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ABSTRACT

Hyperkalemic periodic paralysis (HyperKPP) is an autosomal dominant human
skeletal muscle channelopathy that causes periods of myotonic discharge and periodic
paralysis due to defective Nay; 4 sodium channels. Patients are asymptomatic at birth, attacks
become short and frequent during childhood, and more severe during adolescence. Since the
Nay;4 content in the cell membrane is relatively constant during childhood, it was
hypothesized that some symptoms start with the defective Nay; 4 channels, while other
symptoms start after some changes occur in gene expression affecting other membrane
channel content and/or activity. To test the hypothesis, the contractile characteristics of EDL
and soleus muscles from HyperKPP mice from the age of 0.5 to 12 months were tested /17
vitro. For both EDL and soleus, contractile defects, including low force generation,
instability and large unstimulated force were observed by two weeks of age. With aging, the
defects did not worsen, but muscles actually showed some improvement. Considering that
Na,; 4 protein content reaches maximum at three weeks of age, the data suggests that

HyperKPP symptoms are solely due to the defective Nay; 4 channels.
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CHAPTER ONE

INTRODUCTION

The contraction of skeletal muscle begins with a motorneuron stimulating muscle
fibers at their neuromuscular junction, where an action potential is triggered on the fiber cell
membrane. Action potentials then propagate along the sarcolemma, as well as into the
transverse tubules (t-tubules), which are invaginations of the sarcolemma. Action potentials
are electrochemical events, consisting of a depolarization phase generated by Na' influx
through voltage-gated Na' channels (Na,), followed by a repolarization phase where K"
effluxes from the cell through voltage-gated K" channels (K,). Depolarization of t-tubular
membranes activates L-type calcium channels, also known as dihydropyridine (DHP)
receptors, causing them to undergo a conformational change. This in turn causes an
interaction with the Ca®" release channels of the sarcoplasmic reticulum (SR), known as the
ryanodine receptors (RYRs), which allows the Ca®" release into the sarcoplasm (Westerblad
etal., 1991).

Skeletal muscle fibers contain sarcomeres, which are the functional unit for
contraction. Upon increase in intracellular [Ca®"] ([Ca®"];) Ca>* binds to troponin C, causing a
conformational change, removing tropomyosin away from the myosin binding sites on actin.
The myosin cross-bridge then binds to actin, which then pulls the actin towards the center of
the sarcomere, allowing muscle to do work and/or generate force. Finally, Ca*" detaches
from the troponin and is actively pumped back to the SR via Ca*"-ATPases located on the SR
membrane. This allows for relaxation.

Hyperkalemic periodic paralysis is a channelopathy caused by a defect in the Nay; 4

channel, the Na, isoform expressed in skeletal muscle. It is characterized by periods of



myotonic discharge, leading to episodic paralysis during which serum K" becomes elevated.
The paralysis completely incapacitates patients, leaving them unable to move and sometimes
bed-ridden, for a period of hours to days. Thus far, none of the available treatments are fully
effective, and those that are available often become ineffective over time. The mechanism of
the disease is not fully understood and before further treatments can be developed, we need
to understand how mutations of the Na,; 4 channel cause the HyperKPP symptoms.

One feature of the disease is that there is an asymptomatic period early in life
followed by an increase in frequency of symptoms until adolescence. It is known that Nay 4
is expressed soon after birth, and reaches maximum content by the age of ten (Zhou &
Hoffman, 1994). An answer to this question is important because it raises the possibility that
muscles have a low density and/or low activity levels of defective Nay; 4 channels or that
there is a change in protein expression in other channels causing the symptoms (i.e. a change
in fiber type from type I to IIA).

This work was carried out as part of a larger study that investigated the extent by
which the mutant Na,; 4 channel contributes to the HyperPP symptoms at different ages. For
this study, a HyperKPP mouse model was used in which the equivalent human M1592V
mutation had been knocked-in the mouse genome. The overall objective of this thesis was to
focus on the progress of symptoms in EDL and soleus by measuring their contractile
characteristics /17 Vitro using HyperKPP mice between two weeks and twelve months of age.
MEMBRANE POTENTIALS

Membrane potential in all cells is determined by three factors: 1) the concentration of
ions on the intra- and extracellular side of the cell membrane i1) the permeability of these

ions to the cell membrane and iii) the activity of electrogenic pumps that maintain these ion



concentrations (i.e. Na'-K" ATPase).

Under normal conditions, concentration gradients are observed for all ions. For
example, Na" and CI concentrations are highest outside of the cell, while for K" the reverse
is observed. Thus, there is a constant flux of these ions down their concentration gradient. At
the same time there is a membrane potential in which the inside of the cell is more negative
than the outside. According to the electrical gradient, Na" and K™ move toward the inside of
the cell, while CI' moves towards the outside of the cell. The membrane potential at which
electrical and chemical gradients are perfectly balanced for a given ion is called the
equilibrium potential (or reversal potential, E..,); i.e. it is the potential at which there is no
net flux from the ion. However, due to active ion pumps, none of Na®, K" or CI' is at their
respective equilibrium potentials. There is therefore a constant flux of ions across the cell
membrane. The equilibrium potentials for K™ (Ex), ClI" (Ec;) and Na" (Eng) are respectively -
90, -66 and +60 mV, in skeletal muscle (Begenisich & Cahalan, 1980). As each ion is trying
to bring the membrane potential (Em) toward its own equilibrium, for a normal resting E, of
-80 mV there is a constant K and Cl'efflux and Na" influx. As a consequence of these fluxes,
Na" and Cl ions tend to depolarize the cell membrane, whereas K" ions tend to hyperpolarize
the membrane.

The greater the difference between E;, and E,.,, the greater the driving force for ion
flux. From this point of view, Na" would be expected to cause more depolarization than K"
and Cl'. However, the contribution of an ion to E,, also depends on its permeability (P). In
skeletal muscle at rest, the Px:Pci:Pn, ratio is 1: 10: 0.005 (Adams et al., 1980). Despite the
Em-En, being the largest, Na" has little effect on resting Em because its Nay; 4 channels are

closed. The same is not true for K' and Cl” because some of their channels are opened



allowing for a modulation of E; (Adams et al., 1980). The channel controlling CI
permeability at rest is the €L C-7 chloride channel. For K, at least two channels are open at
rest. Both are members of the K;; superfamily of K* channels that have either strong or weak
inward-rectifiers (Kubo et al., 1993). The strong-inward rectifying K" channel (Kir.1) is
named for the fact that it has lower permeability for outward K current than inward current
(Fakler et al., 1995). The second K" channel is the ATP-sensitive K channel (Katp), and is
made up of two subunits. One subunit, Kir6.2, has the ATP binding site that closes the
channel. The other subunit is the SUR2A subunit, (Seino et al., 1999) a member of the ATP-
binding cassette (ABC) superfamily. This subunit has two nucleotide binding folds for ADP
binding that cause the opening of the channels.

Action potentials are initiated when the membrane potential depolarizes to about -60
mV. At that Em, Na, channels become activated, and Na" becomes the ion with the largest
conductance. Na" becomes the dominant ion controlling E,, causing the depolarization to -10
mV. To terminate the action potential, the Nav channels inactivate and Py, decreases. Also,
K, channels open to allow K to efflux from the cell, terminating the AP and repolarizing the
sarcolemma back to the resting Em.

Another contributor to E,, is the Na'-K"~ ATPase pump, which pumps three Na" ions
into the extracellular space and two K" ions into the intracellular space. This maintains the
Na" and K' concentration gradients while generating a net outward current of one positive
charge contributing to resting membrane potential (Clausen, 1993).

Thus, resting membrane potential is dependent on the distribution of Na*, K™ and CI’
ions across the cell membrane. The electrical and chemical forces for a given ion combine to

become a single force, the electrochemical gradient, allowing for the movement of ions



across the cell membrane.

Channelopathies are a group of inherited diseases involving the dysfunction of an ion
channel caused by gene mutations. The resulting defective channels greatly affect membrane
excitability either by first acting on how the resting Em is controlled or directly on the
generation of action potentials. These channelopathies leads to a spectrum of symptoms
ranging from myotonia to periodic paralysis. Myotonia is characterized by membrane
hyperexcitability, causing sustained contractions and an inability of muscle to relax.
Myotonia is caused by mutations on the CIC-1 CI" or the Nay; 4 Na' channels. At the other
end of the spectrum, periodic paralysis is characterized by a complete loss of membrane
excitability, which leads to periods of paralysis causing muscle weakness. For these
channelopathies, the mutations are found on the Ca,;;, Nay;4 and Kj,; channels. Some
channelopathies have both symptoms, and both are due to mutations of the Na,; 4 channels.
To best understand these diseases, especially those linked to the Nayj4, the
electrophysiological and molecular characteristics of the Nay;4 will first be discussed,
followed by a full discussion on HyperKPP.

VOLTAGE-GATED Na* CHANNEL

Na, channels are among the cation voltage-sensitive channels that are made of four
membrane domains, each consisting of six transmembrane segments. They have three
essential electrophysiological properties that are important for generation, propagation, and
control of AP’s. These properties are channel activation, fast inactivation, and slow
inactivation.

Electrophysiological characteristics

According to the steady-state IV (current-voltage relationship) curve a Na' current



starts to be observed when the membrane is depolarized to -60 mV (Chahine et al., 1994;
Kontis et al., 1997) (Fig. 1). However, in the resting state addition of TTX (a Na" channel
blocker) causes a slight hyperpolarization (Yensen et al.,2002). When [K']e is changed the
membrane potential depends primarily on [K']e when above 10 mM. Below 10 mM, Em was
always less than the expected value from the Nernst potential and this deviation was
explained if a small Na’ permeability was taken into consideration, being 1% of the K"
permeability (Hodgkin & Katz, 1949). Together these results indicate that a few Nay;4
channels are open at resting E,, of -80 to -70 mV, but the open probability of Na, channels is
extremely low, and too few channels are open to be able to measure a current. At a
membrane potential of -30 mV, half of the sodium channels are activated, and maximum
current occurs at -10 mV (Ji et al., 1996) (Fig. 3).

The channels open for less than a millisecond, allowing Na" to enter the cell down its
concentration gradient, causing a macroscopic current that rises to its peak within less than a
millisecond (Fig. 2). Current then begins to decrease as Na' channels begin to fast inactivate,
while E,, 1s still depolarized. The steady-state fast IV curve for fast inactivation shows that
channels begin to fast inactivate around -70 mV, and is fully fast inactivated at -40 mV (Fig.
3). Fast inactivation functions to terminate the action potential and repolarize the sarcolemma.
It is also responsible for creating a refractory period, allowing for unidirectional propagation
of the AP, preventing the AP from backward propagation.

Nay 4 channels have a second type of inactivation that occurs on a time scale of
seconds to minutes. This type of inactivation is called slow inactivation as opposed to the fast
inactivation discussed above. It appears to be a separate voltage-dependent process, which

acts to modulate the number of available Na* channels on the cell membrane. Slow
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Figure 1. Na' current trace. A family of currents recorded from Xenopus oocytes expressing
hSkM1, in response to a series of voltage steps (-80 to +10 mV) from a holding potential of -

100mV (Figure and legend from Makita et al., 1994).
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Figure 2. Voltage-dependent activation of the sodium channel. Using a patch-clamp
technique, the membrane potential dependence of activation is studied by applying 50 ms
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from Amin et al., 2010).
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Figure 4. Steady-state slow inactivation curve. The steady-state slow inactivation () curves
for WT and rT698M cells are shown. Cells were held at potentials starting from -130 mV and
increasing to +10 mV in 10-mV steps. After 50 s at each holding potential, a 10-ms recovery
pulse to -100 mV and a 20-ms test pulse to -10 mV were given before the holding potential
was incremented. The peak current elicited by the test pulse to -10 mV is plotted as a fraction
of the maximum current for WT cells and rT698M cells. The value of s, remains large even
at positive potentials, indicating that slow inactivation is impaired in rT698M cells. The peak
current elicited by the test pulse to -10 mV is plotted as a fraction of the maximum current
for WT cells and rT698M cells. (Vs = -70.3 mV). (Figure and legend from Cummins &

Sigworth, 1996)
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inactivation causes a decrease in Na' channel amplitude during subsequent depolarizations
due to a decrease in channel availability (Cummins et al., 1996). Under steady-state
conditions, none of the Na,; 4 channels are slow inactivated between -120 mV and -100 mV.
Half the channels are half-inactivated at -70 mV. By -20 mV, 95% of Na,; 4 channels are slow
inactivated (Hayward et al., 1999) (Fig.4).

Molecular structure

Na, channels are composed of at least two protein subunits, the o and B subunits. The
a-subunit forms the pore of the channel, and contains all functional components; that is, it
controls activation, fast and slow inactivation. The  subunit modulates the channel activity.
The Na, o subunit constitutes a superfamily of ten genes encoding for Na,; ;-Nay; 9 and the 8
subunit contains four genes encoding for f1- p4 (Kallen et al., 1990; Rogart et al., 1989;
Schaller et al., 1995) (Table 1 & Table 2).

Skeletal muscle expresses two o isoforms. The Nay; 5 is the main Na" channel during
development and its content is still very high at birth. Na,; 4 channels are barely expressed in
skeletal mouse sarcolemma at birth. Nay; 4 protein content increases during the first days of
postnatal development. In mouse, Na,; s completely disappears by 20 days postnatal, while
Nay; 4 reaches its maximum content by 30 days. In humans, Nay;4 reaches its maximum
content much later, being around ten years of age (Zhou & Hoffman, 1994).

The SCN4A gene encodes for the Nay; 4 channel and is located on chromosome
17923-25. In skeletal muscle, the Nay; 4 channel is a heteromeric integral membrane protein,
containing a 260 kDa a-subunit (Kraner et al., 1989). The a-subunit is composed of 1836
amino acid residues. Through hydropathy analysis, the proposed topology includes four

domains (numbered I-1V), each one containing six a-helical transmembrane segments
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PROTEIN NAME

Nayi1

Nayi2

Nayi3

Nayi 4
Nayi 5
Nayi 6
Nay 7
Nay; g
Nayi9

Nayy

GENE

SCNTA

SCNZA

SCN3A

SCN4A
SCN5A
SCNEA
SCNIA
SCN10A
SCNT1A
SCN7A

EXPRESSION PROFILE

Central neurons, peripheral neurons, cardiac
myocytes

Central neurons, peripheral neurons

Central neurons, peripheral neurons, cardiac
myocytes

Skeletal muscle

Cardiac myocytes, uninnervated skeletal muscle,
central neurons, fetal myocytes
Central neurons, dorsal root ganglia, peripheral
neurons, heart, glia cells
Dorsal root ganglia, sympathetic neurons,

Dorsal root ganglia
Dorsal root ganglia

Heart, uterus, skeletal muscle, astrocytes, dorsal
root ganglia cells

Table 1. Overview of voltage-gated sodium channel family (Yu & Catterall, 2003).
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PROTEIN GENE
Na,p1 SCN1B
Na,f2 SCN2B
Na,fp3 SCN3pB
Na,f4 SCN4B

ASSEMBLES WITH

Nay;.; to Nay; 7

Nayi.1, Nayi 2, Nayi s to Nay 7

Nayi.1 to Nay 3, Nayg s

NaVl.l) Navl.Z, Navl.S

EXPRESSION PROFILE

Central neurons, peripheral
neurons, skeletal muscle,

heart, glia

Central neurons, peripheral
neurons, heart, glia

Central neurons, adrenal
gland, kidney, peripheral
neurons

Heart, skeletal — muscle,

central neurons, peripheral
neurons

Table 2. Nomenclature and some functions of voltage-gated sodium channel beta subunits

(Catterall et al., 2003).
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substitution within the S6 segment of domain IV (figure and legend from Hayward et al.,

2008).
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(numbered 1-6) (Kyle, 2007) (Fig. 5).

Spans 1-3 contain hydrophobic amino acids, and as a consequence of their
composition, these three spans interact and anchor the channel in the membrane lipid bilayers.
The fourth transmembrane segment of each domain contains 5-7 positive charges from lysine
or arginine residues at every third position, and is thought to act as the voltage sensor of the
channel (Noda et al., 1984). This was supported by experiments that have been performed in
which individual residues at S4 were mutated by replacing the positive lysine or arginine
charges with neutral charges. This resulted in a large shift in the voltage dependence of
activation in the depolarizing direction (Kontis et al., 1997; Stuhmer et al., 1989). While the
mechanism is still not clearly understood, it is thought that the S4 segment actually
physically moves through the membrane, inducing a conformational change that allows
opening of the pore. The external charges become exposed on the outer surface of the
membrane, and the inner charges remain inside the membrane (Patton et al., 1994). Spans 5
and 6 contain the selectivity barrier for the Na". They are linked by a hairpin extracellular
loop and line the pore of the channel (Jurkatt-Rott et al., 2007). The residues implicated in
Na" selectivity are the negatively charged glutamic acid and aspartic acid, as well as the
positively charged lysine. These negative amino acids function to attract the positively
charged Na" ion, and to keep out the negatively charged Cl ion. The cations flow into a more
constricted part of the pore, which is too small for the large K' ion to fit through (Jurkatt-
Rott et al., 2007).

The cytosolic linker between domains III and IV plays a key role in the fast
inactivation process, involving the binding of a cytoplasmic particle to its receptor

(Armstrong et al., 1973). The linker has a unique hydrophobic sequence of three amino acids,

15



isoleucine, methionine and phenylalanine, known as the IMF motif. This motif blocks binds
to the inner mouth of the pore, where it mediates fast inactivation (Stuhmer et al., 1989).
Mutations predominantly causing myotonia, such as T1306M and M 1353V, within the linker
of repeats III-IV reduces fast inactivation activity, while slow inactivation activity is
preserved (Cummins et al., 1996). Furthermore, it was shown that mutations causing
prominent myotonia showed a shift in voltage dependence of steady-state inactivation
towards less negative (Fig. 3) (Hayward et al., 1997). The cytoplasmic end of S6 in domain
IV has been shown experimentally to contribute to the inactivation gate receptor (Cannon et
al., 1993).

It has been determined that slow inactivation is a separate process, which does not
involve the III-IV linker inactivation particle. The mechanism of slow inactivation is still not
fully understood. Mutations at the cytosolic ends of S5 and S6, which form the inner mouth
of the pore, have been shown to disrupt slow inactivation, suggesting that the slow
inactivation process may involve a conformational change at the inner mouth of the channel
(Hayward et al., 1997).

Beta-subunit

In skeletal muscle, only one B subunit is associated with the Nay; 4 channel. A single
gene encodes the 38 kDa B-subunit, and is located on chromosome 19. The subunit consists
of a single transmembrane domain with an extracellular N terminus and an intracellular C
terminus, and tends to be heavily glycosylated. It enhances the Na' current amplitude 2.5-
fold, causes a 5-fold acceleration in the kinetics of sodium channel inactivation and causes a
19 mV hyperpolarizing shift in steady state inactivation (Patton et al., 1994; Zhou et al.,

1991). It is thought that these multiple events may result from molecular interactions
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between the o and —f subunit, or from a single molecular mechanism that alters several
aspects of Na, channel function (Patton et al., 1994; Wallner et al., 1993). Thus far, the -
subunit has not been linked to any human disease (Messner et al., 1985; Reber et al., 1987).
NAvi4 MUTATIONS

Channelopathies are a group of inherited diseases involving the dysfunction of an ion
channel caused by gene mutations, leading to a spectrum of symptoms ranging from
myotonia to periodic paralysis (Fig.6). Myotonia congenita is caused by a reduced
sarcolemmal CI” conductance (gc;) due to mutations in the gene encoding the skeletal muscle
CI" channel (CLC-1), causing membrane hyperexcitability (Fahlke et al., 1997). Potassium-
aggravated myotonia is caused by a defect in the fast inactivation process of the Nayj 4
channel. Myotonia occurs when Na, channels open uncontrollably, which is aggravated by
K" ingestion, especially when increased K causes depolarization of the cell membrane
(Kubota et al., 2009). At the other end of the spectrum, periodic paralysis is characterized
by a complete loss of membrane excitability, which leads to periods of paralysis causing
muscle weakness. Hypokalemic periodic paralysis (HypoKPP) is an example of periodic
paralysis due to mutations of either the Nay; 4 and Ca,; | channels, the latter being the channel
containing the dihydropyridine receptors and ryanodine receptors. HypoKPP is associated
with low serum potassium levels, which appears to trigger the paralysis by causing Kj;»; and
Kir2 channels to malfunction, leading to large depolarizations, which cause acute attacks of
muscle weakness (Jurkatt-Rott et al., 1994 &2000). Another disease causing periods of
episodic paralysis is Andersen-Tawil Syndrome. It is caused by mutations in the Kjq
channel, causing periodic paralysis in skeletal muscle, arrhythmias in cardiac muscle, and

dysmorphic features (Zhang et al., 2005).
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Paramyotonia congenita (PC) and hyperkalemic periodic paralysis (HyperKPP) are
distinguished from other channelopathies, as patients exhibit a combination of both myotonia
and periodic paralysis. Both are related to defects of the Na,; 4 channel.. While HyperKPP is
sensitive to increases in serum potassium, PC is not. Furthermore, PC can be distinguished
from HyperKPP in that patients experience a paradoxical worsening of symptoms upon
muscle cooling (Ptacek et al., 1991). PC patients typically show symptoms of muscle
stiffness or myotonia, caused by membrane hyperexcitability. Conversely, the dominant
clinical presentation of symptoms in HyperKPP patients is episodic weakness or paralysis,

caused by sarcolemmal inexcitability when extracellular [K'] increases (Yang et al., 1994).
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Myotonia Periodic paralysis

Myotonia Potassium Paramyotonia Hyperkalemic Hypokalemic Andersen-Tawil
congenita aggravated congenita periodic paralysis periodic paralysis syndrome
myotonia
Cl channel Na channel Na channel Na channel Na channel Cachannel K channel
CIC-1 NaV1.4 NaV1.4 NaV1.4 NaV1.4 CaVi.1 Kir2.1

Figure 6. Clinical spectrum of the nondystrophic myotonias and periodic paralyses.
Myotonia predominates in disorders further to the left in this spectrum, whereas periodic
paralysis is the major symptom for those to the right. The underlying molecular genetic
defects in each of these disorders are mutations in voltage-gated ion channel genes (middle

row). (Figure and legend taken from Cannon, 2006).
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HYPERKALEMIC PERIODIC PARALYSIS
Symptoms

This autosomal dominant ion channelopathy has an almost complete penetrance, and
is one of several familial disorders of impaired muscle excitability caused by a missense
mutation in the skeletal muscle Na" channel Nay 4.

The hallmark features of HyperPP are an increase in [K+]plasma, from the normal 4 mM
up to 8 mM, although in many instances K" increases to 6.0-6.5 mM (Gamstrop et al., 1957;
Lehmann-Horn et al., 2007). In the early stages of the disease, periods of myotonic
discharge occur, during and between paralytic attacks, causing weakness (Lehmann-Horn et
al., 2007). The duration of the attacks varies between and within patients and can last from a
few hours to days, with extreme cases lasting several months (Bradley et al., 1990; Miller et
al., 2004; Pearson et al., 1964). Patients may suffer the first paralytic attack at 6 months of
age, but in general 44% of patients have the first attack prior to the age of five, and 92%
before the age of ten (Gamstrop et al., 1957; Jurkatt-Rott et al., 2007). Intervals between
attacks can last several days but in many cases patients experience one to three attacks per
day. The attacks tend to be short and frequent in childhood, but become longer and more
severe during adolescence (Bradley et al., 1990; Gamstrop et al., 1957; Lehmann-Horn et al.,
2007; Pearson et al., 1964).

The predominant symptom of HyperPP is weakness, occurring particularly in the
limb muscles, and generally spares extraocular muscles (Bradley et al., 1990; Gamstrop et al.,
1957). Other tissues, such as cardiac muscle and neurons, are not affected by mutations of
the SCN4A gene because they express other Na, isoforms; i.e. cardiac muscle expresses

Nay; 5, while neurons express Nay;.1-Nay; 3 and Nayj ¢-Nay; 9 (Goldin et al., 2000; Kyle et al.,
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2007). Interestingly, except for two reported cases, HyperKPP patients do not suffer from
respiratory distress, despite the fact that the diaphragm, a major respiratory muscle, expresses
Nay 4 (Zhou et al., 1994).

As patients approach the age of 30, the paralytic attacks and myotonic discharge
usually cease. However, they may experience a debilitating muscle myopathy, making tasks
such as walking difficult. Other characteristics of later-stage HyperPP include fiber damage,
large number of fibers containing central nuclei, suggesting significant fiber regeneration and
vacuolar myopathy (Hayward et al., 2008; Pearson, 1964; Streeten et al., 1971). A shift in
fiber type composition towards a more oxidative phenotype typically occurs as an effect of
repetitive muscular activity produced by chronic contractions. Furthermore, it has been
suggested that the decrease in force generation that occurs with age may be related to the
amount of fiber damage that takes place in earlier years (Bradley et al., 1990; Miller et al.,
2004).

Mutations of the alpha subunit

Of the nine mutations associated with HyperKPP, T704M and 1592V, each
correspond to 33% of affected patients, while the other 33% are due to the seven remaining
mutations (Miller et al., 2004) (Fig. 7). However, the range of onset, frequency, duration and
severity varies not only between mutations but also within patients having the same mutation.
The average age of onset for the T704M mutation is around eight months old, ranging from 0
to 9 months, whereas the M1592V mutation does not tend to begin affecting patients until
five years of age, with a range of 0 to 10 years. The other seven mutations begin around the
age of two on average, and range from 0-16 years of age. The frequency of attacks for the

T704M mutation occurs between 8 to 42 attacks per month, with the frequency is much less
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for the M1592V mutation, being 5-6 attacks per month. However, the mean duration of the
paralysis is about ten times longer for the M1592V mutation than for the T704M (89 hours
vs. 8 hours), with the maximum duration as long as seven days for both mutations. For the
other seven HyperKPP mutations, the average age of onset is two years of age, with the
frequency of attacks ranging from 1-42. The average duration of these attacks is 24 hours,
with a range of 2-72 hours (Miller et al., 2004).
Triggers

Ingestion of KCI consistently triggers an attack in all HyperKPP patients but not in
normal individuals, suggesting that HyperKPP patients have a greater sensitivity to increased
extracellular [K'] (Bradley et al., 1990; Gamstrop et al., 1957). The most common and
consistent trigger for a paralytic attack is a period of about one hour of rest after exercise
(Bradley et al., 1990; Lehmann-Horn et al., 2007; Pearson et al., 1964). A paralytic attack
will occur after this rest period 70-80% of the time in all HyperKPP patients.
Furthermore, the more intense the exercise, the more intense the paralytic attack. Other less
consistent triggers include exposure to cold, emotional stress, and periods of fasting
(Lehmann-Horn et al., 2007; Miller et al, 2004). Paralysis is triggered more easily by cold
(58%) and stress (46%) in patients with the T704M mutation whereas patients with the

M1592V mutation are less sensitive to cold (38%) and stress (13%) (Miller et al., 2004).
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Figure 7. Missense mutations in Nay 4 associated with Hyperkalemic periodic paralysis. The

schematic diagram from the membrane-folding structure of Nay;4 shows the relative

locations of missense mutations associated with hyperkalemic periodic paralysis (HyperPP)

(Figure and legend from Cannon, 2006).
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Treatments for HyperKPP

Often patients will experience a “creeping” sensation in their legs prior to the onset of
a paralytic attack. Attacks can be prevented by low-intensity exercise, such as walking. This
is an interesting paradox because mild exercise causes an increase in [K']., from 4 mM to 8-
11 mM yet it prevents paralysis under these conditions (Bradley et al., 1990; Jurkatt-Rott et
al.,, 2007; Lehmann-Horn et al., 2007). It has been shown that daily use of carbonic
anhydrase inhibitors, such as acetazolamide, limits the frequency of attacks, and calcium
gluconate helps to alleviate the severity of the attacks. Furthermore, during an attack, inhaled
B-adrenergic agonists, such as Salbutamol, help to alleviate symptoms (Clausen et al., 1980
& Wang et al., 1976). Salbutamol (10”7 M) has been shown to fully restore tetanic force in
HyperKPP soleus; however, long-term use of Salbutamol has been shown to cause adverse
changes in lung function, and becomes ineffective over time (Clausen et al., 2011).

Electrophysiology of mutant Navi1.4 channels

Several groups have studied the T704M mutation and two different mechanisms have
been proposed: Using the rat homolog T698M mutation (rT698M ), Cummins et al. (1993)
found that the activation voltage dependence was shifted in the hyperpolarizing direction by
10-15 mV relative to wild-type channels. When the steady-state activation and inactivation
curves are then plotted on the same graph, the shift increases the area under the curves where
they cross-over, resulting in a greater “window” currents between -75 and -40 mV (Cummins
et al., 1993). In another series of experiments by Cummins et al. (1996), a defect of slow
inactivation for the T704M mutation was shown after a prolonged depolarization at -20 mV,
where 97% of wild-type channels were slow inactivated, compared to only 75% of mutant

channels. The T704M and M1592V mutations do not affect the kinetics of fast inactivation
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(Hayward et al., 1999). Instead, these mutations affect the slow inactivation process. Under
steady state conditions, none of the Na,; 4 channels are slow inactivated at -120 mV while 50%
are inactivated at -70 mV. By -20 mV, 95% of wild type channels are slow inactivated.
T704M and M1592V channels exhibit impaired slow inactivation at voltages less negative
than -60 mV. Only 65% of channels are inactivated at -20 mV for both mutations.
Furthermore, the rate of onset for slow inactivation is significantly slow, while recovery from
slow inactivation is faster for T704M and M1592V channels compared to normal channels
(Hayward et al., 1999).

Physiology of HyperKPP skeletal muscles

Defective slow inactivation results in the opening of Na" channels in the resting state.
The subsequent membrane depolarization associated with the Na' influx then causes
generation of uncontrolled APs, i.e., APs spontaneously generated without a proper trigger,
leading to myotonic discharges (Cannon et al., 1993). The K" efflux associated with APs
causes an increase in interstitial [K'], [KJr]plasma and t-tubular [K'] (Lehmann-Horn et al.,
2007). A common feature of HyperKPP muscles is an increased sensitivity to elevated [K ..
An increase in [K']. from 3.5 to 7 mM causes large membrane depolarization of about 30
mV in HyperKPP muscles compared to only 10 mV in wild-type (Cannon et al., 1991).
Furthermore, the excessive depolarization is associated with an abnormal Na' influx that
increases intracellular [Na']. The addition of tetrodotoxin (TTX) prevents the excessive
depolarization at increased [K'] as a result of the Na influx. Once the depolarization
becomes great enough to inactivate a large number of Na’ channels, paralysis occurs
(Lehmann-Horn et al., 2007). Abnormal increases in intracellular [Na'] have also been

reported in HyperKPP muscles when [K']. increases (Jurkatt-Rott et al., 2007). Thus, the
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increase in [Na'];, which results from the Na' influx, is another factor contributing to
paralysis.

For HyperPP patients, a treatment involving blocking of Nay;4 channels using
pharmacological agents is not possible without causing death. The next approach is then a
modulation of other ion channel activity to prevent the Na" induced depolarization and K" -
induced paralysis. However, several questions about the mechanism of the disease are not
fully understood and before further treatments can be developed, we need to understand how
mutations of the Na,; 4 channel causes all of the symptoms. Two of these questions are the
subject of this thesis. That is:

1. Why is there an asymptomatic period early in life?

2. Why is there an increase in frequency of symptoms with age?

Those two questions are important because it raises the question as to whether all
symptoms are related solely to the Nay 4 channels, or whether some symptoms starts with the
defective Nay; 4 channels, while other symptoms are due to changes in gene expression. It has
been shown by Hayward et al. (2008) that EDL from HyperKPP mice exhibited changes in
fiber type to a more oxidative phenotype, as well as upregulation of the transcriptional
coactivator PGC-la.  Another study showed that cells exposed to high [K']. became
depolarized to values at which excitatory Na" current is normally inactivated, which was due
to an increased Na™ conductance (Lehmann-Horn et al., 1983).

OBJECTIVESAND HYPOTHESIS
To answer the above two questions, a large study was undertaken to examine the
extent by which mutant Na" channels contribute to HyperPP symptoms at different ages; i.e.

to follow how the disease progresses, in relation to changes in Nay; 4 content. The specific
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objective of this M.Sc. study was to follow changes in contractile characteristics of EDL and
soleus muscles from mice between the ages of 2 weeks and 12 months. Both muscles were
used because 1) they have different fiber type compositions (EDL is primarily composed of
type IIB and IIX fibers, whereas the soleus is composed of type I and IIA fibers (Banas et al.,
2011; Thabet et al., 2005) and 2) to determine if different fiber type composition give rise to
differences in symptoms. The hypothesis of this thesis is that some symptoms start with the
defective Nay 4 channels, while other symptoms start after some changes in gene expression

affecting membrane channel content and/or activity.
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CHAPTER 2

METHODS AND MATERIALS

METHODS
Animals

HyperKPP mice were generated by knocking in the equivalent human missense
mutation M1592V in the genome of FVBIN mice; that is a mutation of methionine to valine
at position 85 (Hayward et al., 2008). Mice were received from Dr. Lawrence Hayward at the
University of Massachusetts Medical School, Worcester, Massachusetts. The homozygous
mutants do not survive past postnatal day five (Hayward et al., 2008), and cannot be used. So,
new HyperKPP mice were generated by crossbreeding heterozygous HyperKPP mice with
FVB mice. To start a colony of wild type and HyperKPP mice, FVBIN mice were initially
purchased (Charles River Laboratories, Canada) to crossbreed with the HyperKPP mice. All
wild type and HyperKPP mice used in this study were those obtained by continuously cross-
breeding FVB and HyperKPP mice. All mice were fed ad /ibitum and housed according to
the guidelines of the Canadian Council for Animal Care (CCAC). The Animal Care
Committee of the University of Ottawa approved all experimental procedures used in this
study. Prior to muscle excision, animals were anaesthetized with a single intraperitoneal
injection of 2.2 mg ketamine/0.4 mg xylazine/0.22 mg acepromazine per 10 g of animal body
weight, and sacrificed by cervical dislocation.
Genotyping

DNA Extraction. All animals used in this study were genotyped using a piece from
the tail. A 0.5-mm tail segment was lysed by incubation overnight with 500 uL lysis reagent
(0.2 mM disodium EDTA and 25 mM NaOH, pH 12.31) and 50 uL Proteinase K (1 mg/ml) at

56°C. A volume of 650 uL of 1:1 Phenol:CIA was added to each tube and centrifuged at 12,
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000 g for 10 minutes at room temperature. The upper phase was extracted with 650 uL of
CIA to remove the phenol, vortexed for 10 seconds, and centrifuged for 10 minutes. The
upper aqueous phase was mixed with 750 ulL of isopropyl alcohol, incubated at room
temperature for 10 minutes, and centrifuged at 12 000 g for 10 minutes. The pellet was
washed with 750 uL of 70% ethanol and centrifuged for 10 minutes at 12 000 g. The DNA
pellet was air dried for 30 minutes and suspended in 200 uL 1X TE buffer (10 mM Tris, 1
mM EDTA, pH 8.0), and allowed to incubate for two hours at 65°C.

PCR. For the PCR, the template primers were mSk757F,
5S’TACTACTTCACCATTGGCTGGATATCTTCGACTTCG-3’ at the 3’ end of exon 23 and
mSk998R, 5’CTGAGCACAATCTCCATTTCCCTCAGC-3’ in the 3’-UTR of exon 24. 100
ng genomic DNA was added to a mixture of 2X Phusion Master Mix with GC Buffer (0.04
U/uL Phusion DNA polymerase, 2X Phusion GC Buffer, 400 uM of each dNTP and 100%
DMSO (2 x 500 uL)). This produced a 1.43-kb DNA product amplified only from cDNA that
was digested with Nspl.

Physiological solutions for muscle tested /n Vitro

Soleus and EDL muscles were dissected (unless otherwise specified) in the control
physiological saline solution. The control solution contained (in mM): 118.5 NaCl, 4.7 KCl,
2.4 CaCl,, 3.1 MgCl,, 25 NaHCOs, 2 NaH;POy4, and 5.5 D-glucose. Paired muscles were
used where one muscle was constantly superfused in the control solution and the other in a
physiological solutions in which [Ca*']e was only 1.3 mM by reducing the appropriate
amount of CaCl2. In some experiments, muscles were exposed to 4.0 mM Ca®" by adding the
appropriate amount of CaCl. Solutions containing 10 or 11 mM K™ were made by adding the

proper amount of KCl to the physiological solutions described above. All solutions were
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continuously bubbled with 95% 0O,-5% CO, to maintain a pH of 7.4. Experimental
temperature was 37°C, unless otherwise indicated.

Force Measurement

Muscles were positioned horizontally in a plexiglas chamber containing 5 mL of
solution. One end of the muscle was attached to a force transducer (Model # 40A, Aurora
Scientific, Canada), while the other end was fixed to a stationary hook. The flow of
physiological solution below and above muscles was maintained at a total of 15 ml/min.
Muscle length was adjusted to give maximal tetanic force. Force transducers were connected
to a KCP13104 data acquisition system (Keithley, USA) and data were recorded at 5 kHz.
Parameters of the tetanic contraction were then later analyzed with a computer. Maximum
tetanic force was defined as the maximal force measure at the beginning of each experiment
after the length had been adjusted. Thereafter, peak tetanic force was measured as the
maximum force during a stimulation subsequent to the maximum force. Both maximum and
peak tetanic force were calculated as the difference between the maximum force during a
contraction and the baseline force measured 5 ms before a stimulation. Unstimulated force,
defined as the amount of force exerted by a muscle without stimulation, was calculated as the
difference in baseline and zero force. Half relaxation was defined as the time required for the
force to decrease from 95% to 50% of peak force after the last contraction in a train (Verburg
et al., 2001).

Stimulation protocol

Electrical stimulations were applied across two platinum wires (4 mm apart) located
on opposite sides of the fibers. They were connected to a Grass S88 stimulator and a Grass

SIUS isolation unit (Grass Technologies/Astro-Med Inc.). Tetanic contractions were elicited
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with 200 ms trains of 0.3 ms, 12 V (supramaximal voltage) pulses. Stimulation frequencies
for soleus and EDL were respectively 140 and 200 Hz. For all experiments, tetanic
contractions were elicited every 100 s.

Experimental protocol

The first part of every experiment consisted in lengthening muscles for maximum
force and in verifying that the stimulation voltage was at least 5-times that of the threshold
voltage, defined as the smallest voltage to trigger a contraction. Once maximum tetanic force
was obtained, the waveform was saved to obtain the maximum tetanic force as described
above. All wild type muscles were then equilibrated for 30 minutes to ensure that the muscle
remained stable. For wild type mice, muscles were not used if the drop in peak tetanic force
was greater than 10% as for previous experiments in this laboratory (Gong et al., 2000;
Cifelli et al., 2007). For HyperKPP muscles, it was not always possible to wait a full 30 min
because many were unstable (see results for examples and details).

Statistical analysis

Data are presented as means = S.E. Split plot ANOVA was used to determine
significant differences. Split plot designs were used because muscles were tested at all time,
K" or Ca®" levels. ANOVA calculations were made using the version 9.2 GLM (General
Linear Model) procedures of the Statistical Analysis Software (SAS Institute Inc., Cary, NC,
USA). When a main effect or an interaction was significant, the least square difference (LSD)
was used to locate the significant differences (Steel & Torrie, 1980). The word ‘significant'

refers only to a statistical difference (P < 0.05).
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CHAPTER3
RESULTS

All experiments started with gradually increasing stimulation strength and muscle
length until peak force elicited by electrical stimulations no longer increased; this period was
defined as the maximization period. For wild type, peak tetanic force increased gradually
until it reached a maximum force (Fig. 3-1A). This period was followed by a 30-minute
equilibrium period to ensure that muscles were stable. During the equilibrium period, force
decreased slightly, and muscles were discarded if force decreased by more than 10% (Matar
et al., 2000). For EDL, the K" challenge consisted of exposing EDL to 11 mM K" for 60 min
(as opposed to 4.7 mM in control conditions). For one muscle, an increase in [K '] caused a
27% decrease in tetanic force, which recovered to 90% when [K']. was returned to 4.7 mM
(Fig. 3-1B). It is important to notice that for wild type EDL the baseline remained stable
during the entire experiment.

For HyperKPP EDL muscles, the situation was very different. Some HyperKPP EDL
had changes in tetanic force during maximization, equilibrium, and exposure to 11 mM K"
that were very similar to that of wild type EDL (Figure 3-2A). Other HyperKPP EDL had an
unstable baseline, representing the force measured between contractions when it became
greater than zero. For wild type EDL, an increase in muscle length caused small increases in
baseline once the muscle was close to developing maximum force; this increase in baseline is
associated with elongation of muscle elastic components. However, for many HyperKPP
EDL, similar increases in baseline occurred very early in the maximization period when peak
tetanic force was still very small (Fig. 3-2B and C). Sudden increases in baseline could also

be observed between elicited contractions, some of very short duration as in Fig. 3-2B and
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FIGURE 3-1
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Figure 3-1. Representative recorder traces of the change in force for a wild type EDL

muscle. The recorder trace was generated by acquiring and averaging three data points every
2 sec for the baseline; when a contraction was elicited, the minimum and maximum values
were plotted. A) Changes in peak tetanic force during the period of muscle lengthening until
maximum force is obtained followed by a 30 min equilibrium period. B) The decrease in
peak tetanic force when [K'Je is increased from 4.7 mM to 11 mM and the recovery of force
when [K']e was returned to 4.7 mM. Symbols: open bar, equilibrium period; close bar,

exposure to 11 mM K; vertical bar, 10 g; horizontal bar, 10 min.

33



FIGURE 3-2
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Figure 3-2. Recorder traces of tetanic force from Hyper KPP EDL. The generation of the
recorder trace and experimental protocol were as described in Fig. 3-1. A) One month, 2.4
mM [Ca®'Je; B) Four months, 1.3 mM [Ca®']e; C) Four months, 1.3 mM [Ca*']e; D) 12
months, 1.3 mM [Ca®]e. For each group of traces, top trace is when the muscle was
lengthened and the 30 min equilibrium period; bottom trace is the exposure to 11 mM K.
Symbols: open bar, equilibrium period; close bar, exposure to 11 mM K'; vertical bar, 5 g;
horizontal bar, 10 min; A, small increase in baseline when muscles was stretched, A, sudden
increase in baseline associated with a contracture; i.e., the increase in force was not elicited

by an electrical contraction.
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some of prolonged duration as in Fig. 3-2D. Associated with these sudden contractures were
decreases in peak tetanic force elicited by electrical stimulation.

Complete and sudden loss of force were observed either following the increase in
[K']. to 11 mM (Fig. 3-2C) or even during the maximization or equilibrium period for no

apparent reason (data not shown).

TETANIC FORCE

EDL muscles

Once the tetanic force stopped increasing during the maximization period, a digitized
contractile waveform was saved to analyze all parameters of the tetanic contraction. For wild
type muscles, the peak tetanic force of that contraction represented the maximum tetanic
force obtained during an experiment because these muscles constantly lost force over time,
albeit at a very slow rate. However, for HyperKPP muscles, the maximum tetanic force was
not always observed at that time because in a minority of cases peak tetanic force started to
increase at one point during an experiment (data not shown). So, the peak tetanic force
measured at the end of maximization was named the ‘initial peak tetanic force.” For EDL of
one-month-old wild type mice, the mean initial tetanic force was 30 N/cm?® when exposed to
1.3 mM Ca®" (Fig. 3-3A, inset). When the paired EDL was exposed to 2.4 mM Ca®" mean
initial force was 32 N/cm® representing a 5% difference. For HyperKPP EDL, the initial
tetanic forces were significantly less when compared to wild type EDL, at both 1.3 and 2.4
mM Ca®", being only 13.3 and 15.8 N/cm? at 1.3 and 2.4 mM Ca’", respectively, representing
an 18% difference.

After a 30-minute equilibrium period at 1.3 mM Ca®", peak tetanic force of wild type

EDL was 28.8 N/cm?, representing a 4 % decrease in force (Time 0 min in Fig. 3-3A). The
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FIGURE 3-3
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Figure 3-3. HyperKPP EDL muscles have lower peak tetanic force than wild type EDL.
The effects of an increase in [K']e were tested while [Ca®"]e was either 1.3 or 2.4 mm Ca”".
EDL were obtained from one month old mice. A) Maximum tetanic force, which represents
the maximum force developed by a muscle, was always measured at the beginning of an
experiment. B) Changes in peak tetanic force when [K']e was increased from 4.7 (control) to

11 mM at time 0 min. Vertical bars are the S.E. of 5 muscles.

Mean peak tetanic force was significantly less in HyperKPP than in wild type EDL,

ANOVA and L.S.D. P <0.05. (Not shown in B for clarity).

36



changes in peak tetanic force were quite similar for the wild type EDL exposed at 2.4 mM
Ca®". A decrease in peak tetanic force during the equilibrium period was also observed for
HyperKPP EDL at 1.3 mM from 13.3 to 12.1 N/cm?; i.e. a 9% decrease. However, at 2.4 mM
Ca’’, mean peak tetanic force was 16.8 N/cm?, representing an increase of 1 N/cm®.

Studies on the effect of [K']. on force development usually report the changes in
force using percent values. However, the variability of the data with HyperKPP muscles was
such that changes in percent were actually not significant, even for decreases exceeding 50%
(see example in Fig. 3-4C). So, for this study, peak tetanic forces are reported in both
normalized values (i.e., in N/cm?) and as a percent of the peak tetanic force under control
conditions (i.e., 4.7 mM K"), the latter to be used for comparisons with other studies. When
[K']. was increased from 4.7 to 11 mM K, mean peak tetanic force of wild type EDL
decreased in a similar fashion at 1.3 and 2.4 mM Ca®" (Fig. 3-3A) from 28-29 to 22-23
N/cm?® (Fig. 3-3A) or by 23-24% (Fig. 3-3B). For HyperKPP EDL, the decrease in mean
peak tetanic force at 2.4 mM Ca”" was initially greater than at 1.3 mM so that no differences
were observed at 15 and 20 min. Thereafter, mean tetanic force continued to decrease at 1.3
mM Ca”*" while it slightly increased at 2.4 mM, so that at 55 minutes the mean peak tetanic
forces were 5 and 7 N/em” at 1.3 and 2.4 mM Ca®’, respectively. On a relative scale, the
decreases in force were not different between 1.3 and 2.4 mM Ca®", but were twice as large
for HyperKPP compared to wild type EDL. Finally, when [K']. was returned to 4.7 mM K",
mean peak tetanic forces of wild type EDL fully returned to the levels observed prior to the
K" challenge, a recovery that was not observed with HyperKPP EDL.

Similar experiments were carried out with EDL muscles from mice that were 0.5, 1, 4

and 12 months old. Wild type EDL muscles from mice of different ages generated on average
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mean peak tetanic force that were not significantly different, as previously described by
Gong & Renaud (2003). So, the data were pooled together to simplify the presentation of the
data. Mean initial tetanic force produced by EDL was significantly lower from young
HyperKPP mice that were 0.5, 1 and 4 months old compared to that of wild type EDL (Fig.
3-4A). Mean tetanic forces at 1.3 mM Ca®" were respectively 4.5, 12.8 and 8.1 N/cm?.
Although the force appeared highest at one month, one of the five HyperKPP EDL generated
24.6 N/cm®. When that value was excluded, the average tetanic force became 9.9 N/cm? +
2.8; i.e. similar to that of four-month-old HyperKPP EDL mice. So, most EDL from
HyperKPP mice between the ages of 0.5 and four months generated less than one third of the
force generated by wild type EDL. Interestingly, EDL from the 12-month HyperKPP mice
produced a mean initial tetanic force that was not significantly different from that of the wild
type EDL, albeit the initial tetanic forces ranged from 11.8 to 39.6 N/cm?; i.e., some
HyperKPP EDL still produced low tetanic force even at 12 months.

HyperKPP EDL from mice exposed to 2.4 mM Ca®" (Fig. 3-4D) generated
significantly higher initial tetanic force compared to those at 1.3 mM Ca®". Respectively,
mean initial forces were 12.8, 15.8, and 18.2 N/cm? for two weeks, one, and four months old
HyperKPP mice, which was 65, 16, 56 and 9% significantly higher than the initial force of
HyperKPP EDL exposed to 1.3 mM [Ca®']..

Following an 11 mM K challenge at 1.3 mM Ca®", wild type steady state tetanic
force significantly decreased from 30 to 22 N/cm” (Fig. 3-4B). Peak tetanic forces at 11 mM
K" were always less in HyperKPP than wild type EDL, even from 12-month-old HyperKPP
mice (Figure 3-3B). Again, mean peak tetanic forces of HyperKPP EDL at 11 mM K were

higher at 2.4 mM than at 1.3 mM Ca”", but still significantly lower than wild type (Fig 3-4E).
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At 1.3 mM Ca*’, the percent decreases in peak tetanic force appeared greater in
HyperKPP than wild type EDL, except from mice that are 0.5 months old (Fig. 3-4C). A
similar situation was observed at 2.4 mM Ca”*" with one anomalous case (Fig. 3-4F). The
mean percent tetanic force of four month old EDL was 128% because one of the five tested
EDL had an initial force 0.9 N/cm? that increased suddenly to 4.2 N/ecm® ten minutes into the
K" challenge, giving rise to a 367% increase in force. When this value is omitted, then the
mean peak tetanic force at 11 m K" was just 54.6 +. 14.6 N/cm?, a value closer to those
observed at one and 12 months. Finally, while the extent of percent decreases in tetanic force
observed in this study are always significant in other studies, the ANOVA for the percent
changes in this study indicated no significant difference between mice of different ages
because of the large variability among HyperKPP muscles.

Soleus

Similar to EDL, soleus muscles were gradually lengthened with increasing
stimulation to reach maximum tetanic force (Fig. 3-5A). The responses of HyperKPP soleus
during an experiment were also quite variable between muscles with unstable baseline (Fig.
3-8); such variable responses were not observed with wild type soleus (data not shown). As
observed for HyperKPP EDL, some soleus muscles had relatively stable tetanic force,
baseline and small decreases in tetanic force during the K challenge (Fig. 3-5A), which for
these muscles constituted an increased in [K']. from 4.7 to 10 mM because wild type soleus
is more sensitive to K than wild type EDL (Cairns et al., 1997). For other soleus, peak
tetanic force gradually increased during maximization as observed in wild type muscles, but
then began losing force during the equilibrium period (Fig. 3-5B). In this case, the K

challenge was started before the full 30-minute equilibrium was completed. During the K"
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FIGURE 3-4
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Figure 3-4. Peak tetanic force is significantly lower in HyperKPP EDL than wild type
muscles. EDL were tested at either 1.3 (A-C) or 2.4 (D-F) mM Ca®". A, D) Maximum peak
tetanic force measured at the start of each experiment at 4.7 mM K. B, E) Peak tetanic force
after 55 min at 11 mM K. C, F) Peak tetanic force after 55 min at 11 mM K" but expressed
as a percent of the tetanic force at 4.7 mM K. Vertical bars represent the S.E. of 4-5

muscles.

Peak tetanic force of HyperKPP EDL significantly different from that of wild type EDL.

s Peak tetanic force at 11 mM K significantly different from that at 4.7 mM K.

t Peak tetanic force at 1.3 mM Ca”" significantly different from that at 2.4 mM Ca*".
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challenge the baseline became unstable or increased with very large force loss.

Figure 3-5C shows an example of a HyperKPP soleus that generated low maximum
tetanic force and was very unstable during the maximization period. Spontaneous increases
and decreases in baseline were clearly observed with a short period during which electrical
stimulations failed to generate a contraction. Upon exposure to 10 mM K, peak tetanic force
decreased very rapidly with an increase in baseline. Contrary to the situation in Fig. 3-5B, a
return of [K']. to 4.7 mM allowed for force recovery, which ended up being higher than prior
to the K" challenge. Figure 3-5D shows an example where the increase in force during the
maximization period appeared normal, but then during the equilibrium period there was a
sudden loss in the capacity to contract. After a contracture, the capacity to generate tetanic
force resumed followed by large decreases in force at 10 mM K with no recovery upon a
return to 4.7 mM K.

On an average basis, the mean initial peak tetanic force of wild type soleus at 1.3 mM
Ca”" was 24.1 N/em? (Fig. 3-6A). Soleus from HyperKPP mice between 0.5 to 12 months of
age generated less force than those from wild type mice; however, significant differences
were observed only at 0.5 months old mice. The mean initial peak tetanic forces generated
by HyperKPP soleus at 1.3 mM Ca’" were 4.9,16.3,18.2 and 18.1 N/cm? for two weeks, one,
four and twelve months, respectively. Except for soleus from HyperKPP 0.5 months old mice,
HyperKPP soleus was affected to a lesser extent than HyperKPP EDL for all age groups
tested. That is, the differences in initial peak tetanic force between wild type and HyperKPP
muscles at 1.3 mM Ca®>" were smaller for soleus than for EDL. Furthermore, there was
significantly less variability in peak tetanic force amongst muscles within a given age group

compared to that of the HyperKPP EDL. For example, for one-month-old mice, the range of
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Figure 3-5. Recorder traces of tetanic force from Hyper KPP soleus. The generation of
the recorder trace and experimental protocol were as described in Fig. 3-1. A) one month, 1.3
mM [Ca*"]e; B) 12 months, 1.3 mM [Ca”"]e; C) 4 months, 1.3 mM [Ca”']e; D) 4 months, 1.3
mM [Ca”*"Je. For each group of traces, top trace is when the muscle was lengthened and the
30 min equilibrium period; bottom trace is the exposure to 10 mM K. Symbols: open bar,
equilibrium period; close bar, exposure to 11 mM K" vertical bar, 5 g; horizontal bar, 10
min; A, small increase in baseline when muscles was stretched, A, sudden increase in
baseline associated with a contracture; i.e., the increase in force was not elicited by an
electrical contraction; ‘P’ marked a period of complete loss of tetanic force; i.e., no force

development during electric stimulation possibly due to paralysis.
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initial peak tetanic forces generated by HyperKPP soleus was 14.1 to 17.7 N/cm?, whereas
for HyperKPP EDL it was from 1.58 to 24.63 N/cm”. Mean initial peak tetanic forces for
HyperKPP soleus muscles at 2.4 mM Ca®" (Fig. 3-6D) were higher than those at 1.3 mM
Ca®". However, significant differences were only observed at one and four months, being 23
and 29% higher at 2.4 mM Ca®’, respectively.

Following a 10 mM K" challenge at 1.3 mM Ca®’, mean peak tetanic forces of wild
type soleus significantly decreased by 7.33 N/cm? (Fig. 3-6B), representing a 33% decrease
(Fig. 3-6B, C). Mean peak tetanic forces at 10 mM K were always less in HyperKPP than
wild type soleus by at least 50%, even from 12-month-old HyperKPP mice (Figure 3-6B).
The percent decreases in peak tetanic force were also greater for HyperKPP than wild type
soleus (Fig. 3-6C). As for the EDL, one anomalous situation was again observed for the data

at 0.5 months.

Here, the initial force of one HyperKPP soleus was 0.9 N/cm” and increased to 4.9
N/cm® while exposed to 10 mM K, resulting in a 444% increase in force. Another
HyperKPP soleus had an initial tetanic force of 9.5 N/cm?, increasing eventually to 10.8
N/em?, giving rise to a 14% increase. So, again while the differences are highly significant
on an absolute scale, they were not significant on a relative scale. Mean peak tetanic force of
HyperKPP soleus at 2.4 mM Ca”" were significantly greater than at 1.3 mM Ca®" only at one
month, while they were mostly significantly lower than those of wild type soleus (Fig. 3-6E).
Once again, the percent decreases in force at 10 mM K were greater for HyperKPP than
wild type soleus (except at 0.5 months) but significant differences were not observed due to

the large variability.
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Figure 3-6. Peak tetanic force is significantly lower in Hyper KPP soleus than wild type

soleus. Soleus were tested at either 1.3 (A-C) or 2.4 (D-F) mM Ca”". A, D) Maximum peak

tetanic force measured at the start of each experiment at 4.7 mM K. B, E) Peak tetanic force

after 55 min at 11 mM K. C, F) Peak tetanic force after 55 min at 11 mM K" but expressed

as a percent of the tetanic force at 4.7 mM K. Vertical bars represent the S.E. of 4-5

muscles.

soleus.

Peak tetanic force of HyperKPP soleus significantly different from that of wild type

§  Peak tetanic force at 11 mM K significantly different from that at 4.7 mM K.
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UNSTIMULATED FORCE

One major feature of the contractile behavior of HyperKPP EDL and soleus is the
unstable and sometimes large increases in baseline (Fig. 3-2, 3-5). The increases in baseline
are most likely due to some contractures following the generation of uncontrolled action
potentials. The force being generated during these contractures are different from the tetanic
force, which are generated when contractions are elicited by electrical stimulation.
Unstimulated force was therefore defined as the force generated by those contractures. For
this study, the maximum unstimulated force is reported, defined as the highest unstimulated
force observed during an experiment, either during maximization, equilibrium or the K"
challenge. Wild type EDL and soleus did not produce any unstimulated force (data as shown
in Fig. 3-1). For HyperKPP EDL, the average maximum unstimulated force was 0.54, 1.27,
2.30, and 1.67 N/em” for two weeks, one, four and twelve months old mice, respectively (Fig.
3-7A). However, the amount of unstimulated force amongst HyperKPP EDL was highly
variable. For example, unstimulated force for the four-month age group ranged from 0.11 to
5.31 N/em®. More importantly, when these unstimulated forces are compared to the mean
peak tetanic force of wild type EDL, it was found that out of a total of 20 tested HyperKPP
EDL, seven generated unstimulated force that was equivalent or more than 5% of the mean
peak tetanic force of wild type EDL, with three of them being over 10%. HyperKPP EDL
generated less unstimulated force at 2.4 mM Ca®" (Fig. 3-7B).

In general, HyperKPP soleus generated more unstimulated force (Fig. 3-8) than
HyperKPP EDL with mean values ranging between 2.13 and 4.52 N/cm®. Those means were
equivalent to more than 10% of the mean peak tetanic force of wild type soleus. Furthermore,

for three muscles the unstimulated force was more than 20% of the tetanic

45



FIGURE 3-7

A) 1.3 mM Ca?* B) 2.4 mM Ca**
07"6 6 -
5 0
S5 5
w ' 15% A A
3) o .
g ¢ ‘
[N
o 3 10% 31 2 % %
Ll
B 5 |
I 2]
é 1 ] 5°/o 1 . 50/°
l—
2
05 1 4 12 05 1 4 12
MONTHS MONTHS

Figure 3-7. HyperKPP EDL developed large amount of unstimulated force.
Unstimulated force reported here represents the maximum force observed during an
experiment. Wild type EDL did not generate any unstimulated force (data not shown).
Dashed lines represent the amount of force relative to the mean peak tetanic force observed
in wild type EDL. Mean unstimulated force for each time period is shown by symbols linked

by lines. Vertical bars represent the S.E. of 4-5 muscles.
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FIGURE 3-8
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Figure 3-8. HyperKPP soleus developed large amount of unstimulated force.

Unstimulated force reported here represents the maximum force observed during an

experiment. Wild type soleus did not generate any unstimulated force (data not shown).

Dashed lines represent the amount of force relative to the mean peak tetanic force observed

in wild type soleus. Mean unstimulated force for each time period is shown by symbols

linked by lines. Vertical bars represent the S.E. of 4-5 muscles.
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force generated by wild type soleus. On an average basis, the mean unstimulated force of
HyperKPP soleus was less at 2.4 than 1.3 mM Ca®’, but the difference was not significant.
TIME KINETICS

On an average basis, half-rise time and half-relaxation time of HyperKPP EDL and

soleus were not significantly different from those observed from wild type EDL (Table 1).
EXPERIMENTAL TEMPERATURE

Tetanic force

In this study, the experimental temperature was 37°C because it is physiologically
relevant. However, results from EDL and soleus are different from those of Hayward et al.
(2008) and Clausen et al. (2011, see Discussion for further details). One possible reason for
the differences is because their studies were carried at 25°C and 30°C, respectively. So, some
experiments were carried out to determine how K' effects on muscle contractility are
modulated by temperature. For one set of experiments wild type soleus was used because it is
more stable over time than EDL. At 37°C, an increase in [K']. from 4.7 to 10 mM caused a
decrease in mean peak tetanic force from 25.4 to 9.1 N/cm®, representing a 52% decrease
(Fig. 3-9). The initial tetanic forces at 25°C were smaller, being on average 18.0 N/cm®’.
During the K™ challenge, tetanic force decreased to 4.4 N/cm®, representing a 73% decrease
in peak tetanic force. Interestingly, an increase in experimental temperature from 25° to 37°C
while soleus were at 10 mM K" allowed for an increased in tetanic force toward the force
observed in soleus kept at 37°C throughout the experiments. Thus, on a relative scale, the K"

effects were much greater at 25° than at 37°C.
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AGE

PARAMETERS MUSCLE MOUSE (months) 1.3 mM Ca* 2.4 mM Ca?
v5-Rise Time EDL W.T. 17.8 1.0 (4) 18.6 +3.2 (5)
(ms) HyperKPP 0.5 23.8+0.8(5)" 21.0+ 1.1 (5)

1.0 18.6 1.7 (5) 20.2+0.9 (5)
4.0 18.0 + 1.8 (5) 21.7+2.4(5)
12.0 16.9 + 1.7 (5) 15.6 £ 0.9 (4)
2-Relaxation Time W.T. 249+544) 38.1+9.3 (5)
(ms) HyperKPP 0.5 31.1+£2.7(5) 34.2+3.6 (5)
1.0 222+ 1.9 (5) 223+12(5)
4.0 30.2 + 8.5 (5) 49.4+9.1 (5)
12.0 23.9+22(5) 24.0 + 1.6 (4)
v5-Rise Time SOLEUS  W.T. 432+22(5) 41.6+1.6(5)
(ms) HyperKPP 0.5 40.0+8.4(3) 435+1.5(2)
1.0 404+1.0(5) 42.1+2.8(5)
4.0 437+5.0(5) 37.5+2.5(4)
12.0 39.9+2.0(5) 41.9+2.0(5)
15-Relaxation Time W.T. 67.5+14.2(5) 68.4+13.8(5)
(ms) HyperKPP 0.5 103.1+56.1(3) 70.7+0.1(2)
1.0 53.2+54(5) 69.6+6.8(5)
4.0 454+10.0(5) 65.8+10.7(4)
12.0 513+6.6(5) 60.8+4.3(5)

Table 3. Half-rise time and half-relaxation time for wild type and HyperKPP EDL and

soleus muscles. For wild type muscles, the data from different ages were pooled together.

* Significantly different from wild type value, ANOVA and L.S.D. P < 0.05.
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The behavior of EDL muscles was then tested at 25° and 37°C for both wild type and
HyperKPP mice. The EDL was used to document the temperature effect since this muscle
was more affected by the disease. Using paired muscles, one was tested at 25°C and the other
at 37°C. Wild type EDL muscles generated significantly more peak tetanic force at 37°C as
the mean force was 30.7 N/cm? compared to 23.3 N/em? at 25°C (Fig. 3-10A). However, the
same was not observed for HyperKPP EDL. Mean peak tetanic force in HyperKPP EDL
muscles was actually significantly lower at 37°C then at 25°C, generating 8 N/cm” and 14
N/cm?, respectively. As previously mentioned, muscles slowly lose force over time. For wild
type EDL, the mean force lost during the 30-minute equilibrium period was 5.5-5.8% at both
temperatures (Fig. 3-10B). The loss was much higher and significant at 37°C, being
respectively 16.7% and 38.4% at 25° and 37°C.

Muscles were then exposed to a 10 mM K challenge for 60 minutes as per the study
of Hayward et al. (2008). The mean tetanic force of wild-type EDL muscles at 25°C
decreased from 23.3 to 15.2 N/em® in 60 min, representing a 35% decrease (Fig. 3-10C, E).
At 37°C, tetanic force decreased from 30.7 to 19.6 N/cmz, representing a 30% decrease,
which was quite similar to that at 25°C. The tetanic force of HyperKPP EDL muscles at 25°C
decreased by about 33%, which was comparable to the wild type EDL at the same
temperature (Fig. 3-10D,F). However, the decrease in force at 10 mM K" was significantly
greater at 37°C, being 53%. Furthermore, a return to 4.7 mM K allowed the force of wild
type EDL to return to normal at both temperatures and for HyperKPP EDL at 25°C only. It
thus appears that HyperKPP EDL muscles are more sensitive to the K* challenge at 37° than

at 25°C.
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FIGURE 3-9
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Figure 3-9. Wild type soleus muscles have less peak tetanic force at 25°C than at 37°C.
The effects of an increase in [K']e were tested while [Ca*']e was 2.4 Ca’*" and temperature
was either 25 °C or 37 °C. Once muscles at 25° reached steady state, temperature was

increased to 37°. Soleus muscles were obtained from two-month-old mice.

Indicate when the first and last peak tetanic forces that were significantly different from the

force at Time 0 min

* Peak tetanic force at 37°C significantly different from the force at 25°C.

ANOVA P<0.05
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FIGURE 3-10
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Figure 3-10. HyperKPP EDL muscles have much less peak tetanic force at 37°C than at
25°C. The effects of an increase in [K']e were tested while [Ca*']Je was 1.3 Ca’" and
temperature was either 25 °C or 37 °C. EDL were obtained from two month old mice. A)
Initial peak tetanic force, which represents the maximum force developed by a muscle, was
always measured at the beginning of an experiment. B) Changes in tetanic force during the
30-minute equilibrium period. C and D) Changes in absolute peak tetanic force at 25 °C and
37 °C when [K']e was increased from 4.7 (control) to 10 mM K" at time 0 min in F) wild-
type and D) HyperKPP. E and F) Changes in relative peak tetanic force at 25 °C and 37 °C
when [K']e was increased from 4.7 (control) to 10 mM K at time 0 min in E) wild-type and

F) HyperKPP. Vertical bars are the S.E. of 5 muscles.
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Mean peak tetanic force was significantly less in HyperKPP than in wild type EDL, ANOVA

and L.S.D. P <0.05. (Not shown in B for clarity).

* Significantly different from the tetanic force of wild type EDL.
Significantly different from the tetanic force at Time 0 min

t Significantly different from the tetanic force at 25°C.

ANOVA P<0.05
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Unstimulated force

Wild type EDL had very little unstimulated force at 25° and 37°C, and all of it was
actually the tension from the elastic components as muscles were being stretched (Fig. 3-
11A). At 25°C, HyperKPP EDL had similar unstimulated force when compared to wild type
EDL muscles. At 37°C, however, large and significantly greater unstimulated force were
observed, being 3.4-fold greater than at 25°C and being equivalent to 8.7% of the mean peak
tetanic force of wild type EDL at 37°C. In these experiments, unstimulated force decreased
during the 10 mM K challenge, except for a small increase for the wild type EDL at 37°C
(Fig. 3-11B, C).

CALCIUM

It has been previously shown that administration of calcium gluconate helps to relieve
the symptoms of HyperKPP attacks. Hayward et al. (2008) tested the Ca”" effect, but only
during recovery from the K™ challenge. Here, experiments were performed using paired
muscles while [Ca*"]. was 1.3 mM during the dissection, maximization and equilibrium
period and the other at 4.0 mM Ca®". It has been previously shown that skeletal muscle
exposed to high [Ca*"] at 37°C will generate an increased peak tetanic force (Godt & Lindley,
1982). As expected, wild type EDL muscles generated greater peak tetanic force at higher
[Ca®]., generating a mean tetanic force of 25.2 and 34.8 N/cm? at 1.3 and 4.0 mM Ca®",
respectively (Fig. 3-12A). In this series of experiments, all HyperKPP EDL failed to contract
at 1.3 mM Ca”" while generating a mean initial of less than 1 N/cm®”. After the equilibrium
period, the [Ca*"]. was switched. There was no significant change in steady-state tetanic
force of wild type EDL when [Ca®’]. was increased from 1.3 to 4.0 mM Ca’"; however,

steady-state tetanic force decreased in the paired muscles when [Ca’']. was decreased from
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4.0 to 1.3 mM Ca’" by 36% over a 90 minute period (Fig. 3-12B). The same was observed
for HyperKPP EDL when [Ca®]. was reduced to 1.3 mM Ca®’, but an increase in [Ca®']

from 1.3 to 4.0 mM did not result in an increased tetanic force (Fig. 3-12C).
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FIGURE 3-11

14 A) MAXIMUM B) W.T. C) HyperKPP
- ] ) 1.4 = 1.4 =
124 ®37°C x|t o] —= 37°C 1.2 -
w
£ 1.0 1.0 1.0 {¥*1
£ ' [
0 0.8 - 0.8 - T
% § f
5| ?, 0.6 - 0.6 -
=
o 0.4 0.4 -
(%)
2
= 0.2 - 0.2 4
0.0 - 0.0 - e——————
I 1 1 1 I 1 1 1
W.T. HyperKPP 0 30 60 90 0 30 60 90
TIME (min) TIME (min)

Figure 3-11. HyperKPP EDL muscles at 37°C have greater unstimulated force than at
25°C. The effects of unstimulated force were measured from the beginning of the experiment
and calculated based on the changes in baseline from the beginning of the experiment. A)
Maximum unstimulated force measured at the start of each experiment at 4.7 mM K" at 25
and 37°C. B) Changes in unstimulated force in wild type EDL when [K']. was increased
from 4.7 (control) to 10 mM at time 0 min at 25 and 37°. C) Changes in unstimulated force
in HyperKPP EDL when [K']. was increased from 4.7 (control) to 10 mM at time 0 min at

25 and 37°C. Vertical bars are the S.E. of 5 muscles.
* Significantly different from wild type EDL.
f Significantly different from 25°C.

ANOVA, P <0.05
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FIGURE 3-12
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Figure 3-12. Changes in the contractile response of HyperKPP EDL is greater at 1.3
mM Ca®* than 4.0 mM Ca*". EDL were obtained from two-month-old mice. A)Maximum
peak tetanic force measured at the start of an experiment while [Ca”"], was either 1.3 or 4.0
mM. B) Steady state peak tetanic force at either 1.3 mM Ca”" or 4.0 mM Ca*" in wild type
EDL. C) Steady state peak tetanic force at either 1.3 mM Ca®" or 4.0 mM Ca”" in HyperKPP

EDL.
Indicate when tetanic force became significantly different from Time 0 min

* Indicate that all tetanic forces are significantly different from those of wild type EDL for

each time period

Indicate that all tetanic forces significantly different from those at 1.3 mM Ca”".

ANOVA, P <0.05
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CHAPTER S

DISCUSSION

The major findings of the study are: i) as previously reported at 25°C and 30°C
(Clausen et al., 2011; Hayward et al., 2008) the initial peak tetanic force of HyperKPP EDL
and soleus at 37°C were lower and the K" effect is greater in HyperKPP muscles than those
of wild type muscles; ii) however, the differences in initial forces between wild type and
HyperKPP and the K" effect were the largest at 37°C; iii) the effects of the disease on force
were greater in EDL than soleus; iv) there was more unstimulated force in HyperKPP
muscles at 37°C; v) HyperKPP soleus generated more unstimulated force than EDL; vi) there
was no difference in Y2-rise or-% relaxation between wild type and HyperKPP muscles; vii)
there was greater force depression at 1.3 than 2.4 mM Ca®" and viii) /n vitro, the defect of

muscle instability appeared as early as two weeks of age.

EXPERIMENTAL MODEL AND APPROACHES

The M1592V mouse model

Two previous studies (Clausen et al., 2011; Hayward et al., 2008), this study and
some ongoing studies (Renaud laboratory, unpublished results) have demonstrated that the
HyperKPP mouse model, generated by a knock in of the equivalent human M1592V
mutation in the mouse genome, exhibits several distinctive features of the disease in humans.
These features include: i) myotonic activity and paralysis /7 Vivo; ii) greater Na® influx in
resting muscle; iii) greater sensitivity to the K'-induced for depression; iv) alleviation of
weakness with increased [Ca®'] in vitro, v) development of non-episodic muscle weakness
with aging; vi) increase in muscle fiber damage; vii) increase in oxidative capacity and viii)
fiber type switching to a more oxidative phenotype. So, the knock in of the equivalent human
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M1592V mutation in the mouse genome provides a way to study how HyperKPP affects the
contractility of fast- and slow-twitch fibers. The use of EDL and soleus muscles also
provides a model to study the mechanism of HyperKPP, at least for that mutation.
K1

Individuals with HyperKPP have venous [K'] that ranges between 5 and 8 mM
during a paralytic attack. During exercise, however, muscle interstitial [K'] exceeds plasma
levels by 4-5 mM (Juel et al., 2000). It is therefore more than likely that myotonic discharges
raise interstitial [K'] between 10-13 mM. Furthermore, considering the small size of the t-
tubules, it is expected that t-tubular [K'] may even be higher. Hayward et al. (2008) have
shown that increasing [K']. to 8 mM produced only transient weakness while 10 mM
produced prolonged weakness in HyperKPP EDL tested at 25°C. For this study, [K']. of 10-
11 mM were chosen because of their small effects on EDL and soleus tetanic force. However,
considering that at those [K']e, tetanic force was close to zero, further supports the notion
that during a paralytic attack, the interstitial [K']. is close to or above 10-11 mM.
Temperature

In resting mouse, the subcutaneous and muscle temperature is close to 30-32°C
(Burton et al., 1998). During exercise, however, the core body temperature of the rat
increases 3-4°C, while the temperature of the skin, which does not generate heat but receives
warm blood from active muscles, increases from 30°C to 36°C (Fuller et al., 1998; Gonzales-
Alonso et al., 1999). Since the increase in body temperature is due to an increased heat
production by muscles, it is then more likely that during exercise the temperature of muscles
reaches or exceeds 37°C; and the same is expected during myotonic discharges.

Many investigators use experimental temperatures as low as 25°C in an attempt to
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prevent a hypoxic/hypoglycemic core that develops when large size EDL and soleus muscles
have hindered oxygen and glucose diffusion to the muscle core. When such conditions occur,
the contractile characteristics are altered (Zhang et al., 2006). Studies at 37°C have become
more feasible if the flow of physiological solution is maintained high as in this study; i.e. 15
ml/min. So, this is the first study on HyperKPP muscles carried out at 37°C, being the most
physiological condition. The importance of the choice of experimental temperature is further
illustrated by the fact that the steady-state voltage dependence of slow inactivation shifts in a
depolarizing direction with increased temperature (Ruff, 1999) and the major cause of
HyperKPP is a defect in slow inactivation.

The first two studies on mouse HyperKPP muscles were carried out at 25° and 30°C
(Hayward et al., 2008; Clausen et al., 2011). Compared to this study, it appears that the
effects of HyperKPP EDL force show smaller changes at 25°C than at 37°C. Also, at 30°C
the HyperKPP effects were greater in soleus than in EDL, while the reverse was observed at
37°C. These differences may be related to differences in experimental temperatures. Tetanic
force of rat soleus is more sensitive to elevated [K']. at 25°C than 37°C (Nielsen et al., 2003).
However, Cairns et al. (2003) using mouse soleus, showed the opposite effect. So, a series of
experiments were carried out to determine differences in K effects at different temperatures
for both wild type and HyperKPP muscles.

In wild type soleus, an increase in [K'] from 4.7 mM to 10 mM at 25°C causes faster
and greater decreases in tetanic force than at 37°C. Furthermore, when the temperature was
increased from 25°C to 37°C while maintaining [K e at 10 mM, peak tetanic force increased
to that at 37°C. So, these results agree with those of Nielsen et al. (2003) but not with Cairns

et al. (2003). In Cairns’ setup, muscles were positioned in a vertical chamber and the
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physiological solution was constantly bubbled, resulting in very small fluid movement near
muscles compared to our fast flow above and below. Thus, there might be better muscle
oxygenation in the setup of this study than in Cairns’ setup, and the apparent greater effect of
K" at 37°C may be due to the development of an anoxic core over time that further reduces
force. It is therefore suggested that wild type muscles, at least the soleus, is more sensitive to
the K'-induced force depression at 37°C than at lower temperatures.

Hayward et al. (2008) reported that at 25°C the initial peak tetanic force of HyperKPP
EDL was 34% less than the wild type EDL force. Figure 3-4 shows a difference of 61% at
37°C. When paired HyperKPP EDL muscles were tested at 25° and 37°C, the differences
were respectively 21% and 50%. So, despite the variability of the contractile responses of
HyperKPP muscles, a hallmark feature of the disease, the data suggest that the symptoms are
worse at 37°C. This study also demonstrated that at 37°C, HyperKPP muscles are more
unstable, as they lose more tetanic force over time and generated large amount of
unstimulated force.

HyperKPP EDL vs. soleus

In this study, differences between wild type and HyperKPP soleus muscles were
much smaller than those for EDL. One possible explanation is that Na,; 4 protein content is
four-times less in soleus than EDL. Furthermore, Na' influx, at least during action potentials,
are 5-6 times less than in EDL (Clausen et al., 2004). However, recent studies have
demonstrated that TTX-sensitive Na™ influx in resting muscle were as large in HyperKPP
soleus as EDL, with both being much higher than their respective wild type muscles
(Barbalinardo & Renaud, unpublished results). So, for now it remains unclear as to why

soleus is less sensitive than EDL at 37°C.
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As mentioned above, the differences between HyperKPP EDL and soleus are the
reverse of those observed by Clausen et al. (2011), who reported that the HyperKPP soleus
was affected to a greater extent than EDL. However, they carried out their study at 30°C and
used a stimulation of muscles at 120 Hz, while in this study the stimulation frequencies were
200 and 140 Hz for EDL and soleus, respectively. Perhaps, the HyperKPP effects are not
only temperature dependent, but they may also be frequency dependent.

Ca’* EFFECTS

Calcium gluconate is known to alleviate HyperKPP symptoms. In their study,
Hayward et al. (2008) demonstrated an improved recovery of force following a K* challenge
when [Ca®"Je was increased from 1.3 to 4 mM. This study is the first to demonstrate that it
also improve contractility from three points of view. First, it improved the initial peak tetanic
force of both EDL and soleus muscle. Second, it reduced the extent of the K -induced force
depression. For the latter, the effects were not always significant, which is in agreement with
the fact that calcium treatment is not fully effective for HyperKPP patients. Third, exposing
HyperKPP muscles to 1.3 mM often caused full loss of tetanic force, an effect not observed
at higher [Ca”"e.

The mechanism by which Ca*" modulates recovery of tetanic force in HyperKPP
muscle is unknown. In wild type muscles, Ca®" hyperpolarizes the resting membrane
potential and restores force in the presence of elevated [K .. It is thus possible that Ca®" also
reduces the depolarization at high [K']e. This possibility is further supported by the fact that
reducing [Ca*]e from 4.0 to 1.3 mM caused similar decrease in peak tetanic force in wild

type and HyperKPP EDL.
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AGING

HyperKPP is a complex disease in terms of: i) unpredictability of symptom
occurrence between and within patients even with the same mutation; ii) onset of symptoms
starting between six months and ten years of age and iii) worsening of symptoms until
adolescence.. A major objective for this M.Sc. thesis was therefore to follow how the disease
progresses, focusing on the apparition of symptoms by measuring contractile defects of EDL
and soleus between the ages of two weeks and twelve months in relation to the Nay; 4 content
in muscles.

This study now reports that HyperKPP EDL is most affected both in terms of initial
force and decrease at 11 mM K between two weeks and four months of age, with some
improvement in initial peak tetanic force at 12 months of age. For HyperKPP soleus, a
defective contractile response in terms of initial force was very large at two weeks, followed
by some improvements between the ages of one and twelve months, while decreased force at
10 mM K" was defective at all ages. Periods of paralytic attacks were also observed in
HyperKPP mice. These attacks were observed when mice were on their side or when they
were dragging themselves with their forelimbs, with the hind limbs dragging behind (data not
shown). More importantly, these attacks were observed in mice as young as three weeks of
age (they could not easily be observed prior to that time as they were with their mother).
Thus, the contractile defects appeared to have an onset by two-three weeks of age.

In mouse, Nay;4 protein content reaches its maximum by the age of three weeks
(Zhou & Hoffman, 1994). The same situation has recently been confirmed for HyperKPP
muscles (Ammar & Renaud, unpublished results). Furthermore, there are no significant

differences in tetrodotoxin-dependent Na" influx in HyperKPP muscles between 0.5, two and
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four months of age (Barbalinardo & Renaud, unpublished results). Thus, contractile defects
are clearly observed before the Na,; 4 content and defective Na' influx reaches its maximum
in the cell membrane, with no sign of symptoms worsening thereafter. It is therefore
suggested that all HyperKPP symptoms are all dependent on defective Nay; 4 channels and do
not depend on subsequent changes in gene expression, which actually appear to start by the
age of one and a half months and are completed by the age of two months, at least in EDL
(Khogali & Renaud, unpublished results).

So, as previously proposed, evidence of myotonic discharge is likely due to persistent
Na'-influx through non-inactivating defective Na' channels, causing depolarization to the
membrane, thus generating uncontrolled AP’s. As [K']. increases due to the K efflux with
AP repolarization, there are excessive membrane depolarizations that eventually inactivate
too many Na, channels, rendering the membrane completely unexcitable and thus resulting
in paralysis.

CONCLUSION

The onset of symptoms in HyperKPP mice occurs at a time when Nay; 4 protein
content reaches its maximum in life. No evidence was obtained for a worsening of symptoms
after the channel has reached its maximum content. Thus, this study supports the hypothesis
that all HyperKPP symptoms are related to the defective Nay; 4 channel, making this disease
different from its counterpart, HypoKPP, for which mutations are on Ca,;; or Nay, 4, but the

paralysis also involves defective Kjx» 1 and Kj 2 channels.
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