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ABSTRACT 

Hyperkalemic periodic paralysis is characterized by myotonic discharges followed 

by paralysis. Caused by a mutation in the gene encoding for NaV1.4 channel, patients do not 

experience symptoms during infancy, but the onset starts between 1-10 years of age. The 

symptoms severity then increases with age until adolescence. A large increase in gene 

expression marked by an increase in oxidative capacity of muscles has also been reported in 

HyperKPP. It is possible that the onset of symptoms is related solely to NaV1.4 channel 

content/activity reaching a critical level. It is also possible that the onset of some symptoms 

are due to defective NaV1.4, while other symptoms and the increase in severity with age are 

related to changes in membrane components as a result of changes in gene expression. To 

test these possibilities, the progression of paralysis and changes in fiber types were followed 

with age in HyperKPP mice in relation to changes in NaV1.4 content and activity. Changes in 

fiber types (index of changes in gene expression), started after the onset of paralysis was 

observed, which coincided with NaV1.4 channels reaching maximum expression. Therefore, 

the onset of symptoms was related to defective NaV1.4 channels. 
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CHAPTER 1 

INTRODUCTION 

Muscle contraction is an event initiated by action potentials (AP), which consist of a 

depolarization phase governed by Na+ influx into the muscle fiber, followed by a 

repolarization phase governed by K+ efflux. The electrochemical balance across the cell 

membrane for Na+, K+, Cl- and Ca2+ is regulated by ion channels and transporters, which in 

turn regulate resting membrane potential (Em) and excitability of muscle fibers. 

Hyperkalemic periodic paralysis (HyperKPP) is a complex channelopathy caused by  

one of nine different missense mutations in the SCN4A gene encoding for the skeletal 

muscle voltage-gated Na+ channel, NaV1.4. The defect in NaV1.4 channels causes a persistent 

Na+ influx leading to myotonic discharges followed by complete paralysis.(1, 2) The paralysis 

usually affects limb muscles while sparing respiratory muscles such as the diaphragm.(3-6) 

HyperKPP muscles were also found to have increased oxidative capacity and changes in 

fiber types, indicating changes at the level of gene expression.(4, 7) 

An interesting feature of the disease prognosis is the absence of symptoms during 

infancy despite carrying the mutation. However, once the symptoms start, they increase in 

severity and frequency with age peaking at adolescence. An explanation to this feature can 

be related either to the NaV1.4 channel content, reaching a critical level that gives rise to the 

symptoms, or to changes in expression of other channels caused by changes in gene 

expression. 

The symptoms tend to regress after the age of 30, but replaced by severe myopathy, which 
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debilitates patients and reduces their quality of life. In some extreme cases patients may 

become wheelchair-bound.(5, 6) 

The major focus of this project was to investigate the degree to which NaV1.4 channel 

content and/or activity contribute to the HyperKPP symptoms with age. To fulfill that, a 

large study was undertaken to follow the progression of symptoms with age in relation to 

NaV1.4 channel content and activity. While, some studies involved testing muscles in vitro, 

this study’s overall objective was to determine the progression of symptoms in vivo. The in 

vivo characterization of HyperKPP in this study involved monitoring the occurrence of 

paralysis, exercise capacity of HyperKPP mice, changes in myosin isoforms expression used 

as an index of changes in gene expression, and finally fiber damage in HyperKPP. A 

HyperKPP mouse model was used for this project. This mouse was generated by knocking 

in a mutation in its genome that was equivalent to one of the human HyperKPP mutations. 

This mutation was M1592V, and the mouse model would be referred to as Mouse(+/M1592V) 

for the reminder of this thesis.(7) 

FROM ACTION POTENTIAL TO CONTRACTION  

Action potential (AP) is the first step that ultimately leads to muscle contraction. It is 

an event at which Em rapidly depolarizes from −80 mV to +30 mV following a stimulus and 

repolarizes back to −80 mV.(8) The depolarization is caused by an alteration in the 

permeability of membrane to Na+ ions.  

A motor neuron stimulates a muscle fiber by releasing acetylcholine neurotransmitter 

(ACh) at the neuromuscular junction (NMJ). Upon binding to its receptors on the endplate, a 

larger depolarization occurs due to Na+ influx. When Em reaches −60 mV, which is the 

threshold for activating NaV1.4 channels, AP is triggered allowing more Na+ influx and 
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further depolarization. This causes the rising phase of the AP until the membrane potential 

reaches +30 mV. At that voltage, NaV1.4 channels inactivate, and voltage-gated K+ channels 

(KV) open allowing K+ to escape to the extracellular fluid. Both events lead to repolarization 

of Em and cause the falling phase of AP.  

AP propagates from the NMJ along the cell membrane and the t-tubules of skeletal 

muscles, where the depolarization activates Ca2+ release from the sarcoplasmic reticulum 

(SR) into the cytosol. In order to expose the myosin binding site on actin, Ca2+ binds to 

troponin to displace tropomyosin from the active binding site. This allows for actin-myosin 

cross-bridge formation, leading to muscle contraction utilizing the necessary adenosine 

triphosphate (ATP).(9)  

ION CHANNELS 

Ion channels are crucial membrane proteins in living cells that allow the passage of 

ions such as Na+, K+, Cl-, and Ca2+ from one side of the excitable membrane to the other. 

These ions and their channels play major roles in the regulation of AP, as well as 

maintaining membrane excitability.(8) 

Ion channels controlling membrane potential (Em) in skeletal muscle 

The distribution of ions on either side of the membrane creates a diffusion gradient. 

When ions are permeable, they create currents, which set specific membrane potentials. At 

rest, Em of skeletal muscles is around −80 mV.(8) There are three major channels responsible 

for resting Em. The first channel, responsible for 70-80% of membrane conductance at rest is 

the voltage-gated Cl- channel (ClC-1) and is located mainly in t-tubules(10). The second and 

third channels that are activated at rest are K+ channels: the strong inward rectifier K+ 
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channel (Kir2.1), and the ATP-sensitive K+ channel (KATP).(11-13) 

During AP, NaV1.4 channels become the main channels controlling Em causing the 

rising phase of AP to +30 mV, and then KV channels take over to repolarize the membrane 

back to resting potentials. Inward rectifiers Kir2.1 channels are also important when [K+]e 

increases, such as during prolonged muscle activation, to facilitate the re-uptake of K+.(9, 14) 

Channelopathies 

Any defect or alteration in the function or expression of any ion channel results in 

what is known as channelopathies (Fig. 1-1), which affect the generation and propagation of 

APs and ultimately alter the membrane excitability and muscle contraction. Channelopathies 

are caused by mutations in the gene encoding for an ion channel altering the functionality of 

the channel. The outcome of these mutations are diseases with symptoms ranging between 

two extremes: myotonia, defined as the repetitive firing of action potentials, and paralysis, 

which is the complete absence of electrical activity even when stimulated leading to loss of 

muscle excitability (Fig. 1-1). Myotonia congenita and potassium aggravated myotonia 

(PAM) caused by mutations in the ClC-1 and NaV1.4 channels, respectively, are two 

channelopathies for which myotonia is the only symptom. At the other extreme, 

channelopathies that only present paralysis are Anderson-Tawil syndrome, which result 

from mutations in the Kir2.1 channels, and hypokalemic periodic paralysis (HypoKPP), 

which results from mutations of either CaV1.1 or NaV1.4.(15, 16) Interestingly, other mutations in 

the NaV1.4 channel result in channelopathies that are characterized by both myotonia and 

paralysis, as in paramyotonia congenita (PMC) and hyperkalemic periodic paralysis 

(HyperKPP), the latter being the focus of this research project.  
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Hyperkalemic periodic paralysis (HyperKPP) 

 HyperKPP is a rare* autosomal dominant muscle disorder with complete or nearly 

complete penetrance that affect humans and horses.(3) It is characterized by myotonic 

discharges, accompanied by elevated serum K+ levels from the normal 4 mM up to 8 mM. 

The myotonic discharges are usually followed by complete paralysis that mainly affects the 

limb muscles while sparing face, ocular and respiratory muscles despite the expression of 

NaV1.4 at least in the diaphragm, a major respiratory muscle.(17) However, homozygote 

horses have a more severe condition with cardiac and respiratory distress.(3, 4, 18) In many 

cases the paralysis completely immobilized patients and they were often bed-confined for a 

period of time ranging from few hours to days.(5, 6)  

Paralytic attacks can be triggered by various stimuli. The two most consistent 

triggers are ingestion of K+ salts (trigger symptoms 100% of the times) and rest after 

strenuous exercise (80%). Other triggers such as exposure to cold (54%), emotional stress 

(34%), and fasting (25%) were reported to be less consistent triggers of symptoms.(5) 

Symptoms of HyperKPP could be relatively managed using various drugs to reduce 

the severity and frequency of paralytic attacks. Calcium gluconate, for example, partially 

alleviates the severity of attacks, while acetazolamide reduces the frequency of attacks.(3, 19) 

Other treatments include inhalation of β-adrenergic agonists, and thiazide diuretics.(20) 

Another treatment used to prevent the paralysis is mild exercise such as walking. 

Unfortunately, some of these treatments become ineffective over time and none of their 

mechanism of action is fully understood.(21, 22)  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
* Prevalence 1:200,000(11) 
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FIGURE 1-1 

 

Figure 1-1: Clinical spectrum of 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 toward the right. The underlying molecular genetic 

defects in each of these disorders are mutations in voltage-gated ion channel genes (middle 

row). Insets below show an electromyographic recording of a myotonic burst (left), 

computer simulations of an action potential in normal muscle (right), and depolarization-

induced loss of excitability during an attack of periodic paralysis (right). (Figure and legend 

taken from Cannon, 2006)(15)  
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Due to the fact that HyperKPP is caused by a mutation in the SCN4A gene encoding 

for NaV1.4 channel, it is important to understand the family, structure, characteristics and 

functions of the NaV1.4 channel. Therefore, the next two sections will review i) NaV1.4 

channels, and ii) the physiological response to HyperKPP mutations. 

NaV CHANNELS 

Family of Na+ channels  

 NaV1.4 channel consists of two subunits: (1) the α-subunit, which is the largest and 

the pore-forming subunit, and (2) the smaller and regulatory β-subunit (Fig. 1-2).  

The α-subunits of NaV channels are large and complex glycoproteins. There are nine 

mammalian α-subunit isoforms in NaV channels that have been identified in different tissues 

(Table 1-1).(23) NaV1.4 is the only adult voltage-gated Na+ channel expressed in adult skeletal 

muscles including the diaphragm, while NaV1.5 is expressed in cardiac muscle as well as in 

embryonic skeletal muscle. Other NaV isoforms are expressed in different neurons in the 

CNS and PNS as seen in Table 1-1. This is the reason why cardiac and neuronal functions 

are not affected in HyperKPP, however, rare cardiac arrest cases in HyperKPP occurred as a 

result of steep increases in plasma K+ that accompanies the paralysis.(24) 

Molecular structure of NaV channels 

The α-subunit is composed of 4 domains (I-IV) that are highly conserved among all 

known Na+ channels, as well as most cation-selective voltage-dependent channels such as 

Ca2+ and K+ channels.(25-27) Each domain consists of six transmembrane segments (S1-S6) as 

seen in Figure 1-2. (28) The first three segments (S1, S2, S3) have some charged amino acids 

and are weakly amphipathic, while the S4 segment of each domain consists of 4-8 positively 
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charged amino acids (Lysines or Arginines) at every third position. The two remaining 

segments (S5 and S6) have no charged amino acids and are the pore-forming segments.(27) 

The β-subunit is a small glycoprotein consisting of a single transmembrane segment, 

an extracellular N-terminus, and an intracellular C-terminus (Fig. 1-2).(27) 

Studies have shown that the expression of the α-subunit alone is sufficient to form a 

functional Na+ channel. Ji et al(29) recorded Na+ currents from two Xenopus oocytes: one that 

expressed only the α-subunit, and the other co-expressed both α and β subunits. Channels 

activated when the oocyte was depolarized to −10 mV from a holding potential of −90 mV, 

but then slowly inactivated in oocytes when only the α-subunit was expressed. The co-

expression of α and β subunits in these oocytes restored the rapid inactivation of the normal 

channels.  

Electrophysiological characteristics of NaV channels 

Voltage-gated Na+ channels are regulated by three processes, each with its own 

gating mechanism, in response to changes in membrane potential: activation, fast 

inactivation, and slow inactivation.  

Activation. Under steady-state conditions, the current-voltage (I-V) curve shows the 

activation threshold for skeletal NaV1.4 channels to be at around −60 mV, while at Em more 

negative than −60 mV, NaV1.4 channels are closed (Fig. 1-3A). Peak Na+ current (INa) occurs 

at −30 to −20 mV, as more channels are open at that potential. In Figure 1-3A, INa does not 

decrease to zero because the channel closes, but because Em approaches the equilibrium 

potential for Na+ (ENa), at which the rates of Na+ influx and efflux are equal, and therefore 

no net INa is measured. In fact, as shown in Figure 1-3B, maximum Na+ channel conductance 

occurs at −20 mV, when all channels are open. These parameters were established in several 
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studies using voltage-clamp techniques in Xenopus oocytes and HEK293 cell line. Figure 1-

3 compares rat skeletal NaV1.4 (rSkM1) and human cardiac NaV1.5 channels (hH1a). 

Generally, in cardiac channels there was a shift in peak INa and Gmax towards hyperpolarized 

potentials, indicating that these channels activate at more negative potentials compared to 

skeletal muscle NaV1.4 channels.(30)  

Fast inactivation occurs within 1-2 milliseconds of depolarization to terminate the 

influx of Na+ during AP and facilitate repolarization.(31) When a channel is inactivated, it 

does not respond to further stimulation and remains inactivated. Under steady-state 

conditions, normal NaV1.4 channels start to fast inactivate at −80 mV. At −40 mV, 100% of 

Na+ channels are fast-inactivated (Fig. 1-4).(32, 33) AP occurs as a result of the overlap 

between activation and fast inactivation. The activation gate responds immediately upon 

depolarization, whereas the inactivation process has a slightly delayed response to 

depolarization (1-2 millisecods). 

 Slow inactivation occurs after a prolonged depolarization (60-90 seconds), unlike the 

brief depolarization required for fast inactivation.(34) This process is believed to regulate the 

excitability of the membrane (decreasing Na+ current amplitude) by modulating the 

availability of Na+ channels for AP under prolonged depolarizations. Under steady-state 

conditions, there is no slow inactivation of NaV1.4 channels at voltages more negative than 

−100 mV. Slow inactivation starts at −100 to −90 mV and is completed by −20 mV at which 

almost all of Na+ channels are slow-inactivated (100% steady-state slow inactivation was not 

attained under most experimental conditions) (Fig. 1-5). (33-35) 
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TABLE 1-1 

 

Table 1-1: Mammalian NaV channels. This table shows the nine members of the voltage-

gated Na+ channels identified, the former names, gene symbol, chromosome location, and 

the tissues where they are expressed. This nomenclature system was proposed by Goldin et. 

al. based on the nomenclature of voltage-gated K+ channels.(23)   
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FIGURE 1-2 

 

Figure 1-2: Topology of voltage-gated Na+ channel. Voltage-gated Na+ channels consist 

of the α-subunit and the β-subunit. The α-subunit consists of four domains with six segments 

each. Sequence IFM (1488-1490) in intracellular loop between S6 of domain III and S1 of 

domain IV is involved in the inactivation process of the Na+ channel. (Figure taken from 

Ashcroft, 2000)(8) 
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FIGURE 1-3 

 

Figure 1-3: Rat skeletal muscle sodium channel (rSkM1) () and human cardiac 

sodium channel (hH1a)() INa expressed in HEK 293 cells. This figure shows a family of 

INa responses to step depolarizations between −70 and +30 mV. A) The mean peak I-V 

relationships for 6 fused cells transfected with rSkM1 and for 5 cells transfected with hH1a. 

B) The peak conductance-Voltage (G-V) relationships for the same cells as in A with values 

for each cell normalized to the Gmax value of each cell. (Figure and legend adapted from 

Sheets, 1999)(30) 
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Structure-function relationships 

 The electrophysiological characteristics of NaV channels (activation, fast inactivation, 

and slow inactivation) stem from their structures and the way these structures interact with 

each other. 

S4 segments were the obvious candidates for voltage sensing and activation of Na+ 

channels due to their unique positively charged residues. The mechanism by which S4 

segments act as voltage sensors is not completely understood. However, evidence suggests 

that the activation process is associated with gating currents (currents that reflect the 

movement of charges within the membrane). Catterall’s sliding helix model provided the 

best fitting mechanism by which S4 segments allow the passage of Na+ current in response 

to depolarization of the membrane. The positively charged residues on S4 segments are 

stabilized by pairing with negatively charged residues on neighboring segments, locking the 

helix in a “closed” state. Em depolarization causes the helix to move outward and rendering 

the channel “open” (activation).(26, 36) Many site-directed mutagenesis studies provided 

evidence that S4 segments represent the voltage sensors for NaV channels. In one of these 

studies, Stühmer et al(25) replaced one or more positively charged amino acids residues with 

neutral or negatively charged residues such as glutamine. The more positive charges 

replaced, the greater the shift towards more positive potentials.  

There are also intracellular and extracellular hairpin loops that play important roles 

in the selectivity and properties of the channel.(16) An important intracellular loop is the one 

between domains III and IV, which was found to be crucial for fast inactivation. Site-

directed antibodies studies were used to narrow down the region of fast inactivation in Na+ 

channels to the loop between domains III and IV. In one of these studies, antibodies against 
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amino acid sequences in intracellular loops between the four domains of the α-subunit were 

prepared. All the antibodies had no effect on inactivation, except for the antibody directed at 

the loop between domains III and IV, which slowed fast inactivation. (37) Mutagenesis studies 

later pinpointed the exact amino acids that are crucial for fast inactivation in Na+ channels, 

which were isoleucine (I), phenylalanine (F), and methionine (M) at positions 1488, 1489 

and 1490, respectively, are and are often referred to as the IFM cluster (Fig. 1-2). They 

found that replacing either I or M amino acids by glutamine (Q) significantly slowed 

inactivation and shifted the fast inactivation curve towards more positive potentials. 

However, when only F amino acid was replaced by Q, or when all three amino acids IFM 

were altered to QQQ, fast inactivation was completely abolished. This suggested that F was 

the most critical of the three amino acids. (38, 39) 

Structures involved in activation, fast and slow inactivations are different but related 

in their interactions. Depolarization leads to movement of S4 and activation. When S4 

segments from domain III and IV move, they expose the IFM inactivation cluster and 

promote fast inactivation. However, when depolarization is prolonged, S4 segments undergo 

a slower secondary movement, secondary to that of activation. This movement reduces IFM 

affinity to its binding site, removing fast inactivation, and at the same time occludes the 

channel rendering it slow-inactivated.(34, 40) 

Specific regions involved in slow inactivation are not fully determined, however, it 

was shown that they are different from fast inactivation. Mutating the IFM cluster removed 

fast inactivation but slow inactivation remained intact.(38) In addition, different mutations of 

NaV1.4 channels affect different electrophysiological characteristics, giving rise to different 

channelopathies. For example, G1299E and T1306M mutations in rats, which give rise to 
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PAM and PMC channelopathies, respectively, cause a defect in the fast inactivation but not 

the slow inactivation process. On the Other hand, HyperKPP mutations T698M, M1585V 

and M1353V† affect slow inactivation but not fast inactivation (Fig. 1-4 and 1-5). 

FROM MUTATION TO HyperKPP  

Nine mutations in the SCN4A gene have been identified for HyperKPP.(6) The two 

most common mutations reported are the M1592V (33% of HyperKPP cases), and the 

T704M (33%), while the remaining 34% of cases correspond to the seven other mutations 

(Fig. 1-6) 

The T704M mutation is located on S5 segment of domain II (Fig. 1-6). Patients with 

this mutation usually suffer their first paralytic attack within the first year in life. This 

mutation is also characterized by its more frequent attacks (~16-40 attacks/month) compared 

to other HyperKPP mutations, but the durations of attacks are shorter (8 ± 28 hours). In 

comparison, M1592V mutation is located on S6 segment of domain IV (Fig. 1-6), and is 

characterized by lower frequency of attacks (~1-5 attacks/month), but longer durations 

compared to other HyperKPP mutations (89 ± 58 hours). Patients with M1592V mutation 

have their onset of the disease between 1-9 years of age on average, relatively late in 

childhood compared to patients with T704M mutation. Table 1-2 summarizes the key 

differences between the two main mutations.(5, 6) 

  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
†	  M1585V is the homologous rat mutant corresponding to the human M1592V mutation, T697M corresponds to the human 
T704M mutation, and M1353V corresponds to the human M1360V mutation.(7) 
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FIGURE 1-4 

 

Figure 1-4: Steady-state fast inactivation was not affected in HyperKPP mutations. 

HyperKPP mutants M1585V, T698M and M1353V (corresponding to the human T704M, 

M1592V, and M1360V, respectively) did not differ from W.T. measurements and had intact 

fast inactivation kinetics. Channel availability was measured as the peak Na+ current was 

elicited by depolarization to −10 mV, after a conditioning pulse at potentials of −140 to −10 

mV (a conditioning pulse is holding the membrane potential at specific voltage for a period 

of time to measure peak current). Amplitude was normalized to the current after a 

conditioning pulse at −140 mV. The voltage dependence of steady-state fast inactivation was 

measured using a fixed 300-ms conditioning pulse. Symbols depict the means + SEM. 

(Figure and legend adapted from Hayward, 1997)(33)  
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FIGURE 1-5 

 

Figure 1-5: Steady-state slow inactivation is defective in HyperKPP’s most common 

mutations. HyperKPP mutations T698M and M1585 (corresponding to the human T704M 

and M1592V, respectively) show an incomplete slow inactivation in vitro. Peak INa, 

measured after a 60-s conditioning pulse, was normalized by the peak current elicited from a 

holding potential of −100 mV. Test and control currents were measured at −10 mV. The 

conditioning and test pulses were separated by a 20-ms hyperpolarization to −100 mV to 

allow channels to recover from fast inactivation. (Figure and legend adapted from Hayward 

et al, 1997)(33)  
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Electrophysiological studies have shown that the two main HyperKPP mutations 

M1592V and T704M impair the activation processes in NaV1.4 channels. Under steady-state 

conditions, it was shown that the activation curve was shifted by 5-15 mV towards more 

negative potentials in HyperKPP compared to W.T. channels. This shift enlarged the overlap 

between steady-state activation and inactivation curves, creating a large Na+ current window 

between −75 and −35 mV.(41, 42) In other studies, Hayward et al(33) showed that under steady-

sate conditions, fast inactivation was intact in both T704M and M1592V mutations using 

whole-cell currents from HEK cells (Fig. 1-4). Instead, they reported a defect in the slow 

inactivation process in mutants characterized by a shift of the slow inactivation curve 

towards more depolarized membrane potentials (Fig. 1-5). They also showed that, under 

steady-state conditions and at −60 mV, around 47% of W.T. channels were slow-inactivated, 

while only 30% of M1585V channels and 20% of T698M channels, were slow-inactivated 

(Fig. 1-5). Additionally, the rate of entering slow inactivation was significantly slower in 

both mutations, while the recovery from slow inactivation was faster compared to W.T. 

channels.(1) 

In addition to the defect in NaV1.4 channel electrophysiological characteristics, 

studies have shown that an increase in [K+]e, has a direct effect on defective NaV1.4 channels. 

Cannon et al(43) using single NaV1.4 channel recordings, observed Na+ currents that 

inactivated after 4 ms of depolarization in both normal and HyperKPP channels when [K+]e 

was 3.5 mM. However, when [K+]e was increased to 10 mM, HyperKPP channels entered a 

non-inactivating mode with repetitive openings and persistent Na+ currents past 4 ms of 

depolarization, which was not observed in normal channels. The K+-induced non-

inactivating Na+ currents result in a further depolarization of the membrane. 
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Physiological response to HyperKPP mutations 

It has been shown that the incomplete slow inactivation(44) and the defect in 

activation(41) of NaV1.4 channels result in an even larger overlap between the activation and 

inactivation curves for HyperKPP channels, giving rise to a larger Na+ current window 

between −50 and −30 mV.(41, 42) This was manifested as a persistent Na+ influx in HyperKPP 

muscles at rest (Fig. 1-7).  

A recent study by Clausen et al(45) showed that Na22 uptake was 67% higher in 

Mouse(+/M1592V) than W.T. muscles. It was also shown that the membrane potential of 

HyperKPP muscles was depolarized by 16 mV compared to W.T. muscles under normal 

conditions (−73 mV for W.T. vs. −57 mV for mutant muscles). Such depolarizations in 

HyperKPP muscles are close to the AP threshold of −60 mV. As a result, HyperKPP 

muscles become susceptible to generating a train of uncontrolled action potentials, known as 

myotonic discharges that are observed in HyperKPP patients (Fig. 1-7). 

Myotonic discharges then lead to an increase in t-tubular, interstitial, and plasma K+. 

This causes further depolarization because of the K+-induced non-inactivating Na+ current, 

making HyperKPP patients even more sensitive to elevations in [K+]e. In a series of clinical 

studies conducted to test the effect of increased [K+]e on membrane potential in HyperKPP 

muscles, it was shown that increasing [K+]e from 3.5 mM to 10 mM depolarized the 

membrane to −55 mV in HyperKPP fibers compared to −61 mV in normal fibers. In 

addition, when [K+]e was lowered back to 3.5 mM, normal fibers repolarized rapidly to 

normal resting potentials while HyperKPP fibers had a slower repolarization rate.(21, 44)  

In addition to its depolarizing effect, increased [K+]e was also linked to force 

depression. The depressive effects of K+ on force have been shown in many studies 
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involving healthy subjects.(46) However, electrophysiological studies have shown that 

HyperKPP patients are more sensitive to elevation in [K+]e than healthy individuals and that 

this sensitivity is related to the K+-induced depolarization effect. Lehmann-Horn et al(44) 

showed that increasing [K+]e to 10 mM completely abolished twitch force in HyperKPP 

patients compared to mild force depression in normal subjects. Furthermore, Hayward et 

al(7) tested the effect of elevated [K+]e on tetanic force of W.T. and HyperKPP extensor 

digitorum longus muscles (EDL) at 25°C. Increasing [K+]e from 4 mM to 8 mM did not 

have an effect on W.T. muscles, however, it induced a 40% decrease in tetanic force in 

HyperKPP muscles. In addition, when [K+]e was further increased to 10 mM, tetanic force in 

W.T. muscles decreased only by 20% compared to a 90% decrease in force in HyperKPP 

muscles. 

Therefore, it was proposed that when the K+-induced depolarization is large enough 

in HyperKPP heterozygotes, it could inactivate all normal NaV1.4 and some defective NaV1.4 

channels. As a result, not enough NaV1.4 channels are available to generate APs rendering the 

muscle fiber inexcitable, and consequently paralysis occurs. Therefore, myotonic discharges 

are usually followed by a complete paralysis (Fig. 1-7). 

Other physiological responses in HyperKPP  

 In addition to the myotonic discharges and paralysis observed in HyperKPP patients 

and Mouse(+/M1592V), studies have also shown a shift towards myosin IIA and oxidative fiber 

types in HyperKPP muscles.(4, 7) Mammalian skeletal muscles are a mixture of different fiber 

types that are classified mainly according to the myosin heavy chain isoform (MHC). Four 

MHC isoforms are expressed in the adult muscle fiber: MHC-I, MHC-IIA, MHC-IIX and 
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MHC-IIB. In general, MHC-I fibers have the slowest contractions and a high oxidative 

capacity. On the other extreme, MHC-IIB fibers have fastest contractions and a high 

glycolytic capacity.(47) The other two types of fibers, MHC-IIA and MHC-IIX, are both fast 

fibers, however, MHC-IIA fibers are oxidative, whereas MHC-IIX fibers are glycolytic. (47-

50) In addition to the unique expression of each fiber type, there are hybrid fibers that express 

two or more MHC isoforms.(51) 

 Early studies in the 1940s showed that fiber types were flexible and could transform 

from one isoform to another depending on nerve stimulation patterns.(52) Generally, fiber 

types can shift towards oxidative fibers as a result of slow in vitro stimulation, aerobic 

exercise and endurance training as well as hypothyroidism. By contrast, fibers can have a 

shift towards glycolytic fibers by fast in vitro stimulation, denervation, resistance training 

and hyperthyroidism. In HyperKPP, shifts towards oxidative fibers were observed.(7) It was 

proposed that the myotonic discharges in HyperKPP resemble in vitro chronic low 

frequency stimulation (CLFS) since both induce shift towards oxidative fibers.(7, 53-56) In 

addition, endurance training also promotes fiber type transitions towards oxidative fibers, 

suggesting a common pathway.(57) Therefore, the following review focuses on the effect of 

slow in vitro stimulation and endurance exercise on fiber type transition. 
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FIGURE 1-6 

 

Figure 1-6: Missense mutations in NaV1.4 associated with HyperKPP and other 

channelopathies. The diagram of the α-subunit of NaV1.4 channel shows the relative 

locations of missense mutations associated with PAM, PMC, HyperKPP, and HypoKPP. 

The two most common mutations of HyperKPP are: T704M located on S5 segment of 

domain II (blue arrows), and M1592V located on S6 segment of domain IV (red arrows). 

(Figure adapted from Cannon, 2006)(15) 
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TABLE 1-2 

 

Table 1-2: Clinical data for HyperKPP. Eighty-two patients with HyperKPP mutations 

were examined, 50 of them had T704M mutation, 13 had M1592V mutation, while the other 

19 had one of the other HyperKPP mutations. The key differences between the two most 

common mutations are in the age of onset, the frequency, and duration of attacks (red boxes). 

(Table adapted from Miller et al, 2004)(5) 
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FIGURE 1-7 

 

Figure 1-7: A schematic diagram showing the physiological response to the defect in 

NaV1.4 channels. HyperKPP most common mutations in NaV1.4 channel cause an incomplete 

inactivation of these channels. This leads to a persistent Na+ current that keeps the 

membrane at depolarized potentials and close to AP threshold. Myotonic discharges arise 

when AP threshold is reached leading to a train of uncontrolled APs which in turn increases 

[K+]e. A large increase in [K+]e cause further depolarization of the membrane, which can 

lead to the inactivation of Na+ channels causing inexcitability of the membrane and paralysis.  
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Changes in fiber type composition are complex processes. Endurance exercise, as 

well as and CLFS and HyperKPP myotonic discharges, increase [Ca2+]i, which was shown 

to activate calcineurin, a Ca2+-regulated phosphatase.(58, 59) Activated calcineurin in turn 

causes the translocation of nuclear factor of activated T cells (NFAT) from the cytosol to the 

nucleus. As a result of this translocation, NFAT is able to bind to DNA and along with other 

transcriptional regulators, such as myocyte enhancer factor 2 (MEF2), to promote the 

expression of oxidative fiber types.(59, 60) 

 Another key player in the oxidative pathway is peroxisome-proliferator-activated 

receptor-gamma coactivator-1 or PPARγ1 (PGC-1α). Studies have shown that over-

expression of PGC-1α in transgenic mice increased the expression of oxidative fiber types, 

as well as mitochondrial biogenesis, angiogenesis and oxidative metabolism.(61, 62) The exact 

pathway by which PGC-1α gets activated is not well understood, but many studies showed 

that it could be activated as a result of endurance exercise and CLFS.(61, 63) This is also true 

for HyperKPP muscles, where PGC-1α levels were found to be elevated in the TA muscles 

of HyperKPP compared to W.T. mice.(7) 

 In summary, HyperKPP is a complex and an unpredictable disease. Current 

treatments are not fully effective and overtime they lose their effect. Their mechanism of 

action is also not understood.(21, 22) While the symptoms of myotonic discharges and 

paralysis could be explained in relation to the defect in NaV1.4 channels, it is not understood 

why there is an asymptomatic period and a worsening of symptoms with age. In order to 

develop better pharmacological treatments, one must better understand the disease. 

Therefore, and as a first step, this project tries to determine the reason for the asymptomatic 

period despite expressing NaV1.4 channels, by proposing one of two mechanisms.  



	   26	  

 The first mechanism suggests that all symptoms are due the defective NaV1.4 channel 

content and/or activity (Na+ influx). In this case, NaV1.4 content and/or activity may reach a 

critical threshold, after which the onset of symptoms occurs. The rationale behind this 

mechanism was based on developmental studies that showed an increase in NaV1.4 channel 

content and activity with age. In one study, NaV1.4 mRNA content during the first five years 

of life in humans was shown to be between 20%-30% of the adult content. The expression 

then increased dramatically after five years of age until adulthood (Fig. 1-8A). The exact age 

at which NaV1.4 channel content reach a maximum in humans was not known, but the 

increase between 5 years of age and adulthood could be the reason behind the increase in 

symptoms with age. In mice and during prenatal development, mRNA of both NaV1.5 

channels (embryonic isoform) and NaV1.4 are expressed in skeletal muscles. Postnatally, 

however, NaV1.5 content starts to diminish and NaV1.4 content increases reaching a maximum 

content by 3-4 weeks of age (Fig. 1-8B).(17) Another study showed that INa density in rats 

increased from 10 mA/cm2 at 0-5 days of age to about 85 mA/cm2 in adult muscles, which 

were at least 3 months old. (64) 

 NaV1.4 channel content in humans does not change between infancy and 5 years of 

age (Fig. 1-8A). However, the onset of paralysis occurs during the first year of age in 

patients with T704M mutation and may occur before 5 years of age in patients with 

M1592V mutation. This suggest the involvement of factors other than NaV1.4 channel 

content or activity. Therefore, the other mechanism suggests that some symptoms (myotonic 

discharges) may start with the defective NaV1.4 channels; while other symptoms (paralysis) 

occur after changes in other membrane components occur. Such changes include modifying 

gene expression, which may alter the expression and/or activity of other ion channels and 
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ultimately changing membrane conductance. The fiber type shift observed in HyperKPP 

muscles support that changes in gene expression do occur in HyperKPP. 

 Another interesting feature of HyperKPP is the sparing of the diaphragm muscle 

from symptoms despite expressing defective NaV1.4 channels.(5) This indicates that the 

diaphragm, unlike other muscles, may have a special mechanism that protects it against 

paralysis. In vitro studies carried out for this project showed that the diaphragm did not 

present contractile defects confirming the sparing of the diaphragm in Mouse(+/M1592V) 

(Barbalinardo and Renaud, unpublished results). In addition, flexor digitorum brevis 

muscles (FDB) also showed minimum contractile defects, while EDL and soleus muscles 

showed significant contractile defects in vitro (Dejong and Renaud).   
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 FIGURE 1-8 

 

 
Figure 1-8: Sodium channels mRNA expression in human skeletal muscle (A) and in 

mouse skeletal muscle (B). The adult NaV1.4 channel mRNA increases while the embryonic 

NaV1.5 channel mRNA decreases with age. For each age, Quantitative Multiplex 

Fluorescence PCR (QMF-PCR) was performed for actin fetal Na+ channel, and adult Na+ 

channel mRNAs. The values were normalized to adult Na+ channel mRNA expression in 

adult skeletal muscle. E17= embryonic day 17. P0= neonate. P3= postnatal day 3. Y2= 2 

years of age. (Figures and legend adapted from Zhou & Hoffman, 1994)(17)  
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OBJECTIVES AND HYPOTHESES 

For this project, a series of studies were undertaken in an attempt to untangle the 

complexity of HyperKPP and answer the questions mentioned previously. In vitro and in 

vivo studies were carried out to follow the progression of HyperKPP with age in relation to 

changes in NaV1.4 content and activity. The objective of this specific study was to follow 

these changes in vivo. Considering the aforementioned possibilities, the main objectives of 

this study were to examine when the onset of the paralysis occurred in relation to NaV1.4 

content and activity, to quantify changes in fiber types in various muscles including the 

diaphragm, and to follow the progression of fiber damage with age. 

Hypothesis 1: The defect in NaV1.4 channels is the only factor responsible for the 

onset and progression of symptoms. 

Hypothesis 2: If the diaphragm and FDB muscles in Mouse(+/M1592V) are spared from 

HyperKPP symptoms, then changes in fiber type would not occur.  

To test these hypotheses using Mouse(+/M1592V), the specific aims of this study were:  

(1) To determine the onset of paralysis and monitor its progression with age, using rest after 

exercise as a trigger; 

(2) To follow the exercise capacity of HyperKPP mice with age; 

(3) To examine changes in fiber types in EDL, soleus, diaphragm and FDB muscles, and 

determine whether these changes, if any, coincide with or follow the onset of paralysis;  

(4) To verify that the diaphragm and FDB muscles in HyperKPP do not show changes in 

fiber type composition, and that EDL and soleus muscles show the most changes in fiber 

type composition; and 

(5) To follow fiber damage in HyperKPP muscles with age. 
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CHAPTER 2 

MATERIALS AND METHODS 

MATERIALS 

Chemicals and materials employed in this study are summarized in Appendix 1. 

METHODS 

MOUSE MODEL 

 The experimental mouse model used in this project was generated by Dr. Hayward 

and colleagues in 2008. The mouse was generated by knocking in a missense substitution 

corresponding to the human M1592V mutation in the mouse gene encoding the NaV1.4 

channel (SCN4A). This Met-to-Val mutation is located at position 1586 of the mouse NaV1.4 

α-subunit, which is the equivalent of the 1592 position in humans.(7) Heterozygous mice 

exhibited similar HyperKPP features to human patients such as myotonic activity in vivo, 

greater reduction of force at increased [K+]e in vitro in HyperKPP than in W.T. mice, 

alleviation of weakness with increased [Ca2+]i in vitro, an increase in oxidative capacity of 

glycolytic muscles, as well as muscle damage and observation of central nuclei. Most 

homozygous mice die during their first month of life; therefore, only heterozygous mice 

were used in this study. Furthermore, the experimental mice were generated using the FVB 

mice strain; therefore, FVB mice were used as the wild type control.  

 Mice used in this study were 2 weeks to 12 months of age. They were fed ad libitum 

and housed according to the guidelines of the Canadian Council for Animal Care. All 
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experimental procedures in this study were approved by The Animal Care Committee of the 

University of Ottawa. Before the mice were sacrificed, they were anaesthetized with a single 

0.05-0.07ml shot of 2.2mg Ketamine/0.4 mg xylazine/0.22 mg acepromazine cocktail. 

The Age groups used for this study were: 2 weeks, 3 weeks, 1, 2, 3, 4, 6, 9, and 12 

months old. Each age group consisted of a rest group and an exercised group of both W.T. 

and HyperKPP mice. Due to difficulties eliciting 2-week-old mice to run, only the rest group 

was studied for this age. 

GENOTYPING 

Day1 

 DNA Extraction. All animals used in this study were genotyped using a ~0.5 mm segment 

of the tail. Segments were placed in 1.5 ml Eppendorf tubes and lysed by overnight 

incubation with 600 µl tail digestion buffer (1 M Tris-pH 8.0, 5 M NaCl, 0.5 M EDTA-pH 

8.0, 10% SDS) and 50 µl Proteinase-K (10 mg/ml) at 56°C. A negative control (no tail) was 

used to test for any contamination.  

Day 2:  

A volume of 650 µl of 1:1 phenol:CIA was added to each tube, mixed thoroughly, then 

centrifuged at 12,000 g for 10 min. The top aqueous layer was carefully transferred to 

another tube, extracted again with 650 µl CIA to remove the phenol, vortexed, and 

centrifuged for 10 min. Strands of DNA were precipitated by mixing the top aqueous layer 

with 750 µl of isopropyl alcohol at RT. After 10 min, tubes were centrifuged for 10 min and 

DNA pellets formed at the bottom of the tubes. Excess supernatant was removed, 750 µl of 

70% ethanol was added to wash away salts, and centrifuged again for 10 min. Supernatants 



	   32	  

were removed, pellets were air dried for 30 min, re-suspended in 200 µl of 1x TE buffer (10 

mM Tris, 1 mM EDTA-pH 8.0) and incubated at 66°C for 2 hours. DNA samples were then 

stored at 4°C until ready for PRC procedure. 

PCR and restriction digest. A PCR sample contained 1 µl of DNA sample and 49 µl of 

master mix (25 µl 2x Phusion buffer, 20.5 µl DNAse-free H2O, 1.5 µl DMSO, 1 µl NC1F 

forward primer, and 1 µl FC2R reverse primer). The template primers were mSk757F, 

5’TACTACTTCACCATTGGCTGGATATCTTCGACTTCG-3’ at the 3’ end of exon 23, 

and mSk998R, 5’CTGAGCACAATCTCCATTTCCCTCAGC-3’ in the 3’-UTR of exon 24. 

The PCR protocol had the following cycles:  80°C - 10 seconds / 99°C- 1 minute / 45 cycles 

of: 98°C - 10 seconds / 67°C - 30 seconds / 72°C - 30 seconds / End of 45 cycles: 72°C - 7 

minutes.  

For digestion, 10 µl of PCR product was added to 10 µl of digestion enzyme NSP1 

mixture (7.3 µl DNAse-free H2O, 2 µl buffer 2, 0.5 µl NSP1, and 0.2 µl BSA). The samples 

were incubated overnight at 37°C. 

Day 3: 

Gel electrophoresis. A gel was prepared using 2.25 g agarose, 150 ml TBE buffer, and 5.5 

µl Ethidium Bromide. When the gel was ready, 10 µl of restriction digest product was 

loaded into wells along with a 100 bp DNA ladder. Gel ran at 100V for 45 minutes. 

FREQUENCY OF PARALYSIS AND EXERCISE CAPACITY 

W.T. and HyperKPP mice were elicited to run on a treadmill. Food was removed 

from the cages 30-45 minutes before the start of the exercise. Mice were made comfortable 

with the treadmill by placing them on it for five minutes before the treadmill was turned on. 

Mice ran simultaneously on individual lanes and weight was taken before and after the 
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exercise to account for water loss and body weigh influence. No electrical shock was used. 

Instead, a sponge was placed halfway into the lane to stimulate mice to run forward when 

they touched it.  

The exercise began with a 15°-uphill-angle and a speed of 10 m/min. Every five 

minutes, speed was increased to 15 m/min, 20 m/min, and 25 m/min and left at 25 m/min for 

a maximum of 45 minutes. Mice were withdrawn from the treadmill once they no longer 

maintained the required pace. This occurred when a mouse was mostly leaning on the 

sponge and did not continue running despite stimulating the tail with a pencil for 10 

consecutive seconds. Mice were exercised using this protocol once a day for five 

consecutive days at various times of the day.  

After the fifth day of exercise, distances run by each mouse were calculated as the 

product of speed and time spent by each mouse at each speed. For example, a mouse that 

spent 20 minutes on the treadmill meant that it ran five minutes at each speed. The distance 

run at each speed was then calculated as 50, 75, 100 and 149.2 m. The sum of these 

distances would be the total distance run by the mouse that day, 374.2 m. 

Age groups used for this protocol were: 3 weeks, 1, 2, 3, 4, 9, and 12 months of age. 

During the exercise days, HyperKPP mice from all age groups were monitored for 

presentation of paralysis before, during, or after the exercise. At the end of the exercise 

week, all exercised animals along with their non-exercised counterparts were sacrificed and 

muscles were collected. 
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MUSCLE PREPARATION 

EDL, soleus, FDB, and diaphragm muscles were dissected on a dry petri dish to 

prevent freezing artifacts. Muscles were embedded in a small amount of cooled OCT 

compound and frozen in isopentane pre-cooled in liquid nitrogen. Muscles were stored at -

80°C until used.  

For histology, 10 µm cross sections were cut at the mid-belly of the muscle using a 

cryostat (Leica Microtome, HM 500M) cooled to -19°C, mounted on positively charged 

slides (Superfrost/Plus, Fisher Scientific, USA), and stored at -80°C until used. 

MYOSIN FIBER TYPES 

Immuno-histochemical analysis was used to determine the fiber type composition of 

muscles. Serial cross sections were double-stained with anti-laminin primary antibody and 

either anti-MHC I, IIA, IIB or IIX antibodies (Table 2-1). Anti-laminin antibody was used to 

better identify boundaries between individual fibers.  

For myosin MHC-I, MHC-IIA and MHC-IIB staining, slides were placed on a slide 

dryer (set at 37°C) for 15 minutes and then rinsed in 1X Phosphate Buffered Saline (PBS) 

(pH 7.2-7.4) for 3 minutes. Sections were blocked with 0.5% Bovine Serum Albumin (BSA) 

in PBS for 1-hr at room temperature in a humid chamber. Sections were exposed to the 

primary antibodies for two hours at RT in a humid chamber. The antibodies were removed; 

cross-sections rinsed in PBS 3 times, 5 min each time. Sections were incubated with 

secondary antibodies (Table 2-1) for 45 minutes at 37°C in a humid chamber, and rinsed 3 

times in PBS. Secondary antibodies were diluted in triton-X 100 solution. Sections were 

mounted with anti-fade reagent, and stored at -80°C until viewed. Control sections were also 
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stained without the primary antibody to test for non-specific secondary antibody binding.  

For MHC-IIX, the staining protocol was slightly modified to enhance primary 

antibody binding and block non-specific binding (personal communication with Dr. J. von 

Maltzahn). After sections were thawed on the slide dryer, they were fixed in 100% ethanol 

for 5 minutes then rinsed in PBS kept at pH of 7.4. Sections were blocked with 5% horse 

serum (HS) in PBS, and incubated with primary antibodies overnight at 4°C. The next day, 

sections were rinsed 3 times in PBS for 5 min each time, and incubated with secondary 

antibodies for 1-hr at RT. Secondary antibodies were diluted in 5% HS blocking solution. 

Sections were rinsed again in PBS, mounted with anti-fade reagent, and kept at -80°C until 

viewed.  

FIBER DAMAGE 

Muscle cross-sections were stained with hematoxylin and eosin (H&E) to detect any 

morphological changes or damage in W.T. and HyperKPP muscle fibers, i.e. central nuclei 

or vacuolization.  

Sections were dried on a slide dryer (set at 37°C) for 15 min then fixed in 10% 

formalin for another 15 min. Sections were briefly rinsed in tap water then in distilled water 

before they were exposed to hematoxylin solution for 7 min. Slides were rinsed until clean 

in tap water then dipped 4 times in 1% acid alcohol (5 drops of concentrated hydrochloric 

acid in 250 ml of 70% ethanol). Slides were rinsed with tap water for 5 min then dipped in 

0.5% Lithium carbonate (Li2CO3) for 1.5 min. Slides were returned to tap water for another 

5 min. Slides were immersed in 70% ethanol for 1 minute followed by 10 dips in eosin 

diluted with 70% ethanol. Slides were dipped in 95% ethanol for 2 min, followed by 2 min 

in 100% ethanol before being dipped in toluene for 3-4 minutes. Finally, sections were 
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covered with coverslips using one drop of permount mounting medium and stored at RT 

until viewed. 

IMAGE ACQUISITION AND ANALYSIS  

 All immunofluorescent images in this study were captured using a Sony digital 

camera (model DXC-950, Canada) attached to an Axiophot-2 mot plus fluorescence 

microscope (Zeiss, Canada). The image acquisition software used for capturing and 

analyzing the images was Northern Eclipse (EMPIX Inc., USA). Due to variations in anti-

myosin staining between muscles, acquisition settings (exposure time, gain, offset, and 

binning) were optimized for each muscle in an attempt to minimize background and 

maximize the visibility of positive fibers for quantitative analysis. Immunofluorescent 

images were captured using 10x and 20x objectives. 

For quantitative analysis of different myosin types, positive fibers with high 

fluorescence intensity, lower fluorescence intensity, and negative fibers were manually 

counted using Northern Eclipse software. High and low fluorescence intensity fibers were 

manually counted as positive fibers and expressed as a percentage of the total number of 

fibers as presented in the results section.  

Images of fibers stained with H&E were captured using the bright field of Ziess 

Axiophot microscope (Zaiss, Canada). H&E images were captured using 10x and 20x 

objectives. The total number of fibers with central nuclei was manually counted and 

expressed as a percentage of the total number of fibers. 

STATISTICAL ANALYSIS 

Data are presented as means ± S.E. Split plot ANOVA was used to determine 
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significant differences. 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.(65) The word “significant” 

refers only to a statistical difference (P < 0.05). 
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TABLE 2-1 

 

Table 2-1: Antibodies used for immuno-histochemical analysis. All commercially 

supplied primary and secondary antibodies were diluted with 0.3% Triton-X 100 in 1X PBS 

solution. The MHC antibodies were used as undiluted supernatants collected from 

hybridoma cultures. 
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CHAPTER 3 

RESULTS 

FREQUENCY OF PARALYSIS AND EXERCISE CAPACITY 

In humans, the two most consistent triggers for paralysis are ingestion of K+ salts 

(triggers the symptoms 100% of the time) and rest after exercise (80%).(5) In this study, 

exercise was chosen over K+ salts ingestion for two reasons: first, high plasma K+ may cause 

heart problems in mice; and second, to examine exercise capacity of HyperKPP mice. 

Mice were elicited to run on a treadmill daily for five consecutive days and were 

constantly observed during exercise sessions, which typically lasted 1-2 hours. Contrary to 

humans for which paralysis was triggered after exercise, in Mouse(+/M1592V), paralysis was 

randomly observed before, during, and after exercise. Paralysis was visualized with the 

naked eye in HyperKPP mice. It was characterized by hind limbs being dragged behind the 

body (Fig. 3-1A and B), or mice lying on their sides (Fig. 3-1C). Typically, the attacks were 

brief, lasting 10 to 30 seconds. 

Paralysis was seen in only one of the six 3-week-old HyperKPP mice (Table 3-1). 

The largest number of animals observed paralyzed was at 1 month of age, as paralysis was 

seen in six of the seven HyperKPP mice tested. At 2 months of age, the number of observed 

paralytic attacks was much less. Paralysis was not observed in 3-6 months old HyperKPP 

mice, but was observed in few 9 and 12 months old mice.  

HyperKPP mice did not necessarily have a paralytic attack every day. For mice observed 

with paralytic attacks, the average number of days an attack was seen is indicated in Table 
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3-1. Not only did more HyperKPP mice present paralysis at 1 month of age, but they also 

exhibited it more frequently than any other age group averaging 3.2 days out of five. 

At some ages, the distance run by W.T. mice changed very little over the five days of 

exercise. For example, W.T. mice at 3 weeks of age only improved their running capacity by 

1.3 fold, from 249 m on day one to 329 m on day five (Fig. 3-2A). At other ages such as 2 

months, the distance run by W.T. mice increased significantly over the five consecutive days 

of running (Fig. 3-2B). These mice were able to improve their running capacity from 326 m 

on day one to 871 m on day five, representing a 2.6-fold-increase.  

Just like their W.T. counterparts, HyperKPP mice at 3 weeks of age showed no 

improvement in their running capacity, but had a tendency to run slightly shorter distances 

on day 1, 3 and 5 (Fig. 3-2A). Contrary to 2-month-old W.T. mice, 2-months-old HyperKPP 

mice struggled to improve their running distances from 314 m on day one to 423 m on day 

five, which represented just a 1.3-fold-increase (Fig. 3-2B).  

On the first day of exercise, most W.T. mice between 3 weeks and 12 months of age 

ran on average between 162 and 327 m, except for 3-month-old mice for which the average 

distance was 430 m (Fig. 3-3A). Performance improved over the five days of exercise only 

between the ages of 1 and 4 months (Fig.3-3B). Distances run by W.T. mice between 1-3 

months ranged from 818-934 m on day five, compared to 319-430 m on day one. Although 

mice at 4 months of age also improved their running capacity on day five compared to day 

one, the improvement observed was less than that of younger mice. At 4 months of age, 

mice improved by only 298 m compared to the 499-544 m for 1-3 months old mice. W.T. 

mice at 9 and 12 months of age, did not improve their running capacity from day one to day 

five (Fig. 3-3B).  
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FIGURE 3-1 

 

Figure 3-1: Paralytic attacks in HyperKPP mice. Paralytic attacks were observed when 

mice dragged one A) or both B) hind limbs behind their body while walking using their 

forelimbs. C) Paralysis was also observed when mice flip on their side. To verify the 

paralysis, HyperKPP mice were touched with a finger or pen: W.T. and un-paralyzed 

HyperKPP mice had the normal escape reaction, which was not observed in paralyzed 

HyperKPP mice. 
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TABLE 3-1 

 

Table 3-1: HyperKPP mice at the age of 1 month were observed paralyzed more 

frequently than any other age group. The table indicates the number of mice for which 

paralysis was observed and the average number of days these mice were observed paralyzed 

out of the five days of observation. The average number of days calculated included only 

mice for which paralysis was observed. Paralysis was observed as defined in Figure 3-1.  
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FIGURE 3-2 

	  

	  

	  

	  

Figure 3-2: Two-month-old HyperKPP mice failed to improve their running capacity  

compared to W.T. mice. The graph shows the daily average running distance for W.T. and 

HyperKPP mice at A) 3 weeks of age and B) 2 months of age. Mice were elicited to run on 

treadmill with an uphill angle of 15° for 5 consecutive days. The initial speed was set at 10 

m/min for 5 min and increased by 5 m/min every 5 min until the speed reached 25 m/min. 

Mice were removed from the treadmill when they could no longer maintain the required 

speed. The distances run by mice were calculated and used as an indication of exercise 

capacity. Vertical bars represent S.E. for 5-7 W.T. and HyperKPP mice.  

* Mean distance run by HyperKPP mice was significantly different from the distance run by 

W. T mice. 

ANOVA and L.S.D. P < 0.05 
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HyperKPP mice between 3 weeks and 12 months of age ran similar distances to W.T. 

mice on the first day of exercise, with average distances ranging between 214-314 m (Fig. 3-

3A). Contrary to W.T., HyperKPP mice had a lower running capacity especially at 1-2 

months of age on the fifth day of exercise. HyperKPP at these ages improved their running 

capacity by only 1.4-fold on the fifth day compared to the 2.6-fold achieved by W.T. mice. 

The large difference between W.T. and HyperKPP mice in the distance run on the fifth day 

decreased by 3 months of age when HyperKPP mice were able to improve as they ran 721 m 

compared to 934 m run by W.T. mice. By 4 months of age, HyperKPP mice ran a slightly 

longer distance (585 m) than their W.T. counterparts (511 m) on the fifth day of exercise. 

Interestingly, just like W.T. mice, HyperKPP mice at 3 weeks, 9 and 12 months of age failed 

to improve their running capacity on the fifth day (Fig. 3-3B). 

Not all mice ran their longest distances on the fifth day. To verify that the differences 

between W.T. and HyperKPP	  mice observed on the fifth day were representative of the 

defect in HyperKPP mice; the maximum distances observed over the five days were also 

plotted for the different ages. Overall, the results were similar and the graph obtained (Fig. 

3-3C) was a reflection of the fifth day results (Fig. 3-3B). On average, W.T. mice at the ages 

of 1 and 2 months ran longer distances than their HyperKPP counterparts and there was a 

tendency for HyperKPP	  mice	  to run slightly longer distances than W.T. mice at 4, 9, and 12 

months of age (Fig. 3-3D). 

Body weights were recorded before the exercise on the first day, to determine the 

possibility of body weight influence on exercise capacity. On average, there was no 

significant difference in weights between W.T. and HyperKPP mice in all age groups (Fig. 

3-4).   
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FIGURE 3-3 

	  

	  
Figure 3-3: HyperKPP mice between 1-2 months of age ran significantly shorter 

distances than W.T. mice. Mice were elicited to run on treadmill with an uphill angle of 

15° for 5 consecutive days. The initial speed was set at 10 m/min for 5 min and increased by 

5 m/min every 5 min until the speed reached 25 m/min. Mice were removed from the 

treadmill when they could no longer maintain the required speed. The distances run by mice 

were calculated and used as an indication of exercise capacity. A) Distance run on the 1st 

day. B) Distance run on the 5th day. C) The maximum distance run. D) The average distance 

run over the five days of exercise. Vertical bars represent S.E. of 5-7 W.T. and HyperKPP 

mice. 

β Mean distance run was significantly different from the distance at 3 weeks of age. 

* Mean distance run by HyperKPP mice was significantly different from the distance run by 

W. T mice. 

ANOVA and L.S.D. P < 0.05.  
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FIGURE 3-4 

 

Figure 3-4: Body weights of exercising HyperKPP mice were not different from those 

of W.T. mice. Body weights were taken before the exercise session on day 1. Vertical bars 

represent S.E. of 5-7 W.T. and HyperKPP mice 

No significant difference. ANOVA, P > 0.05. 
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MYOSIN EXPRESSION 

 As shown in previous studies, human patients(4) as well as Mouse(+/M1592V)(7) have 

increased oxidative fibers in fast-twitch muscles associated with an increase in the number 

of fibers expressing fast oxidative MHC-IIA fibers. In this study, changes in fiber type 

content were assessed in EDL, soleus, diaphragm and FDB muscles and used as an index for 

changes in gene expression. In addition, both exercised and non-exercised groups were 

tested. The 5-day exercise protocol did not promote changes in fiber type composition in all 

muscles of W.T. mice as previously reported.(57) Therefore, for W.T., data from exercise and 

non-exercised mice were pooled together for all muscles.  

EDL An average of 56 out of 1154 fibers (10%) stained positive for MHC-I fibers in 

2-week-old W.T. EDL muscles and quickly diminished to 4% by 1 month and 2% by 2 

months of age (Fig. 3-5A). After that, the level of MHC-I remained stable at ~2% until 12 

months of age. In EDL of non-exercised HyperKPP mice, MHC-I content was similar to that 

of W.T. muscles. Although statistically not significant, there was a tendency for EDL of 

exercised HyperKPP mice to have a slightly higher level of MHC-I, exceeding the level of 

W.T. and non-exercised HyperKPP by 2-4% at 2,4 and 6 months of age. By 9-12 months, 

MHC-I content in EDL of exercised HyperKPP mice was similar to EDL of W.T. and non-

exercised HyperKPP mice (Fig. 3-5A). 

 On average, MHC-IIA expression in W.T. EDL muscles remained consistent 

between 2 weeks and 12 months of age ranging between 13-23% (Fig. 3-5B). MHC-IIA 

content in HyperKPP EDL muscles was similar to that of W.T. for the first 3 weeks of life 

being 23% for W.T., 24% for non-exercised HyperKPP, and 16% for exercised HyperKPP. 
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However by 1.5 months of age, the number of fibers expressing MHC-IIA isoform increased 

from 26% at 1 month to 40% two weeks later in muscles of exercised HyperKPP mice. 

MHC-IIA expression reached a maximum of 57% by 2 months of age in EDL of exercised 

HyperKPP mice. There was no significant difference in the number of fibers expressing 

MHC-IIA between muscles of exercised and non-exercised HyperKPP mice until 3 months 

of age. At later ages, MHC-IIA expression in EDL of non-exercised mice decreased. At 4 

and 6 months of age, there were 28% less fibers expressing MHC-IIA in EDL of non-

exercised HyperKPP mice compared to muscles from exercised mice. By 9 and 12 month of 

age, MHC-IIA expression in EDL of exercised and non-exercised HyperKPP mice was still 

high compared to W.T. EDL.  

MHC-IIB content in W.T. EDL muscles was initially 77% during the first 1.5 

months of life before it decreased to 61% by 2 months and thereafter remained between 63% 

and 71% until 12 months of age (Fig. 3-5C). In EDL of non-exercised HyperKPP mice, 

MHC-IIB expression was significantly lower than W.T. muscles at 1, 4, 9 and 12 months of 

age, as 45-50% of the fibers expressed MHC-IIB isoform. The reduction was more 

pronounced in EDL of exercised mice. Compared to exercised mice, MHC-IIB expression 

was significantly higher in EDL of non-exercised mice at 2, 6, and 9 months of age. EDL 

muscles of non-exercised HyperKPP mice had 36%, 43% and 14% higher MHC-IIB content 

than muscles of exercised mice at 2, 6, and 9 months of age, respectively. 

There were no significant differences observed in the expression of MHC-IIX in the 

EDL between the W.T., non-exercised & exercised HyperKPP mice (Fig. 3-5D). The 

number of fibers expressing MHC-IIX isoform ranged between 42%-69% in young mice 

until the age of 6 months, and 35%-46% in 9 and 12 months old mice. 
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The most pronounced changes in fiber type content in HyperKPP EDL muscles 

occurred for MHC-IIA and MHC-IIB fibers. While, on average, there was a clear increase in 

fibers expressing MHC-IIA and a decrease in fibers expressing MHC-IIB, a large variability 

was observed between HyperKPP EDL muscles so that not all HyperKPP animals showed a 

drastic change in fiber type content. Typically, EDL of adult W.T. mice express MHC-IIA 

in 12-17% of fibers, as reported previously.(66) Figure 3-6a shows a 2-month-old W.T. EDL 

muscle in which MHC-IIA was expressed in 21% of fibers. Between the ages of 2 and 12 

months, three HyperKPP muscles -out of 48- showed MHC-IIA content within 10% of W.T. 

range (12-23%). The first one was from a 2-month old non-exercised mouse that expressed 

MHC-IIA in 18% of fibers (Fig. 3-6b). The second was from a 4-month non-exercised 

mouse and expressed MHC-IIA in 14% of fibers (picture not shown), and the last one was 

from a 12-month exercised mouse and expressed MHC-IIA in 23% of fibers (Fig. 3-6c). The 

majority of HyperKPP EDL muscles had MHC-IIA content higher than W.T. muscles, 

ranging between 30-71% (Fig. 3-6 d to g). 

MHC-IIB content in HyperKPP EDL muscles was also affected but to a lower extent 

than that of MHC-IIA. Figure 3-7a shows an example of a W.T. EDL muscle with 57% 

MHC-IIB expression, which is within the range reported previously.(66) In HyperKPP 

muscles, MHC-IIB content was lower than that of W.T. mice of corresponding ages. 

Similarly, MHC-IIB content varied among HyperKPP EDL muscles. Seven HyperKPP EDL 

muscles out of 48 between 2 and 12 months of age showed a steep decrease in MHC-IIB 

content (17-27%) as shown in Figure 3-7 f and g. Six of the seven muscles were from the 

exercised group and distributed across the ages. Another nineteen animals showed a 

moderate decrease in MHC-IIB content (30-50%), eleven of which were from the exercised 
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group. The remaining HyperKPP EDL muscles (22 muscles) had MHC-IIB content similar 

to that of W.T. animals (51-86%), which is why the change in MHC-IIB content in 

HyperKPP muscles was not as drastic as that of MHC-IIA content (Fig. 3-7 b to e). 

When the percentages of fibers expressing MHC-I, MHC-IIA, MHC-IIB, and MHC-

IIX were added, the total for W.T. EDL varied between 119%-135% for mice between 1 and 

12 months of age, except for 6-month-old mice for which the total was 147%. This is 

because some fibers, known as hybrids, express more than one MHC isoform.(67) 

Comparatively, the total increased to 133%-184% for EDL of non-exercised HyperKPP 

mice and to 118-168% for exercised mice, suggesting large increases in hybrid fibers.  

When MHC-IIA and MHC-IIB content percentages were added in W.T. EDL 

muscles between 1 and 12 months of age, the sum was from 80%-86%. According to Banas 

et al(67), EDL muscles do not contain IIA/IIB hybrid fibers. In HyperKPP, however, the sum 

of MHC-IIA and MHC-IIB percentages ranged between 70% and 124% for muscles from 

non-exercised mice and between 87% and 108% for muscles from exercised mice between 1 

and 12 months of age. Such elevated percentages of MHC-IIA and MHC-IIB fibers suggest 

that some HyperKPP EDL fibers may be IIA/IIB hybrids.  

Similarly to IIA/IIB hybrids in W.T., the chance of IIA/IIX hybrids was low in W.T. 

EDL (54%-70%). The chance of IIA/IIX hybrids was also elevated in HyperKPP EDL 

compared to W.T EDL (Fig. 3-8). The sum of MHC-IIA and MHC-IIX percentages was 

77%-105% for non-exercised HyperKPP mice and 84%-117% for exercised mice between 1 

and 12 months of age. Only the sum of MHC-IIB and MHC-IIX percentages was similar 

and between 89%-130% for both W.T. and HyperKPP muscles.   
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FIGURE 3-5 

 

Figure 3-5: The number of fibers expressing MHC-IIA increased significantly while 

those expressing MHC-IIB decreased significantly in HyperKPP EDL muscles 

compared to W.T. EDL. Fiber types were determined using specific anti-MHC antibodies 

for type I (A), IIA (B), IIB (C) and IIX (D). Vertical bars represent the S.E. of 6-8 W.T. and 

HyperKPP mice. 

* Significant difference between EDL of wild type and HyperKPP mice. 

 § Significant difference between EDL of non-exercised and exercised HyperKPP mice.  

ANOVA and L.S.D. P < 0.05.  
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FIGURE 3-6 

 

 
Figure 3-6: MHC-IIA expression was higher and more variable in HyperKPP EDL 

muscles compared to W.T. EDL muscles. EDL cross-sections were stained simultaneously 

with anti-laminin antibody (red), and MHC-IIA antibody (green). (a) An example of 2-

month-old exercised W.T. EDL muscle. (b-g) Examples of variability in HyperKPP EDL 

muscles. All samples were from mice at ages in which the number of fibers expressing 

MHC-IIA was elevated (i.e. between 2 and 12 months of age). The numbers indicate: age of 

mouse (in months) / E: Exercised; NE: Non-Exercised. Bar=250 µm  
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FIGURE 3-7 

 

 
Figure 3-7: MHC-IIB expression was lower and more variable in HyperKPP EDL 

muscles compared to W.T. EDL muscles. EDL cross-sections were stained simultaneously 

with anti-laminin antibody (red), and MHC-IIB antibody (green). All cross-sections shown 

on this figure are from the same muscles as shown on Figure 3-6 and in the same order. (a) 

An example of 2-month-old exercised W.T. EDL muscle. (b-g) Examples of variability in 

HyperKPP EDL muscles. The numbers indicate: age of mouse (in months) / E: Exercised; 

NE: Non-Exercised. Bar=250 µm   
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FIGURE 3-8 

 

Figure 3-8: HyperKPP EDL muscles show an increased chance for IIA/IIX hybrids 

compared to W.T. EDL muscles. EDL serial cross-sections were stained simultaneously 

with anti-laminin antibody (red), and anti- MHC-IIA or MHC-IIX antibodies (green). (x) 

Signs indicate the same fibers stained with (A) MHC-IIA antibody, and (B) MHC-IIX 

antibody. Both cross-sections shown on this figure are from the same EDL muscle of a 3-

month-old exercised HyperKPP mouse, and roughly from the same area of the muscle. 

Bar=100 µm  
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Soleus On average, MHC-I isoform was expressed in 50% of soleus fibers of 2-

week-old W.T. mice (Fig. 3-9A). By 3 weeks of age, MHC-I was expressed in 61% of fibers 

and remained between 63-77% between 1-12 months of age. Unlike HyperKPP EDL 

muscles, exercise did not have any effect on the expression of MHC in HyperKPP soleus 

muscles so data were pooled. The number of fibers expressing MHC-I isoform in soleus of 

HyperKPP mice was similar to that of W.T. between 2 weeks and 2 months of age. At 2 

weeks of age, 49% of HyperKPP soleus fibers expressed MHC-I. One week later it 

increased to 57% in 3-week-old mice, and reached 65% in 1.5 months old mice. At the age 

of 2 months, the number of fibers expressing MHC-I isoform in HyperKPP exceeded that in 

W.T. mice by 5%. The difference in content of MHC-I between W.T. and HyperKPP mice 

reached a maximum (14%) at 3 months of age. MHC-I expression in HyperKPP mice 

remained slightly higher than W.T. mice until 12 months of age  

 Similar to MHC-I, MHC-IIA was expressed in 47% in soleus of 2-week-old W.T. 

mice (Fig. 3-9B). It increased to 49% by 3 weeks but decreased to 40% by 1 month of age. It 

remained between 27% and 39% thereafter until 12 months of age. HyperKPP soleus 

muscles started with MHC-IIA content similar to that of W.T. between 2 weeks and 3 

months of age, ranging between 33%-52%. However, differences became significant by 4 

months of age when HyperKPP soleus muscles showed a consistent 10% decrease in fibers 

expressing MHC-IIA compared to W.T. muscles until 12 months of age. 

Neither the W.T. nor HyperKPP soleus muscles expressed MHC-IIB (Fig. 3-9C). 

Furthermore, there was no difference observed in number of fibers expressing MHC-IIX 

isoform between soleus muscles of W.T. and HyperKPP mice (Fig. 3-9D). Both W.T. and 

HyperKPP muscles expressed a high level of MHC-IIX expression before the age of 1 
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month (50%-77%), and then gradually declined to about 30%-36% by 12 months of age. 

Similar to their EDL muscles counterparts, HyperKPP soleus muscles showed 

variability in the expression of MHC types, although the variability was not as high as in the 

EDL muscles. Figure 3-10a shows a soleus muscle from a12-month-old non-exercised W.T. 

mouse with MHC-I expressed in 66% of fibers. Only one W.T. soleus muscle out of 49 

between 1 and 12 months of age showed MHC-I expressed in over 90% of fibers at 9 

months of age (picture not shown). Most HyperKPP soleus muscles (42 muscles out of 48) 

between 1 and 12 months of age expressed MHC-I in 60-83% of the fibers as seen in Figure 

3-10b. Whereas six HyperKPP soleus muscles out of 48 -between 1 and 12 months of age- 

showed over 90% MHC-I expression (Fig. 3-10 c and d).  

Figure 3-11 shows the same muscles in Figure 3-10 but stained with MHC-IIA 

instead. Figure 3-11a shows W.T. soleus muscle with MHC-IIA expressed in 38% of fibers, 

which represents the majority (27 out of 28) of muscles between 4 and 12 months of age. 

Only one W.T. soleus muscle -out of 28- showed MHC-IIA content below 15% at the age of 

9 month (10% MHC-IIA content), compared to six HyperKPP soleus muscles -out of 30- 

that had MHC-IIA content below 15% (Fig. 3-11 c and d). The rest of the 30 HyperKPP 

muscles (24 muscles) had MHC-IIA expressed in 19-40% of fibers (Fig. 3-11b). Both 

exercised and non-exercised muscles showed average and extreme expressions.  
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FIGURE 3-9 

 

Figure 3-9: By 4 months of age, the number of fibers expressing MHC-I increased 

significantly in HyperKPP soleus while those expressing MHC-IIA decreased 

compared to W.T. soleus. Fiber types were determined using specific anti-MHC antibodies 

for type I (A), IIA (B), IIB (C) and IIX (D). Vertical bars represent the S.E. of 6-8 W.T. and 

HyperKPP mice. 

* Significant difference between soleus of wild type and HyperKPP mice. 

§ MHC content significantly different from content at 1 month of age. 

ANOVA and L.S.D. P < 0.05.  
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FIGURE 3-10 

 

 
Figure 3-10: MHC-I expression in HyperKPP soleus muscles was increased and 

showed some variability, a feature that was not observed in W.T. muscles. Soleus cross-

sections were stained simultaneously with anti-laminin antibody (red), and MHC-I antibody 

(green). (a) An example of 12-month-old non-exercised W.T. soleus muscle. (b-d) Examples 

of variability in HyperKPP soleus muscles. All samples were from mice at ages in which the 

number of fibers expressing MHC-IIA was reduced (i.e. between 4 and 12 months of age). 

The numbers indicate: age of mouse (in months) / E: Exercised; NE: Non-Exercised. 

Bar=250 µm   
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FIGURE 3-11 

 

 
Figure 3-11: MHC-IIA expression in HyperKPP soleus muscles was decreased and also 

showed some variability, a feature that was not observed in W.T. muscles. Soleus cross-

sections were stained simultaneously with anti-laminin antibody (red), and MHC-IIA 

antibody (green). All cross-sections shown on this figure are from the same muscles as 

shown on Figure 3-10 and in the same order. (a) An example of 12-month-old non-exercised 

W.T. soleus muscle. (b-d) Examples of variability in HyperKPP soleus muscles. The 

numbers indicate: age of mouse (in months) / E: Exercised; NE: Non-Exercised. Bar=250 

µm.  
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Diaphragm and FDB: 

Contrary to the EDL and soleus, no differences in fiber type composition were 

detected between the W.T. and HyperKPP diaphragm (Fig. 3-12) or FDB muscles (Fig. 3-

13). Furthermore, for both muscles, exercise had no effect on fiber type composition and the 

data were pooled.  

For both W.T. and HyperKPP diaphragm muscles, MHC-I content ranged between 

9% and 12% until 12 months of age (Fig. 3-12A), while MHC-IIA content ranged between 

33% and 39% for the first 3 weeks of life, and between 47%-71% until 12 months of age 

(Fig. 3-12B). MHC-IIB content was the lowest ranging between 0-10% between 2 weeks 

and 12 months of age. Exceptions were W.T. muscles at 3 weeks and 6 months of age, 

which were 15% and 9% higher than HyperKPP muscles, respectively (Fig. 3-12C). MHC-

IIX content ranged between 50% and 65% for most W.T. and HyperKPP muscles until 12 

months of age (Fig. 3-12D). 

For both W.T. and HyperKPP FDB muscles, the fiber type composition was between 

18% and 23% for MHC-I, 51% and 63% for MHC-IIA, 0.1% and 1% for MHC-IIB, and 

51%-57% for MHC-IIX (Fig. 3-13). 
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FIGURE 3-12 

 

Figure 3-12: MHC fiber types content did not differ between W.T. and HyperKPP 

diaphragm muscles. Fiber types were determined using specific anti- myosin antibodies for 

type I (A), IIA (B), IIB (C), and IIX (D). Vertical bars represent S.E. of 6-8 W.T. and 

HyperKPP mice.  

No significant difference. ANOVA, P > 0.05. 
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FIGURE 3-13 

 

Figure 3-13: MHC fiber types content did not differ between W.T. and HyperKPP 

FDB muscles. Fiber types were determined using specific anti- myosin antibodies for type I 

(A), IIA (B), IIB (C), and IIX (D). Vertical bars represent S.E. 6-8 W.T. and HyperKPP 

mice. 

No significant difference. ANOVA, P > 0.05. 
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FIBER DAMAGE 

One of HyperKPP symptoms in humans that appear after middle age is muscle 

weakness caused by permanent, irreversible myopathy. The myopathy is marked by 

muscular atrophy, vacuolization, and central nuclei. In Mouse(+/M1592V), Hayward et al(7) 

observed a mild increase in the number of fibers with central nuclei by 4 months of age, 

whereas vacuolization was only observed in 2.8-month-old homozygotes. In this study, we 

examined younger and older 1 and 2 years old mice and investigated the effect of exercise 

on EDL, soleus, and diaphragm muscles. The results showed no difference in the extent of 

fiber damage between muscles of W.T. and HyperKPP or muscles of exercised and non-

exercised mice.  

In W.T. muscles, central nuclei were apparent by 12 months of age but only in 2% of 

EDL fibers in exercised and non-exercised mice (Fig. 3-15 and 3-14). In the soleus of 

exercised W.T. mice, 4% of fibers had central nuclei compared to the 2% observed in soleus 

muscles of non-exercised mice (Fig. 3-15). Similarly, in HyperKPP, central nuclei were 

apparent by 12 months of age in only 5% of EDL fibers in exercised and non-exercised mice 

(Fig. 3-14 and 3-15). Soleus muscles of exercised HyperKPP mice also had a slight 

elevation in the number of fibers with central nuclei (4%) compared to muscles of non-

exercised HyperKPP mice (2%)(Fig. 3-15). Fibers with central nuclei were not observed in 

diaphragm muscles in any age group (data not shown). In addition, in older HyperKPP mice 

tested (23-24 months), EDL, soleus, and diaphragm muscles had very few fibers with central 

nuclei (data not shown). Therefore, no further analysis was carried out for age groups 

younger than 12 months. No vacuolization was observed in all sections tested. 
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FIGURE 3-14 

 

Figure 3-14: Muscle damage marked by central nuclei was not extensive in HyperKPP 

EDL muscles at 12 months of age. EDL cross-sections were stained with Hematoxylin and 

Eosin. A) W.T. EDL muscle. B) HyperKPP EDL muscle. Bar= 125 µm   
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FIGURE 3-15 

 

Figure 3-15: Muscle damage marked by central nuclei was not extensive in EDL and 

soleus muscles of HyperKPP mice at 12 months of age. EDL and soleus cross-sections 

were stained with Hematoxylin and Eosin. The total number of fibers with central nuclei 

was manually counted and expressed as a percentage of the total number of fibers. Vertical 

bars represent S.E. 6 W.T. and 10 HyperKPP mice. 

No significant difference. ANOVA, P > 0.05. 
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CHAPTER 4 

DISCUSSION 

The major findings of this study were: (1) paralytic attacks were observed in 

HyperKPP mice especially at 1 and 2 months of age; (2) HyperKPP mice between 1-2 

months of age had a lower exercise capacity than their W.T. counterparts; (3) there was an 

increase in fibers expressing MHC-IIA isoform in HyperKPP EDL as early as 2 months of 

age, and an increase in fibers expressing MHC-I in HyperKPP soleus by 4 months of age; 

(4) HyperKPP diaphragm and FDB muscles did not show changes in fiber type composition; 

and (5) fiber damage in Mouse(+/M1592V) was mild and no vacuolization was observed. 

PARALYSIS IN Mouse(+/M1592V)  

 In their 2008 study, Hayward et al(7) did not report paralysis in Mouse(+/M1592V). 

Therefore, this was the first study reporting paralysis in Mouse(+/M1592V). Unlike W.T. mice, 

paralyzed HyperKPP mice failed to escape when touched with a pencil. Therefore, the 

observations of mice dragging their hind limbs while moving using forelimbs, and mice 

flipping on their sides, were interpreted as paralysis. While EMG measurements will clearly 

indicate paralysis by the absence of electrical activity, for this study, the event of paralysis 

was confirmed by checking the escape reaction. 

 The observation of paralysis also showed that the attacks were brief. Even at the age 

of 1 month -time of highest frequency- paralysis was not observed in all mice or in the same 

mouse daily over the five days of observation. Perhaps the observation time spent during 

treadmill running was long enough to visualize those paralytic attacks reported, which could 
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be missed if not observed over a long period of time.   

EXERCISE PERFORMANCE 

At the age of 3 weeks, exercise capacity of W.T. mice did not improve over the five 

days of exercise, and the average distance run was lower compared to mice at 1 and 2 

months of age. These young mice are possibly still in the process of developing their motor 

abilities and thus struggle to improve. According to Mänttäri et al(68), action potential 

conduction velocity increased gradually in a pattern similar to the increase in NaV1.4 content 

during development in mice, in which NaV1.4 content reached a maximum by 25 days after 

birth.  

The average distance run by W.T. FVB mice in this study was similar to averages 

reported in previous studies examining FVB mice. For example, 2-month-old W.T. mice in 

this study ran an average of 560 m. Similarly, Massett et al(69) reported an average of 625 m 

run on treadmill by 2-month-old FVB mice.  

Despite the short period of exercise in this study (5 days), W.T. mice between 1 and 

3 months of age were able to improve their running capacity throughout the five days of 

exercise by at least 2.2 fold. Although mice from different strains vary in their exercise 

capacities, these results were in agreement with Thabet et al(66) findings that showed 2-

month-old C57 mice improving their running capacity by 2.5 folds over five days of 

treadmill running. The rapid increase in exercise capacity was due to the beneficial effects of 

short-term exercise on muscles. Baar et al(70) showed that even a short-term exercise, five 

daily bouts of swimming in their case, was enough to enhance respiratory capacity of 3-

month-old rats. Furthermore, mRNA of transcriptional co-activator PGC-1α (enhances 
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oxidative metabolism of muscles and promotes mitochondrial biogenesis) was increased by 

50% after only three days of exercise and by twofold after five days of exercise. 

Consequently, exercise performance improved with enhanced respiratory capacity of the 

muscle.(70, 71) 

At 4 months of age, W.T. mice had a lower running improvement over the five days 

of exercise. On average, they also ran shorter distances compared to mice between 1 and 3 

months of age. Furthermore, 9 and 12-month-old W.T. mice failed to improve their running 

capacity over the five days of exercise and on average ran the shortest distances among their 

younger peers. This progressive loss of exercise capacity in older mice is expected and could 

be attributed to aging.(72-74) In a previous study on rats between 2 and 12 months of age, it 

was found that rats between 2 and 4 months of age had the highest running activity, 

followed by rats between 5 and 9 months of age, while those between 10 and 12 months of 

age had the lowest running activity compared to younger rats.(72) 

There are many factors behind the loss of exercise capacity with age. It has been 

suggested that age-related morphological changes at the level of the neuromuscular junction 

may alter exercise capacity in aged mammals.(74, 75) Ultrastructural studies on adult young 

and old mice (between 3 and 24 months of age) showed a decrease in presynaptic terminals, 

a decrease in synaptic vesicles, and a decrease neurotransmitter release in old mice 

compared to young ones.(75) In addition to structural changes, studies have also shown that 

VO2 max and maximal exercise capacity declined with age in untrained C57 mice. This was 

supported by other studies showing a significant decrease in mitochondrial count with age in 

mice. (75, 76)  

Compared to their W.T. littermates, HyperKPP mice at 3 weeks of age ran similar 
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distances during the five days of exercise. However, between 1-2 months of age, HyperKPP 

mice ran shorter distances on the fifth day of exercise, which was reflected on the lower 

average performance compared to W.T. mice. The differences in exercise performance 

between W.T. and HyperKPP mice cannot be attributed to body weights since both groups 

were similar in that aspect. However, the presence of myotonic discharges in HyperKPP 

mice could be responsible for the lower exercise capacity in these mice. In a recent study by 

Dejong and Renaud (unpublished results), EMG measurements of gastrocnemius muscles 

showed a significantly higher electrical activity in vivo in HyperKPP between 2 weeks and 2 

months of age compared to W.T. mice while at rest or actively moving. Such activity was 

indicative of myotonic discharges. Therefore, myotonic discharges may have lowered the 

exercise capacity of HyperKPP mice between 1-2 months by starting the fatigue process 

sooner in these mice. The increase in muscle contraction frequency caused by myotonic 

discharges may have increased the demand for ATP. In such cases, muscle fibers tend to 

initiate the onset of fatigue to protect against ATP depletion by reducing Ca2+ release from 

the sarcoplasmic reticulum (SR). This in turn leads to the drop in force observed in the 

fatigue process. In addition, myotonic discharges lead to an increase in both [Na+]i and [K+]e	  , 

which work synergistically to induce the process of fatigue by lowering action potential 

amplitude and reducing Ca2+ release from the SR.(77, 78) 

HyperKPP mice between 4 and 12 months of age had a slightly better exercise 

performance than their W.T. counterparts. The increase in fibers expressing oxidative MHC-

IIA observed in HyperKPP muscles could be the reason behind the improved exercise 

endurance. It was reported in several studies that the exercise-induced increase in oxidative 

fibers contribute to improved exercise performance.(70, 79) However, the large increase in 
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fibers expressing MHC-IIA isoform observed in fast-twitch EDL of HyperKPP mice should 

have led to a bigger improvement in exercise performance than what was observed. In a 

study performed on C57 mice, a 1.3-fold increase in running distance was accompanied by a 

2-fold increase in MHC-IIA fibers in fast-twitch plantaris muscles (Waters, 2004). In this 

study, EDL of HyperKPP mice between 4 and 12 months of age had a 3.1-fold increase in 

fibers expressing MHC-IIA isoform compared to W.T. mice. Such an increase should have 

been accompanied by at least a 2-fold increase in running distance. Instead, only 1.4-fold 

increase was observed in distances run by these mice, indicating a running defect. It is 

possible that the myotonic discharges were still affecting HyperKPP mice at these ages, 

restricting their exercise performance despite the increase in oxidative fibers.  

MYOSIN EXPRESSION 

EDL and soleus muscles: Shifts towards MHC-IIA and MHC-I 

Fiber type composition of FVB mice used in this study showed a considerable 

agreement with the results reported using C57 and CD-1 mice.(66, 67) In previous studies, an 

increase in oxidative MHC-I fibers was reported in fast-twitch muscles of HyperKPP 

patients (Bradley, 1990) and an increase in MHC-IIA fibers was reported in fast-twitch 

tibialis anterior muscle (TA) of 12-month-old HyperKPP mice.(4, 7) Hayward et al(7) also 

reported an increase in PGC-1α in fast-twitch HyperKPP muscles, indicating an increase in 

oxidative capacity. This study also reports a drastic increase in fibers expressing MHC-IIA 

in EDL of HyperKPP mice by 1.5 months of age, followed by a decrease in fibers 

expressing MHC-IIB isoform. In the soleus of HyperKPP mice, there was an increase in 

MHC-I followed by a decrease in MHC-IIA isoform by 4 months of age.  

Such changes in fiber types have been well documented in the literature studying 

myotonic channelopathies such as myotonia congenita and potassium aggravated myotonia 
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(PAM) that are caused by mutations in the ClC-1 and NaV1.4, respectively. Genetically 

modified mice with myotonia showed a clear reduction in MHC-IIB that was compensated 

for by an increase in MHC-IIA fibers in the TA muscles.(80) It was also suggested that the 

hyper-excitability of myotonic muscles resulted in biochemical adaptations similar to those 

observed in chronic low-frequency stimulated muscles.(81) Additionally, studies have shown 

that stimulating EDL muscles of rats with soleus-like motor activity (low frequency 

stimulation) induced significant changes in fiber type composition by increasing MHC-IIA 

fibers and decreasing MHC-IIB content.(55, 82) On the other hand, soleus muscles showed 

smaller changes in fiber type content (a decrease in MHC-IIA and a small increase in MHC-

I) when exposed to the same pattern of stimulation. And since soleus muscles already 

express slow MHC-I in more than 75% of fibers, low-frequency stimulation affects it in a 

minimal way. (82) In HyperKPP, myotonic discharges resemble low-frequency stimulation, 

thus HyperKPP muscles were able to adapt their fiber type composition to meet the 

myotonic demands. 

 Fiber type transition is considered one of the slowest and most complex outcomes of 

changes at the level of gene expression. Calabria et al(83) suggested a mechanism by which 

this transition may occur. It involved different recruitment patterns of Nuclear Factor of 

Activated T cells (NFAT) family, which have been linked to slow fibers and oxidative 

capacity of the muscle. Their results showed that the four NFAT isoforms: NFATc1, 

NFATc2, NFATc3, and NFATc4 were present in skeletal muscles; however, their activation 

pattern determined the MHC isoform expressed in the muscle. They showed that slow 

stimulation induced the expression of MHC-I, which required all NFAT isoforms to be 

activated. Whereas MHC-IIA and MHC-IIX expression needed the activation of NFATc2, 



	   72	  

NFATc3, and NFATc4. The expression of MHC-IIB required the activation of only 

NFATc4. They also showed that continuous slow stimulation increased [Ca2+]i which 

activated Ca2+-calcineurin pathway, leading to an increase in oxidative fibers in the muscle. 

Therefore, it is possible that the myotonic discharges in HyperKPP increased the activation 

of NFATc2, NFATc3, and NFATc4 via Ca2+-calcineurin pathway in EDL muscles 

promoting the expression of MHC-IIA isoform. While in the soleus, myotonic discharges 

may have cause the activation of all four NFAT isoforms, promoting the expression of 

MHC-I. 

The exercise effect. The 5-day exercise protocol was not enough to exert changes on 

fiber type composition in W.T. animals. This was expected, as TA muscles of C57 mice did 

not show changes in fiber type composition even after five weeks of treadmill running.(66) 

Exercise also did not have an effect on fiber type composition in soleus, diaphragm or FDB 

muscles of HyperKPP mice. However, in the EDL of HyperKPP mice, exercise seemed to 

exacerbate the increase in MHC-IIA and decrease in MHC-IIB isoforms observed compared 

to muscles of non-exercised mice. In EDL of HyperKPP mice, exercise may have been 

reinforcing the intensity of the stimulation already taking place as a result of myotonic 

discharges.  

 Hybrids. When percentages of the four MHC isoforms were summed in this study, 

the total number was increased in HyperKPP as compared to W.T. muscles. This is an 

indication of an increase in hybrid fibers, which result from a sequential transformation 

between the fiber types.(54) According to Banas et al(67), 17% of fibers in EDL muscles of 

CD-1 mice expressed MHC-IIA isoform and 57% expressed MHC-IIB, but IIA/IIB hybrids 

were not observed in these muscles. However, it was reported that myotonia could cause 
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fiber type transitions that give rise to such rare IIA/IIB hybrids.(81) This might also be 

occurring in HyperKPP since there was an increase in the sum of MHC-IIA and MHC-IIB 

contents in HyperKPP EDL muscles compared to W.T. muscle.  

 There was also an increase in the sum of MHC-IIA and MHC-IIX contents in 

HyperKPP compared to W.T. muscles suggesting a higher chance for IIA/IIX hybrids in 

EDL muscles of HyperKPP mice (Fig. 3-8). This indicates that the drastic increase in fibers 

expressing MHC-IIA isoform in EDL of HyperKPP muscles does not necessarily reflect an 

increase in pure MHC-IIA fibers, but instead is caused by the increase in IIA/IIX hybrids.  

Diaphragm and FDB muscles: Unaffected 

 One of the main objectives of this study was to examine how different muscles in 

HyperKPP were affected in vivo by examining changes in fiber types. This study reported 

that the most drastic changes in fiber type composition occurred in EDL, followed by soleus 

muscles. These results agreed with in vitro contractility experiments, which showed that 

EDL of HyperKPP mice muscles had the most contractile dysfunction followed by soleus 

muscles (Lucas, M.Sc. thesis). The results also showed that the fiber type compositions of 

the diaphragm and FDB muscles were not affected in HyperKPP mice, supporting the 

second hypothesis. This further suggests that the extent of changes in fiber type in vivo may 

reflect the severity of symptoms in these muscles. In fact, in vitro studies showed minimal 

contractile dysfunction in the diaphragm as well as FDB muscles, which was supported by 

in vivo results from this study. 
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SEVERITY OF SYMPTOMS IN MUSCLES IN RELATION TO NaV1.4 

CONTENT AND ACTIVITY 

 Some of the differences in the severity of symptoms between the four muscles tested 

in this study could be related to their fiber type composition, NaV1.4 channel content and 

activity. 

 Most of the changes in fiber type composition in HyperKPP were reported in fast-

twitch muscles such as the EDL and the TA.(4, 7) These muscles mostly express fast-

glycolytic MHC-IIB and MHC-IIX isoforms. Other muscles such as soleus, the diaphragm 

and FDB muscles expressed a minimal amount of MHC-IIB fibers, which could explain the 

low effect on these muscles. 

 It was expected that the extent of severity of HyperKPP symptoms in different 

muscles was proportional to NaV1.4 channels content: The greater the content, the more 

severe the symptoms. Western blot experiments investigating NaV1.4 content in different 

HyperKPP muscles showed that NaV1.4 content was highest in EDL muscles, while the 

soleus expressed only 32% of the NaV1.4 channels content observed in EDL muscles 

(Ammar and Renaud, unpublished results). This was not surprising since EDL muscles were 

more affected in vivo and in vitro than soleus muscles. FDB muscles also had a small NaV1.4 

channel content (23% of NaV1.4 content in EDL). This also goes with the lack of symptoms 

in this muscle. However, the diaphragm, which was neither affected in vivo nor in vitro, had 

a high NaV1.4 channel content (76% of NaV1.4 content in EDL).  

 Another discrepancy was observed with Na+ influx through NaV1.4 channels in 

HyperKPP muscles. It was expected that Na+ influx would be highest in EDL followed by 
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soleus muscles. However, Na+ influx in the EDL of HyperKPP mice was very similar to that 

of soleus muscles (270 nmoles / g wet weight / min for EDL vs. 265 for soleus) (Renaud lab, 

unpublished results). On the other hand, HyperKPP FDB muscles had the lowest Na+ influx 

(24 nmoles / g wet weight / min), which was expected due to the lack of changes in these 

muscles. Surprisingly, the highest influx was observed in diaphragm (323 nmoles / g wet 

weight / min), adding to the mystery of this muscle. Table 4-1 summarizes the differences 

between muscles reported in this project (Renaud lab, unpublished results). 

Taking all parameters into account, the severity of symptoms in EDL, soleus and 

FDB muscles in HyperKPP could be correlated to their respective NaV1.4 channel contents, 

and Na+ influx. However, when taking into account the diaphragm muscle, the high NaV1.4 

channel content and high Na+ influx observed in this muscle does not explain how it is 

unaffected and spared from paralysis, contractility defects, and fiber type changes. These 

results suggest that the diaphragm may have special protective mechanisms since it is 

constantly active. This activity may act like mild exercise as it prevents paralysis in 

humans.(19) Unfortunately, the mechanism behind this protective feature is not well 

understood. 

FIBER DAMAGE 

The presence of fiber damage and vacuolar myobathy in HyperKPP patients is well 

established in the literature.(4, 22) In Mouse(+/M1592V), Hayward et al(7) reported a mild increase 

in fibers with central nuclei in the hamstring muscle at 4 months of age. They also reported 

an increase in fibers with central nuclei in the TA muscles of 24-month-old HyperKPP mice, 

with vacuolization reported in homozygote but not heterozygote HyperKPP mice. In this 

study, a mild increase in fibers with central nuclei in HyperKPP was observed in 12 and 24-
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month-old mice. Therefore, this study further supports Hayward et al(7) findings with respect 

to the mild fiber damage observed in Mouse(+/M1592V) muscles and the lack of vacuolization.   
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TABLE 4-1 

 

Table 4-1: Different muscles were affected to different extents in HyperKPP mice. The 

EDL muscle of HyperKPP mice showed the most changes in fiber type composition and had 

the most contractile dysfunction. FDB muscles on the other extreme were the least affected 

by HyperKPP. The lack of effect on the diaphragm muscle of HyperKPP cannot be 

explained by NaV1.4 channel content or activity. 
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HUMAN VS MOUSE(+/M1592V)  

 Mouse(+/M1592V) was considered a good animal model to study HyperKPP because it 

presented many HyperKPP characteristics that were seen in HyperKPP patients such as the 

myotonic discharges and muscle force depression at high [K+]e, in vitro.(7) In addition, and 

as seen in this study, Mouse(+/M1592V) also presented paralysis. However, while some 

HyperKPP mice were observed paralyzed, many did not present paralysis suggesting a high 

variation in the severity of HyperKPP symptoms between mice. Immunohistochemical 

analysis also revealed a high variability in fiber type composition among HyperKPP mice 

especially in EDL muscles. Similarly, variability in symptoms was observed between human 

HyperKPP subjects even within the same family.(18, 84, 85) It was suggested that differences 

between patients (and hence between HyperKPP mice) might be due to variations in 

defective-to-normal NaV1.4 ratio in heterozygotes.(18)  

In addition, variation was observed within the same subject. The observation of paralysis in 

this study showed that the same HyperKPP mouse was not observed paralyzed daily during 

the five days of observation. This was also seen in clinical studies, in which the same patient 

might or might not experience paralysis after exercise.(86) McManis et al(86) related the 

differences within the same patient to fluctuations in electrolyte balance and status within 

the muscle. 

 Although both HyperKPP patients and Mouse(+/M1592V) present paralysis and 

variability in symptoms, differences were observed with respect to the characteristics of the 

paralysis itself, reflecting major differences between Mouse(+/M1592V) and human patients in 

vivo. One of these differences is rest after strenuous exercise being a common trigger for 
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paralytic attacks in HyperKPP patients. Miller et al(5) reported that rest after strenuous 

exercise triggered paralytic attacks in 80% of all HyperKPP patients tested, and in 73% of 

patients with the M1592V mutation. However, in Mouse(+/M1592V), paralysis was randomly 

observed before, during, or after exercise with no apparent correlation. In addition, paralytic 

attacks in patients with M1592V mutation lasted on average between 24 and 144 hours. In 

Mouse(+/M1592V), however, the attacks were brief lasting between 10 and 30 seconds. 

Another difference between human patients and Mouse(+/M1592V) is the extent of fiber 

damage. Vacuolization was not observed in Mouse(+/M1592V), whereas in humans it was 

observed in many cases. One explanation for the mild damage in HyperKPP mice could be 

the short life span of mice compared to humans. Mice may not live long enough to 

experience extensive fiber damage. 

SUMMARY 

The main objective of this project was to follow the progression of HyperKPP in 

Mouse(+/M1592V) in relation to NaV1.4 channel content and/or activity. Particularly to 

determine if the asymptomatic period at the beginning of life, and the onset of symptoms 

result only from the defect in NaV1.4 channels and not from changes in the expression of 

other ion channels as a result of changes in gene expression. 

NaV1.4 channel content reached a maximum at 3 weeks in W.T.(17, 68) as well as in 

HyperKPP mice (Ammar and Renaud, unpublished results). At 2 weeks of age, HyperKPP 

EDL had a Na+ influx that was 3.6-times greater than wild type EDL (Barbalinardo and 

Renaud, unpublished results). These results explain the contractile defects observed in vitro 

in EDL muscles of 2-week-old HyperKPP mice. The results also suggest that the paralysis, 

which peaked in HyperKPP mice 1 week after NaV1.4 channel content reached a maximum, 
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as well as the defect in exercise capacity that started at 1 month of age, were possibly due to 

the increase in NaV1.4 channel content and reaching a critical level by 3 weeks of age.  

The results in this project do not support, but also do not eliminate, the possibility of 

the involvement of changes in other membrane components that may trigger or increase the 

severity of symptoms. Such changes would be the result of changes in gene expression, 

which occurred later between 1.5-2 months of age in HyperKPP mice, manifested in the 

changes in fiber types observed in the EDL. As a result, direct measurements of channel 

activity and content are necessary. 

In conclusion, the results from this study as well as from the in vitro studies 

performed for this project support the hypothesis that the defect in NaV1.4 channels is the 

only factor responsible for the onset and progression of symptoms. However, this study 

demonstrated that differences between muscles in HyperKPP were not just dependent on 

NaV1.4 channel content or activity. Therefore, these differences cannot be related only to the 

defect in NaV1.4 channels in HyperKPP.   
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APPENDIX 1 

Chemicals used in experimental protocols. 
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