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Abstract

Malignant hyperthermia (MH) is a clinical syndrome of the skeletal muscle that
presents as a hypermetabolic response to volatile gas anaesthetics such as halothane,
isoflurane, and to the depolarizing muscle relaxant succinylcholine. Genetic predisposition
mainly arises from mutations in the gene for skeletal muscle ryanodine receptor (RyR1); a
calcium channel that is tightly regulated to release Ca?* for muscle contraction. MH
susceptible RyR1 are more prone to open by RyR1 agonist, resulting in the uncontrolled
release of Ca?* from the sarcoplasmic reticulum (SR). The hypermetabolic state is due to
the excessive consumption of adenosine triphosphate (ATP) as the muscle works to clear
the high cytosolic Ca?*. Dantrolene has been used to great effect by clinicians in treating
MH. However the mechanism of its action remains highly contested.

This thesis examines Ca?* handling in muscle fibers where RyR1 activity is
changed due to mutations. RyR1 activity was also acutely changed by altering the
cytoplasmic environment and by treating the muscle fiber with varying RyR1 modulators.
The release of SR Ca?* was monitored using fluorescent Ca?* indicators in mechanically
skinned fibers isolated from rat, toad and human muscle susceptible to MH. The results
show that the inhibitory effect of dantrolene is dependent on cytosolic concentrations of
Mg?* ([Mg?*]eyto), an endogenous negative regulator of the RyR1. Furthermore, it was
demonstrated in human muscle susceptible to MH that dantrolene was ineffective at
reducing halothane-induced Ca?* release in the presence of resting levels of [Mg?*]eyto (1
mM). These results suggest that raised [Mg?*]cyto, @ condition which is likely to arise during
an MH event, works synergistically with dantrolene to inhibit Ca?* release from the RyR1.
It was also demonstrated that halothane induced Ca?* release took the form of a repetitive
Ca?* wave in human MH, and toad muscle. A close examination of the release
mechanism in human MH muscle revealed that the release of SR Ca?* and the
mechanism underlying the propagation of the Ca?* wave was not due to Ca?*-induced-
Ca?*-release (CICR). These results were contrasted to the observation made in toad
skeletal muscle which showed the involvement of CICR. However, it was found that both
luminal SR and cytosolic Ca?* plays an important role in the mechanisms involved in
overactive Ca?* release.

The demonstration of the Mg?* dependence on dantrolene inhibition of the RyR1
emphasized the importance of studying the RyR1 under near physiological conditions.
Utilizing a novel approach by trapping Ca?* indicator in either the SR or the transverse
tubule (t-system) of mechanically skinned rat skeletal muscle fibers, it was determined if
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either compartment would be able to report changes in RyR1 activity. The activity of the
RyR1 was experimentally manipulated by exposing the preparation to varying
concentrations of Mg?*, RyR1 agonists (halothane, caffeine), and RyR1 antagonist
(dantrolene, tetracaine). Though it is well known that RyR1 activation will deplete the SR
of Ca?*, it is only a relatively recent finding that activation of the RyR1 also will deplete the
t-system of Ca?* via a store-operated-Ca?*-entry (SOCE) mechanism. It was found that
the free [Ca]sr remained comparable over the broad range of [Mg?]cto tested.
Therefore, it was concluded that the free [Ca?*]sr was not able to report changes in RyR1
activity. In contrast, an increase in RyR1 activity (induced by low-Mg?* or pharmacological
agonist) resulted in the depletion of the [Ca®*]tsystem. Importantly, the degree of [Ca?*]:
system depletion was shown to be dependent on the activity of the RyR1. Utilizing this novel
approach the Mg?* dependence on RyR1 inhibition by dantrolene was again

demonstrated.
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Chapter 1: General Introduction

Chapter 1. General Introduction

1.1 Introduction

Skeletal muscle composes the largest organ system in the human body and is the
effector organ of the locomotor system. The ability of skeletal muscles to contract and
relax plays an integral part in movement and maintenance of posture which is necessary
for independent living in society. For this reason, understanding the underlying

mechanisms involved in the maintaining the skeletal muscle is of importance.

Skeletal muscle contraction is mediated by the release of Ca?* from an intracellular
Ca?* store in a process known as excitation contraction coupling (ECC). Ca?' is a
common secondary messenger and is involved in a wide array of cellular processes in
biological systems. The effectiveness of Ca?* signalling is maintained by creating a Ca?*
gradient between the cytoplasm, extracellular space, and the intracellular Ca?* stores. In
skeletal muscle, several highly specialized Ca?* handling proteins localized to specific
junctions coordinate to rapidly release and re-sequester Ca?*. During a single Ca?*
release event the intracellular Ca?* concentration ([Ca?*]cyto ) can oscillate 100-1000 fold in
a little as a few milliseconds (Melzer et al., 1995). Disruption of Ca?* homeostasis can
lead to irregularly high [Ca?*]eyto Which can ultimately lead to skeletal muscle degradation

through the activation of Ca?*-dependent proteases.

The release of Ca?* from the intracellular Ca?* store is mediated by the ryanodine
receptor (RyR) (Meissner et al., 1988). Importantly, multiple diseases of the skeletal
muscle such as Duchenne muscular dystrophy and central cores disease are thought to
have irregular RyR function (Turner et al., 1991; Spencer & Mellgren, 2002; Jungbluth,
2007). Furthermore, mutations on the RyR has also been implicated in a
pharmacogenetics disorder known as malignant hyperthermia (MH). An MH susceptible
individual develops a life threatening hypermetabolic response to inhaled anaesthetics
such as halothane and sevoflurane which were later found to be an RyR agonist (Nelson,
1992; Duke et al., 2003; Hopkins, 2011). The development of drugs that target and inhibit
the RyR is an active field of research (Andersson & Marks, 2010; Dulhunty et al., 2011,
Rebbeck et al., 2017). Dantrolene is a drug that is administered to alleviate the symptoms
of MH and is an example of a successful drug candidate that targets the RyR.
Interestingly, the mechanism by which dantrolene can inhibit the RyR is unresolved. This
thesis aims to characterize in detail the underlying mechanisms involved in Ca?* handling
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Chapter 1: General Introduction

during an MH event. Furthermore, the mechanism by which dantrolene can arrest MH will

be investigated.
1.2 Skeletal muscle structure and organization

Before discussing Ca?* handling in skeletal muscle, it is important to understand
how the structural organization of the muscle lends to the overall function. Individual
muscle fibers are composed of multiple myofibrils which are cylindrical structures largely
composed of two filaments: thick myosin filaments and actin thin filaments (Figure 1.1;
top). The actin thin filaments are ‘coiled’ around by tropomyosin and the troponin-complex
which regulates the interactions between actin and myosin (Huxley, 1973; Parry & Squire,
1973). The thick and thin filaments intercalate and forming repeating functional units
called the sarcomeres, which are defined by the distance between two Z-disc. Titin and
nebulin as shown in Figure 1.1 (top) are thought to play an important role in the assembly

of the sarcomere.

The muscle fiber is enclosed by a plasma membrane. This surface membrane is
often referred to as the sarcolemma. The sarcolemma has become highly specialized to
support the function of the muscle. The sarcolemma forms deep invaginations which
create an extensive network known as the transverse-tubule (t-system or t-tubule used
interchangeably) which encloses each myofibril. The t-system network is estimated to
account for more than 80% of the total surface area of the plasma membrane (Franzini-
Armstrong & Peachey, 1981). The main purpose of converting the majority of the
sarcolemma into t-system is to allow propagation of the action potential deep into the

muscle fiber (Franzini-Armstrong & Peachey, 1981).

Each t-system forms a junction with the sarcoplasmic reticulum (SR). The SR is a
specialization of the endoplasmic reticulum (ER) in muscles, and functions as the main
intracellular Ca?* store. The SR membrane forms two distinct functional regions including
the terminal cisterna of the SR which faces the t-system membrane and the longitudinal
SR which spans the A-band of each sarcomere (Figure 1.1; Bottom). The terminal
cisterna has a high density of Ca?* release channels known as the ryanodine receptors
and is the site of Ca?* release from the SR (Endo, 1977; Melzer et al., 1995). The
longitudinal SR is found to have a high density of sarco/endoplasmic reticulum
Ca?*ATPase (SERCA) pumps (estimated density of 30,000/um?) which are responsible for
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sequestering Ca?* back into the SR after a Ca?* release event (Marie & Silva, 1998;
Martonosi & Pikula, 2003; Murphy et al., 2009; Lamboley et al., 2014).

In mammalian skeletal muscle, the point at which the membrane of one t-system
and two terminal cisternae of the SR meet at each A-l band junction is known as the triad
region. The gap between these two membranes meets around 12 nm which can be
spanned by transmembrane proteins (Endo, 1977; Melzer et al., 1995). This region forms
a critical signalling micro-domain where the membrane bound proteins located either on
the t-system or terminal cisterna of the SR can physically couple (Melzer et al., 1995).
Furthermore, this micro-domain (referred to as the junctional space) is diffusional
restricted from the bulk cytoplasm, giving it a different ionic composition relative to the bulk
cytoplasm (Despa et al., 2014).

1.3 Skeletal muscle fiber types

It is well known that the skeletal muscle forms a heterogeneous mixture of fiber
types that differ in their metabolic and contractile properties. Muscle fibers can be
identified as being either a slow type | or a fast type Il fiber. Two muscles commonly
studied due to its fairly pure fiber type population include the extensor digitorum longus
(EDL) and the soleus (SOL), which are predominantly composed of type Il and type | fiber,
respectively (Augusto et al., 2004). Type | fibers contract and relax at a slow rate and
utilize an oxidative phosphorylation pathway to produce adenosine triphosphate (ATP). In
contrast, type Il fibers contract and relax rapidly and utilize a glycolytic pathway for energy
production. Type Il fiber classification can be further divided into three fiber types as
follows, IIA (high oxidative), IIX (intermediate) and 1IB (high glycolytic) fibers (Augusto et
al., 2004). The functional property of the muscle predominantly dictates the proportions of
these four fiber types. It is important to note that changes in the activity of the skeletal
muscle and different disease conditions can alter these proportions (Schiaffino & Reggiani,
2011).
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Figure 1.1 Whole skeletal muscle organization and schematic representation of the

sarcomere structure.

The muscle fibre is made up of multiple myofibrils and is surrounded by a plasma
membrane, also known as the sarcolemma. The sarcomere structure is shown above.
The A-band (anisotrophic band) is the sarcomere region which contains myosin filaments,
and the I-band (isotropic) contains the actin filaments. The region which contains no
myosin-actin overlap is the H-Zone (Helle zone). The zone that bisects the I-band is the
Z-disc (zwitter). Each myofibril is enclosed by the transverse tubule and sarcoplasmic
reticulum, two membranes essential for Ca?* release (modified from Marieb et al., (2001)
(bottom) and Rahimov et al., (2013) (top).
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1.4 Overview of excitation contraction coupling

The steps in excitation contraction coupling (ECC) can be explained at the level of
the sarcomere. These steps effectively occur simultaneously across the fiber,
synchronized by the action potential that propagates into the t-system from the
sarcolemma (Figure 1.2A). ECC can be broken down and summarized as follows; (i) the
neuronal action potential propagates down the axons to the site of the neural muscular
junction, which causes the release of the neural transmitter, acetylcholine (ACh) from the
synaptic terminal. ACh diffuses into the synaptic cleft and onto the motor endplate where
it then binds to ACh receptors, resulting in localized membrane depolarization. The action
potential then propagates from the surface of the sarcolemma and then deep into the
muscle through the t-system network (ii). The membrane depolarization is sensed by the
dihydropyridine receptor (DHPR) which then activates the skeletal muscle isoform of the
RyR (RyR1,; iii) (Melzer et al., 1995). SR Ca?* is then released into the cytosol as Ca?*
moves down its concentration gradient. Released Ca?* then binds to the Ca?* binding
sites on troponin (troponin-C) which causes a conformational change of the tropomyosin
protein complex (Figure 1.2B) (Lehman et al.,, 1994). The conformational change then
reveals myosin binding sites on the actin thin filaments which initiates the cross bridge
cycle of the contractile apparatus (iv). Relaxation of the contractile apparatus begins as
the Ca?* is actively transported back into the SR by the SERCA pump (v), thus returning

the cytoplasmic Ca?* concentration to its resting levels.
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Figure 1.2 Overview of the steps involved in ECC.

(A) Schematic diagram of the skeletal muscle triad. The action potential is initiated upon
binding of acetylcholine (ACh) to nicotinic receptors on the motor endplate (i). The action
potential then propagates into the t-system (ii) which initiates Ca?* release from the SR
through the interactions between the dihydropyridine receptor (1,4-dihydropyridine
receptor; DHPR) and the ryanodine receptor subtype-1 (RyR1; iii). The cross bridge cycle
(iv) is then initiated as the released Ca?* binds to troponin-C revealing myosin binding sites
on the actin thin filaments (B; image modified from (Lehman et al., 1994)). The released
Ca?* is then actively transported back into the SR by the sarco/endoplasmic reticulum
Ca?*ATPase (SERCA) pump (v).
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1.5 Comparative overview of excitation contraction coupling in mammalian skeletal

and cardiac muscle

The physiological activation of the RyR1 to produce a coordinated muscle
contraction described above is in contrast to the uncontrolled release of Ca?* during an
MH event (see Chapter 3, 4 for full description). Importantly, the mechanism of RyR1
activation during an MH event remains unresolved. It has been proposed that the RyR1 is
activated by a mechanism similar to that of the cardiac muscle (Endo, 2009); therefore in
further examining this hypothesis, it will be important to distinguish the mechanism of RyR
activation in the two muscle types. Furthermore, it is also interesting to consider the
mechanism of Ca?* release in amphibian skeletal muscle which have been shown to have
similar release properties associated with both mammalian skeletal and cardiac muscle
(Shirokova et al., 1996; Sutko & Airey, 1996; Kashiyama et al., 2010; Figueroa et al.,
2012).

The mechanism of activating Ca?* release from the SR in vertebrate skeletal and
cardiac muscle involves homologous proteins. However, the mode of activation differs
(Melzer et al., 1995; Bers, 2002). In skeletal muscle, the membrane depolarization is
sensed by the DHPR, and upon activation, the DHPR undergoes a conformational change
which causes the DHPR to physically couple to the RyR1 (Schneider & Chandler, 1973;
Melzer et al., 1995; Nakai et al., 1996). Upon membrane depolarization a small amount of
extracellular Ca?* enters the cell through the DHPR (Hidalgo et al., 1979; Lamb & Walsh,
1987); however it is important to note that skeletal muscle contractions can persist for long
periods in the absence of extracellular Ca?* with little to no decline in the force produced
(Armstrong et al., 1972). This suggests that extracellular Ca?* entry is not necessary for
Ca?* release in vertebrate skeletal muscle. The physical interactions between the DHPR
and the RyR1 are thought to alleviate Mg?* inhibition on the RyR1 (discussed in Chapter
1.5). The physical coupling between the DHPR and RyR does not occur during cardiac
ECC but rather relies on Ca?* binding to an activation site on the RyR (Bers, 2002).

In cardiac muscle, Ca?* is released through a mechanism known as calcium
induced calcium release (CICR). The membrane depolarization is sensed by a
homologous DHPR protein that is a different isoform to that of the skeletal muscle (Bers,
2002). The activation of the DHPR allows for extracellular Ca?* to enter the cytoplasm
(Fabiato, 1985). Extracellular Ca?* that has entered the cell then binds to a high affinity
activation sites on the cardiac RyR homologue (RyR2) (Rich et al., 1988; Melzer et al.,
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1995; Bers, 2002). Binding of Ca?* to the activation site on the RyR2 triggers Ca?* release
from the SR, and the resulting increase in the Ca?* concentration in the junctional space
([Ca?*]ss), leads to the further activation of adjacent RyR2 molecules (Melzer et al., 1995;
Bers, 2002). Thus, the initial Ca?* release signal is amplified by the additional release of
SR Ca?". In contrast to skeletal muscle, the removal of extracellular Ca?* abolishes
contractions in cardiac muscle (Rich et al., 1988).

Spontaneous Ca?* release events from the SR known as Ca?* sparks are also
observed in cardiac cells (Cheng et al., 1993; Cheng et al., 1996). Ca?* sparks originating
from a cluster of RyRs are brief, isolated and localized release events spanning only
several microns (Cheng et al., 1993; Cannell et al., 1995). Under certain conditions, Ca®*
sparks have been shown to evolve into a Ca?* wave which can propagate across the
entire cardiac cell (Cheng et al., 1996; Chen et al., 2014). Spontaneous Ca?* waves are
thought to play a role in triggering arrhythmias (Cheng et al., 1996; Chen et al., 2014,
Song et al.,, 2017). CICR wave propagation is best described by the ‘fire-diffuse-fire’
model (Keizer et al., 1998; Dawson et al., 1999). This model describes the spatiotemporal
evolution of the Ca?* wave where the initial Ca?* spark from the RyR (fire’) diffuses
through the cytosol (‘diffuse’) and activates adjacent RyR clusters (‘fire’). It is important to
note that Ca?* sparks are not observed in adult mammalian skeletal muscle (Shirokova et
al., 1998).

Interestingly, the positions and the relative density of DHPR and RyRs are likely
related to their functional role in ECC (Franzini-Armstrong, 2004). As depicted in Figure
1.3A (skeletal muscle, left), 4 groups of DHPR (shown as closed circles) form a diamond
shaped tetramer; similarly, 4 monomers of RyRs (open circles) are also grouped as a
tetramer (Franzini-Armstrong, 2004). In cardiac cells, the DHPR do not form into
tetramers (Figure 1.3A, cardiac muscle). In mammalian skeletal muscle, the ratio of
DHPR to RYRL1 is close to 2:1 (Bers & Stiffel, 1993); however in cardiac muscle, the
DHPR to RYR2 ratio is approximately 1:10 (note that these ratios are species dependent)
(Block et al., 1988; Bers & Stiffel, 1993). It is assumed that the increased density of DHPR
found in mammalian skeletal muscle is to increase the proportion of RyR1 that are directly
coupled to the DHPR (Franzini-Armstrong, 2004). In cardiac muscle ECC, the initial Ca?*
release signal is amplified by the additional release of SR Ca?*, and therefore it is not

necessary for each Ca?* release channel to be in close proximity to a DHPR molecule
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(Franzini-Armstrong, 2004). This may explain the relatively low density of DHPR found in
cardiac muscle.

Amphibian skeletal muscle express two isoforms of the RyR: a-RyR and B-RyR,
which are homologous to mammalian RyR1 and the RyR isoform 3 (RyR3), respectively
(Sutko & Airey, 1996; Murayama & Kurebayashi, 2011). These two isoforms are
expressed in relatively equal proportions however they are localized in different regions of
the SR (Sutko & Airey, 1996; Murayama & Kurebayashi, 2011). As depicted in Figure
1.3B, a-RyR are located in the junctional space directly opposed to the DHPR and B-RyR
are positioned parajunctional on the SR membrane (Felder & Franzini-Armstrong, 2002).
It has been proposed that the a-RyR due to its position on the SR junctional face is under
the direct influence of the voltage sensor whereas the B-RyR are activated by Ca?* (similar
to CICR mechanism in cardiac muscle) (O'Brien et al., 1995; Shirokova & Rios, 1997;
Kashiyama et al., 2010). This is supported by studies in myotubes expressing either a or
B-RyR which show that membrane depolarization induced Ca?* transients are only
observed in myotubes expressing a-RyR (Kashiyama et al., 2010). Furthermore, it has
been demonstrated that CICR likely contributes to the physiological release of SR Ca?* in
amphibian skeletal muscle due to the relatively low cytoplasmic [Ca?*] (~280 nM) needed
to induce CICR (Figueroa et al., 2012). This is in contrast to the mammalian skeletal
muscle where CICR plays little to no role in the physiological release of SR Ca?*
(Shirokova et al., 1998; Endo, 2009; Figueroa et al., 2012; Bakker et al., 2017).
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Figure 1.3 Organization of the RyR on the SR membrane.

(A) Schematic diagram of the relative position of RyR (open circles) and DHPR (closed
circles) in skeletal and cardiac muscle (the image was modified from Franzini-Armstrong,
(2004). (B) Diagram depicting the relative position of a and B RyRs on the SR membrane

of amphibian skeletal muscle.
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1.6 Mg?* and Ca?* regulation of the ryanodine receptor

The differing modes of activation observed between RyR1 and RyR2 are mainly
attributed to the strong inhibitory effect of Mg?* on the RyR1 (Lamb & Stephenson, 1991,
1994). In resting skeletal muscle, the ‘free’ [Mg?*]cyto and [Ca?*]eyto is estimated to be 1 mM
and 0.0001 mM, respectively (Melzer et al., 1995). Intracellular Mg?* is thought to
modulate RyR1 activity at two sites, the inhibitory site and activation site (Figure 1.4A)
(Laver et al., 1997a; Lamb, 2000; Laver et al., 2004). At the inhibition site, Ca®* and Mg?*
compete for binding at similar binding affinities (Ki, camg= 0.1 mM) (Melzer et al., 1995;
Laver et al., 1997a; Lamb, 2000; Laver et al., 2004). The binding of either Ca* or Mg?* to
this site inhibits the RyR1 to approximately the same extent (Laver et al.,, 1997a).
However, it is important to note that the concentration of Mg?* in the cytoplasm is
considerably greater than that of Ca?*; therefore, it is expected that the majority of the
inhibition sites will be occupied by Mg?* (Melzer et al., 1995; Laver et al., 1997a; Lamb,
2000). At the activation site of RyR1, Mg?* also competes for binding with Ca?* (Laver et
al., 1997a). The binding affinity for Ca?* and Mg?* is approximately 1 uM, and 20-100 pM,
respectively (Laver et al., 1997a; Laver et al., 2004). The activation site is selectively
activated by Ca?*, and the binding of Mg?* does not activate the channel (Laver et al.,
2004). Therefore, an increase [Mg?*]eto Will also increase the [Ca?']eyto Necessary to
activate the channel, due to increased Mg?* competition (Lamb, 2000). In addition to the
two regulatory sites described here, there is also evidence to suggest that the activity of
RyR1 is also modulated by a luminal Ca?* regulatory site (Laver et al., 2004; Jiang et al.,
2008). This mechanism suggests that raised luminal SR [Ca?*] reduces the affinity of Mg?*
at the activation site (Laver et al., 2004).

The current understanding of RyR1 activation during ECC suggest that the release
of SR Ca?* is mediated by the physical interactions between the DHPR and the RyR1,
which is thought to alleviate the Mg?* inhibition of the channel (Lamb & Stephenson, 1994;
Melzer et al.,, 1995; Lamb, 2000). As mentioned, the organization of the triad region
facilitates direct coupling between these two proteins (Melzer et al., 1995). Depolarization
of the t-system membrane is sensed by the a1 (185kDa) subunit of DHPR, which then
elicits a conformational change to occur between the cytoplasmic loop (lI-11l loop) located
between the second and third repeat of the aisubunit (depicted in Figure 1.4B) (Tanabe et
al., 1990; Nakai et al., 1998; Grabner et al., 1999). The II-lll loop of DHPR is thought to
physically couple to the foot region of RyR1, which initiates the release of Ca?* from the
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SR (Nakai et al., 1998; Grabner et al.,, 1999). Chimeric studies have further revealed
critical amino acids within the II-lll loop (671-790) which are necessary for ECC (Tanabe et
al., 1990; Nakai et al., 1998; Grabner et al., 1999).

In cardiac cells, the binding affinity of Ca* at the activation site of RyR2 is similar to
that of RyR1 (1 uM) (Rousseau & Meissner, 1989; Xu et al., 1996). In contrast to skeletal
muscle, cytosolic Mg?* has a relatively modest inhibitory effect with a binding affinity of K;
camg ~1 mM at the inhibitory site (Rousseau & Meissner, 1989; Xu et al.,, 1996).
Therefore, the modest rise in [Ca?*] in the junctional space which is facilitated by Ca?*
entry through the DHPR is sufficient to moderately activate the RyR2 (Bers, 2002). This
release will then be reinforced by the additional release of Ca?* on nearby RyR2
molecules.

As mentioned the physiological resting levels of [Mg?*]eyto is approximately 1 mM
(Melzer et al., 1995). However, the [Mg?*]eyto can alter drastically during muscle fatigue.
The majority of Mg?* found in the cytosol is bound to ATP. With declining [ATP] observed
during skeletal muscle fatigue, it is expected that the free [Mg?*]eyto Will increase due to
Mg?* having a much lower binding affinity to adenosine diphosphate and adenosine
monophosphate (Westerblad & Allen, 1992). The measured physiological range of free
[Mg?*]eyto Was found to be approximately 1-3 mM (Westerblad & Allen, 1992). In regards to
the inhibitory effect on the RyR1, raising [Mg?*]eyto from 1 to 3 mM was found to reduce
action potential induced Ca?* release by 40% (Dutka & Lamb, 2004). Also, further
increasing [Mg?*]eyto to 10 mM abolishes ECC (Lamb & Stephenson, 1994). In contrast,
the RyR1 can be nearly maximally activated by reducing the [Mg?*]cyto to 50 uM (Lamb &
Stephenson, 1991).
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Figure 1.4 Schematic representation of DHPR and RYR.

(A) Schematic diagram describing the binding affinity for Ca?* and Mg?* at two regulatory
sites on skeletal muscle isoform RyR1 (right) and cardiac isoform RyR2 (left) (the image
was modified from (Lamb, 2000). (B) Schematic diagram of the DHPR (modified from
(Hopkins, 2006). DHPR contains 5 subunits (a1, az, B, y, and &) and is organized as a

homotetramer on the t-system surface membrane (Murayama et al.,, 1987; Franzini-

Armstrong & Jorgensen, 1994; Melzer et al., 1995).
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1.7 Sarcoplasmic reticulum

The SR forms an extensive continuous network that surrounds every myofibril and
is the main site for Ca?* storage in the muscle fiber (Franzini-Armstrong & Peachey, 1981;
Pinali et al., 2013; Manno et al.,, 2017). Structurally, the SR is organized into two
functional regions which include the terminal cisternae and longitudinal SR (Franzini-
Armstrong & Peachey, 1981). The portion of the SR that comes into close contact with the
t-system at is known as the terminal cisternae of the SR and functions as the main site of
Ca?* release. The majority of Ca?* in the SR is bound to calsequestrin (CSQ), a high
capacity Ca?* binding protein (Park et al., 2004; Murphy et al., 2009; Royer & Rios, 2009;
Manno et al., 2017). In the resting skeletal muscle, CSQ polymerizes into a multimeric
structure and can be found in high concentrations near the terminal cisternae which is
facilitated by CSQ binding to the SR membrane bound proteins triadin and junctin (Gyoérke
et al., 2004, Park et al., 2004; Dulhunty et al., 2009; Manno et al., 2017).

A unique property of CSQ polymers (depicted in Figure 1.5) is that the number of
binding sites for Ca?* increases in response to increasing free calcium concentration in the
SR (free [Ca?]sr); in addition, the number of binding sites is dependent on the degree of
CSQ aggregation (Ikemoto et al., 1991; Park et al., 2004; Launikonis et al., 2006; Pape et
al., 2007; Royer & Rios, 2009). Skeletal muscle expresses two isoforms of CSQ which
includes CSQ1 and CSQ2 (Murphy et al., 2009). CSQ1 is predominantly expressed in
mammalian skeletal muscle fast twitch fibers whereas the SR in slow twitch fibers contains
both the CSQ1 and CSQ2 molecules (Sacchetto et al., 1993; Murphy et al., 2009). The
maximal binding of Ca?* to CSQ1 and CSQ2 was found to approximately ~ 80 and 60
molca/molcsq, respectively (Park et al., 2004). The endogenous total Ca?* content in the
SR (total [Ca?*]sr) was estimated to be approximately 11 mM (relative to SR volume) in
both slow and fast twitch fibers (Fryer & Stephenson, 1996; Murphy et al.,, 2009).
Interestingly, the endogenous SR Ca?* load in both fast and slow twitch fibers were found
to be sub-maximal (22% and 68% of maximal load in EDL and SOL fibers, respectively)
(Fryer & Stephenson, 1996; Owen et al., 1997a; Murphy et al., 2009).

It is proposed that the stability of the CSQ polymer is dependent on the SR Ca?*
content (Manno et al., 2013a; Manno et al., 2017). That is, decreased occupancy of Ca?*
on CSQ causes the polymeric structure of CSQ to destabilize; thus, resulting in CSQ
depolymerization and a subsequent reduction in its buffering capacity (Park et al., 2004;
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Manno et al., 2013b; Manno et al., 2017). The total [Ca?*|sr decreases moderately during
normal muscle function. However, it is important to note that the degree of depletion is not
sufficient enough to significantly alter the polymerized state of CSQ (Owen et al., 1997a;
Canato et al.,, 2010). CSQ has been found to partially depolymerize in mouse flexor
digitorum brevis (FDB) muscle when challenged with a long-lasting field pulse
depolarizations and when the fiber was treated with low concentrations of the RyR1
agonist, 4-chloro-M-cresol (4-CMC) (Manno et al., 2017). Also, it has been demonstrated
that CSQ fully depolymerizes when the SR was maximally depleted of Ca?* (Fryer &
Stephenson, 1996; Owen et al., 1997a; Murphy et al., 2009; Manno et al., 2017). The
endogenous SR Ca?* load can be recovered by restoring the resting conditions in the
cytosol, which indicates that the polymeric structure of CSQ can also be recovered from a
depolymerized state (Lamb, 1993; Lamb et al., 1995; Murphy et al., 2009; Cully et al.,
2016).
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Figure 1.5 Proposed model for CSQ folding and polymerization.

(A) CSQ monomers are thought to be in an ‘unfolded’ state in the absence of Ca?*. (B, C)
As [Ca?'] increases, CSQ begins to fold (represented as the circles seen the Figure),
which reveals additional Ca?* binding sites on CSQ. CSQ monomers begin to form dimers
(D, E) and eventually forms into a linear polymeric structure (F; Figure was modified from
(Park et al., 2003).

6|Page



Chapter 1: General Introduction

In the relaxation phase of ECC, [Ca?']cyto begins to fall as Ca?* is transported into
the SR by the SERCA pump which is located on the longitudinal SR (Franzini-Armstrong &
Peachey, 1981). The SERCA pump is a high affinity Ca?* pump, driven by the hydrolysis
of MgATP and transports 2 Ca?* ions into the SR lumen (Yu et al., 1993; Martonosi &
Pikula, 2003). Skeletal muscle expresses two isoforms of SERCA. Fast twitch fibers
express almost exclusively the SERCA1 isoform whereas slow twitch fibers express the
SERCA2a isoform (Murphy et al., 2009).

Skeletal muscle fast twitch fibers are highly specialized to contract and relax at a
rapid rate. To facilitate the rapid release of large amounts of Ca?*, the density of DHPR
and RyR1 is increased nearly 2-5 fold in fast twitch fibers (relative to slow twitch fibers)
(Baylor & Hollingworth, 2003). This results in a 2-3 fold increase in released Ca?* during a
single twitch stimulation (350 uM and 120 uM per fibre volume in fast twitch and slow
twitch fibres, respectively) (Baylor & Hollingworth, 2003). To facilitate rapid relaxation, the
fast twitch fibre has a relatively large SR volume and increased Ca?* buffering (due to an
increase in the amount of CSQ1; which results in a partially filled SR with the free [Ca?*]sr
maintained at approximately 0.3-0.6 mM) (Fryer & Stephenson, 1996; Murphy et al., 2009;
Eisenberg, 2010). This has important implications in maintaining an environment in which
the rapid uptake of Ca?* through SERCA is optimal (Fryer & Stephenson, 1996; Baylor &
Hollingworth, 2003). Furthermore, the rate of Ca?* uptake is much more rapid in type Il
fibres, due to an increased density of the high capacity SERCA1 isoform (Wu, 1993;
Murphy et al., 2009).
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1.8 Ca?* handling within the junctional space of skeletal muscle

In skeletal muscle, Ca?* handling in the junctional space is thought to be important
for normal muscle function (Despa et al., 2014). In resting skeletal muscle, Ca?* leaks
from the RyR1 to the cytoplasm, where it is re-sequestered by the SERCA pump, back
into the SR (Dumonteil et al., 1993; Marie & Silva, 1998). This basal activity of the RyR1
(also commonly referred to as basal Ca?* leak) in the resting skeletal muscle sets a higher
[Ca?*] within the junctional space, relative to the bulk cytoplasm (Despa et al., 2014). The
net leak of Ca?* from the RyR1 contributes minimally to the overall [Ca?*]cyto but increases
metabolic rate and ATP turnover as ‘leaked’ Ca?* is actively transported back into the SR
by the SERCA pump (Dumonteil et al., 1993; Marie & Silva, 1998). Importantly, the
hydrolysis of MgATP by the SERCA pump generates heat; and therefore, Ca?* leak is
considered to contribute to thermoregulation in mammals (Barclay, 1996; Bakker et al.,
2017). A ‘leaky’ RyR has important implication in regards to Ca?* homeostasis, as any
dysregulation in this cycle can result in an increased resting [Ca?']cyto, Which can
potentially lead to skeletal muscle degradation (Bellinger et al., 2009; Andersson & Marks,
2010).

The junctional t-system and SR membrane house multiple proteins important for
Ca?* extrusion and Ca?* entry (depicted in Figure 1.6). In skeletal muscle, little is known
about the physiological significance of multiple Ca?* handling proteins within the junctional
space. Ca?* regulatory molecules within the junctional space on the t-system membrane
includes the plasma membrane Ca?* ATPase pump (PMCA), and Na*/Ca?" exchanger
(NCX) which both works to extrude Ca?* (Rosemblatt et al., 1981; Hidalgo et al., 1983;
Hidalgo et al., 1986; Donoso & Hidalgo, 1989; Kurebayashi & Ogawa, 2001). Proteins
involved in Ca?* entry includes the luminal SR Ca?* sensor stromal interaction molecule 1
(STIM1) located on the SR membrane and the selective Ca?* channel Orail located on the

junctional t-system membrane.
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Figure 1.6 Ca?*regulatory proteins of the triad region of skeletal muscle.

This schematic diagram depicts the major Ca?* regulatory molecules of skeletal muscle.
The major Ca?* extruders located on the t-system membrane include plasma membrane
Ca?* ATPase pump (PMCA), and Na*/Ca?* exchanger (NCX). The Ca?* channel Orail and

luminal SR Ca?* sensor STIM1 are located on the t-tubule and SR membrane, respectively

(Edwards et al., 2010). STIM1 and Orail play a key role in a Ca?" entry mechanism

known as store operated Ca?* entry.
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1.8.1. Plasma membrane Ca?*-ATPase

PMCA is a ubiquitous Ca?* pump located on the t-system and sarcolemma
membrane involved in Ca?* extrusion (Niggli et al., 1982; Hidalgo et al., 1983). PMCA is a
MgATP driven pump which transports one Ca?* ion to the extracellular space in exchange
for an H* ion (Niggli et al., 1982; Hidalgo et al., 1983). PMCA is described as a high
affinity, low capacity Ca2* pump with the reported Michaelis constant of 0.3-1 uM (Niggli et
al., 1982; Hidalgo et al., 1986; Enyedi et al., 1989). In mammals, there are four isoforms
of PMCA (Keeton et al., 1993). The expression of PMCAL1 and PMCA4 are ubiquitous and
are thought to function as housekeeping Ca?* pump (Keeton et al., 1993; Stauffer et al.,
1995). The expression of PMCAZ2 is tissue specific and are predominantly expressed in
neuronal tissues (Keeton et al., 1993; Stauffer et al., 1995). The structure of PMCA
consists of 10 transmembrane domains, two cytosolic loops and a cytosolic carboxyl
terminal tail (Verma et al., 1988; Strehler & Zacharias, 2001). The carboxyl terminal
contains a calmodulin (CaM) binding domain, which in the absence of CaM, interacts and
auto inhibits the catalytic site of PMCA (Enyedi et al., 1989; Verma et al., 1994). Binding
of Ca?*- CaM to the CaM binding domain reveals the catalytic site, thus activating the
pump (Verma et al., 1994). In skeletal muscle, PMCA is embedded throughout the
sarcolemma and t-system membrane (Hidalgo et al., 1983; Hidalgo et al., 1986). The
main isoforms of PMCA found in skeletal muscles include PMCAL and PMCAS3f (Keeton et
al., 1993; Filoteo et al., 2000). The PMCA3f isoform lacks the majority of the CaM binding
domain and can be activated without the presence of Ca?*- CaM (Keeton et al., 1993;
Filoteo et al., 2000).

1.8.2. Sodium calcium exchanger

NCX is a ubiquitous transmembrane antiporter that utilizes an electrochemical
gradient to move one Ca?* ion in exchange for three Na* ions (Donoso & Hidalgo, 1989).
The directionality in which these ions move (either forward or reverse mode) is thought to
be dependent on the membrane potential and the ionic concentration of Ca?* and Na*
(Donoso & Hidalgo, 1989). In contrast to PMCA, NCX is considered to be a low affinity
high capacity Ca?* transporter with a Michaelis constant of 3 pM (Hidalgo et al., 1986;
Donoso & Hidalgo, 1989; Hidalgo et al., 1991). In striated muscle, NCX is found to be
expressed throughout the sarcolemma and t-system membrane (Donoso & Hidalgo, 1989;

Fraysse et al., 2001). The role of NCX as a Ca?* extruder is well characterized and widely
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accepted to be involved in cardiac ECC (Bers, 2002). However, little is known about the

role NCX plays in ECC in skeletal muscle.
1.8.3 Store operated Ca?* entry

Store operated Ca?* entry (SOCE) is an extracellular Ca?* entry pathway which was
first described in non-excitable cells (Putney, 1977; Parod & Putney, 1978; Parekh &
Putney, 2005). SOCE is triggered upon the depletion of Ca?* from the ER, and the
primary function of Ca?* entry is to refill the Ca? stores (Parekh & Putney, 2005).
Therefore, the process of SOCE is terminated upon refilling the internal Ca?* stores
(Parekh & Putney, 2005; Hogan & Rao, 2015). The depletion of ER Ca?* is detected by
the Stromal interaction molecule 1 (STIM1) (Roos et al., 2005; Zhang et al., 2005; Luik et
al., 2006; Luik et al., 2008). STIM1 is a transmembrane protein located on the ER
membrane with the Ca?* sensing domain (EF hand motif) located in the ER lumen (Zhang
et al., 2005). At rest, Ca?* is bound to the EF hand domain, and the depletion of ER-Ca?*
causes Ca?* to disassociate from this domain, which then activates STIM1 (Zhang et al.,
2005). Upon store depletion it was found that multiple STIM1 proteins form oligomers
close to the ER-plasma membrane junction where the STIM1 molecule can interact with
the calcium channel Orail (also known as the Ca?*-release activated channel, CRAC) on
the plasma membrane to allow for Ca?* to occur (Roos et al., 2005; Luik et al., 2008; Zhou
et al., 2009). The activation of SOCE in most cell types was observed to occur within 10-
30 seconds of ER-Ca?* depletion (Putney, 1977; Parod & Putney, 1978; Parekh & Putney,
2005)

SOCE in skeletal muscle was first described by Kurebayashi and Ogawa (2001). In
this study, they demonstrated that the depletion of SR Ca?* with a membrane depolarizing
potassium solution in the presence of cyclopiazonic acid (a SERCA pump inhibitor) could
invoke a Ca?* entry response similar to that described in non-excitable cells (Kurebayashi
and Ogawa, 2001; Putney, 1977). It was later found that the SR membrane of skeletal
muscle contain multiple isoforms of STIM1, which includes STIM1L which is thought to
form a ‘pre-formed’ complex with Orai1 to rapidly activate SOCE (Edwards et al., 2010;
Launikonis et al., 2010; Darbellay et al., 2011; Edwards et al., 2011). This is supported by
the relatively fast activation of SOCE in skeletal muscle, which was observed to occur
within milliseconds of SR Ca?* depletion (Launikonis et al., 2003; Launikonis & Rios, 2007;
Edwards et al., 2010; Edwards et al., 2011; Cully et al., 2016).
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1.9 Thesis overview

This thesis focus on the mechanisms of Ca?" handling during an MH event.
Chapter 3 aims to determine the mechanism of dantrolene inhibition of the RyR1. Chapter
4 will investigate the mechanism of Ca?* release by the MH triggering agent (halothane).
In Chapter 5 a novel methodology for determining the activity of the RyR1 will be

presented.
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Chapter 2: General Materials and Methods

2.1. Experimental Animals

Male Wistar rats (Rattus norvegicus) were obtained from The University of
Queensland Biological Resources, (Brisbane, Qld Australia) and were housed at The
Animal House in The School of Molecular and Microbial Sciences (The University of
Queensland). Wistar rats were housed together in a temperature controlled (21-23 °C) well
ventilated environment with a 12:12 h light: dark cycle and fed standard chow and water
ad libitum. Male Wistar rats, between 2-6 months of age, were culled by CO2 asphyxiation
followed by cervical dislocation. The hind limb extensor digitorum longus (EDL) muscle
were quickly dissected from both hind limbs, and each muscle was then blotted on filter

paper (Whatman 1) to remove any extracellular fluid or blood.

Cane toads (Bufo marinus) were obtained from Peter Krauss (Mareebra, Qld,
Australia) or collected locally. Toads were housed in a large cage with a moist
environment with a sawdust base. Cane toads were euthanized following cooling in a 4 °C
environment for 1 h by double pithing. The iliofibularis muscle was removed and blotted as
previously described. All procedures were approved by the Animal Ethics Committee at

The University of Queensland (Appendix).
2.2. Human Biopsy sample preparation

The use of human muscle biopsy was approved by the Human Ethics Committee at
The University of Queensland (Appendix). Subjects signed informed consent forms before
their involvement in this study (Chapter 3-4). Muscle biopsies were collected under local
anaesthesia (Xylocaine, 10 mg-mL™?) from the mid-portion of the vastus lateralis muscle,
using a 6 mm Bergstrom biopsy needle modified for manual suction. The length of the

incision (<1 cm) required for this procedure is shown in Figure 2.1.
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Figure 2.1 Obtaining muscle biopsies for testing the physiological function of

muscle.

Wound in the leg of a 42 year old male ~4 weeks post-biopsy. The biopsy was taken

under a local anaesthetic using a Bergstrom needle. The inlet shows a muscle bundle

obtained from the biopsy.
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2.3. Muscle preparation

Excised muscle from rat, toad, and human to be used for the mechanically skinned
fiber preparation was pinned down at resting length on to the surface of a petri dish lined
with SYLGARD under a layer of paraffin oil and kept at 21-23°C.

2.4. Mechanically skinned fiber preparation

The main preparation used in this thesis was the mechanically skinned fiber (Natori,
1954). The process of mechanically skinning a skeletal muscle fiber and the relevant

terminology used in this section is depicted in Figure 2.2.

Using fine tip scissors and jewellers forceps (Inox No. 5, Dumont Switzerland),
individual muscle bundles were cut transversely near one end of the tendon. The muscle
bundle was then separated longitudinally down the length of the muscle, with one end of
the bundle still attached. Great care was taken not to damage the middle portion of the
muscle bundle. To mechanically skin a skeletal muscle fiber, fine jewellers forceps are
used to split apart myofibrils (>70% of the fiber) of a single muscle fiber. It is possible to
leave most of the myofibrils in one section of the skinned fiber, as shown by the
maintenance of the vast majority of the sub-sarcolemmal t-system network in the skinned
fiber (Edwards & Launikonis, 2008; Jayasinghe et al., 2013; Cully et al., 2017). Splitting
the myofibrils causes the sarcolemma to roll back on itself forming a “cuff,” which can be

used as a visual confirmation of a successfully skinned fiber.

The mechanically skinned fiber was then tied with an over-hand knot on two points
of the fiber with a 0.02 mm surgical silk suture as depicted in Figure 2.2. The surgical
suture was used to handle the muscle fiber without damage. Furthermore, the knot
provides points at which the experimental preparation can be stabilized on the
experimental apparatus (Chapter 2, Figures 2.4-2.5). Note that preparation remained

submerged in paraffin oil for the entire procedure.
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Figure 2.2 Schematic diagram of dissected muscle with micrograph inset of

mechanically skinned fiber.

The whole muscle as depicted is separated into smaller individual muscle bundles and
further separated into single muscle fibers. Under a stereoscopic microscope, the intact
single muscle fiber can be mechanically skinned. This causes the sarcolemma to roll back
on itself forming a “cuff.” Note the three sections of the dissected fiber (intact, skinned and
cuff) are indicated on the micrograph. The black ‘X’ shown on the micrograph indicates the
location where a 0.02 mm silk surgical suture was tied to the fiber using an over-hand
knot. The dashed line indicates the location at which the skinned muscle fiber was cut

from the muscle bundle.
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2.5. Skinned fiber solutions

The mechanically skinned fiber allows for experimental access to the internal
environment. The ‘internal solutions’ used in this thesis was developed to closely mimic
the normal myoplasmic environment. To maintain a normal resting membrane potential K*
and Na* were added close to physiological range.

The solutions were prepared in accordance with the procedure described in
Stephenson and Williams (1981). Calcium was heavily buffered by N’, N’ tetra acetic acid
(EGTA). The free [Ca?*] and [Mg?*] was calculated assuming an apparent EGTA binding
affinity of Kd, ca 204 nM and Kd, mg 9 mM, respectively. Magnesium and calcium were
added in the form of MgO and CaCOgs, respectively. The carbonyl was removed from the
solution by heating the solution to 60°C for 30 minutes in the presence of HEPES and
EGTA. After the solution cooled to room temperature (~21°C) creatine phosphate and
ATP was added in the form of a di-sodium salt. Solutions contained (mM): K*, 136; Na*,
36; ATP, 8; and creatine phosphate, 10. The amount of Mg?*, Ca®*, EGTA, HEPES, and
1,6-diaminohexane-N,N,N‘,N‘-tetraacetic acid (HDTA) were adjusted depending on
differing experimental parameters. In weakly buffered Ca?* solutions HDTA was added to
keep the ionic strength consistent. The pH was adjusted to 7.1 with KOH in all internal
solutions (measured with Hanna Instruments pH meter). All chemicals were obtained from
Sigma-Aldrich unless stated otherwise.

The osmolality of the internal solution matched that occurring in the myoplasm in
mammalian and toad muscle. Osmolality was measured using a freezing point
osmometer (Advanced Instruments micro-osmometer), and the final osmolality of the
solutions was 290 + 10 and 250 + 10 mOsmol kg for mammalian and toad, respectively.
The solution composition used in each Chapter is presented as a Table in the respective

method sections.

Some experiments required the use of the general aesthetic halothane (Chapter 3-
5). Since the physiological solution containing halothane is exposed to air, the
evaporation rate of halothane needed to be considered. Figure 2.3 shows the normalized
evaporation rate by mass of halothane over time. The evaporation rate of the physiological
solution and the physiological solution supplemented with 10% halothane by mass was
compared. It was found that the evaporation rate of halothane was constant. These
experiments were repeated in three trials and an evaporation rate of 9.6% - min' was

derived.
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Figure 2.3 Evaporation rate of halothane

The change in mass/masso of halothane over time in room temperature (~21°C) is shown
as the open black circles (n=3). 10% halothane by mass was mixed with an physiological
solution ((mM): K*, 3; Na*, 140; CI, 140; Ca?*, 2; Mg?*, 1; Hepes, 10; and glucose, 5; pH,
7.4 at ~21°C). The evaporation rate of the physiological solution alone is shown as the
open blue circles. As shown, the evaporation rate of the physiological solution over the
time course of the experiment is negligible. The data was fitted with a liner regression,

and an evaporation rate of halothane of 9.6%-min"t was derived.
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2.6. Design of experimental chambers used for confocal imaging of individual

mechanically skinned fibers

The experimental chamber used to image an individual muscle fiber is shown in
Figure 2.4. The chamber consisted of a coverslip (76mm x 26mm x 1.2mm) (A), epoxy
resin (E), and two entomological pins (C). The epoxy resin was used to stabilize the
entomological pins to the coverslip. Furthermore, the resin also provides a solution well
with a capacity of ~100 pL (B).

The preparation as described in Chapter 2.4 was initially removed from the paraffin
oil and blotted on filter paper to remove the excess oil. The fiber was then placed in the
chamber (in solution) and oriented so that the long axis of the fiber was perpendicular to
the entomological pins. The two knots were then placed underneath each entomological
pin. The fiber was then stretched with slight tension (~5% stretched from of slack length).
Importantly, the experimental chamber allows for rapid manual solution exchange during
image acquisition. To perform manual solution exchange, the bathing solution was
aspirated by a vacuum pump, and the following solution of interest was added with a
manual pipetter. The residual volume remaining in the solution well was ~5-10 pL. To
minimize carry over from one solution to another, manual solution exchange was

commonly performed twice.
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ay=="
A
Figure 2.4 Experimental chamber used to image mechanically skinned muscle

fibers.

(A) The main components of the experimental chamber include a 76mm x 26mm x 1.2mm
glass coverslip (A), epoxy resin (E) which forms the solution well (B) and two
entomological pins (C). The mechanically skinned fiber (D) is placed underneath each pin,

as shown. The cross section perspective (dashed line) is shown in (B).
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2.7. Design of experimental chambers used to image electrically evoke a Ca?*

transients

The apparatus used to evoke electrically-stimulated Ca?* transients is shown in
Figure 2.5. Skinned fibers were mounted underneath the entomological pins as previously
shown in Figure 2.4. Importantly, the skinned fibers were positioned so that the long axis
of the fiber was perpendicular to the electric field. The preparation was stimulated with a
5-ms square field pulse at 100 volts using a Grass S44 Stimulator (Grass Instruments Co.,

Quincy, Massachusetts, USA).

A limitation of the apparatus shown in Figure 2.5 (Top) is the inability to perform
manual solution exchange during image acquisition. This is due to the narrow access to
the solution well. To improve on this design, the platinum electrodes and the apparatus
used to mount the fiber was separated into individual components as shown in Figure 2.5
(Bottom). Another advantage of this approach is that the platinum electrodes can now be

placed closer to the preparation which increases the electric field strength.
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Figure 2.5 Experimental chambers used to electrically evoke a Ca?* transient.

Top: (A, B) The main features of this experimental chamber includes a plastic housing (A)
for the platinum electrode (diameter ~ 1 mm) (D) and a central well with a total volume of
~0.2 cm® (B). A glass coverslip (F) and entomological pins (C) was attached with epoxy
resin to the bottom of the plastic housing to seal the central well and hold the sample
preparation (E). Bottom: (C, D) This experimental setup uses the chamber described in
Figure 2.4 (D) and a custom designed housing (A) for the platinum wires (diameter ~ 0.1
mm) (C). (B) The site where the thin platinum wires can be connected to the stimulator
(Grass S44 Stimulator; Grass Instruments Co., Quincy, Massachusetts, USA).
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2.8. Confocal imaging

Confocal imaging is a common tool used in the life sciences to visualize fluorescent
dyes within a cell. Unlike the conventional wide field microscopy (which produces an
image from both in-focus and out of focus light), a pinhole aperture is used in confocal
microscopy to reject out of focus light. This produces an image from the emissions
collected from a single optical plane. In Figure 2.6 the arrangement of light paths through
filters and mirrors that allows the collection of a single plane of light from a pool of
fluorescent signal is displayed. The light from the laser is first focused through a pinhole
before contact with the dichroic mirror. The dichroic mirror functions to reflect the
excitation wavelength while being transparent to the emission wavelength. The excitation
light is then passed through a series of mirrors and lenses and out the objective lens. The
emitted light follows the same path back and through the dichroic mirror. Light from which
originated from the focal plane passes through the second set of pinholes and on to the

light detector.

The mechanically skinned fiber was mounted onto the experimental apparatus
(Figure 2.4 - 2.5), before placing it above a 40 x (Numerical aperture 0.9) water immersion
objective of the laser scanning confocal system (Olympus FV1000). Rhod-2 (Chapters 3-
5) and rhod-5N (Chapter 5) was excited at 543 nm (Helium Neon laser) with the emitted
light collected in the 562-666 nm range. Fluo-5N (Chapters 4-5) was excited at 488 nm
(Argon ion laser), and the emitted light was collected in the 500-540 nm range. The
emitted light was collected using a high sensitive gallium arsenide phosphide (GaAsP)
detectors. The high sensitivity of the GaAsP detector made it possible to conduct
experiments with relatively low laser power (>1.5+1%). This mitigates photo-bleaching

during long imaging sessions. Imaging was conducted at ~21+1°C.
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Figure 2.6 Schematic diagram of the principles of confocal imaging and the

experimental apparatus.

(Top left) Image depicting the custom glass slide (76mm x 26mm x 1.2mm) used as the

experimental chamber (Figure 2.4).
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2.9. T-system dye loading

Confocal imaging of a Ca?* indicator (fluo-5N and rhod-5N) trapped in the t-system
of a mechanically skinned fiber was first reported by Lamb et al. (1995). Mechanically
skinning a skeletal muscle fibre causes the t-system to seal at the point where it was
previously joined to the sarcolemma. The t-system becomes a sealed compartment,
which provides a number of advantages (Launikonis & Stephenson, 2002a). The removal
of the sarcolemma allows for direct access to the cytoplasmic environment while
maintaining the structural integrity of the t-system, and SR membrane in its native triad

organization (Jayasinghe & Launikonis, 2013).

Under paraffin oil an isolated muscle bundle was exposed to a Ringer solution
containing rhod-5N ((mM): NaCl, 140; KClI, 4; CaClz, 2; MgClz, 1; rhod-5N salt, 2; and
Hepes, 10 (pH adjusted to 7.4 with NaOH)) and allowed to equilibrate for 10 minutes. A 1
puL microcap (Drummond) was used to apply the dye to the muscle bundle. The allotted
incubation time has been previously shown to be sufficient to allow the dye to diffuse into
the t-system compartment (Lamb et al., 1995; Launikonis & Stephenson, 2002b; Cully et
al.,, 2016). A single fiber was then isolated and mechanically skinned, as previously
described (Chapter 2.4). Successful dye loading can be confirmed by confocal
microscopy, as shown in Figure 2.7. Note that all Ca?* indicators used in this thesis were

obtained from Thermo Fisher Scientific.
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Figure 2.7 Mechanically-skinned fiber preparation with dye trapped in the t-system.

Confocal image of a partially skinned fiber. The cuff (white arrow) splits the intact portion
of the fiber (above cuff) from the skinned portion (below cuff). (A) Fluo-5N fluorescence
(B) and transmitted light in the t-system. (C) Overlay of both images. It is important to
mention that the fluorescent dye is lost to the bathing solution in the intact portion of the
fiber, due to the absence of a sealed compartment (Figure was modified from Edwards et
al., (2008)).
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2.10. SR dye loading

The method used to load the sarcoplasmic reticulum (SR) of single muscle fibers
was modified from that originally described in intact fibers similar to that of Kabbara &
Allen (2001). Single mechanically skinned fibres were mounted in an experimental
chamber and bathed in 100 nM [Ca?*]eyto internal solution with 10 uM fluo-5N AM, 10 uM
carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP) and 0.05% Pluronic
detergent. FCCP is a protonophore which has previously been shown to inhibit Ca?*
transport into the mitochondria (Boitier et al., 1999). This step was found to be essential
as Ca?* released from the SR showed a persistent increase in fluorescence that did not
originate from the SR (Figure 2.8). After 1-hour incubation at 30°C, the dye solution was
removed and replaced with a 100 nM [Ca?*]eyto internal solution. An additional 1 hour
incubation at room temperature was conducted to allow for complete hydrolysis of the

acetyl moiety.
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Figure 2.8 Persistently raised Ca?* dependent fluorescence observed in fibers not
treated with FCCP.

(A) Spatially averaged profile of fluo-5N fluorescence in the SR of a mechanically skinned
fiber obtained from a human subject. The fiber was initially bathed in physiological internal
solution containing 0.1 mM EGTA, 1 mM [Mg?*]eyto and 100 nM [Ca?*]eyto ( B, top left) then
by manual solution exchange the internal solution was replaced with a solution containing
0.1 mM EGTA, 0.4 [Mg?*]eyto, 1 mM halothane, and 100 nM [Ca?*]cyto. A persistently raised
Ca?* dependent fluorescence was observed when the fiber was exposed to halothane (B,
top right). The maximum (B, bottom left) and minimum (B, bottom right) fluorescence were
obtained by exposing the fiber to a Ca?* ionophore (see below, Chapter 2.11). As shown,
fibers not treated with FCCP caused Ca?* entry into other dye loaded compartments. This

was not observed in fibers treated with FCCP (Figure 2.9).
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2.11. SR fluo-5N in situ dye calibration

An in situ calibration of fluo-5N in the SR was performed to provide a quantitative
evaluation of the free [Ca?*]sr. This procedure is necessary as the ionic conditions and
the presence of proteins in the SR will alter the apparent affinity of fluo-5N for Ca?*
compared to solutions only. Solutions used for calibration are listed in Table 2.1. All
solutions with Ca?* < 1.5 uM contained 50 mM EGTA to heavily buffer the [Ca?*].

As shown in Figure 2.9A, fluo-5N fluorescence was continuously tracked during
exposure to various internal physiological solutions. Exposure to a ‘maximum SR release
solution’ (black arrows) containing nominal Mg?* and 30 mM caffeine reduced the
fluorescent signal of fluo-5N. Replacing the maximum SR release solution with a 200 nM
Ca?* internal solution restored the SR fluorescent signal. These responses which were
found to be highly reproducible are consistent with the physiological depletion and

restoration of Ca?* within the SR.

To perform the in situ calibration, the skinned fiber was exposed to a Ca?*
ionophore (50 uM ionomycin) in the presence of varying [Ca?*]eyto ((UM); O, 0.2, 83, 316,
1590 and, 5000). The minimum and maximum fluo-5N fluorescence were expected to be
achieved in 0 and 5 mM Ca?*, respectively given previous calibrations of this dye in the SR
of cardiomyocytes by others (Shannon et al., 2003). Note that after permeabilizing the
SR, the exposure to 200 nM [Ca?*]eyto Solution no longer altered the fluo-5N fluorescence
(1000 s). This demonstrates the permeablized SR is no longer able to maintain a Ca?*
gradient after exposer to the Ca?* ionophore. The procedure was repeated in 6 fibers
isolated from 3 rats. A Hill curve was fitted to the results and the reported apparent Kp,ca
was found to be 403 + 37.75 uM (Figure 2.9B).
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Figure 2.9. In situ calibration of fluo-5N trapped in the SR.

(A) A representative trace of tracking the Ca?* dependent fluorescence of fluo-5N in the
SR. Skinned rat EDL fibers were continuously imaged and exposed to a cycle of an
internal (200 nM [Ca?*]eyto) and a maximal SR Ca?* release solution (black arrow) buffered
with 50 mM EGTA. The skinned fiber was then exposed to ionomycin (50uM) and 5 mM
Ca?* before exposing the cell to a range of [Ca?*] ((uM); 0, 0.2, 83, 316, and 1590). The
red underscore represents the continuous exposure to ionomycin. (B) The normalized
data were then fitted with a Hill curves, with a reported Kaq value of 403 + 37.75 uM (n=3-6
(brackets)). Continuous xy imaging of fluo-5N fluorescence was done at 0.841 s-frame™
(at 21°C).
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Table 1.1. Solutions used to calibrate fluo-5N fluorescence.

EGTA |ATP |CP | NTA | Ca?" | HDTA | Mg?* | lonomycin | K* | Na*
Solution

Concentration in mM

200 nM 50 8 10 | O 2425 |0 8.5 0-0.05 126 | 36
Ca?*
Internal

solution

0 Ca? 50 8 10 |0 >0.01|0 0 0-0.05 126 | 36
Maximal
SR

release
solution
(30 mM

caffeine)

83 uM 0 0 0 10 0.083 | 40 1 0.05 126 | 36

Ca?*

316 uM 0 0 0 10 0.316 | 40 1 0.05 126 | 36
Ca?t

500 pM 0 0 0O |0 0.5 0 1 0.05 3 145

Ca?*

1590 uM 0 0 0 0 1.59 |0 1 0.05 3 145
Ca?t

5000 pM 0 0 0 0 5.0 0 1 0.05 3 145

Ca?*

All solutions contained 50 pM BTS. Osmolality was 290+10 mOsmol kg, and the pH was
adjusted to 7.1 with KOH or NaOH (1590-5000 uM Ca?* solutions), as necessary.
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Chapter 3: Dantrolene requires Mg?* to arrest malignant hyperthermia
3.1 Introduction

Malignant hyperthermia (MH) is a clinical syndrome of the skeletal muscle that
presents as a hypermetabolic response to volatile gas anaesthetics such as halothane,
isoflurane, and to the depolarizing muscle relaxant succinylcholine. The early sign of an
MH event includes hyperthermia, tachycardia, tachypnea, and muscle rigidity. If left
untreated, the occurrence of rhabdomyolysis leads to raised serum levels of creatine
kinase, myoglobin, and K*, which can ultimately lead to renal failure, and cardiac arrest.
The prevalence of an MH episode during anaesthesia is estimated to be around 1:10,000
to 1:250,000 aesthetic. The vast majority of the causative mutations for MH have been
linked to proteins involved in excitation contraction coupling in the skeletal muscle, of
which over 30 RyR1 and 2 DHPR causative mutations have been linked to MH
susceptibility (Sambuughin et al., 2001; Monnier et al., 2002; Weiss et al., 2004).

Studies of MH susceptible muscle have shown that the RyR1 is highly sensitized to
multiple RyR1 agonists including halothane, isoflurane, caffeine, and 4-chlorom-cresol
(L6pez et al., 2000; Duke et al., 2002, 2003). The in vitro contracture test (IVCT), and the
caffeine halothane contracture test (CHCT) are both common assays used by clinicians to
diagnose MH susceptibility (The European Malignant Hyperpyrexia Group 1984, Larach
1989). Though this process requires surgery to excise the required amount of fresh
muscle tissue (1 gram) needed for the assay, it remains to be the ‘gold standard’ for
diagnosis. These diagnostic tests involve assessing the threshold of which a muscle
contraction is elicited at varying concentrations of halothane and caffeine, under the
premise that MH susceptible muscle will generate a threshold force at much lower
concentrations of both RyR1 agonists. The IVCT categories individuals into 3 groups:
MHS (susceptible), MHE (equivocal) or MHN (non-susceptible) depending if the muscle
produces significant force in response to both the agonist, one of agonist, or neither,
respectively (Hopkins et al., 2015).

It is proposed the affinity of the RyR1 channel for Mg?* is lowered in MHS
individuals which leads to its increased propensity to open (Laver et al., 1997b; Steele &
Duke, 2007). In skeletal muscle, cytosolic Mg?* ([Mg?*]eyto=1 mM) plays a duel role not
only as an important cofactor for ATP but also a key negative regulator of the RyR1. Early

studies on single RyR1 isolated from MHS pigs have reported an increase in the half
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maximal inhibition of Mg?* from 100 uM in MHN to 300 uM in MHS (Laver et al., 1997b).
This is supported in skinned fiber experiments from MHS pigs and humans which have
been found to have a much lower threshold of activation by reduced [Mg?*] (Lamb, 1993;
Duke et al.,, 2002; Duke et al., 2004). The reduced Mg?* inhibition in MHS is also
consistent with the increased sensitivity of the RyR1 to be activated by a low concentration
of caffeine and halothane at physiologically relevant levels of [Mg?*]cyto (Duke et al., 2002,
2003; Duke et al., 2004). Though it is not very well understood how Mg?* binding to the
inhibitory site of the RyR1 regulates the catalytic sites of multiple RyR1 agonists, it is
important to mention that in order for any RyR1 agonist to significantly open the RyR1, the
mechanism of the agent must overcome the inhibitory effect of Mg?* (Lamb, 2000). This
explains why high concentration of caffeine or halothane fail to significantly activate the
RyR1 in MHN muscle at physiologically relevant levels of Mg2* (Lamb et al., 2001; Duke et
al., 2003).

Currently, the muscle relaxant dantrolene is the only effective drug used to halt an
MH episode (Hainaut & Desmedt, 1974). Since its approval by the Food and Drug
Administration, the mortality rate due to a complication during an of MH episode in the
North American population has been reduced from 80% to less than 1.4% (Larach et al.,
2008). During an MH event, an initial intravenous bolus injection of 2.5 mg/kg (of body
weight) of dantrolene is administered, with up to 4 injections spaced 5 minutes apart up to
10 mg/kg. This can be repeated every 6 hours up to 48 hours to prevent reoccurrence of
an MH episode. Typically this regimen results in a serum dantrolene concentration of 10-
60 uM (Podranski et al., 2005).

Although dantrolene has robustly been used to treat MH, its mechanism of action is
poorly understood. Intravenous bolus injection of 5 mg/kg of dantrolene in WT rats has
been shown to reduce force production by 25% and 30% in the extensor digitorum longus
and soleus, respectively (Leslie & Part, 1981). A similar reduction in voltage induced Ca?*
release was observed in the flexor digitorum brevis of MHN mice (Szentesi et al., 2001).
Furthermore, 20 uM dantrolene has been shown to increase the Mg?* sensitivity or the
RyR1 in muscle fibers isolated from MHS pigs (Owen et al., 1997b). This evidence
suggests that dantrolene binds directly to the RyR1 to inhibit Ca?* release (Fruen et al.,
1997), and indeed studies have found the corresponding RyR1 binding sites for dantrolene
(Paul-Pletzer et al., 2001; Paul-Pletzer et al., 2002; Kobayashi et al., 2005). However, the
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inhibitory effect of dantrolene is all but absent in isolated RyR1 reconstituted in lipid
bilayers (Szentesi et al., 2001; Diaz-Sylvester et al., 2008; Wagner li et al., 2014).

A recent study conducted by Oo et al., (2015) demonstrated that CaM is an
important co-factor in observing the inhibitory effect of dantrolene in the isolated RyR1
preparation. CaM has been previously shown to regulate the activity of the RyR1 and may
play an important role in stabilizing the closed state of the RyR1 (Tripathy et al., 1995). In
the study conducted by Oo et al.,, (2015) the observed inhibition on the RyRs by
dantrolene was lost at raised [Ca?*]cyto (1 UM), @ condition which is likely to arise during an
MH event. Furthermore, it is also unknown if dantrolene would be able to inhibit the RyR1
in the presence of halothane. Therefore, it still remains unclear if dantrolene would be
able to inhibit the RyR1 during and MH event.

Single channel recordings have been used to great extent to characterize the
function of the RyR1. However single channel recordings occur as an isolated system and
may not necessarily translate directly to the physiological intact system (Laver, 2001).
This is because the RyR1 is bathed in solutions (on both luminal and cytoplasmic sides)
that are not physiological. Typically they are prepared to favour channel activation such
as a high luminal [Ca?*], and most commonly lack Mg?* in the cytoplasm (Laver et al.,
1997b; Laver, 2001). As previously mentioned Mg?* is a key regulator of RyR1 channel
activity and interestingly studies which reported no inhibition of the RyR1 by dantrolene
also lack physiological levels Mg?* in the cytoplasm (Szentesi et al., 2001; Diaz-Sylvester
et al., 2008; Wagner li et al., 2014).

During an MH event, the [Mg?*]eyo is likely to increase above its basal level of 1 mM.
The [Mg?*]eyto is expected to rise due to depletion of ATP and CP stores which normally
buffers Mg?* in the cytoplasm (Westerblad & Allen, 1992). This is best described in
metabolic fatigue where the rise in [Mg?*]eyto can increase to 1.5-2 mM. However, it is
unknown to what extent free Mg?* can increase in an MH event (Westerblad & Allen,
1992). Elevated levels of [Mg?*]eyto are not considered in studies of MHS. Assessments of
MH events and the action of dantrolene needs to be performed in the presence of Mg?* in
the physiological range. The lack of qualitative assays that are sensitive to small changes
in RyR1 activity makes it difficult to make such an assessment. As mentioned, the single
channel assays are not an appropriate measure of RyR1 activity in MH since the [Mg?*]eyto

must be dropped to sub physiological levels.
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3.1.1 Aims

This chapter will aim to determine the mechanism by which dantrolene can depress
over-active Ca?* release during an MH episode. It was necessary first to identify if
dantrolene inhibited the RyR1. It was hypothesized that the lack of dantrolene action on
single RyR1s activity in bilayers was due to the fact that the experiments were carried out
either in the absence of or in low [Mg?']eyto (Szentesi et al., 2001; Diaz-Sylvester et al.,
2008; Wagner li et al., 2014). In contrast, the intact fiber experiments, where dantrolene
inhibited the RyR1, maintained the endogenous level of [Mg?*]cyto (Szentesi et al., 2001).
Using mechanically skinned fibers, where the cytoplasmic environment can be rapidly
manipulated (Lamb & Stephenson, 1991; Lamb et al., 2001), the effectiveness of
dantrolene across a range of [Mg?*]eyto Was tested. Thus, skinned fibers were used to
mimic the ionic conditions of both bilayer experiments and intact fiber experiments in the
same preparation. Additionally, because the skinned fiber is bathed in, effectively, an
infinite volume of internal solution, any metabolites generated during experiments diffuse
from the preparation in less than a second so that the ionic conditions set in the bath are

maintained inside the fiber.
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3.2 Methods
3.2.1 Experimental animals, human muscle biopsy, and muscle preparation

Wistar rats (6-8 months old) and human muscle biopsies were collected as
described elsewhere (Chapter 2.1 and Chapter 2.2, respectively). Biopsy was taken from
a 30 y/o female with a RyR1 variant (exon 36, pArgl976Cys) and a 45 y/o MHS male.
The excised muscle was blotted on filter paper (Whatman no.1) to remove excess blood
and extracellular fluid. Under paraffin oil individual fibers were then isolated and
mechanically skinned (Chapter 2.4). The skinned fiber was then mounted to the

experimental apparatus as described in Chapter 2.3-2.4.
3.2.2 Internal physiological solution

Table 3.1 shows in detail the solution composition used in this study. The methods
in preparing the internal physiological solution are described in detail in Chapter 2.5. All
chemicals were obtained from Sigma-Aldrich (USA) unless otherwise stated. Halothane
(density ~1.87 g-mL™), dantrolene, and the contractile apparatus inhibitor n-benzyl-p-
toluene sulphonamide (BTS) were added from a stock solution prepared in dimethyl
sulfoxide (DMSQO). The final concentration of DMSO did not exceed 0.7%. The total
DMSO concentration was kept constant between the reference and all test conditions. All
solutions contained 10 uM of the Ca?* indicator, rhod-2. CaM derived from bovine testes
was used in experiments. To prevent significant vaporization of halothane, solutions were
made up immediately before application and were stored in an air tight syringe. The rate
of halothane evaporation was found to be > 9.6% - minute* by mass (Chapter 2.5; Figure
2.3) in our experimental apparatus, but no detectible reduction in potency was detected
with short exposure (20-60 seconds) to the open environment.
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Table 3.1: Internal solution composition

Solutions [EGTA] | Total [Ca] | Free [Ca?*] | Total[Mg] Free[Mg?*]
Concentration in mM

Loading solution: 1 mM | 1 0.485 0.0003 8.5 1

Mg?*, 300 nM Ca?* (R)

Release solution: 0 Mg?*, | 1 0.485 0.000271 0 0

271 nM Ca?* (R)

0.4 mM Mg?, 100 nM |1 0.247 0.0001 7 0.4

Ca** (R)

1 mM Mg?*, 100 nM Ca?* | 1 0.247 0.0001 8.5 1

(R)

3 mM Mg?*, 100 nM Ca?* | 1 0.247 0.0001 11.9 3

(R)

10 mM Mg?*, 100 nM |1 0.247 0.00016 22 10.8

Ca?* (R)

Loading solution: 1 mM | 0.1 0.024 0.0001 8.5 0.92

Mg?*, 100 nM Ca?* (H)

Release solution: 0 Mg?*, | 0.1 0.024 0.0001 0 0

100 nM Ca?* (H)

1.5 mM Mg?, 100 nM | 0.1 0.024 0.0001 9.6 15

Ca?* (H)

2 mM Mg?*, 100 nM Ca?* | 0.1 0.024 0.0001 10.3 1.96

(H)

3 mM Mg?*, 100 nM Ca?* | 0.1 0.024 0.0001 11.8 2.98

(H)

Each solution contained (mM): K*, 136; Na*, 36; ATP, 8; creatine phosphate, 10; Hepes,
90; BTS, 0.05; and HDTA, 49 (R) or 49.9 (H). Final pH was 7.1. The solution name in the

left column represents the rounded value of free [Mg?*], and free [Ca?*] in solutions and

the value in the associated row represent the calculated values.

The letters in

parentheses (R) and (H) refer to solutions used for rat and human fiber experiments.

Dantrolene, caffeine, and halothane were added to these solutions as indicated in the text.
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3.2.3 Confocal imaging

These methods are described in Chapter 2.8. Rhod-2 was excited at 543 nm, and
the emitted light was collected in the 562-666 nm range. Imaging was performed at 22 + 1
°C.

3.2.4 Rhod-2 imaging of cytoplasmic Ca?* transients induced by low [Mg?*]cyto,

caffeine, and halothane

Continuous xyt imaging was performed with an aspect ratio of 256:512 (87.3:174.59
um) at an acquisition rate of 0.841 seconds-frame, 0.17 milliseconds-line! and a pixel
distance of 0.21 um as shown in Figure 3.1A. The fiber was oriented so that the scanning
line was transversal to the fiber axis. The temporal and spatial information can also be
interpreted along the y axis. The time delay of the line acquisition from the first to last
scanning line of one frame is 0.841 seconds. The regions of interest in all experiments
were averaged within the boundary of the muscle fiber, and the averaged fluorescence
was normalised to baseline (F/Fo as shown in Figure 3.1B). The peak amplitude and full

duration at half maximum (FDHM) were analysed as shown in Figure 3.1B.
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Figure 3.1 Image acquisition and analysis.

(A) Diagram depicting the sequential image acquisition throughout a series of xy
coordinates on a point scanning confocal system. (B) The spatially average profile of rhod-
2-Ca?* dependent fluorescence within the border of the fiber was normalized to the
baseline fluorescence (F/Fo). Activation of the RyR1 caused a Ca?* dependent rise in the
fluorescent signal of the bathing solution eventually reaching a peak and subsequent
decay of the signal. From each Ca?* transient, the amplitude and full duration at half

maximum (FDHM) can be interpreted.
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3.2.5 Rhod-2 imaging of electrically evoked action potentials and image analysis

The mechanically skinned fiber was mounted on an experimental apparatus with
the platinum electrodes positioned parallel to the long axis of the fiber (Figure 3.2A, and
Chapter 2.7). Field pulses stimulations at 0.5 to 1 Hz were applied across the platinum
electrodes. Image acquisition for these experiments was performed in xt line scan mode
at a temporal resolution of ~2 ms- linel. As shown in Figure 3.2A the scanning line ran
parallel to the fiber axis. The corresponding rhod-2 fluorescence was normalized to the
baseline fluorescence (F/Fo) (Figure 3.2B).

3.2.6 Statistics

All data are presented as mean + SEM. Statistical analysis and nonlinear curve fitting
were performed with GraphPad Prism. 1Cso values were derived from fits to Hill equations.
Curves were compared with an extra sum of square F- test. The significance of the
reference and test values were tested with either a paired Student’s t-test or one-way
analysis of variance with Tukey multiple comparison tests, as appropriate. Significance of

the reference and test values were determined, where p<0.05.
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Figure 3.2 Confocal line scan image acquisition and analysis of electrically evoked

Ca?* transients in skinned fibers.

(A) Diagram depicting the position of the skinned fiber relative to the scanning line
(scanning line distance ~174 um at 2 ms-line’t) and platinum electrodes. (B) An example
of an original continuous line scan recording of rhod-2 fluorescence (top) with the
corresponding normalized line average (F/Fo) shown on the bottom. The preparation was
stimulated with a 5-ms square field pulse at 100 volts using a Grass S44 Stimulator at

either 0.5 or 1 Hz (Grass Instruments Co., Quincy, Massachusetts, USA).
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3.3 Results
3.3.1 Ca?* transients elicited by low [Mg?*]cyto are not inhibited by dantrolene

Ca?* release from the RyR1 was reported by the Ca?* indicator rhod-2 (10 puM). The
release of SR Ca?" through the RyR1 can be elicited by removing Mg?* from the
physiological solution by manual solution exchange (Lamb & Stephenson, 1991; Lamb et
al., 2001; Duke et al., 2002). Lowering the [Mg?*]eyto from endogenous levels (~1 mM) to
nominal [Mg?*]eyto (< 0.01 mM) removes the endogenous inhibition of Mg?* on the RyR1.
Figure 3.3A shows the selected images of a continuous xyt recording (0.841 s-frame™*) of
an SR Ca?* transient elicited by bathing the fiber in a nominal Mg?* solution (release
solution) with the corresponding normalized spatially average values over time shown in
Figure 3.3B. The baseline normalized fluorescent ratio (F/Fo) corresponds to a [Ca?*]cyto Of
300 nM.

After SR Ca?* depletion, the SR can be reloaded with Ca?* by restoring the resting
inhibition of the RyR1. During prolonged opening of the RyR1, CSQ remains in a
depolymerized state which lowers the capacity of the SR to store Ca?*, therefore the total
[Ca?*]sr remains at low levels (Fryer & Stephenson, 1996; Murphy et al., 2009; Lamboley
et al., 2013; Manno et al., 2017). Restoring the resting inhibition of the RyR1 allows Ca?*
to accumulate in the SR to levels which favour CSQ polymerization, thus restoring the total
[Ca?*]sr back to endogenous levels (Fryer & Stephenson, 1996; Murphy et al., 2009;
Lamboley et al., 2013; Manno et al., 2017). In the following experiments after each Ca?*
transient, the fiber was bathed in a loading solution (Chapter 3.2.2) for two minutes before
the next Ca?* transient was elicited. As shown in Figure 3.3C a two minute loading period

produced a reproducible Ca?* transient which did not differ in amplitude or shape.

At the decay of the Ca?* transient, F/Fo fell below the baseline when the loading
solution was reintroduced as shown Figure 3.3C (blue arrows, F/Fo lower inside the fiber
then the surrounding solution). The fluorescent levels recovered after 2-3 minutes. As
shown in Figure 3.3B this drop in baseline fluorescence did not occur when the fiber was
continuously bathed in the release solution. The fluorescent drop below baseline is
consistent with the SR being depleted of Ca?* and the SERCA pump working toward
replenishing the SR Ca?* store as observed previously by Duke & Steele (2001). In this
experiment the bathing solution was static. Therefore the fiber is limited by the inward

diffusion of the applied solution. It is then reasonable to suggest that the rate of Ca?*
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uptake into the SR must have been greater than the inward diffusion of Ca?* from the
bathing solution. Furthermore, as demonstrated by Duke & Steele (2001) in mechanically
skinned fibers, this drop in the baseline is not observed when the preparation was

perfused.

It is important to mention that the nominal [Mg?*]eyto Of the release solution in this
study is analogous to the cytosolic condition imposed in planar lipid bilayer studies where
the inhibitory effect of dantrolene is not readily observed (in the absence of CaM)
(Szentesi et al., 2001; Diaz-Sylvester et al., 2008; Wagner li et al., 2014). Figure 3.4A
shows an example trace of the Ca?* transient in the presence of dantrolene. The [Ca?*]cyto
was held constant at ~300 nM throughout the experiment. To ensure dantrolene (50 pM)
was present at the RyR1s of the fiber upon lowering [Mg?*Jeyto, it was introduced in the
loading solution prior to exposure to the release solution containing dantrolene. Analysis
of the spatially averaged profile of rhod-2 fluorescence showed that dantrolene did not
reduce the amplitude (Figure 3.4B) nor the shape (Figure 3.4C) of the Ca?* transient. The
addition of exogenous CaM in the presence of dantrolene did not affect this result (Figure
3.4D, E).
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Figure 3.3 Ca?*transients evoked by the removal of Mg?*.

(A) Selected consecutive images of cytoplasmic rhod-2 fluorescence during continuous xyt
recording (at a temporal resolution of ~0.841 s-frame?) in rat mechanically skinned fibers.
The time indicated in the Figure was rounded to the nearest whole number. (B) Spatially
averaged values of normalized fluorescence intensity (F/Fo) versus elapsed time from the
experiment shown in A. Fibers were continuously bathed in 1 mM EGTA, 1 mM [Mg?*]eyto
and 300 nM [Ca?']eyto then by manual solution exchange (the purple vertical bar indicating
the movement artefact during solution exchange at ~12 s) the bathing solution was
replaced with a nominal low [Mg?*]eyto Solution to elicit the release of SR Ca?*. (C) The SR
can be loaded with Ca?* by reintroducing 1mM Mg?* back into the bathing solution (blue
arrows) which produced reproducible Ca?* transients (red arrows) with similar amplitude

and shape.
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Figure 3.4 Ca?* transients evoked by the removal of Mg?* are not inhibited by

dantrolene in the presence of exogenous CaM.

(A) Spatially averaged profile of xyt recordings of Ca?* transients in rat skinned fibers
evoked by the nominal removal of Mg?* either in the absence (first Ca®* release) or
presence of dantrolene (second Ca?* release). [Mg?*]eyto is given at the top and exchange
of solutions is indicated by pale purple vertical bars. A two minute time interval was
allowed for after each low Mg?* transient to recover SR Ca?* levels in a solution with 1 mM
Mg?* and 300 nM Ca?*. The presence of 50 uM dantrolene is indicated by the dashed
horizontal red bar. Mean normalized peak amplitude values (F/Fo) (B) and FDHM (C) in
the absence and presence of dantrolene (n = 6 fibers). This experiment was repeated in
the presence of exogenous CaM~100 nM. The resulting mean normalized peak amplitude
values (D) and FDHM (E) in the presence and absence of CaM are shown (n = 5 fibers).
A paired Student’s t-test revealed no significant difference (p > 0.05) in B, C, D, and E. All

data presented as mean + SEM.
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3.3.2 Dantrolene requires physiological Mg?* to inhibit electrically evoked Ca?*

transients

Next, it was determined if physiologically relevant [Mg?*]eyto is Nnecessary to observe
the inhibitory effect of dantrolene. Electrical field pulse stimulations at 1 Hz was used to
release Ca?* from the SR at various [Mg?']eyto. In the resting muscle, 1 mM [Mg?*]eyto
exerts a strong inhibitory action on the RyR1 by binding to an inhibitory site (Lamb &
Stephenson, 1991; Laver et al., 1997a; Laver et al., 1997b; Lamb, 2000). Applying an
electrical field pulse stimulus activates the DHPR and causes the temporary removal of
this inhibition, thus resulting in the release of SR Ca?* (Lamb & Stephenson, 1991).
Confocal line scans parallel to the long axis of the fiber were taken with a temporal
resolution of 2 ms-line! as shown in Figure 3.2 and Figure 3.5 (top). The corresponding
normalized line average of rhod-2 fluorescence is shown on the bottom. Note that the
images shown in Figure 3.5 were from the same muscle fiber. The baseline fluorescence

corresponds to a [Ca?*]cyto of 100 NM.

The left side of Figure 3.5 shows example traces at varying [Mg?*]eyto ([IMg%*]eyto
(mM); 0.4, 1, and 3). The physiological range of [Mg?*]eyto is estimated to be about 0.8-1
mM at rest and up to 3 mM during metabolic fatigue. Sub physiological [Mg?*]cyto of 0.4
mM does not occur in the muscle but was used to determine if the inhibitory effect of
dantrolene required physiological relevant [Mg?*Jeyto. It is also important to note that 0.4
mM [Mg?*]eyto is above the half-inhibiting concentration of Mg?* of 0.1 mM (Laver et al.,
2004). The normalized peak amplitude was not different between 0.4 and 1 mM [Mg?*]cyto.
Increasing the [Mg?*]eyto to 3 mM halved the normalized peak amplitude and further
increasing the [Mg?*]eyto to 10 mM failed to elicit a measureable Ca?* transient.

In the presence of 50 uM dantrolene (right side of Figure 3.5) the normalized
amplitude was not affected when the [Mg?*]eyto Was set at 0.4 mM. However, when the
[Mg?*]eyto Was increased to 1 and 3 mM, the normalized peak Ca?* transient was reduced
in the presence of 50 uM dantrolene.
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Figure 3.5 Inhibition of electrically evoked Ca?* transients by dantrolene requires

physiologically relevant [Mg?*]cyto.

Original line scan recording of rhod-2 fluorescence taken parallel along the long axis of the
mechanically skinned rat fiber at a temporal resolution of 2 ms-line? (top). The
corresponding normalized line average (F/Fo) shown on the bottom. The Ca?* transients
were elicited by field pulse stimulation (2-5 ms pulse duration) at 1 Hz in the absence (left)
and presence (right) of 50 uM dantrolene at varying [Mg?*]eyto (0.4, 1 and 3 mM). All
solutions contained 1 mM EGTA, 100 nM [Ca?'], and 10 puM rhod-2. Note that the

representative trace shown in this Figure was obtained from a single fiber.
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The summary of the effects of dantrolene on electrically evoked Ca?* transients at
various [Mg?*]eyto is shown in Figure 3.6A. The data were fitted with a Hill equation, and
the reported I1Cso values in the absence and the presence of 50 uM dantrolene was 2.95 +
1.42 mM and 1.74 + 1.63 mM, respectively. An extra-sum of square F-test revealed that
the two curves were significantly different (p<0.05) and importantly shows that Mg?*
inhibition of the RyR1 in the presence of dantrolene is left shifted. Figure 3.6B shows that
the % inhibition induced by dantrolene increased with increasing [Mg?*]eyto. These results
indicate that physiologically relevant [Mg?*]cyto is necessary to observe the inhibitory effect
of dantrolene. The concentration response of dantrolene is shown in Figure 3.6C. The
[Mg?*]eyto during these experiments were set at 3 mM where the inhibition of dantrolene
was at the greatest. A Hill slope was fitted to the data, and the reported ICso value was
0.41 + 2.66 M.

Oo et al. (2015) have previously demonstrated that CaM is an important factor in
observing the reduced open probability of the RyR1 by dantrolene in planar lipid bilayer
studies. It was also considered that the lack of dantrolene inhibition at 0.4 mM [Mg?*]eyto
may be due to some loss of CaM from the skinned fiber or was simply lost to the bathing
solution, which presents a virtually infinite volume relative to the fiber. The loss of
endogenous CaM may have occurred during the preparation of the mechanically skinned
fiber. To address this possibility, we repeated the above experiments in the presence of
100 nM exogenous CaM and 50 uM dantrolene throughout the range of [Mg?*]eyto. These
results are summarized in Figure 3.6A (red data points) and demonstrate that exogenous
CaM did not further inhibit the RyR1 in the presence of dantrolene. This is also consistent
with the fact that CaM remains in the skinned fiber preparation long after the surface

sarcolemma is removed (Rodney & Schneider, 2003).
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Figure 3.6 The inhibitory effect of dantrolene increases with raised [Mg?*]cyto.

(A) The summarized data showing the effect of dantrolene at various [MgZ*]eyto ON
electrically evoked Ca?* transients as shown in Figure 3.5. The data were fitted with a Hill
equation and yielded an ICsp value of 2.95 + 1.42 mM and 1.74 £ 1.63mM in the absence
and presence of dantrolene, respectively. Curves are significantly different from each
other (Extra-sum of square F test). The red data points represent the normalized Ca?*
transient in the presence of 100 nM exogenous CaM, and 50 uM dantrolene (B) %
inhibition of Ca?* transient by dantrolene at the indicated [Mg?*]eyto. (C) Concentration
dependent inhibition of electrically evoked Ca?* transient by dantrolene at 3 mM [Mg?*]cyto
yielding an 1Cso value of 0.41 + 2.66 puM dantrolene. All data were derived from 5-18 fibers

isolated from a minimum of 3 rats. All data is presented at mean + SEM.
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3.3.3 Inhibition by dantrolene at low [Mg?*]cyto Observed in the presence of an

additional stabilizer

The previous experiments of this section showed that lowering the [Mg?*]eyto to 0.4
mM is not sufficient to open the RyR1 as observed in Figure 3.3, however it is thought to
increase the sensitivity of the RyR1 to be activated by RyR1 agonists (i.e., lower [agonist]
is needed to activate the channel at 0.4 mM [Mg?*]eyto compared to 1 mM [Mg?*]eyto) (Laver
et al.,, 1997b; Duke et al., 2002, 2003; Laver et al., 2004). Therefore it is reasonable to
suggest that raised [dantrolene] is also required to inhibit the RyR1 at lower [Mg?*]eyto. In
the next series of experiments, it was determined if the inhibitory effect of dantrolene can
be observed at low [Mg?*]eytoe When an additional RyR1 inhibitor (tetracaine) was used
synergistically with dantrolene. This approach was necessary as the [dantrolene] (50 uM)

used in previous sections was near the solubility limit.

Figure 3.7A shows a continuous line scan recording (taken at 2 ms-line) of rhod-2
fluorescence from a single rat mechanically skinned fiber. The fiber was initially bathed in
an internal solution containing 0.4 mM [Mg?*]eyto, 100 NM [Ca?*]eyto, and 1 mM EGTA. The
Ca?* transient was evoked by field pulse stimulation at 0.5 Hz. The introduction and
removal of various drugs were done during the data acquisition period which lasted 40 s
per recording. Similar to previous results 50 UM dantrolene (top left) did not reduce the
peak amplitude of electrically evoked Ca?* transient. Introducing 10 uM tetracaine,
however, reduced the normalized peak amplitude by ~24% (top right), with a complete
ablation of the Ca?* transient observed at 15 uM tetracaine (Figure 3.7C). Initially, the
recording with 10 pM tetracaine (bottom left) the addition of 50 uM dantrolene further
reduced the peak Ca?*transient. The initial levels were recovered after removing both
dantrolene and tetracaine from the bathing solution (Note that the time scale was reduced
in the bottom right section and that generally it required multiple solution exchanges to
remove dantrolene from the preparation). These results are summarized in Figure 3.7B
which shows the inhibitory effect of dantrolene can be observed at 0.4 mM [Mg?*]cyto When

an additional RyR1 stabilizer is present.
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Figure 3.7 Inhibition by dantrolene at low [Mg?*]cyto Observed in the presence of an

additional stabilizer.

(A) Normalized line average (F/Fo) of rhod-2 fluorescence of rat mechanically skinned fiber
with the scanning line parallel along the long axis of the fiber. Acquisition rate was 2 ms -
linet. Ca?* transients were elicited by field pulse stimulation (2-5 ms pulse duration) at 0.5
Hz in the presence of 100 nM [Ca?*]eyto, and 0.4 mM [Mg?*]eyto. The bathing solution was
then supplemented with 50 uM dantrolene (dan: red bar), 10 uM tetracaine (tet: blue bar),
or a combination of both drugs (purple bar). The diagonal line indicates a stopping of the
recording to prepare for the next manual solution exchange which took on average 1-2
minutes. Note that manual solution exchanges were performed during imaging. (B) Mean
normalized amplitude (F/Fo) from experiments as shown in (A) (n=5-6 fibers). For
statistical analysis, we used a one-way ANOVA test with Tukey’s multiple-comparison test
(P<0.0001). (C) % inhibition by varying concentrations of tetracaine in the presence of 100
NM [Ca?*eyto, and 0.4 mM [Mg?*Jeyto (N = 9-10 fibers). All data are shown as mean + SEM.
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3.3.4 Dantrolene require raise [Mg?*]cyto to lower frequency of halothane induced

Ca?* waves in human MHS skeletal muscle fibers

Next, the mechanism in which dantrolene is able to inhibit halothane induced Ca?*
release in MHS skeletal muscle fibers was investigated. This section utilizes mechanically
skinned fibers isolated from needle biopsy taken from the vastus lateralis muscle from two
unrelated subjects. Subject (A) carried a RyR1 variant in exon 36 pArgl976Cys. The
subject (B) was previously diagnosed with MHS following a positive IVCT test performed
at The Royal Melbourne Hospital, Melbourne, Australia (with responses of 0.07 g at 2 mM
caffeine; 0.26 g at 2% halothane) (Gillies et al., 2015).

As shown previously by Duke & Steele (2004), the sensitivity of the RyR1 to various
MH triggers can be determined in single skinned fibers by tracking the Ca?* dependent
fluorescence of the cytosol using a similar protocol used in this study (Figure 3.3). In the
study conducted by Duke & Steele, 1 mM halothane failed to trigger a Ca?* transient in
single fibers isolated from 71 individuals (71/71 fibers) whom previously has been
diagnosed MHN following an IVCT test. MHS positive fibers, in contrast, produced a Ca?*
transient in the presence of relatively low concentrations of halothane (1 mM) and caffeine
(2 mM). This study by Duke & Steele (2004) allows the probable determination of MH

status of the fibers examined in a similar fashion.

Figure 3.8 shows a control response of a human MHN skinned fiber (isolated from a
28y/o Male) to 1 mM halothane in the presence of either 1 or 0.4 mM [Mg%]cyto.
Unexpectedly, the addition of 1 mM halothane in 1 mM [Mg?*]eyto induced a Ca?* transient.
This Ca?* transient, however, was starkly contrasted with the halothane response at 0.4
MM [Mg?*]eyto. At reduced [Mg?*]eyto the amplitude of the Ca?* transient was increased.
Importantly, the Ca?" transients at reduced [Mg?']eyto took the form of a repetitive
propagating Ca?* wave. These experiments were repeated in an additional 5 fibers and
resulted in only 1 of 6 fibers producing a Ca?* wave at 1 mM [Mg?*]cyto and 6 of 6 fibers at
0.4 mM [Mg?*]eyo.  The halothane induced Ca?* transient observed at 1 mM [Mg?*]eyto,
therefore, may not be indicative of an MHS like response but may rather be due to an
acute release of Ca?* by halothane. Note that 1 mM halothane is much higher than the
concentrations used in the IVCT and CHCT testing (2-3% halothane is equivalent to 0.44-
0.66 mM respectively) (The European Malignant Hyperpyrexia Group 1984, Larach 1989;
(Hopkins et al., 2015)).
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Figure 3.8 Representative trace of the effect of halothane on human MHN muscle
fiber.

The muscle fiber was initially bathed in a solution containing 100 nM Ca?* weakly buffered
by 100 uM EGTA and 1 mM Mg?*. The fiber was then exposed to 1 mM halothane at
varying concentrations of Mg?*. The purple vertical bar indicates the movement artefact
during solution exchange. This experiment was repeated in 6 fibers with only 1 of 6 fibers

producing a Ca?* wave at 1 mM Mg?*. All fibers produced a Ca?* wave at 0.4 mM Mg?*.
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Figure 3.9 shows the recorded normalized rhod-2 fluorescence of mechanically
skinned fiber isolated from subject (A). A single mechanically skinned fiber from subject
(A) was initially exposed to a release solution. Following the Ca?* transient, the fiber was
bathed again in the physiological solution. The fiber was then loaded for 2 minutes before
exposing the fiber to either 3 mM caffeine (Figure 3.9 A) or 1 mM halothane (Figure 3.9 B)
at 1 mM Mg?*. In fibers from subject A, the exposure to low concentrations of caffeine and
halothane induced a Ca?* wave. (The biophysical properties of this Ca?* wave will be
investigated in Chapter 4). Every fiber tested in subject (A) responded positively to RyR1

agonist which is consistent with an MHS status.
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Figure 3.9. The effect of low [caffeine] and [halothane] on human muscle fiber from

biopsied subject A.

Spatially-averaged profile of cytoplasmic rhod-2 fluorescence of human skinned fiber
during the reduction of [Mg?*Jeyto from 1 to nominal 0 mM; and the exposure to (A) 3 mM
caffeine or (B) 1 mM halothane. The fiber was in the constant presence of 0.1 mM EGTA
and 100 nM [Ca®**]eyo. (C) Summary of the number of fibers from the biopsy used
responding with regenerative Ca?* waves. The response to low concentration of both
caffeine and halothane are consistent with the subject being MH susceptible (Duke et al.,
2004).
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Figure 3.10A (subject A), 3.10C (subject B) shows the halothane induced repetitive
Ca?* waves in isolated skinned fibers in the presence (blue trace) and absence (red trace)
of dantrolene at varying [Mg®Jeyto. Note that the frequency of the Ca?* wave varied
between the two subjects tested. This variance is expected as different causative
mutations are expected to have varying degrees of sensitivity to halothane. In both
subjects, the incremental increase in [Mg?*]eyto greatly reduced the frequency of the Ca?*
waves. In subject A and B, the addition of 50 uM dantrolene did not affect the frequency
of the Ca?* waves at 1 mM [Mg?*]eyto. However, when the [Mg?*]eyto Was raised to 2 mM,
and 3 mM, 50 uM dantrolene greatly slowed the period between the Ca?* transients in
Subject A. These experiments were repeated using a clinically relevant [dantrolene] of 5
uM. Similar to subject A, dantrolene greatly reduced the frequency of the Ca?* transient.
Halothane failed to trigger a Ca?* transient in 5 out of 6 fibers tested from Subject B when
the [Mg?*]eyto Was raised to 3 mM in the presence of 5 uM dantrolene. These results are
summarized in Figure 3.10B (subject A) and 3.10D (subject B) which shows that the

inhibition of halothane induced Ca?* wave is left shifted in the presence of dantrolene.
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Figure 3.10 Dantrolene require raise [Mg?]eyto to slow frequency of halothane

induced Ca?" waves in human MHS skeletal muscle fibers.

(A) Examples of MHS fibers from subject A exposed to 1 mM halothane and 1, 2, and 3

mM [Mg?*]eyto and the presence and absence of 50 uM dantrolene. (B) Examples of MHS

fibers from subject B in the presence and absence of 5 uM dantrolene and 1 mM

halothane. Data is summarized in (C) and (D) from a biopsy taken from subject A and

subject B, respectively. The data were fitted with a Hill equation. The ICso values are 3.2
+ 1.05and 1.6 £ 1.06 mM (C) and 2.1 £ 1.05 and 1.6 £ 1.06 (D) in the presence of

halothane and halothane plus dantrolene, respectively. Curves were significantly different

from each other (extra sum of square F test). All data points are derived from 4-5 fibers

and presented as mean + SEM.
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3.4 Discussion

In this section, | have examined the mechanism in which dantrolene is able to
inhibit Ca?* release from the RyR1. These results indicate that dantrolene and Mg?*
stabilize the closed state of the RyR1 to suppress Ca?* release (Figure 3.6 and 3.10)
(Laver et al., 1997b; Duke et al., 2002; Duke et al., 2004). In this study on human MHS
muscle fibers, low concentrations of halothane (~1 mM) induced a Ca?* release event that
took the form of a regenerative Ca?* wave. Interestingly, dantrolene was ineffective at
slowing down the periods between the waves at endogenous levels of Mg?* and required
raised levels of [Mg?'Jeyto (> 1.5 MM [Mg?*]eyto) to antagonise RyR1 activity, a condition

inside the muscle fiber that is likely to arise during an MH episode.
3.4.1 Comparative look at the intact fibers and lipid bilayer studies

This study reconciles the apparent contradictory results obtained from intact muscle
fibers (Leslie & Part, 1981; Szentesi et al., 2001) and isolated RyR1s incorporated into
lipid bilayers (Szentesi et al., 2001; Diaz-Sylvester et al., 2008; Wagner li et al., 2014).
The finding that dantrolene inhibition requiring physiologically relevant [Mg?*]eyto (>1 mM)
provides an answer to why dantrolene fails to inhibit Ca?* currents in isolated RyR1s,
where the measurements are commonly performed in the absence of or in low [Mg?*]eyto (
< 0.4mM [Mg?]eyto). Note that the ionic conditions imposed in bilayer studies are not
standardized between groups and commonly are done under conditions which favour
channel activation (i.e., low [Mg?*]leyto, and high [Ca?*]sr & cyto) (Lamb, 2000). This is a
common practice in bilayer studies to induce measureable Ca?* currents, which cannot be
resolved in the presence of physiologically relevant [Mg?*]eyto (Laver et al., 2004). Here the
function of dantrolene across this broad range of [Mg?*]cyto Was assessed by using skinned
fibers, where the ionic environment could be rapidly and accurately manipulated. In
conjunction with this technique, the RyR1 activity can also be assessed by directly imaging
the Ca?* dependent fluorescence that arises from RyR1 mediated Ca?* release (Lamb &
Stephenson, 1991; Lamb, 1993; Cully et al., 2014).

The results from this chapter also demonstrate that dantrolene weakly stabilizes the
closed state of the RyR and requires the presence of physiologically relevant Mg?* to
antagonize the channel (Figure 3.6, 3.7, and 3.10). Although this is certainly the case in
vivo (Leslie & Part, 1981; Szentesi et al., 2001), however, as demonstrated Figure 3.7

other channel stabilizers can be used in place of Mg?*. The effect of dantrolene on RyR1 in
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bilayers in the presence of CaM was only to lower open probability (Po) to levels that would
be equivalent to that with excessively leaky RyR1 in a muscle fiber. That is, if channel Po
is 1.0 during normal Ca?* release in a muscle fiber, a Ca?* flux close to 200 mM-s™, and
the normal resting RyR1 Ca?* leak is about 5 nM-s™! (Laver et al., 2004; Baylor &
Hollingworth, 2012; Bakker et al., 2017) (which hence equates to a Po of ~2.5 x 10798),
then the Po of 0.009 reported by Oo et al. under conditions of dantrolene and CaM still
corresponds to a very large leak flux through the RyR1s of about 0.18 mM-s™'. Adding
exogenous CaM in this study did not further inhibit the RyR1 even when the RyR1 was
inhibited by 3 mM [Mg?*]eyto (Figure 3.4 and 3.6). Therefore this suggests that either
endogenous CaM remained bound in the preparation as shown previously (Rodney &
Schneider, 2003), or more likely that Mg?* is the main mechanism that stabilizes the
closed state of the RyR1s in vivo. The observations made in this chapter and that made
by Oo et.al (2015) suggests that the key factor in observing the inhibitory effect of
dantrolene ex vivo is not the presence Mg?*, nor CaM per se but it is the net inhibition of
the RyR1 which needs to be met above a certain level in order for dantrolene to further
inhibit the RyR1. Thus suggesting that dantrolene, Mg?* and CaM work synergistically to
stabilize the closed state of the RyR1.

3.4.2 Mechanism in which dantrolene arrest an MH episode

Dantrolene, even at a high concentration (50 uM), did not affect halothane-induced

Ca?* release in the presence of resting levels of [Mg?*]eyto (Figure 3.10). Ca?* waves
induced by the action of halothane could only be supressed by dantrolene when the
[Mg?*]eyto Was increased above its normal resting levels (Figure 3.10). Pre-administration
of dantrolene prior to halothane did not affect this requirement for raised [Mg?*]eyto (Figure
3.10). These results suggest that in a clinical setting, even if dantrolene were pre-
administered to an MHS person undergoing general anaesthesia using halothane,
[Mg?*]eyto would still need to rise above its normal resting level of 1 mM for dantrolene to be
effective. This requirement for raised [Mg?*]cyto may not be necessary for the less volatile
anaesthetics such as sevoflurane (Duke et al., 2006), however, raised [Mg?*]cyto indeed
aids in dantrolene ability to arrest MH (Figure 3.10). A rise in muscle metabolites must
precede any clinical symptoms of MH such as increasing body temperature, as they are a
result of MgATP hydrolysis, which includes the defining heat production of the condition.
Evidence for the rise of [Mg?*]cyto during extensive muscle use is best documented during
metabolic fatigue, which can be used as a model of metabolic changes inside the muscle
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during over-active Ca?* release under an MH trigger. It has been shown in human type Il
fibers that ATP is depleted in the order of seconds during maximal activity (Karatzaferi et
al., 2001). Similarly, we can expect that muscle contractures in an MH episode lead to
major [ATP] decline. This decline of [ATP] significantly retards its capacity as the major
cytoplasmic buffer of Mg?*, causing a parallel rise in [Mg?*]cyto (Westerblad & Allen, 1992).
Indeed, increases in [Mg?*]eyto to levels in the order of 1.5 to 3 mM are reached during
metabolic fatigue (Westerblad & Allen, 1992; Allen et al., 2008).
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3.5 Concluding remarks

In summary, this chapter have shown that: (i) dantrolene acts by increasing the
affinity of the RyR1 for Mg?*; (ii) repetitive Ca®* waves generated by halothane can occur
even with [Mg?*]eyto increased above resting levels; and that (iii) dantrolene requires the
metabolite Mg?* to adequately close the RyR1 and inhibit over-active Ca?* release.
Overall these results suggest that dantrolene is a poor antagonist of RyR1 activity, but one
that is good enough to arrest MH, where the susceptibility to this condition arises from only
a relatively minor decrease in RyR1 affinity for the endogenous inhibitory stabilizer Mg?*.
This study importantly points out limitations associated with studying the skeletal muscle
RyR1 in an isolated system where the ionic conditions imposed are not physiological.
Thus this highlights the necessity for a more sensitive measure of RyR1 activity. Chapter
5 of this thesis will investigate and characterize a system in which the RyR1 can be

measured under near physiological conditions.
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Chapter 4: Mechanism of Ca?* wave propagation during an malignant

hyperthermia event

4.1 Introduction

During an MH event, the RyR1 is activated by a volatile aesthetic causing a
subsequent rise in cytosolic Ca?* levels in the skeletal muscle. As the muscle works
towards clearing the persistently high Ca?*, heat is generated as a product of ATP
hydrolysis. The physiological mechanisms involved in overactive Ca?* release during an
MH event are not well understood. As demonstrated in Chapter 3 and previously reported
by Duke & Steele (2003, 2004) halothane induced Ca?* transients takes the form of
oscillating Ca?* waves. Interestingly, oscillating Ca?* wave patterns have been shown to
have important roles in various signalling pathways in many cell types (reviewed by
(Parkash & Asotra, 2012)). Notably, in cardiac muscle Ca?* waves underlie an
arrhythmogenic process in the heart (reviewed by Stuyvers 2000). This chapter will
investigate the mode of Ca?* wave propagation in human MHS muscle, which must also

be considered a pathophysiological event.

The mechanisms involved in driving the propagation of a Ca?* wave during an MH
event in human skeletal muscle remains contested. Some argue for a CICR mechanism
similar that observed in cardiac muscle (Endo, 1977; Duke et al., 2003; Duke et al., 2004;
Steele & Duke, 2007; Endo, 2009). There is also evidence to suggest that Ca?* wave
propagation is modulated by a luminal SR Ca?* activation site located on the RyR1, which
either acts to directly activate the RyR1 or ‘sensitizes’ the RyR1 to be activated by
cytosolic Ca?* (Keller et al., 2007; Maxwell & Blatter, 2012; Chen et al., 2014). A similarity
between these two proposed mechanisms is the involvement of Ca?* as the trigger. |If
Ca?* is indeed the trigger, the activation of propagating Ca?* must be supported by sites in
the cytosol or the SR network (Kort et al., 1985; Dawson et al., 1999; Figueroa et al.,
2012; Maxwell & Blatter, 2012; Cully et al., 2014). It remains possible that both

cytoplasmic and luminal sites support regenerative Ca®* waves.

In this study, a CICR wave was defined by its ‘classical’ definition in which the
released Ca?* originating from one RyR1 couplon located on a junctional SR diffuses
through the cytosol and then activates RyR1 Ca?* release on adjacent junctional SR with
little to no involvement of the SERCA pump. This mode of cytosolic wave propagation is
best described by the ‘fire-diffuse-fire’ model (Keizer et al., 1998; Dawson et al., 1999).
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This model describes the spatiotemporal evolution of the Ca?* wave where the initial Ca?*
spark (fire) diffuses through the cytosol (diffuse) and activates adjacent RyR clusters. To
differentiate a cytosolic propagating mechanism to one that involves the SR, luminal
activation of the RyR1 incorporates both paradigms of SR luminal RyR1 ‘sensitization’ and

direct luminal RyR1 activation by Ca?* as both of these are luminal factors.
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4.1.1 Aims

This chapter aims to clarify the mode of Ca?* wave propagation during an MH event
and determine if the Ca?* release signal propagates through the cytosol or the SR. To
accomplish this aim | first characterized Ca?* wave properties in toad skeletal muscle,
which is prone to CICR (reviewed in Chapter 1). These properties were then directly

compared to the wave properties of human MHS skeletal muscle.
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4.2 Methods
4.2.1 Experimental animals, human muscle biopsy, and muscle preparation

Muscle samples used in this Chapter includes the iliofibularis obtained from Cane
toads (Bufo marinus) and human muscle biopsies collected from mid-portion of the vastus
lateralis muscle. The procedure used for preparing the mechanically skinned fiber are
described in detail in Chapter 2.1-2.4. Subjects diagnosed previously as MH susceptible
via IVCT at The Royal Melbourne Hospital. Samples were obtained from a total of 4 MHS
subjects. In some experiments, the SR was loaded with the cell permeant Ca?* indicator

fluo-5N-AM. The details of this procedure are described in Chapter 2.10.
4.2.2 Internal physiological solution

Table 4.1 shows in detail the ionic composition of the various internal solutions
used in this study. The methods in preparing the internal physiological solution is
described in detail in Chapter 2.5 and Chapter 3.2.2. In some experiments, the skinned
fiber was exposed to an internal solution containing 0.5-1 mM halothane over a prolonged
period (10-15 minutes) where the evaporation of halothane becomes appreciable. An
evaporation rate of 9.6% min? was used to determine the approximate [halothane].
Details on measuring the evaporation rate of halothane in solution are described in
Chapter 2.5 (Figure 2.3).
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Table 4.1: Internal solution composition

Solutions [EGTA] Total [Ca] | Free [Ca?*] | Total[Mg] | Free[Mg?*]
Concentration in mM

Release solution: 0 Mg?*, | 0.1 0.048 0.000271 0 0

271 nM Ca?* (T)

1 mM Mg?*, 271 nM Ca?* | 0.1 0.048 0.000271 | 8.5 1

(M)

3 mM Mg?*, 271 nM Ca?* | 0.1 0.048 0.000271 |11.9 3

(T)

SR loading solution: 1 mM | 0.1 0.024 0.0001 8.5 0.92

Mg?*, 100 nM Ca?*, 10 uM

fluo-5N-AM, 10 uM FCCP,

0.05% pluronic detergent

(H)

1 mM Mg?*, 100 nM Ca?* | 0.1 0.024 0.0001 8.5 0.92

(H)

1.5 mM Mg?*, 100 nM 0.1 0.024 0.0001 9.6 1.5

Ca?* (H)

2 mM Mg?*, 100 nM Ca?* | 0.1 0.024 0.0001 10.3 1.96

(H)

3 mM Mg?*, 100 nM Ca?* | 0.1 0.024 0.0001 11.8 2.98

(H)

1 mM Mg?*, 100 nM Ca?*, | 10 2.425 0.0001 9.50 1

10 mM EGTA (H)

Release solution: 0 mM 0.1 0.024 0.0001 0 0

Mg?*, 100 nM Ca?* (H)

Each solution contained (mM): K*, 136; Na*, 36; ATP, 8; creatine phosphate, 10; Hepes,
90 (H) or 60 (T); rhod-2, 0.01; BTS, 0.05; and HDTA 49.9 (H). Final pH was 7.1. The

solution name in the left column represents the rounded value of free [Mg?*]eyto, and free

[Ca?*]eyto in solutions and the value in the associated row represent the calculated values.

The letters in parentheses (T) and (H) refer to solutions used for toad and human fiber

experiments. Caffeine and halothane were added to these solutions as indicated in the

text.
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4.2.3 Confocal Imaging

These methods are described in Chapter 2.8. In addition to tracking the [CaZ*]cyto
as described in Chapter 3.2.4, in some experiments the free [Ca?'|sr was recorded
sequentially, line-by-line to produce two simultaneously acquired images. The fluorescent
spectrum of rhod-2 and fluo-5N is shown in Figure 4.1A, and the process of acquiring
sequential images on the point scanning confocal system is depicted in Figure 4.1B.
Sequential excitation and emission collection of an individual fluorophore were done to
minimize ‘bleed-through’ where the emission from the fluo-5N excited rhod-2. Imaging

was performed at 22 £ 1 °C.
4.2.4 Calculation of free [Ca?*]sr

SR calcium dependent fluorescence was monitored with fluo-5N (Chapter 2.10). In
each preparation, the Fmaximum and Fminnimum Were determined as described in Chapter 2.11.
This was done to account for variation in fluo-5N dye loading between fibers. The free
[Ca?*]sr can be quantified from the fluorescent values using the determined Kp,ca (Kp,ca ~
0.4 mM; Chapter 2.11) and the following relationship:
1
|:Q’Q'Fmin -

Free SR [Ca]y= Ky ca FoocF o

where F(t) is the fluorescent value of fluo-5N at time (t).
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fluo-5N rhod-2
Collected A range nm 500-540 560-666
Excitation A nm 488 543
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Scanning line direction: x (0.002 s-line")
Scanning distance x: 87.3 pm

Figure 4.1 Sequential image acquisition of two fluorophores.

(A) Fluorescence spectral analysis of fluo-5N and rhod-2. The excitation and emission
spectrum are shown as a dashed and solid line, respectively. Fluo-5N and rhod-2 were
excited at 488, and 543 nm and the emission was collected in the 500-540 and 560-666
nm range, respectively. (B) Diagram depicting the sequential image acquisition of two
laser lines throughout a series of x:y coordinates on a point scanning confocal system. In
most experiments, continuous xyt imaging was performed with an aspect ratio (x:y) of
320:512 (87.3:174.59 um) at an acquisition rate of 1.033 seconds-frame™ and a pixel
distance of 0.21 um. Any deviation from these acquisition parameters is described in the

text.
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4.2.5 Confocal image analysis

Confocal image analysis employed in this chapter is described in Chapter 3.2.4.
This analysis needed to take into account how the confocal image was built by the
sequential scanning of lines (512 lines at 0.17 ms:line’!). This scanning meant the long
axis of the frame was space (y) and time. Figure 4.2 depicts the original confocal images
of a mouse mechanically skinned fiber obtained during xyt recording with the respective
fluorescent line averages shown below (this figure was modified from Cully et al. (2014).
The propagation velocity (velocity=d/(t1-tz) and FDHM (horizontal double red arrows) of
Ca?* waves can be determined from this analysis. The period between waves was defined

as the time between the peak amplitude of two successive waves.
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Figure 4.2 Image acquisition and analysis.

This figure showing the xyt imaging of Ca?* dependent-rhod-2 fluorescence was modified
from Cully et al. (2014). The spatially averaged profiles are indicated by the vertical
double red arrow in the first image. The averaged line fluorescence is shown in black
below the image. From the plotted profile the wave propagation velocity (Velocity=d/(t1-t2))
and FDHM (t, as indicated by the red horizontal double arrow) was determined. The white

arrow indicates diffusion of Ca?* from the preparation into the bathing solution.
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4.3 Results

In order to understand the Ca?" wave propagation mechanism in human MHS
muscle, it was first necessary to investigate the much better understood toad muscle.
Toad muscle possesses different RyR isoforms that support classic CICR. Thus, toad
muscle defines how CICR-carried Ca?* waves behave in skeletal muscle fibres. By
applying RyR agonists (caffeine and halothane), the pattern of Ca?* waves and the fronts
of the waves will carry specific signatures of Ca?* release activation characteristic for
either a CICR or SR-mediated mechanism within the different muscle types. In this
section, | will present images of Ca?* waves in toad and human muscle challenged with
caffeine or halothane and describe the properties of the events that drive Ca?* release for

wave propagation and regeneration.
4.3.1 The properties of Ca?*waves in toad skeletal muscle

Figure 4.3B shows the normalized spatially average values of cytoplasmic rhod-2
fluorescence from a toad skinned fiber where a Ca?* wave was induced by exposing the
fiber to halothane (time of manual solution exchange indicated by the blue arrow). Similar
to the repetitive Ca?* waves observed in human MHS muscle fibers (Chapter 3.3.4);
halothane induced an initial cell-wide Ca?* release followed by a repetitive propagating
Ca?* wave (Figure 4.3B). Toad skeletal muscle has previously been demonstrated to be
sensitive to low concentrations of RyR agonists even at physiological [Mg?*]eyto, Which is
not observed in mammalian skeletal muscle (Lamb et al., 2001).

A selected image of a Ca?* wave induced by halothane from Figure 4.3B traveling
from left to right, as indicated by the horizontal white arrow is shown in Figure 4.3A
(bottom, with the corresponding transmitted light image shown above). The dashed
horizontal line indicates the edge of the skinned fiber. As shown, the Ca?* wave-front in
the direction of propagation spans across multiple sarcomeres with the wave-front at the
top portion of the fiber (a) trailing behind the bottom (b). Note that the scanning line (2
ms-line’!) was parallel to the transvers axis of the fiber which ensure the propagating front
of the Ca?* wave is spatiotemporally resolved. That is, the propagating front of the wave at

each y (fiber short axis) is scanned faster than the wave-front.
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1 mM Halothane

1mM Mg?*, 300 nM Ca?*
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time, s
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Figure 4.3 Halothane induced Ca?* waves in toad skeletal muscle

(A) Selected image of cytoplasmic rhod-2 fluorescence (bottom) during continuous xyt
recording (at a temporal resolution of ~0.841 s-frame™) in toad mechanically skinned fiber
with the corresponding transmitted light image shown above. The dashed white lines
indicate the borders of the skinned fiber. The white horizontal arrows indicate the direction
of propagation of the Ca?* wave and the red downward facing arrows indicates the location
of oil droplets from the preparation. The time indicated in the figure was rounded to the
nearest second. (B) The corresponding spatially averaged values (from within the borders
of the preparations) of normalized fluorescence intensity (F/Fo) versus elapsed time from
the experiment shown in A. Fibers were continuously bathed in 0.1 mM EGTA, 1 mM
[Mg?*]eyto and 300 nM [Ca?*]eyo. Manual solution exchange (the purple vertical bar
indicating the movement artefact during solution exchange at ~22 s) replaced the bathing

solution with a solution containing 1 mM halothane.
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Two consecutive Ca?* waves in a toad skinned fiber are shown in Figure 4.4. In
this preparation, the initial Ca®* wave (Wave 1) propagated along the fiber (left to right as
indicated by the white arrow). Thereafter, a second wave (Wave 2) was observed moving
in the opposite directions (right to left). Wave 2 showed similar properties in regards to the
wave-front as Wave 1. The steep rise in rhod-2 fluorescence at the wave-front reflected
the opening of RyRs and the concomitant release of Ca?*. As the angle of the wave-front
was significantly different to that of the line of RyRs at the SR terminal cisternae (assumed
to be largely transverse across the fiber), we concluded that a sequential opening of RyRs
occurred, continuously (in an unbroken fashion) across the line of RyRs. Importantly
these series of images demonstrates that the Ca?* wave-front propagates along the fiber

on a distinctive angle.
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50 ym & 0.11

Wave 14|

Figure 4.4 Angled Ca?* wave-front observed in toad skinned fibers.

Selected images were taken of two Ca?* waves (induced by 1 mM halothane) observed in
a toad mechanically skinned fiber. Note that the two waves occurred consecutively. The
white arrows shown at ~0.9 s and ~10.8 s indicate the direction of propagation. The
dashed white lines illustrate the morphology of the Ca?* wave-front. Images of
cytoplasmic rhod-2 fluorescence were taken at a temporal resolution of ~0.841 s-frame™!
with the scanning line parallel to the transverse axis of the fiber. Fibers were continuously
bathed in 0.1 mM EGTA, 1 mM [Mg?*]eyto and 300 nM [Ca?*]eyto.
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4.3.2 Origin of Ca?* waves and angled wave-front in toad skinned fibers

As previously observed in cardiomyocytes, Ca?* waves typically propagate along
the long axis of the myocyte on an angle (Lukyanenko et al., 1999; Kaneko et al., 2000;
Izu et al., 2001; Okada et al., 2005; Kashiyama et al., 2010). This angled Ca?* wave-front
can be explained assuming a time delay of the Ca?* release signal from the originating
local source of release to the peripheral boundary of the fiber, as described by the ‘fire-
diffuse-fire’ model (Keizer et al., 1998; Dawson et al., 1999). How this delay effects the
morphology of the wave-front is important in understanding the mechanisms which drive
the propagation of a Ca?* wave. Description of the spatiotemporal changes in Ca?* at the
origin of the Ca?* wave is of interest, as the delay of the release signal can be observed
along both the transverse and longitudinal axis of the fiber. The origins of RyR activation

can be concluded to be cytoplasmic or luminal.

Figure 4.5A shows a series of images where halothane triggered Ca?* wave
originated along the periphery of the toad skinned fiber (red arrows shown at 0.96 s) and
then proceeded to propagate along both axes (note that the images shown here are from
the same preparation as Figure 4.3). For this preparation, the scanning line was parallel
to the longitudinal axis of the fiber. Interestingly, the Ca?* wave appeared to be more
compact along the transverse axis of the fiber. From the acquired images the propagation
velocity along both axes can be determined as shown in Figure 4.5B. Thus, the delay of
the Ca?* release signal along the transverse axis of the fiber, in addition to the faster

propagation velocity along the longitudinal axis produces a ‘trailing’ wave-front.
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Figure 4.5 Origin of Ca?* waves and angled wave-front in toad skinned fibers.

(A) Consecutive images depicting the origin of a Ca?* wave (as indicated by the red arrow)
in toad skinned fiber with the Ca?* waves induced by 1 mM halothane. The white dashed
lines indicate the borders of the skinned fiber. (B) The position of the Ca?* wave at ~0.96
s as indicated by the dashed black lines were transposed over the position of the Ca?*
wave in the following image taken ~0.24 s (~1.20 s) later in time as indicated by the red
dashed arrows. The velocity at the longitudinal and transverse axis of the fiber was
calculated to be ((D2x-D1x)/0.24) ~133 pm-s? and ((D2y-D1y)/0.21) ~ 70 pm-s?,
respectively. The blue dashed lines indicate the borders of the skinned fiber. Fibers were
continuously bathed in 0.1 mM EGTA, 1 mM [Mg%*]eyto and 300 nM [CaZ*]cyto.
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4.3.3 Propagation velocity of Ca?* waves in toad skinned fibers is SR load

dependent

Next, it was examined if the SR Ca?* load would affect Ca?* wave velocity, as
previously described (Miura et al., 1993; Miura et al., 1999; Kaneko et al., 2000; Okada et
al., 2005; Figueroa et al., 2012; Petrovi¢ et al., 2015). Since the propagation of a Ca?*
wave through the cytosol is thought to surpass an activation threshold on adjacent RyR, it
is reasonable to suggest that greater SR Ca?* load will directly translate to a greater SR
Ca?* flux in addition to a greater RyR open probability and therefore will reach the
threshold at a faster rate (Figueroa et al., 2012). On a larger scale spanning multiple SR
junctions, this will lead to a faster propagation velocity. Importantly, this correlation has
been observed in cells that are prone to CICR and has not been observed in mammalian
skeletal muscle (Miura et al., 1993; Kaneko et al., 2000; Figueroa et al., 2012).

The steady reduction in [halothane], due to its volatile nature gives a unique
opportunity to assess wave properties at differing agonist concentrations. Figure 4.6A
shows the spatially averaged values of cytoplasmic rhod-2 fluorescence from a toad
skinned fiber with the corresponding ionic conditions of the bathing solution shown above
the trace. Attime ~ 5 s, the bathing solution was exchanged for a solution containing 1
mM halothane. The halothane evaporation rate of 9.6% min~ was used to calculate the

approximate [halothane] over the course of the measurement (Figure 4.6A).

Multiple changes in the wave behaviour were observed with declining [halothane]:
the first being an increase in the period between waves (comparing a and b as shown in
Figure 4.6A). Importantly, an increase in wave period will increase the time for the SR to
load Ca?*. It is expected that during the ‘refractory’ period between two Ca?* waves the
RyR would remain in a closed state; since an open RyR during this period would not allow
for Ca?* to accumulate inside the SR. Note that this was not observed when the fibers
were bathed in caffeine which represents a nearly constant [agonist] during the duration of
the experiment, as shown later (Figure 4.11). From a series of experiments the following
relationship between wave velocity and wave period (which can be used as an indicator of
SR load) was derived as shown in Figure 4.6B. These results suggest that in toad skeletal
muscle, the velocity of the Ca?* wave is indeed SR load dependent, which is consistent
with the involvement of a release mechanism that propagates through the cytosol via
CICR.
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Figure 4.6 Velocity of the Ca?*wave is SR load dependent in toad skeletal muscle.

(A) Spatially-averaged profile (F/Fo) of cytoplasmic rhod-2 fluorescence of toad skinned
fiber where the fiber was exposed to 1 mM halothane as indicated by the vertical purple
bar. The approximate [halothane] overtime is shown in red (right y axis). The change in
wave-period over time which indicates a longer SR load time is highlighted in the figure (a,
b). The fiber was in the constant presence of 0.1 mM EGTA, 1 mM [Mg?*]eyto and 300 nM
[Ca®*]eyto. (B) The data summarizing the relationship between Ca?* wave velocity over
varying SR loading periods. The data was fitted with a line (r>=0.67) with the dotted line

showing the 95% confidence interval. Data was collected from 5 skinned fibers obtained

from 4 toads.
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4.3.4 Cytosolic propagation of a CICR wave is abolished in raised Mg?*

From previous works, it is understood that [Mg?*]eyto is @ competitive antagonist of
the RyRs (Lamb & Stephenson, 1991; Laver et al., 1997a). Therefore, raised [Mg?*]cyto iS
expected to limit or slow the rate of CICR. Figure 4.7 shows three images of Ca?* waves
(induced by 1 mM halothane) propagating left to right (white arrow) at either 1 or 3 mM
[Mg?*]eyto. Note that these images were taken from the same preparation. The two images
shown at 1 mM [Mg?*]eyto are waves produced at varying SR Ca?* loads as demonstrated
above. Consistent with the previous results shown above, the Ca?* wave-front at 1 mM
Mg?* propagates at a distinct angle along the longitudinal axis of the fiber. An increase in
wave velocity did not change this result. This result is contrasted to the uniform transverse
wave-front that is observed at 3 mM [Mg?*]eto.  These uniformly transverse wave-fronts
are similar to that observed in rat and mouse skeletal muscle where CICR is thought to not

contribute an active mechanism of Ca?* release (Figueroa et al., 2012; Cully et al., 2014).

It could be argued that although raised [Mg?*]eyto is present in the bathing solution,
halothane may still sensitize the RyR and increase the propensity to open through a CICR
mechanism. Under the assumption that the origin of the Ca?* wave was along the
periphery of the fiber (as demonstrated in Figure 4.5), a uniform wave-front can be
produced if the CICR signal propagated across the short axis of the fiber (~ 80um) at a
rate that is faster than the scanning line (~ 2 ms). This will equate to a CICR propagation
rate of greater than (0.08 mm/ 0.002 s) 40 mm/s. This rate was not observed
experimentally as shown previously in Figure 4.6 (even at conditions that favors an
accelerated rate CICR). Furthermore as shown, an angled wave was still observed at
accelerated rates of CICR (1 mM Mg?*, bottom image).

In toad skeletal muscle two isoforms of the RyRs (a, B) are expressed in equal
proportions and are thought to be activated by different mechanisms (Lai et al., 1992;
Sutko & Airey, 1996; Kashiyama et al.,, 2010). The a-RyR is thought to be activated
directly from the DHPR, whereas activation of the B-RyR is thought to be supported by
CICR (Murayama & Ogawa; Shirokova & Rios, 1997, Murayama & Ogawa, 2001;
Figueroa et al., 2012). From previous studies where either toad a or B-RyR was
expressed in myotubes, and a Ca?" wave was induced by caffeine, it was found that
angled waves were only observed in myotubes expressing the more CICR prone B-RyR

(Kashiyama et al., 2010). Interestingly, the a-RyR expressing myotubes produced a
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uniform wave front similar to that observed in 3 mM [Mg?*]eyto.  This suggests that in toad
skeletal muscle where both a and B-RyR are expressed, the resulting Ca?* wave was due
to a combined mode of propagation. Therefore, the angled wave-front observed at 1 mM
[Mg?*]eyto is likely due to CICR and the straight wave-front is likely a property of a Ca?*

wave which is CICR independent.
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Figure 4.7 Inhibition of CICR by raised [Mg?*]cyto produced a uniform wave-front.

Selected images taken from the same preparation showing the wave-front produced in
toad skinned fibers by varying SR Ca?* loads (indicated by the wave period) and varying
[Mg?*]eyto (1-3 mM; left and right, respectively). The Ca?* wave was generated by exposing
the fiber to 1 mM halothane. The white dashed lines indicate the borders of the skinned
fiber and the white arrow indicates the direction of propagation. The toad skinned fiber
was bathed in 300 nM [Ca?*]cyto.
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4.3.5 ‘Classic’ CICR wave properties not observed in halothane induced Ca?* waves

in human MHS muscle

The previous experiments demonstrated a likely involvement of CICR in the
propagation of Ca?* waves in toad skeletal muscle. In addition, the flat wave-front
observed at raised [Mg?*]eyto SUggest that another mechanism is involved in driving the
propagation of a Ca?* wave in the absence of CICR. Next, by comparing the Ca?* wave
properties in human MHS muscle to that of toad, it was determined if halothane induced
Ca?* waves in human MHS fibers also propagate through a CICR mechanism or not.
Similar to the experiments on toads, Ca?* waves in human MHS muscles was induced by

exposing the fiber to either halothane or caffeine (as indicated in the text).

Figure 4.8A shows the spatially averaged profile of rhod-2 fluorescence within the
borders of a skinned fiber isolated from a human MHS subject. The fiber was initially
bathed in a 100 NM [Ca?*]eyto, 1 MM [Mg?*]eyto physiological solution before exposing the
fiber to 0.5 mM halothane (~10 s). The continuous series of images taken from this
experiment (from 16-26 seconds at an acquisition rate of ~1 s-frame™') is shown in Figure
4.8B. In this series of images, the Ca?* transient began as a local diffuse rise in Ca?*
before the rapid onset of a Ca?* transient (22.7 s). This can be more clearly observed by
plotting the fluorescent line averages over the distance of the imaged section of the
skinned fiber (Figure 4.8C). As shown, the diffuse rise in Ca?* is in the region of the fiber
where the Ca?* wave will originate. In the multiple fibers tested the origin of the Ca?*
release event was either centrally located in the fiber or synchronous across the short axis
of the fiber.

Similar diffuse release behavior was observed when the preparation was
challenged with raised [Mg?*]eyto (3 mM; Figure 4.9A indicated by the green arrow). Note
that raised [Mg?*]eyto Would shift the expected activating concentration of Ca?* of the RyR1
to levels far above that observed during these diffuse Ca?* release events. These diffuse
release events were also observed in a previous study in mouse skeletal muscle where
the release of Ca?* was induced by lowering the [Mg?*]cyto to 0.01 mM, a condition that
would increase the likeliness of a CICR event due to reduced Mg?* competition (Cully et
al.,, 2014). These observations indicate that CICR did not occur; even under favorable

conditions for cytosolic Ca?* activation (Cully et al., 2014). Therefore, collectively these
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results suggest that the initiation of a Ca?* wave induced by halothane in MHS muscle is
probably not due to CICR.

Another observation shown at ~ 20.6 s (Figure 4.8C) was that the average
fluorescence was greater along the borders of the fiber in comparison to the central region
(as indicated by the green arrow). Similar to previous results (Chapter 3, Figure 3.3), the
‘undershoot’ of the Ca?* dependent fluorescence is likely due to the slow diffusion of Ca?*
from the bathing solution to the central portion of the fiber due to a standing Ca?* gradient
created by the activity of the SERCA pump. Therefore under these experimental
conditions, the outer portions of the fiber are exposed to a higher [Ca?*] for longer periods
relative to the central portion of the fiber. If CICR were the driving mechanism to initiate a
Ca?* wave in mammalian muscle, it would be expected that the outer portion of the fiber

would initiate a Ca?* wave (similar to the observed results in toad muscle, Figure 4.5).

The morphology of a typical halothane-induced Ca?* wave-front as observed in
human MHS fiber is shown in Figure 4.9B. The wave-front was nearly perpendicular to
the long axis of the fiber. A close inspection of the front of the Ca2* wave corresponding to
the top and bottom of the fiber revealed that the wave-front at the bottom portion (b) of the
fiber is 10 pum ahead of the top (a). This may indicate that the Ca?* wave-front is
propagating at an angle, similar to that observed in toad skeletal muscle (Figure 4.3-4.4).
However, since the scanning line was parallel to the longitudinal axis of the fiber in this
experiment, it was important to consider how this may skew the position of the Ca?* wave-
front. Taking into account the effects of the line by line confocal image acquisition, the
Ca?* wave front was found to be virtually perpendicular to the longitudinal axis to the fiber
(demonstrated in the figure legend; Figure 4.9B). This result was in contrast to the angled

wave-front observed in toad fibers (Figure 4.3-4.4).

A flat wave-front was observed across multiple fibers and at varied [Mg?*Jeyto (1-3
mM) in human MHS fibers. The flat wave-front was also observed in previous studies in
rat skeletal muscle at low cytosolic [Mg?*] (~0.01 mM) (Cully et al.,, 2014). The
morphology of the wave-front suggests that the Ca?* release was synchronous across the
line of RyR1s at the SR terminal cisternae. The relatively slow propagation velocity
observed here (43 pum-s?) is incompatible with the release mechanism occurring through
CICR. As demonstrated in toad fibers, the propagation velocity can change the
morphology of the Ca?* wave-front (Figures 4.7), with slower propagating waves producing

an increasing angled wave-front. This observation is consistent with a propagating
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mechanism occurring through the cytosol via CICR (Dawson et al., 1999; Coombes et al.,
2004; Figueroa et al., 2012). Therefore, if CICR is an active mechanism in human MHS
fibers the relatively slow propagation velocity would also be expected to produce an

angled wave-front.

These results collectively suggest that cytosolic propagation defined by the ‘classic’
release mechanism of CICR plays little to no role in the propagation mechanism of a Ca?*

wave during an MH event.
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Figure 4.8 Diffuse Ca?* release events observed proceeding the generation of a Ca?*

wave in human MHS muscle.

(A) Spatially-averaged profile (F/Fo) of cytoplasmic rhod-2 fluorescence of human MHS
skinned fiber where the fiber was exposed to 0.5 mM halothane at ~10 s. The fiber was
bathed in the constant presence of 0.1 mM EGTA, 1 mM [Mg?*]eyto and 100 nM [CaZ*]cyto.
(B) The corresponding consecutive images are demonstrating a diffuse rise in Ca?* before
the onset of a Ca?* wave. The increased Ca?* dependent fluorescence along the borders
of the fiber is highlighted by the green arrow. (C) Fluorescent line averages over the

distance of the fiber taken at 3 time points from the series of images shown in B.
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Figure 4.9 Diffuse Ca®* release events observed proceeding the generation of a Ca?*

wave in human MHS muscle cont.

(A) Series of selected images of a Ca?* wave in human MHS muscle in the presence of 3
MM [Mg?*]eyto, 100 NM [Ca?*]eyto, and 1 mM halothane. The green arrow highlights the
location of the diffuse Ca?* release event. (B) Selected image of rhod-2 Ca?* dependent
fluorescence depicting the uniform wave-front observed in human MHS muscle. The fiber
was bathed continuously in 100 nM [CaZ*]eyto, 0.1 MM EGTA, and 1 mM [Mg%*]eyto. The
Ca?* wave was induced by exposing the fiber to 1 mM halothane. The dashed white lines
indicate the borders of the fiber and the white arrows indicate the position of the Ca?* wave
at two distinct time points (a,b) separated by ~0.28 s. The distance separating these two
points along the x axis is approximately 10 um. Taking into account the 0.23 s delay
between the confocal image acquisition of the top and bottom portions of the fiber and the
average propagation rate of the Ca?* wave-front, the ‘actual’ position of the Ca?* wave-
front along the bottom is (0.23 s-43 um-s*) 10.58 um behind its current position as shown
in the figure. Correcting for the time delay in acquiring images in this manner revealed

that the wave-front is nearly perpendicular to the longitudinal axis of the fiber.
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4.3.6 Ca®*wave velocity is not SR load dependent in human MHS muscle

Next, it was examined whether increased SR Ca?* loads would affect wave velocity
in human MHS muscle fibers. Figure 4.10A and Figure 4.11A show the normalized rhod-2
fluorescence (F/Fo) of an isolated human MHS fiber, where a Ca?* wave was induced by
either halothane or caffeine, respectively. Prolonged exposure to the preparation to
halothane caused a gradual increase in the period of the waves (Figure 4.10A). The
corresponding selected images from Figure 4.10A are shown in Figure 4.10B. These
selected images show that the duration of the Ca?* wave (indicated by the horizontal white
arrow) gradually increased from points a to b which suggest a greater SR load in the latter.
Interestingly, the increased time to load the SR (6 s and 39 s for the wave observed at a
and b, respectively) did not result in accelerated wave velocity. Note that change in wave
period was not observed when the [agonist] was kept constant, which would be the case
for a solution containing caffeine Figure 4.11A. The range of the acquired values for wave

periods for the two agonists are summarized in Figure 4.11B.

The change in wave velocity over increasing SR Ca?* loads is summarized in
Figure 4.11C. These results suggest that the velocity of the Ca?* wave was not dependent
on the SR Ca?* load, nor was it dependent on the RyR1 release flux (which is expected to
increase with increasing SR loads due to the increased driving force of Ca?* (Figueroa et
al., 2012)). The propagation of a CICR wave is expected to accelerate with increasing
Ca?* flux due to reduced time to reach a Ca?* activation threshold on adjacent or RyRs.
Therefore, these results are also at odds with the propagation mechanism being driven by
CICR.

The propagation velocity remained comparable between varying SR loads. The
‘speed-limit’ of the wave velocity may be due to the diffusional properties of Ca?*. That is,
Ca?* release from RyR1s along a single junctional SR cannot be initiated until the arrival of
the ‘release-trigger’ from adjacent RyR1s. The following sections investigated the possible
mode of propagation of the Ca?* release trigger, and determine the contributions of both

luminal and cytosolic Ca?*.
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Figure 4.10 Velocity of the Ca?* wave is human MHS muscle is not SR load
dependent.

(A) Spatially-averaged profile (F/Fo) of cytoplasmic rhod-2 fluorescence of human MHS
skinned fiber where the fiber was exposed to either 0.5 mM halothane as indicated by the
vertical purple bar. The approximate [halothane] over time is shown in blue (right y axis).
The fiber was bathed continuously in 100 nM [Ca?*]eyo, 0.1 mMM EGTA, and 1 mM
[Mg?*]eyto.  (B) Selected images of Ca?* waves observed in A at time points a and b. The

horizontal dashed lines show the borders of the skinned fiber and the white double-sided

arrows shows the duration of the Ca?* wave.
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Figure 4.11 Velocity of the Ca? wave is human MHS muscle is not SR load

dependent cont.

(A) Spatially-averaged profile (F/Fo) of cytoplasmic rhod-2 fluorescence of human MHS
skinned fiber exposed to 3 mM caffeine as indicated by the vertical purple bar. The fiber
was bathed continuously in 100 nM [Ca?*]eyto, 0.1 MM EGTA, and 1 mM [Mg%*]eyto.  As
shown, the duration of the Ca?* wave remains constant in the presence of 3 mM caffeine
throughout the recording. These experiments were repeated on additional 5 fibers. The
duration of time the fiber was exposed to either halothane or caffeine remained constant
(~10 mins). (B) Histogram depicting the range of wave periods observed with either
halothane (blue) or caffeine (red). (C) Data summarizing the relationship between Ca?*
wave velocity over varying SR load (induced by caffeine and halothane). The wave period
was binned along the x-axis, and the number of measurements are shown above. All data
presented as mean + SEM. The mean velocity observed at 1 mM [Mg?cte Was
approximately 54.3+2 um-s? (n=38). However, a slower propagation velocity was

observed at 3 mM [Mg?*]eyto (19.7 4.3 pm-s* (n=8)).
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4.3.7 Propagation of Ca?* waves is dependent on the luminal SR Ca?*

Next, the contribution of luminal SR Ca?* in the propagation mechanism of a Ca?*
wave was investigated. It was previously found that the activation of MHS causative RyR
variant by halothane was dependent on the luminal SR Ca?* reaching above an ‘store-
overload induced Ca?* release (SOICR) threshold’ (Jiang et al., 2008; Chen et al., 2017).

To directly assess the contribution of luminal SR Ca?*in activating a Ca?* wave, the
SR in human MHS muscle was monitored with the Ca?* indicator fluo-5N (Figure 4.12A
right). The cytosolic rhod-2 fluorescence was acquired sequentially (Figure 4.12A left).
Figure 4.12B shows the normalized fluorescent ratio of rhod-2 (red trace) and the free
[Ca?*]sr measured by fluo-5N in a human MHS muscle preparation treated with 1 mM
halothane (the spatially averaged profile was taken within the borders of the white box as
indicated in Figure 4.12A). As shown, each Ca?* release event observed in the cytosol
corresponded to a drop in the free [Ca?*]sr. The free [Ca?*]sr levels at early time points of
the recording (20-100 s) nearly recovered back to its original levels before the onset of
another Ca?* wave. Interestingly, as the apparent [halothane] in the solution reduced over
time (blue trace) the free [Ca?*]sr immediately before the depletion gradually increased in
a time dependent manner (white dashed lines indicates the increase in free [Ca?*]sr over
time). Note that the cytosolic levels before the onset of the Ca?* transient remained
comparable throughout the recording. The gradual rise in free [Ca?*]sr over time was not
observed when the fiber was treated with caffeine; suggesting that the conditions required
to produce a propagating wave did not change over time (Figure 4.13A and comparisons
of the two agonists are shown in Figure 4.13B). These results demonstrate that raised free
[Ca?*]sr is required to initiate a Ca?* wave at reduced [halothane]. Thus, suggesting that
the SOICR threshold increased with declining [halothane].
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Figure 4.12 Decrease in [Halothane] increased the ‘SOICR’ threshold necessary to

initiate a Ca?* wave.

(A) Selected image of cytoplasmic rhod-2 and SR- fluo-5N fluorescence (left and right,
respectively) during continuous xyt recording in human MHS mechanically skinned fiber
(temporal resolution of ~0.625 s-frame™). (B) The corresponding spatially averaged
values (within the borders of the white box shown in A) of normalized fluorescence
intensity (F/Fo) and converted free [Ca*]sr. Fibers were continuously bathed in 0.1 mM
EGTA, 1 mM [Mg®*]eo and 100 nM [Ca?*]eyto then by manual solution exchange the
bathing solution was replaced with a solution containing 1 mM halothane (~ 10 s). The
blue trace shows the approximate [halothane] over time. At the end of the recording, the
fiber was exposed to a physiological solution containing 0 mM Mg?* and 30 mM caffeine
(as indicated by the red arrow) to maximally empty the SR of Ca?*. The thorough
depletion of the SR is a value lower than the value that the SR depletion terminated at
during any of the Ca?* waves. Thus, the SR is depleted to submaximal levels during each

Ca?* transient.
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Figure 4.13 ‘SOICR’ threshold remains constant in the presence of caffeine

(A) Spatially averaged values of normalized fluorescence intensity (F/Fo) and converted
free [Ca?*]sr from a human MHS skinned fiber (temporal resolution of ~0.625 s-frame™).
Fibers were continuously bathed in 0.1 mM EGTA, 1 mM [Mg?*]eyto and 100 nM [Ca?*]eyto
then by manual solution exchange the fiber was exposed to 3 mM caffeine (~ 500 s). (B)
The free [Ca?*]sr measured before the onset of a Ca?* wave is plotted over the elapsed
time the fiber was exposed to either caffeine (Figure 4.13A) or halothane (Figure 4.12A).

These traces are representative of what is generally observed in the 8 fibers tested

obtained from 2 MHS subjects.

102 |Page



Chapter 4: Mechanism of Ca?* wave propagation during and MH event

4.3.8 Cytosolic contribution of Ca?* wave propagation in human MHS muscle fibers

Next, the possible role of cytosolic Ca?* in the mechanism of Ca?" wave
propagation was investigated. If Ca?* wave propagation relies solely on the diffusion of
the release trigger through the SR lumen, it would be expected that Ca?* wave
propagation will not be impeded at raised cytosolic buffering. Raised cytosolic buffering
will limit the diffusion of Ca?* from one junctional SR to another, and will significantly hinder
the re-uptake of released Ca?* from the RyR1 into the SR.

Figure 4.14 shows the sequential image acquisition of Ca®* dependent fluorescence
of rhod-2 (cytosol) and fluo-5N (SR) as previously described (Figure 4.12). The skinned
fiber was initially bathed in a physiological solution (100 nM Ca?*, 1 mM Mg?*") at low
cytosolic buffering (100 uM EGTA) before replacing the solution with one containing 0.5
mM halothane (left, downward facing arrow). The fiber was then reloaded with Ca?*
(upward facing arrow indicating the removal of halothane) before inducing another Ca?*
transient with 0.5 mM halothane (right, downward facing arrow), but at raised cytosolic
buffering (10 mM EGTA). Note that rhod-2 was not present in the raised buffering
solutions. The fiber was then treated with a maximal release solution to deplete the SR of

Ca?* to nadir.

At raised cytosolic Ca?* buffering, the depletion of SR Ca?* occurred uniformly
across the cell which indicates that the release of SR Ca?* was not due to a propagating
Ca?* wave. As shown, the readily observed oscillating Ca?* wave pattern at low cytosolic
buffering was abolished at raised buffering. Furthermore, upon exposure to halothane at
raised buffering, the rate of free [Ca?*]sr depletion was slowed. Fitting an exponential
function to the depletion step upon the initial exposure to halothane in low and high
buffering resulted in a time constant (1) of 1 and 58 s, respectively. The slow decline in the
free [Ca?*]sr implies that the RyR1 was not open to the same extent in highly buffered
conditions. These results suggest that repetitive Ca?* waves are inhibited in the absence

of cytosolic propagation of Ca?*.
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Figure 4.14 Change in Ca?*wave behaviour at raised cytosolic buffering.

Spatially averaged values of normalized fluorescence intensity (F/Fo) and converted free
[Ca?*]sk from a human MHS skinned fiber (temporal resolution of ~1.03 s:frame™). The
fiber was initially bathed in a physiological solution containing 0.1 mM EGTA, 1 mM
[Mg?*]eyto and 100 NM [Ca?*]eyto. The downward facing arrows indicate the addition of 0.5
mM halothane where the upward facing arrows indicate the removal of halothane. The
[EGTA] during the experiments are indicated above the trace. Note that rhod-2 was not
present in the raised buffering solutions. At the end of the experiment, the fiber was

exposed to a maximal release solution to deplete the SR Ca?* to nadir.

104 |Page



Chapter 4: Mechanism of Ca?* wave propagation during and MH event

4.4 Discussion

This chapter aimed to clarify the mechanism of Ca?* wave propagation in human
MHS muscle. This is important in developing a further understanding of overactive Ca?*
release during an MH event. Specifically, both the cytosolic and SR Ca?* contribution to
the mechanism of Ca?* wave propagation was investigated. To provide better clarity, the
‘classic’ cytosolic propagation mechanism of CICR was defined in this study as one
entirely driven by the cytosolic diffusion of Ca?* from one junctional SR to another. Thus,
the released Ca?* will diffuse to activate RyRs at the cytoplasmic activation site with little to
no involvement of the SR or the SERCA pump. Therefore, any additional mechanism that
involves the SR was considered a luminal SR dependent propagation mechanism. These
distinctions were not made clear in previous studies (Endo et al., 1970; Duke et al., 2003;
Duke et al., 2004; Endo, 2009).

Skinned fibers allowed the controlled mimicking of an MH event, having well-
defined ionic conditions while Ca?* release was spatiotemporally tracked. Additionally,
fibers were isolated from biopsies of persons who were MHS. The defined ionic conditions
were also applied to toad skinned fibers, which are known to display ‘classic’ CICR. In this
study, it was found that halothane induced activation of RyRs in human MHS and toad
skeletal muscle induced repetitive Ca?* waves (Figure 4.3 — 4.8). No evidence was found
in this study in regards to the participation of ‘classic’ CICR in the mechanism of Ca?* wave
propagation in human MHS muscle (Figure 4.8 - 4.14). This was contrasted to the results
obtained in toad skeletal muscle, which displayed characteristics that are in line with the
involvement of CICR (Figure 4.3 — 4.7). Importantly, the apparent inhibition of Ca2* waves
in human MHS susceptible muscle at raised cytosolic buffering suggests that luminal SR
and cytosolic Ca?* are both integral to the mechanism that drives the propagation of Ca?*

waves.
4.4.1 ‘Classic’ CICR does not contribute to RyR1 activation during an MH event

To describe the behaviour of overactive Ca?* release during an MH event Endo
(2009) defines CICR as a response that is elicited solely by Ca?*. However, since the
triggering general aesthetic is present throughout an MH event this definition does not
accurately reflect the mechanisms involved; as the action of the pharmacological agonist
cannot be isolated from the action of Ca?* alone.
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Defaulting to the ‘classic’ definition of CICR, this study provides evidence that
cytosolic activation of the RyR1 in which the triggering Ca?* propagated from an adjacent
RyR1 through the cytosol does not occur during an MH event. The diffuse release events
observed here at 1-3 mM [Mg?*]eyto (Figure 4.8) and also observed at low Mg?* (0.01mM)
(Cully et al., 2014) are at odds with the involvement of a CICR mechanism (Shirokova et
al., 1998).

Additionally, in this study, a positive correlation between SR load (as indicated by
increasing periods between waves) and wave velocity was observed in toad skeletal
muscle (Figure 4.6). This correlation can be explained by greater SR Ca?* loads leading
to greater release flux as described previously (Figueroa et al., 2012). A greater release
flux will reach the activating [Ca?*] ‘threshold’ at a faster rate and thereby accelerating the
rate of wave propagation. This relationship was not observed in human MHS muscle,

which also suggest no involvement of CICR (Figure 4.10-4.11).

The propagation velocity of the Ca?* wave found at 1 mM [Mg?*]eyto is in close
agreement with that found in previous studies where the Ca?* wave was induced by low
[Mg?*]eyto (0.01 — 0.3 mM) (Figueroa et al., 2012; Cully et al., 2014). Thus the propagation
velocity is not accelerated at reduced [Mg?*]eyto Which is likely due to limits sets by Ca?*
diffusional properties. This suggests that even in conditions which favours CICR (by
reducing competition by Mg?*) the threshold required for Ca?* to activate the RyR1 cannot
be met solely by a cytoplasmic propagating mechanism. It is also important to note that
MHS RyR1 variants do not have an increased sensitivity to cytosolic Ca?* activation
(Murayama et al., 2007; Chen et al., 2014; Chen et al., 2017).

To understand the underlying mechanisms of overactive Ca?* release during an MH
event, it is important to consider the inhibitory actions of Mg?*. As mentioned earlier it is
likely that [Mg?*]eyto is increased during an MH episode (Chapter 3.4). The inhibition of
CICR by cytosolic Mg?* is well known as Mg?* competes with Ca?* for the activation site
and also directly inhibit the RyR1 by binding to an inhibitory site (Laver et al., 1997a). In
this study, Ca?* wave propagation occurred at varying [Mg?*]eyto (1-3 mM) (Figure 4.8 —
4.9) which at raised [Mg?*]cyto Would shift the activating concentration for Ca®* to levels that

do not occur in vivo even in these extreme circumstances of uncontrolled Ca?* release.
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4.4.2 Involvement of luminal SR Ca?* during a Ca?* wave

For every wave, regardless of the mechanism of RyR opening, a load of Ca?* is
required inside the SR. This is clear in every example of Ca?* waves here, where the
recovery of Ca?* by the SERCA pump was required as the precursor to the next wave at
the same site on the fiber. However, within this criteria, the activation of the wave can still
be determined to be initiated at luminal or cytoplasmic sites on the RyR. Luminal SR Ca?*
levels have been demonstrated to affect the propensity for the RyR to open in bilayer
studies (Laver et al., 2004; Chen et al., 2014; Chen et al., 2017). Additional studies in
MHS causative RyR variants have also demonstrated an increased sensitivity to luminal
Ca?* activation, or alternatively described as having a reduced SOICR threshold (Jiang et
al., 2008; Chen et al., 2017). Here a positive correlation between the activating luminal
SR Ca?* levels and approximate declining [halothane] was observed (Figure 4.12 — 4.13).
In experiments where the [agonist] (caffeine) did not decline significantly during prolonged
exposure to the fiber in the bathing solution, the activating SR Ca?* levels remained
relatively constant (Figure 4.13). This is consistent with an inverse relationship between
the SOICR threshold and [agonist]. The absence of any indication of cytoplasmic
recruitment of RyR1 opening by Ca?* excludes CICR involvement, and that luminal SR

Ca?* is the likely candidate responsible for triggering RyR1 opening.

In support of this hypothesis, the Ca?* wave propagation at raised [Mg?*]eyto in toad
skeletal muscle revealed that an additional wave propagation mechanism exists that is
independent of CICR (Figure 4.7). As mentioned previously a uniform wave front along
the transverse axis of the fiber is incompatible with a CICR mechanism (Figure 4.5). This
observation is consistent with the involvement of multiple RyR isoforms (a & ) with
differing release behaviours, with the B-RyR being more prone to CICR (Lai et al., 1992;
Sutko & Airey, 1996; Kashiyama et al., 2010). Itis likely that to some degree both of these
mechanisms occur simultaneously, as these isoforms are generally expressed in equal
proportions (Kashiyama et al., 2010; Figueroa et al., 2012). Mammalian skeletal muscle
predominantly expresses the RyR1 isoform (analogues to a-RyR) with only a small
amount (< 3%) of RyR3 (analogues B-RyR) expressed in the diaphragm and slow-twitch
muscles (Rossi et al., 2007). Since the predominantly expressed RyR1 isoform have
previously been demonstrated to be incapable of CICR (under physiological Mg?*)
(Figueroa et al., 2012) it is likely that during an MH event only a singular mechanism of

107 |Page



Chapter 4: Mechanism of Ca?* wave propagation during and MH event

wave propagation occurs that is independent of CICR, but surely involves exogenous

agonists and luminal SR Ca?* levels.

It is important to note that this does not rule out the possibility that the site of Ca?*
activation is on the cytoplasmic side of the RyR1. It remains possible that an increase in
luminal SR Ca?* and RyR1 Ca?* leak sensitizes the RyR1 to Ca?* activation (Duke et al.,
2002; Shannon et al., 2002; Laver et al., 2004; Keller et al., 2007; Maxwell & Blatter,
2012). In a study by Maxwell et al. (2012) on rabbit ventricular myocytes, Ca?* wave
dynamics in two intracellular compartments (cytosol and SR) was monitored using Ca?*
indicators in conjuncture with fluorescent confocal imaging. They demonstrated that at the
location of the Ca?* wave-front, a transient increase in free [Ca?*]sr preceded the increase
in cytosolic Ca?*. This is consistent with the possibility that luminal SR Ca?* sensitizes or
alternatively ‘prime’ the RyR to be activated on the cytosolic facing side of the RyR. Note
that this is distinct from ‘classic’ CICR, where Ca?* from one cluster of RyRs diffuses

through the cytosol to activate adjacent RyRs.

It is interesting to consider the role of cytoplasmic Ca?* during an MH event. As
demonstrated, the behaviour of the Ca?* wave changed with increased cytosolic buffering
(Figure 4.14). At raised cytosolic buffering these changes includes a reduced depletion of
SR Ca?* for the same [agonist] and a complete ablation of the oscillating Ca?* wave
pattern readily observed throughout this study. These results revealed that the
mechanism of Ca?* wave propagation indeed includes the participation of both cytosolic

and luminal SR Ca?".

It is likely that cytosolic diffusion of Ca?* from one junctional SR to another is
limited by the high affinity, high capacity SERCA pump (Murphy et al., 2009). Therefore it
may be possible that the Ca?* wave during an MH event is driven by the activity of the
SERCA pump. This may not come to a surprise, as the SERCA pump is one of the major
players in ATP hydrolysis and heat production that the condition is known for. Indeed,
there is evidence supporting this hypothesis; studies in cardiomyocytes have shown the
velocity of a Ca?* wave is reduced in the presence of a SERCA inhibitor (O'Neill et al.,
2004; Keller et al., 2007; Maxwell & Blatter, 2012). Interestingly as demonstrated by
Maxwell et al. (2012) in the presence of a SERCA inhibitor, both the transient increase in
luminal SR Ca?* (proceeding the Ca?* wave) and release amplitude in the cytosol was
reduced. In a sense, this threshold level of activation described by the SOICR mechanism

may just reflect a critical level in the RyR channel stability (regulated at both the cytosolic
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and luminal facing sides of the RyR) in which the closed state is no longer favourable.
Therefore, the reduced SR Ca?* depletion observed at high cytosolic buffering (a condition
that will significantly reduce the [Ca?'] near the SERCA pump, Figure 4.14) may be

explained by insufficient luminal priming of the RyR to release Ca?*.
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Chapter 5: The development of a novel assay to detect RyR1 activity

5.1 Introduction

Single channel recordings of the RyRs incorporated into lipid bilayers have greatly
advanced our knowledge in understanding factors that influence RyR gating. However, it is
important to evaluate the limitations of this assay. The opening of the RyR can be
observed from the stochastic jumps in membrane current from a stationary to a maximal
level as ions move accordingly to their electrochemical gradient (Laver, 2001). The open
probability of the RyR (Po) reflects the fraction of time that the RyR remained in an open or
conductive state. The RyR1 Po under ionic conditions which mimic the resting skeletal
muscle is low (RyR1 Po~2.5 x 1078), which is likely due to the potent resting inhibition of
the RyR1 by cytosolic Mg?* (Laver et al., 1997b; Owen et al., 1997b; Baylor &
Hollingworth, 2003; Laver et al., 2004). Thus, this poses a limitation in evaluating factors
that inhibit the RyR1 beyond its resting state (Lamb, 2000; Cannon, 2017). Therefore, to
get around this limitation to produce a measurable current, RyR1 bilayer experiments
commonly omit Mg?* in the cytosolic bathing solution (Laver, 2001; Cannon, 2017). Such
experimental approaches thus assess RyR1 function under nonphysiological conditions;
which have likely led to erroneous conclusions about the receptor target of dantrolene as
demonstrated in Chapter 3 of this thesis (Szentesi et al., 2001; Wagner li et al., 2014).
This highlights the need for a more sensitive assay to detect changes in RyR1 activity

under near physiological conditions.

In this Chapter, | will compare approaches in assaying the RyR1 activity using
fluorescent Ca?* indicators trapped either in the SR or the t-system of a mechanically
skinned rat fibers. The Ca?* indicator fluo-5N or rhod-5N was trapped in the SR or the t-
system, respectively. The Ca?* environment of both of these compartments is influenced
by the activity of the RyR1 (Chapter 1). That is activation of the RyR1 causes the
depletion of Ca?* in these two compartments. Thus, a change in the Ca?* dependent
fluorescence in either compartment is indicative of RyR1 opening.

It was hypothesized that the degree of Ca?* depletion in either compartment might
be graded depending on the degree of RyR1 activity and the [Ca?']eo. The recent
advancements in quantitating [Ca?*]tsystem as described in Cully et al., (2016), and the free
[Ca?*]sr described in Chapters 2 and 4 allows for the determination of Ca?* levels in this
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two compartment at varying ionic conditions. Therefore, the degree of RyR1 activity can

be determined by assessing the graded depletion of Ca?* in these two compartments.
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5.1.2 Aims

This Chapter aims to develop a novel assay in which the RyR1 activity can be
measured while maintaining physiological relevant levels of [Mg?*leyto.  The sensitivity of
the SR or the t-system in reporting changes in RyR1 activity was compared. The Ca?*

indicators fluo-5N and rhod-5N were trapped either in the SR or t-system, respectively.

112 |Page



Chapter 5: The development of a novel assay to detect RyR1 activity

5.2 Methods
5.2.1 Experimental animals, and muscle preparation

The EDL muscle from Wistar rats (2-6 months old) was used in this chapter due to
the nearly homogenous population of type Il (>97% type lla/type |Ib) fibres (Augusto et al.
2004). The procedure of isolating a skinned muscle fiber are described in detail in
Chapter 2. The methods used for trapping a Ca?* fluorescent indicator in either the t-
system (rhod-5N) or the SR (fluo-5N) of a mechanically skinned fiber are described

elsewhere (Chapter 2.9 and 2.10, respectively).
5.2.2 Internal physiological solution

Table 5.1 shows in detail the ionic composition of the various internal solutions
used in this Chapter. The methods in preparing the internal physiological solution are
described in detail in Chapter 2.5.

5.2.3 Confocal Imaging

These methods are described in Chapter 2.8. Unless indicated confocal images
were acquired at a temporal resolution of ~0.841s-frame? and the fiber positioned

perpendicular to the scanning line. Imaging was performed at 22 + 1 °C.
5.2.4 Tracking net changes in SR Ca?* dependent fluo-5N fluorescence

The method of tracking SR Ca?* dependent fluorescence of fluo-5N are described
in Chapter 2.11. After determining the maximum and minimum fluorescence of each
preparation, the fluo-5N fluorescence was converted to free [Ca?*]sr as described in
Chapter 4.2.4.
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Table 5.1: Internal solution composition

Solutions description [EGTA] | Total[Ca] | Free[Ca?'] | Total[Mg] | Free[Mg?]
Concentration in mM

SR loading solution: 1 mM | 50 12.12 0.000067 9.755 1

Mg?*, 67 nM Ca?*, 10 uM

fluo-5N-AM, 10 uM FCCP,

0.05% pluronic detergent

T-system rhod-5N dye 0 2 2 1 1

loading solution: 140 mM

Na*, 4 mM K*,159 mM CI,

2 mM rhod-5N

Fluorescent maximum 0 5 5 1 1

solution: 140 mM Na*, 4

mM K*,159 mM CI-, 0.05

mM ionomycin

Fluorescent minimum 50 0 0 10.02 1

solution: 0.05 mM

ionomycin

Maximum release solution: | 50 0 0 10.02 1

30 mM caffeine

Standard 1 mM Mg?*, 28 50 6.062 0.00028 10.02 1

nM Ca?*

Standard 1 mM Mg?*, 67 50 12.12 0.00067 9.755 1

nM Ca?*

Standard 1 mM Mg?*, 200 |50 24.25 0.0002 9.21 1

nM Ca?*

Standard 1 mM Mg?*, 1342 | 50 42.43 0.0001342 |8.39 1

nM Ca?*

3 mM Mg?*, 28 nM Ca?* 50 6.062 0.00028 17.79 3

3 mM Mg?*, 67 nM Ca?* 50 12.12 0.00067 16.98 3

3 mM Mg?*, 200 nM Ca?* |50 24.25 0.0002 15.37 3

3 mM Mg?, 1342 nM Ca?* |50 42.43 0.0001342 |12.93 3
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10 mM Mg?*, 28 nM Ca?* | 50 6.062 0.00028 35.85 10
10 mM Mg?*, 67 nM Ca?* | 50 12.12 0.00067 33.8 10
10 mM Mg?*, 200 nM Ca?* | 50 24.25 0.0002 29.7 10
10 mM Mg?, 1342 nM Ca?* | 50 42.43 0.0001342 | 23.55 10
0.03 mM Mg?*, 28 nM Ca?* | 50 6.062 0.00028 2.06 0.03
0.03 mM Mg?*, 67 nM Ca?* | 50 12.12 0.00067 1.951 0.03
0.03 mM Mg?*, 200 nM 50 24.25 0.0002 1.842 0.03
cCa2*

0.03 mM Mg?, 1342 nM 50 42.43 0.0001342 | 1.68 0.03
Ca2*

0.13 mM Mg?*, 28 nM Ca?* | 50 6.062 0.00028 5.01 0.13
0.13 mM Mg?*, 67 nM Ca?* | 50 12.12 0.00067 4.87 0.13
0.13 mM Mg?*, 200 nM 50 24.25 0.0002 4.61 0.13
Ca2*

0.13 mM Mg?, 1342 nM 50 42.43 0.0001342 | 4.195 0.13
Ca2*

Unless indicated in the ‘solution description’ each solution contained (mM): K*, 136; Na*,
36; ATP, 8; creatine phosphate, 10; Hepes, 90; and BTS, 0.05. Final pH was 7.1.
Caffeine, halothane, tetracaine, BTS, and dantrolene were added to these solutions as

indicated in the text.
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5.2.5 Tracking net changes in t-system rhod-5N fluorescence

An exemplary trace of tracking the Ca?* dependent rhod-5N fluorescence in the t-
system is shown in Figure 5.1. A typical experiment begins with exchanging a standard
physiological solution (67 nM [Ca?*]cyto, 1 MM [Mg?*]eyto, 50 MM EGTA) with a maximal SR
release solution containing low Mg?* (<0.01 mM) and 30 mM caffeine (black arrows);
which has been previously shown to deplete the SR of Ca?* (Lamb & Stephenson, 1994;
Launikonis et al., 2003), leading to a cell wide activation of SOCE. The activation of SOCE
depletes Ca?* within the t-system, thus reducing the Ca?* dependent fluorescence. The
fiber was then placed in an internal solution containing varying concentrations of Ca?* and
Mg?* (Table 5.1). Under these conditions, trans-membrane Ca?* transporters (PMCA and
NCX) mediate the re-uptake of Ca?* back into the t-system (Chapter 1), thus restoring the

fluorescence signal.

Rhod-5N is a non-ratiometric dye. To calibrate the fluorescence signal, i.e., to
derive absolute [Ca?*]tsystem, it Was necessary to determine the maximum (Fmax) and
minimum (Fmin) fluorescence for each preparation. To this end, every fiber was exposed to
a solution containing 5 mM (Fmax) or 0 mM (Fmin) Ca?* in the presence of 10 uM of the Ca?*
ionophore ionomycin at the end of the experiment. The [Ca?']tsystem could then be

calculated from the following relationship:

(1)
|:g’q'Fmin

t-system [Ca] )= Kaca F

where F(t) is the fluorescent value of rhod-5N at time t, and Kp,ca the pre-determined
dissociation constant for rhod-5N (Kp,ca ~ 0.8 mM (Cully et al., 2016)).

In some preparations, exposing the fiber to high concentrations of Ca?* caused the
t-system to form vacuoles along the longitudinal axis of the fiber as highlighted by the
green arrow in Figure 5.1. Since these structures are able to retain a significant amount of
Ca?* (Cully et al., 2017) and therefore will cause an underestimate of the [Ca?*]isystem, the

spatially averaged profile was taken in areas where vacuoles did not form (ROI1).
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Figure 5.1. Tracking the fluorescence of the Ca?*-dependent dye rhod-5N trapped in
the t-system of mechanically skinned rat fast-twitch fibers.

Representative trace (top left) showing the change of t-system rhod-5N fluorescence
during repeat cycles of applying a maximal release solution (black arrows; 0 mM [Mg?*]cyto,
and 30 mM caffeine) and then [Ca?*]cyto between 67 to 1342 nM. To calibrate each fiber,
the preparation was exposed to solutions containing ionomycin and either 5 mM or 0 mM
[Ca?*] (Fmax and Fmin respectively). The corresponding selected images during the
experiment are also shown. At 296 s the fiber began to form longitudinal vacuoles (green
arrows) which are capable of storing a large amount of Ca?* as previously demonstrated
(Cully et al., 2017). These structures may cause an underestimation of the [Ca?*]tsystem,
therefore, care was taken to avoid including the spatial averaged information from these
areas. The spatially averaged profile of both regions of interest (black and red box) is

shown in the representative trace.
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5.3 Results

In this Chapter, | will present measurements of the free [Ca?*]sr and [Ca?*]tsystem
under near physiological conditions and will investigate how their values change under
conditions of increased or decreased activity of the RyR1. To this end, | used
pharmacological tools to block SR Ca?* efflux through the RyR1. Furthermore, |
challenged the fibers with various conditions of low [Mg?*]eyto to remove the endogenous
inhibition that Mg?* imparts on the RyR1.

5.3.1 Free [Ca?']sr steady-state dependence on [Ca?*]cyto

Figure 5.2A shows an exemplary trace of tracking the Ca?* dependent fluorescence
of fluo-5N in the SR, with the converted absolute values of free [Ca?*]sr shown in Figure
5.2B. Note that the cytosolic-Ca?* was heavily buffered with 50 mM EGTA to maintain a
defined cytosolic Ca?* environment throughout the experiment (Moisescu & Thieleczek,
1978; Cully et al., 2016). Deviations from this are indicated in the text. Typically, the SR
was depleted of Ca?* by bathing the fiber in a maximal release solution composed of 0 mM
[Mg?*]eyto, and 30 mM caffeine (red underscore). After reaching a nadir, the fiber was then
bathed in a broad range of [Ca?*]cyto (28, 67, 200, 1342 nM) at physiological [Mg?*]cyto (1
mM). As shown in Figure 5.2B, an increase in [CaZ*]eto resulted in a corresponding
increase in the steady-state free [Ca?*]sr. The summary of the steady-state free [Ca®*]sr

reached over a broad range of [Ca®*]cyto Of at least 5 preparations is shown in Figure 5.2C.
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Figure 5.2. Free [Ca®*]sr steady-state dependence on [Ca?']eyto in rat skinned fast-
twitch fiber.

(A) A representative trace of tracking the Ca?* dependent fluo-5N fluorescence in the SR.
The SR was depleted of Ca?* by bathing the skinned fibre in a low Mg?* release solution
containing 30 mM caffeine (thin redline). The preparation was then bathed in a broad
range of [Ca?*|eyto at 1 MM [Mg?*]eyto.  All solutions contained 50 mM EGTA to maintain a
defined cytosolic condition. The fiber was then calibrated as previously described
(Chapter 2.11; start of the calibration as shown by the thick red line) and the resulting
converted values of free [Ca?*]sr is shown in B. Steady-state values derived from at least
5 preparations (n=5-11; as shown in brackets) are shown in C. All data presented as

mean = SEM.
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The steady-state values reached a plateau at ~1 mM free [Ca?*]sr when the fiber
was bathed at 200 nM [Ca?*]cyto. Raising the [Ca?*]eyto to 1342 nM did not affect this result.
Note, that the plateau is not due to dye saturation, as free [Ca?*]sr greater than 1.5-2 mM
could be resolved during the in-situ calibration (Chapter 2.11). The time required to reach
the steady-state from a depleted SR was slower in 200 nM [Ca?*]cyto coOmpared to 1342 nM
(as shown in Figure 5.3A; 15.3 £ 1.16 sand 10.2 £ 1.15 s (n=5-11; p=0.015), respectively).
Furthermore, the maximal rate of Ca?* uptake into the SR increased when the [Ca?*]cyto
was increased from 200 nM to 1342 nM [Ca®*]eyto (Figure 5.3B). Here, it was observed
that free [Ca?*|sr saturated at a much faster rate (~15.3 s at 200 nM [Ca?*]eyt0) than the
total [Ca?*]sr, which took ~180 s to plateau at 200 nM [Ca?*]eyto as measured previously in
rat EDL fibers (Fryer & Stephenson, 1996; Murphy et al., 2009). The ability of the SR to
accumulate Ca?* is consistent with the involvement of a dynamic high capacity Ca?* buffer
(CSQ). These results are suggestive that free [Ca?*]sr reaches a maximal value, while the
total [Ca?*]sr can continue to increase, depending upon the cytoplasmic conditions and the
polymerized state of CSQ.

In response to the maximal release solution, a rapid decline in the free [Ca?*]sr was
observed. Figure 5.3C shows the maximal rate of free [Ca?*]sr depletion plotted against
the respective SR steady-state levels that preceded the depletion. As shown, a linear
relationship was derived. This suggests that the rate of SR Ca?* depletion is proportional
to the Ca?* gradient between the SR lumen and cytosol. Note that the change is the
change in free [Ca?']sr and that the total [Ca?*]sr will be much greater. This value is

largely dependent on the SR Ca?* buffering capacity.

120 |Page



Chapter 5: The development of a novel assay to detect RyR1 activity

301
" (9) 02 -
6 i al [Ca ]SR.mM
& - 6) 2 ok 05 10 15
2 "(E (20) o = . T T 1
T 2
£ 3 (10) W L 027
= 3 10 O c
2w X G -0.44
= o 3
N 061 .
P& P o 0.8

[Ca”"]eyto, M

o
w
1

<
N
I

j=
—_
1

o
o
.

10 100 1000
2
[Ca +]cyto,nM

Peak [0324]5,:; uptake rate, mM/s

—

Figure 5.3. Uptake and depletion rate of free [Ca?']sr in rat muscle fibers.

(A) Elapsed time to reach a steady-state value from a depleted SR for a given [Ca?*]cyto.
The number of Ca?* uptake transients analyzed is shown in brackets. These were derived
from at least 5 preparations (n=5-11); Welch’s t-test analysis was used where statistically
significant was considered to be p<0.05. (B) Peak uptake rate of free [Ca?*]sr from a
depleted state with the values representing uptake of Ca?* into the SR in mM/s (analysis of
9-18 uptake profiles derived from at least 5 preparations (n=5-11)). The data were fitted
with a Hill equation with values for Bmax, Hill coefficient, and Kdca of 0.24+0.02;
1.137+0.25; 112+27.23 uM, respectively. (C) Scatter plot of peak SR depletion rate for a
given free [Ca?*]sr. SR Ca?* depletion was induced by bathing the fiber in a maximal
release solution. The data were fitted by linear regression (r>= 0.648). All data presented

as mean + SEM.
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5.3.2 Effect of raised and lowered [Mg?*]cyto 0N free [Ca?*]sr

To determine whether the free [Ca?*]sr is altered by increased RyR1 inhibition, the
mechanically skinned fibers was challenged with raised [Mg?*]eyto While maintaining similar
levels of [Ca?*]eyo. Figure 5.4A shows the SR Ca?* uptake profile of a mechanically
skinned fiber challenged with 28 or 200 nM [Ca?*]cyto and 1 or 10 MM [Mg?*]eyto. At raised
[Mg?*]eyto, the free [Ca?*]srincreased at a noticeably slower rate when the fiber was bathed
in 28 nM [Ca?*]eyto (Figure 5.4B), but the same steady-state free [Ca?*]sr was reached at 1
and 10 mM [Mg?*]eyto (Figure 5.4C). The slow rate of Ca?* accumulation into the SR is
likely due to increased competition of Ca?* and Mg?* at the SERCA pump ((Lamboley et
al., 2014)). At raised [Ca®*]eyto, NO noticeable changes in the rate of SR Ca?* uptake or
steady-state were observed at 10 mM [Mg?*]eyto (Summarized in Figure 5.4C). This shows
that [Ca?*]cyto has to be in the low nM range for mM levels of [Mg?*]eyto to compete for
binding at SERCA.
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Figure 5.4. Effect of 10 mM [Mg?*]cyto ONn the uptake profile of free [Ca?*]sr.

(A) Free [Ca?*]sr uptake and depletion (red underscore) at 28 and 200 nM [Ca?*]eyto in the
presence of either 1 or 10 mM [Mg®*leto.  The purple vertical bar is indicating the
movement artefact during solution exchange. Note that the uptake profile at 28 nM
[Ca?*]eyto in 1 and 10 mM [Mg?*]eyto Was from two preparation; however, the uptake profile
at 200 nM [Ca?*]eyto Was from the same preparation. The dye calibration performed for
each fiber allows for the direct comparison between individual fibers of a muscle bundle
and fibers obtained from different animals. (B) Elapsed time to reach a steady-state value
from a depleted SR for a given [Ca?*]cyto and [Mg?*]eyto. Data were analyzed with Welch’s t-
test where p<0.05 was considered to be significant (n=6;** p<0.0035). (C) Summary of
steady-state values derived from 5-11 preparations (n=5-11). All data presented as mean

+ SEM.
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Next, the effect of increased RyR1 activity on the free [Ca’*]sr steady-state was
investigated. This was done by lowering the Mg?* inhibition of the RyR1. The effect of
0.03 mM [Mg?*]eyto ON free [Ca?*]sr is shown in Figure 5.5A. The SR was initially depleted
of Ca?* by bathing the fiber in a maximal release solution (black arrows). The fiber was
then bathed in a 200 nM [Ca?*]eyto at 1 MM [Mg?*]eyto; this was done to provide a reference
of the steady state reached at physiological [Mg?*]eyto. After another cycle of SR Ca?*
depletion, the skinned fiber was then bathed in a low-Mg?* solution (0.03 mM) at various
[Ca?*]eyto. The [Ca?*]eyto Was increased in a stepwise manner while maintaining the
[Mg?*]eyto @t 0.03 mM. Interestingly, the free [Ca?*]sr steady-state reached at 28, 67 and
1342 nM [Ca?*]eyto did not differ between 0.03 and 1 mM [Mg?*]eyto. In contrast, the steady-
state reached at 200 nM [Ca®*]eto Was found to be significantly lowered at 0.03 mM
[Mg?*]eyto (two-way ANOVA followed by a Sidak multi-comparison test, p<0.05). An
additional experiment is showing the direct comparison of the steady-state reached at 28
nM [Ca?*]eyto between 1 and 0.03 mM [Mg?*]eyto is shown in Figure 5.5B. These results are

summarized in Figure 5.5C.

As mentioned previously, a limitation of tracking the free [Ca?*]sr with fluo-5N is that
the total [Ca?*]sr is not known. Since both SR Ca?* release and Ca?* uptake occur in
parallel (at low [Mg?*]eyo), the saturating free [Ca?*]sr observed at 1342 nM [Ca?*]eyto (at
0.03 mM [Mg?*]eyto) may only reflect the ability of the SERCA pump to maintain a high free
[Ca?*]sr. Based on strong evidence provided by single channel studies (Laver et al.,
2004), the RyR1 is expected to have a high Po under these conditions. An increased in
RyR1 Po is expected to impede Ca?* accumulation into the SR, thus resulting in a
reduction in the total [Ca?*]sr upon reaching equilibrium. A change in total [Ca?*]sr can be
directly observed in another experiment by monitoring Ca?* release from the SR into the
cytosol using the Ca?* indicator rhod-2 (as shown in Chapter 3 and 4) as a relative

measure of total SR Ca?*.
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Figure 5.5. Effect of low-cytosolic Mg?* on the uptake profile of free [Ca?*]sr.

(A, B) Free SR Ca?* uptake and depletion (maximal release solution applied to fiber as
indicated by the black arrows) at various [Ca?*]eyto (28, 67, 200, 1342 [Ca?*]cyto, NM) in the
presence of either 1 or 0.03 mM [Mg?]eto. The purple vertical bar is indicating the
movement artefact during solution exchange. (C) Summary of the steady-state values
derived from 5-11 preparations (n=5-11). Data were analyzed with a two-way ANOVA
([Ca?*]eyto, [Mg?*]eyto) With Sidak multi-comparison test, where p<0.05 was considered

significant. Data are presented as mean + SEM.
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To gain a relative measure of total [Ca?*]sr in the same preparation, the fiber was
exposed to ‘standard’ loading conditions (1 mM [Mg?*]eyto, 200 NM [Ca?*Jcyto, 1 MM EGTA
for 3 min) before maximally releasing the SR of Ca?* by lowering [Mg?]eyto (as
demonstrated in Chapter 3.3.1, lowering the [Mg?*]cyto removes the resting inhibition of
Mg?* on the RyR1). The time integral of the Ca?* transient reflects the total relative
amount of Ca?* released from the SR (Launikonis & Stephenson, 1997).

Figure 5.6 shows the spatially averaged and normalized rhod-2 fluorescence (F/Fo)
of a mechanically skinned fiber from rat. The baseline normalized fluorescent ratio (F/Fo)
corresponds to a free [Ca']eo Of 200 nM, which was maintained throughout the
experiment. Also, between each Ca?* transient, the SR was depleted of Ca?* by bathing
the fiber in a nominal low [Mg?*]eyto solution (1 mM EGTA, 0 mM [Mg?*]eyto, and 200 nM
[Ca’*]eyto). To evaluate the ability of the SR to accumulate Ca?* at low and endogenous
[Mg?*]eyto, the fiber was allowed to load Ca?* for a fixed period (~180 s) from a depleted SR
with the [Mg?*]eyto Set at 0.03 or 1 mM, respectively. Importantly, the allotted 180 s loading
time at 200 nM [Ca®*]cyto Was previously demonstrated to maximally load the SR of Ca?*
under physiological [Mg?*]eyto (Fryer & Stephenson, 1996; Murphy et al., 2009). After the
loading period, the fiber was then challenged with a nominal low [Mg?*]eyto SOlution (as
indicated by the black arrows). As shown, a reproducible Ca?* transient was observed
when the fiber was bathed in 1 mM [Mg?*]eyto during the loading period (Figure 5.6 (left and
right Ca?* transient), and also demonstrated in Chapter 3). This is in stark contrast to the
Ca?* transient observed after loading the SR in the presence of reduced [Mg?*]eyto (center).
The Ca?* transient was comparatively reduced in amplitude and duration relative to the
transient observed a 1 mM [Mg?]eto. These results are consistent with the reduced
capability of the SR to accumulate Ca?* under conditions where the RyR1 is sufficiently
open (Pape et al., 2007; Manno et al., 2017).
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Figure 5.6. Effect of low-cytosolic Mg?* on total SR Ca?*loading.

Spatially averaged values of normalized fluorescence intensity (F/Fo) of 10 uM rhod-2
versus elapsed time. Fibers were continuously bathed in 1 mM EGTA and 200 nM
[Ca*]eyto. Note that the [EGTA] was lowered to 1 mM to observe the cytosolic Ca?*
transient. The bathing solution was then replaced with a nominal low [Mg?*]eyto SOlUtiOn to
elicit the release of SR Ca?* (manual solution exchange is indicated by the black arrows).
Note that the nominal low [Mg?]eyto Solution did not contain caffeine. Caffeine has
previously been found to accelerate the release of Ca?* from the RyR1 (Klein et al., 1990;
Lamb et al.,, 2001) and therefore may cause difficulty in accurately tracking the Ca?*
transient during manual solution exchange. The fiber was either loaded in the presence of
0.03 (center) or 1 mM (left, right) [Mg?*]cyto for 180 s. Note that the elapsed time during the
loading periods is not shown for brevity. Similar observations were made in additional two

preparations.
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A summary of the free [Ca?*]sr obtained through the range of [Ca?*] and [Mg?*]cyto iS
shown in Figure 5.7. The steady-state free [Ca®*]sr was greater with increasing [Ca?*]cyto,
which is likely attributed to increased activity of the SERCA pump (Rios & Brum, 2002;
Bakker et al., 2017). In interpreting these findings, it is important to note that the RyR1
activity will increase with reduced RyR1 inhibition by Mg?* (Laver et al., 2004). In addition,
since the accumulation of SR Ca?* is not favoured when the RyR1 is sufficiently open an
inverse relationship can be assumed between the total [Ca®*]sr and the activity of the
RyR1 (under similar [CaZ*]cyto).

These results collectively suggest that the free [Ca?*]sr is not a reliable means of
interpreting the activity of the RyR1. As demonstrated by the similar steady-state values
obtained at 28 and 1342 nM [Ca?']cyto OVer the range of [Mg?*]eyto, the activity of the
SERCA pump can greatly influence the free [Ca?*]sr and can set the steady-state value

irrespective of the activity of the RyR1.
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Figure 5.7. Summary of the [Ca?'|cyto and [Mg?*]cyto dependence on free[Ca?']sr
steady-state.

The free [Ca?*]sr is plotted against the range of [Mg?*]eyto tested. The data was fitted with
either a Hill equation (for [Ca*]eyto Of 67, and 200 nM; Bmax (0.73+.19, 0.99+0.07), Hill
coefficient (0.47+0.7, 1.03£.78), and Kdwmg (0.01+£0.017, 0.02+.0.01 mM), respectively) or a
horizontal line (28, and 1342 nM [Ca?*]eyto, robust sum of squares values of 0.46 and 0.62,
respectively). Data points were derived from 4-11 preparations (n=4-11). All data

presented as mean + SEM.
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5.3.3 The [Ca?*]t-system Steady-state dependence on [Ca?*]cyto

Next, the [Ca®]isystem sSteady-state at varying [Mg?lete and [Ca?*leyto Was
determined. The ‘base-line’ recording demonstrating the [Ca?*]isystem Steady-state reached
at physiological [Mg®*leyto (1 mM) have already been published (Cully et al., 2016).
However, to control for potential differences in data collection between individuals

conducting the experiments, these experiments were performed again.

Similar to the procedure described above, the mechanically skinned fiber was
subject to repeated measurements of SR Ca?* depletions and SR Ca?* store refilling.
Depletion of the SR Ca?* caused a cell wide activation of SOCE and thus reduced the
Ca?* dependent fluorescence of the dye rhod-5N trapped in the t-system (Launikonis et al.,
2003; Cully et al., 2016). An example experiment demonstrating the depletion of t-system
Ca?* is shown in Figure 5.8A. Upon exposure to the maximal release solution (0 mM
[Mg?*]eyto, 30 mM caffeine) the [Ca?*]tsystem fell to nadir ([Ca?*]t-system, 0.098 + 0.001 mM).
From a depleted state, the fiber was then bathed in a broad range of [Ca?*]|eyto (28-1342
NM [Ca?*Jeyto) at 1 mM [Mg?*]eyto. Restoring the Mg?* inhibition of the RyR1 in the presence
of cytosolic Ca?* allowed the SR Ca?* stores to refill, rapidly deactivating SOCE (Cully et
al., 2016). As described in detail elsewhere (Chapter 5, Methods), the t-system Ca?*
levels are restored by Ca?* transporters on the t-system membrane. Therefore, steady-
state values are likely dependent on the [Ca?'] in the triadic junction space where
increased concentrations would increase the capacity to extrude Ca?*. The steady-state
[Ca?*]tsystem reached across the tested range of [Ca?']eto at 1 mM [Mg?eyo are

summarized in Figure 5.8B.
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Figure 5.8. The steady-state values of [Ca®']tsystem reached at 1 mM [Mg?]cyto at

various [Ca?"]eyto in rat skinned fibers.

(A) Selected traces of the tracking the [Ca?*]system. The red horizontal lines indicate that
the skinned fiber was bathed in a maximal release solution containing 0 mM [Mg?*]eyto and
30 mM caffeine. This maximal release leads to an activation of cell-wide SOCE. The Ca?*
dependent fluorescence of rhod-5N was converted to [Ca?*]tsystem as described in the
Methods section of this Chapter. All solutions contained 50 mM EGTA. Data was
collected from 23-27 fibers (n=23-27) and a summary of the steady-state values is shown

in (B). All data are shown as mean + SEM.
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5.3.4 [Ca?*]t-system depends on the activity of the RyR1

The following experiments investigated the effects of increased RyR1 activity on the
steady-state levels of [Ca?*]tsystem. Figure 5.9A shows a continuous recording of [Ca?*]
sysem from a mechanically skinned rat EDL muscle fiber. The fiber was initially subjected
to a cycle of maximal t-system Ca?* depletion and uptake at 200 nM [Ca?*]eyto (at 1 MM
[Mg?*]eyto). Again, this was done to provide a reference to the steady-state value reached
at physiological [Mg?*]eyto.  The fiber was then again challenged with a maximal release
solution. After the [Ca?*]rsystem reached a nadir, the fiber was then challenged with a step-
wise increase of [Ca?*|cyto in the presence of 0.03 mMM [Mg?*]eyto. In the presence of low-
Mg?*, a decrease in the [Ca®*]tsystem Was observed. At 200 nM [Ca®*]eyto at low-Mg?* the
[Ca?*]tsystem dropped on average by 60 + 2.8% (mean + SEM, n = 20) compared to the
steady-state reached at 1 mM [Mg?*]eyto. Interestingly, a further decline in [Ca?*]t-system Was
observed at 1342 nM [Ca?*]eyto (83 = 2%, n = 11). These experiments were repeated at
0.13 mM [Mg?*]eyto, and the steady-state reached are summarized in Figure 5.9B. As
demonstrated by the raised steady-state values reached in 0.13 mM [Mg?*]eyto OVer the
range of [Ca?*]eyto, increasing the Mg?* inhibition of the RyR1 resulted in a slight recovery

of the [CaZ+]t-system.

Here it was demonstrated that under conditions which increase the activity of the
RyR1 (i.e., decrease in [Mg?*]cyto and increase free [Ca?*]sr (Figure 5.5, 5.7)) resulted in a
decline in [Ca?*]tsystem. Collectively these results suggest that the [Ca?*]tsystem is influenced
by the activity of the RyR1. To further investigate this hypothesis, as shown in Figure 5.9A
the fiber was again challenged with a step-wise increase in [Ca®*]eyto (28, 67, 200, 1342
nM) at 0.03 mM [Mg?*]eyto in the presence of 1 mM halothane (blue dashed lines). As
demonstrated in previous Chapters (3, 4) and extensively demonstrated by Duke et al.
(2003), it was expected that the RyR1 activity would increase in the presence of
halothane. Consistent with the results obtained at low-Mg?*, increasing the RyR1 activity
with halothane resulted in a further decline in the [Ca?*]t-system.
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Figure 5.9. Effect of low-cytosolic Mg?* on [Ca?*]t-system.

(A) Selected traces of the tracking the [Ca?*]t-system under low-[Mg?*]eyto. The red horizontal

lines indicate that the skinned fiber was bathed in a maximal release solution.

After

depleting the SR of Ca?*, the fiber was challenged with a solution of varying ionic

conditions as shown. After obtaining the steady-state values under 0.03 mM [Mg?*]cyto, the

experiment was repeated but in the continuous presence of 1 mM halothane.

The

depletion of the [Ca?*]tsystem under these conditions (1 mM halothane) indicates that the

reduced steady-state under low-[Mg?*]eyto Was due to an open RyR1. These experiments

were repeated at 0.13 mM [Mg?*]eyto, and the summarized stead-state values are shown in

(B). Data were derived from 11-32 fibers (n=11-32). All data are shown as mean + SEM.
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The apparent [Ca?*].system dependence RyR1 activity on was further investigated by
applying varying concentrations of halothane and Mg?*. Note that in these experiments
the [Ca?*]eo Was maintained at 200 nM. As shown in Figure 5.10A, the steady-state
reached at 10 mM halothane, and 0.13 mM [Mg?*]eto Was comparable to that of the
maximal release solution. This suggests that under these conditions the apparent RyR1
Po is near a maximum. Gradually decreasing the [halothane] resulted in a step-wise
increase in the [Ca?*]tsystem, and removal of halothane from the bathing solution restored
the [Ca?*]tsystem reached at 0.13 mM [Mg?'Jeyto. As shown, a drop in [Ca?*]tsystem Was
observed at relatively low [halothane] (-1 nM), suggesting that the [Ca?']tsystem iS a
sensitive measure of RyR1 activity. These experiments were repeated in the presence of
endogenous [Mg?*]eyto (Figure 5.10B). As shown, a drop in [Ca?*]tsystem Was observed at
10 and 1 mM halothane, however, the [Ca?*]tsystem Was restored to the control levels at 100

UM halothane.

Taken together it was determined that factors that increase RyR1 activity
decreased the steady-state levels of the [Ca®']tsystem. This was demonstrated by
increasing the RyR1 activity by decreasing Mg?* inhibition of the RyR1 and furthermore,
using pharmacological tools to activate the RyR1 (halothane and caffeine). It is expected
under these experimental conditions that an increase RyR1 activity will affect the ability of
the SR to load Ca?* (as demonstrated in Figure 5.6). Thus, indicating that the observed
depletion in [Ca?']tsystem iS SR store-dependent. These findings are consistent with the
RyR1 activating SOCE as a direct consequence of SR ‘store-depletion’ (Launikonis et al.,
2003; Launikonis & Rios, 2007; Duke et al., 2010; Cully et al., 2016).
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Figure 5.10. Steady-state [Ca®*]tsystem reached under varying concentrations of both
Mg?* and halothane.

The preparation was initially bathed with solutions mimicking the cytosol before maximally
depleting the SR of Ca?" (Red underscore). From nadir, the fiber was then bathed in
solutions that contained 200 nM [Ca?*]cyto With either 0.13 (A) or 1 mM [Mg?*]eyto (B). The
solution was also supplemented with varying [halothane] as indicated by the dashed blue
line. The [halothane] was reduced in a step-wise manner (10, 1, 0.1, 0.001, and 1*10°

mM).
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The results obtained at various [Mg?*]eyto, and [halothane] (at 200 nM [Ca?*]cyt0) are
summarized in Figure 5.11. Values were normalized relative to the steady-state reached
at 1 mM [Mg?*]eyto in the absence of halothane. Under these conditions, the RyR1 is
closed or has only a very low open probability Po ~2.5 x 1078 (Laver et al., 1997b; Baylor &
Hollingworth, 2003). The [Ca?']tsystem reaches its maximal levels when the RyR1s are
closed, but declines as the RyR1s are activated, e.g., by lowering [Mg?*]eyto Or by
application of halothane. In order to obtain a measure of the activity (or openness) of the
RyR1, values at the y-axis are displayed as 1 - normalized t-sys values. This dataset was
then plotted against the range of [halothane] tested and was fitted with a Hill equation. If
we assume the RyR1s to be fully open ( Po~1) under conditions of maximally depleted
[Ca®*]tsystem then the apparent activation status of the RyR1s Po can be derived from
Figure 5.11. Thus, a maximally active RyR1 will have a value of 1 on the y-axis while a
closed RyR1 will have a value close to 0. From Fig 5.11 we can see that the RyR1 is
open for very low concentrations of Mg?* (black line). Raising [Mg?*]cyto causes a gradual
inhibition of the RyR1, with full inhibition (y-axis value of 0) occurring for Mg?*
concentrations exceeding 1mM (left side of the graph, low halothane concentrations). The
RyR1 agonist halothane can compete with the inhibition of Mg?* allowing for the opening of
the RyR1 even under high concentrations of Mg?*. However, as Mg?* concentrations
increase, higher and higher halothane concentrations are necessary to open the RyR1 to
the same extent. In consequence, apparent affinities for halothane (half activation of the

sigmoidal curves) are shifted rightward in Fig 5.11.
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Figure 5.11. Concentration dependence of halothane and cytosolic Mg?* on the

apparent activity of the RyR1.

The experiment as described in Figure 5.11 was repeated on 5-11 (n=5-11) fibers for each
[Mg?*]eyto (@s shown on the right). In all experiments, the [Ca?*]cyto Was maintained at 200
nM. To obtain a measure for the apparent activity of the RyR1, the accumulated data
obtained at each [halothane] and [Mg?*]eto Were normalized to the steady-state value
reached at 200 nM [Ca?*]eyto and 1 MM [Mg?*]eyto ([Ca?*]eyto= 1.649 + 0.047 mM) and are
displayed as 1-normalized [Ca?*]tsystem. All data were fitted with a Hill equation with the
maximal value, and hill slope constrained to 1 and 1, respectively. The ECso values are as
follows; ([Mg?*]eyto, ECs0) 0.03 mM, 0.19+1.58; 0.13 mM, 0.19+1.58; 1 mM, 1.1+1.15; 3
mM, 9.6£1.14; 10 mM, 44.6+1.07. Each data point represents the mean £ S.E.M.
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5.3.5 Pharmacological inhibition of the RyR1 with tetracaine in the presence of low
[Mg?*Jeyto

In the results presented above, it was demonstrated that an open RyR1 under low
[Mg?*]eyto caused a depletion of the [Ca?*]tsystem. INcreasing the Mg?* inhibition of the RyR1
restored the [Ca?*]tsystem back to control levels. Next, pharmacological inhibition of the
RyR1 by tetracaine was used as a secondary measure to demonstrate that the restitution
of the t-system Ca?* levels was dependent on blocking the activity of the RyR1. As shown
in Figure 5.12A the [Ca?']tsystem reached at 1342 nM [Ca?']to Was depressed in the
presence of 0.03 mM [Mg?*]eyto (relative to that reached at 1 mM [Mg?*]eyto). The fiber was
then challenged with increasing concentrations of the RyR1 inhibitor tetracaine while
maintaining the same ionic conditions in the bathing solution. Similar to the results
obtained by increasing the Mg?* inhibition of the RyR1, the [Ca?']isystem increased with
increasing [tetracaine]. These experiments were repeated on 4 additional fibers and the
apparent activity of the RyR1 (1 - normalized [Ca?*]tsystem ) at 1342 nM [Ca?*]cyto and 0.03
mM [Mg?*]eyto is displayed in Figure 5.12B. In the presence of 10 uM [tetracaine], the
RyR1 was almost fully open (~0.8+ 0.02, mean £ SEM, n = 5). With increasing [tetracaine]
up to 1 mM, the activity of the RyR1 was gradually reduced, with an apparent activity
dropping to 0.25 £ 0.04 (n =5) at 1 mM tetracaine.

These experiments were repeated with varying [Ca®*]eyto (28, 67, 200, 1342 nM) at
0.03 mM [Mg?*]eyto in the presence of 1 mM tetracaine, and these results are summarized
in Figure 5.12C. As shown, the steady-values increased in the presence of a RyR1
inhibitor, suggesting that the inhibitory effects of tetracaine ‘counteracted’ the opening of
the RyR1 due to reduced inhibition by Mg?*.
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Figure 5.12. The reduced [Ca?]tsystem Observed in low-[Mg?*]eyto is blocked by

pharmacological inhibition of the RyR1.

(A) A selected trace of tracking the [Ca®'Jisystem in the presence of low-[Mg?*]eyto and
varying [tetracaine]. Rat skinned fibers were initially depleted of Ca?* (red underscore)
before bathing the fiber in a solution containing 1 MM [Mg?*]eyto, and 1342 nM [Ca?*]cyto.
After another cycle of SR Ca?* depletion, the fiber was then bathed in a solution containing
0.03 mM [Mg?*]eyto and 1342 nM [Ca?*]eyto.  While maintaining the same ionic conditions,
the fiber was subsequently treated with increasing concentrations of tetracaine (0.01, 0.1,
1 mM). These experiments were repeated on 4 additional fibers, and the steady-state
values for each [tetracaine] are shown in (B). Values were normalized to the steady-state
obtained at 1 mM [Mg?*]eyto, and 1342 nM ([Ca?*]tsystem= 1.9 = 0.05 mM). The data is
presented as 1-normalized [Ca?*]system and the values are shown as mean + S.E.M. (C)
Summary of steady-state values for varying [Ca?*]eyto (28, 67, 200, 1342 nM) obtained in
the presence of 1 (black closed circles) and 0.03 mM (red crossed open circle) [Mg?*]eyto ,
and in the presence of 0.03 [Mg?*]eyto and 1 mM tetracaine (blue open circles, n=3-20).
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In Chapter 3 of this thesis, it was demonstrated that the inhibitory effect of
dantrolene on the RyR1 was Mg?* dependent. Therefore, it was expected that dantrolene
would be ineffective at restoring the [Ca?*]tsystem Steady-state levels under low-Mg?*. An
example of these experiments is shown in Figure 5.13A. Similar to the protocols
described previously the [Ca?*]tsystem Steady-state obtained at 1342 nM [Ca?*]eyto and 1 mM
[Mg?*]eyto served as a reference value. The fiber was then challenged with either 0.03 or
0.13 mM [Mg?*]eyto While maintaining the same [Ca?*]eyto.  After reaching the steady-state,
the low-Mg?* solutions were supplemented with 50 pM dantrolene. As expected,
dantrolene did not increase the steady-state levels under low-Mg?* conditions, which
indicates that dantrolene did not inhibit the RyR1. Varying the [CaZ*]cyto at either 0.03 or
0.13 mM [Mg?']eto did not change this result (summarized in Figure 5.13B, & C,
respectively). These results further corroborate the hypothesis that the inhibitory effect of

dantrolene is Mg?* dependent.

In another series of experiments, the RyR1 was pharmacologically activated with
varying [halothane] under physiologically relevant [Mg?*Jcyto (1 mM) and 200 nM [Ca?*]cyto.
In the continued presence of halothane, the fiber was then challenged with varying
concentrations of dantrolene. Contrasted to the experiment described above, activating
the RyR1 with a pharmacological agent allowed for a direct assessment of the inhibitory
effect of dantrolene under more physiologically relevant ionic conditions. These results
are summarized in Figure 5.14. Values were normalized as previously described (Figure
5.11). However the values were not presented as 1-normalized [Ca?*]tsystem. Therefore,
values close to 1 or O represents either a near to closed RyR1 or an open RyR1,

respectively.

From Figure 5.14 in the absence of dantrolene (purple dashed line), lower
concentrations of halothane were required to activate the RyR1. However, in the
presence of dantrolene, greater concentrations of halothane were required to open the
RyR1 to the same degree (as demonstrated by a rightward shift of the sigmoidal curves).
These results suggest that dantrolene acts as a competitive antagonist to the agonistic

action of halothane at the RyR1.
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Figure 5.13. The inhibtory effects of dantrolene are not observed in low-[Mg?*]cyto.

(A) A selected trace of tracking the [Ca?*]tsystem in the presence of low-[Mg?*]cyto and 50 M
dantrolene. The skinned rat fiber was subjected to cycles of maximal SR Ca?* depletion
(red underscore) and uptake at 1 mM [Mg?*]eyto and 1342 nM [Ca?*]eyto. From [Ca?*]t-system

nadir the fiber was then bathed in either 0.03 or 0.13 [Mg?*]eyto and 1342 nM [Ca?*]cyto.

After reaching a steady-state, the bathing solution was then suplemented with 50 uM

dantrolene. These experiments were repeated over varying [Ca®*]cyto and the steady-state
reached is summarized in B ( 0.03 mM [Mg?*]eyto, N=4) and C (0.13 mM [Mg?*]eyto, N=4-7),
both with and without dantrolene.

141 |Page



Chapter 5: The development of a novel assay to detect RyR1 activity

[Dantrolene]cyto, (LM)

1.0
g - 50
%0_8— . = 30
+ . =+ 10
& 064 \ 1
m %
O, ' -o- 0
E 04_ ‘\
£ 021 *
S

0.0 — aE PN

0.01 1 100

[Halothane], (mM)

Figure 5.14. Increase in the apparent RyR1 activity by halothane is inhibited by

dantrolene in the presence of physiologically relevant [Mg?*]cyto.

Similar to the protocol shown in Figure 5.10B, mechanically skinned fibers were subjected
to varying [halothane] (0.1, 1, 20 mM) in the constant presence of 200 nM [Ca?*]cyto and 1
mM [Mg?*]eyto.  While maintaining the same ionic conditions in the continued presence of
halothane the fiber was then exposed to varying [dantrolene] (O, 1, 10, 30, 50 pM). The
steady-state values were normalized to the steady-state obtained at 200 nM [Ca?*]cyto and
1 mM [Mg®*]eyto. Data were obtained from 5 fibers (n=5; presented as mean + S.E.M) for
each halothane and dantrolene concentration. All data were fitted with a Hill equation with
the maximal value, minimal value and hill slope constrained to 1, 1 and 1, respectively.
The ECso values are as follows; ([Dantrolene], ECso) O uM, 0.77+1.1; 1 uM, 3.01+£1.14; 10
UM, 6.45+1.09; 30 uM, 8.25+1.08; 50 uM, 17.41+1.12.
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5.4 Discussion

This work aimed to develop a methodology to detect changes in RyR1 activity
utilizing Ca?*-dependent fluorescent indicators trapped in the t-system of skinned fibres.
Dysfunction of the RyR1 has been implicated in multiple congenital muscle myopathies
(Bharucha-Goebel et al., 2013; Dowling et al., 2014; Rios et al., 2015; Rosenberg et al.,
2015), therefore there is a growing demand for additional pharmacological agents that
inhibit the activity of the RyR1. However, current methods used to assay the RyR1 are
done largely under ionic conditions that do not resemble the skeletal muscle cytosol
(Szentesi et al., 2001; Diaz-Sylvester et al., 2008; Wagner li et al., 2014). Therefore,
potential drug candidate targeting RyR1 that act in a similar manner as dantrolene (Mg?*

dependent) may be easily overlooked.

Here it was examined whether the free [Ca?*]sr or [Ca?']tsystem could serve as a
measure of RyR1 activity. It was found that the free [Ca?*]sr remained comparable over
the broad range of [Mg?*]eyto tested (Figure 5.5 and 5.7). The reduced capacity of the SR
to load Ca?* under low-Mg?* conditions indicates that the RyR1 activity increased under
the imposed experimental conditions (Figure 5.6). Similarly, an increase in RyR1 activity
(induced by low-Mg?* or pharmacological agonist) resulted in the depletion of the [Ca?*]«
system (Figure 5.9). Importantly, the degree of [Ca®']isystem depletion was shown to be
dependent on the activity of the RyR1. Furthermore, pharmacological inhibitors of the
RyR1 was shown to attenuate the degree of [Ca?*]tsystem depletion (Figure 5.12 and Figure
5.14). Thus, indicating that the [Ca®*]tsystem iS able to report changes in RyR1 activity. An
advantage of this technique is that the mechanically skinned fiber allows for direct access
to the cytosol for experimental manipulation while maintaining the RyR1 and the
associated accessory proteins in their native environment. Therefore, any influence that
these accessory proteins may have on the activity of the RyR1 are preserved in the

presented experimental approach.
5.4.1 Ca?* uptake into the SR

This study characterized the change in free [Ca?*]sr over varying concentrations of
cytosolic Ca?* and Mg?* in rat fast-twitch EDL fibers. The free [Ca?*]sr was calculated
based on the determined apparent dissociation constant of fluo-5N (Kd ~ 400 puM). This
value is similar to previously calibrated values determined in cardiac myocytes and is in

good agreement with values derived from in vitro calibrations under similar ionic conditions
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(Shannon et al., 2003). Under endogenous ionic conditions in the cytosol (~50 nM
[Ca*]eyto, 1 MM [Mg?*]eyo), the free [Ca?*]sr was found to be approximately 0.5 mM
(expressed relative to the SR volume). Although the determined Kdca of fluo-5N was
lower in a study done by Ziman et al., (2010) (~133 uM) the resting free [Ca?*]sr was in
close agreement (~0.4 mM at rest found in mouse flexor digitorum brevis muscle (Ziman et
al., 2010)).

It was also found that the steady-state values of free [Ca?*]sr can remain high
despite substantial loss of the total [Ca?*]sr (Figure 5.5, 5.6). This was demonstrated by
showing that the free [Ca?*|sr remained saturated at varying open states of the RyR1
([Ca?*]eyto~28, 1342 nM; Figure 5.7). This is likely due to the activity of the SERCA pump,
which would be working near maximal capacity at 1342 nM [Ca?*]cyto (Koivumaki et al.,
2009; Bakker et al., 2017). Furthermore, it was found that the free [Ca?*]sr saturated at a
faster time course relative to the total [Ca®*]sr (Murphy et al., 2009). The time course to
reach a maximal total [Ca?*]sr is also consistent with increasing CSQ buffering power
(Murphy et al., 2009). These observations are in agreement with previous studies which
suggests that the free [Ca?*]sr is determined by the net uptake and release of SR Ca?*
and is not determined by CSQ nor the total [Ca?*]sr (Fryer & Stephenson, 1996; Murphy et
al., 2009; Canato et al., 2010). Collectively these observations suggest that the activity of
the RyR cannot be determined from the free [Ca?*]sr.

5.4.2 Store dependent depletion of [Ca?*]t-system

The depletion of t-system Ca?* has been demonstrated to be facilitated by SOCE
upon SR Ca?* depletion in previous works (Launikonis & Rios, 2007; Duke et al., 2010;
Cully et al., 2016). The short distance between the junctional SR and t-system membrane
makes it possible for direct interactions of membrane bound proteins; such as those
involved in SOCE (STIM1 and Orail) and EC-coupling (DHPR and RyR1).

This study observed a graded depletion of t-system Ca?* that was dependent on the
activity of the RyR1. It is expected that SR Ca?* will be depleted to varying degrees
depending on the activity RyR1 (Figure 5.5, 5.6); therefore, this may suggest that the
graded depletion of t-system Ca?* was due to varying activity of SOCE. Interestingly, in
this study, the activation of SOCE as detected by the [Ca?*]tsystem Was not dependent on
the measured free [Ca?*]sr. As demonstrated in Figure 5.5, the free [Ca?']sr remained

comparable across the tested [Mg?*]cyto (0.03-1 mM) at 1342 nM [Ca?*]cyto; however, under
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the same ionic condition imposed in the cytosol a graded depletion of [Ca?*]tsystem Was
observed (Figure 5.9B). These observations may argue against the involvement of SOCE,
which requires that Ca?* unbinds from a Ca?* sensing EF-domain of STIM1 (Liou et al.,
2005; Stathopulos et al., 2005; Zhang et al., 2005). However, it is important to note that
fluo-5N as measured in this study reports the bulk-free [Ca?*]sr and may not reflect the
Ca?* environment near the junctional SR where the RyR1, STIM1, and majority of CSQ
come in close contact (Franzini-Armstrong et al., 1987; Launikonis & Rios, 2007;
Darbellay et al., 2011; Manno et al., 2017). Thus, it is possible that the vast network of
CSQ molecules at the junctional SR lumen become a diffusion barrier between the bulk
SR and near membrane at the RyRs. Increases in RyR1 activity would allow a local Ca?*
depletion to activate SOCE (dissociated Ca?* from STIM1) without a major change in bulk
[Ca?*]sr (Cully et al., 2016). The development of a targeted Ca?* sensor localized to the
junctional SR would aid greatly in understanding the dynamic Ca?* environment within this

nano-domain and directly test this hypothesis.

5.4.3 Determination of the steady-state [Ca?*]tsystem during increased activity of the
RyR1

The two major t-system Ca?* fluxes involved in this system includes Ca?* efflux
mediated by SOCE, and Ca?* uptake facilitated by membrane bound Ca?* transporters
(PMCA and NCX). Therefore, since both of these pathways are active under conditions
where SOCE is occurring (low-Mg?*, and in the presence of a RyR1 agonist; Figure 5.9),
the steady-state [Ca®*]tsystem must reflect the point in which all of the major Ca?* flux is at
equilibrium. It is important to note that Ca?* influx through the DHPR was also considered.
However, as shown in Figure 5.13 dantrolene did not affect the steady-state [Ca?*]t-system
under low-Mg?* concentrations in the cytosol. From previous works (Bannister, 2013), it
was demonstrated that dantrolene inhibits L-type Ca?* currents. Therefore, since no
changes in [Ca?*]tsystem, Was observed it could be concluded that L-type Ca?* currents play
little role in the Ca?* efflux pathway observed in this study.

Under low-Mg?*, a depletion of [Ca?*] tsystem Was observed in the transition from 200
to 1342 nM [Ca?*]eyto (Figure 5.9). To explain this observation, we must consider the two
Ca?* fluxes at play. Raised levels of free [Ca?*]sr (as demonstrated in Figure 5.5) and
raised [Ca?*]eyto Would likely increase the activity of the RyR1 (Laver et al., 2004). It is
expected that the activity of SOCE would also increase in parallel with increased RyR1

activity. In addition, due to a raised level of Ca?* in the triadic junction, we would also
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expect to observe an increased capacity to extrude Ca?*. Therefore, to observe a net
depletion of [Ca?*]i.system the net Ca?* influx due to SOCE must have been greater than the
Ca?* efflux (Ca?* extrusion). These observations suggest that under conditions where the
RyR1 is sufficiently open, the steady-state values are largely determined by SOCE. This
is further supported by showing the restitution of [Ca?*]tsystem in the presence of tetracaine

in low-Mg?*.

In summary, this study provides evidence suggesting that the degree of RyR1
activity can be estimated from the [Ca?'].system. The major advantage this technique
provides is the ability to measure activity of the RyR1 under physiological ionic conditions

with the RyR1 in its endogenous state.
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Chapter 6: Concluding remarks

The results presented in this thesis focused on furthering our understanding of the
underlying mechanisms involved in Ca?* handling during a malignant hyperthermia event,
and the pharmacological agent used to treat it. Utilizing fluorescent Ca?* imaging in
mechanically skinned fibers isolated from rat and human malignant hyperthermia
susceptible muscle, Chapter 3 considered the role of Mg?* in the inhibitory effect of
dantrolene. The two prevailing hypothesis of the mechanism of overactive Ca?* release
during a malignant hyperthermia event was addressed in Chapter 4. Chapter 5 in this
thesis revisited the results presented in Chapter 3 and purposed a novel assay to detect

changes in RyR1 activity under physiologically relevant ionic conditions.

Dantrolene has been used to great success in reducing mortality associated with
malignant hyperthermia. A unique characteristic of dantrolene was its ability to inhibit
skeletal muscle contractions without producing significant adverse effects on cardiac
muscle. Other known RyR inhibitors such as tetracaine have been shown to effect both
isoforms of the RyRs (Shannon et al., 2002; Laver & van Helden, 2011), and therefore is
unusable candidates to treat malignant hyperthermia. The selective inhibition of skeletal
muscle RyR1 might be explained by the drugs dependence on cytosolic Mg?* (Chapter 3,
5 and (Choi et al., 2017)). That is, the reduced affinity for Mg?* on the inhibitory site of
cardiac RyR2 (Ki of 1mM and 0.1 mM in RyR2 and RyR1, respectively) (Meissner et al.,
1988; Xu et al.,, 1996; Laver et al., 1997a) may also reduce the efficacy of dantrolene.
Therefore, this information may be useful in the developing new candidate drugs, which
selectively target the skeletal muscle isoform of the RyR.

As demonstrated in Chapter 5, utilizing [Ca?']tsystem to detect RyR1 activity is an
ideal assay to screen for such a drug. It was shown in this assay that dantrolene was
unable to inhibit the RyR1 under low-Mg?* conditions in the cytosol. Tetracaine and raised
[Mg?*]eyto both were able to inhibit the RyR1 and therefore were used as a positive control
in these experiments. Furthermore, based on the observations made in Chapter 3,
dantrolene under low-Mg?* can be used as a negative control. Importantly, in the
presence of physiological relevant [Mg?*]eyto, dantrolene was able to inhibit halothane
induced opening of the RyR1 in a concentration dependent manner. These observations
further supported the hypothesis that the inhibitory effect of dantrolene is Mg?* dependent.

In addition, collectively these results demonstrate the sensitivity of the purposed assay.
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This thesis also demonstrated that raised [Mg?*]eyto (21.5 mM) was necessary for
dantrolene to inhibit halothane induced Ca?* waves in human muscle susceptible to
malignant hyperthermia. However, as previously demonstrated, pre-administration of
dantrolene has been shown to inhibit a malignant hyperthermia event in susceptible pigs
(Harrison, 1975). To reconcile these observations, it is important to note that the
concentration of halothane used in this study (1 mM) is greater than what is commonly
used during an IVCT test (~ 2% halothane corresponds to approximately 0.44 mM
(Hopkins et al., 2015)). Furthermore, it is also important to consider that RyR1 variants
may also show varying sensitivity to halothane (Figure 3.10, B and D). Therefore, in the
study conducted by Harrison et al. (1975), it is possible that either the halothane
concentration in the muscle never rose above 0.44 mM or the particular RyR1 variant in

these pigs have a lower relative sensitivity to halothane.

The role of Ca?* as the triggering molecule of a Ca?*wave was also investigated.
This study provided evidence that CICR is not an active mechanism during a malignant
hyperthermia event in human skeletal muscle. The role of cytosolic Ca?* is still open to
interpretation. As demonstrated in Chapter 4, it is possible that cytosolic Ca?* contributes
to the ‘pool’ of Ca?* necessary for SOICR to occur (Chen et al., 2014; Chen et al., 2017).
This mechanism has been demonstrated previously in myocytes (Maxwell & Blatter,
2012); thus, future parallel studies in skeletal muscle will be important to further

characterize overactive Ca?* release during a malignant hyperthermia event.
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