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ABSTRACT

Rationale: There is evidence of respiratory dysfunction and diaphragm weakness in
hypertrophic cardiomyopathy. However little is known about the mechanism that underlies this

weakness at the muscle fiber level.

Objectives: (i) To test if diaphragm weakness is present in a rabbit model of hypertrophic
cardiomyopathy due to underlying R403Q mutation in the B-myosin heavy chain (MHC) and (ii)
to determine whether crossbridge kinetics or calcium sensitivity are responsible for this

dysfunction.

Hypothesis: Our hypothesis is that the R403Q mutation in f-MHC is responsible for diaphragm

muscle weakness caused by abnormal actin-myosin cycling kinetics and calcium dysregulation.

Methods: Diaphragm muscle was dissected from rabbit with R403Q mutation and age-matched
control and chemically permeabilized. Individual muscle fibers were isolated and mounted
between a force transducer and a length controller, in temperature-controlled chamber. Fibers
were submerged in maximal (pCa 4.5) and submaximal (pCa 4.7, 5.0, 5.2,5.5,5.7, 6.2, 6.5)
activating solutions to elicit isometric contractions followed by a shortening-stretch protocol to

measure rate of force redevelopment, a putative measurement of crossbridge kinetics.

Results: Maximum isometric force of R403Q fibers (58.1 £ 11.5 mN/mm?) was only 61.3% that
of WT fibers (94.8 + 14.2 mN/mm?). The rate of force redevelopment of R403Q fibers (ki = 3.31
+0.76 s7') was not significantly different from WT fibers (k¢ = 1.89 £ 0.28 s1) (p=0.15).
Calcium sensitivity, measured as pCaso and Hill’s slope of force plotted over pCa, was not
different between R403Q (pCaso 4.39 = 0.87, Hill’s slope 5.15 +£2.51) and WT (pCaso 4.98 +

0.35, Hill’s slope 2.74 + 0.66) fibers (p=0.22 and p=0.97 respectively).

vil



Conclusions: Diaphragm fibers taken from rabbit with R403Q mutation exhibit weakness, but

crossbridge kinetics and calcium sensitivity are not responsible for such dysfunction.
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RESUME

Justification: C’est avec évidence qu’il y a une dysfonction respiratoire et une faiblesse du
diaphragme dans la cardiomyopathie hypertrophique. Par contre, on ne sait pas le mécanisme

causant cette faiblesse au niveau de la fibre musculaire.

Objectifs: (i) De vérifier si la faiblesse du diaphragme est présente dans un model de lapin pour
la cardiomyopathie hypertrophique causé par la mutation R403Q dans le  isoforme du chaine
lourde de myosine (B-MHC), et (ii) de déterminer si les cinétiques de cycle de I’interaction

myosine-actine ou la sensibilité au calcium provoque cette dysfonction.

Hypothése: Notre hypothese est que la mutation R403Q dans la f-MHC est responsable pour la
réduction de force des fibres musculaires du diaphragme causé¢ par des altérations dans les

cinétiques de cycle de I’interaction myosine-actine et la sensibilité au calcium.

Méthodes: Le diaphragme a été disséqué du lapin avec la mutation R403Q et d’un contréle du
méme age et perméabilisé chimiquement. Des fibres individuelles ont été isolé du muscle et ont
¢été attaché entre un transducteur de force et un contréleur de longueur dans un bain avec une
température réglée. Les fibres ont été submergé dans des solutions d’activation maximale (pCa
4.5) et sous-maximale (pCa 4.7, 5.0, 5.2, 5.5, 5.7, 6.2, 6.5) afin d’¢liciter des contractions
isométriques suivis d’un protocole de raccourci-étire pour mesurer la vitesse de redéveloppement
de force, qui sert pour une mesure putative des cinétiques de cycle de I’interaction myosine-

actine.

Résultats: La force isométrique maximale des fibres R403Q (58.1 = 11.5 mN/mm?) était
seulement 61.3% de celle des fibres contrdles (94.8 + 14.2 mN/mm?). La vitesse de

redéveloppement de force des fibres R403Q (ki = 3.31 £0.76 s™') n’est pas different celle des

X



fibres controles (ki = 1.89 = 0.28 s7') (p=0.15). La sensibilité au calcium, mesuré par la pCaso et
le coefficient Hill h de la force en fonction de la pCa de la solution, n’a pas démontré de
différence entre les fibres R403Q (pCaso 4.39 £ 0.87, coefficient Hill 5.15 £ 2.51) et controles

(pCaso 4.98 + 0.35, coefficient Hill 2.74 + 0.66) (p=0.22 et p=0.97).

Conclusion: Les fibres du diaphragme du lapin avec la mutation R403Q ont démontré de la
faiblesse mais les cinétiques de cycle de I’interaction myosine-actine et la sensibilité au calcium

ne sont pas responsables pour cette dysfonction.



CHAPTERI:
LITERATURE REVIEW



INTRODUCTION

Skeletal muscles in the human body have specific properties related to the function it
performs for movement or physiological regulation. Typically, a skeletal muscle is outlined by
epimysium connective tissue which connects to, and is continuous with, tendons which transfer
force to bones of the skeleton. Within the muscle, bundles of muscle cells — or muscle ‘fibers’ —
are further delineated by perimysium connective tissue to form fascicles. Fascicles allow the
enclosed fibers to work as a unit and collectively exert more force during contraction than they
would be able to exert individually. The pattern of arrangement of fascicles within the whole
muscle allow them to be specialized for different functions (OpenStax, 2016; Widmaier et al.,

2006).

Muscle fibers are the units where muscle activation and contraction occur. Muscle fibers
are long multinucleated cells, a result of the fusion of many precursor embryonic myoblasts
(Mintz & Baker, 1967). Each muscle fiber is connected to a motor neuron which activates the
contraction machinery within the myofibril via a process known as excitation contraction
coupling. Myofibrils are the contractile elements within muscle fibers. When aligned, myofibrils
form a series of alternating light and dark bands that give the muscle fiber its characteristic
striated appearance. Each myofibril is composed of sarcomeres connected in series. Myofibrils

are additionally connected with each other in parallel by structural proteins.

Muscle: Sarcomere and Myosin

The sarcomere, shown in figure 1, is the basic structural unit of muscle contraction. Each
sarcomere contains a bipolar array of thick filaments, extending from each side of the central M-
line to interdigitate with sets of thin filaments, in turn anchored to Z-lines. Z-lines delineate

individual sarcomeres and connect them in series. The thin filaments are comprised primarily of
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actin and form the light I band. Associated with actin, troponin and tropomyosin proteins have
important functions in the activation and regulation of contraction at the sarcomere level. The
thick filament is composed mainly of myosin, a molecular motor ultimately responsible for
muscle contraction. The dark A band of the sarcomere is composed of the thick filaments as well
as the area of overlap between the thick and thin filaments. Within the A band there is a slightly
lighter band around the M-line in which there is no overlap with thin filaments, referred to as the
H zone. The thick filament measures about 1.6um while the thin filament ranges between 1.0-
1.3um for a total resting sarcomere length of about 2.5um. However the length of the thick

filaments is dependent upon the species and muscle type (Littlefield & Fowler, 2008).

Sarcomere
A |

Titin Thin filament A line Thick filament

Figure 1: Image and diagram representations of skeletal muscle sarcomere. (4) Image of
sarcomere within myofibrils. (B) Diagram representation of thick and thin filaments
overlapping in the sarcomere. (C) Electron micrograph of sarcomere cross-section at H-zone
(left, shaded showing thick filaments only), overlap zone (center with both thick and thin
filaments in double-array organization), and I-band (right shaded, showing thin filaments only).
Figures A and B adapted from (Widmaier, Raff, & Strang, 2006), figure C adapted from
(Huxley, 2004)

Structural elements of the sarcomere include the proteins comprising the Z-lines and the

M-lines, as well as the large elastic protein Titin. The Z-line consists of a dense network of



interconnected proteins that runs perpendicular to the thin filaments, maintaining their position
and spacing, and extends beyond the myofibril to connect with sarcomeres of adjacent
myofibrils. The Z-line therefore enables the transmission of lateral and longitudinal force within
and between myofibrils during contraction (Wang & Ramirez-Mitchell, 1983). The M-line marks
the midline of the sarcomere and serves as an anchoring point for the thick filaments. The M-line
also connects titin with myosin and helps stabilize and maintain the alignment and spacing of

thick filaments in the center of the sarcomere (Katzemich et al., 2012).

Titin is a large (3-4MDa) elastic protein that extends the full distance between the Z- and
M-lines of the sarcomere (Labeit & Kolmerer, 1995). The N-terminal of titin spans the Z-line
region (Gregorio et al., 1998) and overlaps with titin filaments from adjacent sarcomeres. Titin
filaments additionally overlap in the M-line, and therefore form a contiguous system between
sarcomeres along a myofibril. The central segment of titin, located in the I band, is an elastic
region and extends to generate titin-based passive force during stretch. Alternative splicing of
titin leads to the existence of several isoforms of this protein with differing lengths of this elastic
region that may impart differences in passive stiffness and could affect contractile performance

(Dos Remedios & Gilmour, 2017; Greising et al., 2012; Prado et al., 2005).

A cross sectional view of the sarcomere, such as that in figure 1c, reveals a double
hexagonal array of filaments. Each thick filament can be seen to be surrounded by a hexagonal
array of six thin actin filaments, with each thin filament being surrounded by a triangular
arrangement of thick filaments. With an overall 2:1 thin to thick filament ratio, this arrangement
maximizes binding opportunities for myosin head crossbridges to thin filaments in the region of

overlap between filaments (Huxley, 1953, 1963, 2004).



Myosin is a molecular motor that binds to actin to drive muscle contraction. Myosin II is
a heterohexamer that consists of two heavy chains and four light chains (two essential and
regulatory). The C-terminus of the heavy chains dimerize into a helical tail (that binds the light
chains) while each N-terminal forms a globular head, the myosin’s motor domain, with an
ATPase and actin binding sites (Cooke, 1995; Rayment, Holden, Sellers, Fananapazir, &
Epstein, 1995; Ruff, Furch, Brenner, Manstein, & Meyhofer, 2001). Myosin uses chemical
energy stored in ATP to generate force and drive non-processive stepping along actin filaments.
During each ATP hydrolysis cycle a myosin head binds to actin and generates one or several
conformational changes with an overall displacement amplitude (step size) of ~5 nm or larger

(Finer, Simmons, & Spudich, 1994; Kitamura, Tokunaga, Iwane, & Yanagida, 1999).

Mechanisms of Contraction

2.1 Sliding filament theory and crossbridge model of contraction

The sliding filament theory, proposed in 1954 (Huxley & Niedergerke, 1954; Huxley &
Hanson, 1954), was based on the observation that the I band of the sarcomere decreased in size,
while the A band did not change, as muscle fibers and myofibrils shortened during contraction.

Such decrease was not due to proteins folding, but sliding of one filament over another.

The crossbridge model of contraction involves myosin heads extending from the thick
filament to bind to actin, generating a ‘power stroke’ where actin is pulled relative to the thick
filament. The myosin head then detaches before repeating the entire cycle. Crossbridges, or
probably the heavy-meromyosin subunit of the myosin molecule are the basic units of force

generation within the sarcomere (Huxley, 1957, 1969, 1973).



Huxley’s 1957 theory involves crossbridges cycling between two functional states
(shown in figure 2): a force generating state where myosin is bound to actin and a non-force
generating state where myosin is unbound from actin. Huxley’s theory includes a set of rate
constants for the attachment and detachment kinetics between these states as a function of the
crossbridge equilibrium position relative to its nearest attachment site on actin (depicted in figure
3a). Huxley’s model for contraction was able to accurately predict force production from Hill
(1938)’s earlier study, and proved to be an important tool in explaining isometric force
production as a function of sarcomere length (Gordon et al., 1966).

g
A
Force-generating Non-force-
State generating State

Actin*Myosin Actin + Myosin
f

Figure 2: Two-state simple model of contraction, based on Huxley’s original mechanism
of crossbridge contraction. Figure adapted from (Huxley, 1957).

Further details about the conformation change that myosin heads undergo to perform the
powerstroke were provided in subsequent studies. It was proposed that crossbridges transition
through multiple states to generate force via the molecule’s rotation (Huxley & Simmons, 1971;
Huxley, 1969) (figure 3b). Determination of the crystalline structure of the myosin head (S1

region) revealed that it was a ‘back door’ enzyme, and further elucidated the mechanism by



which ATP binding myosin leads to actin dissociation and force production (Rayment et al.,

1993) (figure 3c¢).
quilibrium position
A equil lurfllﬁ‘-s"e 1t C
myosin filament i
H 1 ~\—> +ATP —> 2
6 H Q,
H [ ] 2
H
| : Active site
+ Actin
in fi | cleft closure
actin filament — l u
B Hydrolysis
myosin filament \J 1
3
|
ADP Pi release
250 release Initiate
power
stroke
)
5 4

Transient
actin filament . = intermediate

Figure 3: Evolution of crossbridge theory. (4) (Huxley, 1957) original thermal oscillation-
driven model. (B) Multiple step and rotating head mechanism described by (Huxley, 1969)
and (Huxley & Simmons, 1971). (C) (Rayment et al., 1993) description of contractile cycle
incorporating structural features of the myosin head and actin binding sites. Figure adapted
from (Herzog, Powers, Johnston, & Duvall, 2015).

The interaction of actin with myosin to generate force still generates controversy within
the muscle field, and the crossbridge theory continues to be amended and expanded — for
example, in 2016 Houdusse & Sweeney published an updated eight-state model of the
chemomechanical cycle of crossbridge theory (Houdusse & Sweeney, 2016). However,
simplified models of crossbridge theory still provide useful frameworks for problem solving and

conceptualizing muscle behavior (Masataka & Halvorson, 2008; Palmer et al., 2007).

2.2 Simplified models of contraction: 2-state and 3-state crossbridge cycle

In the simple two-state model, force generation depends on the number of myosin heads

(n) in parallel per half sarcomere (volume of a muscle fiber), the average force per crossbridge



(F) and the fraction of the total number of myosin heads that are strongly bound to actin in a

force generating state (ofs).
Force = nFay,

Because an increase in fiber diameter (and cross-sectional area) leads to an increase in the
number of myosin heads per half-sarcomere in parallel, the force generating capacity of that fiber
also increases. To account for this (and allow assessment the intrinsic force-generating capability
of the sarcomere), the force generated by a fiber during experiments is often normalized by its
cross-sectional area and termed the specific force. This measure allows standardized comparison
between fibers of different diameters. Muscle weakness at the fiber level, which can occur under
a variety of conditions, is reflected by a decrease in specific force and is not just a result of
muscle atrophy, where the decrease in force would be a result of a proportional decrease in

cross-sectional area.

Another version of the model, shown in figure 4, incorporates three states and
distinguishes between stages of crossbridge attachment and force generation. Addition of the
third state, a weakly-bound state preceding the powerstroke and force production allows
crossbridge detachment to be uncoupled from the completion of the ATPase cycle. This model
has been useful for understanding transient behavior and delayed tension in muscle (Julian,

Sollins, & Sollins, 1974).



Weakly-bound i Strongly-bound
Attached Attached
State (W) State (S)
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State (D)

Figure 4: Three state model where D is a detached (non-force generating) state, W is a weakly-
bound (non-force generating) attached state and S is a strongly-bound (force-generating) attached
state. f, is the rate at which crossbridges attached to form weakly-bound conformation (W) while
gw 1s the rate at which W-state crossbridges detach to return to the D conformation. f; is the rate at
which W-state crossbridges will transition to S-state (force-generating) crossbridges, while g; is
the rate at which crossbridges will detach from the strongly-bound conformation to return to
detached state. This model is strain independent. Figure adapted from (Potma, van Graas, &
Stienen, 1995).

2.3 Length-tension relationship

An important complement of the sliding filament and crossbridge theories is the length-
tension relationship of muscle contraction (Gordon et al., 1966). This relationship links the
structure of the sarcomere with the force produced during isometric contraction, and describes
force production as a function of thick and thin filament overlap, and consequently the number of
myosin heads available to bind actin and form crossbridges to generate force. This relationship is

shown in figure 5.

The so-called descending limb of the force-length relationship, beginning at a sarcomere
length 3.65 um (corresponding to a position where thick and thin filaments are end to end and
therefore not overlapping) up to sarcomere length 2.25 um (region of complete filament overlap
and the start of the force plateau), shows a linear relation between force and overlap, as

sarcomere length decreases, filament overlap increases, and force increases. This infers a direct
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Figure 5: Length-tension relation with arrows pointing out critical stages of overlap of the
filaments where distinct changes in the slope of force/striation spacing occur. 3 corresponds to the
start of maximum overlap while 1 corresponds to the end of overlap between the filaments, and
therefore the end of active force production. Schematic diagrams of the thin and thick filament
overlap are overlain above the graphic. a corresponds to the length of the thick filaments (1.6pum)
while b corresponds to the length of the thin filaments (2.05um), as per (Page & Huxley, 1963).
Adapted from (Gordon et al., 1966).

proportional relationship between the number of myosin heads exposed to the thin filament and

the amount of force produced.

The force plateau (2.05-2.20um for frog striated muscle used in this study) corresponds to
a range of sarcomere lengths where there is optimal filament overlap (maximum crossbridge
exposure and therefore maximum force production), and within which changes in sarcomere
length do not appear to have an effect on force output. This is experimentally useful because it
corresponds to a fiber’s maximum force output and allows for small deviations in sarcomere

length, bound to happen in an experimental setup.
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The fiber preparations used in the study performed by Gordon et al. (1966) (as well as
subsequent studies, e.g. (Edman, 1966)) involved the use of length-clamped segments of the
fibers that were 7-10mm in length, and susceptible to intrinsic nonuniform sarcomere shortening
disparities which might affect force outputs. Edman & Reggiani performed a renewed study
investigating the length tension relationship in isolated frog muscle fibers with a technique that
permitted the manipulation and measurement of short marked segments of 0.5-0.7mm of a fiber
for the evaluation of isometric force and velocity of shortening (Edman & Reggiani, 1984,
1987). This length-tension relationship, shown in figure 6, differed from that of Gordon et al.
(1966) in that it showed a smoother shape (without distinct corners such as Gordon et al.’s
polygonal curve), with no distinct plateau between 2-2.2um and a slightly sigmoid shape along
the descending limb, which extrapolated to a shorter sarcomere length (3.49 vs 3.65). Despite
these differences, this new length tension curve is still in agreement with the predictions of the

sliding filament theory.
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Figure 6. Solid smoothed length-tension curve from (Edman & Reggiani, 1987) measured
with short length-controlled segments of single fibers, displayed next to the dashed polygonal
curve from (Gordon, Huxley, & Julian, 1966). Inset are the corresponding thick and thin
filament overlap diagrams. Adapted from (Rassier, 2010).

11



2.4 Brenner’s Model/ Framework

Brenner and Eisenberg (1986) proposed a simple analytic framework based on Huxley’s
2-state model to describe the transduction of chemical to mechanical energy during the
crossbridge cycle. In this framework (shown in figure 7a) the transitions between the functional
states can be described by two rate constants: f;,, describes crossbridge attachment (transition
from non-force generating state to force generating state) while g,,, describes crossbridge
detachment (transition from force-generating state to non-force generating state). In Brenner’s
model, non-force generating state encompasses myosin that is unattached to actin as well as
myosin that is in a weak-binding conformation (with ATP or ADP+P; bound) — which attaches
and detaches from actin very quickly (Eisenberg & Hill, 1985; Stein, Schwarz, Chock, &
Eisenberg, 1979). Brenner developed an experimental technique to detach all (or most) strongly
bound crossbridges from an activated fiber to be able to measure their rate of attachment and
force generation, without the confounding effects of the thin filament calcium (Ca**) activation
(Brenner & Eisenberg, 1986) (shown in figure 7b). This experiment correlated the rate of force
redevelopment with the rate limiting step in the ATPase cycle (Stein, Chock, & Eisenberg,

1984), a single order exponential supported by a rate constant of similar magnitude predicted by

b
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Figure 7: Brenner’s two state framework and its experimental application. (4) Brenner two-state
crossbridge kinetics framework. (B) Brenner’s two-state framework to interpret crossbridge
kinetic information from the rate of force redevelopment experiment. Adapted from (Greising et
al., 2012).
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a Huxley-type crossbridge model. This model also predicts that the rate of force development,
determined by the rate of crossbridge attachment £, is significantly smaller than the rate constant

for detachment of crossbridges at the end of their cycle g.

In this framework, the steady-state fraction of strongly-bound crossbridges in the force

generating state (ays) is given by

fapp

Afg =~
7™ fapp + Gapp)

Campbell (1997) introduced a third state to this framework to account for crossbridge
transition from non-cycling to cycling states (Kon, Kofr) and thus the concept of crossbridge
activation involving contributions from regulatory mechanisms of the thin filament proteins and
Ca®" binding, as well as from myosin cooperativity. This is shown in figure 8. Cooperativity is a

process by which strongly-bound crossbridges influence further crossbridge activation and strong

A . B .
non-cycling non-cycling

Kot —=>K \]\c
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Figure 8: Campbell’s three state framework includes an activation component, where
crossbridges can transition between non-cycling (Nxc) and cycling (but not force-bearing, Nco)
states at rates kon and kotr. As in earlier models, rates f'and g represent the cycling from non-
force-bearing (activated, N¢o) to force-bearing (N¢r) states and vice versa, respectively. (4)
Shows activation of thin filament regulatory proteins (governed by kon, Kofr) and cycling of
crossbridges. (B) Rates of activation, kon and ko, are considered to be fast relative to the rates
of cycling, f'and g, and are therefore replaced with K, an equilibrium activation factor.
Feedback arrow between N¢rand K indicates cooperativity between force-bearing state and
activation. Adapted from (Campbell, 1997).
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binding for force production. This process (Campbell 1997 model results) enhances both
activation and formation of more force-bearing crossbridges, and therefore force production,
although it slows force (re)development. Cooperativity shows greatest enhancing effects at low

Ca’" activation and exhibits dynamic effects at varying range of Ca*>" concentrations.

2.5 Force-Velocity relationship

There is an inverse relationship between the force generated by muscle and its velocity of
shortening (Fenn & Marsh, 1935; Hill, 1938). Hill’s conceptual framework was based on
thermodynamics, describing the force-velocity relationship as a rectangular hyperbola and
highlighting its importance for understanding the underlying mechanisms of muscle contraction.
Accordingly, the velocity decreases exponentially as the load, or force produced, increases
(shown in figure 9). At one end of this relationship there is an isometric contraction, in which no
shortening occurs (velocity = 0) and maximum force is produced. At the other extreme of this
relationship is the maximum velocity (Vmax or V), a theoretical ‘unloaded’ condition where
there is no load opposing shortening, or force produced, and the maximal velocity is attained.
Since Vmax cannot be directly experimentally measured, it is therefore extrapolated from a curve
of finite values or from different indirect protocols, such as the slack test (Claflin & Faulkner,
1985; Edman, 1979; Reggiani, 2007). Vmax represents the maximum rate of cycling of the
myosin crossbridges, and shows a linear relationship with the maximum rate of ATP hydrolysis
(ATPase activity) of the contractile system (Barany, 1967; Edman, 1988). The maximum rate of
crossbridge cycling is independent of the number of bound crossbridges, and therefore the
amount of filament overlap, as well as the degree of activation of the contractile system (twitch

vs tetanus, sarcoplasmic reticulum pCa) (Edman, 1979).
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The rate of ATP hydrolysis, linked with crossbridge detachment (g,y) — the rate limiting
step of the crossbridge cycle — determines the cycling rate of individual crossbridges. The
cycling rate of these crossbridges in turn determines the velocity of shortening. Increased load
placed on a cross-bridge slows its forward movement during the power stroke, resulting in
reduced overall rate of ATP hydrolysis and a decreased velocity of shortening (Widmaier et al.,
2006). Thus the biochemical rates of crossbridge cycling are strain-dependent. This is in
agreement with the well-established principle in muscle contraction that ATP hydrolysis
increases in proportion to work performed — the Fenn Effect (Fenn, 1923). The rate of ATP

hydrolysis for an isometric contraction is therefore less than the ATP hydrolysis at Vax.

The force generated by a muscle depends on the total number of crossbridges attached to
actin. Because it takes a finite amount of time for crossbridges to attach, as filaments slide past
one another faster and faster (i.e., as muscle shortens with increasing velocity), the window of
opportunity for crossbridge attachment decreases, resulting in fewer crossbridge binding events

and reduced force production (Huxley, 1957).
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Figure 9: Force-velocity relationship shows exponential decrease in velocity as the force,
or load, is increased. This curve demonstrates the relationship between load (in grams) and
speed of shortening (cm/s) in isotonic contraction. Adapted from (Hill, 1938).
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2.6 Passive Force — Length relationship

The passive tension generated by a muscle that is stretched also exhibits length
dependence. When a muscle fiber at rest is stretched beyond its resting length (L), it displays
viscoelastic properties and its tension increases at an exponential rate as the sarcomere length is
increased (figure 10a) (Gordon et al., 1966; Hill, 1968; Proske & Morgan, 1999). Titin, the giant
elastic protein, is considered the primary determinant of passive stiffness (Prado et al., 2005;
Wang, McCarter, Wright, Beverly, & Ramirez-Mitchell, 1991). It has been proposed that weakly
bound crossbridges contribute to passive tension (Campbell & Lakie, 1998; Granzier & Wang,
1993), however this remains a matter of debate (Bagni, Cecchi, Colomo, & Garzella, 1992;
Bartoo, Popov, Fearn, & Pollack, 1993; Mutungi, 2003; Proske & Morgan, 1999). The
relationship between passive tension and sarcomere length can vary across muscles and species

(figure 10b shows the interplay of active and passive tension as a function of sarcomere length).
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Figure 10. Passive force — length relationship. (4) Force increases exponentially as muscle is
passively lengthened. Adapted from (Hill, 1968) (B) Total force of muscle is a summation of
the active and passive forces produced as a function of sarcomere length (relative to L, of a
given muscle). Adapted from (Greising, Gransee, Mantilla, & Sieck, 2012).
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2.7 Ca*' activation and thin filament regulation of contraction

The activation of the sarcomere contraction by Ca?" is regulated by a complex of thin
filament accessory proteins troponin and tropomyosin. Troponin is composed of three subunits
(T, I and C). At rest, troponin and tropomyosin, a long chain-like protein, sit along actin
sterically blocking its myosin binding sites (Fujii, Iwane, Yanagida, & Namba, 2010; Ohtsuki,
Masaki, Nonomura, & Ebashi, 1967; Spudich, Huxley, & Finch, 1972). When Ca*" is released
into the myoplasm, it binds troponin C (TnC) which causes a conformation change in the T and I
subunits and shifts tropomyosin to expose myosin binding sites along the actin filament
(Lehman, Craig, & Vibert, 1994). Thus, Ca*" allosterically activates the thin filament to increase
the probability of crossbridge formation by removing steric hindrance of the troponin-

tropomyosin complex.

2.8 Excitation-contraction coupling

The motor neuron transmits an action potential, causing a depolarization of the presynaptic
nerve terminal and a release of acetylcholine (Ach). Ach binds to cholinergic receptors in the
post-synaptic motor endplate, triggering depolarization and an action potential that is propagated
along sarcolemma of the muscle fiber and into folds that extend within the fiber to the myofibrils
via transverse (t-) tubule network. These activate voltage-gated Ca>* channels within the t-
tubules, known as DHPR or dihydropyridine receptor channels, which further allosterically
activate the RyR ryanodine receptor channels of the sarcoplasmic reticulum (SR). Opening of the
RyR channels, and release of Ca®" from the sarcoplasmic reticulum, causes an increase in the
myoplasmic Ca** concentration and allows activation of the Ca®" regulated apparatus of the thin
filament (Flucher & Franzini-Armstrong, 1996; Franzini-Armstrong, 1970; Huxley & Taylor,
1958).

17



The increase in Ca** concentration is only transient as it is immediately returned to the SR
via SERCA active pumping mechanism. Phosphorylation of the SERCA-associated protein
phospholamban provides additional Ca®" regulation, increasing the rate of SERCA’s Ca’" uptake
activity when in a phosphorylated state (Periasamy & Kalyanasundaram, 2007). Calsequestrin,
another SR protein, additionally binds free Ca®" in the SR (Franzini-Armstrong & Jorgensen,
1994), reducing the 10 000-fold [Ca?*] gradient between the SR and the myoplasm and
facilitating the SERCA pump against this gradient. Ca** is thus highly regulated and is used as a

precise signaling molecule in muscle contraction.
Experimental variables and methodology

3.1 Index of crossbridge kinetics: Rate of force redevelopment (ki)

There are many experimental conditions where it is desirable to be able to assess the
sensitivity of crossbridge kinetics to various factors and treatments. Brenner’s two state model
provides a framework to assess crossbridge kinetics as a measurement of the rate that
crossbridges transition from a weak to a strongly-bound force generating state (fuyp). This rate
can be estimated by a well-established procedure (Bates et al., 2013; Brenner & Eisenberg, 1986;
Brenner, Yu, Greene, Eisenberg, & Schoenberg, 1986; Kreutziger et al., 2008; Sweeney & Stull,
1990). Upon maximum activation, a fiber is mechanically shortened, allowing it to go slack and
its force to momentarily drop to zero, followed by a restretch to its original length. This serves to
detach strongly bound crossbridges, and after the restretch, the rate at which force redevelops
reflects the rate at which crossbridges transition into a strongly bound force-generating state
(Brenner, 1988; Gordon, Homsher, & Regnier, 2000). Important features of this experiment are

the initial detaching of strongly bound crossbridges, preventing the crossbridge cycling rate-

18



limiting step of detachment (g4,), as well as performing it on a maximally activated fiber,

thereby eliminating the time effects of the non-crossbridge activation.

The rate constant for force redevelopment (ki) is the experimental measure of interest in
this protocol. It is calculated by fitting the force transient after restretch to a single exponential

equation:
F=a(l—e ) +b

where ¢ is time, a is amplitude of the exponential force development, b is the initial force

value and c is the rate constant for force redevelopment k.

This measure has been used experimentally to assess the sensitivity of crossbridge
cycling to various conditions and treatments. The rate of force redevelopment is sensitive to the

level of Ca®" activation (Brenner, 1988; Metzger & Moss, 1990).

3.2 Myoplasmic Ca**-Force relationship: Hill coefficient, pCaso

The relationship of force generation as a function of myoplasmic Ca*" concentration, as a
result of Ca®" activation of the thin filament, is readily observed in permeabilized muscle fiber
experiments. Such a preparation eliminates excitation contraction coupling and allows
manipulation of the chemical milieu of the sarcomere directly (Roche, Gumucio, Brooks,

Mendias, & Claflin, 2015).

There is a hyperbolic ([Ca®]) or sigmoid (pCa = -log[Ca**]) relationship between Ca**
and muscle force generation (Hellam & Podolsky, 1969; Weber & Murray, 1973). The

resemblance of the relation to the 1910 Hill equation describing the cooperative binding of

19



oxygen to haemoglobin established the equation describing this relationship as the modified hill

equation (Fabiato & Fabiato, 1975; Hill, 1910; Walker, Li, & Buttrick, 2010).

The modified hill equation:

P 1
Py 1+10" - (pCasy — pCa)

where P is the tension, Py is the maximum tension, 4 is the hill coefficient and pCaso is
the pCa required for half maximal force development. A strength of the hill equation is that it
allows muscle physiologists to summarize results of these types of experiments in terms of two
constants: hill coefficient (%) and pCaso. The Hill coefficient is a measure of the ‘steepness’
(slope) of the predicted curve, and it reflects cooperativity in fiber activation and force
generation. The pCaso expresses the midpoint of the force-pCa curve and is interpreted as an

index of Ca?" sensitivity of the muscle fiber.
Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is the most common genetic cardiac disease
affecting an estimated 1 in 500 people (Maron et al., 1995). It follows an autosomal dominant
inheritance pattern (Greaves, Roche, Neutze, Whitlock, & Veale, 1987; Ho, 2010) of mutations
in one or more genes encoding proteins of the cardiac sarcomere, most commonly affecting
components of the molecular motor myosin (Ho, 2016; Seidman & Seidman, 2011). Mutations in
cardiac B-myosin heavy chain (MHC) and myosin binding protein C are most common and are
collectively responsible for 50% of HCM families (Marian & Braunwald, 2017) and over 80% of

HCM cases with an identified genetic cause (Ho, 2012, 2016).
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There is considerable diversity in the disease course, age of onset and severity of
symptoms, and in the risk for progression to serious disease outcomes in HCM (Ho, 2010;
Maron, McKenna, et al., 2003). The defining clinical characteristic of the disease is
asymmetrical hypertrophy of the left ventricle and septum unexplained by secondary causes
(Marian & Braunwald, 2017) while its pathohistological hallmark is interstitial fibrosis, myocyte
disarray and capillary rarefaction (Giglii et al., 2015; Ho, 2010; Velden & Stienen, 2019). Left
ventricular outflow tract (LVOT) obstruction develops in the majority of cases (Elliott et al.,
2006; Maron, Olivotto, et al., 2003; Maron et al., 2006) and may contribute to progression of
symptoms such as pulmonary congestion and exertional dyspnea (Fatkin et al., 2000; Ho, 2010;
Maron, Olivotto, et al., 2003; Sorajja et al., 2009). However there is also evidence of high LVOT
gradients being well tolerated for extended periods of time (Cirino & Ho, 2014). Arrhythmias
may also manifest with the disease, with atrial fibrillation developing in approximately 20-25%
of patients, which may be associated with an increased risk of stroke and thromboembolic
complications. Overall the most common symptom in HCM is shortness of breath, particularly
during exertion, which is present in up to 90% of patients (Ho, 2010). While the majority of
HCM patients will be able to manage their symptoms and maintain a normal life expectancy
(Elliott et al., 2006; Maron, McKenna, et al., 2003), HCM can develop into a serious medical
condition with risks including sudden cardiac death (SCD) and refractory heart failure (Ho,
2016). HCM is the lead cause of SCD in young people, particularly young athletes (Ho, 2010),
and occasionally this may be the disease’s first manifestation (Maron et al., 2000). A burnt-out
end stage phase of HCM occurs in 5-10% of patients, accompanied by a deteriorating prognosis
that includes increased risk of cardiovascular events and need for transplantation. This phase is

marked by left ventricular systolic dysfunction, worsening of symptoms and occasionally left
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ventricular wall thinning and chamber enlargement (Biagini et al., 2005; Harris et al., 2006; Ho,

2010).

Diagnosis of HCM is most often established through noninvasive cardiac imaging such as
echocardiography or cardiac magnetic resonance imaging and can be further elucidated through
pathognomonic histopathic testing and molecular genetic assessment (Cirino & Ho, 2014).
Clinical evaluation may be triggered in response to symptoms, or in asymptomatic individuals
after detection of a systolic murmur or abnormal electrocardiogram (ECQG), or as a result of a
family screening (Ho, 2010). However none of these assessments are part of a standard medical
examination and therefore, unless a family history of familial HCM prompts an early
investigation, clinical diagnosis usually only occurs in response to progressed disease symptoms.
As a result, current treatment for this disease focuses on symptom management. There are
currently no strategies to prevent or modify disease progression in asymptomatic (subclinical)

patients (Ho, 2016).

4.1 Subclinical symptoms of disease

Despite the overt symptoms and serious outcomes associated with progressed HCM
disease, many patients will live much of their lives with absent or mild clinical symptoms.
Studies of HCM patients who are preclinical and otherwise appear asymptomatic provides
important insight into the early mechanism of this disease, linking sarcomere mutation and
molecular dysfunction to clinical outcomes. They are important for uncovering early therapeutic
targets before progression to overt symptomatic disease state. Imaging of asymptomatic mutation
carriers show diastolic dysfunction and myocardial inefficiency preceding the development of
hypertrophy (Crilley et al., 2003; Ho & Seidman, 2006; Velden & Stienen, 2019). Additionally,

ECG abnormalities (Lakdawala et al., 2011), mitral valve abnormalities (Captur, Flett, Jacoby, &
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Moon, 2013), myocardial crypts (Brouwer et al., 2012; Germans et al., 2006; Maron, Maron, &
Semsarian, 2012) and evidence of fibrosis (Ho, 2010; Ho et al., 2013) have also been identified

as early preclinical phenotypes in the presence of normal ventricular wall thickness.

4.2 Early mechanisms of disease

Marian and Braunwald (2017) describe the pathogenesis of early HCM as complex and
mutation specific, but broadly consisting of four interlocking sets of mechanisms. Primary
mechanisms are the direct effects of the mutation on the structure and function of the sarcomere
protein it encodes, and include changes in mRNA transcription, protein expression, sarcomere
assembly, Ca®" sensitivity, ATPase enzyme activity and force generation. Secondary
mechanisms are molecular events in response to dysfunctions occurring in the primary
mechanism, such as altered gene expression, and activation of signaling pathways, such as the
MAPK and TGFBI1 pathways. These events cause intermediary changes that are directly linked
to characteristic tertiary and quarternary phenotypes and are thought to represent common
maladaptive mechanism present in other forms of cardiac hypertrophic response. Tertiary
phenotypes represent histological changes including myocyte hypertrophy, myocyte disarray,
interstitial fibrosis, and cardiac hypertrophy, while quarternary phenotypes include clinical
phenotypes: cardiac arrhythmias, SCD, LVOT obstruction, and heart failure (Marian &

Braunwald, 2017).

4.3 R403Q mutation

The R403Q mutation, affecting the B-MHC of myosin, was the earliest and remains the
best characterized mutation underlying HCM. Geisterfer-Lowrance et al. (1990) demonstrated

that a missense point mutation of arginine to glutamine at position 403 of the MYH7 gene was
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the underlying cause of a malignant form of familial HCM and subsequently established HCM as
a ‘disease of the sarcomere’ (Lowey, 2002). Early development of animal models allowed a
more direct evaluation of this mutation and its functional effects in the heart. Since then, it has

been the most studied genetic mutation underlying HCM.

The MYH?7 gene encoding the B-MHC is the predominantly expressed isoform in adult
human ventricle (Marin-Garcia, 2007). Since the initial discovery of the R403Q mutation, >300
mutations in the § -MHC have been identified and this protein is affected in >30% of identified
cases of HCM (Lowey et al., 2018; Spudich, 2014). Arg 403 is located in a highly conserved
sequence in myosin II, and the loop structure that it encodes (known as the cardiomyopathy
(CM) loop) appears the same in x-ray structures of myosin in both smooth and striated muscle.
Ecken, Heissler, Pathan-Chhatbar, Manstein, and Raunser (2016) and Lorenz and Holmes
(2010), through their respective cryo-EM mapping of the actomyosin complex, demonstrated
that Arg403 does not interact directly with actin but with the opposing strand of the CM loop to
stabilize its conformation and is of high importance for strong binding between actin and

myosin.

There has been controversy in the literature as to the mechanism by which R403Q
mutation affects actomyosin interactions and sarcomere function. Most prominently is the
division between evidence for outcomes of this mutation being a loss of function (Ho, 2010) or
gain of function (Hasenfuss, 1998; Spudich, 2014) phenotype. It is only recently that
discrepancies in results between models have been elucidated, perhaps most importantly with the
finding that the cardiac a-MHC isoform (presence in mouse and small rodent ventricle) differs in
crucial ways from that of f-MHC present in humans and larger mammals (Lowey, Bretton,

Gulick, Robbins, & Trybus, 2013; Lowey et al., 2008). Lowey et al. (2018), using a rabbit model
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with endogenous cardiac B-MHC, showed a loss of function in both isolated molecules and
ordered molecule experimental setups. In vitro motility assay showed reduced velocity of
heterodimeric myosin molecules with no change in ATPase activity of the S1 head. Myofibrils
(which maintain myosin in its native thick filament organization) showed reduced steady state
isometric force production and reduced rates of force development, redevelopment and
relaxation. The force-velocity relationship calculated for the myofibrils showed a decrease in

shortening under load that ultimately resulted in diminished power output by the heart.

Additionally, homology between the B-MHC isoforms in cardiac and type I skeletal
muscle means the R403Q mutation also occurs in skeletal muscle myosin. Cuda, Fananapazir,
Zhu, Sellers, and Epstein (1993) conducted their study on soleus muscle of HCM patients with
identified R403Q mutation because of the difficulty in cardiac sampling. Their study, and others
(Cuda, Fananapazir, Epstein, & Sellers, 1997; Lowey et al., 2018; Palmiter et al., 2000), suggest
a similar mechanism of dysfunction as that which occurs in cardiac f-MHC. Lowey et al. (2018)
ran soleus myofibrils in parallel with their ventricle experiments and found nearly equivalent
results, with reductions in all parameters for the R403Q group (isometric force, rate of
development and redevelopment) except for an unchanged rate of relaxation. This weakness has
been identified as an intrinsic dysfunction, a myopathy, and not a secondary effect due to atrophy
or maladaptation to a dysfunctional or failing heart. This supports findings of perturbed skeletal
muscle function in some patients with HCM, albeit without overt symptoms of myopathy
(Caforio et al., 1989). Study of the dysfunction of slow skeletal muscle has been purported to
give insight into the early disease pathology of cardiac muscle, prior to remodeling effects that

occur with the disease (Lankford, Epstein, Fananapazir, & Sweeney, 1995).
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4.4 Animal model to study mechanism of HCM R403Q mutation

Animal models are a staple of basic science and facilitate the study of specific disease
features in a controlled environment. Establishment of the genetic basis of HCM has allowed
appropriate models of this pathology to be created through genetic engineering. This type of
research is particularly important for HCM because of the significant variation in human studies
of the pathophysiology for a given mutation due to background genes and epigenetics,
environment, lifestyle or other yet to be identified confounding variables (Fatkin et al., 2000; Ho,
2010; Seidman & Seidman, 2014). Family members with the same inherited causal mutation can
show very different disease courses, underscoring the disconnect between genotype and clinical
outcomes (Ho, 2010). Kirschner et al. (2005) suggested there is even variation in expression of
mutated and ‘wild type’ protein between cells within a given individual. Animal models
furthermore enable the collection of cardiac and diaphragm tissue samples, rarely available in
human studies, and allow for collection at early ages, before the onset of secondary symptoms

that obscure the primary disease (Seidman & Seidman, 2014).

A murine model was the first developed for HCM in 1996 for the R403Q mutation
(Geisterfer-Lowrance et al., 1996). It was the first transgenic animal model developed for this
mutation and appeared to capture the essential phenotype and pathogenesis of the human disease.
However, results from some studies using this model have conflicted with human studies, most
critically establishing a ‘gain of function’ paradigm to actomyosin interactions contrary to
previous research, which had suggested a ‘loss of function’ (Cuda et al., 1997; Cuda et al., 1993;
Fujita et al., 1997; Lowey, 2002; Sata & Ikebe, 1996; Sweeney, Straceski, Leinwand, Tikunov,
& Faust, 1994)). a-MHC is the fast isoform of MHC, present in fast twitch human skeletal

muscle as well as human atria while f-MHC is the slow isoform of MHC, present in slow twitch
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skeletal muscle and cardiac ventricular muscle. Due to 93% homology in amino acid sequence
between mouse and human ventricle cardiac a-MHC and -MHC, respectively, it was assumed
that there should be little or no difference in their function (Lowey et al., 2018). However small
differences between the two isoforms can be found in regions implicated in functional
importance, such as the surface loops 1 and 2 and the light chain binding domain (Lowey, 2002;
McNally, Kraft, Bravo-Zehnder, Taylor, & Leinwand, 1989). Van Buren, Harris, Alpert, and
Warshaw (1995) found that these differences led to a 2x greater ATPase activity and in vitro
motility assay sliding velocity for a-cardiac myosin than B-cardiac myosin. Lowey et al. (2008)
investigated this discrepancy using a transgenic mouse model where R403Q mutation was
expressed in the native a-MHC backbone as well as in a B-MHC replaced backbone. The authors
demonstrated an increase in the in vitro motility assay sliding velocity as well as ATPase
activity. Therefore, the functional consequences of the mutation are fundamentally changed
depending upon the context of the cardiac MHC isoform. This was further confirmed by a study
showing transient kinetic differences in equilibrium constants and rates of nucleotide binding and

release for the S1 isoform in a- and B-MHC transgened into a mouse model (Lowey et al., 2013).

Marian et al. developed a transgenic R403Q rabbit model in 1999 to address discrepancies
between the human and mouse model of HCM (Marian et al., 1999). A lack of left ventricular
hypertrophic response (Marian et al., 1999; Oberst et al., 1998) and impaired systolic function
(Geisterfer-Lowrance et al., 1996; Marian et al., 1999; Muthuchamy et al., 1999; Oberst et al.,
1998; Tardiff et al., 1998; Vikstrom, Factor, & Leinwand, 1996; Yang et al., 1998) observed in
the mouse model contradicted fundamental aspects of the human disease. Significant differences
had been observed between a- and - MHC isoforms in terms of actin-activated-Mg-ATPase

activity and crossbridge kinetics (Marian et al., 1999; Pagani, Shemin, & Julian, 1986; Schwartz
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et al., 1981; Sugiura, Kobayakawa, Fujita, Momomura, et al., 1998; Sugiura, Kobayakawa,
Fujita, Yamashita, et al., 1998). Later studies further confirmed these isoform and species
differences (Alpert et al., 2002; Lowey et al., 2018; Malmgqvist, Aronshtam, & Lowey, 2004).
Rabbit myocardium had been found to be f-MHC dominant with approximately 98% homology
to the human B-MHC protein (Jaenicke et al., 1990; Kavinsky et al., 1984; Marian et al., 1999).
The R403Q mutation was transgened into the rabbit and the resulting phenotype was very similar
to the human disease — showing premature death, cardiac hypertrophy, myocyte disarray,

interstitial fibrosis and normal systolic function (Marian et al., 1999).

Nagueh et al. (2004) further examined the evolution of phenotypes over lifespan of the
R403Q transgenic rabbit through a set of cross-sectional and longitudinal studies. In the cross-
sectional study, rabbits were categorized into four age groups designed to reflect onset and
important changes in phenotype of humans while the longitudinal study conducted follow ups in
the same adult rabbits over the course of a year. For both studies, echocardiographic and tissue
Doppler imaging were conducted in addition to histological (interstitial collagen volume fraction,
myocyte disarray and cross-sectional area) and molecular evaluation (myofibrillar Ca®" activated
ATPase activity, detection and quantification of signaling kinases and molecules). Important
findings from this study were the early reduction in Ca®" sensitivity of myofibrillar ATPase
activity in absence of other discernible phenotypes, the early and independent development of
myocyte disarray, compared to hypertrophy and fibrosis, and the decrease in myocardial
contraction and relaxation prior to change in histological phenotype and or global cardiac
function. This study showed that the phenotype progress over lifetime of the transgenic rabbit
resembled that of the human disease. Importantly, it also showed a disease progression prior to

and independent of heart failure.
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4.5 Diaphragm

The diaphragm is the primary pump muscle for breathing in humans. It is a sheet-like
skeletal muscle enclosed by thick connective tissue that originates and runs from the sternum,
lower ribs and vertebrae to a central membranous tendon. It contracts and flattens during
inspiration and passively lengthens during expiration, serving as a dome-shaped separation
between the abdominal and thoracic cavities. In doing so it acts to change transthoracic pressure,
which changes lung volume, pulling air and oxygen in via negative pressure during inspiration
and forcing it back out via passive compressive pressure during expiration. The diaphragm’s
function is essential for breathing under conditions of health and is an important determinant of
respiratory mechanics. As the lungs are the site of oxygen and carbon dioxide exchange for the
blood, proper respiratory mechanics are essential to maintain cardiovascular function. When the
diaphragm is unable to meet the needs of the cardiovascular system, either due to intrinsic
weakness or an increase in the imposed load resulting from physiological deficit or mismatch

elsewhere in the body, dyspnea and disease can ensue.

The diaphragm is composed of type I (slow) and II (fast) fibers in humans (Polla,
D’ Antona, Bottinelli, & Reggiani, 2004). Difficulty in procuring diaphragm muscle samples in
humans means that research on this topic is relatively scarce; studies that have examined
diaphragm fiber composition are often not systematic, with limited biopsy collection and small
sample size (Sieck, Ferreira, Reid, & Mantilla, 2013). The measures and estimates of fiber type
distribution in the adult human diaphragm can vary between studies. Polla et al. (2004) estimate
about 55% slow fibers, 21% fast oxidative (Ila), and 24% fast glycolytic (IIb) while Levine,
Kaiser, Leferovich, and Tikunov (1997) similarly found 45%, slow fibers, 39% type Ila and 17%

type 1Ib.
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Slow fibers are the main drivers of quiet breathing, while fast fibers are recruited when
breathing rate increases. Citterio, Sironi, Piccoli, and Agostoni (1983) studied the firing patterns
of diaphragm muscle in rabbits at rest and during tachypnea (rapid breathing) and found a shift in
recruitment from slow to fast muscle fibers. Ventilation rate increases inversely proportional to
body size in mammals and also the proportion of fast fibers in respiratory muscles to meet this
need. As a result, smaller mammals such as mice and rats have diaphragms with a higher
proportion of fast fibers (Blank, Chen, & Ianuzzo, 1988; Hodge et al., 1997; Polla et al., 2004).
Diaphragm samples from other species have also shown the presence of multiple fiber types in

varying proportions (Sieck et al., 2013).

Diaphragm muscle fibers differ from other skeletal muscle fiber types for a number of
characteristics. Diaphragm fibers generally have a smaller cross-sectional area than limb muscles
but maintain the same capillary density, therefore decreasing the diffusion distance and
increasing oxygen efficiency compared with other muscles (Green, Plyley, Smith, & Kile, 1989;
Mizuno, 1991; Polla et al., 2004). The diaphragm also possesses specialized excitation
contraction coupling features, specifically a more responsive isoform of the sarcoplasmic
reticulum calcium release channel RyR3 (Bertocchini et al., 1997; Polla et al., 2004; Rossi,
Bottinelli, Sorrentino, & Reggiani, 2001). These features of the diaphragm contribute to its

ability to be constantly active without becoming fatigued.

4.6 Diaphragm dysfunction in cardiomyopathy and heart failure

A number of studies have found abnormalities in respiratory muscle under conditions of
cardiomyopathy using a Syrian hamster model. Various strains of this model have been
developed that mimic human disease phenotypes, such as for dilated (bio 53:58) and

hypertrophic (bio 14:6) cardiomyopathy. Stassijns et al. (1999) reported reduced force-
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generating capacity after correcting for fiber CSA, suggesting myopathy in the diaphragm of the
bio 53:58 dilated cardiomyopathy strain. They reported lower fatiguability in diaphragm fibers
and a fiber-type shift toward type 1 in the diaphragm, but not the gastrocnemius, accompanied by
increased atrophy in type 1 fibers of both muscles. Lecarpentier et al. (1997) also found reduced
force in the diaphragm due to decreased number of crossbridges in this model. Burbach,
Schlenker, and Johnson (1987) examined skeletal muscle histology in the bio 14:6 hypertrophic
strain and found an increase in absolute diaphragm weight, despite reduced gastrocnemius
weight, and a reduction in the size of both type I and II diaphragm fibers in animals with 35 and
180 days of age. Jasmin and Proschek (1982) monitored changes in muscle of the UX-7.1 Syrian
hamster (a subline of the bio 14:6 hypertrophic strain) throughout its lifetime (0-250 days). They
describe necrotic lesions that occur first in respiratory muscles of the newborn animals before
progressing to the rest of the skeletal musculature and the heart over time, suggesting that
diaphragm weakness in animal model of hypertrophic cardiomyopathy is at least partly due to
congenital myopathy in the muscles and not just due to secondary effects of the cardiomyopathy.
The necrotic effects were most consistent and severe in the diaphragm muscle, compared to limb

muscle, followed by other continually active muscles such as the intercostals and the tongue.

The diaphragm has received little attention in studies of HCM, compared with
hypertrophic response in cardiac muscle (and other heart-centric changes) and accompanying
myopathy in limb slow skeletal muscle. However early studies of experimental cardiomyopathy
indicate that this may be a source of dysfunction worth pursuing in both animal models and
humans. Evidence for the presence and potential mechanism of diaphragm weakness in HCM,

and specifically HCM due to R403Q mutation, exists in studies that have examined primary
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intrinsic skeletal myopathy due to mutation in B-MHC and diaphragm dysfunction that develops

concurrently with or in response to dysfunctional hypertrophic heart and heart failure.

Early studies that established the genetic basis of cardiomyopathy as a mutation in the
highly conserved MYH?7 gene also recognized that due to overlap of protein expression in
cardiac and skeletal muscle types, skeletal muscle f-MHC also exhibited this mutation. Caforio
et al. (1989) found that, despite the predominant disease pathology being in the heart, skeletal
function was perturbed in some but not all individuals with hypertrophic and dilated
cardiomyopathy. Fananapazir, Dalakas, Cyran, Cohn, and Epstein (1993) identified central core
phenotype in cardiomyopathy patients’ slow skeletal muscle. Many studies since have
established subclinical skeletal myopathy, predominantly in slow-twitch muscles, accompanying
HCM in animal (Lowey et al., 2018) and human (Cuda et al., 1997; Cuda et al., 1993; Lankford
et al., 1995) models. Despite instances of skeletal muscle myopathies with grave outcomes
including severe disability, respiratory failure and early death (Méansson, 2014), mutations that
cause severe malignant cardiomyopathy — such as in the MYH7 gene — often give only a mild

skeletal muscle phenotype (Oldfors, 2007).

Respiratory muscle dysfunction is a prominent feature of heart failure in clinical
populations (De Troyer, Borenstein, & Cordier, 1980; Hart et al., 2004; Mancini, Henson,
LaManca, & Levine, 1992) and animal models (Howell et al., 1995; Lecarpentier et al., 1999;
Stassijns et al., 1998; Supinski, DiMarco, & Dibner-Dunlap, 1994), and dyspnea and reduced
exercise capacity are common symptoms in heart failure patients (Gillis et al., 2015). While the
etiology of this dysfunction is unclear, it is believed that an increase in eupneic pressure
generation imposes an increased workload on the diaphragm and that over time this chronic

overworking leads to development of a myopathy. Respiratory muscle in early stage heart failure
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has yet to be studied, leaving an important gap in the understanding of the origin of diaphragm
dysfunction in this disease. Weakness is additionally reported in peripheral skeletal muscle in
heart failure, with important differences from the inspiratory muscle weakness which is more
common and more severe (De Sousa et al., 2001; Lindsay et al., 1996), with direct and
significant consequences on functional capacity. It serves as an independent prognostic predictor
for the disease (Meyer et al., 2001; Ribeiro et al., 2013). Intrinsic dysfunction that develops in
the diaphragm has been associated with fiber type shift, atrophy and changes in contractility
(Gillis et al., 2015; Lecarpentier et al., 1999; Supinski et al., 1994) as well as changes in
intracellular Ca®" regulation (MacFarlane, Darnley, & Smith, 2000) and neurohumoral activation
and oxidative stress (Li et al., 2000). The fiber type shift from fast fatigable fibers toward slower
fibers with higher oxidative potential appears to be an adaptation to improve endurance capacity
of the muscle faced with higher work load. These dysfunctions have been reported under
conditions of diastolic as well as systolic impairment (Lavietes, Gerula, Fless, Cherniack, &
Arora, 2004; Meyer et al., 2001; Ribeiro, Chiappa, Neder, & Frankenstein, 2009). Supinski et al.
(1994) suggest that heart failure can induce myopathic changes, as specific force of diaphragm
strips was decreased after experimentally induced heart failure by ventricular pacing in dogs.
Gillis et al. (2015) claim that animal models of heart failure, whether induced genetically through
hypertrophic or dilated cardiomyopathy or by surgical intervention, show impaired diaphragm
function. Gillis et al. (2015) also observed differences in diaphragm myofilament function
between heart failure models within each type of intervention. van Hees et al. (2007) examined
properties of single diaphragm fibers taken from a rat model of congestive heart failure (CHF)

and found reduced maximum force generation, likely due to reduced MHC per half sarcomere as
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well as decreased Ca?" sensitivity and slowed crossbridge cycling kinetics (decreased rate

constant of force generation and redevelopment).

Despite a common pattern of atrophy, differences in histological changes have been
reported between respiratory (diaphragm) and skeletal (limb) muscles. Tikunov, Mancini, and
Levine (1996) reported a fast-to-slow shift in myosin and regulatory proteins in diaphragm of
patients with CHF, while Drexler et al. (1992) reported a slow-to-fast shift in fibers of limb
muscles. This reinforces differences that exist between distal skeletal and respiratory muscles

(Lindsay et al., 1996), with one explanation being that the workload of limb muscles tends to

decrease in conditions of CHF while that of respiratory muscles increases (Mancini et al., 1992).
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Summary

Problem: There is evidence of respiratory dysfunction in conditions of hypertrophic
cardiomyopathy, but there have been few studies investigating this topic and its underlying
mechanism is unclear. Reasons for such limitation in the literature include difficulty in
identifying HCM before it has progressed to heart failure and difficulty in sampling diaphragm
of patients. Experimental animal models indirectly show that cardiomyopathy may lead to
diaphragm weakness. However, the mechanism behind diaphragm weakness at the cellular level

is not clear.

Rationale: The following study investigates diaphragm contractility in a rabbit model of
hypertrophic cardiomyopathy using the R403Q mutation. Experiments with permeabilized fibers
taken from the diaphragm muscle allow the investigation of the basic contractile unit of muscles
— the sarcomere — and therefore eliminate confounding effects of the activation-contraction

process and neurogenic factors.

Therefore, the goals of this study are to investigate (i) whether there is weakness at the single
fiber level in the diaphragm of transgenic (R403Q) compared with non-transgenic (wild type)
conditions, (i1) and whether such weakness is linked to alterations in crossbridge cycling
kinetics, as well as (ii1) whether such weakness is linked to alterations in calcium sensitivity of

the contractile apparatus.

Our hypotheses are:

a) Diaphragm from transgenic (R403Q) rabbit will produce less force than the non-

transgenic wild type rabbit;
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b) Reduction in force will be due to altered crossbridge kinetics in the transgenic
(R403Q) rabbit compared with the nontransgenic wild type rabbit;
¢) Reduction in force will be due to alteration in the calcium sensitivity in the transgenic

(R403Q) rabbit compared with the nontransgenic wild type rabbit.
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CHAPTERII:
EXPERIMENTAL ARTICLE
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Abstract

Rationale: There is evidence of respiratory dysfunction and diaphragm weakness in
hypertrophic cardiomyopathy. However little is known about the mechanism that underlies this

weakness at the muscle fiber level.

Objectives: (i) To test if diaphragm weakness is present in a rabbit model of hypertrophic
cardiomyopathy due to underlying R403Q mutation in the B-myosin heavy chain (MHC) and (ii)
to determine whether crossbridge kinetics or calcium sensitivity are responsible for this

dysfunction.

Hypothesis: Our hypothesis is that the R403Q mutation in f-MHC is responsible for diaphragm

muscle weakness caused by abnormal actin-myosin cycling kinetics and calcium dysregulation.

Methods: Diaphragm muscle was dissected from rabbit with R403Q mutation and age-matched
control and chemically permeabilized. Individual muscle fibers were isolated and mounted
between a force transducer and a length controller, in temperature-controlled chamber. Fibers
were submerged in maximal (pCa 4.5) and submaximal (pCa 4.7, 5.0, 5.2, 5.5,5.7, 6.2, 6.5)
activating solutions to elicit isometric contractions followed by a shortening-stretch protocol to

measure rate of force redevelopment, a putative measurement of crossbridge kinetics.

Results: Maximum isometric force of R403Q fibers (58.1 £ 11.5 mN/mm?) was only 61.3% that
of WT fibers (94.8 + 14.2 mN/mm?). The rate of force redevelopment of R403Q fibers (ki = 3.31
+0.76 s7') was not significantly different from WT fibers (k¢ = 1.89 £ 0.28 s1) (p=0.15).
Calcium sensitivity, measured as pCaso and Hill’s slope of force plotted over pCa, was not
different between R403Q (pCaso 4.39 = 0.87, Hill’s slope 5.15 +£2.51) and WT (pCaso 4.98 +

0.35, Hill’s slope 2.74 + 0.66) fibers (p=0.22 and p=0.97 respectively).
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Conclusions: Diaphragm fibers taken from rabbit with R403Q mutation exhibit weakness, but

crossbridge kinetics and calcium sensitivity are not responsible for such dysfunction.
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INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is the most common genetic cardiac disease
affecting an estimated 1 in 500 people (Maron et al., 1995), and the leading cause of sudden
death in young athletes (Ho, 2010). The disease is an autosomal dominant inherited trait resulting
from the mutation of one or more proteins in the cardiac sarcomere (Greaves et al., 1987; Ho,
2010). Its defining clinical characteristic is hypertrophy of the left ventricle, with evidence of
myocyte disarray and interstitial fibrosis at the tissue level (Ho, 2010). There is great variety in
the clinical presentation of the disease; some mutation carriers do not exhibit any overt
symptoms over their lifetime while others display severe HCM, progressing to end stage heart
failure or sudden cardiac death (Michels, Olivotto, Asselbergs, & van der Velden, 2017;

Olivotto, Cecchi, Poggesi, & Yacoub, 2012; Velden & Stienen, 2019).

The most common and debilitating symptom of HCM is shortness of breath, particularly
during exertion, which is present in up to 90% of patients (Ho, 2010). In fact, respiratory
dysfunction has previously been observed in clinical studies of patients with cardiomyopathy
(DePaso, Winterbauer, Lusk, Dreis, & Springmeyer, 1991; Fatkin et al., 2000; Ho, 2010; Topol,
Traill, & Fortuin, 1985; Witt et al., 1997) and hypertrophic heart failure (Arena et al., 2016;
Hughes et al., 1999; Meyer et al., 2001; Ribeiro et al., 2009). Additionally, there is evidence that
HCM is accompanied by skeletal myopathy due to the homologous protein mutations in the
skeletal muscle sarcomeres (Caforio et al., 1989; Cuda et al., 1997; Cuda et al., 1993; Lowey et
al., 2018; Malinchik, Cuda, Podolsky, & Horowits, 1997). Consequently, it is likely that
respiratory weakness is caused, at least partially, by alterations in the contractile characteristics

of the diaphragm.
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Diaphragm weakness has been observed and characterized in studies using animal
models of cardiomyopathy and heart failure (De Sousa et al., 2001; Lecarpentier et al., 1998;
Lecarpentier et al., 1999; Lecarpentier et al., 1993; Stassijns et al., 1999; van Hees et al., 2007).
One of these studies (Lecarpentier et al., 1999), suggested that diaphragm weakness is caused by
a decreased myofilament affinity for Ca*, and ultimately the sensitivity of the contractile
apparatus to respond to muscle activation. Other studies suggested that such decrease in Ca**
sensitivity may underlie an impaired muscle relaxation (Sys, Housmans, Van Ocken, &
Brutsaert, 1984), and most importantly a decrease in the number of myosin cross-bridges
interacting with actin, as well as a decrease in the myosin cross bridge force. In all these cases,
the force produced by the diaphragm would be reduced as a result of HCM. Unfortunately, there
have not been studies looking at the cellular mechanisms behind diaphragm weakness in HCM,
which represents a serious limitation in our understanding of HCM-induced respiratory

weakness.

In this study, we used a transgenic rabbit with a missense mutation Arg->Glu at position
403 in the myosin heavy chain (MYH7) gene encoding the f-MHC. This animal model with the
R403Q mutation shows no symptoms of disease or premature death at the time of sample
collection (Lowey et al., 2018), and thus provides an opportunity for the direct study of the
primary disease before the development of secondary adaptations and onset of heart failure. It is
currently the only fully characterized animal model that has the same cardiac f-MHC as humans,
an important feature since mice, commonly used in HCM studies, possess the a-MHC isoform,
which differs in a number of kinetic and functional properties (Lowey et al., 2013; Lowey et al.,
2018; Lowey et al., 2008; Van Buren et al., 1995). We examined the mechanics of single

diaphragm muscle fibers isolated from the transgenic R403Q rabbits and age-matched controls to
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elucidate the mechanism underlying weakness present in diaphragm under conditions of HCM.
We observed that fibers isolated from R403Q rabbits present a decrease in fiber-specific force,

yet without alterations in the Ca®* sensitivity of the contractile apparatus.
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METHODS
Preparation of muscle fibers

Diaphragm muscle was dissected from age-matched R403Q and healthy control rabbits
and chemically permeabilized according to standard procedure (Campbell & Moss, 2002; Lowey
et al., 2018; Minozzo & Rassier, 2010). The muscles were incubated in rigor solution (pH = 7.0)
for approximately 4 hours and then transferred to a 50:50 rigor-glycerol solution for 15 hours.
The 50:50 rigor-glycerol solution was replaced with a fresh solution consisting of 50:50 rigor-
glycerol and a mix of Roche Diagnostics protease inhibitors and subsequently stored in a -20 °C

freezer for 7 days.

On the day of the experiment, a muscle strip of approximately 4mm? was dissected from
the original diaphragm sample and defrosted in a fresh rigor solution in a fridge for 1 hour. The
strip was then transferred to a relaxing solution (solutions described in detail in later section) and
an individual fiber was dissected from the muscle strip. The fiber was secured between two t-
shaped aluminum clips and transferred to a fresh relaxing solution in a temperature-controlled
chamber whereupon it was mounted onto hooks between a force transducer (resonant frequency
1 kHz) (model 403 A, Aurora scientific) and length controller (model 312B, Aurora scientific).
Fibres were inspected with a digital camera (HVSL 901A) for potential damage and twisting
within the clips, conditions that would stop the experiment. Fiber was adjusted to an initial

sarcomere length of 2.7um before mechanical experimentation.

The protocol was approved by the McGill University Animal Care Committee and

complied with the guidelines of the Canadian Council on Animal Care.
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Solutions

The rigor solution (pH 7) used for sample storage and defrosting was composed of (in
mM) 50 Tris, 100 NaCl, 2 KCl, 2 MgCl, and 10 EGTA. The relaxing solution, which occupied
the first bath of the temperature-controlled experimental chambers, was composed of (in mM):
100 KCl, 2 EGTA, 20 imidazole, 4 ATP, and 7 MgCl,. The pre-activating solution, which had
reduced Ca?* buffering capacity and was used immediately prior to each activation to minimize
delays in diffusion into the fibre, occupied the second bath and consisted of (in mM): 68 KCl, 0.5
EGTA, 20 Imidazole, 14.5 creatine phosphate, 4.83 ATP, 0.00137 CaCly, 5.41 MgCl, and 6.5

HDTA (pH 7.0, pCa 9.0).

The activating solutions of pCa 4.5, 4.7, 5.0, 5.2, 5.5, 5.7, 6.2 and 6.5 were initially
selected based on previous work performed in our laboratory (Minozzo & Rassier, 2010). All
experimental solutions contained of (in mM): 20 imidazole, 14.5 creatine phosphate, 7 EGTA, 4
MgATP, 1 free Mg**, free Ca** ranging from 1nM (pCa 9.0) to 32 pM (pCa 4.5) and KCl to
adjust the ionic strength to 180mM. The final concentrations of each metal-ligand complex were

calculated with a computer program (Fabiato, 1988).

Stock solutions were prepared in advance from which solutions with active ingredients
were prepared in individual quantities of 15ml and subsequently frozen. Each week a set of

solutions was thawed for use.
Experimental Setup

The experimental setup, shown in figure 11, consisted of an inverted microscope (Nikon

Eclipse TE2000-E, magnification lenses 2x, 10x, 20x) containing a tray onto which the force
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transducer, length controller and bath system were mounted (802B, Aurora Scientific). The

system was composed of a bath controller (model 802B, Aurora Scientific) and a temperature

controller (AD590 temperature sensor that provides a feedback signal to a thermoelectric cooler
(TEC) controller, Aurora Scientific). Two camera systems were connected to the microscope,
leading to the QCapture and HVSL901 softwares respectively. Force was recorded in volts and
converted into mN to appear directly in the ASI600 software during experimental procedure.
Images and video footage of the single fiber mounted in experimental setup were recorded using
HVSL901A software, and the sarcomere length was subsequently determined using fourier
transform analysis in ASI600 software during experimental procedure. Figure 12 shows a

mounted fiber at magnifications 2x, 10x, 20x.

Figure 11: Side view of experimental setup: force transducer, length controller, temperature
controlled bath system. Hooks via which aluminum t-clips are mounted on force transducer
(left) and length controller (right) are clearly visible
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Figure 12: Permeabilized diaphragm muscle fibers mounted in the experimental system at
varying magnifications (4) 2x magnification, with clips visible. (B) 10x magnification, striations
are noticeable. (C) 20x magnification in HVSL 901A program, striations are distinct and 2.5pum
measure is given for scale in bottom right hand corner.

Experimental Protocol

Once secured between the force transducer and length controller, and mounted in the
inverted microscope, each fiber was investigated for visible damage and twists/bends - both of
which were exclusion criteria for these experiments. The sarcomere length was measured by a
high speed video system (HVSL 901A, Aurora Scientific) that used fast fourier transform (FFT)
analysis on the average spacing between alternating light (actin) and dark (myosin) bands in a
given region of interest. The initial (resting) sarcomere length was set to 2.7um and the fiber
length and diameter (averaged from 3 measurements across its length) were measured and the
cross-sectional area was estimated from the diameter assuming circular symmetry. All
experiments were conducted at 10°C.
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The fiber was subjected to an isometric contraction followed by a shortening-stretch
protocol, conducted at each pCa used in the study. Each experiment began with the fiber in
relaxing solution (bath 1), followed by a transfer to the pre-activating solution (bath 2) for Ss,
and subsequent transfer to the activating solution (baths 3-7) for 35s, followed by a return to the
relaxing solution. The order of activating solutions for each fiber started with pCa 4.5, and then
was randomized for the subsequent 4 submaximal activating solutions (pCa range = 4.7, 5.0, 5.2,
5.5,5.7,6.2,6.5). A final contraction was again conducted in activating solution pCa 4.5 to
check for a potential loss of force during the protocol. During activation of the fibers, after 25s in
the experimental solution, a shortening-stretch protocol was conducted (-15% L, over 15ms, then
re-stretch back to L, over 0.3ms) and the fibre was kept in the activating solution for an
additional 10s as force redevelopment occurred. The length of time selected for activation (25s)
was found to be sufficient for reaching force of activation plateau during pilot testing while also
reducing the total length of time the fibre was kept in activating solution, reducing the possibility

for it to become damaged with each contraction.

Data Analysis and Statistics

Maximum isometric force: Experimental force traces were normalized by the fibers’
cross-sectional area for each fiber. The maximum isometric contraction force was obtained by
subtracting initial force, measured as lowest force produced by the fibre upon submersion in
activating solution, from the final force at plateau. This was performed for all fibres at all pCa

solutions.

Sarcomere Length Analysis: Initial and final sarcomere length values that corresponded
to the same times as the initial and final forces obtained for the maximum isometric force

analysis were recorded directly during the experiments.
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Rate of force redevelopment (K): To calculate the rate of force redevelopment, the force
trace was plotted from the lowest value following shortening-stretch sequence to maximum force
value measured in plateau just before bath change. The trace was fit with a nonlinear one-phase

association by least squares fit:

Y =Yo + (Plateau — Yo) * (1 — e™*%)
where x is time in s and Y is the relative force recorded in mN/mm?, Yo is the Y value at X,

Plateau is the Y value at X<, and k is the rate constant (in 1/x units).

The fitted value was evaluated with the Residual Sum of Squares (RSS) method:
N A
RSS = ) (%i—1?
i

= =T = (Yoo = Vo) + (1 — e

where Y is the observed outcome measure and Y is the predicted outcome measure according to
the model. The RSS is therefore the difference between these two and is minimized iteratively in

the least square method to estimate the regression coefficient.

Calcium sensitivity: The isometric contraction forces measured for each fibre were
plotted as a function of pCa. A Hill equation was fitted to the data and the pCaso and hill

coefficient values for each individual fibre were obtained:

P 1
Po 1+ 10" % (pCas, — pCa)
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where P is the observed force, P, is the maximum force (observed for a given fiber at pCa 4.5), h
is the hill coefficient, pCa is the -log(10)[Ca**], pCaso is the pCa when the force is equal to Po/2

(Walker, Li & Buttrick (2010).
Statistics

All comparisons were performed using Mann-Whitney nonparametric test to account for non-

normal distribution of values.
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RESULTS
Muscle fibers and descriptive statistics

The muscle fibers used for experimentation had a consistent length for both groups. The
variation in the diameter of the R403Q (TG+) samples was approximately twice the size of the
wild type (NTG) samples, but still only ~1% of the mean diameter. Fibers were excluded from
analysis if they were visibly damaged. The sample sizes were n = 11 and n = 12 for NTG and

TG+ muscle respectively. Table 1 provides a summary of the descriptive data for these groups.

Table 1. Sample size and dimensions of fibers from transgenic
(TG+) and non-transgenic (NTG) experimental groups

N Diameter (mm)* | Length (mm)*
TG+ 12 0.113+0.013 1.33+0.129
NTG 11 0.093 +0.005 1.32+0.115
*(Mean = SEM)

Relative Force (mN/mm?)

Time (s)

SL (um)
NN
o ™
| P — — |

Figure 13: Typical force trace and sarcomere length recordings for isometric contraction followed by
shortening-restretch protocol. (4) Typical experiment force traces for NTG (black) and TG+ (red)
fibers during maximal activation in activating solution pCa 4.5 (B) Sarcomere length (SL) changes for
each fiber respectively during experiment.
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Figure 13a shows the force traces recorded during an experiment with typical fibers from
TG+ and NTG groups. In the experimental protocol, the fiber began at rest in relaxing solution
(pCa 9.0), was transferred into a pre-activating solution containing ATP and Ca?* buffer and then
to an activating solution (in this figure pCa 4.5). The fiber was allowed to contract isometrically
and once maximum steady-state force output had been achieved, a shortening-re-stretch protocol
was performed, mechanically detaching all crossbridges in a strongly-bound state and allowing
the maximum rate of crossbridge cycling (ki) to be measured during force redevelopment.
Figure 13b shows the concurrent change in sarcomere length during the experimental protocol in
those same fibers. While the total length of the fiber did not change during the isometric portion
of the protocol, there was still some internal shortening and sarcomere non-uniformity that
developed within the fiber. The length traces in figure 13b represent one region of the fiber that

was monitored over the course of the experimental protocol.
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Figure 14: (4) Typical force traces during maximal activation (pCa 4.5) for TG+ (red) vs NTG
(black) fibers. (B) Mean = SEM force produced during steady-state maximal isometric contraction.
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Maximum Isometric Contraction

Figure 14a shows typical force traces for TG+ and NTG fibers maximally activated in
solution with pCa 4.5 recorded during a different experiment. Figure 14b shows the
corresponding mean values for the two groups. The TG+ fiber group produced lower relative
force during maximal isometric contraction (p=0.08). Although statistical significance is usually
set for p-values of 0.05 less, we consider here p = 0.08 as significantly different. Given our
sample size and the nature of the experiments conducted, declaring these results as
nonsignificant would be arbitrary and would not reflect the nature of these experiments that
present a considerable variation (Altman, 1990). The mean forces produced by the TG+ and
NTG fibers were 58.1 + 11.5 mN/mm? and 94.8 + 14.2 mN/mm? respectively, indicating that the

TG+ fibers only produced 61.3% of the force of the NTG fibers.
Rate of Force Redevelopment

Figure 15a shows a zoomed image of typical force traces for TG+ and NTG fibers during
the shortening-restretch protocol. The exponential rate of force redevelopment following re-
stretch can be clearly seen. Figure 15b shows force traces of the relative rates of redevelopment,
where the force for each group is shown as a fraction of its maximum steady state force
following restretch. Figure 15¢ shows the mean ki values, derived from fitting a first order

exponential equation to the redeveloping force trace.

Following the shortening-restretch protocol performed at plateau of maximum isometric
contraction (pCa 4.5), TG+ fibers showed a quicker rate of force redevelopment than NTG

fibers. However, the values were not statistically different. The mean k¢ value obtained for TG+
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fibers was 3.31+ 0.76 (s™!), 1.75-fold greater than NTG fibers with a mean k¢ of 1.89 = 0.28 s7)

(p=0.15).
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Figure 15: (4) Relative force traces during force redevelopment following restretch for TG+ (red)

and NTG (black). (B) Force redevelopment traces as a fraction of maximum steady-state force
achieved following restretch (P/P,). (C) Mean ki values = SEM obtained for each group.

Calcium sensitivity

Figure 16 shows force traces for fibers from each experimental group activated at
maximal and submaximal Ca®" concentrations. Figures 17a and 17b show an NTG fiber activated
at pCa 4.5 and 5.7, while figure 16¢ shows the sigmoidal Ca®" sensitivity curve derived from the
maximum steady state force achieved from activating this fiber at all submaximal Ca**
concentrations tested in this particular experiment (pCa 6.5, 6.2, 5.5). Figures 17d and 17¢ show
a TG+ fiber activated at maximal (pCa 4.5) and submaximal (pCa 5.7) Ca*" concentrations,
respectively, while figure 16f shows the Ca*" sensitivity curve calculated using the same method
as figure 16c¢. In figure 16e there is no typical exponential rise in force during redevelopment

following shortening-restretch; for many of the TG+ fibers — which exhibited weaker
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contractions — at low pCa activation solutions the recoil force of the fiber restretch overpowered

the force of contraction.
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Figure 16: Force traces for active plots (isometric contraction followed by shortening and
restretch) of NTG (A, B) and TG+ (D, E) fiber at maximal (pCa 4.5) and submaximal (pCa 5.7)
contraction. Relative force for each pCa is plotted as a fraction of maximum force achieved
during contraction at pCa 4.5 for each fiber and fitted by a sigmoid curve (C, F). (4) NTG fiber
activated at pCa 4.5. (B) NTG fiber activated at pCa 5.7. (C) NTG fiber force-pCa curve. (D)
TG+ fiber activated at pCa 4.5. (E) TG+ fiber activated at pCa 5.7. Recoil following restretch at
low forces is seen for TG+ submaximal contraction. (F) TG+ fiber force-pCa curve.

Isometric contraction forces for both TG+ and NTG fibers were sensitive to differences
in Ca** concentration in activating solution. In both groups, when fibers forces were plotted as
relative force (mN/mm?) as a function of pCa, they showed the characteristic sigmoid curve fit.
There was no difference between the two indices of Ca®" sensitivity of the TG+ and NTG fibers:
the mean pCaso was 4.39 £ 0.87 for TG+ compared to 4.98 £+ 0.35 for NTG (p = 0.22), while the
hill coefficient of TG+ was 5.15 £ 2.51 compared to 2.74 + .066 for NTG (p = 0.97). This is
clear upon visual inspection of the overlain plots in figure 17a. It is worth noting that the
variance in the Hill coefficient, and pCaso to a lesser degree, is much greater in the TG+ than

NTG.
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Figure 17a shows the curves derived from the average relative force as a function of the
mean maximum steady-state force (P/P,) for each experimental group. Figure 17b shows the
mean pCaso for NTG and TG+ groups while 18c shows the mean hill coefficient for NTG and

TG+ groups. They were not statistically different (p = 0.22 and 0.97 respectively).
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Figure 17: (4) Shows relative force values for TG+ and NTG plotted over pCa. (B) shows pCaso
for TG+ and NTG fibers. (C) shows Hill’s coefficient for TG+ and NTG fibers.
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DISCUSSION

In this study we observed that diaphragm muscle fibers dissected from a transgenic rabbit
with the R403Q mutation, that leads to hypertrophic cardiomyopathy, displayed altered
contractile function. The TG+ fibers produced less force than the NTG fibers during maximal
isometric contraction. However, they showed no difference in either crossbridge kinetics,
measured by the rate of force redevelopment following a shortening-restretch protocol, or

calcium sensitivity, measured by the pCaso and Hill coefficient, compared with NTG fibers.

There is little research that has been conducted directly with the diaphragm in hypertrophic
cardiomyopathy, and its mechanism of dysfunction is unclear. There are several studies
performed on patients, but mechanistic interpretation of results is challenging due to the number
of confounding variables that can underly muscular dysfunction resulting from the genetic
mutation. Background genes and epigenetics, environment, lifestyle or other yet to be identified
confounding variables (Fatkin et al., 2000; Ho, 2010; Seidman & Seidman, 2014) can cause
considerable variation in the pathophysiology that develops for a given mutation. Family
members with the same inherited causal mutation can show very different disease courses,
underscoring the disconnect between genotype and clinical outcomes (Ho, 2010). Kirschner et al.
(2005) suggest there might even be variation in expression of mutated and wild type protein

between cells within a given individual.

Our finding of weakness in the TG+ muscle is consistent with findings of studies looking
onto cardiac and other skeletal muscles. Lowey et al. (2018) found a statistically significant
reduction in isometric force in R403Q cardiac myofibrils compared with NTG myofibrils, as
well as in skeletal (soleus) myofibrils in their study of HCM transgenic rabbit. Malinchik et al.

(1997) found a decrease (18%) in isometric tension of type I fibers from soleus muscle taken
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from patients with HCM (with identified R403Q mutation) compared to healthy controls. Thus,
the diaphragm muscle appears to be affected by the R403Q mutation in a similar manner to both
cardiac and other skeletal muscles, producing less force at maximum activation than a healthy
control. This weakness is intrinsic to the muscle fiber, independent of atrophy and other cellular

disease adaptations.

Diaphragm function has been more thoroughly examined in heart failure patients and
experimental models. Hughes et al. (1999) found reduced diaphragm strength in heart failure
patients and suggested that skeletal wasting (cardiac cachexia) combined with increased
respiratory workload may be contributing to dyspnea in patients, which correlated poorly with
left ventricular dysfunction. Meyer et al. (2001) found that inspiratory muscle weakness present
in CHF patients was an independent predictor of prognosis. Lecarpentier et al. (1999) also found
decreased contractility in diaphragm of rabbits with experimentally induced heart failure. Arena
et al. (2016) cited HCM as one type of left side heart disease that causes pulmonary hypertension
and respiratory muscle weakness that results in the onset of respiratory muscle fatigue and

dyspnea during aerobic exertion.

We failed to observe changes in the rate of force redevelopment (ki) following restretch in
TG+ fibers. The rate of force redevelopment is a putative measure of crossbridge kinetics, with
the shortening-restretch protocol detaching (most of) the myosin crossbridges attached in a
strongly bound state and allowing their re-attachment to be measured without the confounding
effects of calcium-activation mechanism, such as occurs during fiber activation and force
development (Brenner & Eisenberg, 1986). This rate, a single order exponential that is supported
by a rate constant of similar magnitude in a Huxley-type model, has been correlated with the rate

limiting step in the myosin ATPase cycle (Stein et al., 1984). Our results suggest that this rate of
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attachment and detachment — the cycling kinetics — of crossbridges is not significantly affected
by the R403Q mutation in diaphragm muscle. This result is different from results obtained with
cardiac and soleus myofibrils by Lowey et al. (2018), who observed a slower force
redevelopment in R403Q rabbits. Since the rate of force redevelopment is a predictor of cross-
bridge kinetics, our results suggest that crossbridge cycling is not significantly affected by the

R403Q mutation in diaphragm and is not a prominent contributor to muscle weakness.

Our results showed no difference between the Ca** sensitivity measures (pCaso and Hill
coefficient) for TG+ and NTG fibers. An intact Ca’* sensitivity leads us to believe that the
fiber’s mechanism of activation, comprising both thin filament regulation and cooperativity of
myosin crossbridges, is not significantly affected by the R403Q mutation. This appears to be in
line with our finding of preserved crossbridge cycling kinetics, since it has been shown that this
measure is sensitive to Ca®" activation (Brenner, 1988; Metzger & Moss, 1990). Ca®" sensitivity
measured in our permeabilized cell system does not, however, rule out the possibility of
dysfunction in the Ca®" handling process at the level of excitation-contraction coupling or during
fiber relaxation. Kirschner et al. (2005) examined the myofilaments of soleus muscle from
patients with hypertrophic cardiomyopathy (B-MHC mutations were examined albeit not the
R403Q mutation) and found that pCaso and cooperativity (hill coefficient) both exhibited
differences in mutated tissue compared with healthy control. Furthermore, it was observed that
there was marked variability between individual fibers of the same mutation, conditions that
were not apparent in the healthy control condition. This disparity in function was thought to
cause imbalances in force generation and potentially be a contributing factor to contractile
disfunction in both skeletal and more prominently in myocardial muscle. Our results, despite not

being statistically significant, perhaps support this as the TG+ hill coefficient standard error is
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3.8 fold larger than NTG (and TG+ mean value is nearly double that of NTG). Nagueh et al.
(2004) found reduced Ca** sensitivity of myofibrillar ATPase activity, in proteins isolated from
cardiac tissue of R403Q transgenic rabbit compared with healthy age matched controls.
MacFarlane et al. (2000) additionally found altered calcium ([Ca*'];) regulation in diaphragm

muscle of a CHF rabbit model that contributed to weakness.

One shortcoming of our study was that we did not perform fiber-type analysis of our fibers
after experimentation. This might have influenced experimental outcomes since fiber types,
containing different isoform profiles, have different functional characteristics. ATP hydrolysis
rates vary across myosin heavy chain isoforms (Sieck et al., 2013), while troponin C isoforms

exhibit different Ca** binding affinities (Geiger, Cody, & Sieck, 1999).

Our results show weakness at the single fiber level in diaphragm muscle with R403Q
mutation that at this time does not appear to be due to impairment in crossbridge cycling kinetics
or ¢ Ca’" sensitivity. Other aspects of contraction at the fiber level, as well as the myofibril and
protein levels, remain to be investigated to elucidate the mechanism underlying this weakness.
Further research into the behavior of the myosin crossbridges offers exciting possibilities,
especially since the R403Q mutation itself is embedded in the structure of the globular head of
the myosin motor. The force generated per crossbridge and the fraction of total number of
myosin heads that are in a strongly-bound force-generating state (steady state) are measures that
could influence the total force produced during activation that were not addressed in this study.
Studies of the R403Q mutation in limb skeletal muscle, cardiac muscle (due to its ‘pump’
behavior similar to the diaphragm) as well as diaphragm studies in heart failure offer some
insight into the mechanism of diaphragm dysfunction in hypertrophic cardiomyopathy due to

R403Q mutation. This is however limited due to important established differences between limb
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and respiratory muscles (MacFarlane et al., 2000; Polla et al., 2004), differences between skeletal
and cardiac muscle and largely different disease etiology and pathophysiology between these two
related but distinct diseases. There is need for further study of the diaphragm, specifically, under

conditions of hypertrophic cardiomyopathy (including the R403Q mutation) to elucidate the

mechanism underlying diaphragm weakness and identify potential therapeutic targets.
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CHAPTER III:
CONCLUSIONS AND FUTURE DIRECTIONS
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Conclusion

Diaphragm weakness has been observed in patient and Syrian hamster models of
hypertrophic cardiomyopathy. This study is the first to directly assess diaphragm muscle
function at the fiber level in a rabbit model of HCM using the R403Q mutation, before the onset

of heart failure.

Our results support our initial hypothesis that there is intrinsic weakness at the single fiber
level of the diaphragm muscle in an R403Q mutation model of hypertrophic cardiomyopathy.
However our results disprove our second and third hypotheses. Preserved rate of force
redevelopment suggests that crossbridge cycling kinetics (the rate of attachment and detachment
of myosin crossbridges) do not contribute significantly to the mechanism that causes this
weakness. Meanwhile, no significant change in the pCaso and hill coefficient appear to indicate
that Ca®" sensitivity in the TG+ fibers are not affected by the R403Q mutation in HCM and also

do not contribute to its mechanism of dysfunction.

Future studies should continue to investigate crossbridge function at both the cellular and
subcellular (myofibril, protein) levels of the diaphragm. The fraction of crossbridges that are in a
strongly-bound force-generating state during contraction, measured by fiber stiffness through the
slack test, as well as the force being generated by each crossbridge might offer further insight

into the mechanism of weakness in this muscle.
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