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1. INTRODUCTION 
 
 

 1.1 Excitation-contraction coupling machinery 
 

Excitation-contraction (EC) coupling is the physiological process that describes the 

converting of the electrical stimulus to mechanical response. In muscle physiology, the 

electrical signal is usually an action potential and the mechanical response is contracture. 

The muscle cell membrane invaginates to form a network of transverse (or T-) tubules that 

span the cross section of the muscle fiber, transmitting the depolarization signal uniformly 

throughout the cell. Contraction is regulated by the cytoplasmic calcium (Ca2+) ion 

concentration. In the resting state, a fiber keeps most of its intracellular Ca2+ sequestered in 

an extensive system of vesicles known as the sarcoplasmic reticulum (SR). Once released, 

Ca2+ binds to troponin, and force is produced. The basis for the control of Ca2+ release in 

skeletal muscle is a direct functional and structural interaction between the dihydropyridine 

receptor (DHPR) located in the T-tubules and the ryanodine receptor (RyR) in the terminal 

cisternae of the SR.  

The DHPR is a voltage sensor that undergoes conformational changes in response to 

depolarization of the plasmalemma. DHPR is also a voltage-dependent Ca2+ channel which 

mediates the entry of extracellular Ca2+. In cardiac muscle, entry of Ca2+ through the 

DHPR activates ryanodine receptor 2, RyR2 (cardiac isoform of RyR), causing the release 

of Ca2+ from the SR (Ca2+-induced Ca2+ release mechanism) (Nabauer et al., 1989). In 

skeletal muscle, however, entry of Ca2+ through the DHPR is not required for E-C coupling 

(Tanabe et al., 1988). Instead, voltage-dependent conformational changes in the DHPR 

produce a signal (orthograde signal) which has been hypothesized to allosterically activate 

ryanodine receptor 1, RyR1 (skeletal muscle isoform of RyR) (Schneider & Chandler, 

1973, Tanabe et al., 1990, Adams et al., 1990, Rios & Brum, 1987). This signal is thought 

to be transmitted through a physical, possibly direct link between DHPR and RyR1 

(“mechanical-link” mechanism) (Protasi, 2002). Ca2+-induced Ca2+ release was proposed 

to be supplementary to the direct molecular coupling in skeletal muscle (Pizarro et al., 

1991). The presence of the RyR1 protein promotes the Ca2+ conducting activity and 

   1 



                       Zoita Andronache
                                                                                       
accelerates the activation of skeletal L-type Ca2+ channels ("retrograde signal") (Fleig et 

al., 1996, Nakai et al., 1996, avila & Dirksen, 2000). The precise mechanism for the 

retrograde signaling in skeletal muscle is still not clear. Thus, the signaling between the 

skeletal muscle DHPR and RyR1 is bidirectional, such that the channel activity associated 

with each protein is strongly dependent upon this unique interaction.  

 
 

1.2 Signals in EC coupling under voltage-clamp condition. 
 
The physiological stimulus for Ca2+ release is the action potential, a brief membrane 

depolarization that is sensed by the voltage-sensitive calcium channel, the DHPR located 

in the TT membrane. Due to the intimate DHPR-RyR1 interaction, state changes of the 

DHPR control both Ca2+ fluxes, i.e. Ca2+ entry from the extracellular space and Ca2+ 

release from the SR. To assess EC coupling function under voltage control condition 

several signals can be measured including: voltage sensor charge movements, Ca2+-current 

and Ca2+ release. Upon membrane depolarization, the DHPR exhibits a rapid intra-

membrane charge movement measurable as a non-linear component of the capacitive 

current (Melzer et al., 1986). This results in massive Ca2+ release from the SR. The flux of 

Ca2+ from the SR peaks within less than 10 ms during depolarization. The peak is followed 

by a rapid, presumably Ca2+-induced partial inactivation (Melzer et al., 1987, Simon et al., 

1991, Jong et al., 1993). The Ca2+-inward current through L-type Ca2+-channel of skeletal 

muscle exhibits slow activation kinetics reaching its maximum conductance in about 100 

ms of depolarization (Ursu et al., 2005) (Results, Fig.3.1). During long lasting 

depolarization, the DHPR enters slowly into an inactivated state affecting both Ca2+ current 

and Ca2+ release (Brum et al., 1988, Pizarro et al., 1988, and Ríos & Pizarro, 1991) 

(Results, Fig.3.3). The “availability” of the channels is studied by applying a secondary test 

pulse and measuring the residual signals (Results, Fig.3.5). As seen later in the results, the 

speed of this inactivation and the extent of recovery from the inactive state are functions of 

voltage. 

 
 

 1.3 Dihydropyridine receptor 
 
L-Type Ca2+ channels, also known as dihydropyridine receptors (DHPRs) due to their high 

affinity to dihydropyridine drugs, are hetero-oligomeric membrane protein complexes with 

  2 



1. Introduction                                                                                                  

a total mass of ~430 kD. The skeletal DHPR is composed of five subunits arranged in a 1 : 

1 : 1 : 1 : 1 stoichiometry: the pore-forming α1S-subunit (190-212 kD), associated with 

auxiliary α2-1 (140 kD), δ-1 (25 kD), β1a (53 kD), and γ1 (32 kD) subunits. 

The proposed 3D model, obtained by electron cryo-microscopy and single particle 

reconstruction (Serysheva, 2004), has an asymmetrical structure that consists of two major 

regions: a heart- and a handle-shaped region (Fig.1.1). The heart-shaped region spans the 

membrane and accounts for the main pore-forming α1 subunit associated with the γ- and β-

subunits, and the handle-shaped region is located on the extracellular side and comprises 

the α2δ complex.  

The electron microscopy approach, based on the technique of freeze–fracture, permits the 

study of the intermolecular interaction at the basis of the DHPR–RyR conformational 

coupling (Takekura et al., 1995, Schredelseker et al., 2005, Protasi et al., 2000, Felder et 

al., 2002). In these images, DHPRs of skeletal muscle arrange themselves in tetrads, groups 

of four receptors that are linked to subunits of alternate RyRs (Fig.1.1a). The RyRs form a 

two (rarely three)-rowed regular array on the junctional membrane of the SR in both 

skeletal and cardiac muscles.  

 

 
 

Fig.1.1 3D model of clustered arrangement of DHPR and RyR1 obtained by electron cryo-
microscopy and single particle reconstruction 
a) Two arrays of RyRs are overlaid by arrays of DHPRs grouped into tetrads. b) Side view of RyR1 
coupled with the tetrad indicated with the dashed line in (a). Horizontal lines indicate the 
approximate position of the surface and SR membranes. The scale bar represents 100 Å. (from 
Serysheva, 2004) 
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It appears that a specific segment of the 1S DHPR subunit II–III loop and the DHPR 1a 

subunit are involved in both structural and functional interactions with RyR1 (Tanabe et 

al., 1990, Grabner et al., 1999, Schredelseker et al., 2005, Sheridan et al., 2003, Casarotto 

et al., 2006) and that the D2 domain (amino acids 1272-1455) of RyR1 plays a key role in 

stabilizing this interaction (Sheridan et al., 2006).  

 

 

1.3.1 Modulatory subunits of the skeletal muscle dihydropyridine receptor 
 
The α1 subunit does not function as isolated protein. Proteins that co-purify with binding 

proteins for 1, 4-dihydropyridines are considered subunits of the DHPR (Catterall, 2000). 

Their functional roles are still incompletely understood.  

 
α1S  
 
The α1S subunit contains four homologous repeats, each of which contains six putative 

transmembrane segments (S1-S6) (Fig.1.2). The S5 and S6 helices together with the S5-S6 

inter-linking loops are believed to form the Ca2+ channel pore. The S4 segment of each 

repeat contains five to six positively charged amino acids, suggesting its essential role in 

the channel gating as the voltage sensor. Although the α1S subunit is shown to carry the 

characteristic pharmacological and functional properties of the Ca2+-channel for voltage 

sensing, ion permeability, and drug binding, the complete receptor function (including 

targeting and modulation) requires the presence of all the subunits (Catterall, 2000). 

 

 

Fig.1.2 α1 and auxiliary subunits of 
the voltage-gated calcium channel.
 
The pore forming α1 subunit
interacts with all three auxiliary α2δ, 
β and γ subunits. The α2δ and γ
subunits contain transmembrane 
domains, whereas the β subunit is 
entirely intracellular. Each of the 
auxiliary subunits contains unique 
structural domains as shown. 
(modified from Arikkath & 
Campbell, 2003) 

α2δ-1 
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The DHPR α2δ-1 subunit is the major α2δ isoform of skeletal muscle and has a wide tissue 

distribution. Co-expression studies of α2δ-1 with various α1 subunits indicated that α2δ-1 

was important for the membrane expression of calcium channels and for determining the 

macroscopic current properties (Arikkath & Campbell, 2003). Depletion of α2δ-1 with 

siRNA did not affect skeletal muscle EC-coupling (Obermair et al., 2004). The α2δ-1 

subunit was, however, found to play an important role in determining of the specific 

activation properties of L-type calcium currents: The depletion of α2δ-1 accelerates current 

activation in skeletal α1S and has opposite effects in cardiac α1C channel (Obermair et al., 

2005). 

 
β1a
 
β1a is the specific β isoform associated with the α1S subunit in skeletal muscle. It binds to 

the α1S subunit at a major binding site in the cytoplasmic loop connecting repeats I and II 

(Walker & De Waard, 1998). It has been shown that β1a has a dual role as chaperone and 

modulator, by regulating the membrane expression and the open probability of the channel 

(Bichet et al., 2000, Gerster et al., 1999). In β1a-null myotubes EC-coupling fails and L-

type calcium currents are strongly decreased (Strube et al., 1996). More recently, a direct 

role of the β1a subunit in the transmission of the signal from the voltage sensor (α1S) to the 

calcium release channel (RyR1) was proposed (Sheridan et al., 2003).  
 
  

1.3.2 γ1 subunit 
 
γ1 is a 32 kD polypeptide (222 amino acids) skeletal muscle specific protein with four 

putative transmembrane domains (Jay et al., 1990, Bosse et al., 1990, Powers et al., 1993, 

Wissenbach et al., 1998). It has a modulatory role in muscle but it is not essential for 

calcium current and EC coupling (for review see Melzer et al., 2006). Two laboratories 

have independently generated mice lacking expression of the γ1 subunit (Freise et al., 

2000, Ahern et al., 2001). The animals showed no obvious deviation from the normal 

phenotype. Experiments on myotubes derived from newborn γ-/- mice showed an increase 

of L-type current density compared to WT (Freise et al., 2000, Held et al., 2002). In 

addition, the voltage-dependent steady state inactivation was shifted to more positive 

potentials in γ-/- myotubes (Freise et al., 2000, Ahern et al., 2001).  
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Surprisingly, myotubes derived from adult γ-/- and WT mice showed no difference in the 

maximum L-type current densities (Ursu et al., 2001). Testing EC coupling with short (100 

ms) step depolarisations, γ-/- cells showed an increase in Ca2+  release of about one-third of 

the control value but no alterations in the time course and voltage dependence of activation 

(Ursu et al., 2001). Voltage clamp experiments in enzymatically isolated fast twitch fibers 

of γ-/-mice revealed that γ1 specifically favors the inactivation of both Ca2+ entry and Ca2+ 

release by shifting their voltage-dependent inactivation to the left by about 16 and 14 mV, 

respectively (Ursu et al., 2004). 

The voltage dependence of activation, on the other hand, remained unchanged. As a 

consequence, a ‘‘window release’’ in the voltage range –50 to –10 mV could be 

demonstrated in γ1-deficient muscle, and was found to go along with elevations in basal 

Ca2+ concentration (Ursu et al., 2004). Isolated EDL muscle bundles, activated by elevated 

extracellular potassium concentration (120 mM), developed about threefold larger 

contracture force in γ-/- compared with γ+/+ (Ursu et al., 2004), an effect that could result 

from the altered inactivation properties of Ca2+ release. 

 
 

1.3.3 Ca2+ antagonists in skeletal EC-coupling 
 
Ca2+ antagonists are a heterogeneous group of compounds which interfere with the gating 

of Ca2+ channel and voltage sensor. The term “Ca2+ antagonists” was introduced by 

Fleckenstein et al. (1969) after the observation that in the heart Ca2+ overcomes the 

negative inotropism of these drugs. 

There are three main classes of Ca2+ antagonist: dihydropyridines (DHPs), 

phenylalkylamines (PAAs) and benzothiazepines (BTZs). They bind to the DHP receptor 

at different binding sites, and show an allosteric interaction among themselves and with the 

Ca2+ binding sites (Glossmann et al., 1983).  

Ca2+ antagonists have become important pharmacological tools to treat cardiac 

arrhythmias, angina pectoris, ischemia and hypertension by a selective suppression of the 

transsarcolemmal inward Ca2+ current. Moreover, they exert strong cardioprotective 

actions in preventing deleterious myocardial Ca2+ overload. In vascular smooth muscle 

Ca2+ antagonists reduce the contractile tone and prevent spastic vasoconstriction (Flaim & 

Zelis, 1982).  
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In skeletal muscle, the DHPR-dependent control mechanism of release is also affected by 

Ca2+ antagonists (for review see Melzer et al., 1995). Depolarizing the membrane of 

isolated frog fibers by applying a high-potassium solution containing the phenylalkylamine 

(PAA) Ca2+ channel antagonist D600 (30 µM) was shown to cause a normal contracture 

followed by paralysis (Eisenberg et al., 1983). Using voltage clamp conditions, it could be 

demonstrated that the paralysis by D600 or by the higher-affinity PAA-drug D888 was 

removed by hyperpolarizing the fiber membrane to potentials between -120 and -150 mV 

(Berwe et al., 1987, Erdmann & Lüttgau, 1989). These experiments revealed that the PAA-

induced inhibition results from a concentration-dependent shift to more negative potentials 

of the steady state voltage dependence of force availability, probably caused by a selective 

binding of the drug to the inactivated conformational state of the voltage sensor for Ca2+ 

release (Berwe et al., 1987, Pizarro et al., 1988, Feldmeyer et al., 1990).  

 

 

1.4 Ryanodine receptor 
 
Ryanodine receptors (RyR) are channels that mediate the release of Ca2+ from intracellular 

Ca2+ stores into the cytosol. They are composed of four subunits, each ~560 kD, which 

constitute a single ion channel molecule (Lai & Meissner, 1989, Meissner, 1994). There 

are three genetically distinct isoforms: RyR1–3. Whereas RyR1 and RyR3 occur mainly in 

skeletal muscles, RyR2 is expressed primarily in cardiac muscle (Ogawa et al., 1999, 

Sorrentino, 1995). All three isoforms can be activated by Ca2+, giving rise to Ca2+-induced 

Ca2+ release (CICR) (Endo, 1977, Fabiato, 1983). Only RyR1 can also be activated 

through a conformational change of the voltage sensor, upon depolarization of the T-tubule 

membrane (Schneider, 1994).  

The 3D structures of RyR, determined at resolutions of 22-30 Å (Serysheva, 2004), 

revealed a four-fold symmetry and had a characteristic mushroom shape with a bulky 

cytoplasmic region (foot region) and the membrane-spanning stem (channel region) 

(Fig.1.1). While the cytoplasmic region exhibits a complex structure comprising a 

multitude of distinctive domains with numerous intervening cavities, at this resolution no 

definitive statement can be made about the location of the actual pore within the 

transmembrane region. 
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1.4.1 Modulation of RyR by Ca2+ and Mg2+

 
Calcium release is modulated by many endogenous and exogenous agents, including small 

diffusible molecules such as ATP, Ca2+, Mg2+ and protons (pH) (Meissner, 1994, Xu et al., 

1996), as well as many pharmacological reagents, including caffeine, procaine and 

halothane (Murayama et al., 2000, Zahradnikova & Palade, 1993). Analysis of the Ca2+ 

signals recorded during a step depolarization revealed a characteristic time course of the 

global efflux of calcium composed by an early peak followed by a fast and a slow decline 

(Melzer et al., 1987). There is evidence that the slow decline in the plateau phase results 

from gradual depletion of the SR of its stored Ca2+ (Schneider et al., 1987), thus reducing 

the driving force for Ca2+ efflux from the SR. The fast rise to the peak has been attributed 

to CICR (calcium-induced calcium release) whereas the rapid decay to steady level was 

thought to result from calcium-induced inactivation. RyR gating in the steady state also 

shows biphasic Ca2+ dependence explained by the integration of the two independent 

effects on the high-affinity activating (A-site, ∼1µM affinity) and low-affinity inactivating 

(I1-site, ∼1mM affinity) Ca2+ sites in the RyR molecules (Meissner, 1994). A schematic 

model for the Ca2+ binding sites is represented in Fig.1.3. Mg2+ exerts an effect 

antagonistic to Ca2+ on the A-site and synergistic with Ca2+ on the I1-site, inhibiting CICR 

(Laver et al., 1997, Meissner & Henderson, 1987, Murayama et al., 2000, Dunnett & 

Nayler, 1978, Soler et al., 1992). Therefore, Mg2+ shifts the pCa-CICR activity relationship 

to a higher Ca2+ concentration range (the first effect) and reduces the peak value (the 

second effect). 

lumen

cytoplasm

lumen

cytoplasm

 

 

Fig.1.3 Schematic model for Ca2+

regulation of RyRs. 
 
The inactivation I1-site mediates the low 
affinity Ca2+/Mg2. Ca2+ binding to the L-
site causes channel opening and luminal 
Ca2+ has access to the cytoplasmic Ca2+

activation (A-site) and inactivation sites 
(I2-site) (modified from Laver, 2007).  
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Based on novel data (Laver, 2007), the model for regulation of cardiac RyR (RyR2) also 

includes a second cytoplasmic Ca2+-inactivation site (I2-site, which causes partial 

inactivation with 1 µM affinity) and a luminal activation site (L-site, 60 µM affinity). 

Thus luminal Ca2+ can open the channel by binding to the L-site, and the flow of Ca2+ 

through the pore can increase the cytoplasmic [Ca2+] in the vicinity of the pore mouth and 

reinforce channel activation by binding to the A-site or inactivate the channel by binding to 

the I2-site (feedthrough hypothesis). The feedthrough hypothesis proposes that luminal 

Ca2+ permeates the pore and binds to cytoplasmic activation and inhibition sites (Tripathy 

& Meissner, 1996, Xu & Meissner, 1998, Herrmann-Frank & Lehmann-Horn, 1996).  

Although bilayer studies (Laver et al., 2004) showed evidence of luminal Ca2+-regulation 

of skeletal RyR (RyR1) it is not well understood the mechanism of how cytoplasmic and 

luminal Ca2+ sites explain the observations and conflicting interpretation existent in the 

literature. It was predicted that cardiac and skeletal RyR isoform are differently regulated 

by luminal Ca2+ as there are marked differences in the way that RyR1 and RyR2 are 

modulated by the cytoplasmic Ca2+ and other endogenous effectors (Meissner, 1994, 

Laver, 2007).   

 
 

1.5 Malignant Hyperthermia 
 
Both Ca2+ channels, DHPR and RyR are essential for E-C coupling, and defects in these 

two key proteins produce human neuromuscular diseases such as malignant hyperthermia 

(MH), central core disease (CCD), nemaline rod myopathy (NM), multiminicore disease 

(MmD) and hypokalemic periodic paralysis. 

MH is a life-threatening hyper-metabolic state caused by excessive release of stored Ca2+ 

in skeletal muscle. The condition is triggered by certain pharmaceuticals, particularly 

volatile anesthetics (e.g., halothane, sevoflurane, desflurane) and the depolarizing muscle 

relaxants (e.g., succinylcholine), and, rarely, by stresses such as vigorous exercise and heat 

(Denborough, 1998). Various RyR1-mutations cause also central core disease (CCD), an 

inherited myopathy, characterized by muscle weakness and structural defects in the center 

regions of predominantly type I muscle fibers (Giampetro et al., 2004). The majority of 

patients with CCD are susceptible to MH (Denborough et al., 1973). Multi-Minicore 

(MmCD) also predisposes to episodes of MH.  

MH leads to skeletal muscle rigidity, hypermetabolism, elevation of carbon dioxide 

production, acidosis, hyperkalemia and high fever. If therapy is not initiated immediately, 

   9 



                       Zoita Andronache
                                                                                       
the patient may die within minutes. For clinical description and diagnostic criteria see the 

review of Rosenberg et al., 2007.  

The incidence of MH episodes during anesthesia is about 1 in 15 000 children and about 1 

in 50 000–100 000 adults. On average, patients require three anesthesias before triggering. 

The incidence is higher in males than females (2:1) and young people, with a mean age of 

18 years.   

A large number of different point mutations (> 50 and growing) have been identified in the 

ryanodine receptor (RyR1) of human skeletal muscle leading to MH-susceptibility 

(McCarthy et al., 2000). MH and CCD mutations are found mainly in three broad regions 

of the protein which are thought to be locations of intramolecular communication 

(McCarthy & MacKrill, 2004). MH/CCD region 1 (residues 35–614) and 2 (residues 

2129–2458) are located in the myoplasmic region of the RyR1 and it was suggested that 

their 3D interaction might be destabilized by the mutations, thus influencing the relative 

stability of the closed and open states of the channel (Ikemoto & Yamamoto, 2000). The 

C-terminal MH/CCD region 3 (residues 3916–4973) lies in the pore-forming sector of the 

channel (Tilgen et al., 2001). Hence, mutations located in this region are likely to have 

direct effects on the channel properties (permeation, selectivity, gating) (Balshaw et al., 

1999). 

At least six other loci have been found to be implicated in MH (Jurkat-Rott et al., 2000), 

including one in the gene of the sodium channel (Moslehi et al., 1998). Two different point 

mutations of a highly conserved arginine residue of the skeletal DHPR α1-subunit 

(R1086H and R1086C), have been found to give rise to MH (Monnier et al., 1997, Jurkat-

Rott et al., 2000).  

The RyR1 channels of MH-susceptible individuals are hypersensitive to endogenous and 

pharmacological activators such as caffeine, halothane, Ca2+ and polylysine (Richter et al., 

1997, el Hayek et al., 1995). At present, the in vitro contracture test (IVCT) is the gold 

standard for determination of MH susceptibility, where contractile responses to caffeine 

and halothane are measured in muscle biopsies obtained from individuals suspected to be 

susceptible to MH.  

The essential steps in the treatment of acute MH crisis are the stopping of anesthesia, 

hyperventilation, cooling and administration of the skeletal muscle relaxant dantrolene. 

Dantrolene was found to induce flaccidity of muscle, an effect caused by the inhibition of 

SR Ca2+ release in skeletal muscle (Ellis & Bryant, 1972) without affecting the electrical 

excitability of the muscle. This drug causes immediate relaxation of caffeine and halothane 
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contractures in vitro in MH-susceptible muscle and decreased the mortality rate from 80% 

to less than 5% (Krause et al., 2004). 

 
 

1.5.1 Ryanodine Receptor 1 Y522S knock-in mouse 
 
MH crises develop not only in humans but in other species, particularly pigs, which have 

been a valuable source for research. Reactions have also been described in horses, dogs 

and other animals. Until recently, swine with the RyR1 mutation R615C have been the 

only useful animal models for human malignant hyperthermia (for a summary see 

Mickelson & Louis, 1996).  

The mutation Y522S in MH region 1 of RyR1 was first identified in a small French 

kindred (Quane et al., 1994) and appears to strongly alter RyR1 function. Transient 

overexpression of RyR1 with this mutation in HEK293 cells (Tong et al., 1999) produced 

leaky channels leading to Ca2+ store depletion. Heterologous expression in RyR1-deficient 

(dyspedic) myotubes of the mutant channel alone or in conjunction with WT channels 

(avila & Dirksen, 2001) also led to the conclusion that the SR cannot maintain normal Ca2+ 

levels. 

Recently, a transgenic mouse expressing the Y522S mutation has been introduced (Chelu 

et al., 2006). Homozygous animals die during pregnancy, but cultured myotubes 

expressing the mutation homozygously could be studied. They showed smaller voltage- 

and caffeine-induced Ca2+ transients than WT myotubes indicating a substantial Ca2+ leak 

from the SR at rest. 

On the other hand, heterozygous animals live and exhibit the characteristics of the human 

MH phenotype: in vivo experienced whole body contractions and elevated core 

temperature in response to halogenated anesthetics and heat exposure, and in vitro a higher 

sensitivity of muscle contracture in responses to caffeine. Myotubes derived from these 

animals showed no evidence of spontaneous Ca2+ depletion from the SR in contrast to the 

results from the overexpression experiments simulating the heterozygous state (avila & 

Dirksen, 2001). 

The Y522S mutation has also been associated with a high incidence of structural defects in 

the central regions of muscle fibers, and type I fiber predominance which are 

characteristics of CCD. Central cores, however, were not detected in heterozygous 

animals. 
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1.6 Aims of the study 
 
 
The general aim of this study was to characterize the alterations of voltage controlled 

fluxes of Ca2+ entry and Ca2+ release from internal stores in fully differentiated skeletal 

muscle fibers of normal and genetically modified mice. There are very few published 

studies in which these signals are analyzed in comparable detail. 

The first goal was to investigate the cross influence of the skeletal muscle-specific γ1 

subunit of the DHPR and of the PAA Ca2+ antagonist (-)D888. For this purpose, I studied 

voltage-dependent gating of both L-type Ca2+ current and Ca2+ release in muscle fibers of 

wildtype and γ1 knock-out mice. The results indicate a common mechanism of modulation 

of voltage-dependent inactivation and suggest that the γ1-subunit acts as an endogenous 

calcium antagonist (Andronache et al., 2007). 

The second goal of the study was to assess the functional consequences of the Y522S MH 

mutation in RyR1 to EC coupling in adult skeletal muscle and to define the mechanisms 

that limit leakage of Ca2+ from the SR. For this purpose a recently developed transgenic 

mouse heterozygous for the RyR1 mutation was used. The investigations were focused on 

changes in the voltage window of Ca2+ flux generated by the overlap region of activation 

and inactivation curves, which likely contribute to the pathology. The results of this part of 

the study show evidence of a novel feedback mechanism that partially compensates for the 

tendency of the mutation to increase window Ca2+ flux. 

The findings provide useful information and are important for understanding the 

normal/dysfunctional Ca2+ handling in skeletal muscle of mammalian organism and can, 

therefore, be relevant to human muscle physiology. 
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2. MATERIALS AND METHODS 
 

2.1 Animal preparation 
 
The transgenic animals used for the experiments can be divided into 2 groups regarding 

their genetic alteration: 1) the knockout mice for the DHPR γ1 subunit (γ-/-) and 2) the 

transgenic mice heterozygous for the Y522S mutation in the RyR1 (WT/Y522S). As 

controls, their own littermates were used carrying the genetic background 129SVJ and 

C57/Bl6, respectively. They were bred and kept in the essential specific pathogen-free 

facility of the Tierforschungszentrum der Universität Ulm. The procedure of generating the 

mutant mice has been described by Freise et al. (2000) for the γ-/- and by Chelu et al. 

(2006) for the WT/Y522S mice. For the experiments the animals were sacrificed by direct 

exposure to CO2 gas, followed by cervical dislocation. The age of the animals varied 

between 45 and 77 weeks for the SVJ129-mouse colony and between 19 and 28 weeks for 

the C57/Bl6-mouse colony.  

 

 

2.2 Solutions 
 

The salt solutions, used in electrophysiological experiments, have the following 

compositions: 

 

1. Krebs-Ringer solution (mM): 118 NaCl, 3.4 KCl, 0.8 MgSO4, 1.2 KH2PO4, 25 NaHCO3, 

2.5 CaCl2, 11.1 Glucose; pH 7.4 (when saturated with carbogen gas). 

2. Dissociation solution for muscle fiber isolation: Krebs-Ringer solution containing 2 

mg/ml collagenase. 

3. External (bathing) solution (mM): 130 TEAOH, 130 HCH3SO3, 2 MgCl2, 10 CaCl2, 5 

4AP, 10 HEPES, 0.001 TTX, 5 Glucose, 0.05 N-benzyl-p-toluene sulphonamide (BTS); 

pH adjusted to 7.4.  

   13 



                       Zoita Andronache
                                                                                       
4. Internal (pipette) solution (mM): 145 CsOH, 110 Aspartic acid, 5 Na2 creatine 

phosphate, 0.75 Na2ATP, 4.25 MgATP (resulting in 1 mM free Mg2+), 15 EGTA, 1.5 

CaCl2 (resulting in 20 nM free Ca2+), 10 HEPES, 0.2 fura-2; pH adjusted to 7.2. 

 

Na+ channels were blocked by TTX (tetrodotoxin) and K+ channels by 4-aminopyridin    

(4-AP) and tetraethylammonium (TEA). The Ca2+ concentration in the external solution 

was changed from 2.5 mM under physiological conditions to 10 mM to increase the 

driving force for Ca2+ and consequently the corresponding current recordings. The program 

CalcV22 (Föhr et al., 1993) was used to calculate the free Ca2+ and Mg2+ concentrations in 

the internal solution.  

The external and internal solutions were stored as aliquots of 40 and 0.2 ml, respectively, 

at -20°C. Before use, 50 µM of the myosin II ATPase inhibitor BTS (from a stock of 50 

mM prepared in DMSO) was added in the external solution to suppress contractions 

(Cheung et al., 2002, Shaw et al., 2003, Ursu et al., 2005). 200 µM fura-2 (from a stock of 

2 mM prepared in distilled water) was added to the internal solution. When mentioned      

(-)D888 (desmethoxyverapamil, devapamil) was added to the external solution from a 10 

mM stock prepared in distilled water. BTS stock solution was stored at -20°C, while fura-2 

and (-)D888 were kept at 4°C.  

 

 

2.3 Voltage-clamp on isolated single fibers 

2.3.1 Voltage-clamp and data acquisition 

 

A modified version of the conventional Two-Electrode Voltage Clamp (TEVC) technique 

was used to control membrane voltage in isolated single mouse fibers (Ursu et al., 2005, 

Ursu, 2004). The technique allowed simultaneous measurements of L-type calcium current 

and calcium transients. Fibers of the interosseus muscles of the hind limbs were 

ezymatically dissociated using dissociation solution as described in Ursu et al., 2005. The 

experiments were performed at room temperature (20-22°C). The experimental chamber 

was mounted on an inverted fluorescence microscope (Axiovert 135 TV, Zeiss). Fibers 

were imaged with a 40x/0.75W objective (Zeiss) and voltage-clamped using an Axoclamp 

2B amplifier (Axon Instruments). The voltage recording electrodes (P1, Fig.2.1) were 
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filled with 3M KCl and showed resistances between 5 and 8 MΩ when immersed in 

external solution. The current-passing electrodes (P2) were filled with internal solution 

and showed resistances between 2 and 3.5 MΩ. The electrodes were inserted in holders 

(HL-U, Axon Instruments) and connected to the amplifier head stages for voltage 

recording and current-passing, respectively.  

Fibers were perfused by internal solution containing the calcium-sensitive fluorescent dye 

(fura-2). The general holding potential during loading and throughout the experiment was 

–80 mV. Between experimental protocols that included long lasting depolarizations, the 

fiber membrane was hyperpolarized to -100 mV to speed up recovery. (For more 

information about typical timing and protocols used in the voltage clamp experiments see 

Appendix). 

 

 
 

Fig.2.1 Experimental arrangement for Ca2+ signal recording from voltage-clamped mouse 
muscle fibers. 
Enzymatically isolated muscle fibers of the m. interosseus were voltage-clamped in external 
solution using a two-electrode technique as described in Ursu et al. (2005). Fibers were perfused 
with an artificial internal solution containing 15 mM EGTA and 0.2 mM fura-2. Fluorescence 
emission was recorded with a photomultiplier tube (PM). P1: voltage recording micropipette filled 
with 3 M KCl, P2: patch pipette-type current passing electrode filled with internal solution, R: 
reference electrode, L: excitation light source, BS: beam splitter, EmF: emission filter, ExF: 
excitation filters, PM: photomultiplier, Vcmd: command voltage, A1, A2 – voltage clamp amplifiers 
(Ursu, 2004) 
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Global Ca2+ signals (fura-2 fluorescence) and L-type Ca2+ currents were simultaneously 

recorded at 2 kHz sampling frequency using a CED 1401+ interface connected to an AMD 

K6-2 computer. For data acquisition, software written in Delphi 3 (Borland International, 

Scotts Valley, USA) was used. Macro routines implemented in Excel (Microsoft) and 

Delphi 3 were used for data analysis.  

 

 

2.3.2 Fluorescence recordings 
 

The cells were loaded with the indicator dye fura-2 as described above. Fura-2 is an UV 

light–excitable, ratiometric Ca2+ indicator. It has an excitation wavelength, at about 360 

nm, called “isosbestic point“, where the fluorescence emission is independent of the 

presence of Ca2+. By calculating the ratio between the fluorescence emitted by excitation at 

360 and 380 nm the free [Ca2+] can be determined independent of the indicator 

concentration. Fura-2 dissociation constant (KD,fura-2) for in vitro Ca2+ binding was 276 nM 

(Schuhmeier et al., 2003).  

Before reaching the microscope objective, the UV light (L, see Fig.2.1) emitted by the 

xenon arc source (XBO, 75 W), is directed through an electromagnetic shutter (S) to 

reduce irradiation, a filter changer (FC) made of interference filters 380.1/14.8 (Ca2+ 

signals) and 358.2/9.2 (isosbestic point) and a dichroic beam splitter (BS, FT460) to 

separate the excitation and emission signals according to their wavelength.   

Fluorescence collected from the fiber was filtered with a 510 (510W B40) nm bandpass 

interference filter and detected by a photomultiplier (PM) tube attached to the bottom of an 

inverted microscope (Axiovert 135 TV, Zeiss, ) (for more details see Ursu, 2004). 

 

 

2.3.3 Ca2+ current analysis 
 

To reduce capacitive current transients the command voltage was rounded by 8-pole Bessel 

filter, a low pass filter at 500 Hz. Analog compensation was systematically used to 

decrease the leak and capacitive current components before digital data acquisition.  

For constructing current-voltage relations, the measured values during the last 10 ms of 

step depolarization (100 ms) were averaged and plotted versus voltage. The data were 

least-squares fitted with the following equation (Eq2.1):  
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Here, gleak and Vleak are conductance and reversal potential of the residual linear leak 

component and gCa,max and VCa are maximal conductance and reversal potential of the Ca2+ 

current. f (V) is a Boltzmann function described by the voltage of half-maximal activation 

(V1/2) and the steepness parameter (k) (Eq2.2).  

The leak corrected current was converted to current density (iCa) by normalization using 

the electrical capacitance of the fiber. For this purpose, small depolarizing and 

hyperpolarizing pulses (± 10 mV, 50 ms duration) were applied from the holding potential 

of -80 mV. The capacitance was calculated by the integral of the uncompensated OFF 

capacitive transient divided by the voltage amplitude.  

 

 

2.3.4 Ca2+ input flux analysis 
 

Sections of fluorescence ratio traces (∆R) obtained in a time interval immediately 

following voltage pulses were analyzed with a removal model fit approach as originally 

described by Melzer et al. (1986) to calculate the depolarisation-induced Ca2+ flux from 

the sarcoplasmic reticulum (see Schuhmeier & Melzer, 2004 and Ursu et al., 2005).  

A “multi-pulse” protocol, designed by Ursu et al. (2005), was used. The multi-pulse 

consists of a train of four short (50 ms) voltage steps to 0 mV from the holding potential of 

-80 mV (see Fig.2.3 and Fig.2.4A). The time intervals between the steps lasted 150 ms, i.e. 

sufficiently long for partial relaxation and short enough to reach different saturation levels 

of the model compartments after each pulse. 

The thick lines in Fig.2.3 starting at 8 ms after the pulse repolarisation are the traces 

generated by the model fit to simulate the fluorescence ratio signals. They were calculated 

using Eq.2.3 
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Where Rmin and Rmax are the fluorescence ratio values for Ca2+-free and fully Ca2+-

saturated indicator dye and the ratio [Ca2+
 Dye] / [Dye]total represent the saturation 

percentage of the dye with Ca2+. 
Cell membrane 

 
 

 
Fig.2.2 Schematic representation of the removal model fit used for calculation of Ca2+ input 
flux in single fibers.  
This model includes a high concentration of the slow extrinsic Ca2+ buffer EGTA (S), an 
intermediate speed saturable buffer (the Ca2+ indicator fura-2), a simple transport mechanism 
(Uptake) and a non-saturable buffer (F) to account for intrinsic fast Ca2+ binding (modified from 
Schuhmeier et al., 2003). 
 
The model contains only a small number of Ca2+ removal components (see Fig.2.2). It 

consists of the indicator dye (described by Rmin, Rmax, forward and backward rate constants 

kon,Dye, koff,Dye and [Dye]total), an extrinsic saturating Ca2+ buffer representing EGTA (kon,S, 

koff,S and [S]total), a fast binding assumed to be instantaneous and linear (scaling factor F) 

and an uptake mechanism with a rate proportional to free Ca2+ (rate constant kuptake). The 

mass conservation is described by the following equation: 

        
Here, d/dt[Ca2+]total is the total Ca2+ flux into the myoplasmic water space (for more details 

see Schuhmeier et al., 2003). Approximate values for Rmax and Rmin and the dissociation 

constant KD,Dye = koff,Dye/kon,Dye  for fura-2 were obtained from previous calibration 

experiments (see Ursu et al., 2005). [Dye]total and [S]total were set to the respective pipette 

concentration of fura-2 and EGTA. The use of a high concentration (15 mM) of the 

chelator EGTA was needed to strongly exceed the intrinsic Ca2+ binding sites, to prevent 

uptakeFtotal CaSCaCaDyeCaCa
dt
dCa

dt
d ][][][][]([][ 222222 ++++++ ++++=  (2.4) 
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movement artefacts and to avoid excessive saturation of the indicator. F was found to be of 

negligible influence on the results at the present high [S]total and was arbitrarily set to 0 

(Schuhmeier et al., 2003). This leaves four free parameters (koff,Dye, kon,S, koff, and kuptake) 

that were determined from the measured fluorescence ratio signals by using a least square 

optimization procedure. The best fit leads to specific values for the kinetic parameters of 

the model which can then be used to calculate the input flux from the given fluorescence 

ratio traces as shown in Fig.2.3 (for further details see Schuhmeier & Melzer, 2004). 

 

 

Fig.2.3 Ca2+ release and SR permeability calculation. 
The voltage-activated Ca2+ release flux in single voltage-clamped interosseus muscle fibers was 
calculated using the fura-2 fluorescence ratio signal in the presence of a high intracellular EGTA 
concentration (pipette concentration 15 mM) and Ca2+ removal parameters obtained by fitting 
model-generated traces to the relaxation phases of the measurements (bold lines). Voltage-actived 
SR permeability (dotted trace) was calculated as flux divided by Ca2+ content of the SR, both 
referred to the myoplasmic water volume. SR content was calculated as the difference between an 
initial Ca2+ content (found by least squares optimization) and the released amount.  
 
The fits started 8 ms after pulse repolarization to -80 mV. Initial values of the fixed and 

free parameters in this and other experiments together with their boundaries were as given 

in Tab1. (Ursu et al., 2005, Schuhmeier & Melzer, 2004).   

The voltage-activated Ca2+ permeability of the SR (in %ms-1) was calculated according to 

Gonzalez and Rios (Gonzalez & Ríos, 1993) under the assumption that the slow decline in 

the plateau phase of the Ca2+ release flux results exclusively from SR depletion. The 

voltage dependence of activation and inactivation was described by canonical Boltzmann 
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functions (Eq.2.2) with voltage at half maximum V0.5 and steepness parameter k, except for 

the activation of Ca2+ release and permeability in which a linear term was included 

(Eq.2.5) to account for the behavior at large depolarizations (Ursu et al., 2005). 

)/)exp((1
1)(

2/1 kVV
Vf

−+
= (a+bV) (2.5) 

 

After the removal analysis the resulting flux amplitudes were scaled down by a factor of 

0.4 to account for mean fractional loading of the cell at the time of recording (Ursu et al., 

2004). 

 
Tab1. Initial parameters used in the calculation of Ca2+ input flux. The left column lists the 
fixed parameters that will not change during the fit. Parameters listed in the middle column were 
set free and further optimized by iterative least squares fitting. Their boundaries were set to the 
values given in the right column. kon,Dye is calculated using the constrain KD,Dye = koff,Dye/kon,Dye. 
 
 

2.3.5 Ca2+ removal analysis during prolonged fiber perfusion 
 

The model fit described above served to quantify overall myoplasmic Ca2+ removal. It is 

based on the assumption of fixed intracellular concentrations of fura-2 and EGTA (200 µM 

and 15 mM, respectively). 

To study experimentally the validity of the model calculation under different Ca2+ 

buffering conditions, an experiment was performed in which the “multi-pulse” protocol 

(Fig.2.4A) was repeated during a long period of time. 

 In panel B of Fig.2.4 the fluorescence ratio signals ∆R = F380/F360 were plotted for 

different times after the start of loading a fiber with the pipette solution (18, 38, 54 and 78 

min). The fluorescence traces present downward inflexions due to Ca2+ binding to the dye 

during the depolarization-induced Ca2+ release. Superimposed on the relaxation intervals 

are the calculated ratio signals (red lines) using the model of Fig.2.2. The fits started 8 ms 
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after repolarization. The starting parameter values used for the calculation are the given in 

Tab1.  koff,Dye, kon,EGTA,  koff,EGTA and kuptake  parameters were further optimized by iterative 

least squares fitting.  

. 

 
 
Fig.2.4 Removal model fit and calculation of Ca2+ input flux. 
(A) Sequence of 4 short (50 ms) pulses from the holding potential of -80 mV to 0 mV.  The voltage 
steps were separated by 150 ms to allow for partial relaxation of the fluorescence signal. Panel B 
represents the time courses of fluorescence ratios (F380/F360) at 4 different times (18, 38, 54 and 
78 min) during the fiber loading with EGTA and fura-2 containing solution. The red curves are the 
fits of the simulated ratio signals to the relaxation phases of the recorded traces (8 ms after 
repolarization). Panel C shows the calculated Ca2+ input fluxes using the removal model procedure 
described above. The values for the first peak in each trace are as following: 237⋅102, 206, 123 and 
91 µM/ms.  
 

The quality of the fit was expressed by χ²/N, where the χ² is the summed squares of the 

point-by-point differences divided by the standard deviation of the data points in the 

baseline immediately before the first depolarization and N the number of measurements 

points in the fit interval. χ²/N would be 1 if the function was perfectly fitted.   

The first fit (first red trace, 18 min) had a high value for χ²/N (bad fit) and the parameters 

exceeded their boundaries set in the fitting algorithm. Clearly, the chosen model structure 

was insufficient to describe the time course of the signals. The rest of the fits showed an 

increase in quality with the time of loading (38, 54 and 78 min, respectively). The 

fluorescence records during depolarizing pulses and best fit values of kinetic constants 
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(koff,Dye, kon,EGTA, koff,EGTA and kuptake) in the removal model were then used to calculate the 

depolarization-induced Ca2+ flux into the myoplasmic water space (see Fig.2.4C). 

It can be noticed that as soon as the fits improved, the calculated Ca2+ input fluxes look 

more and more alike. Therefore a loading time of 30 min was generally chosen before the 

measurements in order to obtain a good fit. Extended loading was applied when the shape 

of fura-2 transients indicates insufficient buffering. 
 

 
 
 
Fig.2.5 Change of Ca2+ removal parameters during prolonged fiber perfusion  
Evolution of the rate constants (koff,Dye, kon,EGTA, koff,EGTA and kuptake), resulting from the fit under 2 
different conditions: A) assuming an equilibrium between pipette solution and intracellular space to 
be reached at 30 min after loading, 15 mM EGTA and 200 µM fura-2; B) assuming a gradual 
intracellular increase in EGTA and fura-2 concentrations proportional to the increase in the F360 
fluorescence reaching the equilibrium with the pipette solution after 78 min of loading. 
 

Fig.2.5A shows the best fit values of the kinetic constants (koff,Dye, kon,EGTA, koff,EGTA and 

kuptake) in the loading time interval 30-78 min. It can be noticed that the estimated removal 

parameters changed gradually over time. Fig.2.6A shows the time dependence of the 

calculated first peak in the series of the four pulses in the same interval. It showed a 

progressive decrease ranging from 700 to 220 µM/ms.  
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Fig.2.6 The peak of Ca2+ input flux calculated for different times during prolonged fiber 
perfusion  
The four traces in panel A and B correspond to the four peak values in the “multi-pulse” (see 
Fig.2.4). (A) Change in the peak of the Ca2+ input flux assuming 15 mM EGTA and 200 µM fura-2 
after 30 min of loading. (B) Change in the peak of Ca2+ input flux assuming a gradual increase in 
EGTA and fura-2 concentrations proportional to the increase in the F360 fluorescence. The red 
triangles correspond to the peak of Ca input fluxes at the times 38, 54 and 78 min. 
 

 

 

Fig.2.7 Ca2+-independent fluorescence increase over time of fura-2 excited at 360 nm.   
Fluorescence at time 0 (min) represents the background intensity at 360 nm excitation wavelength 
(B360=1.12). The fluorescence level was measured every 2nd minute and corresponds to the fura-2 
concentration increase in the fiber independent of Ca2+. The red triangles point to the level of fura-2 
diffused in the fiber at the times 18, 38, 54 and 78 min.  
 

To investigate the impact of the assumption of constant EGTA and dye concentration a 

second analysis of the same data was performed in which a rise of the EGTA and fura-2 

concentrations over time was taken into account.  
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Considering a slow perfusion process and that 30 min of loading is too short to ensure the 

equilibrium between pipette and myoplasmic solution, the Ca2+-independent fluorescence 

recording at the isosbestic point (F360) was used for the approximate determination of the 

intracellular fura-2 concentration (Fig.2.7). It was reported that approximately 60-65% of 

the injected fura-2 molecules were bound to relatively immobile sites in the myoplasm 

(Baylor & Hollingworth, 1988). The large fraction of fura-2 not freely dissolved in 

myoplasm may account for the steep increase in the F360 fluorescence (Fig.2.7) and the 

apparent slow equilibration process. Therefore, despite the continuous increase, a 

concentration of 200 µM of intracellular fura-2 was assumed to be reached at the end of 

the observation interval, i.e. at 78 min (imposed by the experimental time limitation to 

keep the fiber under voltage clamp conditions). At time 0 (min), the recorded fluorescence 

indicates the background level. The EGTA concentration was assumed to increase 

proportionally with fura-2 concentration. The time course of the best fit parameters koff,Dye, 

kon,EGTA, koff,EGTA and kuptake are shown in Fig.2.5B. Surprisingly, they were identical with 

the ones in Fig.2.5A. Only the kuptake values were different, showing a more gradual 

increase with time. 

Fig.2.6B shows the time dependence of the calculated peak release for the same time 

interval, taking into account the putative rise of EGTA and fura-2 concentrations. 

Comparing with panel A of the same figure the amplitudes showed a smaller decrease 

ranging from 330 to 220 µM/ms. 

 

Fig.2.8 represents the calculated Ca2+ input flux after 38 min of loading from the pipette 

solution assuming constant (blue) and variable (red) EGTA and fura-2 concentrations. It 

can be seen from this example that the different assumptions affected only the absolute 

values of the Ca2+ input fluxes (Fig.2.8A). There was a 45% decrease induced by the 

loading correction. However, the normalized plot of Fig.2.8B demonstrates that the time 

course remained identical, and this was true for every trace, regardless of the recording 

time.  
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Fig.2.8 The time course of calculated Ca2+ input flux under two different assumptions. A) 
Absolute Ca2+ input flux assuming constant (blue) and variable (red) buffering assumption. The red 
trace showed a decrease of almost 45%. The analysis is shown for the second trace in Fig.2.4C, i.e. 
Ca2+ input flux after 38 min of loading; B) the same traces as in (A) but normalized.  
 

The insufficiency of the removal model used for calculating the absolute values of Ca2+ 

input fluxes consists in the difficulty of determining the true concentration of extrinsic 

Ca2+ binding sites (fura-2 and EGTA). In this study I investigated the impact of the 

assumption of constant EGTA and dye concentration on Ca2+ input flux calculation. For 

this, a second analysis of the data was performed in which a rise in the EGTA and fura-2 

concentration was estimated according to the increase in the F360 fluorescence. As a 

result, I obtained an almost reproducible Ca2+ input flux over 50 min of Ca2+ cycling in the 

fiber. This implies that the variation in the absolute values of peak of release, obtained with 

the first assumption (see Fig.2.6A), resulted from the overestimation of the Ca2+ buffer 

concentrations. Even though the method employed had an impact on determining the 

amplitude of release fluxes, their time course remained unaffected by our assumption, used 

later in the results, of reaching equilibrium between intracellular space and pipette solution 

after 30 min of loading.  
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3. RESULTS 
 
 

3.1 Interaction between Ca2+ antagonist D888 and DHPR γ1 subunit 
 
 
The skeletal muscle-specific γ1 subunit of the DHPR was shown to down-modulate 

availability by shifting its steady state voltage dependence to more positive potentials, 

affecting both Ca2+ current and Ca2+ release (Ursu et al., 2004). Thus, the γ1 polypeptide 

exhibits a physiological effect similar to the one reported for PAA Ca2+ channel 

antagonists, which are thought to stabilize inactivated states of the DHPR. In the present 

study I investigated the cross influence of γ1 and the PAA Ca2+ antagonist (-)D888 using 

wildtype (γ+/+) and γ1 knock-out (γ-/-) mice. For this purpose, I studied voltage-dependent 

gating of both L-type Ca2+ current and Ca2+ release. 

 

3.1.1 Voltage-dependent activation   
 
The rapid Ca2+ release from the sarcoplasmic reticulum and the slow Ca2+ entry from the 

extracellular space (L-type Ca2+ current) are thought to be both activated by the same 

voltage sensors located in the α1-subunit of the DHPR. Fig.3.1 shows the protocol to study 

voltage dependent activation of L-type Ca2+ current and Ca2+ release in an enzymatically 

isolated interosseus muscle fiber of a γ-/- mouse. Test steps of 100 ms duration, separated 

by intervals of 60 s, were applied covering the voltage range from -60 to +50 mV in 10 mV 

increments (Fig.3.1A). Panel B shows the Ca2+ inward current and E the corresponding 

current-voltage relation. C shows the fura-2 fluorescence ratio signals (F380/F360) and D the 

Ca2+ release flux derived from them. Calcium release flux was calculated as described in 

details in “Materials and Methods”. In short, the flux was determined after characterizing 

Ca2+ removal using a kinetic model to fit relaxation following re-polarization (see also 

Melzer et al., 1987, Timmer et al., 1998). The flux traces exhibit a slowly sloping phase 

after the early peak which had been attributed to SR depletion (Schneider et al., 1987). A 

depletion correction was performed as described by Gonzalez and Rios (Gonzalez & Ríos, 

1993) leading to the second set of traces in D exhibiting steady plateaus. The depletion-

corrected flux is proportional to the voltage-activated Ca2+ permeability of the SR, 

reaching a maximum early during the voltage pulse and then decaying to a lower value due 
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to rapid partial inactivation. Fig.3.1F shows fractional activation as functions of voltage 

both for permeability and for Ca2+ conductance derived from the current-voltage relation 

(Ursu et al., 2005). 

 

 
 
Fig.3.1 Voltage-dependent activation of Ca2+ current and Ca2+ release. 
(A) Successive rectangular voltage steps applied at 60 s intervals from a holding potential of -80 
mV to the indicated voltage levels. (B) Voltage-activated L-type Ca2+ inward currents showing 
typical slow onset kinetics. (C) Fura-2 fluorescence ratio signals recorded simultaneously with the 
signals in B. (D) Calculated flux of Ca2+ underlying the signals in C before and after correction for 
putative SR depletion (see Materials and Methods). Traces for pulse voltages between 0 and +50 
mV were corrected individually. For pulse voltages of -10 mV and smaller the average value of the 
individually determined baseline SR contents was used for the correction (see Ursu et al., 2005). 
(E) Current-voltage relation derived from the recordings in B. (F) Ca2+ conductance (circles) and 
SR Ca2+ permeability (diamonds) during the plateau of the depletion-corrected signals in D as 
functions of pulse voltage. Representative data obtained from a γ-/- muscle fiber. 
 
 
Fig.3.2 summarizes the results of experiments testing for D888 effects on the voltage 

dependence of activation of L-type Ca2+ conductance and of SR permeability obtained with 

the protocol of Fig.3.1. A comparison for 0 (circles) and 10 µM D888 (diamonds) is 

shown. Open symbols represent γ-/- fibers and filled symbols γ+/+. The data confirm the 

previous finding that γ1 does not affect the voltage dependence of activation of Ca2+ release 

and L-type Ca2+ conductance (Ursu et al., 2004). They further demonstrate that D888 at 10 

µM, i.e. at a higher concentration than leading to paralysis in frog muscle, has negligible 

effects on the activation curves both in the absence and in the presence of γ1. The absolute 

values of conductance and peak permeability are listed in the legend of Fig.3.2. The mean 

values are slightly smaller in D888, but the difference was not statistically significant. 
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Fig.3.2 Voltage-dependent activation independent of D888. 
Normalized activation curves for Ca2+ release permeability and conductance as in Fig.3.1F for 0 
(circles) and 10 µM D888 (diamonds). V0.5 and k values in (mV) for control and drug application 
are as follows: (A) Permeability, γ-/-, -11.23 ± 1.90; 8.2 ± 0.52 (6) and -13.26 ± 2.92; 8.50 ± 0.7 
(3). (B) Conductance, γ-/-, 3.2 ± 0.95; 6.3 ± 0.73 (6) and 1.22 ± 0.97; 5.62 ± 0.3 (3). (C) 
Permeability, γ+/+, -8.46 ± 1.40; 7.80 ± 0.93 (3) and -8.24 ± 1.70; 8.10 ± 0.5 (8). (D) Conductance, 
γ+/+, 3.71 ± 3.20; 5.44 ± 0.61 (3) and 4.81 ± 0.84; 5.83 ± 0.4 (6). The corresponding absolute 
values at +50 mV for peak permeability or conductance are: (A) 5.73 ± 0.98 %ms-1 and 3.55 ± 0.20 
%ms-1 (B) 180.34 ± 38.17 S F-1 and 133.59 ± 14.13 S F-1 (C) 5.39 ± 1.51 %ms-1 and 3.82 ± 0.45 
%ms-1 (D) 109.09 ± 29.66 S F-1 and 92.13 ± 8.20 S F-1. The continuous lines were calculated as 
described in Materials and Methods by using the means of the best fit parameters.  
 

 

3.1.2 Voltage-dependent inactivation 
 
Whereas the voltage dependence of activation for both Ca2+ permeability and L-type Ca2+ 

conductance remained unaffected by the γ1 subunit and by D888 (Fig.3.2) pronounced 

effects were seen on inactivation. The inactivation phenomenon was first studied as a 

spontaneous relaxation in single frog muscle fibers exposed to depolarizing solutions 

(Hodgkin & Horowicz, 1960). Fig.3.3A shows the experimental paradigm to determine the 

voltage dependence of availability for activation. Pre-pulses of 30 s duration changing the 

membrane potential to progressively more depolarized values were followed by short (100 

ms) test pulses to +20 mV to assess availability. Fig3.3B to E show traces of two 
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representative experiments in γ1-deficient muscle fibers, demonstrating the effect of 5 µM 

D888 on availability of Ca2+ release flux (D versus B) and of L-type Ca2+ inward current 

(E versus C). Fig.3.3F and G show the alterations in the voltage dependence of steady state 

inactivation caused by the drug for (peak) Ca2+ release and Ca2+ current, respectively. 

Clearly, a shift to more negative potentials by some 10 mV is apparent in both cases. 

 

 
 

Fig.3.3 Effect of D888 on voltage-dependent inactivation. 
(A) Experimental protocol to determine the voltage-dependence of inactivation. (B), (C) Calculated 
Ca2+ release fluxes and L-type Ca2+ inward currents, respectively, at different voltages in the 
absence of D888. (D), (E) Release fluxes and inward currents, respectively, in the presence of 5 
µM D888. (F), (G) Normalized steady state voltage dependence of inactivation of peak Ca2+ release 
and Ca2+ inward current, respectively, at 0 (circles) and 5 µM D888 (triangles) . Both fibers were 
from γ-/- mice.  
 
Fig.3.4 summarizes the data obtained from several experiments like those shown in Fig.3.3 

performed on muscle fibers of γ-/- mice (A and B) and γ+/+ animals (C and D). 

Availability curves obtained in the absence of drug (circles) and in the presence of 5 

(triangles) and 10 µM D888 (diamonds) are shown. The data for each fiber were fitted by 

Boltzmann functions and the mean fit parameters of each group of experiments were used 
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to construct the continuous curves. The vertical dashed lines mark the voltages of half-

maximal inactivation in drug-free γ+/+ fibers and highlight the relative differences between 

γ+/+ and γ-/- fibers in the positions of the curves. It can be noticed that the voltages of 

half-maximal inactivation in 5 µM D888 in the absence of the γ1 subunit are similar to the 

values in drug-free γ+/+ fibers. Thus 5 µM D888 effectively reverses the right shift caused 

by the γ1 elimination. 

 

 
 
Fig.3.4 Changes of steady state availability caused by D888 in γ-/- and γ+/+ fibers. 
Mean values of normalized steady state inactivation at different voltages obtained with the 
experimental protocol of Fig.3.3 for peak Ca2+ release flux (A and C) and L-type Ca2+ current (B 
and D), respectively. (A), (B) γ-/- fibers; (C), (D) γ+/+ fibers. Numbers of experiments for 0 
(circles), 5 (triangles) and 10 µM D888 (diamonds) were 13, 10 and 9 in A, 13, 9 and 9 in B, 11, 6 
and 13 in C and 11, 7 and 13 in D, respectively. Note that bars indicating SEM are often smaller 
than the symbols. (E), (F) Parameters V0.5 and k of voltage-dependent inactivation and their 
alteration by D888. Closed symbols, γ+/+; open symbols, γ-/-. Asterisks indicate significant 
differences. 
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Fig.3.4E and F summarize the changes in the Boltzmann fit parameters of the inactivation 

curves of panels A to D. Mean values of the parameters V0.5 and k (which is proportional 

to the reciprocal of the maximal slope) are plotted versus D888 concentration. The γ-/- 

fibers in the absence of drug (open circles) differ from the γ+/+ fibers (closed circles) by 

their more positive V0.5 and a slightly smaller k value. The differences are almost 

eliminated in the γ-/- fibers by 5 µM D888 (open triangle). V0.5 (in mV) for L-type current 

was -25.33 ± 1.81 (11) in drug-free γ+/+ fibers, compared to -18.77 ± 0.92 (13, P=0.0027) 

and –29.48 ± 0.87 (9, P=0.023) in drug-free γ-/- fibers and γ-/- fibers with 5 µM D888, 

respectively. The V0.5-value for Ca2+ release was -37.60 ± 1.05 (11, drug-free γ+/+ fibers), 

compared to -30.48 ± 0.71 (13, P=9.3⋅10-6) and -39.43 ± 1.29 (10, P=0.28), respectively. 

The corresponding k values (in mV) were 7.52 ± 0.48, 6.02 ± 0.27 (P=0.010), and 7.43 ± 

0.37 (P=0.90) for L-type current and 4.82 ± 0.25, 4.18 ± 0.26 (P=0.096) and 5.6 ± 0.26 

(P=0.043) for Ca2+ release. 

The results of Fig.3.4 indicate that (i) a concentration of about 5 µM of the PAA drug 

D888 can compensate for the effect of γ1 elimination on the voltage dependence of 

inactivation and that (ii) the dependence on D888 concentration is altered by the presence 

of the γ1 subunit, consistent with some kind of interaction between the effects of these two 

modulators of the DHP receptor. 

 
 

3.1.3 Slow recovery from inactivation 
 
I further investigated the time course of recovery from voltage-dependent inactivation 

using the pulse protocol of Fig.3.5A. Pulses of 100 ms duration that depolarized the 

membrane to +20 mV were applied to test the degree of recovery. An initial test pulse was 

followed by a 60 s depolarization to +10 mV to cause complete voltage dependent 

inactivation. Following the long depolarization, the membrane was repolarized to -80 mV. 

Then, test pulses were applied at different times (indicated in the figure) to resolve the time 

course of recovery.  

Fig.3.5B and C show the calculated Ca2+ release flux and the recorded L-type Ca2+ current 

for each of the test pulses in panel A. The time course of the increase in peak release flux 

and in the amplitude of the L-type current was fitted by single exponential functions of the 

form (Fig.3.5D and E): 
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where the Itest and Icontrol are the amplitudes of the recorded signals for the test and control 

pulses, respectively, A∞ the final level of restoration, and τ the restoration time constant. 

The extent of recovery (Itest/Icontrol) and the time constant (τ) were 90.6% and 14.29 s for 

the release and 72.7% and 33.29 s for the current, respectively. It is unclear what caused 

the relatively incomplete recovery of the current. In the further recovery analysis the focus 

was on Ca2+ release. 

 

 
 

Fig.3.5 Time course of recovery from depolarization-induced inactivation in a single muscle 
fiber 
(A) Experimental protocol for studying recovery. A series of short (100 ms) test-pulses are applied 
after single inactivating pre-pulse of 1 min duration (time intervals: 1.1, 13, 34, 66, 128, 190 s). 
(B), (C) Representative recordings (γ+/+ fiber) showing recovery at -80 mV of Ca2+ release flux 
and Ca2+ current, respectively. (D), (E) Time course of recovery of peak Ca2+ release flux and Ca2+ 
current (end of pulse), respectively. 
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Fig.3.7 Phenylakylamine induced slowing of recovery of Ca2+ release in γ-/- and γ+/+ muscle 
fibers.  
The figures represent the time course of recovery of peak Ca2+ release in γ-/- (open symbols) and 
γ+/+ (filled symbols) muscle fibers. Recovery is shown for 3 representative voltages (-80, -60 and  
-50 mV) and for drug free (circles) as well as for 2 different concentration of D888 (5 and 10 µM, 
triangles and diamonds, respectively). 
  
To study the voltage-dependence of recovery the holding potential was varied from -80 to  

-20 mV.  Fig.3.7 represents the time course of recovery of Ca2+ release in γ-/- (open 

symbols) and γ+/+ (filled symbols) muscle fibres at 3 representative voltages (-80, -60 and 

-50 mV) and at 2 different concentration of D888 (5 and 10 µM). The data were fitted with 

single exponential functions (dotted lines). Several observations can be made here: (i) 

More depolarized holding potentials had a slowing effect on recovery. (ii) Fibers of knock-

out animals deficient of the DHP receptor γ1 subunit showed considerably faster recovery 

than γ+/+ fibers (see also Fig.3.8). (iii) The PAA Ca2+ channel antagonist D888 caused a 

substantial slowing of recovery both in γ-/- and γ+/+ fibers. (iv) The slowing effect of 

D888 was stronger in γ+/+ than in γ-/- fibers. 
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Fig.3.8 Alteration of recovery parameters by the DHPR γ1 subunit and D888.  
Time constant (τ) and extrapolated final value of fractional recovery (A∞) obtained from single 
exponential fits to the mean data describing the kinetics of the voltage dependent restoration. The 
figures display the voltage dependence of τ (panels A and B) and A∞ (panels C and D) in the 
absence (open symbols) and presence (filled symbols) of the DHPR γ1 subunit at different 
concentrations of D888.  
 
The mean values from different experiments of the recovery time constants of Ca2+ release 

were plotted against voltage for each D888 concentration in Fig.3.8. The increase of time 

constants (τ) with voltage could be fitted by a single exponential function (panels A and 

B): 

)(

0
0)( V

V

eV ττ =  (3.2) 

 

where V0 is the voltage interval at which τ increases e-fold (τ(V0) = eτ0). The values in γ-/- 

and γ+/+ fibers for V0 were (in mV): 13.7, 17.3, 21.1 and 7.5, 14.3, 17.2 in the presence of 

0, 5 and 10 µM D888, respectively. The higher values indicate a slower recovery with 

voltage in the presence of the γ1 subunit and the Ca2+ antagonist D888.  

Panel C and D display the voltage-dependence of fractional recovery at infinite time (A∞) 

as obtained from the exponential fit. The data points represent the extrapolated steady state 

of voltage-dependent recovery after inactivation and were fitted with Boltzmann functions 
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(Eq 2.2). The V0.5 and k values for both γ+/+ and γ-/- fibers at different concentration of 

D888 are summarized in Tab.2b. 

Fig.3.8 C and D show that recovery is incomplete at the end of the recordings even at very 

negative potentials. This can be due to a very slow restoration process that lasts longer than 

190 s. At more depolarized holding potentials or in the presence of D888 the recovery is so 

slow that it proceeds linear with time making it impossible to fit with single exponential 

functions. Therefore, a different analysis of the data was conducted in order to resolve the 

recovery of release at steady state. The voltage-dependent recovery of Ca2+ release flux 

was then studied at earlier times after inactivation. For each concentration of D888 a series 

of Boltzmann curves was constructed describing the apparent steady-state voltage-

dependent recovery at 13, 34, 66, 128, and 190 seconds after the inactivation (Fig.3.9). It 

can be noticed that the curves become right shifted and steeper with increasing time of 

recovery. 

The time course of the Boltzmann parameters (V0.5, k and A) from each panel of Fig.3.9 is 

plotted in Fig.3.10 and fitted with single exponential functions. The Boltzmann parameters 

extrapolated to infinite time were then used to construct the dashed thick traces in Fig.3.9 

which represent the putative steady-state voltage-dependence of recovery of peak Ca2+ 

release.  Their characteristics are given in the Tab.2c.  
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Fig.3.9 Apparent steady state of voltage-dependent recovery of peak Ca2+ release in γ-/- 
(open) and γ+/+ (filled symbols) muscle fibers exposed to D888.  
The Boltzmann curves represent the fractional availability of Ca2+ release at different times and 
holding potentials. The test pulses during the recovery were applied at 1.1, 13, 34, 66, 128, and 190 
seconds after a 60 s interval of inactivation at +10 mV. The thick dashed lines represent the 
apparent steady state recovery constructed using the extrapolated Boltzmann parameters (see text). 
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Fig.3.10 Single exponential evolution of Boltzmann parameters used to fit the voltage-
dependent Ca2+ release recovery in γ-/- (open) and γ+/+ (filled symbols) muscle fiber exposed 
to D888. 
The time course of the Boltzmann parameters (V0.5, A, k) derived from Fig.3.9 were fitted with a 
single exponential to determine their values at infinite time. The data points correspond to the test 
pulses during recovery applied at 13, 34, 66, 128, and 190 seconds after repolarization. 
 

 
 
Tab.2. Comparison of parameters describing voltage dependent inactivation of peak Ca2+ 
release in γ-/- and γ+/+ fibers in the presence of 0, 5 and 10 µM D888.  
In all cases, the voltage dependence was described by the Boltzmann-function, see Eq 2.2 (n 
differs from one voltage to the other). The parameters were given for the different recovery 
analyses: (a) measured recovery at 190s after inactivation, (b) extrapolated recovery from mean 
time course and (c) recovery derived from extrapolated Boltzmann parameters. 
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Tab.2 summarizes the parameters for voltage-dependent steady state inactivation of peak 

of Ca2+ input flux for the 2 groups of fibers. The V0.5 values in γ+/+ in the absence of the 

drug (-46.7 (a) mV and –47.2 (c)) were close to V0.5 in γ-KO fibers in the presence of 5 µM 

D888. This indicates once more that the deficiency of γ subunit can be reversed by about 5 

µM D888. 

 

 
 

Fig.3.11 Steady state inactivation of Ca2+ release in γ-/- and γ+/+ muscle fibers exposed to 
different concentrations of D888. 
(A, B) Quasi-steady state inactivation of Ca2+ release. The concentrations applied are given in the 
inset. The differences (∆V) between the mid-point voltage of the control curves and those in the 
presence of D888 are as follows (in mV): 12.7 and 18 in γ-/- and 20.3 and 22.6 mV in γ+/+ fibers. 
Errors are SEM. (C, D) Putative-steady state inactivation of Ca2+ release. ∆Vs are: 12 and 17.2 mV 
in γ-/- and 16.2 and 21 mV in γ+/+ fibers.  
 

Fig.3.11 comprises the results of the recovery analysis. Boltzmann curves from panels A 

and B represent the fractional availability of the DHP receptors after 190 s of recovery 

(quasi-steady state curves). Panels C and D are the extrapolated Boltzmann curves from 

Fig.3.9 in γ-/- and γ+/+ muscle fibers exposed to different concentrations of D888. These 

data confirm the previous finding, namely the left shift of steady-state availability of Ca2+ 

release upon PAA application and the dose-dependent drug action. Surprisingly, the effect 

was found to be enhanced in the presence of the γ1 subunit as shown in panel B and D of 

the same figure. The altered PAA effect by γ1 was further analyzed in Discussion.
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3.2 EC coupling in the mouse heterozygous for the Y522S mutation 
in RyR1 
 
 
Until now, combined measurements of Ca2+ release and Ca2+ current have not been 

available from mature muscle fibers expressing RyR1 channels with MH mutations. 

Likewise, no information is available with regard to the effects of MH mutations in RyR1 

on the characteristics of voltage-dependent inactivation. The goals of this part of the study 

were to assess the functional consequences of the Y522S MH mutation in RyR1 to EC 

coupling in adult muscle of heterozygous mice and to define the mechanisms that limit 

leakage of Ca2+ from the SR. For this purpose, voltage-activated L-type Ca2+ currents and 

intracellular Ca2+ release were measured under voltage clamp conditions in enzymatically 

isolated short muscle fibers derived from heterozygous animals.  

 

3.2.1 Voltage-dependent activation of Ca2+ release and Ca2+ current 
 

 
 

Fig.3.12 Experimental protocol to study voltage-dependent activation in WT/Y522S fibers 
To determine the voltage dependence of Ca2+ release flux and L-type Ca2+ inward current, 100 ms 
depolarizing voltage steps with progressively increasing amplitude were applied. The top trace (A) 
shows the voltage steps applied from a holding potential of -80 mV to the indicated voltage levels. 
The time interval between pulses was 60 s. Panels B to E show Representative traces of 
simultaneously recorded Ca2+ input fluxes (B and D) and Ca2+ inward currents (C and E) in fibers 
derived from a WT/WT  (B and C, blue traces) and a WT/Y522S mouse (D and E, red traces), 
respectively. 
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To determine the voltage dependence of L-type Ca2+ current and Ca2+ release in an isolated 

interosseus muscle fiber of a WT/Y522S mouse successive rectangular voltage steps of 

different amplitude were applied from the holding potential of –80 mM (Fig.3.12A, for 

more details see 3.1.1). Fig.3.12 shows representative Ca2+ release flux and Ca2+ current 

traces elicited during voltage clamp pulses delivered to single interosseus muscle fibers 

from wild type (WT/WT; Fig. 3.12 B and C, blue traces) and heterozygous (WT/Y522S; 

Fig. 3.12 D and E, red traces) mice. Ca2+ release flux measurements are presented in panels 

B and D and Ca2+ inward currents in panels C and E, respectively. A noticeable difference 

between the two preparations is that the first evidence of a Ca2+ release signal appears at a 

more negative membrane potential in the WT/Y522S fiber, pointing to a lower voltage 

threshold for activation caused by the Y522S mutation (Fig.3.12, dotted frame). 

 

 
 
Fig.3.13 Voltage dependence of Ca2+ release flux and Ca2+ inward current 
Normalized activation of peak (A) and plateau (B) components of Ca2+ input flux are plotted as 
functions of voltage in WT/WT (blue) and WT/Y522S (red) fibers. Plateau values were 
determined by averaging release flux values between 25 and 75 ms during the pulse. (C) 
Mean current density-voltage relation. Mean capacitance (in nF) for control and mutant fibers 
were: 6.51 ± 0.42 and 5.58 ± 0.31, respectively. (D) Voltage dependence of normalized Ca2+ 
conductance derived from (C). Parameter values obtained by optimization in the removal fit 
analysis were as follows (for a detailed description and definitions see Ursu et al., 2005): WT/WT: 
koff,Dye = 35.6 ± 2.9 s−1, kon,S = 17.8 ± 1.6 µM−1 s−1, koff,S = 5.7 ± 0.7 s−1, kuptake = 5.4 x 103 ± 0.7 x 103 
s−1. WT/Y522S: koff,Dye = 45.6 ± 4 s−1 (P = 0.05), kon,S = 21.3 ± 3.4 µM−1 s−1 (P = 0.37), koff,S = 9.5 ± 
0.9 s−1 (P = 0.001), kuptake = 8.1 x 103 ± 1.2 x 103 s−1 (P = 0.06). Errors indicate SEM. Parameters 
obtained from the Bolzmann fit are listed in Tab.3.  
 
Fig.3.13 compares the average voltage dependence of Ca2+ release flux (Fig. 2A and B) 

and Ca2+ entry (Fig. 2C and D) from 30 WT/WT fibers (blue circles) and 23 WT/Y522S 
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fibers (red triangles) obtained from experiments like those shown in Fig.3.12. Panels A and 

B compare the voltage dependence of peak and plateau release flux (definition see legend). 

Data were normalized to the maximal value and fitted by the product of a single 

Boltzmann function and a line (Eq.2.5, Materials and Methods). Fig.3.13 C and D compare 

the current- and conductance-voltage relationships for the same experiments. The 

continuous lines were constructed using Eq.2.1 and Eq.2.2. 

Clearly, Ca2+ release activation in WT/Y522S fibers occurs at more negative potentials.  

 

 
 
Tab.3 Comparison of parameters describing voltage-dependent activation of Ca2+ current, 
Ca2+ input flux and permeability in WT/WT and WT/Y522S+/- fibers. Voltage dependence 
was in all cases described by the product of a Boltzmann-function (with voltage of half-maximal 
activation V0.5 and steepness factor k) and a line (Eq.2.5). In the case of the Ca2+ current, b 
corresponds to gCa,max , the maximal Ca2+ conductance (normalized by linear capacitance Cm) and a 
is the product VCa⋅ gCa,,max where VCa is the apparent reversal potential of the Ca2+ current (see Eq.1). 
F50 is the Ca2+ input flux at +50 mV and P50 the permeability at +50 mV, assuming 40% loading of 
the fibers (see Materials and Methods). The number of experiments for Ca2+ current and Ca2+ input 
flux were 29 and 30 for WT/WT and 22 and 23 for WT/Y522S, respectively. Errors are SEM. 
 

Tab.3 summarizes the parameters that characterize the voltage dependence of both Ca2+ 

entry and Ca2+ input (i.e. release). The asterisks indicate significant difference (P < 0.05). 

The difference in the voltages of half-maximal activation (V0.5) for Ca2+ release peak and 

plateau was -8.16 mV and -8.35 mV, respectively. On the other hand, the change in V0.5 of 

Ca2+ conductance activation was only -2.3 mV (Fig.3.12D) and no change in the maximum 

current density (Fig.3.12C). Therefore, these results in muscle fibers are consistent with 

previous findings in myotubes (Dietze et al., 2000, avila & Dirksen, 2001, Chelu et al., 

2006), indicating that the Y522S MH mutation lowers the voltage threshold for activation 

of Ca2+ release, but not of Ca2+ entry. 
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3.2.2 Voltage-activated Ca2+ release permeability 
 
 
After the initial large peak, Ca2+ release flux rapidly falls until it reaches a slowly declining 

plateau (Fig.3.14C, the continuous line). There is evidence that the slow decline in the 

plateau phase results from gradual depletion of the SR of its stored Ca2+ (Schneider et al., 

1987). The total flux trace can be corrected for the putative depletion as described earlier in 

Results (3.1) and in previous studies (Gonzalez & Ríos, 1993, Schuhmeier & Melzer, 

2004). The analysis leads to an estimate of the initial SR Ca2+ content (prior to the pulse) 

using a least squares optimization procedure. Depletion-corrected fluxes are proportional 

to the voltage-activated permeability (the dotted trace in Fig.3.14C) of the SR for Ca2+. 

Fig.3.14 A and B compares the voltage dependence of both mean peak and plateau of SR 

permeability between the two preparations. The voltage dependences were fitted best by 

the product of a Boltzmann function and a line (Eq.2.5). The difference in the voltages 

(V0.5) of half-maximal activation of Ca2+ release peak and plateau was 8 and 9.1 mV, 

respectively.  

The maximal values (at +50 mV, in %/ms) were 8.61 ± 0.42 vs. 6.73 ± 0.4 (peak, P = 

0.0029) and 1.56 ± 0.06 vs. 1.35 ± 0.05 (plateau, P = 0.015) for WT/Y522S vs. WT/WT, 

respectively. A significant difference (P < 0.05) was found for all voltages ranging from -

40 to +50 mV.  

Fig.3.14D shows the putative Ca2+ content of the SR (before and after each activating 

voltage pulse) derived from the permeability analysis (Gonzalez & Ríos, 1993). The result 

indicates that during the course of a 100 ms pulse to +50 mV, the Ca2+ load of the SR 

drops to 19.1 % and 15.5 % of its initial content in WT/WT and WT/Y522S fibers, 

respectively. 

The estimate of the mean initial load was slightly smaller in the WT/Y522S fibers, but this 

difference was not statistically significant (P = 0.51, +50 mV).  

These results indicate that an increased permeability for Ca2+ of mutated RyR channels 

only slightly affected the initial and final SR Ca2+ content. However, a change in the 

voltage dependence of the permeability altered the final SR Ca2+ content by shifting its 

voltage dependence in the same direction. 
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Fig.3.14 Voltage-activated SR Ca2+ permeability and SR Ca2+ content in WT/Y522S 
compared to WT/WT fibers. 
(A, B) Voltage dependence of peak and plateau of SR permeability derived from the data of 
Fig.3.13 A and B. Peak and plateau permeabilities are shifted to more negative potentials by 7.9 
mV and 9.1 mV, respectively. (C) Ca2+ release flux (continuous trace) at +50 mV and depletion-
corrected flux (SR permeability, dotted trace). (D) SR Ca2+ content at the beginning (initial) and at 
the end (final) of the depolarizing pulse for different test voltages. For large voltages (from 0 mV to 
+50 mV in WT/WT and -10 mV to +50 mV in WT/Y522S) the initial SR content was obtained by 
analyzing the corresponding Ca2+ release flux traces. For smaller pulses this parameter was set to 
the mean value of the estimates obtained at 0 and +10 mV and the leading test pulse at +20 mV. 
The mean initial SR content (total releasable Ca2+ referenced to myoplasmic water volume) 
estimated for +50 mV is slightly higher in WT/WT fibers (2.17 ± 0.2 mM, n = 30) compared to 
WT/Y522S fibers (1.98 ± 0.2 mM, n = 23, P = 0.53). Note that these concentration estimates 
assume 40% loading of fibers with EGTA from the current passing pipette (see Materials and 
Methods). The fractional decrease in SR Ca2+ content at the end of the 100 ms pulse at +50 mV is 
similar in WT/Y522S and WT/WT fibers (80.9 and 84.5%, respectively), but the voltage 
dependence in WT/Y522S-fibers is shifted to more negative voltages, similar to that observed for 
the activation curves (A and B).  
 
 

3.2.3 Time course of Ca2+ release and Ca2+ current activation 
 
Experiments on frog muscle fibers indicated a strong participation of Ca2+-induced Ca2+ 

release (CICR) in the peak component of the Ca2+ release flux wave form (Endo et al., 

1970). A mutation of RyR1 favoring release might lead to enhancement of CICR 

(MacLennan & Chen, 1993) which would, therefore, be expected to primarily affect the 

peak component. Fig.3.15A compares the permeability time course in a control and a 

mutant fiber stimulated with a pulse at +40 mV (100 ms). Both components of Ca2+ release 

were affected by the mutation (see also Fig.3.14A and B) but the peak showed a much 

higher value than in the control leading to a change in the peak/plateau ratio. Fig.3.15B 
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compares the mean peak/plateau ratios for different voltages. The mean ratios were 

generally higher in the WT/Y522S than in the WT/WT, ranging from 48.2 % (-20 mV) to 

12 % (+50 mV). The largest difference was found near the threshold for Ca2+ release.  

 

 
 

 
Fig.3.15 Permeability properties in WT/Y522S compared to WT fibers. 
(A) Time course of Ca2+ release elicited at +40 mV converted to SR permeability in a mutant and 
control fiber (the same fibers as in Fig.3.12). (B) Mean values of the peak versus plateau ratios of 
the permeabilities for the voltage range from –20 (–30 in mutant) to +50 mV. The mutant fibers 
show significantly higher ratios for the voltages: –20 –10, +10 and +20 mV (P < 0.05 indicated by 
the asterisks). For the other voltages, P values are as follows: 0.051 (0 mV), 0.059 (+30 mV), 0.06 
(+40 mV) and 0.16 (+50 mV). (C) Time course of normalized permeability at –20 mV in a mutant 
and control fiber. Normalization was performed relative to the end level of Ca2+ release corrected 
for depletion. The time to peak (TTP) was shorter in mutant (7.5 ms) compared to control (11 ms). 
(D) Mean values of the time to peak for the voltage range from –20 (–40 in mutant) to +50 mV. At 
all voltages there is a significant difference between mutant and control (P < 0.05). (E) Time course 
of permeability at +20 mV. The fast decay after the peak was fitted with an exponential function 
plus a constant. (F) Significantly shorter mean time constants were found in WT/Y522 fibers near 
threshold. 
 

In addition to an abnormal CICR rate, the mutation causing malignant hyperthermia 

induced a dramatic decrease of the rise time (time to peak, TTP). Fig.3.15C compares the 
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same signals as in panel A at a different voltage (–20 mV), normalized to the permeability 

end level. Normalization was performed to better illustrate the effects on rise time. In this 

example, the peak has reached its maximum in 11 ms (WT/WT) and 7.5 ms (WT/Y522S). 

Fig.3.15D comprises the mean rise time for different voltages. The results show a 

significantly shorter time in the case of mutant fibers for all voltages (P varied from 2⋅10-5 

(-20 mV) to 0.02 (+50 mV)). 

To study the speed of inactivation, the fast decay after the peak was fitted with an 

exponential function (Fig.3.15E). The mean time constants are plotted in the Fig.3.15F. 

Significantly shorter mean time constants were found in WT/Y522 fibers near threshold (at 

-20, 0 and +10 mV). 

An increased CICR together with a faster rise time and speed of inactivation could result 

from an increased Ca2+ sensitivity of the mutated RyRs.  

 

The main characteristic of the skeletal muscle L-type Ca 2+ current is its extremely slow 

voltage-dependent activation. As shown above, no significant difference was seen in the 

Ca2+ conductance (Fig.3.13D) and current density as an effect of the Y522S mutation. To 

see whether the mutation remotely affects the time course of current activation, the Ca2+ 

inward current elicited by a +20 mV pulse (Fig.3.16) was fitted with the following 

exponential decay function: 

)1e(II
)t(
−= τ

−

∞  
(3.4) 

 

Where τ is the exponential decay rate, t is time and I∞ is the final current reached at infinite 

time. At t = 0, all channels are closed (I = 0). On average, τ was not different in the two 

preparations having a value of 29.4 ± 0.09 and 29.5 ± 0.06 ms in WT/WT and WT/Y522S 

fibers, respectively. 

 

 

Fig.3.16 Time course of Ca2+ inward 
current. The red curve is constructed using 
the exponential decay function. The fitting 
interval was chosen from 15 to 85 ms of 
the 100 ms pulse 
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Studying the activation of Ca2+ signals, the Y522S mutation was found to selectively affect 

the Ca2+ release in its time course and voltage dependence, leaving the Ca2+ current 

kinetics, density and voltage dependence unaltered. 

 
 
 

3.2.4 Voltage-dependent inactivation 
 
As shown earlier in the Results, Fig.3.3, RyR1-mediated Ca2+ release triggered by the 

voltage sensor is also subject to a slow voltage-dependent inactivation. Within several 

seconds it leads to almost complete abolition of the voltage-activated Ca2+ fluxes (i.e. both 

entry and release). 

 

 
 
Fig.3.17 Experimental protocol to study the voltage dependence of steady state inactivation of 
Ca2+ input flux and Ca2+ current.  
A) Progressively more depolarized conditioning potentials were applied to inactivate DHPR 
voltage sensors. Each new depolarization interval lasted 30 s and was ended by a 100 ms test pulse 
to +20 mV. Panels B to E show representative traces of simultaneously recorded Ca2+ release 
fluxes (B and D) and Ca2+ inward currents (C and E) in WT/WT (B and C, blue) and WT/Y522S 
fibers (D and E, red). 
 
The voltage protocol shown in Fig.3.17A was applied to study the degree of inactivation at 

different voltages. Starting from -80 mV, the membrane potential was progressively 

depolarized. Fig.3.17 shows that both Ca2+ release (B and D) and Ca2+ current (C and E) 

evoked by the test pulse get smaller with increasing conditioning depolarization. 

Surprisingly, Ca2+ release and influx (D and E) appear to be less resistant to inactivation by 
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pre-depolarization in the WT/Y522S fibers (D and E) than in the WT/WT fibers (B and C). 

This observation is confirmed by comparing the mean availability curves that display 

fractional activation (at +20 mV) versus conditioning voltage (Fig.3.18). For both Ca2+ 

release (A) and Ca2+ current (B), the curves of the WT/Y522S fibers are substantially 

shifted (~10 mV) to more negative potentials. Specifically, the values for the voltage of 

half maximal inactivation (V0.5) were -44.8 and -34.4 mV for Ca2+ release (A) and -32.1 

and -22.8 mV for Ca2+ current (B) in WT/Y522S and WT/WT fibers, respectively. 

 

 
 
Fig.3.18 Voltage dependence of steady state inactivation of Ca2+ input flux and Ca2+ current.  
Fractional inactivation of peak Ca2+ input flux (A) and Ca2+ current (B) as functions of conditioning 
voltage. In the fibers from the WT/Y522S fibers (n = 18), the inactivation curves are shifted to the 
left (red traces) by about 10 and 9 mV, respectively, compared to WT/WT fibers (n = 17). The 
voltage dependence of each relationship was fitted with a conventional Boltzmann function 
(continuous lines). The parameters V1/2 and k are listed in Tab.3. 
 
 

3.2.5 Window Ca2+ release and window Ca2+ current
 
The expected voltage dependence of release permeability in the steady state in the presence 

of the inactivation can be calculated as the product of activation and availability curves. 

Fig.3.19A combines the activation and availability curves obtained in the preceding 

experiments. The activation consists of the normalized voltage dependence of plateau 

permeability which is the best estimate of steady-state SR permeability. Assuming that the 

activation characteristics are not altered by steady state depolarization, Fig.3.19A predicts 

a “window of voltages” around the intersect of the two curves in which some activation of 

Ca2+ release will occur while inactivation is not yet complete, thus generating a steady flux 

of Ca2+ from the SR.  

Fig.3.19B shows the predicted “window release” constructed as the product of the WT/WT 

(solid blue lines) and WT/Y522S (solid red lines) activation and inactivation curves. The 
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analysis shows that a similar peak value of ~1.5 % of the maximal Ca2+ release flux and a 

similar total area of steady-state window release are observed for WT/WT and WT/Y522S 

fibers. The only difference is a ~9 mV hyperpolarizing shift in the window flux observed 

in WT/Y522S fibers. The effect would be substantially larger (4.69 %) in WT/Y522S 

fibers if the inactivation characteristics would not have changed. The dashed curve in 

Fig.3.19B is the result calculated under this assumption. Thus, a steady depolarization in 

the voltage range –60 to –10 mV would have caused a steady release flux that lead to a 

measurable elevation of Ca2+ in the myoplasm.  

 

 
 

Fig.3.19. Alterations of window Ca2+ release in WT/Y522S fibers. 
(A) Normalized activation curves (plateau permeabilities) and inactivation curves that were 
obtained from the data shown in Fig.3.14B and Fig.3.18A. (B) Non-inactivatable window release 
(fraction of maximum) that is to be expected based on these data. It was obtained by multiplying 
the normalized activation and inactivation curves of panel A with each other (continuous blue and 
red traces). Note: The bell-shaped window release curve in WT/Y522S exhibits a peak shift to 
more negative potentials (from –33 to –41 mV) without a substantial change in amplitude. The red 
dashed curve was calculated under the assumption of no change in the voltage dependence of 
inactivation, exhibiting a maximum at –34 mV). (C) Independent measure of the window release 
by determining the steady calcium increase (represented as dye-bound calcium) at the end of each 
conditioning voltage in the inactivation protocol (Fig.3.17).  
 
Results in Fig.3.19B indicate that the maximum window release would be three-fold larger 

in WT/Y522S fibers if the shift of the activation curve of release was the only effect of the 

mutation. That this is not the case could be independently derived from the fura-2 

fluorescence recordings in the experiments assessing the voltage dependence of 

inactivation. Fura-2 fluorescence ratiometry allowed us to determine steady-state Ca2+ 
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levels at the end of each long conditioning depolarization. The measured values, expressed 

as fractional changes of dye-bound Ca2+, display a bell-shaped voltage dependence 

(Fig.3.19C), as would be expected to result from the presence of a window release. 

Furthermore, a hyperpolarizing shift in this relationship in WT/Y522S fibers was also 

observed, as expected from the lower threshold for Ca2+ release activation. Finally, the 

peak magnitude and area of the experimentally-determined window release were similar in 

WT/WT and WT/Y522S fibers, consistent with the calculations shown in panel B (solid 

lines). Clearly, these results demonstrate that the displacement in the voltage-dependence 

of steady-state inactivation effectively limits the degree of window Ca2+ flux in WT/Y522S 

muscle fibers. 

 

 
 
 
Fig.3.20 Alterations of window Ca2+ current in WT/Y522S fibers.  
(A) Normalized voltage dependence of Ca2+ channel conductance activation and inactivation 
curves replotted from the data shown in Fig.3.13D and Fig.3.18B. (B) Voltage dependence of 
normalized window conductance calculated from the product of the corresponding normalized 
activation and inactivation curves shown in (A). (C) Voltage dependence of window L-type current 
(fraction of maximum) derived from (B), exhibiting a maximum at -6 and -9 mV in WT/WT and 
WT/Y522S, respectively. The red dashed curve shows the expected window current if the 
inactivation curves would not have changed, with a maximum at –8 mV.  
 
To obtain the window Ca2+ current the same calculation procedure was followed as for the 

window Ca2+ release. A corresponding window conductance is predicted by the 

overlapping regions of the curves shown in Fig.3.20A. Fig.3.20C shows the voltage 

dependence of the “window current” calculated by multiplying the traces in Fig.3.20B with 

gmax(V-VCa) derived from the fit of the current-voltage relation (Fig.3.13C). The peak and 
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total area of L-type Ca2+ channel window fluxes are both reduced in WT/Y522S fibers (the 

peak was reduced from 0.94 % (WT/WT) to 0.41% (WT/Y522S)). The red dashed curves 

in Fig.3.20 B and C show window conductance and window current calculated under the 

assumption that the inactivation characteristics were not changed. 

These surprising findings indicate that the compensation mechanism effectively limit both 

the window release and current of Ca2+. It may be the reason why no signs of store 

depletion could be noticed in fibers and myotubes (avila & Dirksen, 2001, Chelu et al., 

2006) with this mutation. 

 
 

3.2.6 Time course of Ca2+ release and Ca2+ current inactivation 
 
After activation, the L-type channel undergoes a conformational change that shifts the 

system into the inactivated state. To study the time course of the Ca2+ current inactivation a 

voltage pulse of +10 mV and 850 ms was applied. Fig.3.21 shows the slow activation 

followed by the inactivation time course of the mean Ca2+ current recorded in single fibers 

of WT (blue) and WT/Y522S (red) mice. The black traces are constructed using the mean 

time constants resulting from the individual single exponential fits. Interestingly, despite 

the left shift of the steady state voltage dependent inactivation, the time course of 

inactivation of Ca2+ current in the mutant fibers at +10 mV is slower, with a time constant 

of 1.05 ± 0.065 s compared to the 0.62 ± 0.047 s in WT (P < 0.05). One explanation is that 

the mutation could have opposite effects on the channel during the inactivation process. It 

may prevent the dissociation of the Ca2+ from the first of two binding sites suggested for 

the DHP receptor, thus slowing the channel inactivation and may promote the dissociation 

of the Ca2+ from the second binding site during long depolarization, thus decreasing the 

probability of the channel to activate.  

 

   51 



                       Zoita Andronache
                                                                                       

 
 
Fig.3.21 Time course of Ca2+ current inactivation. Leak corrected Ca2+ currents were recorded 
during a long lasting voltage pulse to +10 mV from the holding potential of –80 mV. The pulse 
lasted 1 min for complete inactivation of the DHP receptors, but for the analysis a time interval of 
850 ms after the onset of the pulse was used. The red and blue traces represent the mean time 
course of the Ca2+ current in 15 and 34 fibers derived form WY/Y522S and WT/WT mice, 
respectively. The black traces are extrapolated curves of single exponential fits (plus a constant) 
that started at 0.27 s after the pulse onset. 
 
 
 

3.2.7 Recovery from fast Ca2+-induced inactivation of release 
 
To investigate recovery from the rapid inactivation following the peak of the release flux, a 

double pulse protocol was applied consisting of a conditioning pulse and a subsequent test 

pulse to +50 mV (20 ms) (according to Schneider & Simon, 1988) (Fig.3.22A).  

High voltage stimuli (+50 mV) belong to the range of voltages where the inactivation 

kinetics was not different in WT/Y522S compared to WT/WT fibers. Seven waiting 

periods between pulses were used in these experiments: 10, 30, 50, 100, 200, 400 and 690 

ms. Fig.3.22B shows the responses (release flux in M/s) to the double pulse protocol. The 

amplitudes evoked by the second stimulus are smaller than that evoked by the conditioning 

stimulus. With a brief waiting period in between pulses (10 ms), the second pulse lacks the 

peak component of release. With longer waiting periods, the amplitudes recover toward 

those of the conditioning stimulus. A resting period of 1 min was used between repetitions 

of the paired stimuli. The data points in Fig.3.22C show the response plotted as a function 

of the stimulation time. For this plot, each of the amplitudes was divided by that evoked by 

the conditioning pulse. 

 

  52 



3.2. Results                                                                                                                                                       

 
 

Fig.3.22 Protocol for studying the time course of recovery from the fast inactivaton. 
(A) Double pulse protocol consisting of a conditioning pulse and a subsequent test pulse (+50 mV, 
20 ms) (according to Schneider & Simon, 1988). The time interval between pulses was varied from 
10 to 690 ms. (B) Pairs of calculated Ca2+ input fluxes for the following time intervals between 
pulses: 10, 30, 50, 100, 200, 400 and 690 ms. The release flux amplitudes were around 270 µM/ms 
for the conditioning stimulus and 0.192, 0.281, 0.370, 0.391, 0.490, 0.559 and 0.590 times that of 
the conditioning pulse. (C) The time course of recovery for the peak of Ca2+ release from panel B. 
Each of the amplitude was normalized to that evoked by the conditioning pulse. 
 

Fig.3.23 shows the time course of mean peak recovery obtained from the averaged 

responses in the two sets of fibers: WT/WT and WT/Y522S. The data were normalized to 

the maximum value (amplitude at + 50 mV). The individual responses were fitted with 

single exponential functions. The continuous lines were constructed using the mean values 
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of the parameters resulting in the fits. The results show that the time course of peak 

recovery was slower in fibers of mutant animals, exhibiting a mean time constant of 155 ± 

23 ms compared to 93 ± 14 ms in controls (P < 0.05). This finding points to an alteration of 

Ca2+- induced inactivation caused by the mutation.  

 

 

 
 

Fig.3.23 Time course of recovery from the fast inactivation. Individual amplitudes evoked by 
the test pulse were averaged and plotted against the time between stimulations. After the 
normalization to the first response, the data were again normalized to the maximum value 
(amplitude at +50 mV) to be able to compare the speed of recovery from inactivation in fibers from 
control and mutant mice. The continuous curves were constructed using the mean values of the 
parameters resulted from the individual exponential fits. Mean time constants were: 155 ± 23 ms in 
WT/Y522S (n = 11) compared to 93 ± 14 ms in WT/WT (n = 14, P = 0.02) fibers. 
 

On average, peak release recovered to 65 and 67% in WT and MHS fibers at 690 ms 

followed by a slow component of recovery. The incomplete fast restoration is consistent 

with a mean estimated depletion at 20 ms of 32 % determined in the permeability analisys 

(Fig.3.14).  
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4. DISCUSSION 
 

4.1 Ca2+ antagonist D888 and γ1 subunit interaction 

 
In the present study the impact of the γ1 subunit of the DHP receptor on Ca2+ antagonist 

action was explored using wildtype and γ1-deficient mice. D888, a phenylalkylamine drug, 

was found to have the following actions: (i) did not affect the voltage-dependence of 

activation but enhanced steady state inactivation and slowed down recovery from 

inactivation, (ii) compensated for the effect of γ1-deficiency, and (iii) was substantially 

altered in its effect by the presence of the γ1 subunit. Together, these results indicate that γ1 

can be regarded as an endogenous Ca2+ antagonist. 

 

Comparison with previous studies on PAA action in skeletal muscle EC coupling 

Alterations of the voltage-dependence of inactivation of EC coupling induced by PAA 

drugs in skeletal muscle were discovered by force recordings from voltage-clamped frog 

muscle fibers (Berwe et al., 1987). The changes have been explained by different variants 

of the voltage-modulated receptor concept. In analogy to the effects of local anesthetics on 

Na+ channels (Hille, 1977), the proposed models suggest preferential binding of PAA 

drugs to inactivated states of the voltage sensor (Pizarro et al., 1988, Erdmann & Lüttgau, 

1989, Ríos & Pizarro, 1991). For frog fibers, Erdmann and Lüttgau (Erdmann & Lüttgau, 

1989) reported a change of V0.5 of the voltage-dependence of inactivation by -46 mV 

induced by 5 µM (-)D888. In the mouse fibers studied here, the same concentration caused 

a maximal shift by 10.5 mV (Fig.3.4). Much of the difference is likely due to the 

experimental temperature (10°C in the frog experiments versus 20-22°C in this case), 

because low temperatures have been shown to augment paralysis in frog fibers (Eisenberg 

et al., 1983, Siebler & Schmidt, 1987). Low temperatures also favored binding of D888 to 

the purified rabbit DHP receptor (Schneider et al., 1991). A further reason for a weaker 

D888 effect in these experiments is the fact that availability at different potentials was 

studied from a preceding cumulative inactivation. Therefore, recovery after inactivation 

and at different potentials was performed to determine voltage dependent inactivation at 

190 s and extrapolated steady state. Because D888 significantly slows recovery kinetics, a 

true steady state may not have been attained in the observation interval (190 s) causing an 

overestimation of the left shift in the voltage dependence.  
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In this context it is of interest to note that a paralysis-like state also develops during long-

lasting depolarizations in the absence of the drug (Fig.3.7). It seems probable that 

phenylalkylamines promote a process which, under normal conditions, develops at a 

slower rate in depolarized fibers. (Berwe et al., 1987). 
 
 

 

Fig. 4.1 Measured shifts in mid-point voltage ∆V, derived from the restoration curves at 190 s (A) 
and extrapolated steady-sate (B) (see Fig.3.11) were plotted versus ln(1+[S]/KD). The straight line 
is the graphic representation of the Eq.4.1 for the free parameters k and KD obtained from the fit. (k 
is 5.77 mV and KD are given in the text).  
 
To quantify the drug effect in γ+/+ and γ-/- fibers, a simple model suggested by Erdmann 

and Lüttgau was applied (Erdmann & Lüttgau, 1989). The model assumes a selective 

binding of the drug to the inactivated conformation of the DHPR. In the presence of 

different concentrations S of the drug, the shift of the midpoint voltage of restoration (∆V) 

is calculated by the equation: 

where k is the steepness factor of the Boltzmann relation and KD the apparent dissociation 

constant of the drug-DHPR complex.  
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⎠
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⎝
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+=

DK
[S]1lnk ∆V  (4.1) 

The calculated KD values of D888 for γ-/- and γ+/+ muscle fibers were: 5.3x10-7 and 

1.8x10-7 M (Fig.4.1A) and 6.0x10-7 and 2.9x10-7 M (Fig.4.1B). The results indicate an 

increase in D888-binding by the γ1 subunit of three and two-fold, respectively. Binding 

studies conducted on skeletal muscle fibers carried out by different authors reported a ~20 

fold smaller absolute KD values (Goll et al., 1984, Galizzi et al., 1986, Reynolds et al., 

1986, Schneider et al., 1991). The unconformity between different sets of result could arise 

from different experimental conditions. Besides temperature and skeletal muscle 

preparation dependence, other factors like pH, Ca2+ and Mg2+ concentration were also 

found to influence the drug binding to the receptor. Schneider et al. 1991 studied the Ca2+ 

influence on the drug binding and showed a biphasic effect at 37°C exhibiting the highest 
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affinity at ~400 nM. In the present experiments the intracellular Ca2+ concentration at rest 

is assumed to equal the pipette solution concentration, i.e. 20 nM. During the inactivation, 

free Ca2+ concentration increases. Occupation of Ca2+ binding site could lead to a receptor 

conformation change which allows high affinity binding of D888.  

 
 
γ1 subunit interference with drug effects 

Ursu et al. (Ursu et al., 2004) established that in muscle fibers deficient in the DHP 

receptor γ subunit the voltage dependence of availability was shifted to more positive 

potentials for both Ca2+ current and Ca2+ release, whereas the voltage dependence of 

activation remained unchanged. Considering the PAA effects on EC coupling, these 

findings indicate a PAA-like effect of the γ1 subunit. Accordingly, we could show that 

D888 fully reversed the consequences of the subunit knock-out: About 5 µM D888 (when 

applied to γ-/- fibers) was equivalent to the presence of γ1, essentially restoring normal EC 

coupling and L-type channel function. It is interesting to note that Ca2+ release and L-type 

Ca2+ current were affected in a very similar way. This observation adds to previous 

evidence (see Lamb, 1992) in support of the hypothesis that there are not two different 

pools of DHPRs for the voltage control of Ca2+ release and Ca2+ entry, respectively, but 

that an individual DHPR can perform both functions. 

 

Furthermore, comparing the effect of D888 in γ+/+ and γ-/- fibers, clear differences were 

noticed. Not only did the drug affect the voltage dependence of availability differently in 

the two types of fibers, also the slowing of recovery caused by D888 was substantially 

augmented in the presence of the γ1 subunit. This reveals a combined but non-additive 

effect of the drug and the auxiliary polypeptide. It is well known that members of the 

chemically heterogeneous groups of Ca2+ channel agents, dihydropyridines, 

benzothiazepines and phenylalkylamines,  and metal ions show characteristic non-

competitive interactions when binding to the α1 subunit of the  DHP receptor (Hockerman 

et al., 1997, Striessnig et al., 1998, Mitterdorfer et al., 1998). For instance diltiazem (a 

benzothiazepine Ca2+ antagonist) favors the binding of DHPs in skeletal muscle (Brauns et 

al., 1997, Flockerzi et al., 1986, Glossmann et al., 1983). The PAA drug D600 has been 

reported to stimulate high-affinity DHP binding, thus mimicking the effect of γ1 in a 

heterologous expression system (Suh-Kim et al., 1996a, Suh-Kim et al., 1996b). Therefore, 

the results on drug binding are consistent with our functional data indicating a cross-

influence between γ1 and the drug binding sites.  
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Several amino acid residues in segments IIIS6, IVS6 and the S5-S6 linkers of domains III 

and IV contribute to Ca2+ antagonist binding in L-type Ca2+ channels (reviewed in 

Mitterdorfer et al., 1998). The available data suggest a drug binding pocket near the pore 

region (Beyl et al., 2007) and led to the proposal of a “domain interface model” in which 

the drugs affect gating by binding to the contact region between the homologous repeats III 

and IV of the α1 subunit (Catterall & Striessnig, 1992, Striessnig et al., 1998). Like the 

common Ca2+ antagonistic drugs, γ1 has been shown to interact directly with α1S (Arikkath 

et al., 2003). Little is known, however, about the structural determinants of the interaction, 

except for the fact that the first (N-terminal) half of γ1 is required for association (Arikkath 

et al., 2003). Given the very similar effect of γ1 and Ca2+ antagonistic drugs, the C-terminal 

repeats of the α1 subunit that form the drug binding sites may also contain the receptor for 

γ1 subunit binding. This receptor, once occupied, seems to foster slow inactivation like a 

PAA drug. For steric reasons, it may seem unlikely that γ1 reaches the putative drug 

binding pocket near the selectivity filter. However, it is conceivable that a domain interface 

effect may also arise by binding of the polypeptide to the outer region of the III-IV 

interface.  

 

It has early been suggested (for a summary see Triggle, 1988) that the L-type channel 

drugs might mimic effects of endogenous modulators (possibly peptides) in analogy to 

morphine and its derivatives acting on receptors for intrinsic endorphines and enkephalins. 

We suppose that γ1 is such an endogenous ligand. Like Ca2+ antagonists, γ1 might modulate 

voltage-dependent inactivation by association to and dissociation from the α1 polypeptide. 

Shifting back and forward the voltage dependence of inactivation, γ1 has the potential to 

act as a modulator of EC coupling and consequently contractile force. Intensive activation 

of skeletal muscle leads to substantial K+ release from the fibers (Sejersted & Sjogaard, 

2000). The ensuing accumulation of K+ ions in the extracellular space and in the narrow 

transverse tubules, possibly in conjunction with local fiber damage, leads to membrane 

depolarization. When strong enough, steady depolarization would cause maintained Ca2+ 

release and consequently involuntary muscle contractures. The slow inactivation process of 

the DHPR can be envisaged as a mechanism to counteract such effects, but it leaves a 

window of voltages in which steady activation is possible (Chua & Dulhunty, 1988, Ursu 

et al., 2004). Agents with the functional characteristics of Ca2+ antagonists will narrow this 

window. The purpose of the γ1 subunit as an endogenous Ca2+ antagonist can, therefore, be 
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regarded as protection against uncontrolled Ca2+ release and Ca2+ entry under certain 

highly fatiguing conditions which would lead to partial membrane depolarization. 
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4.2 Functional effects of RyR1 mutation Y522S on EC - coupling 

 

MH mutations identified to date primarily reside in the gene that encodes the type 1 

ryanodine receptor (RyR1), the major Ca2+ release channel of the SR. It is well known that 

these mutations sensitize the release channel to activation by various chemical stimuli. 

However, the physiologically relevant control signal for RyR1 activation in muscle is the 

electrical potential of the transverse tubular membrane. Voltage control of the RyR1 is 

achieved by a combination of activating and inactivating mechanisms originating in the 

DHPR voltage sensor. How these DHPR functions are altered by MH mutations in RyR1 

and potentially alter the properties of Ca2+ release and Ca2+ entry in differentiated muscle 

fibers has not been investigated until now. The Y522S knock-in mice used here provide an 

ideal tool to answer these questions.  

 

Absence of substantial SR Ca2+ store depletion in WT/Y522S muscle fibers 

The human Y522S MH mutation in RyR1, first identified by Quane et al. (Quane et al., 

1994), is associated with a high incidence of structural defects in the central regions of 

muscle fibers, and type I fiber predominance which are characteristics of central core 

disease (CCD), a non-progressive myopathy (Jungbluth, 2007). Alterations in RyR1 

function resulting from this mutation were initially assessed in non-muscle cells. 

Heterologous expression of this RyR1 mutant in HEK293 cells results in increased Ca2+ 

leak from the intracellular Ca2+ store sufficient to produce store depletion (Tong et al., 

1999). These results were confirmed following transient expression of this mutant alone or 

in combination with WT RyR1 in RyR1-deficient (dyspedic) myotubes (avila & Dirksen, 

2001). Moreover, myotubes derived from homozygous Y522S knock-in mice exhibit a 

marked reduction in depolarization- and drug-induced Ca2+ release, consistent with 

increased SR Ca2+ leak resulting in a substantial reduction in SR Ca2+ store content (Chelu 

et al., 2006). Experiments on myotubes derived from heterozygous Y522S knock-in mice, 

on the other hand, showed no reduction in RyR1-mediated Ca2+ release or uncompensated 

SR Ca2+ leak (Chelu et al., 2006). The results of the present study, showing that total SR 

Ca2+ content is unaltered in adult WT/Y522S mice, are in agreement with those obtained in 

heterozygous Y522S knock-in myotubes, but contrast to that observed following transient 

over-expression.  Moreover, the maximal depolarization-induced Ca2+ release flux was not 
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significantly different between WT/WT and WT/Y522S fibers. The slight reduction in 

Ca2+ store content, seen in the permeability analysis (Fig.3.14D) indicates a certain degree 

of increase in SR Ca2+ leak that is almost completely compensated by Ca2+ reuptake. 

Differences between the degree of uncompensated SR Ca2+ leak between experiments 

conducted in knock-in mice and transient overexpression in HEK293 cells or dyspedic 

myotubes most likely reflects compensatory mechanisms commandeered in the knock-in 

mice to limit SR Ca2+ loss (see below). 

 

Effects on voltage-dependent activation 

Most MH mutations identified in RyR1 are localized to three broad regions of the protein, 

which may represent regions critical for channel gating. A domain interaction model has 

been proposed suggesting that MH domains 1 and 2 within the bulky cytoplasmic foot 

region of RyR1 are in contact with each other when the channel is closed (Ikemoto & 

Yamamoto, 2000). MH-mutations in these domains are thought to lower the intramolecular 

affinity thereby causing a higher tendency of the RyR1 pore to open (Murayama et al., 

2007). In the present experiments, the activation curve for Ca2+ release permeability in 

WT/Y522S fibers was shifted ~ 9 mV to more negative potentials compared to WT/WT, 

whereas the amplitude, kinetics and voltage dependence of L-type Ca2+ current activation 

were unaltered. These observations are qualitatively similar to results reported by Dietze et 

al. (Dietze et al., 2000) for primary-cultured porcine myotubes exhibiting homozygous 

expression of the R615C mutation. A selective left-shift of the activation curve for Ca2+ 

release was also found by avila & Dirksen (2001) using various mutant RyR1s expressed 

in dyspedic myotubes and by Chelu et al. (2006) using myotubes of homozygous and 

heterozygous RyR1Y522S knock-in mice. Dietze et al. (2000) proposed a simplified 5-state 

reaction scheme to describe the voltage dependence of DHPR-triggered Ca2+ entry and 

RyR1-mediated Ca2+ release. The model assumes three states of the L-type Ca2+ channel 

(resting, pre-active and open) and 2 states for the RyR (either shut or open). The Fig.4.2A 

shows a simple reaction scheme for coupled DHPR-RyR gating. Equations (4.2) and (4.3) 

describe the probabilities of the corresponding state occupancies as function of voltage, 

where V12, V23 are the voltage dependent transitions and K is the equilibrium constant for 

the RyR1 closed - open reaction. Independent of the molecular mechanism a smaller 

closed-to-open equilibrium constant (K) of the RyR1 in this model will be reflected as a 

lowered voltage threshold for Ca2+ release activation. 
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The model was used to simultaneously fit the present experimental data in control and 

MHS (Fig.4.2B). The dotted and continuous curves show least-squares fits of eqns (4.2) 

and (4.3), respectively.  As predicted, the fit resulted in a 2.2 fold decrease in K (meaning 

that the equilibrium is moved to the side of opening) that can explain the shift of the V1/2 of 

Ca2+ release to the left. 
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Desirable would be a more detailed insight into the gating of the Ca2+ release channels and 

the interaction with their neighbors in extensive RyR1 and DHPR clusters of the TT-SR 

junction (Block et al., 1988). This would allow to describe the consequences of scattered 

mutations present in the cluster with more realistic models (Stern et al., 1997) that also 

include Ca2+-dependent positive and negative feedback mechanisms.  

 

Effects on Ca2+ -induced activation and inactivation of RyR1 

Properties like kinetics and amplitudes of voltage-activated Ca2+ release are also altered in 

WT/Y522S fibers. The peak component of Ca2+ release showed faster kinetics and the 

peak/plateau ratio was increased in WT/Y522S fibers indicating an abnormal CICR 

(Fig.3.15 B and D). There is increasing evidence to suggest that an enhanced CICR rate is 

correlated with malignant hyperthermia susceptibility and can be a result of a defective 

regulation of RyR1 by cytosolic modulators (Ca2+, ATP and Mg2+). It is known that RyR1 

carrying MH mutations are less sensitive to Mg2+ inhibition (Owen et al., 1997, Steele & 

Duke, 2007). Decreased Mg2+ sensitivity would result in an increased occupancy by Ca2+ 

of high-affinity (activating) site. Recent studies by Durham et al. (2008) showed a decrease 

in EC50 for Ca2+ activation of [3H]ryanodine binding to membranes from the muscle of 

RyRWT/Y522S mice. Together with the enhanced caffeine sensitivity (Chelu et al., 2006), 

these findings indicate that the increased affinity of the activating site for Ca2+ is an 

inherent property of the mutant channel. Thus, a change in the RyR1 sensitivity to Ca2+ 

may explain the hypersensitivity of MH-susceptible skeletal fibers to halothane, a volatile 

anesthetic which was shown to stabilize the open state of partially activated channels 

(Diaz-Sylvester et al., 2008).  

 

It was proposed that the rapid decline in the release during a pulse was due to Ca2+-

dependent inactivation of the SR calcium release channels (Schneider & Simon, 1988). 

The fast inactivation process can even be produced during a 20 ms pulse, which certainly 

has negligible inactivating effect on the charge movement system. The time constant of 

inactivation was found to be dependent of voltage near the threshold, reaching a steady 

value at higher voltages (Fig.3.15F). The same dependency was found for the rise time to 

peak. The activation and inactivation kinetics of the channel become faster with increasing 

voltages. The apparent shorter decay time constants found in WT/Y522 fibers near 

threshold could be explained by the left shift of the voltage dependent activation of Ca2+ 

release in these fibers. 
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Because of the elevated myoplasmic Ca2+, inactivation continued to develop during the 

interval between the conditioning pulse and the subsequent test pulse applied 10 ms later. 

As a consequence, the release evoked by the test pulse lacked the early peak (Fig.3.22B). 

By increasing the time interval between pulses, myoplasmic Ca2+ is sequestered by 

different cellular Ca2+ buffers and the peak gradually recovered. The incomplete fast 

restoration within the observation interval (Fig.3.22C) is consistent with the estimated 

depletion following the conditioning pulse. In fibers of WT/Y522S mice the time course of 

recovery was found to be slower than in control fibers (Fig.3.23). One possible reason for a 

more stable inactivation state could be a higher intracellular Ca2+ as a result of higher Ca2+ 

release and/or slower buffering conditions. That this is not the case can be concluded from 

the fact that Ca2+ release flux was not significantly different and that the artificial buffering 

conditions were the same in the two fiber preparations. 

A more plausible explanation for the slowed recovery kinetics would be an alteration of 

Ca2+-induced inactivation properties of RyR1WT/Y522S, but to support this hypothesis further 

investigation need to be done.   

 

Effects on voltage-dependent inactivation 

A surprising result of the present study is the observation that the voltage-dependence of 

DHPR inactivation (of both Ca2+ release and conductance) was shifted to more negative 

potentials in muscle fibers of WT/T522S knock-in mice.  

The hyperpolarizing shift in the inactivation of Ca2+ release has a protective role to limit 

SR Ca2+ leak and store depletion in WT/Y522S fibers. Although little SR Ca2+ leak will 

occur at normal, highly negative resting potentials (e.g. -80 mV), a partial depolarization of 

the muscle fiber membrane will produce a continuous flux of Ca2+ from the SR due to a 

“window” of overlap between the voltage dependence of Ca2+ release activation and 

inactivation (Ursu et al., 2004). Sustained graded membrane depolarization can occur 

following strenuous exercise as a consequence of micro-lesions or activity-induced 

accumulation of potassium in the TT lumen. In the absence of a shift in Ca2+ release 

inactivation, the predicted steady-state window of Ca2+ release in WT/Y522S fibers 

(Fig.3.19B, red dashed line) would exhibit considerably larger amplitude, thus permitting a 

substantially greater degree of steady-state SR Ca2+ leak. However, our results demonstrate 

that the predicted effect on window flux amplitude is dramatically attenuated by the 

displacement of the steady-state Ca2+ release availability curve to more negative potentials. 

Therefore, as a result of this compensatory shift in Ca2+ release inactivation, steady-state 
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Ca2+ leak in the window region is considerably decreased (Fig.3.19B and Fig.3.20B, 

continuous red traces). Moreover, the steady-state Ca2+ entry due to the L-type Ca2+ 

channel window conductance, which is small compared to release (Ursu et al., 2005), was 

even further reduced (Fig.3.20B and C, continuous red traces). 

 

The fact that the shift in the inactivation involves both Ca2+ release and Ca2+ entry, 

indicates that the Y522S mutation in RyR1 influences the inactivation gating properties of 

the DHPR. The proposed mechanism for this observation is depicted in Fig.4.3. Under 

normal conditions (a), window Ca2+ release and window Ca2+ entry result from a delicate 

balance between DHPR activation (Act) and inactivation (Inact). In the absence of any 

compensatory mechanisms (b), the MH mutation in RyR1 would increase window Ca2+ 

release as a result of a selective hyperpolarizing shift in the voltage dependence of Ca2+ 

release. However, a parallel hyperpolarizing shift in the voltage dependence of DHPR 

inactivation prevents an increase in steady-state window release and entry (c). Our results 

indicate that DHPR inactivation gating is strongly influenced by a retrograde signal (RS) 

from RyR1. 

 

 
 

Fig.4.3. Schematic model to interpret the findings in WT/Y522S muscle fibers.  
(a) Fibers of wildtype mice exhibit window Ca2+ current (entry) and window Ca2+ release 
determined by both voltage-dependent steady state activation (Act) and inactivation (Inact) of the 
DHPR. (b) A selective hyperpolarizing shift in the voltage dependence of Ca2+ release resulting 
from the Y522S mutation would substantially increase window Ca2+ release (red arrow). (c) A 
retrograde signal (RS) from RyR1 enhances voltage sensitivity of DHPR inactivation gating in a 
manner that eliminates an increase in window Ca2+ release and entry.  
 

One form of RyR1-DHPR retrograde coupling has previously been demonstrated in 

myotubes of RyR1-null mice (dyspedic mice) which exhibit substantially smaller L-type 

currents (Nakai et al., 1996, avila & Dirksen, 2000, Dirksen, 2002). Multiple regions of the 

RyR1 interact with the DHPR (Sheridan et al., 2006) and are therefore candidates for 

mediating this retrograde signal. Like orthograde DHPR-RyR1 transmission in EC 

   65 



                       Zoita Andronache
                                                                                       
coupling, retrograde signaling has also been attributed to the II-III loop of the α1S subunit 

of the DHPR (Grabner et al., 1999). Whether the effect on inactivation observed in the 

present study is related to this mechanism will require further investigation. Apart from a 

direct conformational interaction, local elevations of the Ca2+ concentration during RyR1 

activation might be involved in the retrograde signal (Fig.4.3c). Increased junctional Ca2+ 

over time may eventually activate Ca2+-dependent enzymes (e.g. calpain) that modify the 

DHPR complex. Potential targets for such modification include the α1S polypeptide 

directly and/or its ancillary subunits (Andronache et al., 2007). A long term change in the 

expression of proteins that modify or modulate the DHPR function may likewise explain 

the observed effects on inactivation. 

 

In conclusion, little evidence for uncompensated SR Ca2+ leak was found in adult muscle 

fibers of mice heterozygous for the Y522S mutation. The increase in uncompensated SR 

Ca2+ leak observed in transient overexpression of Y522S (avila & Dirksen, 2001, Tong et 

al., 1999) is effectively suppressed following long-term expression of a normal 

compliment of wild type and mutant RyR1s in muscle fibers of WT/Y522S mice. The 

ability of the mutation to augment RyR1’s tendency to open is, however, still reflected in a 

left shift in both the voltage dependence for release activation and window release. The 

finding of an altered voltage dependence of steady-state inactivation is indicative of a 

novel type of retrograde coupling between the mutant RyR1 and the DHPR that promotes 

the inactivation process. This effect results in a compensatory protective mechanism that 

limits excessive SR Ca2+ release and store depletion, in particular under conditions of 

partial depolarization. 
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5. SUMMARY 
 
 
 
Ca2+ channels play central roles in cellular signaling. In skeletal muscle, the 

dihydropyridine receptors (DHPRs), L-type Ca2+ channels, play a pivotal role as voltage 

sensors for the remote control of type 1 ryanodine receptors (RyR1). 

DHPRs are also associated with auxiliary subunits exhibiting still incompletely resolved 

functions. The skeletal muscle-specific γ subunit of the DHPR (γ1) down-modulates 

availability by altering its steady state voltage dependence an effect that resembles the 

action of certain Ca2+ antagonistic drugs. The first aim of this work was to investigate 

whether there is a connection between the Ca2+ antagonist- and the γ1-induced functional 

changes.  

• The existence of an animal model deficient of γ1 subunit has greatly facilitated the 

elucidation of the above question. Isolated muscle fibers of both wildtype (γ+/+) and γ1 

knock-out (γ-/-) mice were used to study the effect of the phenylalkylamine Ca2+ 

antagonist devapamil ((-)D888) on Ca2+ fluxes. Fibers were voltage-clamped in a two-

electrode configuration that allowed a detailed investigation of voltage-controlled global 

Ca2+ fluxes originating from extracellular and intracellular sources. 

• D888 did not affect the voltage dependence of activation but enhanced the steady 

state inactivation of both Ca2+ release and L-type Ca2+ conductance in a very similar way. 

An appropriate concentration of D888 (~ 5 µM) can fully compensate for the right shift 

caused by the γ1 elimination on the voltage dependence of inactivation. 

• Both D888 and γ1 subunit slowed down the recovery from inactivation of Ca2+ 

current and Ca2+ release. Again, 5 µM D888 changed the recovery time constant of γ1 

deficient fibers to close to normal values, underlining the close similarity in the actions of 

PAA drug and γ1 

• The presence of γ1 altered the pattern of D888 action. The shift in the voltage 

dependent inactivation and the slowing of recovery caused by D888 was substantially 

affected (reduced and increased, respectively) in the presence of the γ1 subunit. This 

provides support for an interaction between the changes induced by the drug and the 

auxiliary subunit. A simplified model, in which the drug binds to the inactivated state of 
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the channel, predicts an increase of three-fold in D888 binding affinity caused by the γ1 

subunit.  

Together, these results indicate that Ca2+ antagonist D888 and γ1 subunit act by a closely 

connected physiology mechanism and that the γ1 subunit can be regarded as an endogenous 

Ca2+ antagonist. 

 

Various mutations in the calcium release channel of skeletal muscle (ryanodine receptor, 

RyR1) cause central core disease (CCD) and/or the susceptibility to malignant 

hyperthermia (MH). The second goal of the present work was to investigate the functional 

impact of MH/CCD mutation Y522S on voltage-controlled calcium release and define the 

mechanisms that limit leakage of Ca2+ from the SR in fully differentiated muscle fibers. 

For this purpose, a recently developed mouse heterozygous for the RyR1 mutation was 

used.  

• Depolarization-induced Ca2+ release activation in WT/Y522S fibers occurred at 

~10 mV more negative potentials in the absence of a change in the voltage dependence of 

the Ca2+ current. Using a simplified 5-state model, this change could be simulated by a 

larger closed-to-open equilibrium constant (K) of the RyR1.  

• Properties of voltage-activated Ca2+ release (peak/plateau ratio and rise time to 

peak) were also altered, and, together with the slowed peak recovery after fast inactivation, 

indicate that the mutation affects both the Ca2+-induced activation and inactivation of 

RyR1.  

• Total SR Ca2+ content was unaltered in adult WT/Y522S mice. The results are in 

agreement with those obtained in heterozygous Y522S knock-in myotubes, but contrast to 

that observed following transient over-expression in HEK293 cells or dyspedic myotubes. 

• The voltage-dependence of DHPR inactivation (of both Ca2+ release and 

conductance) was shifted by about 10 mV to more negative potentials in muscle fibers of 

WT/T522S knock-in mice. As a result, the tendency of the mutation to increase window 

Ca2+ flux was partially compensated.  The finding is indicative of a novel type of 

retrograde coupling between the mutant RyR1 and the DHPR that promotes the 

inactivation process. This effect results in a compensatory protective mechanism that limits 

excessive SR Ca2+ release and store depletion. 

These new findings are important to understand the impact on Ca2+ signaling of a strong 

MH mutation in RyR1 and how these effects contribute to disease-specific aspects of this 

disorder.  
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8. APPENDIX 
 
 
Main steps in performing a voltage clamp experiment 
 
 

The purpose of this section is to demonstrate the typical course of an experiment and to 

illustrate this with raw measurements signals.  

As described in Materials and Methods the two electrode voltage clamp technique allowed 

simultaneous measurements of L-type Ca2+ current and Ca2+ transients. Fibers of the 

interosseus muscles of the hind limbs were enzymatically dissociated using collagenase 

solution as described in Materials and Methods (section 2.2). The experiments were 

performed at room temperature (20-22°C). A drop of cells pulled with 1 ml pipette was 

dropped into the recording chamber and 1 ml of external solution was added in a way that 

the cells spread out. Fibers were attached to the glass coverslip by simply waiting them to 

reach the bottom of the chamber. An appropriate cell for this type of experiments is a cell 

not too long (to allow a good voltage control) and not too thin (to allow the safe 

impalement of two electrodes) (see picture in Fig.8.1).  

 

 
 

 

 
Fig.8.1 A representative fiber used for voltage clamp experiments. The average length and 
diameter was 500 µm and 50 µm, respectively. Pictures like this were recorded for each experiment 
using a CCD camera (Monacor, TVCCD-200). 
 
Borosilicate micropipettes were filled with respective pipette solution (Materials and 

Methods 2.2), inserted in their holders and connected to the amplifier head stages for 

voltage recording and current passing. Using the micromanipulators, attached to the 

microscope stage, the electrodes were positioned near the fiber. At the Axonclamp 2B, in 

Bridge Mode, the offset voltage for the two electrodes was set to “0”.  For data acquisition 

and the application of the pulse protocols, “Clamprec” software written by D. Ursu in 

Delphi 3 (Borland International, Scotts Valley, USA) was used. On the Seal Test window 

of Clamprec one can read the resistance of the pipettes. Before impaling the fiber, pressure 

was applied to the patch pipette (P2, Fig.2.1) by connecting an air-filled 10 ml syringe to 
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the pipette holder and compressing its volume to 7 ml amounting to aprox. 145 kPa.  This 

was necessary to avoid pipette block, internal solution contamination and to clean the 

surface membrane in the area of impalement. The distance between the two electrodes was 

chosen to be not smaller than the diameter of the fiber. After switching to TEVC mode on 

the amplifier the voltage recording electrode (high resistance ~7 MΩ) was inserted into the 

fiber and the control voltage was set to -80 mV. Then the current passing electrode (low 

resistance ~2.5 MΩ) was gently sealed to the membrane and previously applied pressure 

was released which usually led to establishing the contact to the cytoplasm. The amplifier 

gain was then set to 800 V/V. To reduce the possible high leak at the current passing 

electrode, a further impalement into the fiber in the slow mode of the micromanipulator 

could be done. The fluorescence emission light was then directed to the photomultiplier 

attached to the keller output of the microscope and any external light was switched off. 

The first protocol used was always the “Loading” which takes 30 min (1 trace per minute). 

During this time the pipette solution slowly diffuses into the fiber and the fluorescence 

recorded while exciting at the two wavelengths (360 nm and 380 nm) increases (see 

Fig.8.2).  

 
 

Fig.8.2. Representative fluorescence recording during “Loading”.  The protocol consists of 30 
traces separated by 1 min intervals. Each trace lasted 1 s. By the appropriate combination of the 
shutter opening and filter changer switch a fast recording of the fluorescence emission during 
excitation with 360 and 380 nm can be done. Red traces indicate the first (before washing) and last 
recordings.  
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The shutter (S) was initially closed and was only opened for a brief time interval to let the 

UV light excite the indicator in cell. The transition from 360 nm to 380 nm was obtained 

by a fast computer-controlled movement of the filter holder (F).   

At the beginning (red trace), the fluorescence (especially upon 360 nm excitation, F360) is 

higher than the background level due to the fura-2 contamination of the bath solution as a 

result of fura-2 outflow from the pipette. Therefore, 2 min of bath washing was performed 

using 6 ml of fresh external solution. During this step, the fluorescence decreased until the 

dye was completely washed out (indicated by red arrow). This procedure was important for 

background calculation (Schuhmeier et al., 2003). After washing, a gradual increase in the 

fluorescence traces occurs (black arrow, see also trace 30). The fluorescence increase in 

F360 and F380 is an indication of the increased cell concentration of total and Ca2+-free 

fura-2, respectively. 

Before any compensation of the current, the “Capacitance” protocol containing 10 episodes 

was run to record the capacitive transients evoked by a small voltage pulse (∆V = ±10 mV, 

50 ms duration) from the holding potential of -80 mV (Fig.8.3). The time interval between 

each episode was 10 s. The ADC sampling rate used was 10 kHz per channel to obtain an 

accurate acquisition of the signals and consequently a reliable capacitance calculation (for 

calculation details see Materials and Methods 2.3.3).   

 

 
 
Fig.8.3. “Capacitance” recording. The lower panel shows the membrane voltage change (∆V = 
±10 mV) from the holding potential of -80 mV measured with the voltage recording electrode. In 
the upper panel are the capacitive currents used to determine the capacitance of the fiber. 
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After leak and capacitive current compensation, using subtraction of signals generated by a 

transient generator, the fiber is ready to be stimulated with a series of designed voltage 

protocols like: “activation”, “inactivation”, “recovery”. Before and after each such 

protocol, four consecutive short (50 ms) pulses from -80 mV to 0 mV were applied 

(“Multi-pulse”, Fig.8.4), to progressively reach different saturation levels of the Ca2+ 

buffers in the cell necessary for the subsequent characterization of Ca2+ removal.  

 

 
 

 
Fig.8.4 “Multi-pulse” recording. The protocol consists of a single trace with four short (50 ms) 
consecutive pulses from -80 mV to 0 mV. The second panel shows a representative recording of 
voltage-dependent fura-2 fluorescence changes. S – shutter, F – filter changer 
 
The removal fit and Ca2+ release calculations were performed using a homemade software, 

named “Canalysis”, written by R.P. Schuhmeier in Delphi 3 (for details see Materials and 

Methods 2.3.4 and 2.3.5). Briefly, the fluorescence decays after the voltage pulses were 

fitted with a simplified model consisting of one compartment for free Ca2+ and three 

compartments for Ca2+ buffering: slow binding, Ca2+ indicator (fura-2) and transport. The 

removal fit returns the rate constants for these model components during the Ca2+ removal 

from the cytoplasm. The removal parameters were then used to calculate the Ca2+ release 

during the voltage pulse.  
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For a good removal fit, clear decay should be seen during the relaxation phases following 

the voltage pulses. A slow initial decay upon repolarization may indicate insufficient 

loading of the fiber (see Materials and Methods 2.3.5). 

Below are examples of recordings of the main voltage protocols I used together with the 

corresponding current and fluorescent changes (Fig.8.5 – 8.7). In the fluorescence plots (F) 

only the traces recorded at 380 nm excitation are shown. 

 
 

Fig.8.5. “Activation” protocol. Voltage pulses varying from -60 mV to +50 mV were applied 
from a holding potential of -80 mV. The first and last pulses are tests at +20 mV. Ca2+ current and 
fluorescence signals were simultaneously recorded at 2 KHz ADC sampling rate. S – shutter, F – 
filter changer. 
 
The “activation” protocol consists of pulses from -60 mV to +50 mV applied at 1 min 

intervals from the holding potential of -80 mV. In addition, test pulses at +20 mV were 

included in the protocol and applied before and after the voltages of interest to check for a 

possible run-down in the signal amplitudes. The recordings were used to construct the 

voltage dependence curves for Ca2+ current and Ca2+ release. The red traces (Fig.8.5, panel 

1 and 3, trace 1) represent the Ca2+ current and fluorescence change elicited by the first 

voltage pulse at +20 mV (Fig.8.5, panel 2, trace 1).  For the next voltage pulse at -60 mV 
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neither Ca2+ release nor Ca2+ current were elicited (trace 2). The signals become visible 

near the voltage threshold at about -30 mV for Ca2+ release and -10 mV for Ca2+ current 

and get larger with increasing voltages. The small pre-pulse to -90 mV was previously 

used to correct the Ca2+ current for the remaining leak but it was not used in the present 

work. 

Usually, after “activation”, which lasts 15 min, the “inactivation” protocol was used to 

study the voltage dependent inactivation of the Ca2+ channels. Fig.8.6 shows a 

representative recording of Ca2+ current and fura-2 fluorescence changes during slow 

inactivation. The protocol consists of progressive changes in the membrane potential to 

different values varying from -80 mV to +10 mV. At the end of the depolarizing interval 

which lasts 30 s a test pulse at +20 mV was applied to check the availability of the Ca2+ 

channels (Fig.8.6 shows only the last 1.1 s before the test pulse). The first trace (red) 

represents a pulse (at +20 mV) from the holding potential (HP) of -80 mV. All Ca2+ 

channels are available to open (see the maximum current and fluorescence change 

recorded). With increasing HP the channels inactivate and the signals get smaller.  

 

 
 

Fig.8.6 “Inactivation” protocol. Pre-pulses of 30 s duration (shown only 1.1 s) changing the 
membrane potential to progressively more positive values (from -60 to +10 mV) were followed by 
100 ms test pulses to +20 mV to asses the degree of availability.  

   93 



                       Zoita Andronache
                                                                                       
The decrease in the basal fluorescence indicates an increase in intracellular Ca2+ 

concentration due to steady state activation of available Ca2+ release channels (window 

Ca2+ release) at the respective voltages (see HP -10 mV). At HP +10 mV all channels are 

inactivated; therefore no Ca2+ current or Ca2+ release is elicited by the test pulse.  

 

The life time of a good cell under voltage clamp is about 1.5 hours. After the “inactivation” 

protocol (which is very stressful for the cell) a run down of Ca2+ fluxes may occur due to 

incomplete recovery of the Ca2+ channels or due to SR depletion. If the amplitudes of Ca2+ 

signals were still comparable, “recovery” protocols at holding potentials (HPs) of -100, -

80, -60, -50, -40, -30 and -20 mV were recorded. The protocol consists of a test pulse to 

+20 mV (100 ms) followed by 1 min depolarization to +10 mV to cause complete voltage 

dependent inactivation of Ca2+ channels. The recovery was assessed by applying test pulses 

at different time intervals after the repolarization: 1.1, 13, 34, 66, 128 and 190 s. Fig.8.7 

shows a representative recording of the recovery at a HP of -50 mV.  

 

 
 
Fig.8.7 “Recovery” protocol. A series of short test pulses (+20 mV, 100 ms) were applied after a 
single inactivation pre-pulse (+10 mV, 60 s – shown only first 850 ms, red trace). After the long 
depolarization, the membrane was repolarized to different holding potentials (HPs) varying from    
-100 mV to -20 mV. The time intervals between the test pulses were as follows: 1.1, 13, 34, 66, 
128, 190 s. The shown example studied the recovery at the HP of -50 mV. 
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The first episode (red, trace 1) contains the test pulse applied from the HP of -100 mV 

which elicits a normal Ca2+ signal. After 500 ms the long lasting depolarization was started 

(the figure shows only the first 850 ms) leading to activation and inactivation of DHPRs 

(see the corresponding Ca2+ current trace, fluorescence not recorded). The following 

episodes consist of test voltages from -50 mV to +20 mV applied at increasing time 

intervals after repolarization as mentioned above. The second trace (first recorded after 

repolarization) lacked Ca2+ current and Ca2+ release (see arrows for Trace 2). As the time 

intervals between episodes increase, the Ca2+ channels recover and recorded signals get 

bigger (see arrow for “last trace”). The same voltage protocol can be applied from different 

holding potentials and this will lead to different recovery degrees as well as different 

recovery kinetics. An interval of approximatively 3 min between the recovery protocols 

was used. During this time, the holding potential was changed to -100 mV to speed the 

Ca2+ channels recovery. 
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