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Abstract
Muscular dystrophy (MD) is a class of diseases marked by progressive muscle wasting
and impaired ambulatory function. Dysferlin- and dystrophin-deficiencies lead to MD and both
are expressed in myofibers as well as smooth muscle and endothelial cells lining the
vasculature, suggesting vascular function may be a contributing factor to muscle pathology
seen in MD. However, murine models of MD develop only mild pathology compared to
patients, making therapeutic drug development challenging. Since mice are known to have
endogenously low lipid levels and superior vascular health, disrupted vascular function may
be aggravating MD progression in humans. We seek to investigate the effect of impaired
vascular function on MD pathology through the generation and characterization of doubledisease murine models affected by both hyperlipidemia and MD. Firstly, the dysferlin-null
(Dysf-KO) model of limb-girdle type 2B MD (LGMD2B) and the dystrophin-null (mdx) model
of Duchenne MD (DMD) were crossed with apolipoprotein E-KO (ApoE-KO) hyperlipidemia
model to generate Dysf-ApoE and Mdx-ApoE double-knockout mice (DKO). To further
confirm the effects vascular disease on MD using a more human-relevant model, the Dysf-KO
model was also crossed with the milder low-density-lipoprotein receptor-knockout (LDLRKO) model of hyperlipidemia. Significant worsening of ambulatory function and muscle
pathology was observed in the Dysf-ApoE DKO model, displaying reduced stride length,
sometimes complete loss of ambulation, and increased muscle wasting, necrosis, fibrosis and
fat infiltration. Although the Mdx-ApoE model showed no exacerbation of ambulation decline,
significant worsening of muscle necrosis and fibrofatty replacement was observed in MdxApoE DKO mice. However, few Dysf-LDLR DKOs were produced; all were maloccluded
ii

runts with abnormal gait, though without observable muscle pathology upon histological
analysis. In all, the Dysf-ApoE and Mdx-ApoE mice demonstrate that hyperlipidemia and
associated vascular disease can dramatically aggravate muscle pathology in MD. These
double-disease models mimic more closely the severity of human MD and may be useful for
evaluating therapeutic interventions. In addition, these data suggest that lipid-lowering and
vascular-targeted therapies may be beneficial in LGMD2B and DMD.
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Chapter 1: Introduction
1.1

Muscular Dystrophy
Muscular dystrophy (MD) represents a class of over 30 genetic diseases marked by

progressive muscle wasting and atrophy, impaired walking ability (often leading to need for
wheelchair use) as well as other clinical features specific to the mutation and subtype of MD
(Emery, 2002; NINDS, 2011). Disease severity varies greatly between types of MD, ranging
from loss of ambulatory function in childhood and significantly reduced life expectancy, to
only mild walking impairment beginning in adulthood, which slowly progresses over a normal
lifespan. The clinical presentation and the severity of the disease depend on which gene is
affected, the type of mutation (frameshift, premature termination, etc.), the patient’s
genotype/copy number and the penetrance of that specific mutation (Emery, 2002). Many
forms of MD are caused by recessive mutations in genes encoding dystrophin-associated
glycoprotein complex (DGC) and other sarcolemmal proteins, which play a crucial role in
muscle sarcolemma structure, function and integrity (Figure 1.1). Dysferlinopathies and
dystrophinopathies are two subgroups of MD marked by distinct clinical features and caused
by mutations in dysferlin and dystrophin genes, respectively. A brief description of dysferlin
and dystrophin protein expression and function as well as an exploration of the
pathophysiological features, treatments and animal models available for dysferlinopathies and
dystrophinopathies will follow.
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Figure 1.1 Dystrophin-associated glycoprotein complex and associated proteins in
muscle. Dystrophin is critical for the maintenance of membrane stability in muscle cells by
anchoring actin in the cytoplasm to β-dystroglycan in the sarcolemma. The sarcoglycan
complex and sarcospan reinforce this dystrophin and dystroglycan complex interaction.
Extracellularly, α-dystroglycan is strongly linked to laminin in the extracellular matrix (ECM).
Dysferlin and caveolin-3, though not part of the DGC, associate with it in the sarcolemma and
facilitate the interaction with nNOS. Red boxes indicate MD associated with protein loss of
function. LGMD: limb-girdle MD, MMD: Miyoshi myopathy, DMD: Duchenne MD, BMD:
Becker MD, CMD: congenital MD. Figure adapted from Durbeej and Campbell (2002) and
Kobayashi, Izawa, Kuwamura, and Yamate (2012).

2

1.1.1
1.1.1.1

Dysferlinopathies
Dysferlin Function and Expression
Dysferlinopathies include limb-girdle 2B MD (LGMD2B) and Miyoshi MD (MMD)

and are a group of autosomal recessive MDs marked by slow but progressive muscle
degeneration caused by mutation of the dysferlin gene (DYSF) (Bashir et al., 1998; Bejaoui et
al., 1995; Liu et al., 1998). Dysferlin is a 237kDa protein encoded on chromosome 2p12-14
and contains several C2 calcium binding domains (Bansal et al., 2003). It is a member of the
ferlin family of transmembrane proteins which are known to be involved in vesicle fusion,
intracellular trafficking, membrane resealing, endocytosis and exocytosis (Lek, Evesson,
Sutton, North, & Cooper, 2012). Dysferlin is expressed not only at the sarcolemma in
association with caveolin-3 and nNOS (Figure 1.1), but also in the membrane of intracellular
vesicle (Bansal et al., 2003) where it is critical for membrane repair by facilitating the fusion
of these vesicles to the plasma membrane in response to elevated Ca2+ (Cai et al., 2009; Glover
& Brown, 2007; Washington & Ward, 2006). This patch-like system of membrane repair is
important in tissues undergoing constant stress and injury, such as skeletal muscle myofibers
(Han et al., 2007). Therefore, DYSF mutations leading to little or no functional expression
result in impaired sarcolemmal resealing, accumulation of myofiber damage over time and
progressive muscle degeneration and inflammation (Bansal et al., 2003; Cai et al., 2009;
Cenacchi, Fanin, De Giorgi, & Angelini, 2005), all of which are observed in LGMD2B and
MMD patients. Though dysferlin is the only ferlin protein associated with MD, myoferlin is
known to be required for muscle myoblast fusion during muscle development (Doherty et al.,
2005) and normal response to growth factors like insulin-like growth factor receptor 1
3

(Demonbreun et al., 2010). Nevertheless, loss of myoferlin expression does not result in
muscle degeneration.
The expression and activity of dysferlin in non-muscle tissues have also been
investigated to better understand the phenotype observed in dysferlin-deficiency. For instance,
dysferlin mRNA and protein are strongly expressed in monocytes (De Luna et al., 2007;
Gallardo et al., 2011) and loss of dysferlin expression has been shown to alter immune response
(Chiu et al., 2009). Dysferlin-deficient monocytes display inflammatory marker upregulation
(Rawat et al., 2010), impaired cell adhesion (de Morree et al., 2013) as well as increased cell
motility and phagocytosis activity (Nagaraju et al., 2008). It has been proposed that the loss of
dysferlin in macrophages may lead to an “inappropriately aggressive” response to muscle cell
damage and release of sarcoplasmic proteins (Nagaraju et al., 2008), further aggravating
muscle pathology. In addition, dysferlin expression has been found in endothelial cells and
vascular smooth muscle cells (VSMCs) which line the blood vessels and loss of expression led
to blunted angiogenesis and adhesion molecule expression (Sharma et al., 2010). Dysferlin
protein is also expressed in cardiomyocytes, mainly localized to intracellular vesicles and
intercalated disks connecting cardiomyocytes (Chase, Cox, Burzenski, Foreman, & Shultz,
2009; Han et al., 2007), however its function in the heart is not fully understood. As you can
see, the non-muscle tissues expressing dysferlin are also affected by the absence of dysferlin
expression and exploration of dysferlin function in these tissues may reveal additional
pathogenic mechanisms in LGMD2B and MMD.

4

1.1.1.2

Miyoshi and Limb-girdle 2B Muscular Dystrophies
Miyoshi MD, also known as Miyoshi myopathy, is an autosomal recessive form of MD

enriched in Japan and mainly affects distal limb muscles, such as those in the lower leg,
forearm, hand and foot (Kobayashi, Izawa, Kuwamura, & Yamate, 2012). Early in the disease,
there is distal muscle hypertrophy and weakness followed by slow but progressive wasting,
especially in the posterior lower leg, resulting in problems tip-toe walking (Dimachkie &
Barohn, 2014). A major clinical and diagnostic feature is the presence of elevated circulating
creatine kinase (CK), often 30-100 times higher than normal (Galassi, Rowland, Hays,
Hopkins, & DiMauro, 1987). In some patients, the steady progression results in proximal leg
muscle weakness, affecting the patient’s ability to climb stairs, walk and even stand (Aoki,
2015), while others can remain relatively stable and never develop proximal muscle pathology
(Dimachkie & Barohn, 2014). Although the upper body muscles are usually spared, the most
severely affected MMD patients can exhibit shoulder and upper arm muscle weakness (Aoki,
2015; Mahjneh et al., 2001).
On the other hand, limb-girdle MDs (LGMDs) are a rare subgroup of MD caused by
mutations in over 15 genes and affect approximately 1 in 15,000-120,000 people (Urtasun et
al., 1998; van der Kooi et al., 1996). Within LGMD, type 2B is caused by a loss of function
mutation in dysferlin and accounts for approximately 3-19% of all LGMD cases (Tagawa et
al., 2003), being more prominent in some populations such as southern Europe (Guglieri,
Straub, Bushby, & Lochmuller, 2008). CK levels in LGDM2B patients can vary widely, from
normal to 20-60 times normal concentrations (Rosales et al., 2010). Like MMD, LGMD2B
leads to mild muscle weakness and atrophy with onset in adolescence or early adulthood and
5

progresses slowly over a normal lifespan; however, this can vary significantly between
families and individuals (Guglieri, Straub, Bushby, & Lochmuller, 2008). LGMD2B differs
from MMD in that early stages are marked by weakness and atrophy of pelvic and shoulder
girdle muscles. Proximal lower-limb muscles can show signs of weakness as early as late
adolescence while involvement of distal muscles is usually minimal and noticeable only by
“careful examination or ancillary investigations such as muscle CT scan” (Aoki, 2015).
Affected skeletal muscles display signs of myofiber degeneration and regeneration: increased
myofiber necrosis, significant muscle inflammation, variable myofiber cross-sectional area,
increased percentage of centralized nuclei, and increased fibrosis (Gallardo, Rojas-Garcia, de
Luna, Pou, & Brown, 2001; McNally et al., 2000; Rosales et al., 2010). Significant fibrofatty
remodelling can be observed in some skeletal muscles, especially lumbar, thigh and calf
muscles, with adipocytes replacing up to 70% of muscle area in some cases (Angelini, Peterle,
Gaiani, Bortolussi, & Borsato, 2001; Seror, Krahn, Laforet, Leturcq, & Maisonobe, 2008).
Histological analysis of patient muscles found high lipid content in muscle adipocytes as well
as within myofibers, which was not observed in normal, healthy muscle tissue (Grounds et al.,
2014). Despite dysferlin expression in cardiomyocytes, cardiac dysfunction is not considered
a major clinical feature of dysferlinopathies (Chase, Cox, Burzenski, Foreman, & Shultz,
2009). While most LGMD2B patients maintain normal cardiac function, a few cases of mild
to moderate dilated cardiomyopathy (DCM) have been recorded, displaying decreased ejection
fraction and increased left ventricular diastolic diameter (Guglieri, Straub, Bushby, &
Lochmuller, 2008; Kuru et al., 2004; Wenzel et al., 2007).

6

1.1.1.3

Dysferlinopathy Treatments
Though the molecular cause of LGMD2B and MMD has been known for many years,

there are still no effective pharmacological treatments for dysferlinopathies. Despite
corticosteroid effectiveness in slowing disease progression and prolonging independent
walking time in some forms of MD, dysferlinopathy patients do not respond favourably to
corticosteroids. A double-blind, placebo-controlled study of glucocorticoids in LGMD2B
patients found no beneficial effect of corticosteroid treatment on muscle strength score
compared to placebo; in fact, a trend towards worsened muscle weakness in the treatment
group was observed by the end of the trial (Walter et al., 2013). This potentially detrimental
effect is important since dysferlinopathy muscle histology closely resembles polymyositis and
misdiagnosis can lead to prescription of contraindicated corticosteroids in LGMD2B patients
(Walter et al., 2013). Therefore, management of LGMD2B symptoms is challenging and no
specific treatments are available.
After several pharmacological treatments were found to have no beneficial effect in
LGMD2B and MMD patients, curative approaches such as gene therapy are being
investigated. In gene therapy, a functional copy of dysferlin under a muscle-specific promoter
can be inserted into the genome using an adeno-associated virus vector transfer system leading
to restored dysferlin expression in skeletal muscle (Barthélémy, Wein, Krahn, Lévy, & Bartoli,
2011). Animal studies of gene therapy have succeeded in re-establishing dysferlin expression
in muscle, resulting in improved membrane repair function, reduce muscle pathology and
ameliorate ambulatory function (Lostal et al., 2010). However, there are some issues
surrounding the safety and efficacy of gene therapy in human dysferlin-deficiency that must
7

be addressed (Barthélémy, Wein, Krahn, Lévy, & Bartoli, 2011). Other treatments targeting
the fundamental loss of functional dysferlin expression, for instance exon skipping and
transplicing agents, are also being explored but these therapies must be tailored to the specific
dysferlin mutation and remain in the early stages of development in animal models (AartsmaRus et al., 2009).

1.1.1.4

Animal Models of Dysferlinopathies
The most commonly used animal models of dysferlinopathy are the two naturally

occurring murine models: A/J and SJL/J mice. In addition, the A/J strain has been introgressed
to a C57BL/6 background, also known as the BLA/J strain, and displays a similar phenotype
to the A/J strain (Hornsey, Laval, Barresi, Lochmuller, & Bushby, 2013). These strains contain
different mutations: A/J mice have a retrotransposon insertion (Ho et al., 2004) while SJL/J
mice carry a splice-site mutation (Bittner et al., 1999) in the dysferlin gene, both of which
result in little to no dysferlin protein expression and function. These models develop similar
late onset, progressive MD with a muscle pattern resembling LGMD2B although displaying
only mild muscle weakness, peaking at around 6-8 months of age (Kobayashi, Izawa,
Kuwamura, & Yamate, 2010; Weller, Magliato, Bell, & Rosenberg, 1997). There is also a
targeted knockout model of dysferlinopathy, the dysferlin-null mouse (Dysf-KO), that was
developed by Dr. Kevin Campbell at the University of Iowa (Bansal et al., 2003). The
pathological features of the Dysf-KO mice resemble SJL/J and A/J mice, only earlier in onset:
some necrotic fibers and early signs of muscle damage can be seen by 2 months of age (Ho et
al., 2004).
8

Like dysferlinopathy patients, all three dysferlin-deficient models also display elevated
and variable CK levels (Ho et al., 2004). Although altogether milder than human
dysferlinopathy muscle biopsies show, affected muscles in these mouse models display similar
“degeneration/necrosis of muscle fibers, variations in the size of muscle fibers, atrophy of
muscle fibers, inflammatory cell infiltration, centronuclear fibers, fatty infiltration and fibrosis
in the limb girdle (mainly rectus femoris and lateral longissimus muscles)” (Kobayashi, Izawa,
Kuwamura, & Yamate, 2012; Roche, Ru, & Bloch, 2012). Quantification of muscle
degeneration revealed that less than 1% of muscle cross-sectional area was undergoing
necrosis, even in mice as old as 19 months (Terrill et al., 2013). It has been suggested that type
2 fast-twitch muscle fibers are being targeted since mostly slow-twitch fibers were remaining
in affected muscles; however, muscles such as iliocostalis, composed mainly of fast-twitch
fibers, were largely untouched (Kobayashi, Izawa, Kuwamura, & Yamate, 2010). Significant
replacement of muscle area with adipocytes, reaching 20-40% in psoas major and 10-20% in
quadriceps femoris, has been demonstrated in old A/J mice (Terrill et al., 2013). Further
investigation revealed that lipids were accumulating in adipocytes as well as within muscle
fibers, as seen using oil red O (ORO) staining and electron microscopy images (Grounds et al.,
2014). The major issue with these models is that although skeletal muscle damage can be
observed histologically, it is only significant in older mice (>12 months) and does not result in
apparent muscle weakness: SJL/J and A/J mice demonstrate little to no change in muscle
strength and typically do not lose the ability to walk (Kobayashi, Izawa, Kuwamura, &
Yamate, 2012; Weller, Magliato, Bell, & Rosenberg, 1997). This makes drug development
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trials in mouse models inefficient since there is little room for therapeutic amelioration until
8-10 months and in vivo functional benefits cannot be explored.

1.1.2
1.1.2.1

Dystrophinopathies
Dystrophin Function and Expression
The dystrophin gene (DMD) is located on the X chromosome short arm between 21.1

and 21.2 and encodes dystrophin protein, an important member of the DGC (Figure 1.1). The
DGC spans the plasma membrane, creating a critical link between the extracellular matrix and
the intracellular cytoskeleton (Ervasti & Campbell, 1993). In skeletal muscle myofibers,
dystrophin binds to actin filaments and to β-dystroglycan (another DGC protein) in the plasma
membrane leading to stabilization of the membrane and anchorage of muscle contractile units
to the sarcolemma (Straub, Bittner, Léger, & Voit, 1992). This attachment point is required for
maintenance of sarcolemmal structure and protection from mechanical stress and injury during
muscle contraction (Petrof, Shrager, Stedman, Kelly, & Sweeney, 1993). Although muscle
development seems normal, loss of dystrophin expression leads to impaired force generation,
DGC disassembly and mislocalization, increased sarcolemma fragility and increased
susceptibility myofiber injury (Petrof, Shrager, Stedman, Kelly, & Sweeney, 1993; Rybakova,
Patel, & Ervasti, 2000; Straub, Rafael, Chamberlain, & Campbell, 1997). Significant muscle
damage and release of sarcolemmal contents then activates inflammatory cell recruitment and
cytokine release, which in turn triggers fibroblast differentiation and collagen deposition
(Ieronimakis et al., 2016). In addition, dystrophin is highly expressed in cardiomyocytes and
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loss of expression leads to increased susceptibility to mechanical stress-induced injury and
progressive cardiac dysfunction (Danialou et al., 2001).
Besides cardiac and skeletal muscle, dystrophin can also be found in VSMCs and
endothelial cells lining the vasculature (Loufrani et al., 2001) as well as in the brain, liver,
spleen and placenta (Chelly, Kaplan, Maire, Gautron, & Kahn, 1988). In the central nervous
system, it is though that the DGC is involved in signal transduction and calcium homeostasis
which may be impaired in the absence of dystrophin expression (Mehler, 2000). Nevertheless,
the precise function of dystrophin in these non-muscle tissues is not fully understood.
Dystrophin activity in skeletal and cardiac muscle has been the focus of most dystrophinopathy
research since loss of expression leads to such severe muscle and heart pathology in Duchenne
MD (DMD) and Becker MD (BMD).

1.1.2.2

Duchenne and Becker Muscular Dystrophies
Mutation to the dystrophin gene is the cause of DMD and BMD. Since the dystrophin

gene located on the X chromosome, recessive mutations primarily affect boys who only have
one copy of the X chromosome. Yet several studies have shown that female heterozygous
carriers of dystrophin mutations can present with mild MD symptoms such as elevated
circulating CK, intolerance to exercise, abnormal gait, and cardiac dysfunction (Mavrogeni et
al., 2013; Papa et al., 2016; Schade van Westrum et al., 2011). Skeletal muscle phenotypes in
female carriers are sporadic whereas progressive cardiac function decline affects most carriers,
sometimes developing end-stage DCM and requiring heart transplantation (Melacini et al.,
1998; Politano et al., 1996).
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Duchenne MD is the most common type of MD occurring in nearly 1 in 3600-6000
male births worldwide and accounts for approximately 80% of all MD cases (Bushby et al.,
2010; Emery, 1991). DMD is marked by extremely severe muscle wasting and atrophy as well
as dramatic respiratory and cardiac decline. Although the age of onset and diagnosis in DMD
boys varies between individuals, disease progression is invariably rapid, leaving
approximately 90% of boys confined to a wheelchair by the age of 12 (Emery, Muntoni, &
Quinlivan, 2015). Children usually present with impaired ability to stand from sitting on the
floor (also known as Gower’s sign), abnormal gait, muscle weakness, calf pseudohypertrophy,
and elevated serum CK levels (Emery, Muntoni, & Quinlivan, 2015). At birth, circulating CK
levels can reach 1000 times that of unaffected individuals and gradually decrease as the disease
progresses and muscle mass decreases (Emery, Muntoni, & Quinlivan, 2015; Zatz et al., 1991).
Muscle biopsies are used to assess the presence and level of dystrophin expression which helps
distinguish DMD from other MDs or inflammatory muscle diseases and gives an indication of
disease severity, where less dystrophin expression indicates worse skeletal and cardiac disease
prognosis (Emery, Muntoni, & Quinlivan, 2015).
Upon histological analysis, the gross pseudohypertrophy observed is in fact a
combination of muscle hypertrophy and significant necrosis and fibrofatty replacement (N.
Deconinck & Dan, 2007; Kornegay et al., 2012; Tyler, 1003). In particular, the gastrocnemius
and quadriceps femoris muscles are severely affected by fibro-fatty infiltration (Cros, Harnden,
Pellissier, & Serratrice, 1989; Jones, Round, Edwards, Grindwood, & Tofts, 1983). As the
disease progresses, severe wasting and weakening of weight bearing muscles in the legs and
torso lead to loss of ambulatory function in childhood to early adolescence followed by
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progressive cardiac and pulmonary decline. Without intervention, respiratory failure usually
occurs around 16-18 years of age in DMD patients (Stromberg, Darin, Kroksmark, & Tulinius,
2012). The use of mechanical ventilation and respiratory physiotherapy since the late 1980s
has led to a huge drop in respiratory deaths (Matsumura, Saito, Fujimura, Shinno, & Sakoda,
2011; Passamanno et al., 2012). Cardiac complications account for a large fraction of DMD
mortality (Eagle et al., 2002) usually manifesting as DCM, ventricular arrhythmia and
eventually heart failure (Chénard, Bécane, Tertrain, De Kermadec, & Weiss, 1993; de
Kermadec, Bécane, Chénard, Tertrain, & Weiss, 1994). Nearly 80% of DMD patients develop
significant cardiomyopathy by 18 years of age which has been attributed to increased
cardiomyocyte damage and heart fibrosis (Townsend, Yasuda, & Metzger, 2007).
Becker MD is a variant of DMD, displaying many of the same pathophysiological
features except later in onset, slower in progression and with larger heterogeneity in severity
and presentation between patients: on average patients retain walking ability until middle age
and live a normal lifespan (Bushby et al., 1993). Boys affected with BMD display calf
enlargement, weakness of the proximal muscles in the pelvis, shoulders and thighs (Bushby et
al., 1993) and elevated serum CK in the early stage of disease, peaking around 15 years of age
(Zatz et al., 1991). Therefore, treatment and management of DMD and BMD symptoms
involve similar therapeutic interventions.

1.1.2.3

Dystrophinopathy Treatments
In terms of pharmacological therapies for DMD, glucocorticosteroids (i.e. deflazacort

and prednisone) are commonly prescribed and have been shown to slow the decline in muscle
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strength and motor function. Clinical trials have demonstrated that short- and long-term daily
corticosteroid treatment can prolong ambulatory function: patients on prednisolone showed
longer 9-minute walk distances, shorter 4-stair climbing and sitting on floor to standing times,
as well as delayed loss of ambulatory function (Griggs et al., 1991; Manzur, Kuntzer, Pike, &
Swan, 2008; Mendell et al., 1989). In addition, steroid therapy appears to stabilize pulmonary
function and potentially slow cardiac function decline (Biggar, Gingras, Fehlings, Harris, &
Steele, 2001; Markham et al., 2005). In an observational study of DMD patients on reninangiotensin system antagonists with or without steroid treatment, addition of corticosteroid
therapy was shown to lower all-cause mortality, likely due to reduced rate of DCM and heart
failure compared to DMD patients on renin-angiotensin blockers alone (Schram et al., 2013).
Unfortunately, steroid therapy is accompanied by significant side effects, such as weight gain,
Cushingoid appearance (moon face, thin skin, abdominal striae, etc.), behavioural changes,
excessive hair growth, acne, osteoporosis, hyperglycemia, and gastrointestinal side effects
(Manzur, Kuntzer, Pike, & Swan, 2008). As previously mentioned, therapies targeting
respiratory function, such as mechanical ventilation, cough-assist devices and respiratory
physiotherapy, have also proved beneficial. Ventilated patients show a huge improvement in
overall survival compared to non-ventilated patients (Eagle et al., 2002). Since the
administration of corticosteroids and respiratory physiotherapy, longitudinal studies have
found a significant improvement in average lifespan: from 19 years of age from 1977-1984 to
31 years 2004-2010 (Matsumura, Saito, Fujimura, Shinno, & Sakoda, 2011). Similarly,
another retrospective study observed increased rate of survival to age 25 after initiation of
steroid therapy and ventilation: “13.5% in DMD patients born in the 1960s, 31.6% in those
14

born in the 1970s, and 49.2% in those born in the 1980s” (Passamanno et al., 2012). Therefore,
it seems that improvement of respiratory function can have a significant effect on the
preservation of motor function and survival. However, these treatments cannot cure nor stop
the progression of the disease; inevitably, DMD patients experience ambulatory, pulmonary
and cardiac function decline.
Therapies targeting the lack of dystrophin, such as gene therapy and exon skipping
agents, are increasingly being explored. Exon-skipping therapy acts through the administration
of anti-sense oligonucleotides which bind to the mutated exon region on the dystrophin premRNA and block the translation of the error-containing exon (Aartsma-Rus et al., 2009).
Although several exon-skipping agent clinical trials in the past decade have failed, recently a
phosphorodiamidate morpholino oligomer exon-skipping therapy, called Exondys51 or
eteplirsen, was approved in the United States for use in DMD patients. Clinical trials looking
at weekly intravenous injection of eteplirsen in patients with an exon 51 mutation showed
restored dystrophin expression, significant improvement in 6-minute walk distance, delayed
decline in walking ability and in pulmonary function compared to controls, without any severe
adverse events (Mendell et al., 2016; Mendell et al., 2013). However, eteplirsen is only useful
for patients with exon 51 mutations, which accounts for approximately 20% of the all DMD
patients (Tayeb, 2010). Therefore, additional methods of DMD treatment are still needed.

1.1.2.4

Animal Models of Dystrophinopathies
The most utilized model for DMD research is the mdx mouse model: a C57BL/10

background strain containing a naturally occurring point mutation in Dmd gene, which results
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in dystrophin protein truncation (Sicinski et al., 1989) and little to no dystrophin expression
(Bulfield, Sillers, Wight, & Moore, 1984; Chamberlain et al., 1988; Hoffman, Brown, &
Kunkel, 1987). These mice were initially characterized for their elevated serum CK compared
to wild-type mice which normalizes over time, as in DMD (Bulfield, Sillers, Wight, & Moore,
1984; Coulton, Morgan, Partridge, & Sloper, 1988). New strains of mdx mice, called mdx2cv,
mdx3cv, mdx4cvand mdx5cv, have been developed from female offspring of C57BL/6
background males treated with a potent mutagen (Chapman, Miller, Armstrong, & Caskey,
1989). These strains have been shown to display similar skeletal muscle and cardiac
pathologies to the original mdx mouse while showing fewer dystrophin-positive “revertant”
cells (Danko, Chapman, & Wolff, 1992).
Despite the lack of dystrophin expression, mdx mice display only a mild phenotype
compared to what is observed in human DMD patients. Between 2 to 8 weeks of age, mdx
skeletal muscles undergo severe cycles of damage – marked by myofiber necrosis (up to 80%
in some muscles) and inflammatory cell infiltration – followed by robust regeneration of
muscle tissue (J. E. Anderson, Bressler, & Ovalle, 1988; Coulton, Morgan, Partridge, &
Sloper, 1988; Tanabe, Esaki, & Nomura, 1986). By adulthood, mdx skeletal muscle histology
shows almost complete regeneration with minimal fatty infiltration, fibrosis or myofiber
necrosis (<5% of muscle area) with high percentage of centrally nucleated cells (J. E.
Anderson, Bressler, & Ovalle, 1988; Bulfield, Sillers, Wight, & Moore, 1984). Although this
robust regeneration occurs in most skeletal muscles, the diaphragm remains affected in mdx
mice, showing progressive myofiber necrosis and fibrosis, with collagen content reaching up
to seven times that of wild-type mice by 16 months of age (Stedman et al., 1991). Eventually,
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old mdx mice display moderate pathology in some skeletal muscles (i.e. tongue, diaphragm
and gastrocnemius) while leaving others relatively unaffected, such as quadriceps femoris and
tibialis anterior (TA) muscles (Chamberlain, Metzger, Reyes, Townsend, & Faulkner, 2007;
Collins & Morgan, 2003; Muller et al., 2001). Moderate exercise has been shown to exacerbate
muscle damage in susceptible muscles, such as TA (Muller et al., 2001). Although diaphragm
and tongue muscles are most severely affected, diaphragm is mostly slow-type muscle fibers
and tongue muscle is mainly fast-twitch, indicating that the pattern of muscles affected in mdx
is not determined solely by myofiber type (Chamberlain, Metzger, Reyes, Townsend, &
Faulkner, 2007). Studies looking at muscle weakness in young mdx muscles found a
progressive decrease in diaphragm specific force (Moorwood, Liu, Tian, & Barton, 2013) and
showed a 20% drop in specific force in some limb muscles, such as extensor digitorum longus
(EDL) and soleus, when normalized to the pseudohypertrophied muscle cross-sectional area
(Faulkner, Brooks, Dennis, & Lynch, 1997; Lynch, Hinkle, Chamberlain, Brooks, & Faulkner,
2001). However, evaluation of muscle force in adult mdx mice, after complete muscle
regeneration, showed higher isometric force in the soleus, leading researchers to posit that
“when mdx mice lose muscle fibers by necrosis, they do not just replace them with equally
efficient new muscle, but with heavier, stronger, muscles than wild-type” (Coulton, Curtin,
Morgan, & Partridge, 1988).
Although less severe and later in onset than human patients, cardiac muscle is affected
in mdx mice, displaying myocardial lesions, muscle fibrosis and inflammatory cell infiltration
(Coulton, Morgan, Partridge, & Sloper, 1988). Mild myocardial fibrosis can be observed as
early as 4-6 months of age in mdx mice and progresses over time; however functional
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deficiencies of the heart can only be seen much later or when young mice are challenged with
a dobutamine stress echocardiogram (Fayssoil et al., 2013; Meyers & Townsend, 2015). After
21 months of age, mdx mice undergo significant myocardial remodelling and can develop endstage cardiomyopathy and heart failure (Bostick et al., 2012). The lifespan of these mice is
only mildly reduced, from an average lifespan of 26 months in wild-type to 22 months in mdx,
usually due to increased cardiac failure and muscle tumors development, known as
rhabdomyosarcoma, in elderly mdx mice (Chamberlain, Metzger, Reyes, Townsend, &
Faulkner, 2007).
There are also several dog and cat breeds that have been shown to develop skeletal and
cardiac muscle pathology due to spontaneous dystrophin mutations. The Golden Retriever
muscular dystrophy (GRMD) breed is the preferred canine model and develops symptoms
similar to those seen in DMD patients (Cooper, Valentine, Wilson, Patterson, & Concannon,
1988). The most affected GRMD dogs do not survive past the first weeks of life while those
who reach adulthood display severe “bunny-hopping” gait due to limb and pelvic muscle
damage (Valentine, Cooper, de Lahunta, O'Quinnm, & Blue, 1988). Nevertheless, use of
canine and feline models of DMD for clinical testing is not ideal due to their size, cost, and
ethical controversy. The resemblance between GRMD and human DMD pathology, compared
to mouse models, suggest that some important aggravating factors are present in the canine
model and human disease but not present in the mdx mouse model.
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1.2

Hyperlipidemia and Vascular Disease
Hyperlipidemia is widespread in the Western world, affecting approximately 40% of

Americans and growing in prevalence across the globe (CDC, 2009, 2014; Mozaffarian et al.,
2015). High circulating lipid levels, mainly low-density lipoprotein (LDL), are known to be
associated with the development of vascular disease, also known as atherosclerosis (R. H.
Nelson, 2013; Tomkin & Owens, 2012; Wilson et al., 1998), making cardiovascular disease a
leading cause of death and disability in the United States, accounting for 23.7% of deaths in
2011 (CDC, 2014). A combination of high-lipid food intake, lack of exercise and genetic
predisposition lead to a significant increase in cholesterol and triglyceride (TG) levels in the
blood. Hyperlipidemia is defined as cholesterol levels over 6.21mmol/L (Rosenson, 2016) and
was considered to be mainly a life-style disease. However, the Whitehall II study conducted
in the United Kingdom has shown that dietary intervention or increased physical activity only
modestly reduces total plasma cholesterol (Bouillon et al., 2011). There is increasing evidence
that a major contributor to high cholesterol is genetic and hereditary in origin.
In fact, familial hypercholesterolemia (FH), a congenital form of hypercholesterolemia
affecting cholesterol and/or lipid transport, is the most commonly inherited disease (A. C.
Goldberg & Gidding, 2016). FH-causing mutations are often found in the low-density
lipoprotein receptor (LDLR) or in apolipoprotein genes, both of which are involved in the
efflux of lipoproteins from the circulation, as shown in Figure 1.2 (Soutar & Naoumova, 2007).
Even though it is thought to be significantly underdiagnosed, FH affects approximately 1 in
250 people in the United States and, depending on the specific mutation, the risk of cardiac
events is significantly raised and life-expectancy is reduced (A. C. Goldberg & Gidding, 2016).
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For instance, patients with heterozygous mutations in LDLR display slightly raised plasma
cholesterol and remain asymptomatic until adulthood; however exposure to modestly
increased circulating lipids since birth leads to a much higher cumulative risk of cardiovascular
disease compared to people who develop similar hyperlipidemia in adulthood (A. C. Goldberg
& Gidding, 2016). Likewise, homozygous LDLR mutant patients born with extremely elevated
plasma lipid levels can suffer from cardiac events in childhood (A. C. Goldberg & Gidding,
2016).

Figure 1.2 Simplified schematic of cholesterol absorption, transport and clearance.
Intestinal uptake of dietary lipids is facilitated by NPCL1L (not shown), which can be inhibited
by ezetimibe. Gut cells package the cholesterol and triglycerides (TGs) into chylomicrons
which are released into the blood. In the circulation, chylomicrons are transformed by LPL
into chylomicron remnants, which can be absorbed by the liver via LDLR and LRP binding of
lipoprotein-bound ApoE. In the liver, HMG-CoA reductase produces endogenous cholesterol
and can be inhibited by statins. VLDL, containing endogenous or exogenous lipids, is released
from the liver and can be transformed by LPL into LDL/IDL in the blood or can be absorbed
by the liver through VLDLR binding. Circulating IDL and LDL are cleared through interaction
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with the LDLR in the liver. LDLR expression in the liver can be enhanced by treatment with
both fibrates and PCSK9 mAb, although through different mechanisms. Red X indicates
inhibition, green plus sign indicates activation. CM: chylomicron, CMR: chylomicron
remnant, LPL: lipoprotein lipase, LRP: LDLR-related protein, VLDL: very low density
lipoprotein, VLDLR: VLDL receptor. Figure adapted from Kwiterovich (2000) and Daniels,
Killinger, Michal, Wright, and Jiang (2009).

1.2.1

Pathophysiology and Clinical Outcomes
Vascular disease is a major cause of mortality worldwide and a lot of research has

explored its pathophysiology and attempted to halt the progression of the disease. The
pathogenesis is marked by increased in circulating lipids which infiltrate the vessel wall,
dysfunction of endothelial cells, atherosclerotic lesion development, plaque maturation, and
eventual plaque rupture. Endothelial dysfunction has been shown to precede lesion
development in early atherosclerosis (T. J. Anderson et al., 1995; Reddy, Nair, Sheehan, &
Hodgson, 1994) and is caused by increased oxidative stress secondary to hyperlipidemia and/or
hyperglycemia (Boulanger et al., 1992). Disrupted endothelial function is marked by reduced
vasodilator (i.e. NO and prostacyclin) and increased vasoconstrictor (i.e. endothelin-1)
bioavailability leading to impaired flow-mediated dilation (Lerman & Burnett, 1992),
increased leukocyte adhesion (Kubes, Suzuki, & Granger, 1991), and abnormal platelet
function (Radomski, Palmer, & Moncada, 1987). This endothelial dysfunction also leads to
impaired endothelial barrier function, facilitating the accumulation of oxidized lipids in the
blood vessel wall which then undergoes remodelling and fibrosis, resulting in atherosclerotic
plaque formation (Bonetti, 2002).
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The infiltration of lipids into the vessel wall and endothelial cell activation leads to the
recruitment of macrophage and VSMC migration to the intimal layer. These cells attempt to
clear the lipid and cellular debris in the intima and become lipid-loaded foam cells in the
atherosclerotic plaque (Moore & Tabas, 2011). Large plaques can significantly alter vessel
distensibility and reduce the lumen of blood vessels leading to impaired blood flow and poor
tissue perfusion. In late atherosclerosis, the fibrous cap surrounding the necrotic, lipid-filled
core can become thin and lead to plaque rupture and occlusion of the vessel (Moore & Tabas,
2011). Complete occlusion in the coronary arteries or in cerebral vessels results in myocardial
infarction and stroke respectively and has become a major cause of death worldwide (CDC,
2014). Therefore, effective prevention and treatment of vascular disease and atherosclerosis
can benefit much of the population.

1.2.2

Hyperlipidemia Treatments
Lipid-lowering medications are prescribed to reduce the risk of atherosclerosis and

cardiovascular disease by targeting cholesterol and TG absorption, transport, metabolism or
efflux, as shown in Figure 1.2. Between 2007 and 2011, approximately 1 in 10 Canadian
adults were prescribed lipid-lowering statins, a 3-hydroxy-3-methyl-glutaryl-coenzyme
A (HMG-CoA) reductase enzyme antagonist, which blocks endogenous production of
cholesterol in the liver (Hennessy et al., 2016). However, the effects of statins spread well
beyond HMG-CoA reductase blockade, such as “improvement of endothelial function,
increased NO bioavailability, antioxidant properties, inhibition of inflammatory responses, and
stabilization of atherosclerotic plaques” (Davignon, 2004). Unfortunately, a rare side effect of
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statin treatment is rhabdomyolysis: a condition marked by muscle damage and pain with
subsequent increased plasma CK levels (Thompson, Clarkson, Rosenson, & National Lipid
Association Statin Safety Task Force Muscle Safety Expert, 2006). Other lipid-lowering
therapies target the absorption of cholesterol from the gut, such as ezetimibe (Figure 1.2),
which can be used in combination with statins as they target different pathways in cholesterol
homeostasis. Ezetimibe blocks the Niemann-Pick C1-like 1 (NPC1L1), a protein involved in
endocytosis of cholesterol into cells lining the gastrointestinal tract leading to significant
lowering of plasma cholesterol (Phan, Dayspring, & Toth, 2012). However, fibrates function
by activating peroxisome proliferator-activated receptor α (PPARα) which increases LDLR
expression, increases clearance of LDL and decreases endogenous production of cholesterol
and TGs (Staels et al., 1998). Although these drugs have shown modest efficacy, the recently
approved alirocumab, a PCSK9 monoclonal antibody (mAb), is able to dramatically decrease
plasma LDL with or without statin co-therapy (approximately 40-70%), leading to a significant
reduction in cardiovascular risk for FH and high-risk hyperlipidemic patients (Gouni-Berthold
& Berthold, 2014; Robinson et al., 2015). Alirocumab acts by reducing the activity of PCSK9,
an LDLR recycling inhibitor, leading to increased LDL removal by LDLR in the liver
(Robinson et al., 2015). Despite the effectiveness and overall tolerability of currently available
lipid-lowering therapies in human hyperlipidemia, these treatments are often ineffective in
animal models of hyperlipidemia.
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1.2.3

Animal Models of Hyperlipidemia and Vascular Disease
Unlike humans, mice have endogenously low lipid levels in the blood, even when fed

high-fat diet (HFD). Likewise, vascular disease and atherosclerosis in wild-type mice is
exceptionally rare due to natively high levels of high density lipoprotein (HDL;
antiatherogenic) and low baseline levels of LDL and VLDL (proatherogenic) (Zadelaar et al.,
2007). Therefore, studies of atherosclerosis in mice must be done in genetically-manipulated
mouse models. There are several strains of hyperlipidemic mice but the most commonly used
variants are the ApoE-KO and the LDLR-KO, which target cholesterol clearance pathways
(Figure 1.2). Apolipoprotein E is a protein found in VLDL, HDL and chylomicron remnants
and facilitates the uptake and clearance of these lipoproteins from the circulation (Li, Kypreos,
Zanni, & Zannis, 2003). In the liver, lipoprotein receptors such as LDLR and LDLR-related
proteins (LRP) mediate the uptake of ApoE-containing lipoproteins (Getz & Reardon, 2009).
Therefore, loss of ApoE expression leads to impaired binding and clearance by the liver and
subsequent increased plasma VLDL and chylomicron levels (Mahley, 1988). Since LDLR is
mostly involved in LDL uptake, LDLR-null mice display impaired LDL clearance and
increased in circulating cholesterol (Ishibashi et al., 1993).
Although both models develop atherosclerosis when placed on high-fat diet (HFD)
ApoE-KO display higher total cholesterol: 5 times higher than wild-type mice on chow
(500mg/dL) and 10 times wild-type levels on HFD (>1000mg/dL) and is mainly comprised of
chylomicron remnants and VLDL (Sehayek et al., 2000). In addition, ApoE-KO mice are
known to develop atherosclerotic lesions and plaques on HFD and on regular chow
(Nakashima, Plump, Raines, Breslow, & Ross, 1994). On the other hand, LDLR-KO mice do
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not develop lesions on chow (Ma et al., 2012) and show a milder elevation in total cholesterol,
composed mainly of LDL: approximately 2 times the wild-type level on chow (250mg/dL) and
4 times on HFD (450mg/dL) (Ishibashi et al., 1993; Zabalawi et al., 2007). This lipid profile
is much more representative of the human hyperlipidemia profile, which is higher in LDL
instead of VLDL and chylomicrons.

1.2.4

Vascular Disease and Lipids in MD
As previously published by our lab and others, dysferlin was found to be highly

expressed, both mRNA and protein, in vascular endothelial cells, smooth muscle cells and
atherosclerotic plaques of humans and mice (Hochmeiseter et al., 2006; Sharma et al., 2010).
It was discovered that dysferlin plays a key role endothelial cell adhesion, proliferation and
angiogenesis, where dysferlin-null mice demonstrated impaired angiogenesis in response to
VEGF incubation, a growth factor known to induce capillary growth (Sharma et al., 2010).
Therefore, the contribution of dysferlin activity to normal vascular density and function in
muscle is not entirely clear. Similarly, dystrophin can be found in endothelial cells and smooth
muscle cells lining the vasculature. Close examination of blood vessels from dystrophindeficient patients showed significant endothelial cell swelling, basement membrane
thickening, increased platelet adhesion and capillary degeneration, even in the earlier stages of
disease (Miike, Sugino, Ohtani, Taku, & Yoshioka, 1987). In addition, dystrophin-deficient
patients have significantly increased circulating VEGF, whose expression is known to be
induced by hypoxia and ischemia (Saito, Yamamoto, Matsumura, Fujimura, & Shinno, 2009).
Loss of dystrophin in VSMCs has also been shown to lead to impaired vasodilation, nNOS
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dysfunction, reduced NO release (Loufrani et al., 2001; Rauch et al., 2012; Sander et al., 2000;
Thomas et al., 1998), reduced vascular density, and increased vessel wall thickness (Loufrani
et al., 2004; Loufrani, Levy, & Henrion, 2002). Further studies looking at carotid arteries in
dystrophin-deficient animal models found increased vessel wall stiffness and stress as well as
increased neointimal thickening in response to collar-injury induced atherosclerosis (Dye,
Gleason, Wilson, & Humphrey, 2007).
Few studies have explored lipid levels or vascular function in dysferlinopathy patients
or the effect of lipid modulation on disease progression. Nevertheless, one study found that the
circulating lipid levels of 10 dysferlinopathy patients were within the normal range (Grounds
et al., 2014). Some studies looking at dystrophin-deficiency have shown that DMD patients
and mdx mice have significantly increased lipid levels in the plasma (Srivastava, Pradhan,
Mittal, & Gowda, 2010; Temin & Islamova, 1983) and in the skeletal muscle (Hughes, 1972).
High-resolution NMR analysis of DMD patient serum showed a significant increase in total
cholesterol, free cholesterol, cholesterol esters, TGs and certain phospholipids compared to
unaffected age- and gender-matched controls: i.e. mean TG level of 1.27mmol/L in DMD
patients compared to 0.40mmol/L in unaffected individuals while mean total cholesterol levels
were 2.08mmol/L and 0.65mmol/L, respectively (Srivastava, Pradhan, Mittal, & Gowda,
2010).
A two-hit hypothesis has been proposed to explain muscle pathology in MD,
postulating that only the combination of impaired muscle perfusion and myofiber
susceptibility to damage can cause the significant myofiber damage observed in patients
(Ennen, Verma, & Asakura, 2013). In addition, the clustering of necrotic myofibers seen in
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MD supports the theory that concurrent vascular dysfunction – leading to functional ischemia
and disrupted endothelial barrier function – and increased myofiber susceptibility to damage
are behind the localized muscle damage. Meanwhile, restoration of dystrophin expression in
VSMCs of dystrophin-deficient mice has been shown and improve vascular function and to
reduce serum CK (Ito et al., 2006; Ito et al., 2005). Many have abandoned the vascular theory
of MD since few studies found any significant impairment of vascular function in the muscle
and it was shown that functional muscle ischemia caused by the loss of nNOS expression does
not lead to muscle disease (Chao et al., 1996). However, it is likely a combination of impaired
vascular function and myofiber fragility and susceptibility to stress which causes significant
muscle damage in the absence dysferlin and dystrophin. Therefore, the role of vascular
function in MD pathogenesis has not been fully elucidated, though there is evidence that
vascular function is disrupted and circulating lipid levels may be affected in the absence of
dysferlin or dystrophin expression.
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Chapter 2: Hypothesis, Specific Aims and Rationale
2.1

Hypothesis
We hypothesise that vascular function plays a significant role in the development and

progression of MD and that through the creation and characterization of double-disease murine
models of MD and hyperlipidemia-associated vascular disease, we can assess the effect of
impaired vascular health on MD.

2.2

Specific Aims
1. Generate Dysf-ApoE double-knockout mouse model and compare MD phenotype and
progression to control groups by looking at ambulatory function, skeletal muscle
strength, heart function and skeletal muscle histology.
a. Rationale: As previously described, animal models of dysferlinopathy do not
replicate the severity of disease observed in human patients. This project seeks
to assess the effect of hyperlipidemia and subsequently disrupted vascular
function, which is commonly observed in humans, on dysferlin-deficient mice
using a double-disease model.
2. Generate Dysf-LDLR double-knockout mouse model and compare MD pathology and
progression by looking at ambulatory function and skeletal muscle histology.
a. Rationale: This project seeks to confirm that the effect observed in our DysfApoE DKO project is due to hyperlipidemia and subsequently impaired
vascular health, not due to loss of ApoE specifically. This will be done using
another hyperlipidemia model, LDLR-KO. This experiment was also devised
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to note the effects of a milder, more humanized hyperlipidemia model on
dysferlinopathy mice.
3. Generate Mdx-ApoE double-knockout mouse model and compare MD pathology and
progression with control groups by looking at ambulatory function, skeletal muscle
strength, heart function, skeletal muscle histology and aortic atherosclerosis.
a. Rationale: As previously mentioned, DMD is the most common form of MD
and its pathology is significantly more severe than the phenotype displayed in
available murine models. This experiment seeks to determine if the effect of
hyperlipidemia on muscle pathology seen in our dysferlinopathy model applies
to other, more prominent and severe forms of MD.
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Chapter 3: Experimental Design
3.1

Animal Model Breeding and Care
All animals were housed in a 12-hour light/12-hour dark cycle, temperature regulated

facility and all experiments were approved by the Animal Care Committee. Experimental mice
were placed on regular chow (PicoLab R Rodent Diet 20-5053, #0007688) or HFD (Harlan,
TD88137; 0.2% total cholesterol, 21% total fat and 34% sucrose by weight). Mice were
sacrificed while under 3.5% isoflurane anesthesia via cardiac puncture and perfused with
warmed Krebs solution.
3.1.1

Dysferlin-ApoE Model
Experimental mice were generated using Dysferlin -/- (C57BL/6 background) provided

by Dr. Kevin Campbell (Bansal et al., 2003) which were crossed with ApoE -/- mice (C57BL/6
background) from Jackson Laboratory (Bar Harbor, ME). Resultant Dysf +/- ApoE +/littermates were then crossed to generate all experimental groups: wild-type, ApoE-KO, DysfKO, and Dysf-ApoE DKO. Ear-clip DNA was extracted using DNeasy extraction kit (Qiagen,
69506) following manufacturer’s instructions. Mice were genotyped using protocol for ApoEKO suggested by Jackson (forward common 5’-GCCTAGCCGAGGGAGAGCCG-3’, wildtype reverse 5’-TGTGACTTGGGAGCTCTGCAGC-3’ and mutant reverse 5’-GCCGCCCC
GACTGCATC-T-3’) and Dysf-KO protocol (common primer 5’-GCCAGACAAGCAAGGT
TAGTGTGG-3’, wild-type primer 5’-GCGGGCTCTCAGGCACAGTATCGC-3’ and mutant
primer 5’-CAGGGGCGCCCGGTTCTTTTTGTCAA-3’) (Han et al., 2011). Mice were fed
HFD starting at 8 weeks of age until sacrifice at 7 and 11 months.
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3.1.2

Dysferlin-LDLR Model
Experimental mice were generated by crossing previously mentioned Dysf -/- with

LDLR -/- mice (C57BL/6 background) from Jackson Laboratory (Bar Harbor, ME). Dysf +/LDLR +/- littermates were then crossed to generate experimental groups: wild-type, LDLRKO, Dysf-KO, and Dysf-LDLR DKO. A “forced” breeding strategy was set up to increase
DKO production by breeding Dysf -/- LDLR +/- littermates – generating Dysf-KO and DysfLDLR DKO groups. Ear-clip DNA was extracted using DNeasy extraction kit (Qiagen, 69506)
following manufacturer’s instructions. Mice were genotyped using Dysf-KO protocol
previously mentioned (Han et al., 2011) while LDLR PCR was divided into two protocols: one
for detection of wild-type LDLR gene (wild-type forward 5’-ACCCCAAGACGTGCTC
CCAGGATG-3’ and wild-type reverse 5’-CGCACTGCTCCTCATCTGACTTGTC-3’) and
one for detection of LDLR-knockout insertion (neomycin forward 5’-AGGATCTCGTCGTG
ACCCATGGCGA-3’ and wild-type reverse, as above) (Gaw, Mancini, & Ishibashi, 1995).
3.1.3

Mdx-ApoE Model
Mdx-ApoE breeding was separated into two sets of crosses (Figure 3.1). Breeder pairs

were generated using mdx4cv-/- mice (simplified as Mdx) crossed with ApoE -/- mice, both
strains are C57BL/6 background from Jackson Laboratories (Bar Harbor, ME). From this
cross, Mdx +/- ApoE +/- and Mdx -/y ApoE +/- littermates were bred to generate several
genotypes including Mdx -/- ApoE +/- females and Mdx -/y ApoE +/- males, which were then
crossed to generate two experimental groups: Mdx and Mdx-ApoE DKO. Separately, ApoEKO mice were crossed with wild-type C57BL/6 mice to generate ApoE +/- littermates. These
heterozygous littermates were crossed to produce the other two experimental groups: wild31

type and ApoE-KO. Ear clip DNA was extracted using hot NaOH and Tris-HCl extraction
method (Truett et al., 2000). Mice were genotyped using previously mentioned ApoE-KO PCR
protocol and Mdx primer competition method: common reverse primer 5’-GCGCGGCTTGC
CTCTGACCTGTCCTAT-3’, wild-type forward primer 5’-GATACG CTGCTTTAATGCC
TTTAAGAACAGCTGCAGAACAGGAGAC-3’ and mutant forward primer 5’-CGGCCA
GAACAGCTGCAGAACAGGAGAT-3’ (Shin, Hakim, Zhang, & Duan, 2011). Mice were
fed HFD starting at 8 weeks of age or kept on chow until sacrifice at 4 and 7 months.

A

B

Figure 3.1 Breeding scheme devised for Mdx-ApoE experimental groups. Breeder pair
genotypes for generation of (A) Mdx and Mdx-ApoE DKO groups and (B) wild-type and
ApoE-KO control groups.

3.2

Ambulatory Function Assessment
Step length was measured by painting the hind-feet of mice and allowing them to run

down a small corridor covered with paper, approximately 1.5m in length. Distance between
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steps of the same foot were measured and averaged over 3 consecutive runs, excluding areas
of stoppage. A value of 0 was given to runs where mice could not move their hindlimbs
sufficiently and lost complete ambulatory function, which resulted in a smear across the page.

3.3

In Vivo Heart Function
Mice were anesthetised using 0.75% isoflurane and a four-chamber echocardiogram

was performed by a blinded technician using the VisualSonics Vevo 2100 system. Heart
chamber and ventricle wall tracings were analyzed to determine several cardiac parameters
such as cardiac output, fractional shortening, stroke volume, ejection fraction, as well as left
ventricular diameter and volume in both diastole and systole.

3.4

Ex Vivo Skeletal Muscle Function
Soleus muscle was excised whole and clips were fixed to the tendons at both ends of

the muscle. For the diaphragm, a strip of muscle was removed then one clip was attached to
the sternum and the other to the central tendon. Soleus and diaphragm muscles were mounted
between electrodes in a bath of 37°C Krebs solution [118 mmol/L NaCl, 22.5 mmol/L
NaHCO3, 4 mmol/L KCl, 1.2 mmol/L NaH2PO4, 2 mmol/L CaCl2, 2 mmol/L MgCl2, 11
mmol/L dextrose] bubbled with 95% O2/5% CO2 (pH 7.4) in a circulating bath. Muscle strips
were equilibrated at in situ muscle length (Lo) to determine maximum force generation. Then,
muscles were stimulated at various loads (10%, 20%, 40%, 60% and 80% of maximum force)
to assess contraction velocity, which was normalized to muscle length. Power curves were
plotted as the product of force and velocity. Next, muscles were fatigued via repeated
33

stimulation every 4s over 2min at a constant load and declining force during fatigue was
expressed as a fraction of the pre-fatigue force. Finally, muscle was stimulated 8 times with
30s recovery periods between stimulations to observe force recovery after fatigue. Muscle
force recovery was expressed as a fraction of the pre-fatigue force.

3.5

Gross Hindlimb Size and Skin Lesion Scoring
Hindlimb muscle size was measured from gross photographs of legs after skinning.

Whole body photographs taken at the time of sacrifice were used to assess presence and
severity of skin lesions using a 0-3 scale: 0 – no lesions, 1 – presence of one or two un-erupted
xanthomas, 2 – presence of several un-erupted xanthomas and/or mild erupted lesions, and 3
– presence of several erupted, severe lesions that are past a humane endpoint, requiring
immediate sacrifice.

3.6

Skeletal Muscle Histology
Diaphragm, soleus, TA, EDL, gastrocnemius, quadriceps femoris, psoas major and

triceps brachii muscles were collected. Muscle tissue was fixed in 10% formalin for 24 hours
then transferred to 70% ethanol. A technician paraffin embedded and sectioned muscles into
slides 8µm in thickness, which were then stained with hematoxylin and eosin (H+E) or
Masson’s trichrome stains. Percentage of fat was calculated by tracing adipocyte regions in
Aperio ImageScope software and dividing the area by the total area of the muscle. To
determine percentage of muscle area occupied by healthy myofiber, areas of non-viable
myofiber (e.g. inflammatory cell infiltrations, areas of fibrosis, areas of necrosis etc.) as well
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as fat area were subtracted from total muscle area. Collagen content was measured using a
positive pixel count algorithm in Aperio ImageScope software of Masson’s trichrome stained
slides using the following parameters: hue value of 0.66 and hue width of 0.25. Percentage of
centralized nuclei was determined using 4 fields of view at 15x zoom of H+E stained slides,
including only muscle fibers completely within the frame. Alizarin red stain was also
performed on select skeletal muscle slides.

3.7

Aortic Atherosclerosis
Hearts were cut along the atrioventricular plane, frozen in optimal cutting temperature

(OCT) compound and aortic root sections were stained with ORO (Mehlem, Hagberg, Muhl,
Eriksson, & Falkevall, 2013). Aortas were fixed in 10% formalin, rinsed with 70% ethanol and
soaked in filtered Sudan IV solution (5g Sudan IV in 500mL 70% ethanol and 500mL acetone)
for 20min. After aortas were rinsed in 80% ethanol, they were soaked in 80% ethanol for 20min
then rinsed in running water for 1h and stored in 10% formalin. Photographs of pinned open
aortas were taken for analysis and percentage of plaque coverage was determined by dividing
plaque area by total vessel wall area.

3.8

Plasma Analysis
Plasma was collected in heparinized tubes via facial bleeding of unfasted mice at 5

months of age on chow, spun down at 4,000RPM for 10min at 4°C and stored at -80°C.
Creatine kinase levels were measured using Creatine Kinase Activity Assay Kit (Sigma,
MAK116) following manufacturer’s instructions.
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3.9

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 6. For comparison of all

four experimental groups at one time-point, one-way analysis of variance (ANOVA) was used
to compare the means of each group. When comparing several curves (i.e. fatigue and recovery
curves) or two time-points for all experimental groups, a repeated measures two-way ANOVA
was used. Tukey’s method was employed to correct for multiple comparisons. A log-rank test
was used for the Kaplan-Meir adverse events curve and chi-squared test was used to compare
expected and observed offspring numbers in Dysf-LDLR project. A p value of 0.05 or less was
considered statistically significant. Figures show data as mean plus standard error of the mean
(SEM) and n indicates the number of mice per group.
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Chapter 4: Dysferlin-ApoE Double-Knockout Model
4.1

Introduction
Since the discovery of significant dysferlin mRNA and protein expression in endothelial

cells (Sharma et al., 2010), the contribution of dysferlin-deficient vascular endothelium to the
development of muscle pathology has yet to be determined. Endothelial function was found to be
impaired in dysferlin-deficient models, showing a reduction in angiogenesis and dysregulated
expression of cell adhesion proteins (Sharma et al., 2010), likely contributing to inflammatory cell
infiltration observed in dysferlinopathy mouse models and patients alike. However, the severity of
muscle pathology observed in human dysferlinopathy patients is not reproduced in dysferlindeficient murine models. As previously described, animal models of dysferlinopathy do not lose
the ability to walk, only display small changes in muscle strength and show minor increases in
muscle damage (Kobayashi, Izawa, Kuwamura, & Yamate, 2012). This discrepancy between
model and patient phenotypes makes it difficult to develop and screen potential therapeutics in
animal preclinical trials. In addition, the mechanism behind this disparity in disease severity may
offer up new targets for future treatment. One possible explanation is that, compared to humans,
mice have much lower basal cholesterol levels and do not spontaneously develop atherosclerotic
lesions, even when challenged with HFD. It is possible that the comparatively high level of
circulating lipids in humans and resultant vascular disease may have a detrimental effect on MD
progression and that mice are protected by their superior vascular health. Therefore, study of
hyperlipidemia in the context of dysferlinopathy murine models was proposed to investigate the
effect of worsened vascular function on the progression of MD pathology.
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4.2
4.2.1

Results
Ambulatory Function
When fed a HFD, Dysf-ApoE DKO mice displayed startling impairment of ambulatory

function compared to all other groups at 11 months of age. Complete loss of walking ability was
observed in 40% of DKOs by 11 months of age (Figure 4.1). Similarly, a significant decrease in
average step length was observed at 11 months of age: 2.7cm in DKO vs. 6.2cm, 5.9cm and 5.5cm

P e r c e n t a g e A m b u la t o r y ( % )

in WT, ApoE and Dysf groups, respectively (Figure 4.2).
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Figure 4.1 Kaplan-Meier curve of ambulatory function in HFD groups. Percentage of group
population with maintained ambulatory function over 11-month lifespan. WT (n=12), ApoE
(n=12), Dysf (n=18), and Dysf-ApoE (n=10). Log-rank test. ***P<0.001 Dysf-ApoE at 11 months
compared to all other groups.
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Figure 4.2 Step length at 4, 7 and 11 months of age on HFD. Average step length over 3 runs
in cm. WT 4m (n=10), 7m (n=11), 11m (n=5); ApoE 4m (n=14), 7m (n=15), 11m (n=6); Dysf 4m
(n=20), 7m (n=17), 11m (n=10); and DKO 4m (n=7), 7m (n=10), 11m (n=10). Mean+SEM, twoway ANOVA. ****P<0.0001

4.2.2

In Vivo Heart Function
Assessment of in vivo heart function in all four groups of mice at 11 months of age on HFD

demonstrated no significant difference in heart function parameters including ejection fraction,
fractional shortening or diastolic and systolic volumes (Figure 4.3). Other parameters such as
cardiac output, left ventricular diameter (in systole and diastole) and stroke volume were also not
significantly different between groups (data not shown).
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Figure 4.3 In vivo heart function parameters at 11 months on HFD. (A) Percent ejection
fraction, (B) percent fractional shortening, (C) left ventricular diastolic volume in μL, and (D) left
ventricular systolic volume in μL. WT (n=2), ApoE (n=3), Dysf (n=8), and Dysf-ApoE (n=4).
Mean+SEM, one-way ANOVA.

4.2.3

Ex Vivo Skeletal Muscle Function
The force and functional parameters of excised muscle determined via myography suggest

that there is little change in diaphragm power at 7 and 11 months (Figure 4.4A and 4.4B), or rate
and ability to recover post-fatigue at 11 months (Figure 4.6A). Surprisingly, no change in fatigue
was seen at 7 months of age (Figure 4.5A) while Dysf-ApoE DKO diaphragms fatigued
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significantly less than wild-type and ApoE-KO groups at 11 months of age (Figure 4.5B). In the
soleus muscle, there seems to be a drop in maximum power of Dysf-ApoE DKO mice at 7 months
(Figure 4.4C) and in Dysf-KO mice at 11 months (Figure 4.4D). However, there was no difference
in soleus fatigue (Figure 4.5C and 4.5D) or recovery (Figure 4.6B) between groups. Additional
skeletal muscle ex vivo function data – such as absolute force values, maximum power and load at
maximum power – can be found in Appendix A (Table A.1).
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Figure 4.4 Diaphragm and soleus ex vivo power at 7 and 11 months on HFD. Diaphragm
power in μW at a given load expressed as fraction of maximum force at (A) 7 and (B) 11 months
41

and soleus power curves at (C) 7 and (D) 11 months. WT 7m (n=2), 11m (n=10); ApoE 7m (n=7),
11m (n=11); Dysf 7m (n=6), 11m (n=11); and Dysf-ApoE 7m (n=4), 11m (n=8).
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Figure 4.5 Diaphragm and soleus muscle ex vivo force fatigue at 7 and 11 months on HFD.
Diaphragm normalized force at (A) 7 and (B) 11 months and soleus normalized force at (C) 7 and
(D) 11 months, expressed as fraction of initial force. WT 7m (n=2), 11m (n=10); ApoE 7m (n=7),
11m (n=10); Dysf 7m (n=6), 11m (n=10); and Dysf-ApoE 7m (n=3), 11m (n=8). Mean±SEM,
two-way ANOVA. *P<0.05 for Dysf-ApoE group compared to WT and ApoE-KO groups.
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Figure 4.6 Diaphragm and soleus ex vivo force recovery at 11 months on HFD. (A) Diaphragm
and (B) soleus force recovery at 11 months over 8 stimulations, expressed as a fraction of force
generated prior to fatigue. WT (n=10), ApoE (n=9), Dysf (n=9) and Dysf-ApoE (n=7).
Mean±SEM, two-way ANOVA.

4.2.4

Gross Hindlimb Size and Skin Lesion Scores
As shown in Image 4.1, hindlimb muscles showed significant wasting where width

measurements were significantly reduced in Dysf-ApoE DKOs compared to all other groups at 11
months of age (Figure 4.7). Xanthoma and skin lesion scoring revealed an increased distribution
of mild to severe skin lesions in ApoE-KO and Dysf-ApoE DKO groups compared to WT and
Dysf-KO (Figure 4.8).
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Image 4.1 Representative images of hindlimb at 11 months on HFD. Scale bar=1cm
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Figure 4.7 Hindlimb size at 11 months on HFD. Hindlimb width measurements in cm. WT
(n=10), ApoE (n=13), Dysf (n=20), and Dysf-ApoE (n=9). Mean+SEM, one-way ANOVA.
**P<0.01 *P<0.05

44

N u m b e r o f A n im a ls

30
25
20
WT
ApoE
Dysf
Dysf ApoE

15
10
5
0
0

1

2

3

S k in L e s io n S c o r e

Figure 4.8 Distribution of skin lesion scores at 11 months on HFD. 0 – no skin lesions, 1 – few,
mild skin lesions, 2 – severe skin lesions, and 3 – eruptive skin lesions beyond humane endpoint.

4.2.5

Skeletal Muscle Histology
Processing of excised skeletal muscles from all groups revealed severe muscle damage in

some Dysf-ApoE DKO muscles, though not all muscles were equally affected. In particular, the
quadriceps femoris muscle was found to be severely worsened in DKO mice (Image 4.2). Within
quadriceps, total rectus femoris size was reduced to a similar extent in both Dysf-KO and DysfApoE DKO mice at 11 months of age (Figure 4.9A). However, muscle composition was only
significantly altered in the Dysf-ApoE DKO group at 7 and 11 months: showing increased fat
deposition and reduced percentage of healthy myofibers (Figure 4.9B and 4.9C). In addition,
fibrosis was significantly increased in Dysf-ApoE DKO mice compared to all other groups at 7
months but was not significantly different from Dysf-KO mice by 11 months of age (Figure 4.9D).
As expected, percentage of centralized nuclei was increased to a similar extent in Dysf-KO and
Dysf-ApoE DKO groups at 7 and 11 months of age compared to wild-type and ApoE-KO control
groups (Figure 4.10).
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Image 4.2 Representative images of quadriceps femoris at 11 months on HFD. (A) 2x zoom,
scale bar=1000μm and (B) 8x zoom, scale bar=100μm of wild-type, ApoE-KO, Dysf-KO and
Dysf-ApoE DKO Masson’s trichrome stained slides, collagen deposition in blue.
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Figure 4.9 Quadriceps femoris muscle size and composition at 7 and 11 months on HFD. (A)
Total rectus femoris area in cm2, percentage of rectus femoris area composed of (B) fat, (C) healthy
myofiber, and (D) collagen. WT 7m (n=2), 11m (n=12); ApoE 7m (n=6), 11m (n=12); Dysf 7m
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(n=5), 11m (n=18); and Dysf-ApoE 7m (n=3), 11m (n=9). Mean+SEM, two-way ANOVA.

P e rc e n ta g e C e n tra liz e d N u c le i (% )
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Figure 4.10 Percentage centralized nuclei in quadriceps femoris at 7 and 11 months on HFD.
WT 7m (n=2), 11m (n=8); ApoE 7m (n=6), 11m (n=15); Dysf 7m (n=5), 11m (n=20); Dysf-ApoE
7m (n=4), 11m (n=9). Mean+SEM, two-way ANOVA. ****P<0.0001

Similar effects were observed in triceps brachii (Image 4.3) and tibialis anterior muscles
(Appendix Image B.1 and Figure B.1); unfortunately, collection of these muscles was only
performed for the 11-month old group. In the triceps brachii at 11 months of age on HFD, both
Dysf-KO and Dysf-ApoE DKO groups showed reduced total muscle area, while only the DysfApoE DKO group had a significant increase in fat and decrease in healthy myofiber percentage
compared to other groups (Figure 4.11). As seen in the quadriceps femoris, percentage fibrosis
(Figure 4.11D) and percentage of centralized nuclei (Figure 4.12) in the triceps brachii were
significantly increased in Dysf- KO and Dysf-ApoE DKO groups at 11 months compared to the
ApoE-KO group, without significant difference between dysferlin-deficient groups. Psoas major
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muscles were also collected (Appendix Image B.2); however, due to severe muscle wasting and
fat replacement, consistent quantification of fat and damage areas in the muscle was not possible.
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Image 4.3 Representative images of triceps brachii muscle at 11 months on HFD. (A) 2x zoom
scale bar=1000μm and (B) 8x zoom scale bar=100μm of wild-type, ApoE-KO, Dysf-KO and DysfApoE DKO Masson’s trichrome stained slides, collagen deposition in blue.
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Figure 4.11 Triceps brachii muscle size and composition at 11 months on HFD. (A) Total
muscle area, percentage of muscle area composed of (B) fat, (C) healthy myofiber, and (D)
collagen. WT (n=1), ApoE (n=3), Dysf (n=8), and Dysf-ApoE (n=5). Mean+SEM, one-way
ANOVA, excluding wild-type n=1. **P<0.01 ***P<0.001 ****P<0.0001
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Figure 4.12 Percentage centralized nuclei in triceps brachii at 11 months on HFD. WT (n=1),
ApoE (n=3), Dysf (n=8) and Dysf-ApoE (n=5). Mean+SEM, one-way ANOVA excluding WT
n=1. ****P<0.0001

Only moderately damaged in comparison to quadriceps femoris and triceps brachii
muscles, gastrocnemius also displays changes in size and composition, though only at 11 months
of age (Image 4.4). Total gastrocnemius area was similarly reduced in both Dysf-KO and DysfApoE DKO groups while percentage of fat was increased and percentage of healthy myofiber was
reduced by 11 months on HFD in the Dysf-ApoE DKO group compared to all other groups (Figure
4.13). Perivascular inflammation was noted in some muscle from both Dysf-KO and Dysf-ApoE
DKO mice, including quadriceps femoris and gastrocnemius (Image 4.5) as well as triceps brachii
(not shown). In Image 4.5B, vascular leakage of red blood cells into the gastrocnemius muscle
tissue can be observed. We also noted sporadic muscle calcification in Dysf-ApoE DKO
gastrocnemius muscles at 7 and 11 months of age (Image 4.6).
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Image 4.4 Representative images of gastrocnemius at 11 months on HFD. (A) 1x zoom, scale
bar=1000μm and (B) 8x zoom, scale bar=100μm of wild-type, ApoE-KO, Dysf-KO and DysfApoE DKO H+E stained slides.
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Figure 4.13 Gastrocnemius muscle size and composition at 7 and 11 months on HFD. (A)
Total muscle area in cm2, percentage of muscle area composed of (B) fat and (C) healthy myofiber.
WT 7m (n=3), 11m (n=7); ApoE 7m (n=5), 11m (n=10); Dysf 7m (n=4), 11m (n=12); Dysf-ApoE
7m (n=4), 11m (n=4). Mean+SEM, two-way ANOVA. *P<0.05 **P<0.01 ***P<0.001
****P<0.0001
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A

B

100µm

Image 4.5 Examples of vascular leak in Dysf-ApoE DKO mice at 11 months on HFD. (A) 10x
zoom of quadriceps femoris stained with H+E and (B) 8x zoom of triceps brachii stained with
Masson’s trichrome, scale bar=100µm.

100µm

Image 4.6 Example of gastrocnemius calcification in Dysf-ApoE DKO at 7 months on HFD.
4x zoom of H+E stained slide, scale bar=100µm.
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Some muscles were not affected by loss of dysferlin, with or without hyperlipidemia. For
instance, soleus muscle showed virtually no pathology (Image 4.7). Other than a slight increase in
total soleus area in Dysf-KO mice compared to ApoE-KO mice at 11 months of age, there were
no other significant differences in muscle size or composition at 7 and 11 months of age on HFD
between any groups (Figure 4.14). A similar lack of evident pathology was noted in the diaphragm
(Image 4.8).

A
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ApoE

Dysf

Dysf-ApoE

500μm

B

200μm

Image 4.7 Representative images of soleus at 11 months on HFD. (A) 2x zoom scale,
bar=500μm and (B) 8x zoom, scale bar=200μm of wild-type, ApoE-KO, Dysf-KO and Dysf-ApoE
DKO H+E stained slides.

56

A
2

T o t a l S o le u s A r e a ( c m )

0 .1 0

*
0 .0 8

0 .0 6

WT
ApoE
D ysf
D y s f-A p o E

0 .0 4

0 .0 2

0 .0 0

B

7 M o n th s

1 1 M o n th s

7 M o n th s

1 1 M o n th s

7 M o n th s

1 1 M o n th s

P e rc e n ta g e F a t (% )

0 .8

0 .6

0 .4

0 .2

0 .0

P e r c e n t a g e M y o f ib r e ( % )

C
120

100

80

60

40

20

0

Figure 4.14 Soleus size and composition at 7 and 11 months on HFD. (A) Total soleus area in
cm2, percentage of muscle area composed of (B) fat and (C) healthy myofiber. WT 7m (n=2), 11m
(n=8); ApoE 7m (n=6), 11m (n=11); Dysf 7m (n=4), 11m (n=10); and Dysf-ApoE 7m (n=3), 11m
(n=4). Mean+SEM, two-way ANOVA. *P<0.05
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Image 4.8 Representative images of diaphragm at 11 months on HFD. (A) 1.5x zoom, scale
bar=500μm and (B) 8x zoom, scale bar=100μm of wild-type, ApoE-KO, Dysf-KO and Dysf-ApoE
DKO H+E stained slides.

4.3

Discussion
Dysferlinopathy mouse models have been used to explore the pathogenesis and the

therapeutic effects of potential LGMD2B treatments. Unfortunately, currently available models do
not fully represent the extent of muscle pathology observed in these patients: animals display very
little muscle damage, normal lifespan and mild muscle weakness compared to wild-type mice
(Kobayashi, Izawa, Kuwamura, & Yamate, 2012). Our investigation of hyperlipidemia in the
context of Dysf-KO mice using double-disease Dysf-ApoE mice has shown that increased
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circulating lipid levels worsen dysferlinopathy muscle pathology and can result in complete loss
of ambulatory function, which is much more representative of human dysferlinopathy.
The lack of cardiac phenotype in these mice is consistent with dysferlinopathy patients who
occasionally develop mild cardiac phenotypes (Nishikawa et al., 2016). Like the majority of
LGMD2B patients, animal models of dysferlinopathy do not display significant heart dysfunction,
showing normal heart parameters except for a transient, clinically insignificant decrease in ejection
fraction observed in A/J mice compared to wild-type at the 10 months timepoint only (Chase, Cox,
Burzenski, Foreman, & Shultz, 2009). Therefore, echocardiography of mice at 11 months of age
confirmed that neither Dysf-KO nor Dysf-ApoE DKO groups develop any significant heart
function pathology.
Few studies have measured gait in Dysf-KO mice and even fewer were able to show any
ambulatory impairment (Rayavarapu et al., 2010). Loss of ambulatory function, which has never
been observed in Dysf-KO mouse studies, was observed in 40% of Dysf-ApoE DKO animals by
11 months of age on HFD. Furthermore, stride length measurement revealed an impairment of
motor function culminating at the 11-month time-point. Ex vivo muscle function assessment in
soleus and in diaphragm show little change in force, fatigue or recovery, which is consistent with
previous dysferlinopathy model studies (Zhao, Xu, Ait-Mou, de Tombe, & Han, 2011) and
suggests that remaining muscle function is relatively normal and does not account for loss of
ambulatory function observed in Dysf-ApoE DKO mice. Lack of significant effect on ex vivo
diaphragm and soleus function was rationalized when histological assessment revealed no
significant pathology in these muscles, consistent with lack of pathology in the diaphragm and
soleus of LGMD2B patients (Mahjneh et al., 2001; Nishikawa et al., 2016).
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The dramatic ambulation deficit of Dysf-ApoE DKOs was better explained upon gross and
histological examination of the limb muscles. Gross hindlimb measurements revealed significant
muscle wasting by 11 months of age. Moreover, histological analysis of quadriceps femoris,
triceps brachii and gastrocnemius muscles showed that Dysf-ApoE DKO muscles were severely
affected, while only mildly diseased in Dysf-KO mice. The pattern was similar in these affected
muscles: 1) equivalent decrease in total muscle size and increase in centralized nuclei for DysfKO and Dysf-ApoE DKO groups compared to controls; 2) increase in fat infiltration, necrosis,
inflammation, and early fibrosis in Dysf-ApoE DKOs compared to all other groups; and 3)
resultant decrease in percentage of viable myofiber area in Dysf-ApoE DKOs. Therefore, hindlimb
and forelimb muscle atrophy and loss of viable myofiber area likely account for loss of ambulation
and reduced step length in HFD-fed Dysf-ApoE DKO mice by 11 months of age. In addition, signs
of muscle damage in Dysf-ApoE DKOs, such as increased fat infiltration and necrosis, could be
observed in affected muscles as early as 7 months of age. Other important histological features
were observed, such as vascular leak and muscle calcification. Perivascular inflammation and
vascular leak were observed only in Dysf-KO and Dysf-ApoE DKO muscle, suggesting that loss
of dysferlin may be affecting vascular integrity and permeability. Muscle calcification was
observed sporadically in Dysf-ApoE DKO gastrocnemius muscle and is likely induced by muscle
injury, which has been observed in other settings of induced or congenital muscle damage
(Bonucci & Sadun, 1972; Coulton, Morgan, Partridge, & Sloper, 1988; Selle & Urist, 1961).
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Chapter 5: Dysferlin-LDLR Double-Knockout Model
5.1

Introduction
To confirm and further investigate the aggravating effect of hyperlipidemia on

dysferlinopathy pathology, we sought to investigate loss of LDLR expression in the context of
Dysf-KO mice since ApoE has additional anti-inflammatory and antioxidant functions (Ali,
Middleton, Pure, & Rader, 2005; Baitsch et al., 2011; Raffai, Loeb, & Weisgraber, 2005). In fact,
studies that rescue of macrophage-specific ApoE expression in ApoE-null mice led to
atherosclerosis regression (Tenger & Zhou, 2003). Therefore, we wanted to confirm that the effect
observed in the Dysf-ApoE DKO model was due to elevated plasma lipids and impaired vascular
function, not specifically due to the loss of ApoE. Compared to ApoE-KO, LDLR-deficient mice
display mild hyperlipidemia, rich in LDL, and develop atherosclerotic lesion only when on HFD
(Ishibashi et al., 1993), which is much more representative of human hyperlipidemia. Since loss
of LDLR function is a common cause of FH (Soutar & Naoumova, 2007) and LDLR-KO mice
exhibit a more humanized lipid profile, it was proposed as a more suitable and human-relevant
model of hyperlipidemia for our study.
The generation of Dysf-LDLR DKO mice was devised to answer some important questions
raised from our previous model: 1) Does all hyperlipidemia worsen muscle pathology in
dysferlinopathy, or was the effect seen in Dysf-ApoE DKO due specifically to the loss of ApoE
expression? 2) Will the mildness of the LDLR-KO model, as compared to the ApoE-KO model,
affect the rate of progression and severity of MD pathology exacerbation? 3) Will a lipid profile
which more closely resembles human hyperlipidemia better mimic human LGMD2B and be more
useful in therapeutic trials? Although we sought new insights and confirmation of our double
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disease effect, our results show that there is a much more complex relationship between
hyperlipidemia and dysferlinopathy than previously expected.

5.2
5.2.1

Results
Genotyping and Breeding
Genotyping of Dysf-LDLR mice proved to be a challenge since both Dysf-KO and LDLR-

KO insertions included a neomycin cassette and the PCR procedure developed for LDLR-KO
mice, recommended from Jackson Laboratory, targeted the identification of the neomycin cassette
for genotyping. Therefore, dysferlin insertions led to false positives in the LDLR-KO PCR. A new
LDLR-KO protocol was devised (Figure 5.1A) which divided the process into two parts: 1)
identify the presence of wild-type LDLR using one primer targeted within the wild-type LDLR
gene and the other outside in the non-coding region and 2) identify the presence of a LDLR-mutant
insertion using one primer within the neomycin cassette and the other in the non-coding region.
This method enabled successful differentiation between wild-type, LDLR heterozygote and
LDLR-KO in the presence of Dysf-KO insertions, as seen in Figure 5.1B.
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2) Mut-LDLR
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Figure 5.1 Low-density-lipoprotein receptor genotyping strategy and results. (A) Schematic
of LDLR double PCR strategy: 1) primers for wild-type allele and 2) primers for mutant insertion.
(B) Image of LDLR PCR gel showing wild-type, heterozygote and KO bands using 1) wild-type
protocol and 2) mutant insertion protocol.

The original breeding set up of Dysf +/- LDLR +/- littermate crosses produced only two
Dysf-LDLR DKO mice that survived to 4 weeks of age after 146 total offspring. Although a Chi
squared test did not find a significant difference between observed and predicted animal numbers
(1/16 for each experimental group), the rate of Dysf-LDLR DKO generation using this breeding
scheme was low and produced no viable offspring (Figure 5.2). One DKO mouse was culled at
weaning due to malocclusion and was only identified as a Dysf-LDLR DKO after genotyping was
performed. The second DKO was found to be a maloccluded runt before weaning but was kept
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until genotyping was completed. When its genotype was discovered, the mouse was immediately
sacrificed and tissues were harvested at 5 weeks of age. Photographs (Image 5.1), as well as a
video (not shown), were shown to UBC veterinarian Dr. Ian Welch, who described the animal’s
behaviour as follows:
The mouse is more “cow hocked” (stifle is abducted) then most mice are. While the
mouse demonstrates the ability to extend its hips and stifle at the edge of the cage it
does not fully extend its legs during normal gait. It is a little hard to see from the video
but it looks like the mouse has a bilateral symmetrical “hip hike”. This is similar to
what you see dog with advanced hip disease because instead of fully extending the leg
the animal swings the leg out to the side. This mouse does not demonstrate evidence
of pain and the gait abnormality is not due to an inflammatory disease but rather a
degenerative skeletal mouse disease as would be expected.

LDLR n=10
W T n=13
Dysf n=12
D y s f-L D L R n = 2
H e te ro z y g o te s n = 1 0 9

T o ta l= 1 4 6

Figure 5.2 Pie chart of animal numbers by genotype in Dysf-LDLR project. Chi squared test
based on 1/16th Mendelian expected distribution in experimental groups.
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1cm

Image 5.1 Photographs of Dysf-LDLR DKO. Taken when discovered at 3 week of age (left) and
immediately before sacrifice with animal number, date of sacrifice and animal weight (right), scale
bar=1cm.

Since this breeding scheme resulted in such low DKO output, we switched to a “forced”
breeding protocol by crossing Dysf -/- LDLR +/- littermates, which should have led to a 1/4 DKO
rate, per Mendelian inheritance. However, after 27 offspring from this cross, no Dysf-LDLR DKOs
were produced. Therefore, whether due to embryonic lethality or early pup mortality, there seems
to be a low production of Dysf-LDLR DKOs and when discovered, they suffer from severe
malocclusion and failure to thrive.
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5.2.2

Skeletal Muscle Histology
Although we do not have 5-week-old controls with which to compare the skeletal muscle

size and composition, there is no evidence of muscle damage, centralized nuclei, fat infiltration,
inflammation or collagen deposition in the Dysf-LDLR DKO mouse, as seen in Image 5.2 of
quadriceps femoris and triceps brachii. Similar muscle integrity was found in all muscles collected:
TA, EDL, soleus, gastrocnemius, biceps brachii and diaphragm (Appendix Image C.1).

A

B

Image 5.2 Representative images of quadriceps femoris and triceps brachii of Dysf-LDLR
DKO at 5 weeks of age. (A) Quadriceps femoris and (B) triceps brachii at 2x zoom (left, scale
bar=500μm) and 8x zoom (right, scale bar=150μm) of Masson’s trichrome stained slides, collagen
deposition in blue.
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5.3

Discussion
The effect of the loss of LDLR expression in dysferlin-deficient mice that we observed was

not anticipated and cannot be adequately explained. Breeding of Dysf-LDLR DKO led to very few
DKOs who survived to weaning, all of which displayed severe malocclusion and failure to thrive.
Even the implementation of a higher output breeding scheme did not increase DKO numbers. One
DKO was characterized before being sacrificed at 5 weeks of age and was found to have abnormal
gait properties. However, analysis of its muscle tissue revealed no observable pathology. Whether
the low Dysf-LDLR DKO animal numbers are due to embryonic lethality, infanticide or decreased
pup viability is not clear. Further analysis of the harvested 5-week-old Dysf-LDLR DKO mouse
may some reveal developmental abnormalities. In addition, characterization of Dysf-/-LDLR+/mice may display an intermediate phenotype, since LDLR heterozygotes have moderately
increased plasma cholesterol (I. J. Goldberg et al., 2008), while avoiding viability issues.
Although no effect on muscle histology could be seen, low DKO numbers and animal
abnormalities indicate some unknown interaction between dysferlin and LDLR. A potential
mechanism for such low yield and reduced viability of Dysf-LDLR DKO is LDLR’s role in
osteogenesis. Studies have shown that LDLR-deficiency is associated with impaired osteoclast
differentiation and function leading to increased bone mass (Okayasu et al., 2012). The disruption
of normal bone recycling may be affecting embryonic development or pup viability and may
explain the gait abnormalities observed in the viable DKO, while leaving the muscle unaffected.
Investigation of Dysf-LDLR DKO development in utero and analysis of bone properties in the 5week old DKO skeleton can be done to assess presence and development of skeletal abnormalities.
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Alternatively, lack of LDLR may be affecting the formation of neuromuscular junctions
and impairing distal limb development in the context of dysferlin-deficiency. Several studies have
shown that a LDLR-related protein, Lrp4, is crucial to for neuromuscular junction assembly and
Lrp4 mutant mice do not survive after birth due to severe pre- and post-synaptic abnormalities
(Weatherbee, Anderson, & Niswander, 2006; Yumoto, Kim, & Burden, 2012). Perhaps dysferlindeficient mice are more susceptible to neuromuscular synapse disruption; however, loss of
neuromuscular junction activity and subsequent muscle denervation would have led to dramatic
limb and muscle defects, as seen in Lrp4-mutant mice (Weatherbee, Anderson, & Niswander,
2006), which were not observed in our model. Thus, the mechanism behind the Dysf-LDLR DKO
phenotype and lethality we observed is not yet known.
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Chapter 6: Mdx-ApoE Double-Knockout Model
6.1

Introduction
In this final project, we aim to assess the effect of hyperlipidemia in DMD using the mdx

mouse model. The most common hereditary disease affecting children, DMD is memorable not
only for its prevalence but also for its severity, leading to loss of walking ability in the majority of
boys by 12 years of age (Emery, Muntoni, & Quinlivan, 2015). The huge disparity between the
severe muscle pathology seen in DMD patients and the mild damage observed in mouse models
makes evaluation of treatment efficacy in preclinical trials extremely challenging. In addition, the
mdx model cannot be used to investigate prolongation of walking or disease progression in longterm studies since, after the robust muscle regeneration at 8 weeks of age, little muscle damage
can be observed (Coulton, Morgan, Partridge, & Sloper, 1988), animals retain their muscle
strength and motor function (Coulton, Curtin, Morgan, & Partridge, 1988) and lifespan is only
mildly reduced (Chamberlain, Metzger, Reyes, Townsend, & Faulkner, 2007). Development of an
aggravated mdx model has been explored in the mdx-utrn mouse which has simultaneous loss of
dystrophin and utrophin expression, resulting in significantly reduced lifespan (approximately 3
months), development of breathing difficulties and mobility impairment (A. Deconinck et al.,
1997; Grady et al., 1997). However, the mdx-utrn model shows similar histological muscle
pathology to the mdx mouse and is accompanied by a slew of other systemic and neuromuscular
deficits such as impaired bone healing, articular cartilage degeneration and intervertebral disc
damage, not typically observed in DMD (Isaac et al., 2013). The lack of muscle histopathology
and dramatically shortened lifespan make mdx-utrn mouse colonies difficult to maintain and
unsuitable for long-term disease progression and therapeutic trial studies (McDonald, Hebert,
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Kunz, Ralles, & McLoon, 2015). Therefore, investigation of hyperlipidemic effects on mdx
pathology was undertaken to explore whether impaired vascular function would have similar
effects in dystrophin-deficient MD, as was observed in the dysferlinopathy model, and whether
this model can more closely represent the DMD phenotype.

6.2
6.2.1

Results
Ambulatory Function
Although earlier sacrifice time-points were chosen for this project, by 7 months of age we

did not observe complete loss of ambulatory function in any animal from any group. At 3 and 6
months of age, stride lengths of all chow- and HFD-fed groups were measured and exercise
intolerance and difficulty breathing were observed in Mdx and Mdx-ApoE DKO groups. At 3
months of age on HFD, there was a significant reduction in step length for Mdx and Mdx-ApoE
DKO mice compared to controls, with no significant difference between dystrophin-deficient
groups (Figure 6.1A). By 6 months of age on HFD, only the Mdx-ApoE DKO group showed a
significant decrease in stride length compared to wild-type and ApoE-KO groups (Figure 6.1A).
Similar 3- and 6- month results were found in chow-fed groups (Figure 6.1B).
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Figure 6.1 Step length at 3 and 6 months on HFD and on chow. (A) HFD- and (B) chow-fed
average step lengths in cm. HFD: WT 3m (n=6), 6m (n=6); ApoE 3m (n=9), 6m (n=7); Mdx 3m
(n=10), 6m (n=5); and Mdx-ApoE 3m (n=13), 6m (n=10). Chow: WT 3m (n=3), 6m (n=3); ApoE
3m (n=5), 6m (n=4); Mdx 3m (n=6), 6m (n=3); and Mdx-ApoE 3m (n=10), 6m (n=9). Mean+SEM,
two-way ANOVA. *P<0.05 **P<0.01 ***P<0.001 ****P<0.0001

6.2.2

In Vivo Heart Function
Using echocardiogram, parameters of heart function such as cardiac output, fractional

shortening, ejection fraction, stroke volume, left ventricular diameter and volume in diastole and
systole were measured. At 3 and 6 months of age, there was no significant change in heart function
parameters between HFD-fed groups, except for left ventricular systolic volume between Mdx and
Mdx-ApoE DKO groups at 6 months on HFD (Figure 6.2) and no change was found in any heart
parameters at 3 and 6 months of age in chow fed groups (Figure 6.3).
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Figure 6.2 In vivo heart function parameters at 3 and 6 months on HFD. (A) Percent ejection
fraction, (B) percent fractional shortening, (C) left ventricular diastolic volume in μL, and (D) left
ventricular systolic volume in μL. WT 3m (n=10), 6m (n=6); ApoE 3m (n=10), 6m (n=7); Mdx
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3m (n=12), 6m (n=6); and Mdx-ApoE 3m (n=15), 6m (n=11). Mean+SEM, two-way ANOVA.
*P<0.05
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Figure 6.3 In vivo heart function parameters at 3 and 6 months on chow. (A) Percent ejection
fraction, (B) percent fractional shortening, (C) left ventricular diastolic volume in μL, and (D) left
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ventricular systolic volume in μL. WT 3m (n=3), 6m (n=3); ApoE 3m (n=4), 6m (n=4); Mdx 3m
(n=6), 6m (n=6); and Mdx-ApoE 3m (n=9), 6m (n=11), 6m (n=11). Mean+SEM, two-way
ANOVA.

6.2.3

Ex Vivo Skeletal Muscle Function
Function of skeletal muscle as assessed by myography was performed on a single mouse

per genotype at 4 months of age on HFD as a pilot study of Mdx-ApoE soleus and diaphragm
function ex vivo. In the diaphragm, there was little difference in force-velocity curves or force
recovery between groups (Figure 6.4A and 6.4C). During repeat stimulation, the Mdx-ApoE DKO
diaphragm seems to fatigue less than Mdx and ApoE-KO groups, with wild-type showing the most
severe loss of relative force after 35 stimulations (Figure 6.4B). Soleus in ApoE-KO and MdxApoE DKO mice showed lower velocity at a given load compared to wild-type and Mdx muscles
(Figure 6.5A); however, fatigue and recovery curves were not strikingly different between groups
(Figure 6.5B and 6.5C).
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Figure 6.4 Pilot study of diaphragm ex vivo muscle function at 5 months on HFD. (A) Forcevelocity curve normalized to muscle length in reference length per second, (B) muscle force fatigue
over 35 stimulations expressed as fraction of pre-fatigue muscle force, and (C) fractional force
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recovery over 8 stimulations post-fatigue expressed as fraction of pre-fatigue muscle force, n=1
for each group.
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Figure 6.5 Pilot study of soleus ex vivo muscle function at 5 months on HFD. (A) Forcevelocity curve normalized to muscle length in reference length per second, (B) muscle force fatigue
over 35 stimulations expressed as fraction of pre-fatigue muscle force, and (C) fractional force
recovery over 8 stimulations post-fatigue expressed as fraction of pre-fatigue muscle force, n=1
for each group.

6.2.4

Gross Hindlimb Size and Skin Lesion Scores
Gross skeletal muscle size was found to be increased in dystrophin-deficient mice (Image

6.1). There was a significant increase in hindlimb size in Mdx and Mdx-ApoE DKO groups
compared to wild-type and ApoE-KO controls at 4 months of age on HFD and similar results were
seen at 7 months on chow (Figure 6.6A and 6.6B). However, by 7 months of age on HFD, only
Mdx-ApoE DKO mice had significantly increased hindlimb size compared to wild-type (Figure
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6.6A). Skin lesions were not observed in any group, likely due to the 4- and 7-month time-points
on HFD being too early to develop significant skin lesions or xanthomas.
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Image 6.1 Representative images of hindlimb at 7 months on HFD. Scale bar=1cm.
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Figure 6.6 Hindlimb size at 4 and 7 months on HFD and at 7 months on chow. Hindlimb width
in cm (A) on HFD at 4 and 7 months and (B) on chow at 7 months. HFD: WT 4m (n=4), 7m (n=6);
ApoE 4m (n=2), 7m (n=8); Mdx 4m (n=7), 7m (n=7); and Mdx-ApoE 4m (n=5), 7m (n=10). Chow:
WT (n=3), ApoE (n=1), Mdx (n=10), and Mdx-ApoE (n=11). Mean+SEM, (A) two-way ANOVA
and (B) one-way ANOVA, excluding ApoE n=1 on chow. **P<0.01 ***P<0.001
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6.2.5

Skeletal Muscle Histology
Histological analysis of skeletal muscle revealed exacerbation of muscle damage in Mdx-

ApoE DKO mice compared to Mdx and controls in some, but not all, skeletal muscles: i.e. triceps
brachii, gastrocnemius, and quadriceps femoris. The triceps brachii was severely affected in the
Mdx-ApoE DKO mice as seen in Image 6.2. Triceps brachii muscle of Mdx-ApoE DKO mice
showed an initial increase in total area at 4 months on HFD, which was not present by 7 months
of age (Figure 6.7A). Increased collagen was observed in both dystrophin-deficient groups as early
as 4 months of age (Figure 6.7D). However, by 7 months of age there was increased fibrofatty
infiltration, inflammation and necrosis in Mdx-ApoE DKO muscle led to significant alteration in
muscle composition compared to all other groups: increased fat, increased collagen and decreased
viable muscle area (Figure 6.7).
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Image 6.3 Representative images of triceps brachii at 7 months on HFD. (A) 2x zoom scale,
bar=500μm and (B) 8x zoom, scale bar=150μm of wild-type, ApoE-KO, Mdx and Mdx-ApoE
DKO Masson’s trichrome stained slides, collagen deposition in blue.
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Figure 6.7 Triceps brachii muscle size and composition at 4 and 7 months on HFD. (A) Total
muscle area in cm2, percentage of muscle area composed of (B) fat, (C) healthy myofiber, and (D)
collagen. WT 4m (n=4), 7m (n=6); ApoE 4m (n=3), 7m (n=7); Mdx 4m (n=7), 7m (n=2); and
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Mdx-ApoE 4m (n=6), 7m (n=6). Mean+SEM, two-way ANOVA. *P<0.05 **P<0.01 ***P<0.001
****P<0.0001

Gastrocnemius was the most severely affected by concurrent MD and hyperlipidemia in the
Mdx-ApoE DKO model (Image 6.4). A significant decrease in total gastrocnemius size was
observed in Mdx-ApoE DKO mice compared to wild-type and ApoE-KO groups by 7 months of
age on HFD, although not at 4 months (Figure 6.8A). Muscle composition in Mdx-ApoE DKOs
was also greatly altered by 7 months of age compared to all other groups: increased fat and collagen
content as well as decreased healthy myofiber area (Figure 6.8). At the 7-month time-point, the
Mdx group also display a mild increase in fibrosis compared to wild-type and ApoE-KO controls
(Figure 6.8C). As early as 4 months of age, collagen deposition was found to be significantly
increased in Mdx-ApoE DKO gastrocnemius muscle compared to all other groups (Figure 6.8C).
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Image 6.4 Representative images of gastrocnemius at 7 months on HFD. (A) 2x zoom, scale
bar=1000μm and (B) 8x zoom, scale bar=100μm of wild-type, ApoE-KO, Mdx and Mdx-ApoE
DKO Masson’s trichrome stained slides, collagen deposition in blue.
81

**

0 .3 0

****

2

T o ta l G a s tro c . A re a (c m )

A
0 .2 5

0 .2 0

0 .1 5

WT
ApoE
M dx
M dx ApoE

0 .1 0

0 .0 5

0 .0 0

4 M o n th s

7 M o n th s

B

****
****

P e rc e n ta g e F a t (% )

20

****

15

10

5

0

4 M o n th s

7 M o n th s

C
****

P e r c e n t a g e M y o f ib r e ( % )

120

****
****
100

80

60

40

20

0

4 M o n th s

P e r c e n t a g e F ib r o s is ( % )

D

7 M o n th s

40

****
****
****

30

****
****
20

**
*
*

10

0

4 M o n th s

7 M o n th s

Figure 6.8 Gastrocnemius muscle size and composition at 4 and 7 months on HFD. (A) Total
muscle area in cm2, percentage of muscle area composed of (B) fat, (C) healthy myofiber, and (D)
collagen. WT 4m (n=3), 7m (n=9); ApoE 4m (n=3), 7m (n=8); Mdx 4m (n=7), 7m (n=6); and
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Mdx-ApoE 4m (n=6), 7m (n=6). Mean+SEM, two-way ANOVA. *P<0.05 **P<0.01 ***P<0.001
****P<0.0001

On the other hand, the rectus femoris of the quadriceps muscle was not significantly
worsened in the Mdx-ApoE DKO model (Image 6.5). Both Mdx and Mdx-ApoE groups showed
an increase in total rectus femoris size at 4 months of age, while only Mdx-ApoE DKO quadriceps
had significant increased total area by 7 months (Figure 6.9A). Similarly, both Mdx and MdxApoE DKO groups showed significant fibrosis in the quadriceps, at both 4- and 7-months of age
(Figure 6.9D). Surprisingly, Mdx mice had small, but significant increase fat infiltration (<4%)
compared to all other groups at 7 months (Figure 6.9B), although no significant change in healthy
myofiber percentage was observed in any group (Figure 6.9C). Percentage centralized nuclei at 7
months of age on HFD was also calculated in the rectus femoris of quadriceps and found to be
similarly increased in both Mdx and Mdx-ApoE DKO groups (Figure 6.10).
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Image 6.5 Representative images of quadriceps femoris at 7 months on HFD. (A) 2x zoom,
scale bar=500μm and (B) 8x zoom, scale bar=100μm of wild-type, ApoE-KO, Mdx and MdxApoE DKO Masson’s trichrome stained slides, collagen deposition in blue.
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Figure 6.9 Quadriceps femoris muscle size and composition at 4 and 7 months on HFD. (A)
Total rectus femoris area in cm2, percentage of rectus femoris area composed of (B) fat, (C) healthy
myofiber, and (D) collagen. WT 4m (n=4), 7m (n=9); ApoE 4m (n=4), 7m (n=4); Mdx 4m (n=4),
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7m (n=7); and Mdx-ApoE 4m (n=4), 7m (n=11). Mean+SEM, two-way ANOVA. *P<0.05
**P<0.01 ***P<0.001 ****P<0.0001
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Figure 6.10 Percentage centralized nuclei in quadriceps femoris at 7 months on HFD. WT
(n=5), ApoE (n=4), Mdx (n=4), and Mdx-ApoE (n=5). Mean+SEM, one-way ANOVA.
****P<0.0001

The diaphragm muscle was severely damage in both Mdx and Mdx-ApoE DKO groups at
7 months on HFD (Image 6.6). There was a similar increase fibrosis and decreased healthy
myofiber area in both dystrophin-deficient groups compared to wild-type and ApoE-KO groups,
which was not worsened in Mdx-ApoE DKO mice (Figure 6.11). Interestingly, only the Mdx group
seems to have a significant increase in fat infiltration in the diaphragm (Figure 6.11B).
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Image 6.6 Representative images of diaphragm at 7 months on HFD. (A) 2x zoom, scale
bar=500μm and (B) 8x zoom, scale bar=100μm of wild-type, ApoE-KO, Mdx and Mdx-ApoE
DKO Masson’s trichrome stained slides, collagen deposition in blue.
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Figure 6.11 Diaphragm muscle size and composition at 7 months on HFD. (A) Total muscle
area in cm2, percentage of muscle area composed of (B) fat and (C) healthy myofiber. WT (n=6),
ApoE (n=8), Mdx (n=3), and Mdx-ApoE (n=5). Mean+SEM, one-way ANOVA. *P<0.05
**P<0.01 ***P<0.001 ****P<0.0001

Some other interesting pathological features were observed via skeletal muscle histology.
Vascular leak was noted in many Mdx-ApoE DKOs, leading to inflammatory cells and red blood
cells infiltrating muscle tissue, as seen in Image 6.7 of Mdx-ApoE DKO gastrocnemius muscle.
Also, significant areas of muscle calcification were observed in Mdx and Mdx-ApoE DKO mice
and, in rare cases, ectopic bone formation in Mdx-ApoE DKO mice, confirmed via Alizarin red
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staining (Image 6.8). In addition, intracellular vesicles were seen within myofibers of Mdx-ApoE
DKO mice on HFD (Image 6.9). Although the content of these vesicles is unknown, PAS staining
did not reveal significant glycogen deposition and ORO stain showed some intracellular lipid
cellular (not shown).

A

B

100μm

Image 6.7 Examples of vascular leak in Mdx-ApoE DKO at 7 months on HFD. (A) 4x and (B)
10x zoom of gastrocnemius Masson’s trichrome stained slides (arrows indicate red blood cells),
scale bars=100µm.
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Image 6.8 Examples of ectopic bone and calcification in gastrocnemius of Mdx-ApoE DKO
at 4 months on HFD. 4x zoom of (A) H+E and (B) Alizarin red stained serial sections of ectopic
bone (top) and calcification (bottom), scale bar=200µm.

100μm

Image 6.9 Examples of intracellular vesicles in Mdx-ApoE DKO mice at 7 months of age on
HFD. 8x zoom of quadriceps femoris Masson’s trichrome stained slide, scale bar=100µm.
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6.2.6

Aortic Atherosclerosis
Quantification of atherosclerotic plaque deposition using Sudan IV staining of the aorta

revealed significantly increased plaque coverage in ApoE-KO and Mdx-ApoE DKO mice (Image
6.10). At 4 months of age on HFD, both hyperlipidemic groups had increased plaque in the aortic
arch compared to wild-type and Mdx groups, with significantly less plaque in Mdx-ApoE DKO
mice compared to ApoE-KO mice (Figure 6.12A). By 7 months of age on HFD, plaque coverage
was significantly higher in all aortic segments of ApoE-KO and Mdx-ApoE DKO groups
compared to controls, while only the thoracic segment of the aorta showed a significant decrease
in plaque deposition in the Mdx-ApoE-KO group compared to ApoE-KO mice (Figure 6.12B). In
chow-fed groups, there was only an increase in plaque coverage of ApoE-KO aortic arches
compared to all other groups (Figure 6.12C). Analysis of ORO stained aortic root sections (Image
6.11) showed a significant increase in plaque percentage in ApoE-KO and Mdx-ApoE DKO at 4and 7-months on HFD compared to wild-type and Mdx groups, without significant difference
between hyperlipidemic groups (Figure 6.13).
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Image 6.10 Representative images of atherosclerotic plaque in aortic segments at 7 months
of age on HFD. Sudan IV stained arch, thoracic and abdominal sections of the aorta (from left to
right), scale bar=0.5cm.
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Figure 6.12 Atherosclerotic plaque coverage in aortic segments on HFD and chow. Percentage
of aortic area covered in plaque by segment at (A) 4- and (B) 7-months on HFD; and (C) 7-months
on chow. HFD: WT 4m (n=3), 7m (n=5); ApoE 4m (n=4), 7m (n=5); Mdx 4m (n=5), 7m (n=4);
and Mdx-ApoE 4m (n=5), 7m (n=5). Chow 7m: WT (n=3), ApoE 7m (n=5), Mdx 7m (n=4) and
Mdx-ApoE 7m (n=4). Mean+SEM, two-way ANOVA. *P<0.05 compared to wild-type and Mdx;
#P<0.05 compared to all other groups.
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Image 6.11 Representative images of aortic root plaque at 7 months of age on HFD. ORO
stained slides, scale bar=250µm.
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Figure 6.13 Atherosclerotic plaque coverage in aortic root at 4 and 7 months on HFD.
Percentage of aortic root wall area taken up by plaque. WT 4m (n=4), 7m (n=7); ApoE 4m (n=4),
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7m (n=7); Mdx 4m (n=2), 7m (n=3); and Mdx-ApoE 4m (n=6), 7m (n=6). Mean+SEM, two-way
ANOVA. ****P<0.0001 compared to wild-type and Mdx.

6.2.7

Plasma Analysis
Measurement of plasma CK levels was performed on plasma collected via facial bleeding

from chow-fed experimental groups at 5 months of age. As expected, levels of CK were
significantly elevated in Mdx and Mdx-ApoE DKO groups compared to wild-type (Figure 6.14).
Large variability was seen in wild-type plasma CK levels, but not in the Mdx and Mdx-ApoE DKO

C r e a t in K in a s e A c t iv it y ( u n it s /L )
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Figure 6.14 Plasma creatine kinase activity at 5 months of age on chow. Expressed as units per
liter (units/L) in plasma collected via facial bleeding. Each point represents one mouse. WT (n=3),
ApoE (n=1), Mdx (n=7), and Mdx-ApoE (n=4). Mean±SEM, one-way ANOVA excluding ApoE
n=1. **P<0.01 ***P<0.001
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6.3

Discussion
As a model of DMD, mdx mice fail to exhibit the severity of muscle damage and motor

function impairment observed in DMD patients. Several studies have observed minor muscle
phenotypes in mdx such as centralized nuclei, mild fibrosis and necrosis associated with a slight
reduction in muscle force and normal ambulatory function (Collins & Morgan, 2003). Therefore,
development of more representative models for use in drug screening is particularly important
since DMD is severely debilitating and relatively common. Our investigation of the effects of
hyperlipidemia in the mdx mouse model of DMD showed worsened pathology in some skeletal
muscles by 7 months of age on HFD. However, we did not observe any exacerbation of muscle ex
vivo function or overall ambulatory function in Mdx-ApoE groups compared to Mdx mice.
None of the animals in this project lost the ability to walk and when step-length was
measured, both Mdx and Mdx-ApoE groups were similarly reduced compared to controls 3 months
of age while only Mdx-ApoE DKO had significantly smaller step length compared to wild-type
and ApoE-KO by 6 months. This is consistent with studies of mdx5cv mice that have shown a
decrease in stride length similar to the results shown in this study: approximately 7cm in wild-type
to 5-6cm in mdx groups (Beastrom et al., 2011). Several studies examining mdx skeletal muscle ex
vivo parameters (such as tension, specific force and fatigability) have shown little or no weakness
in soleus, TA, EDL and diaphragm muscles (J. E. Anderson, Bressler, & Ovalle, 1988; Coulton,
Curtin, Morgan, & Partridge, 1988; Cox et al., 1993; Dupont-Versteegden, McCarter, & Katz,
1985; Quinlan, Johnson, McKee, & Lyden, 1992). Our pilot study of muscle function in one animal
from each experimental group at 5 months of age did not show any drastic difference in soleus and
diaphragm force-velocity relationship or force fatigue/recovery parameters.
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Significant hindlimb muscle hypertrophy was observed in Mdx and Mdx-ApoE DKO mice
at 4 months of age and Mdx-ApoE DKO mice at 7 months of age, consistent with
pseudohypertrophy observed in DMD calves. A dramatic exacerbation of MD pathology was
observed upon histological examination of certain skeletal muscles. For instance, triceps brachii
and gastrocnemius muscles from the Mdx-ApoE DKO group had increased myofiber damage,
muscle fibrosis, and fat infiltration compared to all other groups. Despite this dramatic effect in
gastrocnemius and triceps brachii, muscle damage in the quadriceps femoris and diaphragm
muscles was not further exacerbated by hyperlipidemia in Mdx-ApoE DKO mice. Although
significant muscle damage was observed, only a small yet similar increase in plasma CK was found
in Mdx and Mdx-ApoE DKO groups. Other studies looking at CK levels in mdx mice found much
higher and more variable plasma CK measurements (between 400-20,000 units/L) (Coulter, et al.
1988). However, levels of plasma CK have been shown to decrease with the progression of the
disease and are significantly lower in mdx mice by 23 weeks of age (Glesby, Rosenmann, Nylen,
& Wrogemann, 1988). Cardiac function was also assessed and, in accordance with several other
studies, our Mdx group did not develop DCM nor display any functionally significant changes in
heart function by 6 months of age (Fayssoil et al., 2013; Quinlan et al., 2004). In addition,
hyperlipidemia was found to have no effect on the development of DCM in our Mdx-ApoE DKO
mice, besides an increase in left ventricular systolic volume at 6 months of age. Future aging
studies of these mice can be conducted to assess cardiac function decline and allow us to determine
whether hyperlipidemia accelerates or aggravates this DMD phenotype at later time-points.
Consistent with a previous study which showed that dystrophin-deficiency resulted in
reduced atherosclerotic plaque development in a similar ApoE-null mdx mouse model (Shami et
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al., 2015), our analysis of Mdx-ApoE DKO aortas showed a significant reduction in aortic plaque
coverage in the arch compared to ApoE-KO mice at 4-months on HFD and 7-months on chow.
However, by 7-months of age on HFD, there is only a slight decrease in thoracic aorta plaque
coverage in the Mdx-ApoE DKO compared to ApoE-KO. It is possible, as hypothesized in the
previous ApoE-null mdx study (Shami et al., 2015), that the atheroprotective effect of dystrophindeficiency may be due to increased VSMCs infiltration – leading to more stable plaques – as well
as decreased presence of T cells, which are known to contribute to atherogenesis.
In all, this double-disease model has shown that hyperlipidemia and vascular disease can
worsen the pathology of some muscles in mdx mice. Although significant muscle damage was only
observable via analysis of muscle histology, showing little change in ambulation, this model still
better represents the muscle phenotype observed in human DMD patients: dramatic muscle
degeneration and persistent fibrosis, fat infiltration, necrosis and inflammation. This exacerbated
phenotype may provide a larger window for improvement when screening potential therapeutics
while still being suitable for long-term studies.
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Chapter 7: Conclusion
Even after decades of research, there is still a need for effective MD therapeutics and
representative models with which to assess their efficacy. Our Dysf-ApoE DKO and Mdx-ApoE
DKO double-disease models of MD and hyperlipidemia exhibit significantly worsened MD
pathology in some muscles and more closely mimic the human phenotype. These models may be
more useful in therapeutic screening due to their obvious histological abnormalities and
measurable ambulatory decline. Impairment of vascular function in these models led to
exacerbated skeletal muscle necrosis, increased fat infiltration, increased inflammation and
decreased healthy myofiber area in affected muscles. Despite the exacerbation observed in the
Dysf-ApoE DKO model, the generation of another dysferlinopathy double-disease model using
the milder, more humanized LDLR-KO model of hyperlipidemia was unsuccessful. Dysf-LDLR
DKO breeding resulted in very few DKO mice, none of which were viable, and although they
displayed stunted growth and abnormal gait, muscle histology did not reveal any striking
pathology. Beyond the potential use of these double-disease mice as more representative models
of their respective MD and their potential use in drug screening, our results also reveal vascular
contributions to MD pathophysiology and point towards the exploration of lipid-lowering and
vascular-targeted medications for the treatment of MD.

7.1

Potential Mechanisms of MD Exacerbation
The precise mechanism through which hyperlipidemia worsens the muscle pathology in

MD has not been fully explored. After observing such localized and severe necrosis and fibrofatty
infiltration in the muscle, it was posited that perhaps thrombosis and occlusion of muscle vascular
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supply subsequent to severe atherosclerosis was causing the increased muscle damage observed in
Dysf-ApoE and Mdx-ApoE DKO models. However, no apparent muscle pathology was observed
in any ApoE-KO mice at any time-point, even when quantification of atherosclerotic plaque
coverage was found to be equally, if not more, severe in ApoE-null mice compared to DKO
models. Therefore, the exact method whereby increased circulating cholesterol and lipids
exacerbates muscle pathology is likely more complex than just the ischemic effects of advanced
atherosclerosis. One possible mechanism is through hyperlipidemia’s effect on endothelial
function and vascular leak. The level of vascular leak in dysferlin- and dystrophin-deficient vessels
has not been thoroughly explored, although one study looking at multiple sclerosis brain vessels
found significant overexpression of dysferlin in areas of increased vascular leak and inflammatory
cell extravasation in multiple sclerosis (Hochmeiseter et al., 2006). To the contrary, we have
observed inflammatory cell and red blood cell leakage from skeletal muscle blood vessels in all
MD groups, suggesting that there is a disruption of endothelial barrier function subsequent to loss
of dystrophin and dysferlin expression in the vasculature. Therefore, the increased immune cell
infiltration of muscle tissue observed in double-disease models may be facilitating immune cell
response to damaged muscle tissue and triggering remodeling and fibrofatty replacement of
damaged areas. In addition, dysferlin- and dystrophin-deficient myofibers may be more susceptible
to oxidative stress and free radical-mediated injury, which is known to be increased in the context
of hyperlipidemia (Rando, Disatnik, Yu, & Franco, 1988; Terrill et al., 2013; Tidball & WehlingHenricks, 2007; Whitehead, Yeung, & Allen, 2006).
Since generation of another dysferlin-deficient double-disease model using the LDLR-KO
failed to confirm the results observed with the ApoE-KO, there were concerns that the muscle
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pathology exacerbation seen in Dysf-ApoE DKO mice was specific to ApoE-deficiency and loss
of ApoE biological functions outside of cholesterol and lipid homeostasis. Still, compared to
previously mentioned studies looking at MD mouse models on regular chow, our HFD-fed DysfKO and Mdx mice displayed worsened muscle damage, even without disrupting cholesterol
clearance. This suggests that a lipid-rich diet may be enough to aggravate muscle pathology. In
fact, other studies have shown that long-term HFD administration can affect muscle metabolism
(Gomez-Perez, Capllonch-Amer, Gianotti, Llado, & Proenza, 2012; Lindholm et al., 2013) and
incite myofiber type switch from slow oxidative type 1 to fast glycolytic type 2 (Denies et al.,
2014; Ljubicic et al., 2011), which may be adding further stress to susceptible MD myofibers.

7.2

Implications for MD treatment
Our results suggest that lipid-lowering therapeutics and nutritional interventions are worth

investigating in MD. Though lipid levels are higher in some forms of MD, hyperlipidemia and
vascular dysfunction have been largely overlooked as a potential contributing factors and
pathological features of the disease and medical intervention has largely focused on correcting
skeletal muscle, cardiac and respiratory pathologies. Plus, the rare but severe muscle side effects
of many lipid-lowering therapies were thought to make them unsuitable in these patients (Hodel,
2002). Nevertheless, in the mdx model of DMD, statin treatment (i.e. simvastatin) was shown to
significantly improve muscle function and fibrosis with no evidence of rhabdomyolysis
(Whitehead, Kim, Bible, Adams, & Froehner, 2015). However, this improvement was
accomplished without a significant change in plasma cholesterol, suggesting that the beneficial
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effects of simvastatin treatment were due to its antioxidant “pleiotropic” effects and not necessarily
through total cholesterol lowering.
Other vascular targeted therapies – including angiotensin converting enzyme inhibitors
(ACEIs), angiotensin receptor blockers (ARBs), phosphodiesterase 5 (PDE5) inhibitors, VEGF
administration and NO-donating drugs – have been explored in DMD (Ennen, Verma, & Asakura,
2013), however little research has explored their effect in dysferlinopathies. Although many of
these drugs were found to improve cardiac function, mainly by enhancing vasodilation and
lowering blood pressure (Spurney et al., 2011), few showed significant improvement of skeletal
muscle pathology. Of note, the PDE5 inhibitor tadalafil ameliorated functional ischemia in mdx
mouse muscle leading to decreased muscle damage and improved muscle force (Asai et al., 2007).
Treatment of mdx mice with sildenafil, another PDE5 inhibitor, showed significantly reduced
diaphragm fibrosis (Percival et al., 2012) and reversal of cardiomyopathy (Adamo et al., 2010),
while BMD and DMD patients displayed reduced muscle ischemia (M. D. Nelson et al., 2014)
without significant effect on the cardiac function (Leung et al., 2014; Witting et al., 2014).
Similarly, VEGF administration was able to reduce muscle ischemia in mdx mice via increased
vascular density, leading to improved muscle strength, reduced myofiber necrosis and increased
activation of satellite cells (Deasy et al., 2009; Messina et al., 2007). In addition, treatment with
NO-donating drugs has been shown to reduce fat deposition and fibrosis in mdx skeletal muscle
(Cordani, Pisa, Pozzi, Sciorati, & Clementi, 2014). Therefore, it seems lipid-lowering and
vascular-targeted therapies for treatment of dysferlinopathy and dystrophinopathy patients may be
worth exploring.
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7.3

Improved Models of MD
So far, the Dysf-ApoE DKO model is one of the first model of dysferlinopathy to show

dramatic impairment of in vivo muscle function and complete loss of walking ability (Kobayashi,
Izawa, Kuwamura, & Yamate, 2012). The Dysf-ApoE DKO model mimics the muscle pattern
observed in LGMD2B, where mainly the proximal limb muscles (such as quadriceps femoris and
triceps brachii) are affected in the early stages with progression towards the more distal limb
muscles over time (such as gastrocnemius and TA). Although difficult to harvest and quantify due
to the level of muscle wasting, Dysf-ApoE DKOs also displayed significant wasting and fat
replacement of the pelvic girdle muscles such as the psoas major. Similarly, the Mdx-ApoE DKO
model mimics DMD pathology more closely than Mdx mice, developing the most severe
pathology in the gastrocnemius and diaphragm muscles (Kornegay et al., 2012).
Since Dysf-KO mice display little to no change in muscle strength and ambulation, drug
trials in the mouse model cannot assess prolongation of walking ability, a major outcome of most
MD clinical trials, and rely on histopathological assessment of muscle damage. Therefore, the
ability of step length measurement to detect observable impairment of ambulatory function in
Dysf-ApoE DKOs offers a non-invasive technique for tracking of disease progression without
significantly affecting muscle integrity – unlike voluntary running wheels which can induce
muscle necrosis (Biondi et al., 2013). Another advantage to the use of our double-disease models
in therapeutic screening is the accelerated time-line of muscle pathology: significant degeneration
and fibrofatty replacement can be detected in some muscles as early as 4- and 7-months of age for
Mdx-ApoE and Dysf-ApoE DKOs, respectively. This makes these models ideal for both short-
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and long-term studies and, since the muscle pathology as assessed by histology can be quite severe
at the later stages, this creates a large window for therapeutic improvement.

7.4

Limitations of Double-Disease Models
Use of animal models in any study of human disease and therapeutic screening must take

into consideration the many critical differences between animal models and human patients. Often,
insights gained from animal model research fail to translate to the human disease. Depending on
the particular area of research, the translation of preclinical to clinical studies can be tremendously
unsuccessful: for instance in cancer research, less than 8% of treatments are effectively translated
to the clinic (Mak, Evaniew, & Ghert, 2014). Therefore, all findings observed entirely in animal
models should be considered with caution until confirmed in human studies.
Another caveat of this research is the use of genetically modified murine models and their
divergence from human disease. Two of our projects utilized the ApoE-KO model of
hyperlipidemia, which displays extremely severe hyperlipidemia and atherosclerosis. Although the
atherosclerotic lesions in ApoE-KO mice develop through a similar mechanism as those seen in
humans (Nakashima, Plump, Raines, Breslow, & Ross, 1994), the marked increase in circulating
VLDL and chylomicrons remnants over LDL is not representative of the human lipid profile (R.
H. Nelson, 2013). In addition, ApoE can be found in macrophages and has other functions beyond
cholesterol transport, such as its “antioxidant, antiproliferative (smooth muscle cells,
lymphocytes), anti-inflammatory, antiplatelet, and NO-generating properties” (Zadelaar et al.,
2007). Therefore, loss of ApoE expression may have led to unknown systemic effects and these
other changes may also have affected MD progression. Also, development of significant skin
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lesions occurred occasionally in ApoE-KO and Dysf-ApoE DKO groups and were sometimes so
severe that the animals had to be sacrificed prematurely. These animals could not be included in
this study since severe skin lesions have been shown to impair limb movement and activate
immune response in mouse models of atherosclerosis which may influence ambulatory decline
and muscle pathology (Ishibashi, Goldstein, Brown, Herz, & Burns, 1994; Zabalawi et al., 2007).
Since LDLR has few known functions outside of lipoprotein clearance, it was proposed as superior
hyperlipidemia model; however, generation of Dysf-LDLR was not successful.
There are also some obvious differences between our murine models and human patients.
The Mdx-ApoE DKO differs from human DMD patients in that complete loss of walking ability
and cardiac dysfunction were not observed in the Mdx-ApoE DKO model by 7 months of age on
HFD while roughly 90% of DMD patients stop walking by 12 years of age (Emery, Muntoni, &
Quinlivan, 2015) and develop significant cardiomyopathy by 18 (Townsend, Yasuda, & Metzger,
2007). It is possible that the 7-month time-point of this study was not sufficient time for skeletal
and cardiac muscle damage to incur functional deficits. Investigation of cardiac damage via
histology and longer studies of the Mdx-ApoE DKO model could be conducted to track
progressive ambulatory and cardiac decline as well as to determine whether hyperlipidemia has
any effect on lifespan beyond 7 months of age. Nevertheless, survival to at least 7 and 11 months
of age in the Mdx-ApoE and Dysf-ApoE DKO models respectively is advantageous for long-term
therapeutic studies.
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7.5

Future Directions
The chow-fed animal muscles have not yet been processed for the Dysf-ApoE DKO and

Mdx-ApoE DKO. However, evaluation of muscle pathology in all MD groups would be helpful
in assessing whether HFD has any effect on Dysf-KO and Mdx mice compared to chow. Although
few studies have looked at the effects of dietary lipids in dysferlin-deficient mice, our preliminary
analyses suggest that Dysf-KO mice on regular chow exhibit less muscle damage and atrophy than
age-matched, HFD-fed Dysf-KO mice. As for dystrophin-deficient mice, one study showed no
difference in muscle necrosis when mdx mice were fed high-fat milk diet until 42 days old
(Mokhtarian, Lefaucheur, Even, & Sebille, 1995), while another study at 6-months of age
demonstrated increased running distance and decreased muscle necrosis in mdx mice fed HFD:
from approximately 3% in chow-fed mdx to 1% for mdx on HFD (Radley-Crabb, Fiorotto, &
Grounds, 2011).
Also, generation of an alternate double-disease model of dysferlinopathy and
hyperlipidemia may be worth exploring. Use of Dysf -/- LDLR +/- mice may be useful since LDLR
heterozygotes have been shown to display intermediate plasma lipid elevation (I. J. Goldberg et
al., 2008) and can be generated more easily than the Dysf-LDLR DKO. Or, the ApoE*3-Leiden
(E3L) transgenic mice, which have a copy of the human APOE3 gene from familial
dysbetalipoproteinemia, have moderate plasma cholesterol elevation and develop atherosclerotic
lesions similar to human pathology (Lutgens et al., 1999). In addition, the E3L mice respond more
favorably to lipid-lowering therapies, such as PCSK9 mAb, than ApoE-KO and LDLR-KO models
(Ason et al., 2014; Zadelaar et al., 2007). This could facilitate future evaluation of vasculartargeted and lipid-lowering therapies on our double-disease model. If lipid-lowering therapies are
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found to be effective at both cholesterol lowering and muscle pathology improvement, it would
help confirm that elevated cholesterol and TGs are detrimental to MD muscle health and that these
therapies may be beneficial in MD patients.
Exploration of the precise mechanism by which hyperlipidemia and impaired vascular
function are affecting the progression of both dystrophin- and dysferlin-deficient MDs is
warranted. It may be due to the increased vascular leak we observed which, when combined with
the increased oxidative stress and inflammation in hyperlipidemia, leads to increased muscle
damage and/or impaired regeneration. A study looking at the extent of vascular leak in our models
would help reveal if endothelial barrier function is disrupted in dysferlin- and dystrophindeficiency. Also, evaluation of exercise- or toxin-induced muscle damage in our DKOs may help
elucidate whether our double-disease models shows impaired muscle regeneration in response to
external damage. Altogether, our research has indicated that further study of the relationship
between MD and hyperlipidemia is critical and will hopefully improve our understanding and
treatment of MD in the future.
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Appendices
Appendix A Supplemental Dysf-ApoE Myography Data
7 Months
Diaphragm
Mean Fmax (SEM)
Pmax

11 Months

Wild-type

ApoE-KO

Dysf-KO

DKO

Wild-type

ApoE-KO

Dysf-KO

DKO

50.31(2.31)

59.24(9.25)

58.72(10.0)

67.75(15.7)

32.78(4.72)

46.84(7.22)

41.81(7.11)

32.54(4.36)

0.660

0.677

0.650

0.625

0.473

0.550

0.514

0.589

0.305

0.285

0.328

0.281

0.313

0.266

0.246

0.273

64.76(34.3)

36.20(3.66)

64.67(8.31)

32.04(2.37)

37.92(4.49)

32.08(6.08)

55.93(8.00)

46.50(6.52)

0.162

0.174

0.182

0.148

0.189

0.141

0.1581

0.215

0.324

0.395

0.348

0.297

0.379

0.387

0.313

0.313

Load at Pmax
Soleus
Mean Fmax (SEM)
Pmax
Load at Pmax

Table A.1 Additional diaphragm and soleus myography data at 7 and 11 months on HFD.
Mean absolute maximum force (Fmax) values in mN, maximum power (Pmax) in µW and load at
Pmax expressed as fraction of Fmax. WT 7m (n=2), 11m (n=9); ApoE 7m (n=7), 11m (n=10); Dysf
7m (n=7), 11m (n=12); and Dysf-ApoE 7m (n=4), 11m (n=8).
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Appendix B Supplemental Dysf-ApoE Histology

A

B

500μm

150μm

Image B.1 Representative images of TA and EDL muscles at 11 months on HFD. (A) 2x zoom
scale bar=500μm and (B) 8x zoom scale bar=150μm of wild-type, ApoE-KO, Dysf-KO and DysfApoE DKO H+E stained slides.
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Figure B.1 TA muscle size and composition at 11 months on HFD. (A) Total TA area, (B)
percentage of muscle area composed of fat, (C) percentage of muscle composed of healthy
myofiber. WT (n=10), ApoE (n=11), Dysf (n=16), and Dysf-ApoE (n=9). Mean+SEM, one-way
ANOVA excluding WT n=1. *P<0.05 ***P<0.001 ****P<0.0001
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WT
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500µm

Dysf
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Image B.2 Representative images of psoas major muscle at 11 months on HFD. 2x zoom of
wild-type, ApoE-KO, Dysf-KO and Dysf-ApoE DKO H+E stained slides, scale bar=500μm.
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Appendix C Supplemental Dysf-LDLR Histology

A

B

500µm

C

D

Image C.1 Additional skeletal muscle histology of 5-week old Dysf-LDLR DKO mouse. (A)
Tibialis anterior and extensor digitorum longus, (B) gastrocnemius, (C) soleus and (D) psoas major
H+E stained slides, scale bar=500μm.
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