several physiological parameters that were not corrected by the ∆H2-R19 minigene were 

now normalized by the ∆H2-R15 minigene.  These parameters include the QRS 

duration, Q amplitude and end-diastolic volume.  Our results suggest that inclusion of 

R16-19 in synthetic mini-dystrophin may enhance cardiac rescue in animal models of 

DMD. 
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Materials and Methods 

 

Experimental Animals.  All animal experiments were approved by the institutional 

animal care and use committee and were in accordance with NIH guidelines.  

Experimental FVB mice were generated in a barrier facility using breeders purchased 

from The Jackson Laboratory (Bar Harbor, ME).  Congenic mdx/FVB mice were 

generated as we described before 284.  The founder lines of human mini-dystrophin 

transgenic mice were generated on the FVB background at the University of Missouri 

transgenic core.  These mice express the DH2-R15 mini-dystrophin gene under the 

transcriptional control of either the cardiac muscle specific αMHC promoter or the 

skeletal muscle specific HSA promoter.  Mini-dystrophin transgenic mdx/FVB mice were 

generated by crossing transgenic found mice with mdx/FVB mice.  All mice were 

maintained in a specific-pathogen free animal care facility on a 12-hour light (25 lux):12-

hour dark cycle with access to food and water ad libitum.  Mice were euthanized 

following the functional assays to harvest the tissues.  All histology and physiology 

studies were performed in mice that were at least 21-month-old.  

 

Morphological studies.  Dystrophin expression was evaluated by immunofluorescence 

staining using three independent dystrophin monoclonal antibodies including Dys2 (1:30; 

Vector Laboratories), DysB (1:80, clone 34C5, IgG1; Novocastra) and Mandys8 (1:200; 

Sigma Aldrich).  Dys2 and DysB react with ∆H2-R15 mini-dystrophin.  Mandys8 

recognizes an epitope in dystrophin repeat 11, which is absent in ∆H2-R15 mini-

dystrophin 225,253.  General histology was examined by hematoxylin and eosin (HE) 

staining.  Fibrosis was examined by Masson trichrome staining as we described before 

252.  Slides were viewed at the identical exposure setting using a Nikon E800 
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fluorescence microscope.  Photomicrographs were taken with a QImage Retiga 1300 

camera 252.  

 

Western blot.  Whole heart and muscle lysate was prepared as we described before 220.  

Briefly, the tissues were snap frozen in liquid nitrogen.  The frozen tissue samples were 

ground to fine powder in liquid nitrogen followed by homogenization in a buffer 

containing 10% SDS, 5mM EDTA, 62.5mM Tris-HCl at pH6.8 and the protease inhibitor 

cocktail (Roche, Indianapolis, IN).  The crude lysate was heated at 95°C for 3 min, 

chilled on ice for 2 min and then centrifuged at 14,000 rpm for 2 min.  Supernatant was 

collected as the whole muscle lysate.  Protein concentration was measured using the 

DC protein assay kit (Bio-Rad, Hercules, CA) and 60 µg of protein was used to load per 

lane for the Western blot.  Dystrophin was detected with Dys2 (1:100 Vector 

Laboratories) antibody. Western blot quantification was performed using LI-COR Image 

Studio Version 5.0.21 software (https://www.licor.com).  The intensity of the respective 

protein band was normalized to the corresponding loading control in the same blot.  The 

relative band intensity was normalized to the FVB control group. 

 

EDL and TA muscle function evaluation.  EDL muscle force was determined ex vivo 

and TA muscle force was determined in situ according to our published protocols 254,256.  

Briefly, mice were anesthetized via intra-peritoneal injection of a cocktail containing 25 

mg/ml ketamine, 2.5 mg/ml xylazine and 0.5 mg/ ml acepromazine at 2.5 µl/g body 

weight.  The EDL muscle was gently dissected and mounted to an intact muscle test 

system (Aurora Scientific, Inc., Aurora, ON, Canada) containing oxygenated (95% O2 

and 5% CO2 at 30ºC) Ringer’s buffer.  After 10 min equilibration, the optimal length (Lo) 

of the EDL muscle was measured with an electronic digital caliper (Fisher Scientific, 
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Waltham, MA, USA).  The maximum isometric tetanic force (Po) was measured at 150 

Hz.  The muscle cross-sectional area (CSA) was calculated according to the following 

equation, CSA = (muscle mass, in gram)/ [(optimal fiber length, in cm) × (muscle density, 

in g/cm3)].  A muscle density of 1.06 g/cm3 was used in calculation.  Specific muscle 

force was determined by dividing the maximum isometric tetanic force with the muscle 

CSA.  After tetanic force measurement, the muscle was rested for 10 min and then 

subjected to ten rounds of eccentric contraction injury according to our previously 

published protocols 254,256.  The percentage of force drop following each round of 

eccentric contraction was recorded.  Data were processed using the Lab View-based 

DMC and DMA programs (Version 3.12, Aurora Scientific, Inc.).  

 For in-situ TA muscle for e assay, mice were anesthetized as described above.  

The TA muscle and the sciatic nerve were exposed 254,256.  The mouse was transferred 

to a custom-designed thermo-controlled platform of the footplate apparatus.  

Subsequently, twitch and tetanic forces and the eccentric contraction profile were 

measured with a 305C-LR dual-mode servomotor transducer (Aurora Scientific, Inc.).  

Data recording and analysis were identical to methods described for the EDL muscle. 

 

ECG and hemodynamic assay.  A 12-lead ECG assay was performed using a 

commercial system from AD Instruments (Colorado Springs, CO) according to our 

previously published protocol 137,252.  The Q wave amplitude was determined using the 

lead I tracing.  Other ECG parameters were analyzed using the lead II tracing.  The QTc 

interval was determined by correcting the QT interval with the heart rate as described by 

Mitchell et al 223.  The cardiomyopathy index was calculated by dividing the QT interval 

by the PQ segment 224.  Left ventricular hemodynamics was evaluated using a closed 
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chest approach as we have previously described 137,252.  The resulting PV loops were 

analyzed with the PVAN software (Millar Instruments, Houston, TX).  

 

Statistical analysis. Data are presented as mean ± stand error of mean (s.e.m.).  One-

way ANOVA with Bonferroni’s multiple comparison analysis was performed using 

GraphPad PRISM software version 6.0 for Mac OSX (GraphPad Software, La Jolla 

California USA, www.graphpad.com).  A p < 0.05 was considered statistically significant. 
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Results  

 

Generation of heart-specific R16-19 containing mini-dystrophin transgenic mdx 

mice.  To compare with our published heart-specific ∆H2-R19 minigene transgenic mdx 

mice (αMHC.∆H2-R19) 217, we added R16-19 to the ∆H2-R19 minigene and generated 

the extended ∆H2-R15 minigene (Figure 5.1A).  Transcriptional regulation in 

αMHC.∆H2-R19 transgenic mdx mice was controlled by the cardiac specific αMHC 

promoter and the bovine growth hormone gene polyadenylation (pA) sequence.  The 

same promoter and pA signal were used in the new ∆H2-R15 minigene transgenic mice.  

Two founder lines (line 271 and line 272) were generated on the FVB background 250.  

After crossing with FVB-background mdx mice, we obtained heart-specific ∆H2-R15 

minigene transgenic mdx/FVB mice (αMHC.∆H2-R15).  Cardiac expression of the ∆H2-

R15 minigene was confirmed by dystrophin immunofluorescence staining in both 

founder lines using Dys2, DysB and Mandys8 antibodies.  Dys2 and DysB recognize R1-

2 and the C-terminal domain, respectively while Mandys8 reacts with R11 which is 

absent in the ∆H2-R15 minigene (Figure 5.1B).  Heart lysate western blot revealed the 

right size band at levels 5 and 20-folds higher than that of full-length dystrophin in a 

normal heart (Figure 5.1C).  Heart histology was examined at the age of 21 to 23 

months.  On hematoxylin-eosin (HE) staining and Masson trichrome staining, we did not 

see inflammation and fibrosis in the heart of αMHC.∆H2-R15 mice (Figure 5.1D).  As 

expected, skeletal muscle of αMHC.∆H2-R15 mice had no dystrophin expression and 

displayed characteristic degeneration and fibrosis comparable to those of mdx/FVB mice 

(Figure 5.1E) 284.  
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The FVB background did not compromise skeletal muscle rescue by ∆H2-R15 

mini-dystrophin.  The αMHC.∆H2-R19 mice we used previously were on the BL10 

background.  The new αMHC.∆H2-R15 mice were on the FVB background.  It is 

possible that the difference in the genetic background may affect disease rescue and 

hence data interpretation.  To address this issue, we generated a new line of skeletal 

muscle specific ∆H2-R15 minigene transgenic mice on the mdx/FVB background 

(HSA.∆H2-R15/FVB).  We have previously shown that limb muscle disease was fully 

rescued in the BL10 background skeletal muscle specific ∆H2-R15 minigene transgenic 

mdx mice (HSA.∆H2-R15/BL10) 76.  On histology examination, we did not detect any 

abnormality in the limb muscle of HSA.∆H2-R15/FVB mice (Figure 5.2A).  There was no 

inflammation, no fibrosis and no degeneration/regeneration (Figure 5.2A).  On 

physiology assays, specific tetanic forces and eccentric contraction profiles were 

completely normalized in the extensor digitorum longus and tibialis anterior muscles of 

HSA.∆H2-R15/FVB mice (Figure 5.2B and C).  In summary, similar to HSA.∆H2-

R15/BL10 mice, limb muscle disease was fully rescued in HSA.∆H2-R15/FVB mice.  

These results suggest that the FVB background did not compromise disease rescue by 

mini-dystrophin.  

 

∆H2-R15 mini-dystrophin normalized ECG.  To determine whether addition of R16-19 

improved cardiac electrophysiology, we performed 12-lead ECG tracing at the age of 21 

to 23 months 137,217.  ECG tracing showed significant difference in the PR interval, QRS 

duration, Mitchell’s corrected QT (QTc) interval, Q wave amplitude and cardiomyopathy 

index between FVB and mdx/FVB mice (Figure 5.3).  The abnormal changes in 

mdx/FVB mice were completely corrected in αMHC.∆H2-R15 mice (Figure 5.3).  
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∆H2-R15 mini-dystrophin prevented heart dilation.  Hemodynamics was examined 

using left ventricular catheterization at the age of 21 to 23 months 217,222.  Mdx/FVB mice 

showed characteristic signs of dilated cardiomyopathy such as a significant increase of 

the end systolic volume and end diastolic volume (Figure 5.4A, B).  The overall heart 

pump function was also compromised in mdx/FVB mice.  Specifically, ejection fraction, 

stroke volume and cardiac output were all significantly reduced compared to that of 

normal FVB mice (Figure 5.4C).  Transgenic expression of the ∆H2-R15 mini-dystrophin 

in the heart normalized the end-systolic volume, dP/dt maximum, end-diastolic volume 

and ejection fraction.  A trend of improvement was also seen in the maximal pressure, 

dP/dt minimum, stroke volume and cardiac output (Figure 5.4).  

 

Anatomic examination revealed cardiac hypertrophy in αMHC.∆H2-R15 mice.  At 

the end of in-life study, we measured body weight (BW), heart weight (HW), ventricular 

weight (VW), tibia length (TL) and anterior tibialis muscle weight (TW) (Table 5.1).  

Compared to that of FVB, TW was significantly reduced in mdx/FVB and αMHC.∆H2-

R15 mice, consistent with skeletal muscle disease-related limb muscle atrophy.  HW and 

VW of mdx/FVB were approximately 8% higher than those of FVB but did not reach 

statistical significance.  Interestingly, αMHC.∆H2-R15 mice had the highest HW and VW.  

They were significantly (~14%) higher than those of FVB.  The ratios of HW/TW and 

VW/TW were significantly higher in mdx/FVB and αMHC.∆H2-R15 mice than they were 

in FVB mice, suggesting cardiac hypertrophy in mdx/FVB and αMHC.∆H2-R15 mice.  

Since TW was affected by skeletal muscle disease, we evaluated TL normalized HW 

and VW.  Compared to FVB mice, mdx/FVB mice had a higher HW/TL and VW/TL.  

However, the difference did not reach statistical significance.  Surprisingly, the ratios of 
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HW/TL and VW/TL in αMHC.∆H2-R15 mice were significantly higher than those in FVB 

mice, thus confirming cardiac hypertrophy in αMHC.∆H2-R15 mice.  
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Discussion 

 

 Dystrophin is essential for the survival and function of both skeletal muscle and 

cardiac muscle.  However, recent studies suggest that there may exist important 

differences between skeletal muscle dystrophin and cardiac dystrophin.  For example, 

dystrophin directly binds to neuronal nitric oxide synthase (nNOS) in skeletal muscle and 

this interaction is critical to the sarcolemmal localization of nNOS in skeletal muscle 

76,322.  But in cardiac muscle, dystrophin dose not interact with nNOS and nNOS is 

localized in the sarcoplasmic reticulum and mitochondria in the heart 323-326.  Recent 

proteomic studies also suggest that cardiac dystrophin interacts with cavin-1, ahnak1, 

cypher and crystalline alpha B but skeletal muscle dystrophin does not interact with 

these proteins 325.  Collectively, these observations suggest that dystrophin may play 

overlapping but distinctive roles in the heart and skeletal muscle.  It is thus reasonable to 

speculate that there may exist heart-specific domain(s) in dystrophin.   

In this study, we tested the hypothesis that R16-19 is a heart protection domain 

in dystrophin.  We have previously shown that selective expression of a ∆H2-R19 mini-

dystrophin gene in the heart of dystrophin-deficient mdx mice corrected histological 

lesions in the heart but did not fully normalize cardiac function 217.  To determine the 

cardiac protection potential of R16-19, we added R16-19 to ∆H2-R19 mini-dystrophin.  

The resulting ∆H2-R15 minigene was then used to generate αMHC.∆H2-R15 mice, 

dystrophin-deficient mice with cardiac specific expression of ∆H2-R15 mini-dystrophin 

(Figure 5.1).  Similar to what we have found in αMHC.∆H2-R19 mice 217, the heart of 

αMHC.∆H2-R15 mice showed completely normal histology.  On ECG examination, the 

∆H2-R19 minigene corrected the PR interval, QT interval and cardiomyopathy index but 

did not normalize the QRS duration and Q amplitude 217.  In αMHC.∆H2-R15 mice, all 
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abnormal ECG parameters were restored to the normal levels (Figure 5.3).  On cardiac 

catheter assay, the ∆H2-R19 minigene normalized end-systolic volume, dP/dt maximum 

and ejection fraction 217.  The ∆H2-R15 minigene not only normalized the above 

parameters but also normalized the end-diastolic volume (Figure 5.4).  These 

physiology study results suggest that the addition of R16-19 has improved cardiac 

rescue.    

 There may exist several possible explanations to our results.  The first is the 

potential influence of the genetic background.  Our previous ∆H2-R19 minigene study 

was performed in the BL10 background.  However, our new ∆H2-R15 minigene study 

was carried out in the FVB background.  We believe the difference in the genetic 

background is not a determining factor in our findings because (1) the lack of dystrophin 

results in similar muscle damage in both backgrounds 284, (2) the majority of the ECG 

and hemodynamic parameters  of mdx/FVB and mdx/BL10 were similarly compromised 

(Figures 5.3 and 5.4), and (3) the difference in the genetic background did not influence 

the rescue of skeletal muscle disease by ∆H2-R15 mini-dystrophin (Figure 5.2) 76.   

A second explanation is the size of the mini-dystrophin protein.  It is conceivable 

that a larger protein may result in a better protection.  The addition of four new repeats 

may thus result in improved functional rescue simply because the protein is larger.  We 

cannot completely rule out this possibility because skeletal muscle studies suggest that 

larger synthetic mini-dystrophins (~50% size of the full-length protein) are indeed more 

protective than smaller synthetic micro-dystrophins (~30% size of the full-length protein) 

129.  However, the size of mini-dystrophin is at least 60-80% larger than that of micro-

dystrophin.  While in our case, ∆H2-R15 is only 20% larger than ∆H2-R19.  Future 

studies are needed to determine whether a 20% difference in the protein size can result 

in a functional difference in the heart, and if yes how much difference will it be.  
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A third explanation is the expression level.  If the heart of αMHC.∆H2-R15 mice 

had more mini-dystrophin, theoretically, it might offer better protection.  In the 

αMHC.∆H2-R19 study 217, we examined seven independent founder lines.  These lines 

expressed ∆H2-R19 mini-dystrophin at levels 5 to 50-folds higher than that of full-length 

dystrophin in the normal heart 217.  Interestingly, all these lines showed similar heart 

protection 217.  In the current study, two independent founder lines of αMHC.∆H2-R15 

mice were studied.  In these two lines, mini-dystrophin levels were 5- and 20-folds higher 

than that of full-length dystrophin in the normal heart (Figure 5.1C).  Again, heart 

function in both lines was similarly recovered.  Since mini-dystrophin levels were 

comparable in the hearts of αMHC.∆H2-R15 mice (5 and 20-fold above normal) and 

αMHC.∆H2-R19 mice (5 to 50-fold above normal), and also since we don’t see a 

difference in heart function rescue at levels between 5-fold and 50-fold above normal, 

we suspect that the enhanced protection by ∆H2-R15 mini-dystrophin is not due to the 

expression level. 

The fourth, and we believe the most likely explanation is that R16-19 may 

represent a myocardial protection domain.  Dystrophin is a multi-domain protein.  

Specific regions of dystrophin have been linked to various functions 327.  The N-terminal 

domain serves as the primary actin-binding domain.  The CR domain interacts with b-

dystroglycan.  The C-terminal domain mediates syntrophin and dystrobrevin binding.  

Besides these cellular interactions, different dystrophin domains have also been 

implicated in tissue specific functions.  For example, repeats 16 and 17 are essential for 

anchoring nNOS to the sarcolemma in skeletal muscle 76,322.  The C-terminal domain 

appears to be required for normal electroretinography and mutations in the C-terminal 

domain often associate with cognitive deficiency 328,329.  Given these examples of 

domain-associated tissue specific function of dystrophin, it is quite plausible that certain 
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regions (domains) of dystrophin could be critical for heart function.  Several patient 

oriented studies have attempted to delineate the heart protection domain(s) in 

dystrophin.  Nigro et al studied 284 patients and found that deletion of exons 48 and 49 

(R19) correlates with severe cardiac disease 311.  Based on the data from 69 patients, 

Jefferies et al proposed that mutations in exon 12 and 14-17 associate with dystrophic 

cardiomyopathy 330.  In a more recent study, Kaspar et al analyzed 78 patients and 

discovered the N-terminal domain and R17-19 might protect the heart.  Deletion of one 

these two regions often result in early onset heart disease 321.  Despite these efforts, the 

nature the dystrophin heart protection domain remains elusive.  We reviewed clinical 

genotype-phenotype studies and identified two major spots for DMD cardiomyopathy.  

One spot is located at the promoter region near the 5’ end of the gene.  Mutations in this 

area often selectively abolish dystrophin expression in the heart and result in X-linked 

dilated cardiomyopathy 237,331.  The other spot is R16-19.  Deletion in this region often 

associates with early onset and/or more severe heart disease 307-321.  The data from 

αMHC.∆H2-R15 mice are in line with these clinical reports and suggest that R16-19 may 

represent a putative heart protection domain.  Numerous transgenic studies have 

evaluated the relationship of different dystrophin domain and skeletal muscle protection 

(reviewed in 130).  However, domains important for heart protection have never been 

investigated.  The study described here is the first to try to experimentally determine 

whether certain regions of dystrophin can result in better heart rescue.  While our results 

are encouraging, additional studies are needed before we can draw a solid conclusion.  

Some of these future studies may include generation/evaluation of BL10 background 

αMHC.∆H2-R15 mice and development of new heart-specific transgenic mice that 

express synthetic dystrophins with a size similar to that of ∆H2-R15 mini-dystrophin but 

without R16-19. 
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Another important question is why ∆H2-R15 mini-dystrophin yielded better heart 

rescue.  We noticed that the absolute heart weight and ventricular weight of αMHC.∆H2-

R15 mice were significantly higher than those of normal control FVB mice (Table 5.1).  

Importantly, compared to FVB mice, the TL and TW normalized heart weight and 

ventricular weight were also significantly increased in αMHC.∆H2-R15 mice (Table 5.1).  

In sharp contrast, heart weight and ventricular weight of αMHC.∆H2-R19 mice (HW, 

137±4 mg; VW, 129±3 mg) were similar to those of BL10 mice (HW, 138±5 mg; VW, 

130±3 mg) 217.  The TW normalized heart weight and ventricular weight were actually 

showed a trend of reduction in αMHC.∆H2-R19 mice (HW/TW, 3.1±0.1; VW/TW, 

2.9±0.1) compared to those of BL10 mice (HW/TW, 3.5±0.1; VW/TW, 3.3±0.1) 217.  

Collectively, anatomical data suggest the presence of cardiac hypertrophy in 

αMHC.∆H2-R15 mice.  Given the absence of myocardial pathology in αMHC.∆H2-R15 

mice and significant improvement of heart function of αMHC.∆H2-R15 mice compared to 

that of mdx/FVB mice (Figures 5.3 and 5.4), we reason that observed heart weight 

increase may likely represent physiological, instead of pathological, myocardial 

hypertrophy (Table 5.1) 332-334.  Physiological heart hypertrophy is due to beneficial 

myocardial structural remodeling and molecular adaption.  It involves a number of 

signaling pathways such as insulin-like growth factor-1, mammalian target of rapamycin 

and phosphoinositide 3-kinase 334-336.  Since dystrophin has been shown to interact with 

many structural and signaling molecules (reviewed in 62,337), it is intriguing to speculate 

either a direct or an indirection interaction of R16-19 with signaling pathways involved in 

heart growth regulation336,338.  

We have recently demonstrated that systemic delivery of micro-dystrophin by 

AAV corrected the QRS duration, Q amplitude and end-diastolic volume in old mdx mice 

137.  Interestingly, the micro-dystrophin gene used in the systemic AAV gene therapy 
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study does not contain R16-19.  We suspect that cardiac function improvement seen 

with systemic AAV micro-dystrophin therapy may relate to a different mechanism.  In 

support of this notion the heart weight and ventricular weight were reduced instead of 

increased in AAV micro-dystrophin treated mice (HW of AAV treated mdx and control 

BL10 was 105±4 mg and 122±4 mg, respectively; VW of AAV treated mdx and control 

BL10 was 100±4 mg and 114±4 mg, respectively) 137.  A major different between 

systemic AAV micro-dystrophin gene therapy and cardiac specific mini-dystrophin 

transgenic mice (αMHC.∆H2-R19 and αMHC.∆H2-R15) is that in the former both cardiac 

muscle and skeletal muscle are treated while in the later only cardiac muscle is treated.  

Previous studies have revealed a complex relationship between the heart-only therapy 

and skeletal muscle-only therapy 213,252,339,340.  It appears that simultaneous treatment of 

both skeletal muscle and heart may benefit cardiac rescue.   

In summary, our evaluation of cardiac-specific mini-dystrophin transgenic mdx 

mice suggests that R16-19 may represent a putative heart protection domain.  Future 

studies are warranted to corroborate this enticing hypothesis in more stringent 

conditions.    
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Figure 5.1.  Heart-specific expression of ∆H2-R15 mini-dystrophin ameliorated 

cardiac but not skeletal muscle pathology.  A, Cartoon illustrations of ∆H2-R19 (top) 

and ∆H2-R15 (bottom) mini-dystrophin.  Dotted box marks the region deleted from full-

length dystrophin. Gene expression in under the control of heart-specific α-myosin heavy 

chain (αMHC) promoter.  B, Representative photomicrographs of dystrophin 

immunofluorescence staining in the heart of mdx/FVB, FVB and αMHC.∆H2-R15 

transgenic mdx/FVB mice.  DysB, Dys2 and Mandys8 are dystrophin monoclonal 

antibodies used in the study.  DysB and Dys2 recognize H1-R2 and C-terminal domain 

of dystrophin, respectively.  The epitope for Mandys8 (R11) is absent in ∆H2-R15 mini-

dystrophin.  C, Representative western blots of dystrophin (Dys2) in the heart of two 

lines of αMHC.∆H2-R15 transgenic mdx/FVB mice (left panel) and normal control FVB 

mice (middle panel).  The right panel shows dystrophin densitometry quantification.  D, 
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Representative photomicrographs of HE and Masson trichrome staining in the heart of 

αMHC.∆H2-R15 transgenic mdx/FVB, FVB and mdx/FVB mice.  E, Representative 

photomicrographs of HE, Masson trichrome (MT) and Dys2 immunofluorescence 

staining in the tibialis anterior muscle (TA) and diaphragm of αMHC.∆H2-R15 transgenic 

mdx/FVB, FVB and mdx/FVB mice (top two panels).  The bottom panel shows 

representative dystrophin (Dys2) western blots from skeletal muscle (TA and diaphragm) 

of αMHC.∆H2-R15 transgenic mdx/FVB, FVB and mdx/FVB mice. 
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Figure 5.2.  Skeletal muscle specific expression of ∆H2-R15 mini-dystrophin in 

mdx/FVB mice normalized skeletal muscle histology and limb muscle contractile 

properties.  A, Representative photomicrographs of Dys2 immunofluorescence staining, 

HE and Masson trichrome (MT) staining in the tibialis anterior muscle of HSA.∆H2-R15 

transgenic mdx/FVB mice.  The bar graph shows centronucleation quantification. B, 

Contractile properties of the extensor digitorum longus (EDL) muscle.  C, Contractile 

properties of the tibialis anterior muscle.  For panels B and C, left panels are specific 

tetanic forces at the optimal stimulation frequency and right panels show percentage of 

force drop from the baseline during ten cycles of eccentric contractions.  Sample size is 

marked for each group.  Asterisk, significantly different from the other two groups.   



 137 

 



 138 

Figure 5.3.  ∆H2-R15 mini-dystrophin completely rescued ECG abnormalities in 

mdx/FVB mice. A, Quantitative evaluation of the heart rate (HR), PR interval, QRS 

duration, QTc interval, Q wave amplitude (Q amp) and cardiomyopathy.  Asterisk, 

significantly different from other two strains.  B, Representative lead II ECG tracing from 

FVB, mdx/FVB and αMHC.∆H2-R15 transgenic mdx/FVB mice.   The PR interval was 

reduced in mdx/FVB mice but normalized in αMHC.∆H2-R15 transgenic mdx/FVB mice. 
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Figure 5.4.  ∆H2-R15 mini-dystrophin improved the left ventricular hemodynamics 

in mdx/FVB mice. A, Quantitative evaluation of systolic function. B, Quantitative 

evaluation of diastolic function. C, Quantitative evaluation of overall heart function in 

FVB, mdx/FVB and αMHC.∆H2-R15 transgenic mdx/FVB mice.  Double asterisk, 

significantly different from other two strains. Asterisk, significantly different only from the 

indicated group. D, Reresentative pressure-volume loops of FVB, mdx/FVB and 

αMHC.∆H2-R15 transgenic mdx/FVB mice.    

 



 141 

Table 5.1.  Comparison of left ventricular hemodynamics between FVB and FVB/mdx mice. 

 

  FVB   Mdx/FVB   αMHC.ΔH2-R15   
Sample Size (N) 25   13   38   
BW (g) 29.05 ± 1.11  27.08 ± 1.03  30.13 ± 1.10  
HW (mg) 113.16 ± 3.23  122.28 ± 3.97  128.38 ± 3.09b  
VW (mg) 103.20± 3.05  112.59 ± 3.60  118.95 ± 2.83b  
TL (mm) 18.79 ± 0.08  19.05 ± 0.07  18.90 ± 0.05  
TW (mg) 36.79 ± 0.90a  32.35 ± 0.96  31.83 ± 0.86  
HW/BW (mg/g) 4.00 ± 0.15  4.57 ± 0.18  4.34 ± 0.13  
HW/TL (mg/mm) 6.02 ± 0.17  6.38 ± 0.21  6.58 ± 0.16b  
HW/TW (mg/g) 3.09 ± 0.08a  3.81 ± 0.13  4.12 ± 0.12  
VW/BW (mg/g) 3.66 ± 0.14  4.20 ± 0.16  4.02 ± 0.12  
VW/TL (mg/mm) 5.48 ± 0.16  5.89 ± 0.19  6.10 ± 0.15b  
VW/TW (mg/g) 2.81 ± 0.07a   3.51 ± 0.12   3.82 ± 0.11  

 

Abbreviations: BW, body weight; HW, heart weight; VW, ventricle weight; TL, tibia length; TW, anterior tibialis muscle weight. 

a, significantly different from other two groups  

b, significantly different from FVB  
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Chapter 6 .  Uniform low-level dystrophin expression in the heart 

partially preserved cardiac function in an aged mouse model on 

Duchenne cardiomyopathy  
 

Abstract 

Dystrophin deficiency results in Duchenne cardiomyopathy, a primary cause of 

death in Duchenne muscular dystrophy (DMD).  Gene therapy has shown great promise 

in ameliorating the cardiac phenotype in mouse models of DMD.  However, it is not 

completely clear how much dystrophin is required to treat dystrophic heart disease.  We 

and others have shown that mosaic dystrophin expression at the wild-type level, 

depending on the percentage of dystrophin positive cardiomyocytes, can either delay the 

onset of or fully prevent cardiomyopathy in dystrophin-null mdx mice.  Many gene 

therapy strategies will unlikely restore dystrophin to the wild-type level in a 

cardiomyocyte.  To determine whether low-level dystrophin expression can reduce the 

cardiac manifestations in DMD, we examined heart histology, ECG and hemodynamics 

in 21-m-old normal BL6 and two strains of BL6-background dystrophin-deficient mice.  

Mdx3cv mice show uniform low-level expression of a near full-length dystrophin protein 

in every myofiber while mdx4cv mice have no dystrophin expression.  Immunostaining 

and western blot confirmed marginal level dystrophin expression in the heart of mdx3cv 

mice.  Although low-level expression did not reduce myocardial histopathology, it 

significantly ameliorated QRS prolongation and normalized diastolic hemodynamic 

deficiencies.  Our study demonstrates for the first time that low-level dystrophin can 

partially preserve heart function.  
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Introduction 

 

Deficiency of cytoskeletal protein dystrophin leads to Duchenne muscular 

dystrophy (DMD) 39,63.  Skeletal muscle related symptoms (such as limited ambulation 

and respiratory restriction) are observed early on in young DMD patients 341.  While 

cardiac involvement appears at the later stage of the disease,  all patients eventually 

develop cardiac dysfunction and heart failure causes up to 40% of death 205,342,343.  

Currently, only palliative treatments are available for symptom management.  

Restoration of dystrophin expression using adeno-associated virus (AAV)-mediated 

micro/mini-dystrophin gene transfer, exon-skipping and genome editing are promising 

new approaches to treat DMD 277,344.  However, these therapies may not restore 

dystrophin expression to the normal level in patients.  An important issue is thus to 

determine whether low-level dystrophin expression is therapeutically relevant.  

Numerous studies have investigated the amount of dystrophin required for 

treating skeletal muscle disease in mouse models of DMD and in human patients.  

These studies suggest that homogenous dystrophin expression at 20-30% of the wild-

type level in every myofiber can significantly enhance muscle function and reduce 

muscle pathology 303,345-348.  Recent studies further suggest that uniform low-level 

dystrophin expression at even 5% of the normal level can still improve clinical outcome 

in dystrophic mice 255,300-302.  In the case of mosaic expression, approximately 50% 

myofibers have to express dystrophin in order to achieve a mild phenotype in skeletal 

muscle 349-351.  

In contrast to the abundant information on low-level dystrophin expression in 

skeletal muscle, little is known about the dystrophin level needed for correcting heart 

disease in DMD.  A study in genetically modified mice suggests that expression in 3 to 
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5% of cardiomyocytes at the wild-type level (in every dystrophin positive cell) may delay 

the onset of heart disease 352.  In a different study, Wu et al found that 5% dystrophin 

positive cells in the heart of adult mdx mice did not improve cardiac histology/baseline 

function although mice tolerated dobutamine stress better 353.  We examined female 

carrier mice and found that normal level dystrophin expression in half of heart cells is 

sufficient to completely prevent dystrophic cardiomyopathy 218,225.  While these results 

have provided critical insight on the percentage of dystrophin positive cells needed for 

treating cardiac manifestations, it should be noted that in all these studies dystrophin is 

expressed at the wild-type level in every positive cardiomyocyte.  It remains unclear 

whether sub-physiological expression in a cardiomyocyte can benefit the heart.  

We and others have previously shown that mdx3cv mice express marginal level 

dystrophin in skeletal muscle  255,302,354.  This residual level expression significantly 

enhanced skeletal muscle function although it did not improve histopathology 255,355.  

Mdx3cv mice were generated by Chapmen et al using N-ethyl-N-nitrosourea 

mutagenesis 356.  A point mutation in intron 65 aborts full-length dystrophin expression.  

However, a slightly truncated ∆65/66 transcript is generated.  This results in the 

production of a near full-length dystrophin protein at ~ 5% of the wild-type level 302,354.  

To study the impact of low-level uniform dystrophin expression in the heart, we 

compared the cardiac phenotype among C57Bl/6 (BL6), mdx3cv and mdx4cv mice.  All 

three strains are on the BL6 background.  BL6 and mdx4cv mice are normal and 

dystrophin-null controls, respectively.  The characteristic heart presentation in DMD is 

dilated cardiomyopathy.  We have previously shown that dystrophin-deficient mice do 

not develop dilated cardiomyopathy until they reach 21 months of age 218,219.  For this 

reason, we intentionally conducted our study in aged mice.  We detected uniform 

dystrophin expression at ~ 3.3% of the wild-type level in the heart of 21-m-old mdx3cv 
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mice.  Importantly, we observed significant improvement in some ECG and 

hemodynamic parameters suggesting low-level dystrophin expression can benefit the 

heart.   
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Materials and Methods 

 

Experimental Animals.  All animal experiments were approved by the institutional 

animal care and use committee and were in accordance with NIH guidelines.  

Experimental mice were generated in a barrier facility using founders from The Jackson 

Laboratory (Bar Harbor, ME).  Female mice were used in the study.  All mice were 

maintained in a specific-pathogen free animal care facility on a 12-hour light (25 lux):12-

hour dark cycle with access to food and water ad libitum.  Mice were euthanized 

following the functional assays to harvest the tissues.  

 

Morphological studies.  Dystrophin expression was evaluated by immunofluorescence 

staining using four independent dystrophin monoclonal antibodies including Dys2 (1:30; 

Vector Laboratories, Burlingame, CA).  General histology was examined by hematoxylin 

and eosin (HE) staining. Fibrosis was examined by Masson trichrome staining 218,252.  

Slides were viewed at the identical exposure setting using a Nikon E800 fluorescence 

microscope.  Photomicrographs were taken with a QImage Retiga 1300 camera 252.  

 

Western blot.  Whole heart lysate was prepared as we described before 220.  Briefly, the 

tissues were snap frozen in liquid nitrogen.  The frozen tissue samples were ground to 

fine powder in liquid nitrogen followed by homogenization in a buffer containing 10% 

SDS, 5mM EDTA, 62.5mM Tris at pH6.8 and the protease inhibitor cocktail (Roche, 

Indianapolis, IN).  The crude lysate was heated at 95°C for 3 min, chilled on ice for 2 min 

and then centrifuged at 14,000 rpm for 2 min.  Supernatant was collected as the whole 

muscle lysate.  Protein concentration was measured using the DC protein assay kit (Bio-

Rad, Hercules, CA) and 5-100µg of protein was used to load per lane for the Western 
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blot as indicated in the figures.  Dystrophin was detected with Dys2 (1:100 Vector 

Laboratories, Burlingame, CA) and DysB (1:100, clone 34C5, IgG1; Novocastra, 

Newcastle, United Kingdom) antibodies.  Utrophin was detected with a mouse 

monoclonal antibody against amino acid residues 768-874 (1:200; clone 55, IgG1; BD 

Biosciences, San Diego, CA).  b-Dystroglycan was detected with a mouse monoclonal 

antibody against the b-dystroglycan C-terminus (NCL-b-DG, 1:100; clone 43DAG1/8D5, 

IgG2a; Novocastra, Newcastle, United Kingdom).  a-Sarcoglycan was detected with a 

mouse monoclonal antibody against a-sarcoglycan amino acid residues 217-289 (VP-

A105; 1:1,000; clone Ad1/20A6, IgG1; Vector Laboratories, Burlingame, CA).  

Syntrophin was detected with a pan-syntrophin mouse monoclonal antibody that 

recognized the syntrophin PDZ domain (ab11425, 1:2,000; clone 1351, IgG1; Abcam, 

Cambridge, MA).  Dystrobrevin was detected with a mouse monoclonal antibody against 

dystrobrevin amino acid residues 249 to 403 (#610766, 1:1,000; clone 23, IgG1; BD 

Biosciences, San Diego, CA).  For the loading control, we used the GAPDH antibody 

(1:3000; Millipore, Billerica, MA) and a-tubulin antibody (1:3,000; clone B-5-1-2; Sigma, 

St Louis, MO).  Western blot quantification was performed using the ImageJ 

(http://rsbweb.nih.gov/ij/) software.  The intensity of the respective protein band was 

normalized to the corresponding loading control in the same blot.  The relative band 

intensity in mdx3cv was normalized to BL6 mice. 

 

ECG and hemodynamic assay.  A 12-lead ECG assay was performed using a 

commercial system from AD Instruments (Colorado Springs, CO) according to our 

previously published protocol 222,252.  The Q wave amplitude was determined using the 

lead I tracing.  Other ECG parameters were analyzed using the lead II tracing.  The QTc 
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interval was determined by correcting the QT interval with the heart rate as described by 

Mitchell et al 223.  The cardiomyopathy index was calculated by dividing the QT interval 

by the PQ segment 224.  Left ventricular hemodynamics was evaluated using a Millar 

ultra-miniature pressure–volume (PV) catheter SPR 8329.  The catheter was placed in 

the left ventricle using a closed chest approach as we have previously described 222,252.  

The resulting PV loops were analyzed with the PVAN software (Millar Instruments, 

Houston, TX).  Detailed protocols for ECG and hemodynamic assays are available at the 

Parent Project Muscular Dystrophy standard operating protocol web site 

(http://www.parentprojectmd.org/site/PageServer?pagename=Advance_researchers_so

ps) 357. 

 

Statistical analysis. Data are presented as mean ± stand error of mean (s.e.m.).  One-

way ANOVA with Bonferroni’s multiple comparison analysis was performed using 

GraphPad PRISM software version 6.0 for Mac OSX (GraphPad Software, La Jolla, CA, 

www.graphpad.com).  A P < 0.05 was considered statistically significant. 
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Results  

 

The heart of aged mdx3cv mice expressed low-level dystrophin.  We first performed 

dystrophin immunostaining in the heart (Figure 6.1A).  We observed robust, no and very 

low expression in the heart of BL6, mdx4cv and mdx3cv mice, respectively.  To quantify 

dystrophin expression, we performed whole heart lysate western blot (Figure 6.1B).  

Serially diluted BL6 heart lysate was used to show band intensity at 5, 25, 50 and 100% 

of the wild-type levels (Figure 6.1B).  As expected, no dystrophin was detected in 

mdx4cv.  Mdx3cv showed a faint band.  On quantification, it reached approximately 

3.3% of the wild-type level (Figure 6.1B).  

 

Low dystrophin expression in the mdx3cv heart had minimal impact on the 

expression of utrophin and components of dystrophin-associated glycoprotein 

(DGC) complex.  We have previously found that the hearts of 21-m-old normal BL10 

mice and BL10-background dystrophin-null mdx mice had similar levels of utrophin 

expression on western blot 326.  Consistently, there was not much difference in the 

cardiac utrophin level among aged BL6, mdx3cv and mdx4cv mice (Figure 6.1C).  We 

also compared the expression level of representative DGC components including b-

dystroglycan, a-sarcoglycan, syntrophin and dystrobrevin.  Similar to what we saw for 

utrophin, we did not detect notable differences in DGC protein expression among BL6, 

mdx3cv and mdx4cv mice (Figure 6.1C). 

 

Low-level dystrophin expression did not improve cardiac histopathology.  On HE 

staining, BL6 mouse heart showed normal morphology (Figure 6.2A).  Some myocardial 
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distortion and inflammatory cell infiltration were noted in both mdx3cv and mdx4cv heart.  

But there was no apparent difference between these two strains (Figure 6.2A).  Cardiac 

fibrosis was examined using Masson trichrome staining (Figure 6.2B).  The BL6 heart 

had no fibrosis.  The hearts of mdx3cv and mdx4cv mice showed similar patchy 

myocardial fibrosis (Figure 6.2B).  

 

The anatomic properties of the heart were similar between mdx3cv and mdx4cv 

mice.  The absolute heart weight (HW) and ventricular weight (VW) were similar 

between mdx3cv and mdx4cv mice (Table 6.1).  Both were significantly lower than those 

of BL6 mice.  For the tibia length (TL) and anterior tibialis muscle weight (TW) 

normalized heart weight and ventricular weight (HW/TL, HW/TW, VW/TL and VW/TW), 

we did not see a difference between mdx3cv and mdx4cv mice.  These ratios were all 

significantly lower than those of BL6 mice (Table 6.1).  The body weight (BW) of BL6 

and mdx3cv mice was comparable.  However, the BW of mdx4cv mice was significantly 

reduced (Table 6.1).  Hypertrophy of anterior tibialis muscle was obvious in mdx3cv and 

mdx4cv mice.  Interestingly, the TW of mdx3cv mice was significantly higher than that of 

mdx4cv mice (Table 6.1).  

 

Mdx3cv mice showed improved QRS duration.  To study cardiac electrophysiology, 

we performed 12-lead ECG recordings using our published protocol 222,252.  Compared 

with BL6, mdx4cv showed characteristic dystrophic ECG changes such as tachycardia, 

PR-interval reduction, QRS duration and QT interval prolongation, and a significant 

increase in the cardiomyopathy index (Figure 6.3) 135,137,216,219.  Surprisingly, we did not 

detect a significant change in the amplitude of Q wave among three strains (Figure 6.3).  

Compared to those of mdx4cv, several ECG parameters (the heart rate, QT interval and 
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cardiomyopathy index) showed a trend of improvement in mdx3cv mice but did not reach 

statistical significance.  The only ECG parameter that was significantly improved in 

mdx3cv mice was the QRS duration.  It was significantly reduced compared to that of 

mdx4cv mice (Figure 6.3). 

 

Low-level dystrophin in the heart normalized diastolic function in mdx3cv mice.  

We next examined the pump function of the heart using an ultra-miniature Millar 

ventricular catheter 222,252.  Compared with BL6, mdx4cv showed the characteristic profile 

of dilated cardiomyopathy (Figure 6.4).  Specifically, the end-systolic volume was 

significantly increased (Figure 6.4A).  The end-diastolic volume also showed an 

apparent increase though not statistically significant (Figure 6.4B).  Cardiac contractility 

(as reflexed by the maximum pressure, absolute values of dP/dt max and dP/dt min) was 

significantly reduced.  The isovolumic relaxation time constant during diastole (tau) was 

prolonged (Figure 6.4B).  As a result, the stroke volume, ejection fraction and cardiac 

output were all significantly decreased in mdx4cv mice (Figure 6.4C).    

 Low-level dystrophin expression in mdx3cv mice completely normalized diastolic 

parameters including the end diastolic volume, tau and dP/dt min (Figure 6.4B).  The 

end systolic volume showed a trend of reduction (Figure 6.4A).  However, overall heart 

performance (stroke volume, ejection fraction and cardiac output) was not significantly 

improved in mdx3cv mice. 
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Discussion 

 

In this study, we tested the hypothesis that a uniform low-level dystrophin expression 

can benefit the heart in the mouse model of Duchenne cardiomyopathy.  We found 

marginal level (approximately 3.3% of the wild-type level) homogenous dystrophin 

expression in the myocardium of aged mdx3cv mice (Figure 6.1).  This residual level 

expression did not change the anatomic properties of the heart (Table 6.1).  Neither did 

it reduce histological lesions in the heart (Figure 6.2).  However, some aspects of heart 

function measures were significantly improved (Figures 6.3 and 6.4).  Specifically, the 

abnormally elongated QRS duration was shortened and deficiencies in diastolic 

hemodynamics were completely prevented (Figures 6.3 and 6.4).  Our results suggest 

that low-level dystrophin is far from sufficient to cure Duchenne cardiomyopathy.  

However, it can still offer some protection to the heart.   

Recent progress in genetic engineering and molecular medicine is making gene therapy 

for DMD a reality 277,344.  Large scale clinical trials have been conducted to test 

therapeutic benefits of exon-skipping 358,359.  Systemic AAV micro-dystrophin therapy is 

slotted to start in next couple of years 277,344.  Most recently, investigators have achieved 

remarkable proof-of-concept evidence in repairing the mutated dystrophin gene in mdx 

mice 169.  Despite these successes, it is still not completely clear whether sub-

physiological level dystrophin expression can help mitigating dystrophic manifestations.  

A comprehensive understanding of the dystrophin expression level in striated muscle 

requires information on (a) the percentage of dystrophin positive myofibers and (b) the 

amount of dystrophin protein in these positive myofibers.  The former is obtained by 

quantifying dystrophin immunostaining and the latter by western blot.  Accordingly, for 
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DMD gene therapy we need to know what percentage of muscle cells should express 

dystrophin and what are the dystrophin levels in these cells.    

Therapeutic relevance of mosaic dystrophin expression has been extensively examined 

218,225,349-351.  These studies have documented remarkable disease amelioration and 

function preservation in both skeletal and cardiac muscles when half myofibers show 

positive dystrophin staining.  Homogenous sub-physiological dystrophin expression has 

been shown to protect skeletal muscle by a number of laboratories 255,300-303,345-348.  

However, it is not clear whether a low-level uniform dystrophin expression in the heart 

can reduce cardiomyopathy. 

Townsend et al compared dystrophin expression in the heart of young adult (4-m-old) 

and aged (23-m-old) BL10 mice 360.   The authors observed a ubiquitous reduction of 

dystrophin content in every cardiomyocyte in aged mice.  On average, the dystrophin 

level was reduced by 57% in the aged BL10 heart.  Loss of dystrophin resulted in a 

decline of cardiac function in aged BL10 mice 360.  Our recent studies also suggest that 

removal of existing dystrophin from the myocardium can compromise the pump function 

of the heart 361.  These two studies suggest that sub-physiological level dystrophin is 

insufficient to maintain normal heart function.  While this is an important conclusion, it 

does not tell us whether a heart with low-level dystrophin expression is structurally 

and/or functionally superior to a heart that has no dystrophin expression.  Our study in 

aged mdx3cv mice is aimed to address this knowledge gap.  Consistent with our 

previous studies on the mdx3cv mouse skeletal muscle 255,302, we demonstrated a partial 

function preservation but not histopathology amelioration in the mdx3cv heart.  

Little is known about the molecular mechanisms underlying electrophysiological defects 

and hemodynamic deficiencies in Duchenne cardiomyopathy.  A number of hypotheses 

have been suggested such as myocardial necrosis and inflammation, cardiac fibrosis, 
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vacuolar degeneration in the conduction system, perturbation of calcium homeostasis, 

oxidative stress, sarcolemma tearing, mitochondrial dysfunction and aberrant signaling 

362-365.  We have previously demonstrated characteristic ECG changes in young adult (4-

m-old) mdx mice in the absence of apparent histological lesions in the heart 218.  We 

have also shown significant ECG improvement but not histology amelioration in 

terminally aged (21 to 23-m-old) mdx mice by AAV micro-dystrophin gene therapy 216.  

These data challenge a direct causal relationship between myocardial structural damage 

and ECG abnormality.  In mdx3cv mice, residual level dystrophin expression did not 

reduce myocardial inflammation and fibrosis.  Yet the extended QRS complex was 

significantly shortened.  The QRS complex reflects depolarization of ventricular cells.  In 

the absence of dystrophin, the time of ventricular depolarization was increased by 30% 

(Figure 6.3).  With merely ~3.3% dystrophin, the speed of ventricular depolarization was 

significantly increased.  As a result, the QRS duration was reduced in mdx3cv mice 

compared to that of dystrophin-null mdx4cv mice (Figure 6.3).  Cardiomyocyte 

depolarization and repolarization is tightly controlled by various ion channels on the 

sarcolemma.  Interestingly, dystrophin and some DGC components (such as syntrophin 

and nNOS) have been shown to regulate these ion channels 366-369.  Our results suggest 

that low-level dystrophin may partially restore dystrophin/DGC-mediated regulation in ion 

channels. 

An unexpected finding of our study is the full normalization of diastolic hemodynamic 

parameters in mdx3cv mice.  This suggests that low-level dystrophin may meet the need 

of myocardial relaxation during the cardiac cycle.  However, a much high level of 

dystrophin expression is needed to enhance ventricular muscle contraction in order to 

improve the blood pumping function of the heart.  We would like to point out that it is not 

unusual that different levels of dystrophin expression are needed for the correction of 
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different aspects of disease.  For example, a recent study in skeletal muscle by Godfrey 

et al suggests that protection against eccentric contraction-induced injury requires 

homogenous dystrophin expression at the 15% of wild-type level.  However, reduction of 

skeletal muscle histopathology requires much more dystrophin 303.   

While the ultimate goal of the study is to translate our findings into human patients, it is 

important to remember that scaling up to a large dystrophic mammal is much more 

complex than we can model in mice.  Whether marginal level expression can result in 

clinically appreciable improvement in human patients will depend on a number of factors, 

such as the configuration of the therapeutic dystrophin protein (full-length, moderately 

truncated mini-dystrophin, or highly abbreviated micro-dystrophin), treatment regimen 

(the age at the start of the therapy, the duration of the study and the gene therapy vector 

dose etc.), and the abundance of dystrophin (percentage of dystrophin expressing cells 

and dystrophin level in these cells).  Our data suggest that uniform low-level dystrophin 

expression may have therapeutic implications for treating Duchenne cardiomyopathy.  

Future studies in large animal models of DMD (such as dystrophic dogs) may testify 

whether this observation can be translated to large mammals.  
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Figure 6.1. Mdx3cv mouse heart expressed low-level dystrophin.  A, Representative 

photomicrographs of dystrophin immunofluorescence staining in BL6, mdx3cv and 

mdx4cv heart.  Upper panel shows the whole heart view and the lower panel shows a 

higher magnification of the corresponding boxed region in the whole heart view.  B, Top 
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panel, Representative heart western blot from BL6, mdx3cv and mdx4cv mice.  The BL6 

heart lysate was loaded at 100%, 50%, 25% and 5%.  The mdx3cv and mdx4cv heart 

lysate was loaded at 100%; Bottom panel, Densitometry quantification of cardiac 

dystrophin expression (N=3 for each group).  Dys-2, a monoclonal antibody against the 

dystrophin C-terminal domain.  The heart of mdx3cv mice showed uniform dystrophin 

expression at approximately 3.3% of the wild-type level.  C, Representative cardiac 

western blots for utrophin and selected components of dystrophin-associated 

glycoprotein complex (b-dystroglycan, a-sarcoglycan, syntrophin and dystrobrevin).  

DysB, a monoclonal antibody against the dystrophin exons 10-12; GAPDH, 

glyceraldehyde 3-phosphate dehydrogenase. 
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Figure 6.2. Low-level dystrophin expression did not ameliorate myocardial 

inflammation and fibrosis in mdx3cv mice.  A, Representative heart HE staining 

photomicrographs from BL6, mdx3cv and mdx4cv mice.  Left panel, whole heart cross-

sectional images; right panel, high-power images of the respective boxed areas in the 

whole heart view.  B, Representative Masson trichrome staining photomicrographs of 

the BL6, mdx3cv and mdx4cv heart.  Left panel, whole heart cross-sectional images; 

right panel, high-power images of the respective boxed areas in the whole heart view.  

The blue color in Masson trichrome staining marks myocardial fibrosis. 
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Figure 6.3.  Low-level dystrophin expression improved QRS duration but not other 

ECG parameters in mdx3cv mice.  Quantitative evaluation of the heart rate, PR 

interval, QRS duration, Mitchell corrected QT interval (QTc), cardiomyopathy index and 

the Q wave amplitude (Q Amp).  Asterisk, statistically significant (p<0.05).     
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Figure 6.4.  Low-level dystrophin expression partially improved hemodynamics in 

mdx3cv mice.  A, Quantitative evaluation of systolic hemodynamic parameters.  B, 

Quantitative evaluation of diastolic hemodynamic parameters.  End-diastolic volume, tau 

and dP/dt min were all normalized in mdx3cv mice.  C, Quantitative evaluation of overall 

heart function.  Asterisk, statistically significant (p<0.05).   
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Table 6.1.  Weights and weight ratios 

 

a, significantly different from other two groups 

b, significantly different from control mice 

 

 

 

  

  BL6   mdx4cv   mdx3cv   
Sample Size (N) 11   19   28   
Age (m) 21.67 ± 0.54   20.76 ± 0.19  21.85 ± 0.33   
BW (g) 26.78 ± 0.79  23.59 ± 0.91a  27.60 ± 0.37  
HW (mg) 117.80 ± 3.42  101.58 ± 3.22b  101.99 ± 2.73b  
VW (mg) 111.49 ± 3.25  94.32 ± 3.10b  89.91 ± 2.52b  
TL (mm) 18.51 ± 0.09  18.94 ± 0.09a  18.42 ± 0.08  
TW (mg) 36.75 ± 1.14a  55.42 ± 2.32a  63.14 ± 2.02a  
HW/BW (mg/g) 4.41 ± 0.11  4.38 ± 0.16  3.71 ± 0.11a  
HW/TL (mg/mm) 6.36 ± 0.17  5.17 ± 0.16b  5.21 ± 0.10b  
HW/TW (mg/g) 3.25 ± 0.16  1.89 ± 0.10b  1.81 ± 0.25b  
VW/TL (mg/mm) 6.02 ± 0.16  4.78 ± 0.15b  4.81 ± 0.11b  
VW/TW (mg/g) 3.08 ± 0.15   1.76 ± 0.09b   1.60 ± 0.23b   
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Chapter 7 .  Summary and future directions  
 

Tremendous advances have been achieved in the development of genetic 

therapy for DMD over the last few decades.  AAV-mediated dystrophin gene 

replacement therapy is especially appealing because it can treat all DMD patients 

regardless of the type of the dystrophin gene mutation.  The studies described in this 

dissertation highlight several important aspects of dystrophin gene replacement.  

Discussion section in each chapter provides an in-depth analysis to the findings in each 

study.  Here I briefly summarize all the findings and describe future directions.   

 The finding that DMD cardiomyopathy is independent of the skeletal muscle 

disease is encouraging.  It suggests that skeletal muscle-centered therapies are worth 

pursing because treating skeletal muscle alone will not aggravate heart disease.  

Transgenic approach remains a useful approach to address basic and 

translational questions in muscle and muscular dystrophy studies.  The FVB mice are 

the most commonly used mouse strain for generating transgenic mice.  However, 

dystrophin-null FVB mice have never been developed.  We generated congenic 

mdx/FVB mice after more than 7 rounds of backcross of the BL10 background mdx mice 

and FVB mice.  The new mdx/FVB model shows similar disease profile to the 

conventional mdx mice.  This model is especially useful for generating of transgenic mdx 

mice.  In several transgenic studies described in this thesis, we have actually built our 

model on the mdx/FVB background.   

DMD is caused by the congenital loss of dystrophin.  Some published data 

suggest that dystrophin may not be essential to muscle health at the late stage of the 

life.  If this is indeed the case, it will greatly simplify DMD gene therapy because 

achieving persistent life-long dystrophin expression remains a major challenge.  To fully 
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address this important question, we generated floxed tissue specific mini-dystrophin 

transgenic mice.  We then removed the therapeutic minigene from the genome using an 

AAV.Cre virus.  This mimics what happens in a real clinical gene therapy scenario.  We 

found that loss of therapeutic mini-dystrophin in adulthood is accompanied with the loss 

of muscle protection, re-appearance of dystrophic pathology and function loss in both 

skeletal muscle and the heart.  Our data provide compelling evidence that a successful 

treatment for DMD requires persistent dystrophin expression throughout the life in order 

to maintain muscle and heart health. 

 My work on the identification of dystrophin cardiac protection domain is the first 

structure-function study aimed at understanding dystrophin biology in the heart.  Using 

carefully designed transgenic mice, I was able to pinpoint dystrophin spectrin-like R16 to 

R19 as a putative heart protection domain.  Inclusion of this domain in synthetic 

dystrophins may greatly improve heart protection in AAV-mediated mini and micro-

dystrophin gene therapy.  While the results are encouraging, additional studies are 

needed to systemically elucidate the role of each repeat.  Inclusion of R16-19 did not 

completely normalize the cardiac hemodynamics for yet unidentified reasons.  Future 

studies are necessary to understand the structure-function relationship of truncated mini/ 

micro-dystrophins and to recognize additional dystrophin regions required for complete 

cardiac recovery. These additional studies will facilitate distinct identification heart 

protection domains and will undoubtedly be helpful in future engineering of heart-

targeted mini- and micro-dystrophin vectors.  

Finally, I have taken the advantage of low-level dystrophin expression in mdx3cv 

mice and addressed for the first time whether uniform sub-physiological dystrophin 

expression can help protect the heart.  Although we did not find a complete 

normalization of heart structure and function, we indeed found that marginal level 
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uniform dystrophin expression (at a level as low as ~ 3.3% of wild-type) can still result in 

limited improvement in ECG and hemodynamics.  Our findings strongly support the 

further development of gene therapy for Duchenne cardiomyopathy.    

The work in this dissertation has opened the door to a number of very exciting 

new studies.  First, many of the studies are conducted using transgenic mice.  These 

studies are helpful to address critical biological questions but they cannot be directly 

applied to treat the disease.  Hence, an important future direction is to apply what I have 

learned in this thesis work to viral mediated gene therapy studies.  Some of these may 

include AAV-mediated gene replacement therapy using synthetic dystrophins and 

CRISPR/Cas9-mediated genome editing. Second, most of the studies performed in this 

dissertation have used the dystrophin-deficient mdx mouse model of DMD.  Since mdx 

mice are only mildly affected, there is a need to validate my findings in more severe 

DMD models such as DBA background and Cmah background mdx mice and a number 

of double knockout (dko) mice (dystrophin/utrophin dko, dystrophin/myoD dko, 

dystrophin/integrin dko, dystrophin/telomerase dko etc.).  Considering the need for future 

human trials, it would also be important to scale-up our studies in dystrophic dogs, the 

best characterized large mammalian model for DMD.  

In summary, the studies described in this dissertation have provided important 

information to our understanding of the effects of skeletal muscle-centric therapies, loss 

of therapeutic dystrophin and very-low levels of dystrophin in heart function and first 

experimental evidence of heart protective dystrophin domains.  The information provided 

here will help to design more effective gene therapy for DMD. 
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