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Abstract

Rationale: There is evidence of skeletal muscles weakness in patients with hypertrophic
cardiomyopathy (HCM), but the mechanism behind muscle weakness has yet to be revealed at the
molecular level.

Objective: To investigate the potential mechanisms which lead to muscle weakness in the
diaphragm, soleus and psoas muscles in a rabbit model of HCM that presents a R403Q missense
mutation in B-myosin heavy chain (B-MyHC), responsible for familial HCM.

Hypothesis: The contractile proteins of diaphragm and soleus muscle taken from
transgenic (TG+) rabbit with a R403Q mutation in the cardiac B-MyHC will produce less ATPase
activity and velocity of actin sliding over myosin molecules when compared to wild type (WT)
muscles, given that cardiac B-MyHC expresses in cardiac and slow skeletal muscles. There will be
no differences in the velocity and ATPase activity in the psoas muscle between the two groups.

Methods: Two different types of experiments were performed on purified myosin and
heavy meromyosin (HMM) of the diaphragm, soleus, and psoas muscles of WT and TG+ rabbits
to assess actin sliding velocity and ATPase activity: in-vitro motility assay (IVMA) and actin
activated ATPase assay.

Results: The TG+ HMM from diaphragm and soleus muscles produced actin sliding
velocities that were 16% and 22% lower than WT HMM, respectively. The ATPase activity of
diaphragm and soleus TG+ myosin and HMM were also significantly lower than WT samples.
However, there was no difference in the actin velocity and ATPase activity for the psoas muscle.

Conclusion: HCM changes the contractile properties of the diaphragm and soleus muscles
at the molecular level, leading to a lower velocity of myosin-induced actin motility and lower

ATPase activity.
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Résume

Justification: Il existe des signes de faiblesse au niveau des muscles squelettiques chez les
patients atteints de cardiomyopathie hypertrophique (CMH), mais le mécanisme derriére la
faiblesse musculaire n'a pas encore été révélé au niveau moléculaire.

Objectifs: Pour étudier les mécanismes potentiels qui contribuent a la faiblesse musculaire
du diaphragme, du soléus et du psoas dans un modele de lapin de CHM présentant une mutation
faux-sens R403Q dans la chaine lourde de la B-myosine (B-MyHC) qui a été utilisée.

Hypothese: Les protéines contractiles du diaphragme et du soleus extraites des lapins
transgéniques (TG+), porteurs d'une mutation R403Q dans le béta-MyHC cardiaque, présentaient
moins d'activité ATPase et de vitesse d'actine glissant sur les molécules de myosine par rapport
aux muscles de type sauvage (WT), suggérant que le B-MyHC cardiaque s'exprime dans les
muscles cardiaques et squelettiques lents. Il n’y aura pas de différence dans la vitesse et dans
I’activité ATPase du muscle psoas entre les deux groupes.

Meéthodes: Deux types d'expériences ont été effectuées sur la myosine purifiée et la
méromyosine lourde (HMM) du diaphragme, du soléus et du psoas de WT et TG + chez des lapins
afin d'évaluer la vitesse de glissement de I'actine et I'activité de I'ATPase: test de mobilite in vitro
(IVMA) et ATPase de myosine activee par l'actine.

Resultats: Les TG + HMM des muscles du diaphragme et du soléus ont produit des
vitesses de glissement de I'actine respectivement 16% et 22% inférieures a celles du WT HMM.
L'activité ATPase du diaphragme et du soléus TG + myosine et HMM était également
significativement inférieure a celle des echantillons WT. Cependant, il n'y a aucune différence par

rapport a la vitesse d'actine et I'activité de I'ATPase pour le psoas musculaire.
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Conclusion: La CHM modifie les propriétés contractiles des muscles du diaphragme et du
soléus au niveau moléculaire, ce qui cause une diminution de la vitesse de la motilité de l'actine

induite par la myosine et de I'activite de I'ATPase.
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1.  Introduction

The human body is complex, and yet composed of orderly arranged biological systems.
The musculoskeletal system is composed of bones, muscles and connective tissues with the main
function of movement of the body. The respiratory and circulatory systems extract oxygen and
circulate blood to the musculoskeletal system in order to maintain body homeostasis.

The diaphragm and abdomen work in a coordinated fashion during respiration and during
cardiac function to directly and indirectly control the respiratory muscle activity (McNally &
Goldstein, 2012). All the physiological systems work individually, but are interconnected to
perform multiple functions in the body. The autonomous cardiac conducting system is also
connected to these systems (Kasper, 2015), and counts with specialized muscle cells that help to
maintain the heart beating cycle. All these muscle functions can be disrupted due to the presence
of genetic or acquired cardiac abnormalities, which alter the heart physiology as well as other
associated systems and comorbidities.

Cardiomyopathy is a myocardial disease that usually exhibits ventricular hypertrophy
associated with mechanical and/or electrical dysfunction of the heart. It can lead to cardiac
dysfunctions, such as arrhythmia, hemodynamic deterioration, congestive heart failure and sudden
cardiac arrest. However, the complication of this disease is not limited to the cardiovascular
system. It can affect the respiratory and musculoskeletal systems which increases the load on the
diaphragm muscle, thus causing a form of skeletal myopathy (Fananapazir, Dalakas, Cyran, Cohn,
& Epstein, 1993; Howell et al., 1995; Mancini, Henson, LaManca, & Levine, 1992). Additionally,
cardiomyopathy patients exhibit histological changes including skeletal muscle atrophy and fiber
type alterations (Cuda, Fananapazir, Zhu, Sellers, & Epstein, 1993; Howell et al., 1995; Hughes et

al., 1999; Kemp et al., 1996; Lecarpentier et al., 1998). These secondary changes in the respiratory
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and limb musculature caused by this disease can limit the normal activity of the body (De Sousa
et al., 2001; Mancini et al., 1992). Identifying this type of muscle dysfunction is one of the key
clinical findings in congestive cardiac failure (Belus et al., 2008).

It is well accepted that loss of cardiac function leads to respiratory muscle weakness
resulting in dyspnea upon exertion in cardiomyopathy patients. However, multiple studies on
diaphragm performance have shown that other factors such as genetic adaptation can also be
associated with altering the respiratory response (Dominguez & Howell, 2003; Eddinger & Moss,
1987; Eddinger, Moss, & Cassens, 1985; Geiger, Cody, Macken, & Sieck, 2000; Howell et al.,
1995; Lecarpentier et al., 1998; Lecarpentier, Coirault, Langeron, et al., 1999). The majority of
studies investigating cardiomyopathy have been performed using respiratory muscles from mouse
models, which do not exhibit the same phenotypic characteristics as human cardiomyopathy
patients (Hasenfuss, 1998). Understanding the entire pathophysiology of respiratory adaptation in
HCM causing congestive cardiac failure is challenging - for instance, despite a decreased
diaphragm function, there are studies that observe an increase in force due to the presence of
cardiomyopathy mutations, such as the MYH7 mutation (P. A. Ribeiro et al., 2013; Tikunov,
Levine, & Mancini, 1997; van Hees et al., 2007).

The MYH?7 gene mutation causing the cardiomyopathy is also responsible for skeletal
muscle diseases like the Myosin Storage Myopathy and the Laing Distal Myopathy (Lamont et al.,
2014). Few clinical and experimental studies have explored the pathophysiology of skeletal
muscles performance in cardiomyopathy, despite the fact that cardiac p-MyHC is expressed in
both cardiac and slow skeletal muscles (Tajsharghi & Fyhr, 2008). One major limitation in these
studies has been the choice of disease model. These studies have used mice. The myosin isoform

of mice is not similar to the myosin isoform of humans, and it does not relate to human
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cardiomyopathy models. Therefore, the present investigation was undertaken to examine the
molecular mechanism behind the alteration of skeletal muscle function in HCM through the use of

an appropriate animal model, which will be described later in this thesis.

2. Skeletal muscle

The skeletal muscle consists of long, cylindrical multinucleated muscle fibers. Each fiber
contains filament bundles called myofibrils, which run parallel along the axis of the fiber. The
functional subunit of the contractile apparatus is the sarcomere, which is approximately 2.5pum
long in resting conditions. The sarcomere boundaries are defined between two Z-discs, structures
which repeat along the myofiber, along with repeating regions called the I-band, A-band, M-line
and H zone (Figure 1).

The Z-disc is the connecting region for thick and thin filaments. The thin filaments contain
actin-binding proteins, a-actinin, titin and nebulin, responsible for maintaining sarcomere structure
(Luther, 2009). The diameter of the Z-disc depends on the muscle fibers type and species related
to a-actinin content (Luther, 2009). A titin filament is a giant protein composed of a repeating
coiled-coil structure extending from the M-line, or the middle of the sarcomere, to the Z-band
(Bang et al., 2001). Nebulin, controls the length of the thin filaments (Labeit, Ottenheijm, &
Granzier, 2011). The thick filaments occupy the middle area of sarcomere and are divided by the
M-line, which is located within the H-zone. The H-zone contains only the rod-like portion of thick

filaments, but no thin filaments (Figure 1).
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Figure 1. Schematic presentation of a myofibril and a sarcomere (Adapted from Mescher &
Junqueira, 2016). (a) The muscle fiber contains several parallel bundles of myofibrils. (b) Each
myofibril contains series of sarcomeres which consists of thick and thin filaments that overlap in
an organized way. (c) Thin and thick filaments are actin and myosin bundles, respectively. Actin
filaments are bound to a-actinin in the Z-disc at one end. Myosin spans the whole A-band. The I-
band is located between the A-bands, which contains mostly thin filaments. () The structural

organization of the sarcomere as observed in light microscopy.
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2.1 Mechanism of contraction

The mechanism of muscle contraction was unknown until the sliding filament hypothesis
was proposed by Huxley in the mid 20w century (A. F. Huxley, 1957). According to this model,
the force of muscle contraction is generated when thick and thin filaments slide past each other.
The sliding of filaments is driven by a cyclic attachment and detachment between myosin cross-
bridges and actin. The myosin head, or myosin subfragment S1 goes through a so-called power
stroke while interacting with actin filaments, producing muscle contraction and force (H. E.
Huxley, 1969; Lymn & Taylor, 1971). A rotating of the myosin tail acts as a lever arm which
amplifies the conformational changes in the catalytic domain of myosin head (Holmes & Geeves,

2000; A. F. Huxley, 2000; Rayment et al., 1993).

2.1.1  Actin and myosin

Muscle fiber
Myofibril
\

Myosin molecule
1

n Heads
A3l Actin-binding site
— ATP- and ATPase-binding site

- Tail
1

a Thick filament

Tropomyosin Troponin Ca?*-binding site
N

G-actin ~ F-actin Myosin-binding site

b Thin filament

Figure 2. Myofilaments consist of thick and thin filaments (Adapted from Mescher & Junqueira,

2016). (a) A thick filament contains 200 to 500 molecules of myosin. Each of the myosin molecules
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has a long tail and head domain contains the actin-binding site and ATP binding site. (b) A thin

filament consists mostly of F actin, tropomyosin, and troponin.

The sarcomere is the basic structural unit of striated muscles and is mainly composed of
thin and thick filaments. Thin filaments are composed of F actin, troponin and the tropomyosin
complex, which regulates the actomyosin interaction by controlling calcium-induced activation of
the contractile system (Fatkin & Graham, 2002). Actin filaments are thin helical shaped proteins,
approximately 8nm wide and 1.0um long (Mescher & Junqueira, 2016). There are two forms of
actin: free monomer globular shaped G actin and the polymer formed with G actin; the filamentous
F actin (Figure 2). Actin participates in cellular motility, and it contributes to cell integrity, cell
polarity and transcriptional regulation.

The muscle contraction depends on the interaction of myosin with F actin (Szent-Gyorgyi,
2004). In mammals, actin is expressed as three different isoforms: a-actin, B-actin and y-actin,

although there are only a few amino acid differences between them (Herman, 1993).

S1 fragments (M.W. 115,000) ~ /

HOOC 1onoocoonononce e E 2
A
< >

HMM, ~40nm
(M.W. 350,000
without light chains)

LMM, ~110nm (M.W. 125,000)

Figure 3. Schematic representation of the myosin head. Light meromyosin (LMM) is a coiled-coil
helical structure, approximately 2nm thick. Heavy meromyosin (HMM) is a partially coiled-coil
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structure which contains subfragment-1 (S1), regulatory light chain (R) and essential light chain

(E) (Adapted from Bhagavan, 2002).

The main component of the thick filament is myosin, which is 1.6um long and 15nm wide.
Thick filaments are located in the middle area of the sarcomere, predominantly in the A-band.
Myosin is composed of two identical heavy chains, a pair of essential light chains (ELC), a pair of
regulatory light chain (RLC), one N-terminal motor domain and one a-helical coiled-coil dimer
(Figure 3). Heavy meromyosin (HMM) and light meromyosin (LMM) can be fragmented by
enzymatic cleavage of myosin. Each head of the MyHC contains the actin-binding site and the
ATPase binding site. Additionally, other proteins like myosin binding protein C and titin are also
associated with thick filaments and contribute to contractile regulation (Rayment, 1996; Tang et
al., 2016).

HMM plays a key role while interacting with actin filaments during ATPase activity
(Barouch & Moos, 1971; Dancker, 1975). HMM can be divided into two subfragments:
subfragment 1 (S1) and subfragment 2 (S2). The S1 fragment is composed of two globular-shaped
myosin heads responsible for binding with actin (Figure 3). The upper part of the myosin tail
connecting the two meromyosin fragments can be referred to as S2 fragment (Figure 3). Each
myosin head has a motor domain and two myosin light chains (MLCs). The MLCs can be divided

into an essential light chain and a regulatory light chain.
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2.1.2  Myosin ATPase cycle
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Figure 4. A simplified model of the myosin ATPase cross-bridge cycle (Adapted from Sweeney
& Houdusse, 2010). A is actin, M is myosin, D is adenosine diphosphate (ADP), T is adenosine

triphosphate (ATP), P is inorganic phosphate.

The myosin-actin interaction steps are collectively known as the ‘power stroke cycle’. The
first stage of the cycle begins with the actomyosin complex in a rigor state-without ATP. Next,
ATP binding to the myosin opens a cleft in the molecule causing myosin to detach from actin.
ATP binding decreases the myosin affinity for actin at this (AM) stage. Following, ATP is
hydrolyzed into ADP. Pi and myosin are allowed to reattach to actin during the M state. After
release of organic phosphate (Pi) and the ADP, the power stroke can occur, and myosin transforms
the chemical energy liberated from ATP hydrolysis into mechanical work (Figure 4).
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Figure 5. The ribbon diagram of the myosin ATPase cycle in different structural stages (Adapted
from Tang et al., 2016). The lever arm is shown in red, the light chain is shown in blue and the

actin is shown as the purple box.

In the initial stage, the myosin head is tightly bound and locked in a 45° configuration with
the tail (Figure 5). At this stage, the long cleft of the ATP binding site is closed. ATP binds to
myosin by opening the cleft, causing a conformational change in the actin-binding region, after
which ATP is hydrolyzed into ADP and Pi. Only one molecule of ATP is hydrolyzed during this
cross-bridge cycle. Actin weakly binds with a myosin-ADP-Pi complex which forms the pre-
power state of the lever arm (Tang et al., 2016). Then, myosin binds strongly to actin to reverse
the conformational changes by releasing the Pi, followed by release of ADP. This last step
generates the force with the pivotal movement of the lever arm, i.e., the power stroke. The

structural transition of the myosin head led by the lever arm rotation determines the actin-binding
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affinity. Thus, both the myosin head and the a-helical tail contribute to the displacement of actin.

(Fatkin & Graham, 2002).

2.1.3  Regulation of contraction

The troponin-tropomyosin complex is the Caz2+-dependent regulatory system that controls
actomyosin interaction in skeletal and cardiac muscles. Tropomyosin is a coiled-coil parallel dimer
that is 40nm long, and it is situated in the groove of actin filaments in head to tail orientation
(Figure 6) (Khaitlina, 2015). The troponin complex is composed of three subunits: troponin T
(TnT), troponin I (Tnl) and troponin C (TnC). The troponin complex is located on top of the
tropomyosin filament. TnT is the subunit which facilitates interaction between troponin and
tropomyosin. In relaxed muscle, Tnl binds to actin, inhibiting the actin-binding site from
interacting with myosin. During contraction, Caz+ binds to TnC, which weakens the Tnl inhibition
and the actin-tropomyosin interaction. This causes a conformational change in the troponin
complex, and an azimuthal movement of tropomyosin away from its initial position that opens the

actin-binding site for myosin, allowing for cross-bridge formation (Fatkin & Graham, 2002).

myosin binding sites covered by
tropomyosin

troponin binds

Ca%*

myosin binding sites exposed
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Figure 6. Simplified schematic view of actin backbones along with troponin and tropomyosin.
Chains of grey balls are actin, red balls are troponin and blue dots are myosin binding sites

(Modified from Lehman, Craig, & Vibert, 1994).

2.2  Force-velocity relationship

The force-velocity relationship is an important feature of muscle contraction. It establishes
that the relationship between load and velocity of shortening generated by the muscle is inversely
proportional (Fenn & Marsh, 1935). The force-velocity relationship was first characterized as a
polygonal hyperbola, based on Hill’s groundbreaking studies with frog muscles (Hill, 1938). This

hyperbola can be explained by the following equation:

(P+a) (V+b) = (Po+a) b

where, P is force, a represents the constant shortening unit with the dimension of the load,
imposed to the system, V is velocity, b expresses the constant increase energy rate per unit of
decrease in load with the dimension of velocity, and Po is the isometric force. Subsequent studies
have shown a small deviation from the rectangular hyperbola (Figure 7) at high isometric forces
(Bahler, Fales, & Zierler, 1968; Edman, 1979; Edman & Hwang, 1977; Edman, Reggiani, & te
Kronnie, 1985). This biphasic shape of the force-velocity relationship (Figure 7) fits the following

equation (Edman, 1988; Rassier, 2010):

(P; — P)b 1
v=-=% " (1-— )
P+a 1 + ek1(@—k2Po)
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The first term of the equation expresses the force-velocity relationship if the force is less
than 0.78 Po and Po~ ratio is the isometric force predicted from the rectangular hyperbola. The

second term is the correction term of the Hills equation if the force is greater than 0.78 Po with k1

£3 TUuH
24
20 & Q2 \ N

026 030 034 038 042
Foree {M/mm?}

and k2 as constants.

Velocity (L/s)

Velogity {L/s}

2Py =035

s, Py Py

L 1
a 010 0-20 030 0-40 0560
Force [Nfmm?}

Figure 7. A double hyperbolic force-velocity relationship derived from experiments with
single muscle fibers. The continuous line fit with the double hyperbolic force-velocity equation
and the dashed line extrapolates the hyperbola derived from the force lower than 0.78 Po. Inset: the

details of high force-velocity relationship shown in the main diagram (Adapted from Edman,

1988).

2.3 In-Vitro Motility Assay (IVMA) to investigate the myosin-driven sliding of

actin filament

The IVMA was developed to study the actin-myosin interactions and velocity of actin
sliding, by investigating the motility of actin over myosin filaments (Kron & Spudich, 1986). In

this assay, the sliding velocities of florescent labeled actin on a myosin coated microscope
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coverslip is measured in the presence of ATP. This sliding velocity produced by the myosin
ultimately corresponds to the shortening velocities of muscle (Howard, 2001). The maximum
shortening velocity (Vmax) depends on both the displacement (d) produced by the single myosin
filament and the period of time myosin strongly bound with actin (ton). As such, the actin filament
velocity or maximum shortening velocity, is represented with the following equation (Tang et al.,

2016; Warshaw, 2004):

Vmax = d / ton
2.4  Fiber type characteristics
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Figure 8. The differentiation and fiber type specification of skeletal muscles. Actin, myosin and
elastic myofilaments are arranged in parallel within sarcomeres, which are in turn arranged
concentrically within the myofibril. Different isoforms define three mature fiber types: slow type

I, fast type I1A and fast 11X (Adapted from Glaser & Suzuki, 2018).
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The functional flexibility of a muscle fiber type and the motor unit size allow a muscle to

perform different tasks according to specific demands (Bottinelli & Reggiani, 2000). The diversity

among skeletal muscle fibers enhances muscle activity and performance. A specific profile of gene

expression is responsible for muscle fiber type determination and functional properties. These

genetic profiles determine the MyHC isoform composition (Figure 8). MyHC isoform is the most

commonly used method for classifying muscle fiber types (Polla, D'Antona, Bottinelli, &

Reggiani, 2004). According to immunohistochemical analysis, human skeletal muscle consists of

three fiber types (Table 1) characterized by their MyHC isoforms (Arbanas et al., 2009; Staron,

1997). Skeletal muscle fibers can also be classified based on structural or functional characteristics

(Table 1). However, these structural and functional characteristics can be changed depending on

physiological states (e.g. extreme training and age) or pathological conditions (e.g. respiratory and

cardiovascular diseases) (Polla et al., 2004).

Fiber type classification:

Myosin based

Slow or type |

Fast or type 1A

Fast or type 11X

Based on metabolism & time

Slow oxidative
(SO)

Fast oxidative
(FOG)

Fast glycolytic
(FG)

Based on fatigue resistance

Slow fatigue
resistance (S)

Fast fatigue
resistance (FFR)

Fast fatigable
(FF)

Properties:

Maximum shortening velocity | Slow Fast Very fast
Myofibrillar ATPase activity Low High Very high
Time course of the twitch Slow Fast Fast
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Table 1. Classification of skeletal muscle fiber based on myosin types, metabolism, time and
fatigue resistance along with distinctive molecular properties of each fibers (Adapted from Polla

etal., 2004).

24.1  Diaphragm

The word diaphragm is derived from the Greek words dia (in between) and phragma
(fence). Characterized by small fiber size, high aerobic oxidative enzymatic activity and large
quantities of capillaries, the diaphragm is highly resistant to fatigue. It is a musculofibrous dome-
shaped structure located in between the thoracic and abdominal cavity (Maish, 2010) (Figure 9).
The diaphragm allows for voluntary and involuntary control of respiration via continuous
contraction and relaxation, while extra diaphragmatic muscle (accessory respiratory muscle) only
contribute to increasing ventilation depth (Polla et al., 2004). The diaphragm also has non-
respiratory functions, which include separating thoracic and abdominal cavities, increasing intra-
abdominal pressure and exerting control over the lower esophageal sphincter (Kolar et al., 2009;
Maish, 2010). There is considerable evidence suggesting that the adult human diaphragm is
composed of about 55% slow or type | fibers, 21% fast oxidative or type I1A fibers, and 24% fast
glycolytic or type 11X fibers (Lieberman, Faulkner, Craig, & Maxwell, 1973; Mizuno, 1991;
Sanchez, Medrano, Debesse, Riquet, & Derenne, 1985). Small laboratory animals (rats and mice)
have a higher proportion of fast fibers in respiratory muscles as well as more aerobic oxidative
activity compared to humans or large animals like rabbits (Blank, Chen, & lanuzzo, 1988; Hodge

etal., 1997; Polla et al., 2004).
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Diaphragm

Psoas muscle

Soleus muscle

Figure 9. The diaphragm is the dome-shaped muscle that separates the chest and abdominal
cavities. It originates at the sternum and is inserted into the central tendon. The psoas muscle
connects the lumbar vertebra to the femur. It mostly helps to flex the hip joint and aids in lifting
the upper leg towards the body. The soleus muscle is the powerful muscle helps planter function

of foot located at the distal region of the leg, extending from the knee to the heel.

2.4.2  Soleus and psoas muscle

The human soleus is a flat, calf muscle located beneath the gastrocnemius muscle
(Bolsterlee et al., 2018; Gollnick, Sjodin, Karlsson, Jansson, & Saltin, 1974) (Figure 9). It joins
with the gastrocnemius to attach to the Achilles tendon. It produces force and mechanical work
during human walking and running by plantarflexion and it also plays a vital role in controlling

balance (Lai et al., 2015). This muscle contains predominantly slow or type | muscle fibers (80%)
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which are highly resistant to fatigue, specializing it for aerobics and endurance-type activities.
However, it has reduced ability to produce powerful movements for prolonged time due to a small
percentage (20%) of type Il or fast muscle fibers (Gollnick et al., 1974).

The psoas major is a long fusiform skeletal muscle which connects the vertebral column to
the lower limb and aids in dynamic and postural functions (Siccardi & Valle, 2018). This active
postural muscle is responsible for the hip flexion, lateral rotation and adduction of the hip joint
(Figure 9). It consists of 60% fast or type Il fibers and of 40% slow-twitch or type | fibers. It is

therefore very distinct from the diaphragm muscle (Arbanas et al., 2009).

3. Hypertrophic Cardiomyopathy (HCM)

Cardiomyopathies are defined by structural and functional abnormalities of the cardiac
myocyte and are associated with dysfunction of the heart and other organs. The World Health
Organization (WHO) classifies a wide range of cardiomyopathies into the following groups:
hypertrophic cardiomyopathies, dilated cardiomyopathies, restrictive cardiomyopathies and
arrhythmogenic right ventricular cardiomyopathies (Harvey & Leinwand, 2011). HCM, also
known as hypertrophic obstructive cardiomyopathy and idiopathic subaortic stenosis, is one of the
most common inherited cardiac diseases, affecting 1 in every 500 people (Maron, 2002).
Epidemiological studies suggest that cardiomyopathies are caused by a wide spectrum of
mutations and clinical manifestations. As a result, there is a wide array of prognoses and treatment
protocols. It is the leading cause of sudden cardiac death in young individuals and competitive

athletes (Fatkin & Graham, 2002).
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3.1 Clinical presentations

In general, HCM leads to unexplained left ventricular hypertrophy (LVH) (Figure 10) in a
preexisting non-dilated ventricle in the absence of other cardiac diseases, such as systemic
hypertension or aortic stenosis. Clinical manifestations of HCM from early childhood to late
adulthood are broad and highly variable ranging from an asymptomatic murmur and life-
threatening heart failure to sudden cardiac death. An individual with HCM typically exhibits the
following symptoms: shortness of breath during exertion, chest pain, fainting, palpitations,
orthostasis and syncope (Cirino & Ho, 1993; Ho et al., 2018). Comorbidities include generalized
muscle weakness, decreased inspiratory muscle strength and decreased maximal inspiratory
pressure, which is associated with alteration of respiratory and distal skeletal muscle strength

(Hammond, Bauer, Sharp, & Rocha, 1990; Lecarpentier, Coirault, Langeron, et al., 1999).

Mitral valve : Tricuspid valve

RV free
wall

LV free
wall

RV Chamber

LV Chamber
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Figure 10. Pathologic specimen of the human heart with HCM demonstrating asymmetric septal
hypertrophy causing left ventricular (L) outflow obstruction. The patchy fibrosis and small thick-
walled arterioles are grossly demonstrated predominantly in the interventricular septum (Adapted

from Kasper, 2015).

It is important to diagnose the HCM as early as possible in order to prevent fatal outcomes,
especially in young patients. Early diagnosis of cardiomyopathies is possible by using
echocardiography to evaluate for an increased ventricular wall thickness, decreased left ventricular
chamber size and compromised systolic function (Figure 10). HCM characteristics are more
evident in elderly patients, while few morphological differences, like septal curvature and
malformation of left ventricular outflow, can be seen in younger patients (Lever, Karam, Currie,
& Healy, 1989; Lewis & Maron, 1989; Wigle, Rakowski, Kimball, & Williams, 1995).
Macroscopically, asymmetric septal hypertrophy is the most common pattern of hypertrophy
(figure 10). Hypertrophy could be confined to a wall or in the apex of the left ventricle which can
be established by non-invasive cardiac imaging like echocardiography and cardiac magnetic

resonance imaging (Maron, 2002; Nishimura, Ommen, & Tajik, 2003).

3.2  Histologic abnormalities

In HCM, cardiac dysfunction initially exhibits a change in cellular morphology and an
increased cardiac mass. Specifically, an asymmetrical interventricular septal thickening can be
observed in HCM. Histopathological hallmarks include myocyte hypertrophy, myofibrillar
disarray, perivascular and interstitial fibrosis (figure 11) (Ho & Seidman, 2006). This ventricular

myocyte hypertrophy develops in response to altered contractility in order to keep heart adaptation
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to higher functional demands. Myofibrillar disarray is mainly distributed on the left ventricle wall
and it is more commonly seen in young patients (Fatkin & Graham, 2002). Interstitial perivascular
fibrosis composed of collagen types 1 and 3 interrupts the coupling between cardiomyocytes and
increases myocardium stiffness, which ultimately lowers the contractile capacity of the heart.
Normal coronary circulation is interrupted by thickened arteries with higher collagen and narrow
lumen wall, eventually causing myocardial ischemia. This continuous cardiac architectural
alteration in HCM decreases the cardiac output, which in turn can lead to heart failure (Harvey &

Leinwand, 2011).

Figure 11. (A) Microscopic picture of a normal cardiac muscle demonstrating intercalated disks
(1) which cross the fiber and nuclei (N) at the center of the muscle fibers. (Adapted from Mescher
& Junqueira, 2016) (B) Microscopy of a cardiac muscle in HCM condition indicating
characteristics features such as misaligned and disarrayed myocyte fibers, myocyte hypertrophy

and interstitial fibrosis (Adapted from Kasper, 2015).
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3.3 Genetic involvement

Mutations causing HCM have an autosomal dominant inheritance, with consequences in
several sarcomere proteins. HCM affects approximately 50-60% of probands with a positive
family history (Cirino & Ho, 1993; Harvey & Leinwand, 2011). More than 400 different mutations
in 13 sarcomeric proteins have been identified in association with HCM. Among them, mutations
in the cardiac B-MyHC, components of thick filaments, were the first to be identified and
responsible for ~35-50% of all cases. The MYH7 gene plays a vital role in B-MyHC transcription,
which is commonly found in the cardiac and slow skeletal muscle. The B-MyHC forms a greater
portion of the myosin type Il protein which produces mechanical force during muscle contraction
(Tajsharghi & Fyhr, 2008). It has been suggested that the amino acid residues encoded by the
MYH?7 gene are critical for myosin function due to their high conservation throughout evolution
(Lamont et al., 2014). The mutation in the cardiac p-MyHC not only affects the contractile proteins
but also numerous other proteins, like the essential and regulatory myosin light chain, myosin-
binding proteins C, a-MyHC, titin, as well as the components of thin filaments such as cardiac
troponin T, troponin | and a-tropomyosin (Elliott et al., 2014; Fatkin & Graham, 2002). The
severity and onset of symptom depend on the type and location of HCM-causing genes. For
example, B-MyHC mutations usually appear during the first two decades of life while MyBP-C

mutations are typically asymptomatic until the fifth or sixth decades of life (Niimura et al., 1998).

3.3.1 R403Q mutation
The mammalian heart has two types of cardiac myosin isoforms; a-MyHC and -MyHC
isoforms. Among them, a-MyHC is found mostly in the atria, while p-MyHC is expressed

predominantly in the ventricles and slow skeletal muscle fibers (Malmqvist, Aronshtam, & Lowey,
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2004). B-MyHC is the major protein of the myosin thick filament, which is involved in heart
muscle contraction as well as slow skeletal (type I) muscles. Among the 13 genes encoding
sarcomeric proteins which are associated with HCM, B-MyHC has been identified in 35-50% of
cases (Marian et al., 1999). Both myosin isoforms are 93% identical in amino acid sequence but
exhibit significantly different enzymatic properties due to non-identical residues in functional
domains (Lowey et al., 2018). For example, the a-MyHC isoform has a 2-fold greater unloaded
shorting velocity but a 2-fold lower isometric force when compared to B-MyHC isoform
(Malmagvist et al., 2004). The absolute values of myosin ATPase activity and actin activated sliding
velocities depend also on the species used for myosin purification; small mammals show higher

ATPase rates compared to large ones (Malmqyvist et al., 2004).

Figure 12. Crystal structure of the cardiomyopathy loop (CM-loop) at the actin-myosin interface.
An antiparallel B-strand is formed by the CM-loop which is a key site of interaction with actin
(gray color). This organized loop is preserved in all myosin Il isoforms and stabilized by
interacting with actin. The R403Q mutation in B-cardiac myosin cause the arginine (R) 403 (red
color) interaction with a tyrosine residue on the neighboring B-strand on the actin CM-loop with

actin become weak due to the presence of a mutation at this site (Adapted from Lowey et al., 2018).
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Approximately 300 mutations have been identified in the B-MyHC, leading to a wide
spectrum of cardiac diseases, which vary in severity (Lowey et al., 2018). The cardiomyopathy
loop forms an antiparallel B strand conserved in all myosin Il isoforms and is stabilized when
interacting with actin. R403Q is a point mutation in exon 13 of the -cardiac MyHC gene where
an arginine residue (Arg-403) is converted to a glutamine on a neighboring B strand (Figure 12).
This mutation of B-cardiac myosin ultimately disrupts the interaction of the cardiomyopathy loop
with actin and decreases the functional activity of myosin (Geisterfer-Lowrance et al., 1990;
Lowey et al., 2018). It is the first and most extensively studied missense mutation responsible for
familial HCM, an autosomal dominant heterogeneous cardiac disease (Cirino & Ho, 1993). The
high incidence rate of sudden cardiac death and high penetrance rate makes the R403Q mutation
unique. The cardiomyopathic phenotype is expressed in more than 90% of individuals with a
positive genotype at an early age, and more than 50% of individuals end up with sudden cardiac
death (Ferreira et al., 2010). There is controversy about the myosin domain location of
cardiomyopathies and skeletal myopathies due to various phenotypes of MYH7 gene. Thus, it is
difficult to explain the phenotypic variance of MYH7 gene related myopathy with the monogenic

mutation sequences (Ko, Lee, Jang, Jang, & Ryu, 2019).

3.3.2  Animal model

The origin of the genetic disease starts with the development of gene dysfunction. A rabbit
model of HCM has been generated by injecting purified transgenes into fertilized zygotes.
Northern blotting and gel electrophoresis have been performed to confirm the expression of
transgene MRNA (Marian et al., 1999). There is also a mice model that was developed by injecting

embryonic stem cells containing missense mutations on one allele into the mouse blastocysts to
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get chimeras of homozygous and heterozygous mice (Geisterfer-Lowrance et al., 1996). There are
a few common phenotypic characteristics observed in both the transgenic, TG+ rabbit and mice
models. Premature death, histopathological abnormalities, cardiac dysfunction like myocyte and
myofibrillar disarray, interstitial fibrosis, systolic and diastolic abnormalities can be seen in both
models (Geisterfer-Lowrance et al., 1996; Marian et al., 1999). However, left ventricular
hypertrophy is the key feature of human HCM patients which is present in the TG+ rabbit model
but minimal in the mice model. The left ventricular systolic function is impaired globally in TG+
mice while it is affected regionally in humans and rabbits (Marian et al., 1999). MyHC isoforms
can alter the phenotypic response of the heart by affecting the speed of muscle shortening and
cross-bridge kinetics (Lowey et al., 2018). It has been shown that -MyHC mutation is responsible

for human HCM which is similar to the rabbit model.

3.4  Skeletal muscle performance in HCM

Patients with HCM suffer from angina, breathlessness, arrhythmia and sudden death.
Sudden cardiac death due to heart failure typically takes place after vigorous activity with a
mortality rate of 2-3% for adults and 4-6% for young adolescents (Ralston, Penman, Strachan, &
Hobson, 2018). These effort-related symptoms, especially breathlessness, occurs due to an
increase in the airflow resistance and a decrease in the compliance of the respiratory systems
(Gehlbach & Geppert, 2004). There are alterations in the respiratory muscle perfusion and an
increased ventilator load, indicating respiratory muscle weakness (Lecarpentier, Coirault,
Langeron, et al., 1999; Mancini, Ferraro, Nazzaro, Chance, & Wilson, 1991). Peripheral muscle

weaknesses during heart failure has also been reported, but the frequency and severity are much
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higher in inspiratory muscles (De Sousa et al., 2001; Lindsay et al., 1996). The reduction of lung
volume and diffusion capacity has been observed in cardiomyopathy patients with chronic heart
failure (Witt et al., 1997).

The diaphragm also undergoes molecular adaptations as a result of HCM, such as muscle
fiber type shifting, muscle atrophy and alteration in intracellular calcium regulation (Gillis et al.,
2016; Lecarpentier, Coirault, Riou, Chemla, & Mercadier, 1999; MacFarlane, Darnley, & Smith,
2000; Supinski, DiMarco, & Dibner-Dunlap, 1994). The fiber shift from fast fatigable to slow
oxidative fiber happens due to endurance adaptation, as the diaphragm needs to keep up with a
high workload. These changes occur both in diastolic and systolic dysfunction (Lavietes, Gerula,
Fless, Cherniack, & Arora, 2004; Meyer et al.,, 2001; J. P. Ribeiro, Chiappa, Neder, &
Frankenstein, 2009).

In a study with the rabbit diaphragm after congestive heart failure, a reduction in the force
production by myosin cross-bridges as well as a decrease in the total number of cross-bridges
attached to actin in a given time during contraction was observed (Lecarpentier et al., 1998).
Another study with the rat diaphragm suggested a shift in the muscle fiber type, making the muscle
more fatigable (Stassijns et al., 1999). Additionally, reduction in maximal force generation, rate of
force redevelopment and calcium sensitivity was observed in single muscle fibers isolated from
diaphragm in mice with HCM causing CHF (van Hees et al., 2008; van Hees et al., 2007).

It has been established that the mutation of the B-MyHC gene responsible for HCM is also
present in skeletal muscle. The slow skeletal muscle soleus with HCM mutation demonstrates
abnormalities in the velocity of actin sliding contraction. It also shows central core disease (CCD)
(Fananapazir et al., 1993), a rare autosomal dominant myopathy with the predominant in type |

fiber in the absence of mitochondria.
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4.  Summary

It has been shown that respiratory muscle performance is lower in patients with HCM. It
has also been shown that the HCM mutation in the heart are associated with skeletal myopathy.
However, the mechanism behind such myopathy and reduced contractile function has not yet been
determined. The asymptomatic development of HCM, difficult phenotype prediction and limited
access to patient’s diaphragm samples make it difficult to understand the mechanism of respiratory

weakness in this disease.

Rationale

The following study aimed to assess the respiratory and skeletal muscle alterations in a
rabbit model with HCM. We selected skeletal muscles with different type of fiber composition.
The diaphragm, chief respiratory muscle composed of both slow and fast fibers; the soleus, a
powerful lower limb muscle contained predominantly slow twitch fibers and the psoas, a deep-
seated core muscle composed mostly of fast fibers. We evaluated the contractile properties of the
diaphragm, soleus and psoas muscle of rabbits with a R403Q mutation in the heart.

The main objective of this study was to investigate whether there was a loss of contractile
function at the molecular level in the diaphragm, slow and fast skeletal muscles association with
mutation in B-MyHC of the heart. Our hypothesis was that the diaphragm and the soleus muscles

from rabbits containing the heart mutation (TG+) would present a loss of contractile function.
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Abstract

Background: HCM is a deadly cardiovascular disease caused by mutations in the cardiac
muscle proteins. There is evidence that the diaphragm and other skeletal muscles are weakened in
patients with HCM. However, the mechanism behind this muscle dysfunction yet to be revealed
at the molecular level. In this study, we investigated the functional performance of skeletal
diaphragm, soleus and psoas muscle in a rabbit model of HCM with a R403Q mutation in the B-
MyHC. We hypothesized that the contractile protein of diaphragm and soleus muscle taken from
transgenic (TG+) rabbit from R403Q mutation will produce less velocity of actin sliding over
myosin and ATPase activity compared to the sample taken from wild type (WT) animals.

Methods: Two different types of experiments (in-vitro motility assay and actin activated
ATPase activity) were performed on purified myosin and heavy meromyosin (HMM) of the
diaphragm, soleus, and psoas muscles of WT and TG+ rabbits to assess the sliding velocity and
ATPase activity.

Results: The TG+ HMM samples from diaphragm and soleus muscles produced 16% and
22% lower actin sliding velocity than WT HMM, respectively. The ATPase activity of TG+
diaphragm and soleus myosin and HMM were also lower than WT samples. However, there was
no difference in the velocity and ATPase activity for the psoas muscles between the two groups.

Conclusion: Mutation in the heart that causes HCM can alter the contractility of the

diaphragm and soleus muscles, hence causing a loss of function.
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Introduction

HCM is the most common form of inherited cardiomyopathy (1:500 in the general
population) characterized by thickening of the cardiac wall, contractile dysfunction and
arrhythmias (Maron, 2002; Nishimura et al., 2003). It can be defined as a sarcomeric disease where
distinct mutations of the cardiac p-MyHC gene (MYH?7) detected on chromosome 14 affect the
sarcomere contractile proteins (Tajsharghi & Fyhr, 2008). This autosomal dominant disease is
identified as the primary cause of sudden cardiac death of young athletes under the age of 35
(Maron, 2002). Surprisingly, the rates of death and cardiac transplants associated with this disease
reach up to 20% in infants (Colan et al., 2007). The clinical manifestation depends on which
proteins in the cardiac sarcomeres are mutated, ranging from asymptomatic to end-stage of cardiac
failure, or sudden death. The symptoms include dyspnea, chest pain, fainting, palpitations,
orthostasis, and syncope (Cirino & Ho, 1993; Greaves, Roche, Neutze, Whitlock, & Veale, 1987,
Ho, 2010; van der Velden & Stienen, 2019). Shortness of breath or dyspnea, especially during
exertion, is associated with inspiratory muscle weakness, and decreases the maximal inspiratory
pressure which ultimately impairs the exercise capacity (Hammond et al., 1990; Lecarpentier,
Coirault, Langeron, et al., 1999; Meyer et al., 2001). This alteration of diaphragm muscle in
condition of cardiomyopathy has been observed without any changes in ventilatory drive (Bales
& Sorrentino, 1997; Witt et al., 1997). Cardiomyopathy has also been associated with impairing
limb muscle performance (Darin, Tajsharghi, Ostman-Smith, Gilljam, & Oldfors, 2007).

The chief respiratory muscle, the diaphragm, presents functional and histological
abnormalities in several clinical studies pertaining to cardiomyopathy and heart failure (Fatkin et
al., 2000; Ho, 2010; Meyer et al., 2001; J. P. Ribeiro et al., 2009). The diaphragm undergoes

atrophy, reduced contractile function and an increased workload due to sarcomere disruption in
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congestive cardiac failure (Lieber, Schmitz, Mishra, & Friden, 1994; Zhu, Petrof, Gea, Comtois,
& Grassino, 1997). A relative increase of slow oxidative fibers can also be seen in muscle biopsies
taken from the diaphragm of patients with cardiomyopathy (Howell et al., 1995). Additionally,
HCM mutations affecting ventricular architecture, which contributes to cardiac myocyte
hypertrophy, myofibrillar disarray, perivascular and interstitial fibrosis (Ho & Seidman, 2006;
Spudich, 2014). This type of myopathy can be developed in slow type | skeletal muscle like
diaphragm and soleus, owing to homologous protein mutations in their sarcomeres (Cuda,
Fananapazir, Epstein, & Sellers, 1997; Cuda et al., 1993; Palmiter et al., 2000). There is evidence
that cardiomyopathy also causes myopathy in limb or distal skeletal muscles (Fiorillo et al., 2016;
Jandreski, Sole, & Liew, 1987; Jasmin & Proschek, 1982). For instance, the soleus muscle
manifests functional and structural disruption in the presence of the HCM mutation (Fananapazir
etal., 1993). Finally, there is indirect evidence suggesting that the number of myosin cross-bridges
interacting with actin and the force produced by the myosin molecules decreases, ultimately
impairing muscle relaxation of the diaphragm (Lecarpentier et al., 1998).

Despite the fact that cardiac B-MyHC (MYH7) is expressed in both cardiac and slow type
| skeletal muscle fibers, there are not many studies that have investigated skeletal muscles of HCM
patients in the presence of a missense mutation in the MYH7 gene. As a result, the molecular
mechanism responsible for lowering muscle performance has yet to be revealed (Cuda et al., 1997,
Fananapazir et al., 1993).

The present investigation examines the relationship between HCM and skeletal muscles,
with particular attention to the diaphragm as it can cause respiratory weakness. We also wanted to
investigate the effect of HCM on psoas muscle composed predominantly of fast fiber type to

compare with the diaphragm and soleus muscles. We used a rabbit model with an arginine to
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glutamine point mutation at amino acid 403 (R403Q) in the MyHC gene, which encodes the -
MyHC. This was identified as the first missense mutation responsible for HCM (Geisterfer-
Lowrance et al., 1990). This asymptomatic TG+ rabbit model is preferred to mice due to the size
of the heart, echocardiography feasibility and the myocardial background that ~98% homologous
to the human B-MyHC and exhibits complete phenotypic expression comparable to human HCM
(Lowey et al., 2018; Marian et al., 1999). We examined the contractile performance of diaphragm,
soleus and psoas muscles at the molecular level. Our results show that myosin of diaphragm and
soleus muscles isolated from TG+ rabbits induce a decreased actin sliding velocities and ATPase

activity in these muscles.

Methods

Protein purification

Individual skeletal muscles were carefully dissected from adult WT and TG+ New Zealand
white rabbits and chemically permeabilized using standard procedures used in our laboratory
(Campbell & Moss, 2002; Minozzo & Rassier, 2010). Muscles were incubated in rigor solution
(50mM Tris, 100mM KCI, 2mM MgCl2and 1ImM EGTA at pH 7.0) for 4 hrs and then transferred
to a rigor-glycerol (50:50) (v/v) solution for 24 hrs. Then, the muscles were incubated in a new
rigor solution mixed with glycerol and protease inhibitors (Sigma-Aldrich, Canada), and stored in
a -20°C freezer. Animal use was approved by the McGill University Animal Care Committee and
complied with the guidelines of the Canadian Council on Animal Care.

Myosin was isolated from the psoas, soleus, and diaphragm of WT or TG+ rabbits using a
protocol that has been previously described (Cheng, Matusovskiy, & Rassier, 2018; Fonseca,

Cachaldora, & Carballo, 2013; Kalganov et al.,, 2013; Yutaka et al., 2010), with minor
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modifications. The biochemical and molecular mechanics measurements were performed within
24 hrs of purification to ensure the functionality and freshness of myosin (Homsher, Wang, &
Sellers, 1992). On the day of myosin purification, 5g of muscles were weighed and minced before
being transferred to a fresh rigor solution and stored in the fridge for 2 hrs. The preparations were
washed to remove soluble proteins. The washed residue was blended in an Omni mixer
homogenizer (Omni International, Inc., Georgia, USA) with a Hasselbalch-Schneider buffer (0.1
M KH2PO4/K2HPO4 at pH 6.4; 0.6 M KCI, 10 mM NasP207, 1 mM MgCl2, and 20 mM ethylene
glycol tetraacetic acid (EGTA)). After homogenizing, the mixture was stirred continuously for 15
min at 4°C. The extraction was stopped by the addition of 20 mL of 4°C distilled water. The
insoluble residues were removed from the extract by centrifugation at 3,000xg for 10 min in cold,
while the supernatant (myosin solution) was filtrated through a filter paper (No. 54, GE healthcare
companies, UK). The filtrate was diluted with two-fold distilled water at 4°C and centrifuged at
10,000xg for 15 mins to get myosin precipitation. The myosin pellet was washed with buffer (20
mM K2HPOs4 at pH 7.2; 0.12 M KCI; 1 mM Ethylene diamine tetraacetic acid (EDTA) and 1 mM
DL-Dithiothreitol (DTT)) and centrifuged at 20,000xg for 10 min. The supernatant was discarded,
and the pellet was washed with buffer D (50 mM Sodium Pyrophosphate and 1 mM DTT) and
centrifuged again at 10,000xg for additional 15 min. Finally, the supernatant was filtered (No. 54
filter paper, WHATMANTM, GE, USA) to get the myosin solution. The myosin solution always
kept and stored at 4°C during the entirety period of the experiment.

Purified myosin was used as an initial source for HMM purification using the previously
described method (Cheng et al., 2018; Kron, Uyeda, Warrick, & Spudich, 1991). Briefly, the
myosin stock solution was diluted nine times with BED solution (0.1 mM NaHCO3, 0.1 mM

EGTA, and 1 mM DTT) and mixed gently. After a period of 15 mins on ice, the solution was
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centrifuged at 25,000xg for 10 min to sediment myosin filaments. The pellet was dissolved in an
equal volume of 2xCHB solution (20 mM imidazole-HCI, 1 M KCI, 4 mM MgClz, and 10 mM
DTT, pH 7.4). The myosin solution was incubated for 10 minutes at 25°C in the water bath (2239-
Isotemp®, Fisher Science, USA). a-chymotrypsin (C-3142; Sigma-Aldrich, Canada) was added
to the myosin solution to reach a final concentration of 12.5 ug/ml. After 10 min of proteolysis,
the reaction was stopped by adding nine volumes of BED solution, with additional 3 mM MgCl:
and 0.1 mM PMSF. The solution was kept on ice for 1 hour. The suspension was clarified by
centrifugation at 25,000 g for 90 min. The supernatant containing HMM was collected,
concentrated and stored at 4°C freeze before the experiments.

For polymerization of G-actin (AKL99, Cytoskeleton, Inc. USA) into a filamentous form
(F-actin), a storage buffer (25mM Imidazole, 0.25mM CaClz, 0.2mM ATP and 0.5mM DTT at pH
7.4) was mixed with the G-actin and kept on ice for 1 hour. Then the solution was mixed with
actin polymerization buffer (500mM KCI, 20mM MgClz, and 10mM ATP) and stored at a 4°C.
The actin filaments were labeled for fluorescence with Alexa-488-phalloidin fluorescence dye
(absorption/emission peaks at 488-520 nm) for visualization under fluorescence microscopy
during IVMA. The concentrations of myosin and HMM were measured colorimetrically at a
595nm wavelength with a commercial Quick Start Bradford Protein Assay (Bio-Rad Laboratories,

CA, USA) in triplicate.

In-vitro motility assays (IVMA)
The velocity and percentage of actin filaments sliding over myosin was measured with an
IVMA following a protocol previously described in our laboratory (Cheng et al., 2018; Kalganov

et al., 2013), with slight modifications. HMM was purified from muscles dissected from WT and
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TG+ rabbits. A flow-through chamber was constructed using a glass microscope coverslip (22x50-
1.5, Fisherbrand®, USA) coated with 1.0% nitrocellulose in amyl acetate (LADD Inc. VT, U.S.A).
The temperature was maintained at 30°C throughout the experiments by using a system consisting
of a water thermal exchange column (SC-20, Harvard apparatus, Canada). 100uL of 100pug/ml WT
or TG+ HMM were passed through the chamber to allow it to randomly attach to the nitrocellulose
that coated the coverslip for 1 min. 250 uL of assay buffer containing 0.1% fluorescence labeled
actin filaments and 25 mM Imidazole, 25 mM KCI, 4 mM MgClz, 14 mM Glucose, 0.5 mM BSA,
0.018 mg/ml catalase, 0.1 mg/ml glucose oxidase, 17.8 mM dithiothreitol-containing 1 mM ATP

and an oxygen-scavenging system was perfused in the flow-through chamber.

Flow-through
chamber

Fluorescently labeled
actin filament

Myosin
monomers

Nitrocellulose-coated
glass coverslip

Figure 13. The schematic presentation of the IVMA. (A) The flow-through chamber of IVMA
developed from a nitrocellulose-coated coverslip and a microscope slide. (B) The fluorescently
labeled actin filaments set in motion randomly by myosin molecules observed under fluorescence

microscopy (Adapted from Lauzon et al., 2012).
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The velocities by which WT and TG+ HMM propelled the actin filaments were measured
at different periods of times (3-15 minutes). The actin filaments were fluorescently imaged through
a filter set using Exciter HQ480/40X, Dichroic Q505LP, Emitter HQ535/50 m, Chroma, USA;
dye: Alexa-488. The fluorescent light signals emitted by the actin were collected with a 100X oil-
immersion objective (Nikon, Plan Fluor, NA: 0.5-1.3). The video was recorded by a high-speed
digital EMCCD Camera (Qimage, ROL-MGi-PLUS-F-M-14-C, 512 x 512 pixels BC, Canada).
150nm per pixels were analyzed in each video. Images of F-actin filaments were extracted from
and tracked across video frames. The detection of actin sliding velocity was recorded and analyzed
by a customized script written in Matlab software (MathWorks® 8.3.0, Massachusetts, U.S.A.)
(Hilbert, Balassy, Zitouni, Mackey, & Lauzon, 2015; Hilbert et al., 2013). All the actin filaments
were tracked and the motility velocity was calculated from the traces acquired from the complete

tracking of an actin filament.

Actin-activated ATPase assays

The actin activated ATPase assays were performed in a temperature-controlled water bath
at 250C. The Mg2+-ATPase of myosin or HMM was calculated using a colorimetric assay through
measurement of inorganic phosphate production (Matusovsky et al., 2015). The assay was
performed in the presence of rabbit F-actin in a medium containing (in mM): 30 KCI, 0.1 CaClz,
0.5 MgCl2, 2 DTT, 20 Imidazole-HCI (pH 7.2), following a modified Fiske and Subbarow method
(Shelud'ko, Matusovsky, Permyakova, & Matusovskaya, 2007). The reaction was started after 10
min of incubation at 25°C by adding 1 mM of Mg2+ATP and was terminated after 10 min of

incubation by adding 2.5% trichloroacetic acid. The ATPase activity expressed as of mole of
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inorganic phosphate liberated for 1 min by 1mg of myosin or HMM was evaluated at 595nm

wavelength by the equation:

[Pi]
Myosin concentration (mg) x time (min)

ATPase activity =

Here, [Pi] can be calculated with coefficient from the calibrating curve [Pi] = 0.716 x OD595 x 2

(dilution factor) (Matusovsky, Mansson, Persson, Cheng, & Rassier, 2019).

Statistics
The data represent an average of multiple measurements from at least three myosin
preparations. Comparison between groups were made using T-test. A significant level of P<0.05

was used for all comparisons. All values are presented as mean + S.E.M.

Results

Actin sliding velocities

We examined the motility of actin driven by HMM using an IVMA. For the diaphragm
and the soleus muscles, the sliding velocities produced by the HMM isolated from the TG+
muscles were significantly lower than that observed in HMM isolated from WT muscles (Figure
14).

We also measured the actin filament length (Figure 14) and motile fraction —the percentage
of actin filaments that slide over the HMM in a given preparation (Table 2). There were no
differences in actin filament length between the WT and the TG+ of these skeletal muscles during

the IVMA.. However, a significant decrease was observed in the motile fraction for the diaphragm
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and soleus muscles of TG+ rabbit when compared to WT rabbit. The HMM isolated from psoas

from WT or TG+ rabbits did not show any difference in the velocity of actin sliding or the motile

fraction.
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Figure 14. Actin filament velocities for the TG+ HMM compared with the WT rabbit HMM (A)
The velocities are significantly different (P<0.001, t test) for the diaphragm (WT 2.514 £ 0.0352,
n=384 and TG+ 2.115 + 0.042, n=315) and the soleus (WT 2.285 + 0.0439, n=309 and TG+ 1.792
+0.0286, n=417) HMM, but not for the psoas muscle HMM (P=0.171). (B) There were no changes
in the actin filament length between WT and TG+ rabbit for diaphragm (P=0.732), soleus

(P=0.376) and psoas (P=0.063).

Motile fraction (%)
Skeletal muscles
WT TG+
1. Diaphragm 81.08 70.16
2. Soleus 82.10 73.31
3. Psoas 78.70 77.90

Table 2. Motile fraction of the experimental groups (WT and TG+).
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Actin activated ATPase activity

To get further insight into the effects of cardiomyopathy on the skeletal muscle contractile
proteins, we measured the ATPase activity of the actin-myosin complex from WT and TG+ rabbits
(Figure 15). We found that the ATPase activity of TG+ myosin and HMM were significantly
decreased in the diaphragm and soleus muscles compared to WT muscles. There was no significant
difference in the ATPase activity in the psoas muscles from the TG+ fibers when compared to the

WT fibers.
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Figure 15. Actin-activated Mg2+ATPase activity for WT and TG+ rabbit of diaphragm, soleus and
psoas muscles. The data represent an average of multiple measurements from several myosin
preparations. (A) The Mgz2+ATPase activity for the TG+ myosin of the diaphragm (TG+ 0.2276 +
0.0271) and soleus (TG+ 0.1983 £ 0.0079) muscles were significantly lower compared to WT
myosin diaphragm (WT 0.5489 £ 0.0132) and soleus (WT 0.2984 + 0.0044) respectively. (B) The
Mg2+ATPase activity for the TG+ HMM of the diaphragm (TG+ 0.081 + 0.0060) and soleus (TG+
0.0203 £ 0.0037) muscles were also significantly lower compared to the WT HMM diaphragm

(WT 0.1838 + 0.0044) and soleus (WT 0.099 + 0.0028) respectively, which follows the similar
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pattern observed with the myosin preparations. Meanwhile, the psoas muscle does not show any

differences when myosin was used (P=0.768) or HMM (P=0.245).

Discussion

The main finding of this study was a contractile function impairment at the molecular level
of TG+ diaphragm and soleus muscles in condition of cardiomyopathy. Mutation in the cardiac -
MyHC gene reduced the actin sliding velocity and ATPase activity of diaphragm and soleus
muscles, while no differences were found between TG+ and WT psoas muscles both in velocity
and ATPase activity. There was also a decrease in the motile fraction for both diaphragm and
soleus as a result of the mutation in the cardiac B-MyHC. A high percentage of the motile fraction
of all muscles used in our experiments indicate the purity of HMM preparation.

This is the first study to evaluate the molecular contractile sliding of actin in both slow and
fast skeletal muscles with the R403Q mutation in the heart. The developmental pathophysiology
of a genetic disease varies depends on the pattern of inheritance, gene expression, environment,
and lifestyle, among other factors (Ho et al., 2010). Additionally, different phenotypes have been
associated with mutations of the same amino-acid residues in the B-MyHC (Ho, 2010). Therefore,
the existence of mutations does not always lead to a recognizable disease due to the dissimilarity
between genotype and clinical outcomes. It is challenging to explain the effect of HCM mutation
on human skeletal muscle myosin function, given that small differences at the molecular level
change many other parameters.

Our findings in slow skeletal muscle are consistent with results found in studies that
performed with cardiac and skeletal muscles with the R403Q mutation in the p-cardiac myosin
gene. A reduction in isometric force in a TG+ rabbit model with HCM mutation was observed in

a study previously conducted in our laboratory (Lowey et al., 2018). In another study, soleus
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muscle from HCM patients manifested in a decrease in isometric tension of type | fiber compare
to healthy individuals (Malinchik, Cuda, Podolsky, & Horowits, 1997). Reduction in diaphragm
contractility in a rabbit model with induced heart failure was observed in another study
(Lecarpentier, Coirault, Langeron, et al., 1999). Additionally, respiratory muscle fatigue and
dyspnea have been observed in HCM during aerobic exertion (Arena et al., 2016).

It is important to select an appropriate animal model that closely resembles the human
pathological profile. The R403Q mutation of the cardiac B-MyHC (MYH7) in rabbits is the closest
phylogenetic model to the human MYH7 gene currently available (Lowey et al., 2018). Previously,
the HCM mouse model has been used because it is easier to experimentally manipulate, and
because they have myocyte disarray reminiscent of those seen in human disease (Geisterfer-
Lowrance et al., 1996; Moore, Leinwand, & Warshaw, 2012). However, the adult mouse expresses
only the a-MyHC isoform in the ventricle, which has evolved to optimize its power requirements
for a small animal. Large mammals like rabbits and humans express predominantly the cardiac p-
MyHC (Alpert et al., 2002; Malmqvist et al., 2004). The o and B-MyHC are sequentially 93%
identical, and express similar phenotypes (Malmqvist et al., 2004), but have different mechanical
characteristics.

The variation in human skeletal muscle fibers are primarily determined by the isoform of
MyHC which are denoted as, slow I, fast 1A and fast 11X (Barnard, Edgerton, Furukawa, & Peter,
1971; Bottinelli & Reggiani, 2000; Brooke & Kaiser, 1970; Polla et al., 2004; Schiaffino &
Reggiani, 1996). MyHC determines contractile properties in sarcomeres and convert the chemical
energy of ATP into mechanical energy for muscle contraction (Bottinelli & Reggiani, 2000). It has
been proven that the cardiac B-MyHC is expressed both in cardiac muscle and slow skeletal muscle

(Tajsharghi & Fyhr, 2008). The human diaphragm and soleus muscle are predominantly composed

55



of slow oxidative or type | fibers (Gollnick et al., 1974; Lieberman et al., 1973; Maish, 2010;
Mizuno, 1991; Sanchez et al., 1985; Widrick et al., 2001). The psoas muscle is composed mostly
with fast-twitch fibers (Arbanas et al., 2009). It was expected that fast twitch muscle such as psoas
does not change its activity in the rabbit model of HCM. These findings also indicate that the
skeletal muscle weakness in R403Q rabbit model is associated with the muscle fiber types. A
similar structural and sequential homology of class Il myosin is present in cardiac and slow skeletal
muscles. Hence, identical cardiac B-MyHC is expressed in these muscles (Lowey et al., 2018;
Tajsharghi & Fyhr, 2008; Yu et al., 1993).

Microscopic examination of soleus muscle biopsies of HCM patients has shown a pattern
that resembles a central core disease, which is a neuromuscular disorder associated with loss of
mitochondria from the center of slow fibers (Fananapazir et al., 1993). This suggests that HCM
mutations would have the same effect in both the human ventricle and slow skeletal muscle fibers.
Histologically, subjects with dilated cardiomyopathy have been shown to exhibit abnormalities
such as neonatal myosin staining and the presence of cores in diaphragm and quadriceps muscles,
all of which suggest fiber type regeneration (Lindsay et al., 1996). This change in muscle structure
is evident in the diaphragm of idiopathic dilated cardiomyopathy patients (Lindsay et al., 1996).
Additionally, diaphragm muscle biopsies of HCM patients have been shown to fiber-type shift
from fast glycolytic to slow oxidative fibers (Meyer et al., 2001; Tikunov et al., 1997). These
histological abnormalities ultimately lead to diaphragm weakness, similar to what we found in this
study.

We used the TG+ rabbit as a model, which has limitations but still provides insight on the
contractile mechanisms of skeletal muscles in the presence of HCM mutations in the heart. Our

finding that the actin velocity of sliding of the diaphragm in TG+ fibers is slower that in WT
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muscles is consistent with previous clinical and histological evidence which shows that slow
skeletal muscle weakness in associated with cardiomyopathy. This study adds substantial support
for the hypothesis that HCM mutation plays a central role in weakening the slow twitch skeletal

muscle fiber.
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CHAPTER 3 - CONCLUSIONS AND FUTURE DIRECTIONS
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Conclusions

In this thesis, we found that cardiomyopathy leads to loss of function of diaphragm and
soleus muscle contractile proteins but it does not affect the psoas muscle at the molecular level.
This is the first study that investigated the functional effect of both slow and fast skeletal muscles
in the presence of the cardiac B-MyHC gene mutation which causes HCM. The reduced velocities
of actin sliding and ATPase activity suggest that muscle weakness ultimately cause the functional
defect of slow type | skeletal muscle can be attributed to the heart mutation. Altogether, these
findings help us to understand the basic mechanism and functional effect of HCM on skeletal

muscle.

Future directions

In the future, studies should be conducted with human samples, associated with extensive
fiber typing, and mitochondrial functional analysis to elucidate the exact mechanism behind this
slow skeletal muscle weakness. It would be important to investigate the expression of full-length
cardiac myosin, location of the mutation and compare the effect of other types of mutation in order
to conclude a unifying mechanism. This information could help us to understand new treatments
for cardiomyopathy.

This thesis established that slow skeletal muscle is one of the expression sites of
cardiomyopathy which might be useful in the future during the development of cardiomyopathy
gene therapy. A fascinating future research project would be to investigate the effects of drugs to
reverse the actin sliding velocity and ATPase activity on HCM. Such development could have a
practical implication and could improve the quality of life of a cardiomyopathy patient by

improving respiratory distress.
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In moving forward, our laboratory has began looking into to contractile properties of
diaphragm muscle in cardiomyopathy by measuring isometric force, force redevelopment, force
enhancement, unloaded shortening velocity and calcium sensitivity at the myofibrils level. These
measurement will give us an idea of the wide range of malfunction that happen during this

condition.
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