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1. INTRODUCTION 

1.1. Calcium channels in mammalian skeletal muscle 

 
The Ca2+ ion signals in skeletal muscle cells are generated by activation of calcium 

channels. The major Ca2+ reservoir of muscle cells is the sarcoplasmic reticulum (SR). 

Ca2+ release from this internal store is mostly controlled by ryanodine receptor type 1 

(RyR1) channel. Another component of Ca2+ signaling system of muscle cells is DHPR L-

type Ca2+ channel located in the plasma membrane, which interacts directly with the large 

cytoplasmic head of the RyR1 embedded in the SR in a close proximity to plasma 

membrane. The primary activator of RyR1 channels are the voltage-dependent activity of 

the DHPRs.   

 

1.1.1. Dihydropyridine receptor Ca2+ channel 

 
The DHPRs of skeletal muscles are the membrane proteins expressed in the T-tubule, also 

known as L-type Ca2+ channels. These receptors were so-named because of their high 

affinity to the calcium antagonists and the inhibitors of dihydropyridine group [Reuter, 

1985; Porzig, 1990]. L-type means long-lasting because the depolarization activated 

channels remain open for a relatively long time before they inactivate. There are three 

gating states of the voltage-dependent DHPR Ca2+ channels: 

- the resting state, when channels are closed in the absence of electric stimulation; 

- the active state, when channels are opened in response to electric stimulation; 

- the inactive state, when channels are closed during sustained depolarization and 

require long recovery time before the next activation. 

In electron micrographs of the skeletal muscle fibers of vertebral animals the DHPRs look 

like groups of four proteins (tetrads). These tetrads are located right above the sequence of 

four RyR subunits positioned in two parallel rows on the T-tubule (Figure 1). 

 

 
Figure 1. Localization of DHPRs and RyRs in the T-tubule 

On the left picture large shaded circles represent RyRs, white circles are the 
intramembrane part of RyRs, and black circles are the DHPR tetrads. The right 
picture is the electron microscopy image of tetrads [Franzini-Armstrong & 
Jorgensen, 1994] 
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The cytoplasmic domains of the RyRs (“feet”) and the DHPRs interact with each other. It 

was shown that DHPR channel can produce very small Ca2+ currents during the active state 

(the conductance is of ~20 pS) [Ohya et. al., 1998].  

DHPR Ca2+ channel is a protein complex, which consists of five different subunits: α1, α2, 

β, γ, and δ. Subunit α1 (193-214 kDa) [De Jong et al., 1991] is a pore-forming protein 

which has a potential sensor together with DHP-sensitive binding sites. The α1 subunit is 

organized in four repeated domains I÷IV (Figure 2). The single domain has six 

transmembrane helical segments S1÷S6, which are connected with each other by protein 

loops. The S4 segment in each homologous domain carries positive charges and acts as a 

voltage sensor. During depolarization the positive charges of this segment start to move 

(gating charge movement). The charge movement initiates the conformational changes in 

the protein that lead to the opening of the channel pore [Jiang et al., 2002]. The region 

connecting the S5 and S6 segments in each domain determines the selectivity and 

conductance of the channel. The DHPR channel possesses much higher selectivity to Ca2+ 

than to monovalent ions [Hess et al., 1986] because of its specific Ca2+-binding sites 

[McCleskey & Almers, 1985].  

The α2 subunit of DHPR (130-150 kDa) [Ellis et al., 1988] is probably an extrinsic 

membrane protein which has a large glycosylated extracellular domain. This protein is 

linked to the transmembrane δ subunit (24 kDa) via disulfide-bonds [De Jong et al., 1990]. 

The β subunit (54 kDa) is entirely cytoplasmic [Takahashi et al., 1987] and was found to 

 
 

Figure 2. Schematic of composition of DHPR Ca2+ channel subunits. 

Schematic represents the voltage-gated DHPR channel which consists of α1, α2, β, δ, γ 
subunits [Catterall, 2000]. The α1 subunit has four domains (I÷IV). The numbers at each α1 

domain indicate the loops of bound protein segments S1÷S6. The S4 are positively charged 
voltage-sensitive segments. 
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bind to the intracellular linker between domains I and II of the α1 subunit of DHPR with 

very high affinity (about 17 nM) [Canti et al., 2001]. The co-expression of the β domain 

(BID) has been shown to increase the amplitude of endogenous calcium current [Hille, 

2001]. The experiments on β-knock-out muscle cells demonstrated that β subunits are 

important in tetrad formation, because the lack of β subunit reduces the expression of 

DHPR in the membrane and diminishes the gating charge movement [Schredelseker et al., 

2005]. 

The γ1 subunit (30 kDa) [Takahashi et al., 1987] is exclusively expressed in skeletal 

muscle. It has four transmembrane hydrophobic sequences [Campbell et al., 1988] and two 

N-glycosylation sites [Jay et al., 1990]. It was shown that the γ1 subunit has an inhibitory 

effect on voltage dependency of activation/inactivation processes. Our laboratory studied 

the Ca2+ fluxes in skeletal muscles of γ1 knock-out mice and found that the γ1 subunit acts 

like an endogenous Ca2+ antagonist. And the role of the DHPR γ1 subunit is to minimize 

the Ca2+ entry and the Ca2+ release under the stress-induced conditions [Ursu et al., 2004, 

Andronache et al., 2007].   

 

1.1.2. Ryanodine receptor Ca2+ channel 

 
Ryanodine receptors are a type of receptors that control the level of intracellular free Ca2+ 

by regulating the Ca2+ release from the SR Ca2+ store. Ryanodine receptors are highly 

sensitive to inhibition by plant alkaloid ryanodine (KD < 50 nM) [Su, 1988]. To gain the 

functional flexibility necessary to respond to different triggering signals, at least three 

isoforms of RyRs are expressed in mammals, each one encoded by a distinct gene (RyR1, 

RyR2 and RyR3). In striated muscle fibers the ryanodine receptor 1 isoform (RyR1) is 

predominantly expressed. RyR3 is expressed at different levels in many tissues including 

muscle. But the RyR2 isoform is mainly presented in the cardiac muscle. RyR1 channels 

directly control intracellular Ca2+ release, demonstrating the large conductance of about 

781 pS [Xu et al., 2008].  

Cryo-electron microscopy (cryo-EM) [Hamilton & Serysheva, 2009] and X-ray 

crystallography [Lobo & Van Petegem, 2009] demonstrated that RyR1 is a homotetrameric 

protein complex with molecular mass of > 2 MDa [Inui et al., 1987; Lai et al., 1988]. RyR1 

has a stalk-like part immersing to the SR membrane and a mushroom shaped cytoplasmic 

assembly, which interacts with DHPR (Figure 3). 
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A B 

 

Figure 3. Cryomicroscopy image of the DHPR and RyR1 cluster and schematic of 
the intra-membranal translocation of this cluster.  

(A) Two views of the single DHPR (blue) and RyR1 (gray) cluster are presented with 
accordance to [Serysheva et al., 2002; Hamilton et al., 2000]. (B) The schematic 
demonstrates a physical interaction between RyR1 and DHPR.  
 

 

According to RyRs mapping, the Ca2+ pore of the channel consists of six to eight 

transmembrane segments [Du et al., 2006]. The conformational changes in these 

transmembrane domains and the cytoplasmic assembly are those mechanisms switching 

the pore open/close state similar to the iris of camera diaphragm [Serysheva et al., 1999]. 

Ryanodine receptors are often accompanied with accessory proteins forming multiprotein 

complexes [Capes et al., 2011]. Calmodulin is one example of the proteins which causes 

RyR1 inhibition [Tripathy et al., 1995] and FKBP12 stabilizes RyR1 and RyR2 upon 

binding [Brillantes et al., 1994]. All accessory proteins contribute to the regulation of RyRs 

activities. 

 

1.1.3. Functional regulation of the ryanodine receptor 

 
The activity of RyR1 can be modulated by a number of physiological agents, including 

Ca2+, Mg2+, and ATP, and it depends to great extent on various cellular processes, such as 

phosphorylation and oxidation [Capes et al., 2011]. All three RyR isoforms harbor both 

activating and inactivating Ca2+ binding sites. The RyR1 channels are activated by 

concentrations as low as 1µM Ca2+ by binding Ca2+ to a high affinity activating site, and 

are inhibited at 1mM by binding to a low affinity inhibitory site. The agonist effect of ATP 

and the inhibitory power of Mg2+ significantly influence the kinetics of calcium-dependent 

activation and inactivation. Competing with Ca2+ ions, the Mg2+ ions apparently bind to 

both Ca2+ activating and inactivating sites of RyR1, attenuating the former and intensifying 

the latter [Steele & Duke, 2007]. Additionally, at concentrations less than 1 mM cytosolic 

Mg2+ can trigger spontaneous release of Ca2+ also known as calcium spark, a random 

localized increase of intracellular calcium concentration, which affect RyR1 functionality. 



 5

RyRs have three phosphorylated sites and could be phosphorylated by calmodulin-

dependent kinase II (CaMKII) [Wehrens et al., 2004] and protein kinase A (PKA) [Xiao et 

al., 2006]. The functional outcomes of RyRs phosphorylation are not fully clear yet, but in 

general the phosphorylation leads to growing channel activity caused by dissociation of 

associated proteins calbstabin-1 and FKBP12 from the RyR1. The protein 

dephosphorylation initiates decreasing of RyR1 channel activity [Reiken et al., 2003]. 

CaM regulates RyR1 activity directly as its major ligand, and indirectly as a cofactor for 

CaMKII [Capes et al., 2011]. Decrease of CaM binding due to RyR1 nitrosylation 

stimulates the Ca2+ channel activity [Eu et al., 2000]. In skeletal muscle cells, CaM is 

proposed to serve as an oxidative stress sensor and to protect RyR1 from oxidative stress. 

Oxidative stress is likely to modulate the binding of accessory proteins to RyRs and this 

also directly affects the thiol residues in cysteines causing RyRs malfunctioning [Dowling 

et al., 2012]. 

 

1.2. Excitation-contraction coupling in muscle fiber 

 
The physiological process of muscle excitation-contraction (EC) is associated with Ca2+ 

channels in the muscle fibers. Perhaps the most specialized mechanism of excitation-

contraction (EC) coupling is found in skeletal muscle, which has a DHPR L-type voltage-

dependent channel located in the plasma membrane that directly interacts with the large 

cytoplasmic head of the RyR1 embedded in the SR. Spatially DHPR and RyR1 calcium 

channels are localized in the triad junction formed by the T-tubule (membrane 

invagination) and two terminal cisternae of the SR maintaining a gap of roughly 10 nm 

[Franzini-Armstrong & Jorgensen, 1994]. Membrane depolarization upon transmission of 

an action potential over the muscle cell membrane induces a conformational change in L-

type channel that is transmitted directly to the ryanodine receptor type 1 (RyR1) causing it 

to release Ca2+ from the SR.  

The DHPR plays a dual role as a “slow” calcium channel (Ca2+ entry) and a voltage sensor. 

It is generally accepted, that the depolarization signals activate movement of 

intramembrane charges in the S4 segment in α1 subunit of the DHPR [Pizarro et al., 1989; 

Ahern et al., 2001; Chandler et al., 1975]. The following conformational changes in the 

DHPR in response to the membrane depolarization trigger the gating of the RyR1 that 

leads to the Ca2+ efflux from the SR into the cytosol. This phenomenon is called 

depolarization-induced calcium release (DICR). In the cardiac muscle cells, where there is 

no direct protein-protein interaction between DHPR and RyR2 channels, a small rise of 
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Ca2+ concentration in cytosol mediates massive calcium release from the SR, thus evoking 

the Ca2+-induced Ca2+ release event (CICR). Unlike in heart muscle, in skeletal muscle the 

triggering of the Ca2+ release occurs due to the direct physical coupling between DHPR 

and RyR1 [Block et al., 1988; Paolini et al., 2004]. The mechanism of the coupling is not 

clear yet, although there are experimental data which indicate the possibility of a binding 

protein which links these two receptors. The Ca2+ release from the SR does not depend on 

the calcium influx through the DHPR because Ca2+ entry has much slower kinetics than 

Ca2+ release [Ursu et al., 2005]. On the other hand, the experiments using the inhibitors of 

the DHPR calcium channels demonstrated a suppression of Ca2+ transients and therefore 

confirmed the leading role of DHPRs in triggering the calcium release in the skeletal 

muscles [Shtifman et al., 2004; Bannister et al., 2009].  

 

1.3. Central core disease and malignant hyperthermia. 

1.3.1. Pathophysiology and genetic background of CCD and MH 

 

Central core disease (CCD) is a rare genetic neuromuscular disorder first described in 1956 

by Magee and Shy [Magee & Shy, 1956] that is classified as a congenital myopathy. The 

disease was named after the histopathological feature of muscle fibers’ central core with 

omitted oxidative enzyme activity [Quinlivan et al., 2003]. Diminished muscle tone, 

muscle weakness, and a variety of skeletal abnormalities are those characteristic symptoms 

associated with CCD. Muscle weakness normally affects the proximal muscles, which are 

closest to the center of the body such as the muscles of the shoulder, pelvis and upper arms 

and legs. Affected infants may experience delays in acquiring motor milestones such as 

crawling or walking, weakness of the neck and facial muscle (blinking inability). CCD 

may be very mild or may cause serious complications. Typically the most cases are 

inherited as autosomal dominant trait and associated with nonprogressive muscle disease 

and normal life span. Some cases are inherited as autosomal recessive traits and are more 

likely to be associated with severe complications [Dubowitz & Platts, 1965, Wu et al., 

2006].   

On the cellular level the disorder can be identified by amorphous areas, central cores 

(Figure 4) [Fujimura-Kiyono et al., 2008] within the muscle fibers [Kossugue et al., 2007], 

which are lesions of the sarcomeres with sarcomeric disorganization lacking of 

mitochondria and the oxidative activity [Quane et al., 1993]. These cores are located 

mainly in type I muscle fibers and may be single or multiple, central or peripheral [Magee 
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& Shy, 1956; Monnier et al., 2000]. It was shown that there are no associations between 

the number of cores in the muscle biopsy and the level of muscle weakness and ages of the 

patients [Wu et al. 2006]. 

 

 

 
 

Figure 4. CCD muscle fibers under the 
microscope. 

Formation of central cores (white spots) in type 1 
slow muscle fibers [Fujimura-Kiyono et al., 
2008] 

 Figure 5. Critical spots of mutations in various 
neuromuscular diseases. 

Distribution of mutations in RyR1 protein for CCD 
(violet rhombus) and MH (blue circle) [Jurkat-Rott & 
Lehmann-Horn, 2005] 

 

Central core disease is a dominantly inherited congenital myopathy, allelic to malignant 

hyperthermia (MH). Malignant hyperthermia is a pharmacogenetic condition with 

autosomal dominant inheritance. It is not a disease per se, but rather a genetic 

predisposition in an otherwise normal individual to develop a serious adverse reaction in 

response to exposure to certain potent inhalational anesthetics, including halothane, 

methoxyflurane, enflurane, sevoflurane, desflurane, and depolarizing muscle relaxants 

such as succinylcholine. MH reactions are more prevalent in childhood with an incidence 

of 1:15 000 in individuals under 16 years of age, compared with an incidence of 1:50 000 

to 1:100 000 in adults [Britt, 1991]. Malignant hyperthermia is a severe and occasionally 

fatal disorder. The most frequent manifestation is rapid increase in body temperature and 

signs of generalized metabolic decompensation, such as tachycardia, hypertension, 

electrolyte disturbances, and rhabdomyolysis leading to acute renal failure and neurologic 

damage [King & Denborough 1973; Britt 1991; Kosko et al., 1992; Jungbluth, 2007]. 

Therefore, during the surgery in critical situations the anaesthesia must be quickly 

interrupted and treated by the intravenous administration of dantrolene (the RyR1 

inhibitor) [Krause et al., 2004], cooling of the body along with increased ventilation to 

lower End Tidal CO2. 
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Molecular basis of both CCD and MH pathologies is related to the mutations in the 

ryanodine receptor gene (Figure 5) [Benkusky et al., 2004; Hamilton, 2005; Kossugue et 

al., 2007]. Mutations in the RyR1 gene at chromosome 19q13.1 of CCD patients are 

predominantly localized close to the C-terminal region of the gene, which is responsible 

for the formation of the transmembrane pore segment (residues I3916-A4942) [Shepherd et 

al., 2004; Lynch et al., 1999; Tilgen et al., 2001, Zalk et al., 2007]. The N-terminal 

(residues C35-R614) and the central (residues D2129-R2458) residues could be related to 

the cytoplasmic domain of the receptor [Lanner et al., 2010; Colleoni et al., 2009]. 

Interestingly, McCartny et al. (2000) have shown that the core lesions can appear as the 

result of RyR1 gene mutations even without detectable muscle weakness. The diverse sides 

of the CCD and MH pathologies are multiple minicores, peripheral cores, type 1 fibers 

without cores, muscle replacement with fatty tissue and others, which are all consequences 

of the mutations in the RyR1 gene [Sewry et al., 2002]. In recent years, more than 60 

mutations in RyR1 have been identified in MH/CCD families [Yang et al., 2005]. 

Mutations in MHS individuals are detected in three regions (exons 2-17, exons 39-46 and 

exons 90-104) of the RyR1 gene. However, the large size of the RyR1 gene (106 exons 

total) makes genetic analysis very difficult, mutation screening is preferentially performed 

only in those exons where known mutations are clustered [Robinson et al., 2003; Tammaro 

et al., 2003; Sambuughin et al., 2005]. Overall, it should be stated that the distribution of 

mutations within the RyR1 gene is very selective [Galli et al., 2006]. Rare cases of 

mutations in the α1 subunit of the DHPR gene have been reported in MH patients [Stewart 

et al., 2001; Monnier et al., 2005]. Importantly, the analysis performed in Italian 

populations revealed that some MHS individuals were negative for mutations in the 106 

exons of the RyR1 gene and in exon 25 of the CACNA1S gene [Barone et al., 1999]. This 

fact could be explained by some mutations different from the nucleotide changes in exon 

25 of the DHPR α1s gene or by mutations in genes which are not identified yet [Galli et 

al., 2006].  

Certain RyR1 mutations result in an MH-selective phenotype (MH-only), whereas others 

result in a mixed phenotype (MH-CCD phenotype). The association of CCD and MHS is 

quite strong, and therefore all clinical cases of CCD should be considered and analyzed for 

the risk of MHS [Robinson et al., 2006].  
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1.3.2. IT/+ mouse model for CCD 

 

Animal models are widely employed in the study of human diseases. It is crucial to choose 

the right animal model for studying the fundamental cellular mechanisms causing the 

disease and possible ways of disease treatment on its early stages. The validity of the 

mouse as a suitable model for certain human diseases is well established for their ability to 

produce dramatic phenotypes seen in patients [Rosenthal & Brown, 2007]. Currently, one 

of the most widely used animal is a transgenic mouse model [Mangiarini et al., 1996]. In 

addition, drosophila fruit flies [Marsh et al., 2003] and more recently generated monkeys 

[Yang et al., 2008] have been used by other investigators. There are several mouse models 

which have been generated for investigation of biochemical, physiological and genetic 

fundamentals of central core disease and malignant hyperthermia. RyR1I4895T/WT (IT/+) 

mice express a knock-in mutation corresponding to the human I4898T mutation in the type 

1 ryanodine receptor Ca2+ release channel, which causes a severe form of central core 

disease   [Lynch et al., 1999; Crescenzo et al., 2012; Zvaritch et al., 2009]. This mutation is 

located in a highly conserved GGIG4899 motif [Gao et al., 2000] forming the selectivity 

filter region (C-terminal of RyR1) in the pore of the RyR1 channel. This special position in 

the pore region has shown to lack of depolarization-induced Ca2+ release in myotubes from 

dyspedic mice, even in the presence of normal functional RyR1 [Avila et al., 2001a]. Early 

ultrastructural abnormalities include sarcomeric misalignment, Z-line streaming, focal loss 

of cross-striations, and myofibrillar splitting [Zvaritch et al., 2009]. IT/+ mice exhibit a 

slowly progressive congenital myopathy, with skeletal muscle weakness, impaired 

mobility, dorsal kyphosis, and hind limb paralysis. The homozygous knock-in mice die 

perinatally because of strong impairments in functioning of RyR1 that results in paralysis 

in all skeletal muscles. The heterozygous knock-in mice survive, breed normally and are 

genetically and phenotypically valid animal models for CCD [Zvaritch et al., 2009].  

 

1.3.3. YS/+ mouse model for MH 

 

A knock-in mouse model carrying mutation in RyR1 resulting in malignant hyperthermia 

susceptibility with a high incidence of central cores and type 1 fiber predominance in 

humans was developed and examined by several research groups [Chelu et al., 2006; 

Durham et al., 2008; Andronache et al., 2009]. The Y522S mutation in human RyR1 

corresponds to the Y524S mutation in mouse RyR1. The MH susceptible homozygous 

knock-in mice (RyR1Y524S/Y524S) with mutation of tyrosine 524 to serine [Chelu et al., 2006] 
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obtain severe skeletal and muscular defects and die during embryonic development 

[Boncompagni et al., 2009]. Heterozygous mice (RyR1Y524S/WT) are reproductive and exhibit 

MH-like responses to both heat stress and halothane exposure [Chelu et al., 2006; Durham 

et al., 2008]. Homozygous mice exhibit cores in the central regions of muscle fibers and 

skeletal abnormalities, while the central cores were not observed in heterozygous mice. It 

was shown that on molecular level the Y524S mutation enhances the SR Ca2+ leak and 

Ca2+ release channel sensitivity to activation by both voltage stimulus and RyR1 agonists 

[Dirksen & Avila, 2002; Dirksen & Avila, 2004; Chelu et al., 2006]. 

 

1.4. I4895T and Y524S mutation-associated misbalances of Ca2+ homeostasis 

1.4.1. Pathological alterations in ryanodine receptor 

 

Disease mutations in RyR1 have been shown to lead to three distinct channel defects. The 

first class is referred to leaky mutations; RyR1 channel activation is hypersensitive to 

electrical and drug stimulation [Avila & Dirksen, 2000]. Excessive Ca2+ leakage and SR 

store depletion are likely to contribute to abnormalities in intracellular Ca2+ homeostasis 

and compromise skeletal muscle function. The second class of mutations eliminates the 

Ca2+ release channel activity in response to activation stimuli [Dirksen & Avila, 2002]. The 

third class of mutations compromises the stability of the protein assembly and leads to a 

partial or almost complete ablation of RyR1 in skeletal muscle [Zhou et al., 2006]. The 

general resulting consequence of the mutation-associated RyR1 defects is disturbance of 

the muscle cells Ca2+ homeostasis.  

The I4895T RyR1 mutation affects the selectivity filter of the Ca2+ release channel. The 

bidirectional DHPR-RyR1 signaling with the DHPR triggering the SR Ca2+ release 

(orthograde coupling) and RyR1 enhancing the Ca2+ conducting activity of the DHPR 

(retrograde coupling) are those mechanisms which are significantly altered [Nakai et al., 

1998; Avila & Dirksen, 2000]. It has been shown that IT/IT myotubes produce Ca2+ influx 

through L-channels during depolarization but very small voltage-driven Ca2+ release. The 

failure of orthograde coupling in IT/IT myotubes is not due to the absence of RyR1 

expression [Zvaritch et al., 2007]. The SR Ca2+ leak through defective Ca2+ release 

channels which leads to near-complete SR Ca2+ store depletion  is probably the main case 

of IT/+ skeletal muscle paralysis [Zvaritch et al., 2007].  

With regards to the deleterious effects of Y524S mutation on Ca2+ signaling in myotubes 

of homo/heterozygous YS/+ knock-in mice, it was shown that the voltage-dependent 
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activation of Ca2+ release is shifted to more negative potentials indicating a higher 

sensitivity of mutant Ca2+ channels [Chelu et al., 2006]. The mutant RyR1 exhibited a 

retrograde effect on the DHPR that enhanced the voltage sensitivity of DHPR during 

inactivation processes [Andronache et al., 2009]. The structural alterations observed in 

muscles of YS/+ mice are confined to discrete portions of the fiber and involve a 

progression from early mitochondrial damage to the eventual loss of mitochondria, triads, 

and contractile elements [Boncompagni et al., 2009]. The Y524S mutation increases Ca2+ 

release from the SR which lead to intensive generation of reactive oxygen species (ROS) 

and/or reactive nitrogen species (RNS) which further enhance the SR Ca2+ leak and Ca2+ 

release channel heat sensitivity [Durham et al., 2008]. The local Ca2+ and ROS/RNS 

imbalance, attributable to aberrant Ca2+ leak resulting from the Y524S RyR1 mutation, 

might trigger activation of mitochondria permeability transition and subsequent induction 

of apoptosis. Unstructured cores probably arise from the combined effects of extreme 

sarcomere stretching (produced by contracture cores) and ROS/RNS-induced oxidative 

damage, proteolytic cleavage, and degradation of myofibrillar proteins. 

 

1.4.2. Modulation of muscle EC coupling by adrenergic agents 

 

The β-adrenoceptors play important regulatory role in cardiovascular, respiratory and 

metabolic functions. They are widely expressed in muscle cells [Williams et al., 1984] 

including skeletal muscles [Liggett et al., 1988; Martin et al., 1990].  Adrenoceptors are 64 

kDa proteins [Bridge et al., 1998] coupled to the membranal G-proteins [Hutchinson & 

Bengtsson, 2006]. They are classified into three main subtypes: α- and β-adrenoceptors.  

The β2 adrenergic receptor is the predominant isoform in skeletal muscles [Gosmanov et 

al., 2002]. Binding of the ligands to β-adrenergic receptors causes conformational changes 

in G-protein, which activates adenylyl cyclase and results in activation of protein kinase A 

(PKA) [Lefkowitz & Caron, 1988]. The protein kinase A in its turn induces cAMP to 

phosphorylate the DHPR-sensitive Ca2+ channels and thereby increases the open 

probability of channels as was shown in the frog skeletal muscles [Arreola et al., 1987].   

So far the most thoroughly investigated β-adrenoceptor agonists are adrenaline, 

isoproterenol and terbutaline. It is believed that the β-adrenergic stimulation causes an 

enhancement of skeletal muscle force by amplification of T-tubular slow Ca2+ current 

through DHPR Ca2+ channels.  For adrenaline it has been shown that the administration of 

this physiological catecholamine to muscles causes reduced twitch and increased rate of 

relaxation phase but decrease in tetanic tension in slow contracting muscles [Decostre et 
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al., 2000; Bowman & Nott, 1969]. The adrenaline acts on the twitch and tetanic forces 

similar to another adrenomimetic agent terbutaline by increasing cAMP content in normal 

soleus fibers. Isoproterenol has also demonstrated an elevation of contraction in fast tibialis 

anterior skeletal muscles and reduction in maximal twitch tension in the slow soleus 

muscles [Bowman et al., 1962]. This process is likely to occur also through increase in 

cAMP concentration [Overweg & Schiff, 1978].  

Noticeably, there is very limited number of reports about the effects of adrenergic drugs on 

isolated single muscle cells. First of all, the conduction of experiments on a single muscle 

fiber is very challenging. The β-agonists in some cases can also cause the loss of cell 

functions and degeneration of muscles [Lynch & Ryall, 2008]. For skeletal muscle fibers it 

has been shown that sympathomimetic amines induce the elevation of force production 

[Cairns et al., 1993] via increase of myoplasmic cAMP concentration, as mentioned above 

[Ito et al., 2006; Fujimura et al., 2000]. The force elevation involves the modulation of the 

SR in myofibrils which leads to the increase in myoplasmic Ca2+ concentration. This 

mechanism was shown for terbutaline [Cairns et al., 1993]. The same authors in 

experiments with DHPR inhibitor nifedipine demonstrated that terbutaline actually 

enhances the muscle fiber force in some way other than the regulation of slow Ca2+ current 

through DHPR Ca2+ channels. According to Tuyen et al. terbutaline stimulates PKA-

dependent phosphorylation of RyR1 and the SR pump regulatory protein phospholamban 

(PLB), that increased intracellular Ca2+ [Tuyen et al., 1999; Cairns et al., 1993]. 

In the case of isoproterenol, it was suggested that this agent suppresses the spontaneous 

Ca2+ transients during arose of spike activity in the smooth muscle fiber [Parker et al., 

1987].  

 

1.5. Huntington’s Disease 

1.5.1. Molecular background and neuropathology of Huntington disease 

 

Huntington’s disease (HD) is a fatal, progressive, inherited neurodegenerative disease. A 

primary feature of Huntington's disease is chorea, intellectual impairments, and emotional 

disturbances. It is characterized by involuntary shaking movements and cognitive decline 

resulting from the damage of brain cells. The first symptoms, restlessness and fussiness of 

movements, often emerge at age 35÷45, although the period of onset for Huntington’s 

disease can begin at any age from childhood to adult. Memory is usually retained until late 
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stages of the disease, while attention span, thinking, cognitive and motor functions are 

disturbed from the beginning.  

HD affects numerous areas of the brain including the substantia nigra, the cerebral cortex, 

the hippocampus, purkinje cells in the cerebellum, lateral tuberal nuclei of the 

hypothalamus and parts of the thalamus [Walker et al., 2007]. In the basal ganglia of HD 

patients the concentrations of neurotransmitter GABA (γ-Aminobutyric acid) and the 

enzyme glutamate decarboxylase (which participates in the synthesis of GABA) are 

significantly reduced. In addition, magnetic resonance spectroscopy revealed an increase of 

lactate concentration in basal ganglia [Martin et al., 2007]. HD predominantly affects a part 

of basal ganglia, called the striatum. Computer tomography has been used to reveal an 

atrophy of caudate nucleus and increased sizes of lateral ventricles during the developed 

stage of HD [Walker et al., 2007] (Figure 6). The symptoms of HD occur in other tissues 

as well, including different groups of muscles. 

The mechanism of inheritance of HD is autosomal-

dominant. The disease is caused by mutation in the gene 

IT-15 (“interesting transcript 15”) located on the short 

arm of chromosome 4 at 4p16.3 [Stine et al., 1995]. This 

gene participates in embryonic development, functioning 

of the nervous system, regulation of neurogenesis and 

other physiological processes. IT-15 gene provides the 

genetic code for the 350 kDa protein huntingtin (htt). The 

htt is expressed in almost all types of cells of the nervous 

system but is also found in other tissues [Strong et al., 

1993; Luthi-Carter et al., 2002]. Myotubes are also 

exhibited nuclear huntingtin inclusions [Orth et al., 2003]. 

The htt controls the synthesis of brain-derived 

neurotrophic factor (BDNF) [Zuccato et al., 2001] providing neurotrophic support of 

striatal neurons and it is necessary for survival of neurons, which are unfortunately 

destroyed in HD. However, the normal functions of htt protein are not yet fully understood 

[Waelter et al., 2001].  

The IT-15 gene contains a sequence of repeats of the trinucleotide cytosine-adenine-

guanine (CAG, encoding the amino acid glutamine), which varies in a length among 

individuals. If the gene contains more than 36 CAG repeats (or polyQ expansions) it 

encodes the mutant huntingtin protein (mhtt). A redundancy of CAG repeating of mhtt 

seeks to develop insoluble protein aggregates in vivo [Imarisio et al., 2008] and, as a 

 

Figure 6. Morphological changes 
in HD patient brain. 

Image acquired at the level of basal 
ganglia shows the volume loss 
ahead of the caudate nucleus (black 
spots) and abnormal hyperintense 
signal in the putamina (long 
arrows) [Shapiro et al., 2004]. 
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consequence, forms amyloid fibrils [Sugaya et al., 2007].  Increased formation of 

aggregates at both nuclear [Cha et al., 2000] and cytoplasmic levels [Lee et al., 2004] leads 

to the enhancement of mutant huntingtin protein cytotoxicity and cell damage. It is 

believed that the long polyQs are involved in deregulation of energy generation in 

Huntington’s disease mitochondria which eventually leads to the tissue atrophy, energetic 

depression and cell apoptosis [Gellerich et al., 2008]. 

Importantly, a new protein Rhes, encoded by the RASD2 gene was recently discovered 

[Subramaniam et al., 2009]. This protein is also involved in neurons degradation and is 

selectively localized in the striatum [Falk et al., 1999].  Rhes binds much stronger to mhtt 

than to htt. As a result, mhtt covalently binds to SUMO (small ubiquitin-like modifier) 

[Geiss-Friedlander & Melchior, 2007] leading to mhtt aggregation and elicits neurotoxicity 

in HD patients. 

Another important mechanism of mhtt neurotoxicity to account for is the regulation of the 

level of RCAN1-1L gene, which is dramatically low in patients with HD [Ermak et al., 

2009]. This gene has an important role in suppressing the activity of calcineurin. The 

inhibition of calcineurin increases phosphorylation of htt protein. This mechanism, as it 

was shown in in vitro experiments, protects against cytotoxicity of mhtt in cell cultures 

modeling HD. 

 

1.5.2. R6/2 mouse as model for HD 

 

To overcome the limitations in obtaining human specimens and to facilitate the study of 

HD pathogenesis, genetically engineered animal models carrying mutations in specific 

genes causing neurodegenerative disease have been developed. Based on mutation in the 

IT-15 gene which causes HD, the transgenic mouse models, such as R6/2, N171, HD48/49, 

as well as HD knock-in and knock-out mice were designed [Menalled & Chesselet, 2002]. 

The different models have shown significant differences in their movement features, 

cognitive effects, neuropathology and age of onset [SuttonBrown & Suchowersky, 2003].  

The R6/2 mouse was the first model with transgenic expression of huntingtin generated to 

study HD [Mangiarini et al., 1996]. R6/2 line, carrying around 150 CAG repeats in exon 1 

of the human HD gene, has demonstrated to develop neurological symptoms that resemble 

most of those which have been seen in HD patients. Importantly, the R6/2 mice have also 

manifested neurotransmitter abnormalities, which were observed in the early stages of 

development of human HD [Cha et al., 1998; Augood et al., 1996]. Thus, R6/2 is a reliable 
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mouse model for recapitulation of the earliest neuropathological events, disease 

progression and testing potential therapies for HD [Li et al., 2005].  

 

1.5.3. Metabolic alterations in skeletal muscle in HD 

 

Development of Huntington’s disease has been first associated with certain areas of the 

brain [Walker et al., 2007; Martin & Gusella, 1986]. Along with the central nervous system 

(CNS), the pathological degradation of peripheral tissues caused by the same mutation was 

first discovered in the R6/2 mouse model [Sathasivam et al., 1999]. It was shown that the 

atrophy of skeletal muscles common in HD patients [Strand et al., 2005]  is accompanied 

by cell apoptosis and necrosis [Tews, 2005]. The HD patients suffer from dramatic loss of 

muscle mass [Turner et al., 2007], which cannot be explained by only excessive energy 

expenditure. Overall, the pathogenic mechanisms, causing HD are not fully elucidated yet. 

The lack of information about biochemical and biophysical bases of HD prevents one from 

identifying effective specific disease treatments. Unfortunately, the common drugs used for 

the treatment of HD affect only the symptoms but do not suppress the development of the 

disease. 

On the molecular level transcription deregulation was observed in muscles and other 

tissues of HD patients. It was found that mRNAs had been increased for a series of 

enzymes (ubiquitin-conjugating, multiple DNA-repair enzymes) and decreased for certain 

muscle proteins, including myoD, actin, myosin, troponin, creatine kinase and others 

[Luthi-Carter et al., 2002]. In transgenic R6/2 mouse it was shown that the expression level 

of mRNA is reduced in fast myofibrillar proteins and elevated in slow muscle proteins. 

These observations indicate a transition from the fast type II (glycolytic) muscle fibers to 

the slow type I (oxidative) muscle fibers in HD [Strand et al., 2005].  

A wide range of potential mechanisms of cytotoxicity has been proposed, including 

caspase  activation, deregulation of transcriptional pathways, increased production of ROS, 

and inhibition of proteasome activity [Rubinsztein & Carmichael, 2003]. One of the 

possible explanations of the abnormal htt protein aggregation in the CNS and muscle fibers 

is an inadequate decline of the activity of ubiquitin-proteasome system (UPS). This system 

controls the cellular protein content by eliminating misfold, damaged, and mutated 

proteins, which are potentially detrimental for cells [Bence et al., 2001]. Importantly, 

polyQ aggregates could also lead to the muscle dysfunctions by disrupting the actin and 

myosin interactions in myofibrils [Morley et al., 2002].  
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Gaba et al. (2005) explained a characteristic loss of HD patient’s body weight by excessive 

energy expenditure, because of involuntary movements or slowing the cell metabolism. 

However, studies performed on R6/2 mice did not support this suggestion, because low 

weight was also observed in the absence of high motor activity and decreased food uptake 

[Van der Burg et al., 2008]. Increased subsarcolemmal oxidative activities [Arenas et al., 

1998] and elevated sensitivity of HD mitochondria to high damaging Ca2+ concentrations 

[Gizatulina et al., 2006] resulting in depression of cell energetic metabolism and muscle 

atrophy were found in R6/2 mice. Remarkably, mhtt can directly modulate mitochondria 

by producing abnormal mitochondrial ultrastructure, such as mitochondrial fragmentation 

and cristae alterations [Costa et al. 2010], impaired mitochondrial Ca2+ regulation [Panov 

et al., 2002; Milakovic et al., 2006; Gellerich et al., 2008)], bioenergetic defects [Milakovic 

& Johnson, 2005; Benchoua et al., 2006] and mtDNA deletions [Horton et al., 1995; 

Banoei et al., 2007]. Notably, mitochondrial abnormalities have been observed both in the 

brain [Bossy-Wetzel et al. 2008; Turner & Schapira, 2010] and in the muscle of HD 

patients [Lodi et al., 2000; Gellerich et al., 2004]. Often pathological metabolic features 

correlate with morphological abnormalities of the tissue in HD. It has been demonstrated 

that the muscle fiber diameters in extensor digitorum longus (EDL), soleus and flexor 

digitorum brevis (FDB) were by 20-40% less in R6/2 mutant mice than in WT [Ribchester 

et al., 2004]. Moreover, the endplate areas (junction between nerve and muscle fiber) were 

smaller in R6/2 fibers of older mice.  

 

1.5.4. Huntingtin and calcium homeostasis 

 

Excitotoxicity and abnormal neuronal Са2+ signaling were shown to play a critical role in 

promoting neuronal death in HD [Bezprozvanny & Hayden, 2004]. Elevated Са2+ signals 

have been directly linked to the cell death of striatal medium spiny neurons (MSN) isolated 

from HD mouse models [Shehadeh et al., 2006; Tang et al., 2005]. Deregulation of 

neuronal Ca2+ signaling is mainly related to the toxic functions of the huntingtin protein, 

containing more than approximately 40 repeats [Cattaneo et al., 2005; Milakovic et al., 

2006; Panov et al., 2002]. Importantly, not all fragments of mutant htt are toxic to neurons. 

It was shown that Са2+ signaling abnormalities in striatal neurons required full-length mhtt 

[Zhang et al., 2008; Gusella & MacDonald, 2008]. It has been reported that mhtt facilitates 

activity of different Ca2+-dependent receptors [Chen et al., 1999; Zeron et al., 2004; Tang 

et al., 2003]. A number of investigations has proposed a channel formation mechanism of 

mhtt activity [Hirakura et al., 2000; Monoi et al., 2000]. It was shown that long tracts of 
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polyglutamine formed channels in lipid membranes with relatively poor selectivity, and 

heterogeneous single channel conductance [Kagan et al., 2001]. There are at least three 

ways of modulation of neuronal calcium homeostasis in HD: (I) increased calcium influx 

through activation of plasma membrane receptors, (II) mitochondrial calcium overload and 

(III) induction of oxidative damage that leads to alterations in both mitochondrial and 

cytosolic Са2+ homeostasis.  

I. Multiple Ca2+ channels, which differ in physiological and pharmacological properties, 

contribute to neuronal calcium signaling: voltage-dependent Ca2+ channels of the plasma 

membrane, including L-, P-, N-type calcium channels [Edmonds et al., 1990; Catterall, 

1995], NMDA (N-methyl D-aspartate) and AMPA (α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid) receptors for glutamate, transient receptor potential (TRP) 

channels [Tsien et al., 1995; Catterall, 2000]. It was demonstrated that dopaminergic 

neurons of substantia nigra pars compacta (SNc) are selectively vulnerable due to the high 

density of  L-type Са2+ channels, which caused large Са2+ entry  and required Са2+ 

buffering systems in order to prevent Са2+-induced pathology [Mattson, 2007]. It was 

reported that mhtt induces calcium influx in neurons by interacting with N-type calcium 

channels [Swayne et al., 2005]. Using YAC46 and YAC72 cultured medial septal nucleus 

neurons (MSNs) it was shown that the activation of NMDA receptors was associated with 

larger current density, intracellular Са2+ response, and mitochondrial membrane 

depolarization [Zeron et al., 2004]. Similar data were obtained in YAC128 [Fernandes et 

al., 2007] and other HD mouse models [Cepeda et al., 2001].  

II. Mitochondria are central regulators of Са2+ homeostasis, providing cells with a 

protective high capacity Са2+-buffering system. However, the overloading of mitochondria 

with calcium ions may open a high conductance pathway, known as the mitochondrial 

permeability transition, potentially killing the cell [Rasola & Bernardi, 2007]. It has been 

demonstrated that YAC72 mice brain mitochondria [Panov et al., 2002], mitochondria 

from liver of mhtt mice [Choo et al., 2004], mitochondria from lymphocytes of HD 

patients [Panov et al., 2002], and from spiny striatal neurons [Milakovic et al., 2006] had 

unstable membrane potential and a lower threshold for activation of the mitochondrial 

permeability transition in response to Са2+.  The striatal and cortical mitochondria from 

R6/2 and YAC128 mice revealed compensatory Са2+ resistance to deleterious effect of 

mhtt, which was associated with mitochondria [Brustovetsky et al., 2005; Oliveira et al., 

2007]. It has been demonstrated that the toxic effects of mhtt to mitochondria were mostly 

related to the suppressed respiration in complex I of the respiratory chain, and direct 

interaction with mitochondria permeability transition pore (mPTP). This resulted in 
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decrease of ATP production and Са2+ accumulation rates [Gellerich et al., 2008]. Overall, 

impaired mitochondrial Са2+ handling and energetic depression is likely to contribute to 

cell instability during calcium stress [Oliveira, 2010; Rockabrand et al., 2007]. 

III. Energetic defects could be the primary events in HD pathology; and they could be 

associated with oxidative stress. Most intracellular free radicals are generated by the 

mitochondria electron transport chain. Abnormal cytosolic Са2+ elevation could lead to 

active sequestration of free Са2+ into mitochondria, which results in excessive free radicals 

formation and eventually cellular damage [Browne et al., 1999].  

Another aspect of pathological calcium homeostasis in HD muscles is improper 

functioning of calcium-dependent channels. Defects in voltage-gated channels in skeletal 

muscles could cause abnormal regulation of cell Ca2+ levels in Huntington’s disease. 

Unfortunately, the data regarding calcium signaling in HD muscle cells are very limited 

and was a reason of my interest in studying this phenomenon. 

 

1.6. Specific aims of the study 
 
The neuromuscular disorders such as malignant hyperthermia, central core disease, and 

Huntington disease share a common pathogenic mechanism involving misregulation of 

Ca2+ homeostasis which leads to progressive impairment of central nervous system and 

musculature. The nerve, muscle, the neuromuscular junction, and motor and sensory 

neurons are primary targets of these disorders. Patients with neuromuscular diseases often 

have muscle weakness, loss of muscle bulk, muscle twitching, cramping, numbness, 

tingling, and a lots of other symptoms. The precise pathophysiological mechanisms 

underlying neuromuscular disorders remain unclear, and no disease-modifying therapies 

currently exist.  

One of the main focuses of the work is two autosomal dominant RyR1 mutations, Y524S 

and I4898T, which cause MH and CCD, respectively. The second goal is to study the Ca2+ 

signaling in muscle cells on R6/2 mice in the context of the effects of mutant huntingtin on 

HD musculature. The standard electrophysiological technique (two-electrode voltage 

clamp) and the real time fluorimetric recording of rapid changes in intracellular Ca2+ 

concentration are the main methodological approaches to be employed for studying the 

mutation altered excitation-contraction coupling. 

The specific aims of the work are (1) to study the implication of I4895T mutation in 

modulation of voltage-dependent Ca2+ signaling in muscle fibers; (2) to evaluate the 

electrophysiological characteristics of muscle fibers with Y524S mutation under the β-
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adrenergic stimulations; (3) to study the voltage-dependent Ca2+ signaling related to the 

mutation-mediated abnormalities in R6/2 muscle fibers.  

Effect of I4895T mutation on EC coupling in CCD and MH. The I4895T and Y524S 

mutations are established to be the skeletal muscle ryanodine receptor type 1 (RyR1) 

mutations linked to the development of central core disease and muscle disorder, malignant 

hyperthermia. The earlier investigations of the effects of these mutations on calcium 

channel functioning [Dirksen & Avila, 2002; Brini et al., 2005] were conducted on the 

cultured cells. Based on the obtained experimental results, two hypotheses were proposed, 

namely “Leaky channel” and “EC coupling”. The “Leaky channel” mechanism is caused 

by Y524S mutation resulting in an increase in the passive Ca2+ release through RyR1 

leading to the SR depletion. The “EC uncoupling” mechanism of the Ca2+ signaling 

dysfunctions implies that the mutation interferes with the excitation-induced Ca2+ release 

through RyR1. The discovered alterations in voltage-dependent activation and inactivation 

of the Ca2+ channels in YS/+ mouse [Andronache et al., 2009] evoked a great interest to 

examine the Ca2+ signaling in IT/+ mouse muscles. This work aimed to study the control 

mechanisms of the voltage-dependent EC coupling and the alterations in Ca2+ homeostasis 

in muscle fibers isolated from heterozygous mutant mice in contrast to normal animals.  

Effect of Y524S mutation on EC coupling in CCD and MH. The CCD and MH are 

metabolically strongly associated. Malignant hyperthermia is rather a pharmacogenetic 

condition than disease caused by Y524S mutations. The patients susceptible to MH are 

very sensitive to the halogenated anesthetics whose applications become a problem during 

surgeries. Such extremely high sensitivity could result in hypermetabolic reaction of the 

patient with a high risk of fatality. Based on this fact the second aim of the work 

determined as of the investigation of the characteristic features of misregulated calcium 

signaling caused by Y524S mutation in response to β-adrenergic agents. The study of the 

effects of two mutations within the same RyR1 receptor on electrophysiological properties 

of the muscle cells is expected to shed light on the pathological mechanisms of CCD and 

MH.  

Effect of mutated huntingtin on Ca2+ homeostasis in muscle cells. It is known that the 

brain and peripheral tissues with expressed huntingtin mutation are affected by the toxicity 

of poly Q expansions. In general Huntington’s disease is a neurodegenerative disorder. 

There are plenty of data indicating on the specific interaction between huntingtin 

associated protein 1 (HAP1) and both RyR isoforms and inositol-3-phosphate receptor 

(IP3R) in neurons of R6/2 mouse [Lindenberg et al., 2010; Varshney & Ehrlich, 2003]. 

However, it was found that the poly Q inclusions are also distributed in the skeletal muscle 
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fibers [Sathasivam et al., 1999]. The interaction between RyR1 channels and mutant 

huntingtin also could be expected in the muscle cells. The third aim of the work is 

dedicated to the study of the properties of Ca2+ channels under the stress induced by toxic 

polyglutamine (poly Q) tract in muscle fibers of R6/2 mouse. The results of the 

experiments on genetically modified mouse model will help to explore the nature of the 

weakness of skeletal muscles pertinent to HD on the basis of functional regulation of EC 

coupling. 
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2. MATERIALS AND METHODS 

2.1. Transgenic mice models 
 
The heterozygous male mice (YS/+) of strain C57/BI6 in age of 24-25 weeks were used as 

a model of CCD mutation, i.e. Y524S mutation in RyR1 [Chelu et al., 2006]. Male I4895T 

knock-in mice (IT/+) reproduced by inbreeding with combined 129SV/J and C57/BI6 

genetic backgrounds (aged from 9 and 51 weeks) were used as complimentary CCD 

mutation model [Zvaritch et al., 2007]. Mice are considered juvenile (young) of 3 to 8 

weeks of age,  mature adult of 12 to 24 weeks of age, and middle-aged from 40 to 56 

weeks of age [Flurkey et al., 2007]. In general laboratory mice live about 1.5 years. 

Transgenic knock-in R6/2 mice, generated by Mangiarini et al. (1996), with C57BL/6 

genetic background represent an animal model of human HD. For experiments the R6/2 

mice were used in age of 8-14 weeks, since the week 12 corresponds to end-stage of HD 

and at this age mice develop constant tremor, difficulties with moving, and dyskinesia of 

the limbs when they are held by the tail. 

The age-matched wild-type (WT) male mice were used as a control group of animals for 

each type of experiments.  

Animals were housed in a pathogen-free area at the University of Ulm, and experiments 

were performed in accordance with procedures reviewed and approved by the Ulm 

University Committee on Animal Resources. Mice were euthanized by regulated delivery 

of compressed CO2 followed by cervical dislocation. 

 

2.2. Preparation of muscle fibers and evaluation of the cell morphology 
 
Following the euthanasia of a mouse, the dissected foot part of the mouse leg (Figure 7) 

was fixed by needles on the layer of Sylgard in a Petri dish (Dow Corning, Belgium). 

Under Zeiss dissection optical microscope the skin and the muscles flexor digitorium 

profundus and flexor digitorium superficials were removed from the palm part of the foot 

[Hebel & Stromberg, 1976]. After that the interosseous muscles were gently dissected and 

put into the tube with 3 ml dissociation solution (Krebs-Ringer solution supplemented with 

2 mg/ml collagenase). 
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The tube with skeletal muscles was gently 

rotated at 100 rot/min and 37°C in the TH-15 

incubator hood (Edmund Bühler GmbH) for 60 

min total. After 30 minutes from the beginning 

of incubation the solution with muscle fibers 

was mixed by pipette (Hirschmann Laborgeräte) 

for improving the muscle dissociation process. 

After the incubation step the separated fibers 

were rinsed 3 times with Krebs-Ringer solution 

to remove collagenase and the residues of tissue 

other than muscle fibers. During the day of experiments the decanted fibers in Krebs-

Ringer solution were stored at 4°C in the refrigerator. Yet, the isolated fibers preserved 

their functional characteristics for two days. Only fibers with a clean morphology, clear 

striation structure, and without swelling and/or other signatures of the damage were used in 

the experiments.  

Fibers with length more than 800 µm and thickness less than 30 µm were not suitable for 

the experiments mainly because the end of the long fibers could easily detach from the 

bottom of the dish and overlap the clamping space. Very small fibers (of about 100-200 

µm length) caused difficulties in electrophysiological measurements.  In general fibers of 

average dimensions of ~50 µm in width and 600 µm in length were used.  

The isolated muscle cell sizes were measured using the stage micrometer (Carl Zeiss, 

Germany) with a scale of 1 mm in 0.01 mm divisions. The images of the cells were 

acquired with digital photo camera mounted onto a fluorescence microscope Axiovert 135 

TV using 10x/0.30 objective. The picture of the stage micrometer printed on a transparent 

printer paper with 0.01 mm scale was used to measure the muscle fiber sizes. 

 

2.3. Two-electrode voltage clamp measurements 
 
The system consisting of a two-electrode voltage clamp device Axoclamp 2B (Axon 

Instruments) connected to the inverted fluorescence microscope Axiovert 135 TV with 

40×/0.75W objective (Carl Zeiss, Inc.) was used to investigate the membranal ion channel 

properties [Ursu et al., 2004, 2005]. The schematic of the whole measurement unit is 

presented in Figure 8. The voltage clamp experiments were conducted to simultaneously 

record the magnitude, kinetics, and voltage dependence of L-type Ca2+ currents and Ca2+ 

release in interosseous muscle fibers dissociated from WT and mutant mice.  

A   

 

B 
 

Figure 7. Images of the muscle from mouse 
back paw and the single isolated muscle 
fiber. 
(A) Interosseous muscles dissected in Krebs-
Ringer solution. (B) Skeletal muscle fiber after 
isolation in the collagenase solution. 
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The isolated interosseous fibers in the chamber were immersed in the external bath 

solution containing (in mM): 130 TEA-OH, 130 HCH3SO3, 2 MgCl2, 10 CaCl2, 5 4-

aminopyridine, 10 HEPES, 0.001 TTX, 5 glucose, and 0.05–0.1 BTS, pH 7.4.  

The voltage recording electrode ME1 was 

filled with 3M KCl and produced the 

resistance between 5 and 14 MΩ when 

immersed in the external solution. ME2 

current-passing electrode, which was 

filled with the buffer mimicking the 

intracellular solution, produced the 

resistance between 2 and 3.8 MΩ. The 

magnitude of the glass electrode 

resistance allows to determine the 

diameter of its tip. The smaller the tip 

diameter, the larger is the resistance, and 

vice versa.  

The ion transport across the Ca2+ channels 

was measured as an electric current. 

During the voltage clamp procedure ME1 

microelectrode was employed to measure 

the membrane potential and ME2 current 

supplying electrode served to hold the 

potential at defined levels. Overall, this 

method was used to study the ion channel 

functioning of a muscle fiber, which was 

determined by its voltage and time-

dependent properties. This method was useful for relatively large cells, which could 

tolerate simultaneous intracellular insertions of two electrodes. Figure 8 demonstrates the 

electrode ME1 placed inside the cell body and measurements of the membrane potential 

Vm. The A1 amplifier has no gain. When the negative input of this operational amplifier is 

connected to the output, it operates as voltage follower. In this case the output signal is 

equal to the input signal. Because of the high input resistance of A1 amplifier, it allows to 

reach a minimum current at the given voltage. The second amplifier A2 plays role of the 

negative feedback with a large gain. The output voltage of A2 is proportional to the 

difference between Vm and Vcmd (command potential). Manipulations with the gain allow to 

 

Figure 8. Schematic of two-electrode voltage clamp 
system. 

The chamber mounted on the microscope stage filled 
with Krebs-Ringer buffer. The muscle fiber is 
submerged to the solution. ME1, the voltage recording 
electrode, and ME2, the current injecting electrode, 
are in close contact with the fiber and employed for 
recording the parameters of Ca2+ transient. A1 and A2 
designate the unity-gain buffer amplifier and the high-
gain amplifier, respectively; Vm is membrane potential 
and Vcmd is a command potential. The fibers preloaded 
with fluorescent dye are excited by electric pulses and 
ultraviolet light of 360 and 380 nm. The fixed 510 nm 
emission light passes through the filter to 
photomultiplier, where the signals are detected.  
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keep the membrane potential very close to the command potential. The current was 

introduced to the cell through the second microelectrode ME2 until the membrane potential 

reached the control value.  

For simultaneous voltage clamp recording and fluorescence measurements, cells were 

loaded with membrane permeable fluorescent probe fura-FF-AM and the voltage clamping 

was performed using two sharp microelectrodes filled with 3 M KCl. These electrodes 

produced the resistance between 7 and 20 MΩ. Ca2+ release from SR was activated by 

application of 100 ms depolarizing pulses with 60 s intervals (Figure 9). Since the second 

high resistance electrode also features a sharp tip with small diameter, it was used to send 

the activation pulses but not to measure the Ca2+ current. This approach was 

physiologically more relevant, because cell interior was not modulated by dilution with 

diffused extra liquid. So, this particular system was mounted for recording only Ca2+ 

transients in muscle fibers. 

Figure 9. The protocol for Ca2+ channel activation and Ca2+ current recording 

(A) Gradual depolarization signals with initial holding potential at -80 mV. (B) Representative Ca2+ 
current signals recorded using the activation protocol with pulse intervals of 60 s. For constructing 
current-voltage relations, the measured Ca2+ current values during the last 8 ms of each 100 ms 
depolarization steps were averaged and plotted versus voltage values (marked in red). 
 

To investigate Ca2+ current-voltage dependency, an automated recording of depolarization 

induced fluorescence signals and L-type Ca2+ currents was simultaneously performed at 2 

kHz sampling frequency using a CED 1401+ data acquisition interface (Cambridge 

Electronic Design) connected to the computer (see Table 1). To reduce the amplitude of the 

capacitive current transients, the command voltage was rounded by low-pass filtering at 

500 Hz using an 8-pole Bessel filter (Geitmann, Menden, Germany) and the transient 

compensator (NPI electronics GmbH, Germany) (Figure 10).  
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Figure 10. Block-diagram of the set of devices used in the voltage clamp experiments. 
The numbered names of devices correspond to those given in Table 1. 

 

 

Table 1. Experimental equipment used in the voltage clamp measurements. 

 Name Device Manufacture 

1 Filter (3kHz) Digital controlled filter University Ulm 

2 DA Converter CED 1401+ Cambridge Electronic Design, Cambridge, UK 
3 Voltage clamp Amplifier Axoclamp 2B Axon Instruments, Union City, USA 
4 PC AMD K6-2 Personal computer Comtech, Ulm 
5 Bessel filter 8 pole Bessel filter Geitmann, Menden 
6 TRC-01M Transient generator Npi electronic GmbH, D-71732 Tamm (Germany) 
7 AD Converter CED 1401+ Cambridge Electronic Design, Cambridge, UK 
8 PA-01GX subtractor Npi electronic GmbH, D-71732 Tamm (Germany) 
9 Bessel filter 8 pole Bessel filter Geitmann, Menden 

 

The open surface of the cell, not the muscle-nerve connecting ends, was impaled with 

electrodes, and the distance between them was approximately the same as the width of the 

fiber. All experiments were conducted at room temperature. Pipettes were pulled from 

borosilicate glass capillaries (GC150TF-10; Clark Electromedical Instruments). Data 

acquisition was performed using CED 1401+ and the software written in Delphi 3 (Borland 

International, Scotts Valley, USA). For data analysis the Canalysis 1.9.0.21 software 

written in Delphi 3 (Borland International, Scotts Valley, USA) and macro routines in 

Excel (Microsoft) were used. 

 

2.4. Analysis of the calcium current data 
 
The Ca2+ entry from the extracellular solution to the muscle myoplasm through DHPR was 

estimated from measurements of the L-type Ca2+ current. The calcium current values 

obtained during the last 8 ms of each 100 ms depolarization steps were averaged and 
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plotted versus voltage values to build the current-voltage dependency (IV-curves) (Figure 

9). To get iCa current densities the currents I(V) were normalized by the linear capacitance. 

The data of iCa versus voltage values were least-squares fitted with equations 1 and 2:  

 

)()()()( max, CaCaleakleakCa VVgVfVVgVi  ,                                (1) 

 

where gleak and Vleak are normalized conductance and reversal potential of the leak 

component, and gCa,max and VCa are maximal normalized conductance and reversal potential 

of the L-type Ca2+ current. The term f(V) shows voltage dependence of activation 

according to Boltzmann distribution: 

 





 




k

VV
Vf

2/1exp1

1
)(                                               (2) 

 

where V1/2 and k parameters are voltage of half-maximal activation and voltage sensitivity, 

respectively. 

 
 

2.5. Measurements of the fluorescence signals 
 
Two series of experiments were conducted using the voltage clamp method. In the first 

series, the muscle fibers were loaded with intracellular environment mimicking solution 

containing the fura-2 dye applied through the current passing pipette. Ca2+ sensitive dye 

fura-2 with KD = 276 nM exhibits high affinity to Ca2+ ions [Schuhmeier et al., 2003]. The 

composition of the filling solution (in mM): 145 CsOH, 110 aspartic acid, 0.75 Na2ATP, 4 

MgATP, 1.5 CaCl2, 10 HEPES, 15 EGTA, 0.2 fura-2, and 5 Na2 creatine PO4, pH 7.2. 

Muscle cells were loaded with this intracellular fura-2 containing solution for 30 min at 

room temperature.  

For these experiments it has been used the same setup described in the previous chapter. 

Fibers were placed in the experimental chamber which was filled with 1 ml of the external 

solution. The external bath solution contained (in mM): 130 TEA-OH, 130 HCH3SO3, 2 

MgCl2, 10 CaCl2, 5 4-aminopyridine, 10 HEPES, 0.001 TTX, 5 glucose, and 0.05 BTS, pH 

7.4. 
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Additionally the external solution 

contained 50 µM of the myosin II 

ATPase inhibitor BTS to suppress 

muscle contractions [Cheung et al., 

2002; Shaw et al., 2003].  

In the second series of experiments the 

muscle fibers were loaded with 

membrane permeable dye fura-FF-AM 

for about 40 min at room temperature. 

The fura-FF-AM is characterized by 

faster kinetics and lower affinity to 

Ca2+ ions (KD = 6.5 µM) [Ursu et al., 

2005]. After loading, cells were 

washed with fresh fluorescence dye 

free solution at least three times and 

then the fresh external bath solution was added. The experimental setup is described in the 

chapter 2.3. The external bath solution used for these series of experiments was of the 

same composition as in fura-2 experiments with one exception - the concentration of BTS 

was two times higher, i.e. 0.1 mM. 

To obtain ratiometric data fura-FF-AM or fura-2  were excited by UV-light at 360 nm, so 

called “isosbestic point“ at which the fluorescence does not depend on Ca2+ concentrations, 

and at 380 nm to get the Ca2+-dependent signal using interference filters (Schott 

Glaswerke, Mainz, Germany, and Andover Corp., Salem, NH, USA). The emission light 

was filtered at 510 nm and detected by photomultiplier tube (R268, Hamamatsu) connected 

to the inverted microscope (Figure 11).   

 

2.6. Analysis of the fluorescence measurement data 
 
Intracellular free Ca2+ ion concentration was derived from the ratio of the fluorescence 

signals R=F380/F360, where F380 and F360 are fluorescence intensities measured at 360 and 

380 nm excitation wavelengths, respectively. The changes in cytoplasmic Ca2+ 

concentration were determined using the following equation (Eq.3):  

 

,                                                           (3) 

 

Figure 11. Fluorescence excitation and emission 
spectra of fura-2 at various Ca2+ concentrations. 
A curve (right) on the emission spectrum corresponds to 
the spectrum of Ca2+ at saturated concentration (43.5µM) 
(left), B curve (right) corresponds to the spectrum of Ca2+ 
free case (0µM) (left). The vertical red dashed lines 
indicate the excitation wavelengths used for 
measurements. The picture was adopted from the 
Molecular Probes and Life Technologies web pages and 
slightly modified. 
 

 
























max

min

2

1

RR

RR
dt

dR

k
KCa off

D



 28

where 
on

off
D k

k
K   is the dissociation constant of fura-2 ,  onk  and offk   are correspondingly 

constants of the straight and reverse reaction rates [Klein et al., 1988]. Rmin and Rmax are 

fluorescence ratios at almost zero and saturating Ca2+ concentrations, correspondingly. The 

full formula derivation can be found in the Appendix. Ratiometric fura-2 Ca2+ transients  

data were used in the removal model fit analysis [Melzer et al., 1986] with EGTA and fura-

2 as the dominant Ca2+ buffers to calculate the flux of Ca2+ release from SR [Schuhmeier 

& Melzer, 2004; Ursu et al., 2005].  

 

Figure 12. Schematic of Ca2+ entry and Ca2+ release fluxes in skeletal muscle fiber. 

The picture demonstrates the RyR1-mediated Ca2+ release from SR controlled by the transverse tubular 
DHPR. During EC coupling the Ca2+ flux into cell myoplasm eventually is distributed between 
different constituents: troponin C, parvalbumin, the SERCA Ca2+ pump, ATP, EGTA and calcium 
sensitive dye. The distribution of Ca2+ ions is described by derivatives expressed in Eq. 4. According to 
this formula and the graphic representation, the sum of Ca2+ ions in myoplasm is determined as a sum 
of all Ca2+ binding cellular compartments. 

 

During depolarization process the Ca2+ entering myoplasm (Figure 12) is distributed to 

different binding sites, such as troponin C, parvalbumin, the SERCA Ca2+ pump and ATP 

[Baylor and Hollingworth, 1998]. All these intracellular constituents have to be taken in 

account for calculations of the Ca2+ signal. Importantly, the addition of the large amount of 

EGTA (15 mM) to the solution with a purpose of suppressing the contraction of muscle 

fibers during the experiment enables to simplify the mathematical analysis of the amount 

of Ca2+ eliminated from the myoplasmic space [Schuhmeier and Melzer, 2004]. Since 

EGTA is a highly specific Ca2+ chelator, then the effect of other Ca2+ buffering systems 

could be neglected in its presence. In the simplified kinetic model presented through the 

Eq.4-9 the parameters listed in Table 2 were accounted for.  
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Figure 13. Removal model fit analysis and calculation of Ca2+ input flux. 
Four depolarizing 50 ms pulses and fluorescence ratio signals of fura-2 (left) with the 
relaxation phases (bold lines). The results of best simultaneous fit of four relaxation 
phases produce a set of removal parameters, which are applied in calculation of Ca2+ 
input flux (right) during stimulation by 20 mV pulse (100 ms). 
 
 

To calculate the time course of Ca2+ flux using the fluorescence ratio signals shown in 

Figure 13 a method originally described by Melzer et al. (1986, 1987) was used. The four 

depolarizing 50 ms pulses resulted in fluorescence ratio changes. The relaxation phases of 

the fluorescence traces were fitted with the described kinetic model for the distribution of 

released Ca2+ to myoplasmic removal sites [Melzer et al., 1986; Schuhmeier and Melzer, 

2004]. The kinetic model (see Table 2) takes into account the parameters which 

characterize the Ca2+ indicator Rmin, Rmax (the rate constants kon,Dye, koff,Dye and the 

concentration [Dye]total), EGTA buffer (kon,S, koff,S and [S]total), i.e. the Ca2+ removal, and 

Ca2+ uptake mechanisms (kuptake). As a result, the best fit values of kinetic parameters were 

koff,Dye, kon,S, koff,S and kuptake. These parameters were used to obtain the voltage-dependent 

Ca2+ flux into the myoplasm during 100 ms depolarization pulse as the time derivative of 

the total [Ca2+]total concentration (Figure 13). The following is the summary of the series 

of derived differential equations (Eq.4-9) according to [Schuhmeier & Melzer, 2004; Ursu 

et al., 2005]: 
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     22 CakCa
dt

d
UptakeUptake ,                          (7) 

where 

     DyeCaDyeDye total
 2 ,                        (8) 

 

     SCaSS total
 2                                      (9) 

 

The equation (5) describes a rapidly equilibrating Ca2+ fast buffer with scaling factor F, 

and equation (6) is considering the changes in slow Ca2+ buffer. The use of high EGTA 

concentration (15 mM) in present work allowed to exceed the intracellular Ca2+ binding 

sites in purpose to exclude the influence of movement artifacts and to avoid excessive 

saturation of the dye. At high [S]total the F parameter considered to be negligible and was 

set to 0. 

The increment of the Ca2+ concentration in dye-bound complex can be described by the 

difference between amount of Ca2+ ions which are about to associate with the dye and the 

part of Ca2+ ions, which are bounded to the dye but are about to dissociate from the 

complex. The fluorescence ratio signals were calculated according the equation (10) 
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In Table 2 only the initial values of variable parameters for the fit procedure are presented. 

These parameters reach certain values in each analyzed fiber. 

Table 2. Initial removal fit parameters used in the calculation of Ca2+ input flux. 

Fixed parameters Variable parameters 

Rmin = 3.53 koff,Dye = 30 s-1 

Rmax = 0.41 kon,EGTA =1.5 µM-1s-1 

[Dye]total = 0.2 mM koff,EGTA = 3 s-1 

[EGTA]total = 15 mM kuptake = 103 s-1 

KD,dye = 0.276 µM kon,Dye = koff,Dye /KD,Dye=173 µM-1s-1 

 

Since the deviations of the voltage-dependent Ca2+ release slopes varied at high voltages, 

the data for each type of fibers were fitted by the product of a single Boltzmann functions 

(1/(1 + exp((V1/2 – V)/k)))  and a linear term (a + bV) [Ursu et al., 2005]. The experiments 

were conducted at a temperature of 20÷22°C, and the holding potential was -80 mV. 
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2.7. Statistical analysis 
 
The average data for mutant and WT muscle fibers were presented and plotted as the mean 

± standard error of the mean. The mean values were analyzed by D´Agostino-Pearson 

normality test which enables to assess how far each of the values differs from the values 

expected with a Gaussian distribution. In those cases when the values followed the 

Gaussian distribution, the unpaired two sample Student’s t-test was used to compare the 

means of two unmatched groups. P values < 0.05 were considered significant. When 

normality test was not positive than the Wilcoxon test for two groups of unpaired data has 

been applied. In the frame of the experimental tasks it was important to discriminate to 

what extend the values pertinent to the mutant fibers are differ from the values obtained on 

WT fibers. Therefore the errors were expressed as a standard error of the mean (SEM) as a 

measure of precision for an estimated group mean, instead of a standard deviation (SD), 

which is a measure of data variability around mean of a sample of group.  All statistical 

analyses were performed using Microsoft Excel, GraphPad Prism 5, and Wolfram 

Mathematica 8. 
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3. RESULTS 
 

3.1. Characterization of voltage-dependent Ca2+ transients in IT/+ muscle 

fibers 

 
In the present study the DHPR-RyR1 coupling in interosseous fibers isolated from WT and 

IT/+ mice were investigated using two-electrode voltage clamp device. The membrane 

potential was held at -80 mV and Ca2+ release was activated by series of depolarizing 

pulses in the range between -60 mV and +50 mV (Figure 14A). Figure 14B,C presents the 

calculated Ca2+ release flux traces and recorded Ca2+ inward currents, respectively. 

 

Figure 14. Protocol to study the voltage-dependent activation in isolated muscle fibers. 

(A) Rectangular voltage steps with gradually increasing amplitude applied in 60 s intervals 
from a holding potential of -80 mV.  The length of depolarizing pulses was 100 ms. (B) 
Recorded Ca2+ release fluxes at given voltages. (C) Recorded L-type Ca2+

 
inward currents.  

 

The first series of experiments were performed to study the voltage dependency of both 

DHPR-mediated Ca2+ entry and SR Ca2+ release. For this purpose, the current passing 

micropipette had a larger tip diameter to allow the flow of the artificial solution from the 

pipette to cytosol. The diffusion facilitates the recording of the L-type Ca2+ current and the 

determination of the time course of Ca2+ release. The pipette solution contained the Ca2+ 

indicator (fura-2) and 15 mM EGTA, which together served as the dominant Ca2+ buffers. 

The Ca2+ current and Ca2+ conductance showed very similar amplitude and voltage 

dependency (Figure 15A,B), however the mean peak amplitude of the Ca2+ signal was 

significantly reduced (36% at +50 mV) in the IT/+ fibers (Figure 15C). To characterize 

Ca2+ release in more detail, we performed Ca2+ removal analysis [Melzer et al., 1986] in 

the decay phases of repetitive pulses. The result was used to estimate the depolarization-

activated Ca2+ release flux from the SR [Ursu et al., 2005]. The mean maximal value of the 

flux was 23% smaller in IT/+ fibers compared with WT fibers, but this difference was not 

statistically significant (see the legend to Figure 15). However, the difference in fitted 
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release flux amplitude between WT and IT/+ fibers became significant when a single set of 

removal parameters was used. The removal parameters were determined by averaging the 

values from the individual fibers. At +50 mV, mean peak values were 102 ± 19 mM/s for 

WT and 58 ± 8.4 mM/s for IT/+ cells. The Ca2+ release flux showed the usual rapid 

decrease to a slower declining plateau phase after the initial maximum. To quantify these 

characteristics, we compared the peak/plateau ratio in WT and IT/+ fibers (plateau was 

measured as the mean flux between 25 and 75 ms after the pulse onset). The obtained 

ratios showed no significant difference. It grew almost linearly between -30 and +50 mV 

from 2.15 ± 0.47 (WT) and 2.02 ± 0.17 (IT/+) to 7.68 ± 0.72 (WT) and 8.56 ± 0.71 (IT/+). 

 

Figure 15. L-type Ca2+ currents and Ca2+ release flux in WT and IT/+ fibers. 

(A) Voltage dependence of L-type Ca2+ current density. (B) Normalized Ca2+ conductance derived 
from the data shown in A (V1/2, k, and Gmax were -4.38±1.58 mV (p<0.9), 4.66±0.28 mV (p<0.06), and 
154±14.6 SF-1 for WT and -4.57±1.41 mV, 5.33±0.20 mV, and 162±15.3 SF-1 for IT/+, respectively). 
Mean membrane capacitance was 5.06±0.25 nF (WT) and 4.72±0.38 nF (IT/+). (C) Voltage-activated 
changes in fura-2 fluorescence ratio. All mean values above -20 mV were significantly (p<0.05) 
different, in contrast to the parameters V1/2 and k, which were not significantly different (-18.5±1.29 
mV and 5.15±0.24 mV for WT and -21.6±1.24 mV and 5.17±0.30 mV for IT/+, respectively). (D) 
Normalized peak of Ca2+ release flux. Values from the different experiments were averaged after 
normalization to the maximum. V1/2 and k were not significantly different (-10.0±1.9 mV and 
7.54±0.56 mV for WT and -12.2±1.19 mV and 8.54±0.46 mV for IT/+, respectively). The absolute 
maximal values (assuming internal EGTA concentration to be 40% of the pipette concentration) at +50 
mV were 64.6±17.5 and 49.9±9.4 mM/s, respectively. Current and fluorescence signals were 
simultaneously recorded in isolated interosseous fibers (WT, blue filled circles and continuous lines, 
n=15; IT/+, red filled circles and dashed lines, n=14). 
 

 

The increased RyR1 Ca2+ channels sensitivity in mutant fibers during activation through 

the enhancement of the Ca2+ leak is an established characteristic property of MH and CCD 
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related RyR1 mutations. In my experiments, the voltage sensitivity of Ca2+ transients 

obtained in WT and IT/+ fibers (Figure 15C) were not significantly different. Figure 15D 

shows the normalized peak of Ca2+ release flux at the different test voltages. Again, no 

significant difference in the voltage dependency was observed.  

Another series of experiments we performed using high resistance electrodes and a 

membrane permeable, low affinity Ca2+ indicator fura-FF-AM, which allows for minimal 

disturbance of the intracellular homeostasis. Ratiometric Ca2+ signals activated by large 

depolarization pulses (up to +50 mV) of 100-ms duration showed a significant 22% 

reduction in the peak amplitude in IT/+ fibers (mean ΔR decreased from 0.611 ± 0.040 [n 

= 29] to 0.474 ± 0.044 [n = 37; P < 0.05]) (Figure 16).  

 

Figure 16. Voltage-activated alterations in fura-FF-AM 
fluorescence ratio signals recorded in experiments on WT and 
IT/+ fibers. 

Activated mutant (IT/+) muscle fibers showed decreased in Ca2+ 
fluorescence signal. The best fit parameters for the fluorescence Ca2+ 
signals were V1/2 =-14.37±0.82 mV (p<0.01) and k=5.02±0.18 mV 
(p<0.5) in IT/+ fibers (n=37), and V1/2=-11.25±0.83 mV and 
k=4.86±0.15 mV in WT fibers (n=29). The absolute values of 
amplitudes at +50 mV 0.47±0.04 for IT/+ and 0.61±0.04 for WT 
fibers were statistically significant (p<0.03). 

 

In earlier published works on YS/+ fibers which have similar to IT/+ cells pathological 

features, changes to more negative potentials have been demonstrated for both Ca2+ release 

and Ca2+ current during the inactivation processes [Andronache et al., 2009]. In my work, 

to explore the IT/+ DHPR channel activity during the voltage inactivation by voltage 

clamp method, the protocol of gradual depolarization of the membrane potential was 

applied (Figure 17A). The pulses from a holding potential of -80 mV with a 30 s time 

interval were applied; a 100-millisecond test pulse to +20 mV was applied to determine the 

fraction of Ca2+ release and L-type Ca2+ conductance that remained available for 

activation.  
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Figure 17. Protocol to study the voltage dependence of steady-state inactivation of 
Ca2+ release and Ca2+ inward current. 

(A) Gradually depolarizing voltage pulses were applied to inactivate DHPR voltage 
sensors. Each depolarization interval lasted for 30 s and was followed by a 100 ms test 
pulse to +20 mV. The red arrows indicate the end of depolarization pulses at which the 
“window release” was determined (Figure 19). (B) and (C) show examples of 
simultaneous recording the Ca2+ input fluxes and Ca2+ inward currents in control fibers 
derived from WT mice. 
 

The results demonstrate that the sensitivities of Ca2+ release and Ca2+ current signals 

evoked by the application of the test pulses do not depend on inactivation in both WT and 

IT/+ fibers (Figure 18). The voltages values of half-maximal inactivation of Ca2+ release 

and slope of inactivation of the Ca2+ peak release were V1/2 = -36.43±1.15 mV, k = 

4.68±0.22 mV in case of mutant and V1/2 = -34.79±0.94 mV, k = 4.72±0.28 mV in control 

fibers. And for inactivation of the Ca2+ current these parameters were V1/2 = -28.75±1.03 

mV, k = 9.37±0.25 mV for IT/+ and V1/2 = -27.44±0.92 mV, k = 9.42±0.34 mV for WT. 

 

 
Figure 18. Voltage dependence of inactivation of Ca2+ release and Ca2+ current in IT/+ fibers. 

(A) Steady-state inactivation of L-type Ca2+ inward current. The parameters of V1/2 and k were -28.75±1.03 mV 
and 9.37±0.25 mV, respectively for IT/+ (p<0.37) (n=35) and -27.44±0.92 mV and 9.42±0.34 mV for WT 
(p<0.92) (n=25). (B) The peak of Ca2+ release inactivation for IT/+ and WT muscle fibers. The inactivation curves 
of  IT/+  fibers  showed  no  shift  compared  to  the  control  fibers.  The  Boltzmann  parameters V1/2  and  k  were 
-36.43±1.15 mV and 4.68±0.22 mV for IT/+ (p<0.29) (n=29) and -34.79±0.94 mV and 4.72±0.28 mV for WT 
(p<0.9) (n=22). The voltage dependence of each relationship was fitted with a conventional Boltzmann function 
(WT – continuous blue and IT/+ - red dashed lines). 
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Additional information on the functional features of the receptors could be derived from 

the correlation of voltage-dependent inactivation values.   

Figure 19 presents the traces of the data determined by measurement of steady-state Ca2+ 

levels at the end of each 30 s conditioning depolarization pulses according to the 

inactivation protocol (red arrows in Figure 17). 

 

 
 

Figure 19. The stability of inactivated steady-state Ca2+ 
effluxes  

The values of steady-state Ca2+ effluxes are expressed as a percent 
of dye-bound Ca2+ level determined at the end of each 
conditioning voltage pulses according to the inactivation protocol. 
 

 

The measured dynamics of steady-state Ca2+ fluxes at some extent could shed light on 

functional properties of the Ca2+ channels. According to the results in Figure 19, the peak 

magnitude and the bell-shaped area of experimentally determined window release are 

similar for WT and IT/+ muscle fibers. Thus, because of the shown stability of Ca2+ fluxes 

during the inactivation period, it is suggested that the mutation does not cause Ca2+ leakage 

from DHRP-RyR1 coupled receptors.   
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3.2. Evaluation of electrophysiological parameters of YS/+ muscle fibers 
as a result of treatment with β-adrenergic drugs 
 

The experiments on YS/+ muscle fibers aimed to study the EC coupling between DHPR 

and RyR1 receptors under adrenergic stimulations of muscle fibers derived from mice 

which are heterozygous for the Y524S mutation. Earlier on mice muscle tissues, it has 

been shown that WT fibers have high sensitivity to β-adrenergic treatments [Decostre et 

al., 2000; Cairns & Dulhunty, 1993a; Bowman & Zaimis, 1958]. In pigs with the porcine 

stress syndrome (PSS) under the stress conditions, the intensive release of adrenaline 

causes malignant hyperthermia [Althen et al., 1977]. In my work, for the first time the 

voltage clamp experiments using adrenergic drugs were conducted on isolated single YS/+ 

mice muscle fibers. The effects of natural stress hormone adrenaline on YS/+ muscle fibers 

were studied along with the effects of other synthetic agonists of β-adrenoceptors, such as 

isoproterenol and terbutaline. Electrochemical characteristics of DHPR and RyR1 calcium 

channels were measured before and after β-adrenergic stimulations. Series of pulses in the 

voltage range from -60 to +50 mV with the holding potential of -80 mV were  administered 

on single interosseous YS/+ muscle fibers (Figure 14). This activation protocol was used 

for voltage clamp measurements both before and after addition of adrenergic drug to 

extracellular solution. The chamber with the muscle fiber was perfused with 10 ml of 

external solution containing 10µM adrenaline. Figure 20A shows that the hormone does 

not cause changes in L-type Ca2+ channel current, while there were some modulations in 

Ca2+ conductance which allows to assume the effect of adrenaline on DHPR receptor, 

although this data were statistically not significant (Figure 20B). The fluorescence 

measurements of the Ca2+ release properties of RyR1 receptor in the same fibers revealed 

the decreases in Ca2+ fluorescence ratios on 23% in the presence of adrenaline (Figure 

20C). The fluorescence ratios ΔR at +50 mV (p<0.2) were 1.61±0.23 and 1.25±0.15 before 

and after treatment with adrenaline, respectively.  Figure 20D shows the normalized peak 

of Ca2+ release flux at different test voltages. Again, no significant difference in the voltage 

dependency was observed with and without adrenaline in the perfused solution. 

Interestingly, administration of lower (1 µM) and higher (1 mM) concentrations of 

adrenaline on YS/+ muscle fibers demonstrated no positive inotropic effects (data not 

shown). 
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Figure 20. Effect of adrenaline on the voltage dependence of Ca2+ entry and Ca2+ release in YS/+ 
muscle fibers. 

(A) Voltage dependence of L-type Ca2+ current density. (B) Normalized Ca2+ conductance derived from 
the data shown in A (V1/2 and k were 4.45±2.16 mV (p<0.3), 7.07±0.31 mV (p<0.8) before adrenaline 
addition (n=9), and 1.29±2.4 mV, 7.2±0.31 mV after (n=8)). Mean membrane capacitance was 
5.72±0.42 nF.  (C)  Voltage-activated  changes  in  fura-2  fluorescence  ratio  (V1/2  and  k values  were  
-28.44±1.48 mV (p<0.4), 6.06±0.17 mV (p<0.9) before adrenaline addition (n=9), and -30.52±1.57 
mV, 6.02±0.16 mV after adrenaline addition (n=8). The fluorescence ratios ΔR at +50 mV (p<0.2) were 
1.61±0.23 and 1.25±0.15 before and after treatment with adrenaline, respectively. (D) Normalized peak 
of Ca2+ release flux. Values from the different experiments were averaged after normalization to the 
maximum. V1/2 and k values were not significantly different before adrenaline addition (-21.71±2.5 mV 
(p<0.7), 7.55±1.15 mV (p<0.5) (n=9)), and after (-22.58±1.66 mV, 8.11±0.43 mV (n=8)). (YS/+ with 
adrenaline - red filled circles and continuous lines, YS/+ without adrenaline - blue filled circles and 
continuous lines). 
 
 

In order to compare the effects of adrenaline on mutant and normal muscle fibers, similar 

experiments were conducted on WT fibers. On Figure 21A the decrease in Ca2+ current 

amplitude has been observed in the presence of 10 µM adrenaline. The hormone also 

caused a slight shift in Ca2+ conductance in the range between -20 to 20 mV to more 

negative voltage potentials (Figure 21B), although the half maximum voltage V1/2 and k 

parameters of Ca2+ current were not significantly different getting p<0.2 and p<0.3, 

correspondingly. The scattering of the error bars in amplitudes has not allowed to 

investigate positive inotropic effects of adrenaline on RyR1 Ca2+ release activities. 
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Figure 21. Effect of adrenaline on the voltage dependence of Ca2+ entry and Ca2+ release in WT 
muscle fibers.  

(A) Voltage dependence of L-type Ca2+ current density. (B) Normalized Ca2+ conductance derived 
from the data shown in A (V1/2 and k were 2.50±2.2 mV (p<0.2), 5.65±0.47 mV (p<0.3) before 
application of adrenaline (n=5), and -2.61±3.48 mV, 4.46±1.1 mV after (n=5)). Mean membrane 
capacitance was 6.08±1.06 nF. (C) Voltage-activated changes in fura-2 fluorescence ratio (V1/2 and k 
values were -20.98±2.89 mV (p<0.9), 5.97±0.25 mV (p<0.96) before adrenaline application (n=5), 
and -20.51±2.98 mV, 5.98±0.23 mV after adrenaline addition (n=5)). The fluorescence ratios ΔR at 
+50 mV were 1.52±0.27 and 1.32±0.69 before and after adrenaline treatment, respectively (p<0.8).  
(D) Normalized peak of Ca2+ release flux. Values from the different experiments were averaged after 
normalization to the maximum. V1/2 and k values were not significantly different before adrenaline 
addition -10.9±2.6 mV (p<0.25), 7.77±0.76mV (p<0.44) (n=5), and after -15.45±2.62 mV, 7.04±0.47 
mV (n=5). (WT with adrenaline - red filled circles and continuous lines, WT without adrenaline - blue 
filled circles and continuous lines). 
 

 

Importantly, the fluorescence measurements conducted on YS/+ and WT muscle fibers 

revealed the difference in Ca2+ release parameters in mutant and control cells with no 

regards to adrenaline stimulation. As seen from Figure 20C and Figure 21C the raising 

points of the fluorescence ratio signals detected in YS/+ fibers started at -60 mM, while in 

WT fibers at -50 mM. Similar differences in Ca2+ peak release, i.e. -60 mM and -50 mM, 

have been obtained for both YS/+ (Figure 20D) and WT (Figure 21D) fibers. 

Next, WT and YS/+ muscle fibers Ca2+ activities were investigated under the effect of 

synthetic β-adrenergic agonists. Stimulation of YS/+ muscle fibers with external solution 

containing 10 µM of terbutaline induced the decrease in Ca2+ current amplitude (Figure 

22A), but no changes in Ca2+ conductance were observed (Figure 22B).  
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The fluorescence ratio signals decreased by 26% after the terbutaline treatment (Figure 

22C), while the calculated Ca2+ peak release data revealed no changes (Figure 22D). In the 

experiments on WT fibers in the presence of terbutaline, the Ca2+ current and Ca2+ 

conductance demonstrated very similar tends in voltage dependency. There were slight 

shifts to more negative voltages in both parameters (Figure 23A,B). The mean amplitude 

of Ca2+ signals were reduced by 23% at +50 mV (Figure 23C). The Ca2+ removal analysis 

performed based on the fluorescence ratio data has shown some modulation in voltage 

dependency of Ca2+ peak release (Figure 23D). Similar to the experiments with and 

without adrenaline, in the experiments with and without terbutaline Ca2+ release has been 

shown to be shifted by about 10 mV to more negative voltages in mutant YS/+ fibers 

versus WT fibers (Figure 22D and  Figure 23D).  

 
 

 

Figure 22. Effect of terbutaline on the voltage dependence of Ca2+ entry and Ca2+ release in YS/+ 
fibers. 

(A) Voltage dependence of L-type Ca2+ current density. (B) Normalized Ca2+ conductance derived from 
the data shown in A (V1/2 and k were -1.0±3.42 mV (p<0.9) and 7.05±0.51 mV (p<0.8) before terbutaline 
addition (n=4), and -1.78±3.14 mV and 5.83±0.5 mV after terbutaline addition (n=4)). Mean membrane 
capacitance  was  8.02±2.16 nF. (C)  Voltage-activated  changes  in  fura-2  fluorescence  ratio  (V1/2  and 
k values  were  -29.23±1.37 mV  (p<0.7),  6.49±0.7 mV  (p<0.8)  before  terbutaline addition (n=5),  and 
-28.34±1.62 mV, 6.87±1.18 mV after terbutaline addition (n=5). The fluorescence ratios ΔR at +50 mV 
were 0.9±0.3 without terbutaline, and 0.67±0.25 with terbutaline (p<0.6). (D) Normalized peak of Ca2+ 
release flux. Values from the different experiments were averaged after normalization to the maximum. 
The Boltzmann parameters V1/2 and k were -21.14±3.1 mV (p<0.5), 8.42±0.5 mV (p<0.03) before 
terbutaline addition (n=5), and after -24.55±4.0 mV, 6.65±0.34 mV (n=4). (YS/+ with terbutaline - red 
filled circles and continuous lines, YS/+ without terbutaline - blue filled circles and continuous lines). 
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Figure 23. Effect of terbutaline on the voltage dependence of Ca2+ entry and Ca2+ release in WT 
fibers. 

(A) Voltage dependence of L-type Ca2+ current density. (B) Normalized Ca2+ conductance derived 
from the data shown in A (V1/2 and k were 5.64±1.33 mV (p<0.1) and 5.27±0.09 mV (p<0.6) before 
terbutaline addition (n=6), and 2.18±1.22 mV, 5.64±1.33 mV after terbutaline addition (n=6)). Mean 
membrane capacitance was 5.21±0.43 nF. (C) Voltage-activated changes in fura-2 fluorescence ratio 
(V1/2 and k values were -19.65±1.4 mV (p<0.4), 4.95±0.22 mV (p<0.2) before terbutaline application 
(n=6), and -21.84±1.99 mV, 4.26±0.44 mV after terbutaline addition (n=6)). The fluorescence ratios 
ΔR at +50 mV were 2.1±0.2 before and 1.62±0.17 after application of terbutaline (p<0.1). (D) 
Normalized peak of Ca2+ release flux. Values from the different experiments were averaged after 
normalization to the maximum. V1/2 and k values were -8.4±2.84 mV (p<0.1), 7.48±0.86 mV (p<0.2) 
before terbutaline application (n=6), and -14.75±2.8 mV, 5.99±0.85 mV after (n=6).  (WT with 
terbutaline - red filled circles and continuous lines, WT without terbutaline - blue filled circles and 
continuous lines). 
 

 

The next set of experiments has been performed on YS/+ fibers using isoproterenol. As 

seen from Figure 24A, upon addition of isoproterenol the Ca2+ current amplitude was 

slightly decreased, while the voltage dependence of Ca2+ conductance values would not 

change (Figure 24B).   
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Figure 24. Effect of isoproterenol on the voltage dependence of Ca2+ entry and Ca2+ release in 
YS/+ fibers. 

(A) Voltage dependence of L-type Ca2+ current density. (B) Normalized Ca2+ conductance derived 
from the data shown in A (V1/2 and k were 1.69±3.37 mV (p<0.9) and 6.12±0.35 mV (p<0.8) before 
isoproterenol addition (n=5), and 0.96±1.25 mV, 6.28±0.45 mV after isoproterenol addition (n=4). 
Mean membrane capacitance was 4.81±0.48 nF. (C) Voltage-activated changes in fura-2 
fluorescence ratio (V1/2 and k values were -28.97±2.3 mV (p<0.4), 5.5±0.21 mV (p<0.99) before 
addition of isoproterenol (n=5), and -31.83±2.25 mV, 5.5±0.41 mV after addition of isoproterenol 
(n=5). The fluorescence ratios ΔR at +50 mV were 0.88±0.09 before using isoproterenol, and 
0.72±0.11 after (p<0.3). (D) Normalized peak of Ca2+ release flux. Values from the different 
experiments were averaged after normalization to the maximum. V1/2 and k values were -19.91±1.91 
mV (p<0.1), 8.63±0.57 mV (p<0.08) before addition of isoproterenol (n=5) and -24.63±1.73 mV, 
7.08±0.54 mV after addition of isoproterenol (n=5). (YS/+ with isoproterenol - red filled circles and 
continuous lines, YS/+ without isoproterenol - blue filled circles and continuous lines). 
 

 

In the presence of the agent, the fluorescence ratio signal decreased by 18% compared to 

that for the non-treated YS/+ fibers. And consistent with this data the Ca2+ removal 

analysis in the decay phases of repetitive pulses demonstrated a significant shift in Ca2+ 

peak release. Although in the experiments with isoproterenol the WT fibers were not used, 

however similar to the previous measurements conducted for other adrenergic agents, the 

YS/+ fibers demonstrated the unique feature of the shift in Ca2+ release on about 10 mV to 

more negative voltages. 
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3.3. Determination of the parameters of voltage-dependent Ca2+ signaling 
in R6/2 muscle fibers 
 

Huntington’s disease (HD) is a neurodegenerative pathology which mainly affects the cells 

in central nervous system (CNS) [Walker et al., 2007].  HD is caused by a CAG repeat 

expansion of the first exon of the htt gene that encodes huntingtin (htt) [Guzella et al., 

1983]. There is a number of works showing that the mutated huntingtin protein also results 

in functional abnormalities in muscle cells [Tews, 2005; Strand et al., 2005; Turner et al., 

2007]. This work aimed to investigate the effects of modulations in huntingtin gene 

expression on excitation-contraction abilities of muscle cells. The DHPR-RyR1 coupling 

under the voltage clamp conditions was examined on interosseous fibers isolated from 

R6/2 transgenic mice, an established HD model. Right after the extraction, it was observed 

that the muscle fibers isolated from mutant animals displayed apparent differences from 

the cells isolated from WT mice. In more detail, the morphological differences between 

control and mutant R6/2 muscle fibers isolated from mice of 12 weeks of age, such as cell 

surface structure and size dimensions have been examined microscopically. The mutant 

cells are likely to lose the characteristic muscle cells texture, while the fibers isolated from 

normal mice had clear striated structure. 

 
Figure 25. The distribution of the length of R6/2 and WT muscle fibers  

The data presented as the per cent of the total number of fibers examined 
with regards to cell length. The value of the bell-shaped peak corresponds 
to 28% of the total 1946 examined WT fibers. The peak value for mutant 
fibers is equal to 27% of the total 1511 examined R6/2 fibers (red trace).  
 
 

In terms of size, the most of the WT fibers have typical lengths of 500-600 µm. Figure 25 

summarizes the length distribution for mutant and normal muscle fibers. As it is seen, the 

average length of WT cells is about 536.6 µm versus 559.5 µm for R6/2 cells. So, only the 

4% difference in the length of mutant and normal cells has been stated. 
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In fact, among isolated mutant fibers 1% of cells were extremely long, with some cells 

being longer than 900 µm. R6/2 muscle fibers displayed an obvious atrophy, since most 

R6/2 cells were much thinner than the WT fibers. The bell-shaped distribution on Figure 

26 shows that 35% of the total 1511 examined mutant fibers had the width of 35-45 µm. 

The same percentage (34.9%) of the total 1946 measured normal fibers were thicker with a 

width range of about 45-55 µm.  

 

 
Figure 26. The width distribution of mutant and WT fibers.  

The data presented as a per cent of the total number of fibers examined 
with regards to cell width. The bell-shape peak value for WT (blue) 
fibers corresponds to 31% of the total 1946 measured cells. The peak 
value for mutant fibers is 35% out of the total 1511 measured R6/2 
cells.  
 
 

HD-related myopathy results in muscular weakness, which has been detected both in 

humans with htt mutation and R6/2 HD mice model. We hypothesized, that the determined 

in vivo reduction in muscle strength could be resulting from malfunctioning of the SR Ca2+ 

release channel during EC coupling. Using two-electrode voltage clamp technique, the 

DHPR L-type Ca2+ inward current and Ca2+
 
release from SR as a function of fura-2 

fluorescence signals were recorded simultaneously in enzymatically isolated interosseous 

muscle fibers from WT and R6/2 mice [Ursu et al., 2005.].  The experimental protocol is 

presented in Figure 27. The voltage activation consisted of series of pulses from a holding 

potential of -80 mV. The gradual depolarization pulses covered the voltage range between 

-60 and +50 mV (Figure 27A). The traces in panels B and D are the demonstrative 

examples of fura-2 fluorescence ratio signals (F380/F360) acquired in WT and R6/2 fibers, 

correspondingly. The Ca2+ inward currents for WT and R6/2 fibers are presented in panels 

C and E, respectively.  

 



 45

 

Figure 27. Protocol to study the voltage-dependent Ca2+ release flux and 
Ca2+ entry in WT and R6/2 fibers. 

(A) Depolarizing voltage pulses (100 ms) with gradually increasing amplitude 
were applied from a holding potential of -80 mV. The time interval between 
pulses was 60 seconds. (B) and (D) are fura-2 fluorescence ratio signals as a 
function of Ca release detected in WT and R6/2 fibers, correspondingly.  (C) and 
(E) are the Ca2+ inward currents recorded in WT and R6/2 fibers, respectively. 
 
 

The results of the comparative studies of the effects of htt mutation on muscle cells Ca2+ 

signaling are illustrated in Figure 28. The averaged results for the voltage-dependent Ca2+ 

current revealed statistically significant decay in the amplitude of Ca2+ current in mutant 

muscle fibers and the transposition of the Ca2+ current trace (on 8.6 mV) to more negative 

potentials (Figure 28A). The maximal L-type Ca2+ current amplitude (Figure 28A) 

derived from the acquired records at 10 mV potential point showed a lower mean value in 

R6/2 fibers (-6.95±0.47 nA/nF) than in WT fibers (-8.71±0.68 nA/nF). Based on the 

recorded IV-curve relations, equation (1) described in the “Materials and methods” section 

was employed to obtain the Ca2+ conductance data. From Figure 28B a clear shift to more 

negative voltage range in the fibers affected by htt mutation can be seen. To analyze the 

Ca2+ release process, the fluorescence ratio signals were recorded [Ursu et al., 2004; 

Melzer et al., 1987; Schuhmeier & Melzer, 2004].  The fluorescence ratio amplitude data 

were determined by averaging and fitting the raw fluorescence values (Figure 28C). The 

Ca2+ release amplitude in mutant fibers was decreased by 37% at +50 mV in contrast to 

WT fibers. There was also a shift in the fluorescence ratio to more negative potentials in 

the range between -50 and -20 mV in mutant fibers. The latter has been analyzed in more 

detail by normalization of the fluorescence ratio mean values to the maximum value 

(Figure 28D).  The shift in voltage dependency of Ca2+ release to more negative voltages 

in R6/2 fibers was estimated to be about 5.51 mV. 
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Figure 28. The processes of Ca2+ entry and Ca2+ release in R6/2 and WT muscles fibers. 

(A) The voltage dependence of L-type Ca2+ current density and (B) normalized Ca2+ conductance 
derived from the data shown in (A): V1/2 and k were -0.08±0.96 mV (p<0.00003), 5.0±0.17 mV 
(p<0.003) for WT (n=19) and -8.69±1.6 mV, 6.3±0.42 mV for R6/2 (n=13), respectively. Mean 
membrane capacitance was 5.57±0.51 nF for WT and 3.61±0.37 nF for R6/2 (p<0.01) fibers. (C) 
The absolute maximal values of fluorescence ratio ΔR at +50 mV (p<0.02) were 0.91±0.09 for 
WT (n=26) and 0.57±0.09 for R6/2 (n=16). (D) Normalized changes in fura-2 fluorescence ratio. 
V1/2 and k parameters had the following mean values: -24.54±1.42 mV and 5.6±0.22 mV for R6/2 
fibers (p<0.001), and -19.03±0.83 mV, 5.61±0.16 mV for WT (p<0.96). Data from the different 
experiments were averaged after normalization to the maximum value. Statistically significant 
5.51 mV negative shift (p<0.001) has been observed in the experiments on R6/2 fibers.  
 
 

The input flux, i.e. the total flux of Ca2+ into the myoplasm was derived in accordance to 

[Schuhmeier & Melzer 2004]. The Ca2+ removal fit parameters were obtained from the 

fitting of the relaxation phases of four depolarizing voltage pulses. Figure 29A 

demonstrates the representative Ca2+ release traces and the normalized time courses of 

Ca2+ release fluxes in WT and R6/2 muscle fibers. The rapid decrease and a slower 

declining (plateau) after the initial maximum Ca2+ spike have been calculated as a 

peak/plateau ratio. The plateau was considered as a mean flux between 25 and 75 ms after 

the pulse onset. Although the obtained peak/plateau ratios (Figure 29B) were linear for 

both types of fibers, the heights of the plateaus show that the level of myoplasmic Ca2+ in 

R6/2 fibers during the measurements remains slightly higher (Figure 29A). 
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Figure 29. Voltage-activated Ca2+ release fluxes and Ca2+ release peak/plateau ratios 
calculated from fura-2 fluorescence ratio recordings. 

(A) Ca2+ release fluxes from SR in R6/2 (red traces) and WT (blue traces) voltage-activated 
muscle fibers were calculated using removal model procedure [Ursu et al., 2004]. (B) The peak 
to plateau ratio mean values of Ca2+ release fluxes in -20 mV to +50 mV potential range. 
 

 

To further analyze Ca2+ input flux with regard to the effects of htt mutation, the values of 

the Ca2+ peak amplitude were plotted as a function of voltages for both R6/2 and WT fibers 

(Figure 30). The voltage dependency of the normalized Ca2+ release flux showed a 

significant shift (6.1 mV) to more negative potentials in R6/2, indicating that R6/2 fibers 

have a lower threshold for activation. This shift to more negative potentials in R6/2 fibers 

was easy to predict because of the shift in Ca2+ current detected in Figure 28A,B as a sign 

of the functional link between RyR1 and DHPR. The absolute amplitude of Ca2+ release 

peak was two times lower in R6/2 muscle fibers, although this decrease was not 

statistically significant (p<0.14). The amplitudes of Ca2+ release peak values at +50 mV 

were 0.2±0.08 mM/s in R6/2 and 0.41±0.1 mM/s in WT fibers.  
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Figure 30. Voltage-dependent changes of Ca2+ release peak in 
R6/2 fibers. 

The fitted curves of Ca2+ release peaks obtained in the experiments 
with fura-2, are shown as red traces for R6/2 fibers and blue traces 
for WT fibers. Data presented as mean+SEM. The fit parameters 
V1/2 and k were -11.29±1.37 mV (p<0.005) and 7.14±0.35 mV 
(p<0.45) for WT cells (n=16); -17.4±1.46 mV and 7.56±0.43 mV 
for R6/2 cells (n=23). The amplitudes for Ca2+ peak release at +50 
mV were 0.2±0.08 mM/s for R6/2 and 0.41±0.1 mM/s for WT 
(p<0.14). 
 

 

Fura-2 is a Ca2+ sensitive dye with relatively slow kinetics and low dissociation constant 

(Kd is 276 nM [Schuchmeier et al., 2003]). To avoid farfetched differences in Ca2+ peak 

amplitudes which could be caused simply by delayed binding of free Ca2+ ions, 

complementary the experiments with another Ca2+-sensitive dye fura-FF-AM have been 

conducted. Fura-FF-AM has lower affinity and faster kinetics (the dissociation constant Kd 

is 6.5 µM [Ursu et al., 2005]) and could enable more precise measurements of Ca2+ 

alterations in fiber mytoplasm. Membrane permeability of fura-FF-AM is an advantage 

allowing to perform cell micromanipulations with minimal disturbances in the cell content 

and therefore to conduct measurements in conditions close to physiological. Figure 31 

demonstrates the mean amplitudes of Ca2+ release at different voltages for R6/2 and WT 

fibers loaded with fura-FF-AM. 
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Figure 31. Voltage-activated changes of amplitudes in 
experiments with fura-FF-AM. 

The amplitudes of the fluorescence ratios of R6/2 fibers showed 
decreased values in comparison with WT fibers. The best fit 
parameters V1/2 and k were -11.26±1.5 mV (p<0.15) and 5.73±0.4 mV 
(p<0.67) for R6/2 (n=18); -14.89±1.67 mV and 5.47±0.36 mV for 
WT (n=9) respectively. The absolute values at +50 mV were not 
statistically significant (p<0.15) 0.71±0.06 (R6/2) and 0.88±0.1 
(WT). 

 

As seen from the Figure 31, the mutant fibers respond to voltage stimulations by lowered 

Ca2+ release in contrast to the control fibers. The fura-FF-AM fluorescence experiments 

revealed the reduction in Ca2+ transients in R6/2 fibers at +50 mV on 19% (p<0.15). In 

similar experiments with fura-2, the reduction of Ca2+ release magnitude for mutant fibers 

was 37%. Fura-FF-AM experiments also showed the changes in Ca2+ release kinetics in 

R6/2 cells.   

 

Figure 32. Representative original Ca2+ signal recordings in R6/2 and WT muscle fibers at various 
activating voltages 

Ca2+ releases have been initiated by (100 milliseconds) electric pulses from -80 mV to progressively higher 
potentials in the mutant (A) and control (B) muscle fibers. The activation protocol consisted of depolarizing 
voltage pulses with time interval 60 seconds and gradually increasing amplitude from a holding potential of -
80 mV.  The muscle cells preloaded with membrane permeable fluorescent dye fura-FF were clamped with 
two sharp electrodes filled with 3M KCl. 
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It was interesting to analyze the original recorded traces of the fluorescence ratio signals 

since in R6/2 and WT fibers the Ca2+ release kinetics were distinguishably different. The 

relaxation period was more prolonged for mutant fibers and also the amplitude of the 

fluorescence ratio signal was much smaller in R6/2 cells than in WT fibers (Figure 32).  

The relaxation of fluorescence ratio traces obtained in the intervals between repetitive 

pulses was fitted with the single exponential function: 
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where Ao is an amplitude of fluorescence signal at to, A1 is a baseline, to is the time point 

corresponding to the half of the relaxation peak, and τ is the time constant, which in this 

case is the time of exponential decrease of the fluorescence amplitude required to reach 

about 63% of its final value, to has been designated as an initial time point at which all Ca2+ 

channels are closed (Figure 33A).  

 

 

After application of voltage pulses, an extrusion of Ca2+ from the cytoplasm was assumed 

to be the only active process. The τ-values were obtained by fitting the recorded data. The 

time constant values in the applied voltage range have been shown to be higher in R6/2 

muscle fibers than in WT fibers (Figure 33B), indicating that in mutant muscle fibers 

RyR1-mediated Ca2+ release is reduced and its efflux from cytosol is slowed down. 

 

A 

 
 

B 

Figure 33. Relaxation kinetics of Ca2+ transients in the R6/2 and WT fibers. 

(A) Fitting of the relaxation phase of electrically evoked fluorescence Ca2+ transient. Fitting was performed 
starting at time to, which corresponds to the half of maximal amplitude (Fpeak). Fbaseline is the fluorescence level 
at resting state of muscle fiber. The red line is a fitted line. (B) The time constants of the relaxation phase at 
different voltages for R6/2 (red circles) and WT (blue circles) fibers. The absolute values were not 
statistically significant. 
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4. DISCUSSION 
 
 
Voltage-dependent Ca2+ channels are important mediators between cell membrane 

excitation and cellular functions. In striated muscle, L-type Ca2+ channels dihydropyridine 

receptors (DHPR) along with ryanodine (RyR1) receptors play key role in shaping the 

intracellular Ca2+ signal that activates contraction. The process involves the interaction 

between L-type Ca2+ channels of DHPR and RyR1 Ca2+ release channels in the 

sarcoplasmic reticulum (SR). In heart muscles Ca2+ ions entering the cell via the voltage-

activated DHPR trigger Ca2+ release via RyRs in the process termed calcium-induced Ca2+ 

release [Bers, 2001]. In contrast, skeletal muscles exhibit a direct conformational coupling 

between the DHPR and the RyR1 [Dirksen, 2002]. There is a bidirectional-signaling mode 

of interaction between two receptors. The DHPR transmits an orthograde excitation-

contraction (EC) coupling signal to RyR1 and receives a retrograde current-enhancing 

signal from RyR1. This work aimed to study the characteristic properties of two receptors 

in EC coupling in the context of neuromuscular degenerations. Studies were conducted on 

single muscle fibers isolated from physiologically normal WT and genetically altered mice, 

which are established animal models of neuromuscular disorders, such as central core 

disease (CCD), malignant hyperthermia (MH) and Huntington’s disease (HD). The MH 

and CCD are disorders associated with mutations in the ryanodine receptor type 1 (RyR1) 

gene. Many mutations related to MH in the RyR1 are clustered in the cytoplasmic domains 

near carboxyl terminus [Lynch et al., 1999; Monnier et al., 1997]. The majority of CCD 

causing mutations is placed in the pore-forming domain of RyR1 [Lynch et al., 1999; 

Tilgen et al., 2001]. The expression of these mutations in RyR1 protein leads to increased 

sensitivity of RyR1 Ca2+ channels in response to voltage stimulation or biochemical 

activators. Therefore, the direct effects on EC coupling in the muscle fibers can be 

expected due to the abnormal calcium homeostasis.  The HD is known to be associated 

with an expanded polyQ domain in the huntingtin protein in different brain regions 

[Kremer et al., 1994]. Series of studies indicate that the toxic polyglutamines affect also 

non-neuronal cells, including skeletal muscle fibers [Ribchester et al., 2004; Sathasivam et 

al., 1999]. The atrophy and the weakness of muscles are specific characteristics observed 

in HD and CCD patients. The investigation of the Ca2+ signaling on the level of single 

muscle cells can shed light on fundamental mechanisms of DHPR-RyR1 interaction in EC 

coupling in genetically altered muscles. 
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4.1. Implication of I4895T and Y524S mutations in modulation of 
voltage-dependent Ca2+ signaling in muscle fibers 

4.1.1. Contribution of I4895T mutation in IT/+ muscle excitation-contraction 
coupling  

 
In mammalian skeletal muscles calcium regulation is a key mechanism of the excitation 

contraction coupling in the muscle. There are two major receptors which are involved in 

EC coupling - DHPR and RyR1. The mutations in both DHPR and RyR1 proteins underlie 

several clinically distinct skeletal muscle disorders [Jungbluth et al., 2007; Ferreiro et al., 

2002]. Genetic alterations in RyR1 protein associated with central core disease (CCD) are 

discovered to target the functioning of the RyR1 Ca2+ releasing pore in cells derived from 

CCD muscle biopsies [Lynch et al., 1999; Robinson et al., 2006]. But this mutation did not 

affect the structural integrity of the entire DHPR-RyR1 complex [Zvaritch et al., 2009]. 

My work has been focused on studying the impact of RyR1 receptor I4895T mutation in 

disruption of DHPR-RyR1 EC coupling associated with central core disease [Zhang et al., 

1993] and malignant hyperthermia (MH) [MacLennan et al., 1990]. In my study I 

compared the electrophysiological characteristics of single muscle fibers isolated from WT 

and heterozygous knock-in (IT/+) mice, which provide a valuable animal model for 

evaluation of the pathological effects induced by I4895T mutation of RyR1 receptor, an 

analog of the human I4898T mutation. The functional characteristics of RyR1 and DHPR 

Ca2+ channels were studied in the context of both voltage-dependent activation and 

inactivation processes.  

Voltage-dependent activation of RyR1 Ca2+ channel. In the assembly of RyR1 and 

DHPR, the latter plays a role of the trigger of the RyR1 receptor Ca2+ releasing channel. It 

has been postulated that orthograde and retrograde Ca2+ signaling exists between two 

receptors [Avila et al., 2001; Sheridan et al., 2006]. Because of the physical and functional 

connections between these two proteins, if any modulations in the activity of one of the 

receptors occur it should affect the functional activity of the second receptor. Ca2+ current 

and Ca2+ conductance are the characteristics of the DHPR component of the molecular 

assembly, and the Ca2+ release flux is a main parameter of RyR1. In my experiments on the 

evaluation of RyR1 and DHPR supercomplex Ca2+ signaling activities, I showed that there 

are no significant changes in the amplitude and voltage dependency of Ca2+ current 

(Figure 15A) and Ca2+ conductance (Figure 15B) in IT/+ muscle fibers in contrast to WT 

fibers. Previously in myotubes isolated from RyR1 knock-out mice it was shown that the 

retrograde signal transfer from RyR1 to DHPR leads to significant reduction in L-type Ca2+ 

current in comparison to the fibers from control animals [Nakai et al., 1996]. The results 
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obtained in my work allow to make a conclusion that in IT/+ muscle fibers the retrograde 

coupling between RyR1 and DHPR is not affected by I4895T mutation, and therefore there 

are no alterations in DHPR receptor activity.  

Studies of the Ca2+ release in IT/+ muscle fibers using simultaneous detection of Ca2+ 

current and fluorescence measurements of Ca2+ transients have revealed significant 

attenuation in the amplitude of depolarization-induced fluorescence ratio, which is a 

parameter of the functional activity of RyR1 receptor (Figure 15C). These results are 

consistent with the findings in FDB type of muscle fibers from the same IT/+ mouse model 

[Loy et al., 2010]. The FDB fibers were stimulated by repetitive action potentials with 

following rapid exposure to 30 sec of 4-CMC (4-Chloro-m-Cresol), a RyR1 agonist, and 

the reduction in both magnitude and rate of RyR1 Ca2+ release during EC coupling has 

been demonstrated [Loy et al., 2010]. To characterize Ca2+ release in more detail, I 

performed “Ca2+ removal model fit” analysis  in the decay phases of repetitive pulses 

(described in Materials and Methods section) [Melzer et al., 1986]. The fluorescence data 

were used to estimate the depolarization-activated Ca2+ release flux from the SR [Ursu et 

al., 2005]. The mean maximal value of the flux was by 23% smaller in IT/+ fibers 

compared to WT fibers but this difference was not statistically significant. A possible 

reason for high errors is the variability in the efficiency of intracellular dialysis and 

deviations from the assumed 15 mM fixed EGTA concentration in the fiber (refer to 

“Materials and methods”), because the estimated Ca2+ release amplitudes are linearly-

dependent on the dominating intracellular buffer concentration [Schuhmeier & Melzer, 

2004]. The different efficiencies of loading the muscle fibers with EGTA containing 

solution could be associated with muscle morphological features. The smaller the volume 

of the muscle fiber, the faster is the EGTA diffusion into the cell. It is likely that the 

diameters of the employed glass pipette tips may also contribute to the variations in EGTA 

concentration. The smaller glass pipette tips secure the prolonged loading of the 

intracellular solution from the tip into cytosol. The diffusion of the loading solution could 

be slow enough to be not completed in the assigned experimental time (30 min). And 

lastly, in the calculations of RyR1 Ca2+ release flux a time derivative is involved, which 

would also contribute to the variations in the values by increasing the noise of the recorded 

fluorescence parameters. Additional normalization of the Ca2+ release flux data (Figure 

15D) revealed no pronounced changes in the Ca2+ channel activity of mutant fibers. 

Remarkably, earlier studies on YS/+ muscle fibers have demonstrated the clear negative 

potential-shifted voltage dependency of RyR1 Ca2+ release activation [Andronache et al., 

2009]. It was interesting to compare the data found on YS/+ muscle fibers with my results 
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obtained on IT/+ muscle fibers since the YS/+ mice are carriers of Y524S mutation which 

is very similar to I4895T mutation of RyR1 receptor in their probability of CCD 

development. If the difference in the voltages of half-maximal activation (V1/2) of release in 

YS/+ fibers was shown to be -8.2 mV, whereas on IT/+ fibers I have shown only -2.2 mV 

difference which in fact was not significant. Because of insignificancy of the Ca2+ peak 

release data the complimentary studies were performed using another Ca2+ sensitive 

fluorescent probe fura-FF-AM. The membrane permeability of this dye allows to minimize 

the mechanical disturbance (unavoidable with dye requiring microinjection) and to 

preserve the intactness of the studied fibers. Ratiometric Ca2+ signals activated by large 

depolarization pulses demonstrated significant reduction in peak amplitude up to 22% in 

mutant fibers (Figure 16). These results are in good agreement with the reduction in 

electrically evoked Ca2+ release in intact cells described by Loy et al. (2010). 

Since every methodological approach has its own drawbacks, including fluorescence signal 

measurements, such as dye distribution, degradation, quenching, it was interesting to find 

out if the reduction of the fluorescence Ca2+ release signal is due to the probability of low 

calcium content in SR of the mutant fibers. With this regards the group of T. Dirksen via 

application of the rapid Ca2+ release cocktail, consisting of ionomycin, CPA (cyclopiazonic 

acid) and EGTA, clearly proved that the reduction in Ca2+ release in IT/+ fibers is not a 

result of the eliminated Ca2+ content in SR. These findings along with the data of Gao et al. 

[Gao et al., 2000] are supportive to the fact that genetic alterations of RyR1 Ca2+ gating 

result in the reduction in the magnitude of RyR1 Ca2+ release during EC coupling and lead 

to muscle weakness in IT/+ knock-in mice. Thus, the decrease in Ca2+ release from IT/+ 

muscle fibers observed in my work is indicative of the possible modulations in RyR1 

functional activity caused by the mutation.  

Voltage-dependent inactivation of RyR1 Ca2+ channel. Voltage-dependent Ca2+ 

channels functionality is determined not only by activation but also by capability of the 

channels to close and re-open. Therefore, it is important to account for both activation and 

inactivation features of the Ca2+ channels. To study the voltage-dependent Ca2+ channel 

inactivation, the exposure to the prolonged pulse has been employed to evaluate the 

probability of the re-opening of the spontaneously closed pores. In my experiments the 

voltage-driven inactivation of RyR1 Ca2+ releasing channels in IT/+ versus WT fibers 

revealed no changes in Ca2+ current or Ca2+ release rates (Figure 18). This data to some 

extent allows to assume that the retrograde interaction between DHPR and RyR1 is not 

affected by I4895T mutation. In contrast, in the work by [Andronache et al., 2009] on 

YS/+ fibers, the shift in inactivation for both Ca2+ release and Ca2+ entry to more negative 
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potentials was observed which provides evidence that Y524S mutation in RyR1 

contributes to the inactivation gating properties of DHPR.  Therefore, from this data the 

presence of retrograde coupling between DHPR and RyR1 in YS/+ fibers could be 

concluded. This is an interesting fact because both IT/+ and YS/+ mutations in the RyR1 

gene are causally linked to MH and CCD [Andronache et al., 2009].  

Experimentally obtained voltage-dependent Ca2+ channel activation and inactivation data 

of Ca2+ release has been further evaluated through superimposing both data sets. The 

analysis shows the range of voltages where the Ca2+ release could not be further activated 

(window Ca2+ release). Window Ca2+ release was measured experimentally during the long 

30s depolarization pulses according to the inactivation protocol. The window voltages for 

steady-state Ca2+ release (Figure 19) in IT/+ muscle fibers were not altered and, therefore, 

indicate on the absence of changes in retrograde signaling between RyR1 and DHPR 

calcium channels in skeletal muscles, as it was found in other studies [Grabner et al., 1999; 

Andronache et al., 2009]. Unchanged window Ca2+ release also means that in case of long-

term depolarization of IT/+ fibers within the window voltages the elevation of cytoplasmic 

Ca2+ occurs similar to that in WT fibers. 

Overall, the voltage activation and inactivation results obtained on IT/+ muscle fibers 

along with similar works of other group on YS/+ fibers imply that depending on the type of 

mutation, the functional coupling between DHPR and RyR1 receptors could be different. 

Theoretically, EC uncoupling can be governed by several distinct mechanisms, including 

the reduced RyR1 expression, lack of appropriate RyR1 junctional targeting, defective 

coupling to DHPR, or altered RyR1 Ca2+ conduction and/or gating. In spite of similar 

contributions of both I4895T and Y524S mutations to MH and CCD, there are distinct 

features of DHPR and RyR1 receptors in each case of mutations. Figure 34 summarizes 

the different modes of the functional connection between DHPR and RyR1 receptors. 

In YS/+ fibers, the gating properties of DHPR and the retrograde coupling between DHPR 

and RyR1 are shown to be significantly altered [Andronache et al., 2009; Dirksen, 2002] 

(Figure 34B). The mechanism of how Y524S mutation affects the retrograde signaling is 

still unclear. It could be that the altered retrograde coupling in YS/+ muscle fibers is 

directly effected by Y524S mutation or indirectly mediated by local elevations of cytosolic 

Ca2+ concentration, that occurs because of the “leak” of mutant RyR1 channel. In turn the 

increase of cytosolic Ca2+ level can activate Ca2+-dependent enzymes that lead to 

modulation of the DHPR channel [Andronache et al., 2009]. Another set of processes is 

likely to run in IT/+ fibers receptors (Figure 34C). In single adult fibers from IT/+ knock-
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in mice we showed that I4895T mutation did not affect DHPR activity. It was 

demonstrated significantly reduced and slowed RyR1 Ca2+ release in IT/+ fibers in the  
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Figure 34. Models of the different effects of Y524S and I4895T mutations on EC coupling. 

(A) Normal EC coupling in the control muscle fibers. (B) “Leaky channel” model, which demonstrates how 
Ca2+ leak leads to SR depletion and as a result to muscle weakness. (C) “EC uncoupling” model shows that the 
mutation in RyR1 channel causes the conformational changes in the Ca2+ pore which causes inability of most 
of Ca2+ channels to be activated. Attenuated release of Ca2+ ions results in muscle weakness. The numbers 
indicate the states of DHPR channels: (1) resting (closed), (2) pre-active (closed), and (3) open. The coupled 
RyR1 channels can be in closed (1), (2), (3) or open (4), (5) states. The voltage sensitive L-type Ca2+ channels 
could be activated by two voltage-dependent transitions (V12 and V23). K is a voltage-independent equilibrium 
constant for the Ca2+ channel open-close reaction. Picture was adopted from Avila & Dirksen (2001) and 
modified. 

 

absence of changes in either Ca2+ content of the SR or release channel sensitivity to voltage 

activation (EC uncoupling) (Figure 19). This is indicative of the unaltered retrograde 

coupling between two receptors. The results of my work provide evidence that the EC 

uncoupling observed in muscle from IT/+ mice results in formation of RyR1 channels with 

reduced Ca2+ ion permeation. In another interesting work performed on the model system 

of planar lipid bilayers with incorporated recombinant ryanodine receptors [Loy et al., 

2010], it has been shown that Ca2+ permeation was abolished for homotetrameric channels 

and significantly reduced for heterotetrameric channels. These data on modulation of 

filtering properties of RyR1 pore by I4895T mutation along with my findings are in a good 



 57

agreement with the hypothesis of EC uncoupling suggested by Robinson et al. (2006), 

according to whom the CCD and MH related mutations cause suppression of Ca2+ ion 

permeation through RyR1. 

The comparison of the data obtained on YS/+ and IT/+ muscle fibers demonstrates that the 

effects of  I4895T mutation on Ca2+ signaling in muscle cells  are apparently distinct from 

those induced by Y524S mutation. While Y524S mutation results in the reduced Ca2+ 

release from depleted SR through RyR1 Ca2+ channels and I4895T mutation causes EC 

uncoupling via reduced Ca2+ permeation of RyR1 Ca2+ channels, both mutations eventually 

result in muscle weakness in MH and CCD. 

 

4.1.2. Unaltered Ca2+ channel sensitivity in YS/+ muscle fibers upon adrenergic 
stimulation. 

 
The clinical observations state that CCD patients are susceptible to the malignant 

hyperthermia crisis (MH). MH is a life-threatening hypermetabolic condition associated 

with genes encoding the Ca2+ release unit of RyR1 protein [Struk et al., 1998]. It 

accompanied by multiple symptoms, such as hyperthermia, hypoxia, hypercapnia, acidosis, 

and muscle rigidity [MacLennan & Phillips, 1992; Lehmann-Horn et al., 1999; Rosenberg 

et al., 2007] and results from uncontrolled release of Ca2+ in skeletal muscle. Importantly, 

in patients susceptible to MH the administration of halogenated anesthetics could result in 

hypermetabolic reaction involving sustained skeletal muscle contraction, elevated body 

temperature with a high risk of mortality. Such sensitivity to anaesthetics was previously 

observed in MHS pigs [Harison, 1975; Althen et al., 1977], which are used as MH animal 

models [Hall et al., 1966]. A number of biochemical and physiological experiments [Fujii 

et al., 1991; Mickelson & Louis, 1996] have shown that dysfunction of RyR1 itself is the 

most likely explanation for MH porcine stress. The mutation of porcine RyR1 is seemed to 

be directly responsible for impairment of SR Ca2+ release mechanism [Mickelson & Louis, 

1996]. Other than pigs, the heterozygous YS/+ knock-in mice [Chelu et al., 2006] were the 

first genetically engineered animal model, which demonstrated pathological features 

similar to malignant hyperthermia susceptibility (MHS), i.e. increased sensitivity to 

increase in temperature and anaesthetics. It was proposed that in YS/+ mouse skeletal 

muscle fibers, the Y524S mutation-mediated Ca2+ channel defects promote  higher voltage 

sensitivity of the L-type Ca2+ channel and/or ‘‘leaky’’ SR Ca2+ channel functioning 

(Figure 34) [MacLennan, 2000; Avila et al., 2001]. The altered Ca2+ homeostasis can 

eventually induce the lethal excess of Ca2+ release causing MH crisis. 



 58

In early studies involving animal muscle tissues, it was demonstrated that stimulation of 

the muscles with sympathomimetic agents induces an increase in the maximal tension of 

fast-twitch skeletal muscles of the cats [Bowman & Zaimis, 1958]. In contrast, in the slow-

twitch soleus muscles of cats and rabbits the sympathomimetic drugs induce decrease in 

the maximal muscle tension [Bowman et al., 1962; Jurna & Rummel, 1962]. Other authors 

found an enhancement in the tension of both fast- and slow-twitch mammalian skeletal 

muscles [Cairns & Dulhunty, 1993a; Tuyen et al., 1999; Bowman, 1962]. It was proposed 

that β-adrenergic agonist-mediated increase of muscle tension occurs due to high 

intracellular Ca2+ loading, caused by elevated inward Ca2+ current through the voltage-

activated DHP receptors [Williams & Barnes, 1989].  

Importantly, most electrophysiological studies of EC coupling between DHPR and RyR1 

receptors under adrenergic stimulations have been performed on the whole muscle tissues. 

In my work, for the first time, the voltage clamp experiments under adrenergic stimulation, 

have been conducted on isolated YS/+ mice single muscle fibers. The β-adrenoceptor 

agonists, such as natural hormone adrenaline, and its synthetic analogs, isoproterenol and 

terbutaline, were used in order to investigate whether the Y524S mutation leads to the 

alterations in voltage-dependent Ca2+ signaling in muscle fibers.  

The effects of adrenaline, terbutaline and isoproterenol did not demonstrate pronounced 

effects on Ca2+ signaling.  The mutant fibers displayed a slight decrease in the Ca2+ current 

amplitude upon administration of adrenergic agents. Among applied stimulators 

terbutaline, causes distinguishable decrease in Ca2+ current in YS/+ fibers. The 

compromised stability of the L-type Ca2+ channels suggests that these channels are 

involved in adrenergic stimulation of YS/+ fibers. In contrast, in WT fibers, adrenaline 

caused the decrease in Ca2+ current amplitude. The recording of the Ca2+ conductance in 

the presence of adrenaline revealed the slight shifts to more negative voltages in both YS/+ 

and WT fibers (Figure 20A,B and Figure 21A,B). The similar responses to adrenergic 

stimulation suggest that DHPR Ca2+ channels do not have functional differences in both 

normal and mutant fibers. To further support these data, the experiments with application 

of terbutaline demonstrated the functional stability of DHPR Ca2+ channel in YS/+ fibers 

(Figure 20A,B) like in WT fibers (Figure 23A,B). In contrast to adrenaline and 

terbutaline, the application of isoproterenol did not affect either Ca2+ current or Ca2+ 

conductance in YS/+ fibers (Figure 24A,B) demonstrating that the drug does not alter EC 

coupling in YS/+ muscle fibers, even these results are in contradiction to those obtained by 

Bowman et al. (1962) and Cairns et al. (1993). The fluorescence measurements revealed 

the tendency of the fluorescence ratio signal to decrease during adrenergic stimulation. In 
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the presence of adrenaline in YS/+ fibers, the signal decay reached 23%, in WT fibers 

signal did not change significantly (Figure 20C and Figure 21C). In the presence of 

terbutaline in YS/+ fibers fluorescence ratio dropped on 26% and on 23% in WT fibers 

(Figure 22C and Figure 23C). Addition of isoproterenol decreased the fluorescence ratio 

signal by 18% in YS/+ fibers (Figure 24C). Experiments with isoproterenol were 

conducted only on YS/+ muscle fibers. Unfortunately, based on the data obtained only on 

mutant cells it is hard to judge to what extent isoproterenol influences the Ca2+ signaling in 

mutant fibers. Overall, based on the data obtained in these experiments one can propose 

that the adrenergic agents studied in this work modulate RyR1 Ca2+ channel activity by 

inducing the reduction in the magnitude of RyR1-mediated Ca2+ release during EC 

coupling. 

In spite of high error scattering in the Ca2+ current and Ca2+ release which caused 

difficulties in defining the well comparative data, my results demonstrated very slight 

modulations of voltage-dependent Ca2+ signaling upon administration adrenergic 

compounds. Earlier published works stated on the positive inotropic effects of adrenergic 

agonists studied in this work [Ha et al., 1999; Cairns et al., 1993; Gonzalez et al., 1981]. 

Presumably, the difference in methodological standards used by different authors, such as 

variations in buffer composition, modes of administration of stimulating agents, could 

explain the controversy of published results and those obtained in my work. Most 

investigations of the effects of adrenergic agents cited earlier were conducted either on 

bundles of muscle fibers [Bowman & Nott, 1969; Cairns et al., 1993] or on “skinned”/split 

muscle fibers [Gonzales et al., 1981]. In this case the adrenergic drug activates cAMP 

messenger, which stimulates the SR Ca2+ pump to uptake Ca2+ ions. Elevated Ca2+ in SR 

leads to the massive Ca2+ release during muscle activation. In contrast, my work is the first 

attempt to examine the electrophysiological characteristics of Ca2+ signaling on the level of 

isolated single YS/+ and WT muscle fibers.  

As seen from the experiments, the fluorescence ratio signals and Ca2+ peak release data 

obtained on YS/+ fibers clearly demonstrate a 10 mV shift in the voltage-dependency of 

RyR1 Ca2+ channels to more negative voltages with no regard to the presence of 

stimulating agents. These results are important for understanding of the functional features 

of RyR1 in voltage-dependent Ca2+ signaling in mutant YS/+ muscle fibers. My results 

conclusively demonstrate that YS/+ fibers due to the Y524S mutation had higher 

sensitivity to the electric and drug stimulus then the fibers from normal animals. 
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4.2. Features of voltage-dependent Ca2+ signaling related to the mutation-
mediated abnormalities in R6/2 muscle fibers 
 
Huntington's disease (HD) is an autosomal inherited disease that leads to the development 

of neurodegenerative pathologies. The key role in HD pathology plays the huntingtin 

protein. The normal huntingtin (htt) is widely expressed in all brain cells and other tissues 

[Luo & Rubinsztein., 2009]. While our understanding of the normal function of htt protein 

is still incomplete, there have been a number of studies attempting to elucidate the function 

of mutated huntingtin (mhtt) protein with the expanded polyglutamine repeats whose 

expression results in severe pathological changes in CNS and other tissues, including 

abnormalities in muscle cells [Trottier et al., 1995, Strong et al., 1993, Luthi-Carter et al., 

2002].  

The main goal of my work was to study the functional abnormalities in single skeletal 

muscle fibers isolated from R6/2 transgenic mice, widely used as a HD disease model 

[Mangiarini et al., 1996]. Not only the metabolic dysfunctions but also the morphological 

abnormalities were expected in muscle fibers derived from mutant mice. The isolated 

mutant muscle fibers could be easily recognized from the normal muscle fibers by their 

atypical size and morphology. The metering of isolated muscle fibers before conducting 

electrophysiological measurements showed that although both types of mutant and control 

fibers vary in their length and width, still the mutant and control cells are distinctly 

different. 35% of R6/2 muscle fibers were of 35-45 µm width, but among WT fibers the 

widest cells had the lateral width of about 45-55 µm. Overall, the average length and width 

of isolated WT muscle fibers were larger than those of R6/2 by 4 % and 26 %, 

respectively. Also among mutant fibers about 1% of the cells were enormously long, more 

than 900 µm in contrast to the average length for both WT and R6/2 cells of 500-600 µm 

(Figure 25, Figure 26). Similar to my findings, morphological abnormalities associated 

with muscle atrophy resulting in 20-40% decrease of the lateral diameter of mutation-

affected skeletal muscle cells, have previously been observed at the later stages (>12 

weeks) of the disease in R6/2 mice and in HD patients [Ribchester et al., 2004] 

[Sathasivam et al., 1999]. The authors proposed that both the motor neurons and muscle 

fibers were independently affected by the HD mutation. Due to the neuromuscular junction 

failure in R6/2 fibers, the motor neurons cannot respond to neurotrophic feedback from the 

muscle fibers [Ribchester et al., 2004]. 

It is important to note that the mutant fibers were not only morphologically different but 

they were also extremely sensitive and unstable during micromanipulations with glass 

pipettes used for measurements. The mutant fibers were very easy to damage during the 
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insertion of the pipette tip into the cell body. Yet, it was difficult to conduct voltage clamp 

experiments on very long and thin R6/2 fibers because of their high sensitivity to 

mechanical disturbances. Therefore, the voltage clamp measurements were performed 

using the R6/2 fibers with sizes equal to those of WT fibers. 

Despite using morphologically identical control and mutant cells, the functional activities, 

i.e. Ca2+ transients through DHPR L-type channels, in mutant and WT muscle fibers were 

distinct (Figure 28A). The mutant fibers produced the Ca2+ current amplitude which was 

1.8 nA/nF lower than that of WT fibers. The Ca2+ conductance data confirmed the 

existence of small shift to more negative potentials (by 8.6 mV) in R6/2 fibers (Figure 

28B). Together, these data indicate the higher sensitivity of mutant fibers to electric 

stimulations. Throughout fura-2 application, the higher sensitivity to electrical activation of 

R6/2 RyR1 Ca2+ channels was also demonstrated (Figure 28C). The fluorescence data 

normalization analysis (Figure 28D) along with the removal fit approach (Figure 30) 

provided evidence for the distinct shift in potential-dependency of RyR1 Ca2+ channels to 

more negative (-5.51 mV) voltages. Availability of fura-FF-AM dye with lower affinity to 

Ca2+ and faster ion dissociation rates was expected to be helpful for tracking the rapid Ca2+ 

release kinetics. However, application of the membrane permeable Ca2+ sensitive dye 

revealed no differences in Ca2+ flux rates between WT and R6/2 fibers (Figure 31). It was 

hard to provide rigorous interpretation for this result as contradictory to that what was 

detected with fura-2 probe (Figure 28C). The one of explanation could be the difference in 

experimental conditions used during the measurements. In case of fura-2 the muscle cell 

was perfused by artificial intracellular solution which could infringe the environment 

inside the cell. In case of fura-FF-AM this fluorescence dye was loaded into the non-

perfused muscle cell with natural cytosolic solution. The other of the reasonable 

explanation for similar Ca2+ release traces in WT and R6/2 fibers at low voltages (-60÷-30 

mV) in Figure 31 could be the chemical properties of fura-FF-AM. Two Ca2+ specific 

probes used in these experiments have different dissociation constants, 0.2 µM for fura-2 

and 6.5 µM for fura-FF. The values of Kd to great extent determine the probability and 

accuracy of measurements. The higher Kd number, the lower the affinity to Ca2+ ions. 

Thus, fura-FF sensitivity to Ca2+ ions due to its buffering abilities is beyond the threshold 

for the minimal concentration of Ca2+ ions which release from the Ca2+ channels in mutant 

fibers during the activation by depolarization pulse. However, the results obtained with 

fura-2 allow to make an important conclusion that the Ca2+ channels in mutant cells open 

earlier than those in normal fibers upon application of the electrical stimulation. It is likely 

that initially only a small number of Ca2+ channels is activated resulting in release of a very 
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small amount of Ca2+ before the massive Ca2+ release from the rest of the Ca2+ channels 

occurs. Importantly, the lower fluorescence amplitude in R6/2 cells implies a decrease of 

Ca2+ release in R6/2 fibers affected by mutant huntingtin toxicity. It is an accepted 

paradigm that the simultaneous changes in voltage dependency of L-type Ca2+ current and 

Ca2+ release are a sign of the functional link between DHPR and RyR1 during EC coupling 

in the muscle fibers [Tanabe et. al., 1990]. Thus, our results confirm the fact that htt 

mutation leads to alterations in R6/2 muscle fibers EC coupling (Figure 28 and Figure 

30). However unlike YS/+ and IT/+ mutations which are known to directly modulate RyR1 

Ca2+ channel functionality, there is no clear evidence of the direct targeting of DHPR 

and/or RyR1 Ca2+ channels by htt mutation. So far, the only well-established fact is the 

ubiquitous expression of huntingtin protein in muscle cells [Orth et al., 2003]. N-terminal 

mutated huntingtin nuclear inclusions were shown to be related to the modulations of R6/2 

cell cultured myoblasts differentiation [Orth et al., 2003]. But there are no data on the 

direct targeting by the mutant huntingtin of Ca2+ channels either DHPR or RyR1. There is 

a high probability of an indirect deregulation of the Ca2+ signaling in muscle cells through 

htt mutation interference on different intracellular Ca2+-mediated mechanisms. A direct 

interaction between the huntingtin associated protein 1 (HAP1) and C-terminal of both 

RyR1 and inositol-3-phosphate receptors (IP3R) [Lindenberg et al., 2010] has been 

persuasively demonstrated on primary neurons. I do not exclude the probability of 

association of HAP1 and RyR1 in the muscle cells. Potentially, such proteins’ cooperation 

could promote the advanced sensitivity of Ca2+ channels to voltage stimulations as it was 

observed in my experiments from the distinct shifts of the Ca2+ release in R6/2 fibers to 

more negative potentials (Figure 30), although the time course characteristic of the steady-

state Ca2+ release fluxes did not show significant differences between R6/2 and WT 

(Figure 29). The analysis of the kinetic of Ca2+ transients in R6/2 and control muscle cells 

(Figure 33B) revealed that in R6/2 fibers, the relaxation phase is more prolonged than in 

WT fibers. This result is in a good agreement with the data of Braubach et al. (2010) 

showing the slowed Ca2+ transients in electrically stimulated interosseous muscle fibers.  

The longer relaxation phase in R6/2 fibers was also observed by Ribchester et al. (2004) in 

FDB muscles. The time constant in R6/2 fibers in their work was about two times longer 

than in WT. This data is consistent with my results presented in Figure 33B. The possible 

explanation for a more sustained Ca2+ response after the applied stimulation in R6/2 fibers 

is that not all Ca2+ channels are immediately closed after the abatement of the pulse. 

Secondly, the lengthy relaxation phase in R6/2 fibers could occur due to miscoordination 

of the activity of different intracellular compartments, such as RyR1 Ca2+ pump, 
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mitochondria Ca2+ uniporter and cytosolic Ca2+ binding proteins in their efforts to 

eliminate the elevated myoplasmic Ca2+. The characteristic voltage dependency of the peak 

and plateau observed in R6/2 muscle fibers is most probably related to the fundamental 

functional differences in EC coupling of mutant and WT fibers.  

The explanations of the altered Ca2+ signaling in R6/2 muscle fibers could lie in 

intracellular mechanisms regulating cellular homeostasis. The shaping of muscular Ca2+ 

signaling is greatly depended on mitochondria which actively contribute to redistribution 

of Ca2+ during the cytosolic overloading [Duchen, 2000]. Strong evidence suggests that 

mitochondrial impairment play a key role in HD pathogenesis [Lin & Beal, 2006]. The 

energetic disturbances in HD patients and R6/2 mouse models were shown on skeletal 

muscles expressing mutant htt, similar to those that are evident in HD striatal neurons 

[Gizatullina et al., 2006]. It has been stated that mitochondria isolated from R6/2 mice 

skeletal muscles expressing mhtt are extremely sensitive to high concentrations of Ca2+. 

This could be related to the reduced activity of respiratory complexes I, II and III 

discovered in HD muscle mitochondria [Arenas et al., 1998], [Turner et al., 2007]. 

Additionally, the reduced phosphocreatine/inorganic phosphate ratio and low ATP levels 

in resting muscle of HD patients [Lodi et al., 2000; Saft et al., 2005] were found to be 

among the factors that contribute to motor abnormalities in HD. Excessive Ca2+ overload 

of R6/2 mitochondria could undergo sequential changes causing the opening of 

mitochondrial permeability transition pore (mPTP) [Brookes et al., 2004], cytochrome c 

release [Choo et al., 2004], dissipation of mitochondrial membrane potential and reduction 

in mitochondrial respiration and ATP production [Milakovic & Johnson, 2005]. It is 

pertinent to note that the slower rate of Ca2+ removal relaxation in R6/2 fibers observed in 

my experiments can be originated from dysfunctional response of HD mitochondria during 

Ca2+ overloading stress [Gizatullina et al., 2006]. There are plenty of works stating the 

leading role of mhtt in the modulation of Ca2+ homeostasis. The proposed mechanisms of 

mhtt cytotoxicity are summarized in the schematic in Figure 35. It is likely that mhtt 

targets mitochondrial function by direct binding to the mitochondrial membrane and 

forming clusters [Bossy-Wetzel et al., 2008; Panov et al., 2002]. This probably causes 

dysregulation in maintaining mitochondrial fission and fusion balance [Costa et al., 2012]. 

Another aspect of mhtt toxicity is its effect on transcription of several mitochondrial 

proteins [Bossy-Wetzel et al., 2008]. The defective muscle mitochondria lack the ability to 

effectively pump elevated cytosolic Ca2+ [Yi et al., 2011]. The contribution of 

mitochondrial Ca2+ removal reached about 18 % at the Ca2+ release peak in skeletal muscle 

cells in the absence of defective mitochondria, while defective mitochondria decrease this 
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number to 16% [Yi et al., 2011]. Similarly, the brain neuronal cells affected by mhtt 

depolarize at lower calcium loads than do mitochondria from control neurons [Panov et al., 

2002]. Ineffective Ca2+ sequestration by compromised mitochondria can, to some extent, 

explain the slower relaxation kinetics in R6/2 fibers. Another mechanism of mhtt induced 

toxicity could be an excessive formation of reactive oxygen (ROS) and reactive nitrogen 

(RNS) species [Favero et al., 1995; Sun et al., 2001]. These extremely active species could 

modify thiol residues in the RyR1 protein [Brookes et al., 2004] and as a result affect Ca2+ 

release. Moreover, the high level of ROS in cytosol can damage the SERCA calcium pump 

in the SR membrane and the SR Ca2+ content could be greatly attenuated in mutant fibers. 

Earlier it was reported that ROS can inhibit Ca2+ accumulation in SR [Kaminishi & Kako, 

1989]. This outcome is in agreement with the observed reduced fluorescence ratio  

 

Figure 35. The mechanisms potentially involved in the reduction of Ca2+ release in 
R6/2 fibers. 

The mitochondria dysfunctions could lead to organelles Ca2+ overload and to resulting 
increase in mitochondria ROS production. ROS-mediated injury of SERCA1 decreases 
the Ca2+ uptake and causes SR Ca2+ depletion. Ca2+-calmodulin (CaM) complex 
attracted by RyR1 channel are capable of inhibiting the channel pore. Activated by 
excessive myoplasmic Ca2+ the Ca2+-dependent cysteine-protease could cleave the 
RyR1. To build this illustration the pictures from Serysheva et al. (2002) and Wikipedia 
were adopted. 
 
 

amplitudes (Figure 28C) and long lasting fiber relaxation in R6/2 muscle fibers (Figure 

33B). In addition, Ca2+ binding protein calmodulin (CaM) could also contribute to 

mutation-promoted changes in Ca2+ transitions in R6/2 fibers (Figure 35). The Ca2+CaM 

complex was reported to act as an inhibitor of RyR1 when Ca2+ concentration in cytosol of 
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muscle cells exceeds 1 µM [Fruen et al., 2003; Rodney et al., 2000]. Thus, increased Ca2+ 

concentration in myoplasm could trigger the inhibition of Ca2+ release channels which in 

its turn leads to the weakness of R6/2 muscles.  

Derangements in mhtt induced Ca2+ signaling could also be favored by activation of CANP 

(Ca2+ activated neutral proteases) due to the elevated Ca2+ in cytosol. It was shown that 

Ca2+-dependent protease, known as calpain, cleaves the RyR1 protein and activates Ca2+ 

release [Shoshan-Barmatz et al., 1994]. Such Ca2+ leak could undergo further increase in 

intracellular Ca2+ concentration and as the consequence the further growth of protease 

activity. The thiol-protease could also cleave other myofibrillar proteins which would 

cause muscle degradation. 

Ultimately, the present work provides evidence and extends argumentation for the 

physiological and biochemical reasons of the muscle atrophy in HD. Unfortunately, it is 

still unclear whether there is a direct link between RyR1 Ca2+ channel and mutant 

huntingtin. The voltage clamp measurements alone do not allow to answer this question. 

The determined accumulation of mutant N-terminal huntingtin fragments in myoplasm of 

the muscle cells [Wellington et al., 2000] may serve as a basis for further measurements of 

a single channel current on recombinant RyR1 receptor. These investigations would be 

invaluable for understanding whether huntingtin and/or mutant huntingtin affect the gating 

properties of DHPR and RyR1 Ca2+ channels. Along with earlier published studies the 

results presented in this work give important clues on the intracellular Ca2+ regulating 

machinery involved in neuromuscular pathological conditions. 
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5. SUMMARY 
 
The goal of this work was to study the Ca2+ signaling as a central mechanism involved in 

metabolic misregulations in neuromuscular disorders.  Neuromuscular pathologies are 

genetic conditions resulting in progressive muscle weakness and loss of muscle bulk, 

which lead to disability and mortality. The Ca2+ transporting characteristics of DHPR and 

RyR1 receptors in the context of muscular abnormalities in central core disease (CCD), 

malignant hyperthermia (MH) and Huntington disease (HD) were in the focus of the study. 

The voltage-dependent Ca2+ channels are important mediators of excitation-contraction 

process which is a principal function of the muscles. The characteristic feature of skeletal 

muscles is a bidirectional interaction between L-type Ca2+ channel of the DHP receptor and 

RyR1 Ca2+ channels. In the present study, the two-electrode voltage clamp technique has 

been employed to record electrophysiological parameters of DHPR-RyR1 Ca2+ coupling in 

interosseous fibers isolated from healthy and mutation altered mice.  

Three specific aims have been set for this work:  

1. To study the implication of I4895T mutation in modulation of voltage-dependent 

Ca2+ signaling in muscle fibers.  

2. To evaluate the electrophysiological characteristics of muscle fibers with Y524S 

mutation under the β-adrenergic stimulations.  

3. To study the voltage-dependent Ca2+ signaling related to the mutation-mediated 

abnormalities in R6/2 muscle fibers. 

For the specific aims 1 and 2, the two working hypotheses were proposed with regards to 

presumed RyR1 dysfunctions - the “EC uncoupling” and the “leaky channel”. The 

established YS/+ mice model carrying the Y524S mutation was chosen to investigate the 

“leaky channel” mechanism of DHPR and RyR1 interaction. The IT/+ mice which carry 

the I4895T mutation have been employed for studying the “EC uncoupling” mechanism of 

two receptors interaction in comparison to previously investigated Ca2+ signaling processes 

in YS/+ mice. The comparative electrophysiological experiments were performed on both 

models since these models are equally likely to promote the CCD development and the 

malignant hyperthermia crisis.  

In the study of contribution of I4895T mutation in IT/+ muscle excitation-contraction 

coupling, the functional characteristics of RyR1 and DHPR Ca2+ channels were studied in 

the context of both voltage-dependent activation and inactivation processes. It was found 

that,  
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(1) There are no significant changes in the amplitude and activation voltage 

dependency of Ca2+ current and Ca2+ conductance in IT/+ muscle fibers and therefore the 

DHPR Ca2+ activity is not altered.  

(2) The fluorescence measurements of Ca2+ transients have revealed attenuation in 

the amplitudes of depolarization-induced fluorescence ratio and Ca2+ release flux from the 

SR which are indicative of the possible modulations in RyR1 functional activity caused by 

I4895T mutation.  

(3) The voltage-dependent inactivation of RyR1 Ca2+ releasing channels in IT/+ 

versus WT fibers revealed no changes in Ca2+ current or Ca2+ release rates allowing to 

assume that the retrograde interaction between DHPR and RyR1 is not affected by I4895T 

mutation.  

(4) Since the Ca2+ window release does not show any changes in IT/+ fibers, and  

the RyR1 Ca2+ release in IT/+ fibers was reduced and slowed down, the mechanism of EC 

uncoupling observed in muscle from IT/+ mice resulted in formation of RyR1 channels 

with reduced Ca2+ ion permeation. 

The discovered difference in the functional characteristics of skeletal muscle from IT/+ and 

YS/+ knock-in mice provide further evidence that these mutations act on EC coupling by 

two distinct mechanisms, i.e. EC uncoupling and enhanced RyR1 Ca2+ leak, respectively. 

The second specific aim of the work was to study the effects of adrenergic drugs on the 

YS/+ muscle fibers Ca2+ channel sensitivity. This interest rose from the fact that the MH 

susceptible mammals are extremely sensitive to certain pharmaceutical agents, particularly 

volatile anesthetics. In this work, the effects of adrenergic stimulation on Ca2+ homeostasis 

of mutant fibers have been studied on isolated single muscle cells for the first time. 

Application of the natural hormone adrenaline and two synthetic adrenergic analogues, 

terbutaline and isoproterenol, on mutant YS/+ muscle fibers did not demonstrate 

pronounced effects either on RyR1-mediated or DHPR-dependent Ca2+ signaling.  The 

fluorescence ratio signal records and Ca2+ peak release data obtained on YS/+ fibers 

conclusively demonstrated that YS/+ fibers due to the Y524S mutation had higher 

sensitivity to the electric and drug stimulus then the fibers from normal animals. 

Remarkably, in spite of similar contributions of both IT/+ and YS/+ mutations to MH and 

CCD there are distinct features of DHPR and RyR1 receptors in each case of mutations. 

The specific aim 3 was to determine whether alterations in huntingtin gene expression 

affect the Ca2+ channel properties in muscle fibers isolated from R6/2 mice, a model of 

HD. The electrophysiological Ca2+ signaling parameters and morphological characteristics 

of the abnormalities in mutant muscle fibers were in the center of this study. Importantly, 
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the mutant fibers not only displayed the typical muscle atrophy features such as expanded 

length and smaller lateral diameter than in control cells, but also were extremely sensitive 

and unstable during the electrophysiological micromanipulations with glass pipettes. The 

data obtained throughout recording of electrophysiological parameters and application of 

Ca2+ sensitive dye fura-2 enable to come to an important conclusion that both DHPR L-

type Ca2+ channels and RyR1 Ca2+ release channels in mhtt containing mutant cells are 

more sensitive to electrical stimulations than those in normal muscle fibers. This work 

clearly demonstrated the alteration in Ca2+ signaling between DHPR and RyR1 during EC 

coupling in R6/2 fibers affected by mutant huntingtin toxicity. 

Overall, the data obtained in this study allows us to conclude that mutations in RyR1 gene 

play an important role in several rare inherited skeletal muscle disorders. In case of CCD 

and MH, there are direct changes of RyR1 functions due to the mutations (I4895T, Y524S) 

localized in different regions of the receptor protein. In case of HD, it is still unclear 

whether the RyR1 interacts with cytosolic mhtt directly through huntingtin associated 

protein or whether there is another intermediate biochemical mechanism. Further studies 

should be conducted to discover the mechanisms which lead to dysfunctions in Ca2+ 

signaling mediated by mhtt.  
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8. APPENDIX 
 

Calculation of Ca2+ concentration from the fluorescence signals. 

Free calcium concentration in muscle cells was determined by the fluorescence method 

using Ca2+ sensitive dyes fura-2 and fura-FF. The cells were loaded by diffusion of the 

artificial internal solution containing membrane impermeable fura-2 probe flowing from 

the current-passing pipette. The membrane permeable fura-FF was loaded to cells simply 

by incubating them in the probe containing solution. The calculation procedure expressed 

below is similar to both dyes. 

The fura-2 binds the Ca2+ ions in 1:1 ratio. The fluorescence intensity of the free and Ca2+-

bound dye is measured by the photomultiplier. The fluorescence intensity is a function of 

the concentration of ion.  The proportional coefficients Sf and Sb for free [D] and Ca2+-

bound dye [Ca:D] are dependent on the excitation wavelength λ. The ratio R of the 

fluorescence intensities F at two wavelengths, λ1 and λ2 are equal to 

 

                                                                                  (1) 

 

and allows to determine the free intracellular calcium [Ca2+] regardless of the dye 

concentration.  

The florescence intensities at two wavelengths, λ1 and λ2 are: 
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where   TD  is the total concentration of free and bound dye present in the solution.  
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nm3602   is an isobestic wavelength, at which the fluorescence intensity does not 

depend on the free and Ca2+-bound dye concentration. In this state the proportional 

constants are identical 

 

360360360 SSS bf   .        (5) 

 

The fluorescence ratio was determined at nm3801    
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When the cytosolic  2Ca =0 the intracellular dye concentration is equal to the total 

concentration of dye    TDD  . The fluorescent ratio at minimal  2Ca  in cytosol is 
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Similarly, the fluorescent ratio at maximal  2Ca  in cytosol is equal to the Ca2+-saturated 

dye concentration at zero free dye,   0D ,  
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The combination of equations (5), (6), and (7) provides the next formula: 

 

              (9) 

 

The concentration of Ca2+-bound dye  DCa :  can be also calculated from the differential 

equation [Klein et al., 1988]: 
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where onk  and offk   are the forward and reverse rate constants for the Ca2+-fura-2 reaction. 

The combination of equations (9) and (10) leads to the final equation 

 

 

        (11) 

 

and for the stationary case it is 

 

 
max

min2

RR

RR
KCa D 


 ,    (12) 

 

where 
on

off
D k

k
K   is the dye dissociation constant. 

 

 

 
)(

)(

max

min
2

RRk

RRk
dt

dR

Ca
on

off







	Title.Berichterstatter
	2013-01-05_Thesis_MuO

