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1. Introduction 

1.1 TRP channels 
 
The term “TRP channels” refers to transient receptor potential channels. To begin with, I will 

provide a brief background on the TRP channels. This will be followed by a description of the 

fuzzy nature of the channels. Details on the classification of TRP channels are discussed in 

later sections. 

1.1.1 Background and general properties of TRP channels 

A diverse group of cation channels that share structural similarities form the transient receptor 

potential super-family. The name TRP now refers to a family of proteins with similar 

structures and function, not to the mechanism of their activation. Among them, TRPC (C 

stands for canonical or classical) channels are the subfamily in humans most closely related to 

drosophila TRP channels. TRPV (V stands for vanilloid) channels are sensitive to capsaicin. 

The TRPM subfamily was named after the first discovered member melastatin (TRPM1) and 

is closely related to melastatin. 

The history of TRP channels began with a study on a spontaneous Drosophila melanogaster 

mutant. In the study, the term phototransduction is in the focus. The phototransduction in 

Drosophila involves the activation of phospholipase C (PLC), cation influx and receptor 

potential depolarizing (Montell, 1999). In the study electroretinogram (ERG) recordings were 

performed to resolve the visual transduction pathways and the mutant was only able to give a 

transient depolarization rather than a sustained depolarization upon prolonged light 

stimulation in the wild type (WT) (Figure 1.1) (Cosens and Manning, 1969). The name 

transient receptor potential was therefore derived (Minke et al., 1975). Later experiments on 

the TRP super-family of cation channels suggested the feature of the channels to support 

calcium entry (Clapham et al., 2001).   

Up to the present time 28 loosely related genes and 7 subfamilies comprise the TRP family in 

mammals, based on their different structure, channel activities, regulatory mechanisms and 

tissue distribution (Ramsey et al., 2006). Even though TRP channels are a large family, the 

individual channels share only limited structural and genetic similarity. This makes it hard to 

research on their physiological and biological functions.  
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TRP channels normally form tetramers and each of the subunits is composed of 6 

transmembrane monomers (Latorre et al., 2009). It is speculated that TRP channels follow the 

same structural and functional module as voltage-gated K+ channels. That is: There is a 

selectivity filter in between the 5th and 6th segments to form the pore-forming domain of the 

channel. The other 4 segments are supposed to form the regulating domain with different 

sensors. The missing of positive changes of S4 segments, which is typical for voltage gated 

ion channels, makes TRP channels less voltage sensitive. Moreover, some of the channels 

have been proven to have specific structures to detect presence of their activators e.g. 

diacylglycerol (DAG) in activating TRPC6 (Hofmann et al., 1999) and phorbolesters in 

activating TRPV4 (Vriens et al., 2004). Some TRP channels have temperature sensors. 

Although TRP channels have permeation preference for cations over anions, they have rather 

weak preference in selecting monovalent or divalent cations. Most TRP channels conduct 

high amounts of sodium and calcium ions into the cell triggered by different stimuli 

(Owsianik et al., 2006). TRP channels can be activated by ligands, G protein-coupled 

receptors activators, endogenous substances and mechanical stimuli. Moreover the entrance of 

calcium and (or) sodium ions causes depolarization of the cells and can further trigger 

opening of voltage gated channels and activations of intracellular signal cascade depending on 

calcium as a second messenger.   

Most TRP channels are present in the plasma membrane, although some of them are also 

found in intracellular membranes e.g. TRPV1, TRPV5 and TRPM. For those TRP channels, 

which are located at the sensory neurons, the function is mainly sensory signal transduction, 

e.g. taste, visual, temperature or pain. Direct activation of e.g. TRPC3 and TRPC6 channels 

by DAG has a similar mechanism to ionotropic (also called ligand-gated) channels. The 

similarities include at least the receptors being part of the channels and the reformation of the 

channels. Whether and how TRPC channels-activation is caused through PLC pathway is still 

under debate. 

The mammalian TRPC channels share the most similar structure to TRP from Drosophila 

(Zhu et al., 1995; Nilius and Owsianik, 2011). TRPV channels were later discovered (Nilius 

and Owsianik, 2011). TRPV1 channels are vanilloid receptors and can be activated by 

vanilloids such as capsaicin (Holzer, 1991). It is famous because of its “hot” function of taste 

of chili peppers and as a sensor of heat (Cao et al., 2013) and pH. TRPV2 is a heat sensor but 

does not respond to vanilloids. The range of temperature to trigger the opening of the channel 

is also different to TRPV1. TRPV2, TRPV3 and TRPV4 show very close structural 

similarities to TRPV1 channels. TRPV2 was also called growth factor receptor channel 1, 
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1.1.2 Classification of TRP channels 

 

TRP channels can be grouped into TRPC (C stands for canonical or classical), TRPV (V 

stands for vanilloid), TRPM (M stands for melastatin), TRPN, TRPA, TRPP (P for polycystic) 

and TRPML (ML formucolipin, Figure 1.2). Structurally TRPC, TRPV, TRPM and TRPA 

share more similarities than to P and ML (Birnbaumer et al., 2003).  

 

 

Figure 1.2 Phylogenetic tree of transient receptor potential channel super-family in mammals  

TRPC (canonical),TRPM (melastatin), TRPV (vanilloid), TRPA (ankyrin), TRPP (polycystin), and 

TRPML (mucolipin) are found in mammals. TRPN (NOMP, NO-mechano-potential) has to date only 

been detected in worm, Drosophila, and zebrafish. Modified from Nilius, 2007 
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1.1.3 TRPC, TRPV channels 

The type C subfamily of TRP channels has their specific feature compared to the rest of the 

TRP channels. In general, the function of TRPC channels is to tightly control membrane 

depolarization, in a way like Drosophila sensory transduction TRPs, and are to adjust or to 

maintain the intracellular calcium level (Birnbaumer, 2009). The TRPC subfamily has the 

closest relation to Drosophila TRP among the other members of TRP families (Nilius and 

Owsianik, 2011; Zhu et al., 1995). The original TRP-mutant in Drosophila was discovered in 

1969. The activators and inhibitors of TRPCs and the detailed mechanisms of activation or 

inhibition are still poorly understood. TRPC channels have a TRP box, containing the fixed 

sequence EWKFAR in the C-terminal domain and ankyrin repeats in the N-terminus (Gaudet, 

2008). Certain TRPCs can form heterotetramers. They are TRPC1, C2 and C5. A similar 

scenario appears to TRPC3, C6, C7 (Hofmann et al., 2002; Schilling and Goel, 2004). TRPC 

channels are speculated to be involved in calcium release activated calcium current (Icrac) and 

store operated calcium entry (SOCE). As Icrac and SOCE can be stimulated by internal 

calcium store depletion without the PLC (Phospholipase C) cascade, which is generally 

required by the TRPC pathway, the function of TRPCs on SOCE or Icrac is still under debate.  

Activation of the G-protein coupled receptors triggers activation of PLC and form DAG 

(Rowell et al., 2010) and inositol 1,4,5-triphosphate (IP3). IP3 can promote the SOCE via 

TRPC. TRPC3, TRPC6 and TRPC7 can get directly activated by diacylglycerol (DAG) 

without the involvement of protein kinase C (PKC). However, TRPC1, 4, 5 cannot be 

activated by DAG (Hofmann et al., 1999). Meanwhile TRPC1 is also reported to be activated 

by membrane stretch (Maroto et al., 2005).  

FRET (fluorescence resonance energy transfer) experiments demonstrated TRPC3 and C6´s 

close association compared to other TRPC subfamilies (Hofmann et al., 2002). TRPC3 was 

suggested to interact with ER-resident calcium sensor stromal interaction molecule 1 (STIM1) 

(Yuan et al., 2007). Glycosylation patterns play an important role for the controlling of 

TRPC6 under phospholipids C activating receptors (Dietrich et al., 2003). TRPC6 channels 

may play roles in SOCs (store-operated cation channels) or ROCs (receptor-operated channels) 

(Cahalan, 2009); the mechanosensitivity of TRPC6 is still under investigation (Sharif-Naeini 

et al., 2008). 

TRPC3 and TRPC6 can be inhibited by ions of rare minerals like La3+ and Gd3+ (Inoue et al., 

2001). This inhibition is rather unspecific. However TRPC4, TRPC5 can be activated by 

trivalent ions (Jung et al., 2003).  



Calcium regulation in normal and dystrophin-deficient muscle and the role of TRP channels 
 

 

10 
 

TRPVs also have ankyrin repeats in their N termini. As mentioned previously, TRPV1 to V4 

share many similarities both structurally and physiologically. First of all, they are all 

temperature sensing channels and are activated by a certain heat level. Secondly they are non-

selective cation channels and only have modest permeability (selectivity PCa/PNa less than 10) 

to calcium when compared to the TRPV5 and V6. Additionally they interact with a large 

range of ligands from endogenous and other sources (Nilius et al., 2007). Interestingly 

TRPV4 can be activated by cell swelling induced by endogenous ligands during cell swelling 

(Vriens et al., 2004). Studies showed that TRPV4 triggers mechanical and osmotic activation 

in epithelial cells (Gevaert et al., 2007) and may be involved in functions in other cell types. 

1.2 Duchenne Muscular Dystrophy and mdx mice 

1.2.1 Duchenne Muscular Dystrophy         

            
Duchenne Muscular Dystrophy (DMD) is an X-linked recessive muscle disease. It affects 1 of 

3,500 boys and is the most frequent and severe form of muscular dystrophy. Muscle fiber 

degeneration, fibrosis and muscle weaknesses are characteristic pathological features of DMD 

and this eventually leads to early death (average of 25 years) commonly caused by respiratory 

or cardiac failure (Muntoni, 2003). The genetic disorder underlying DMD is a mutation of a 

gene encoding the protein dystrophin, the largest gene in humans (Michele and Campbell, 

2003). The most important clinical signs of DMD in the early phases are increased blood 

keratin kinase levels and pseudo-hypertrophy of calf muscles (Figure 1.4), low endurance, 

standing difficulties, inability to ascend staircases; these signs are usually shown at the age of 

two to five. The signs become more severe with age. In the later phase abnormal bone 

development can cause skeletal deformities and curvature of the spine.  
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Figure 1.3 Schematic representation of the organization of the dystrophin–glycoprotein complex 

(DGC) and aetiology of the muscular dystrophies. Dystrophin interacts with cytoplasmic, 

transmembrane and extracellular proteins in skeletal muscle. Mutations in dystrophin give rise to a 

variety of muscular dystrophies. BMD, Becker muscular dystrophy; CMD, congenital muscular 

dystrophy; CYS, cysteine; DG, dystroglycan; DMD, Duchenne Muscular Dystrophy; LGMD, limb 

girdle muscular dystrophy; NOS, nitric oxide synthase. Modified from Khurana and Davies (Khurana 

and Davies, 2003).  

 

Dystrophin is a part of the dystrophin-glycoprotein complex (DGC). DGC are composed of 

glycoprotein complex (dystroglycan complex, sarcoglycan complex), cytoplasmic complex 

(syntrophin-complex, dystrobrevin), dystrophin, sarcospan and F-actin binding protein (Figure 

1.3) The missing dystrophin harms large parts of the complex (Deconinck and Dan, 2007). 

Due to the important yet not fully known function of dystrophin, which is generally thought to 

maintain  the stability between cytoskeletal actin and extracellular matrix (Matsumura and 

Campbell, 1994) e.g. laminin 2, diverse malfunction of muscle fibers finally leads to cell 

death (Kapsa et al., 2003; Rüegg, 2013). The failure expression of dystrophin may result in 

extra damage of sarcolemma during eccentric contraction, membrane leak and damage of cell 

membrane integrity (Moens et al., 1993) . 
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Histology of muscle biopsies from DMD patients usually show necrosis of muscle fibers 

(Figure 1.5), central nuclei (McKeran et al., 1979), fibrosis and occurrence of immune cells 

(Gorospe et al., 1994).  

At present, the DMD cannot be cured and treatments are also not efficient enough to 

terminate the pathological process of the disease. Practical support and equipment like 

wheelchairs or ventilation can improve the living quality of the patients in certain level. 

Corticosteroid therapy has functional benefits but also clinically significant adverse effects 

(Manzur et al., 2008). Muscle practicing showed controversial results. To date, gene therapy 

is still in a testing phase in animal models and in certain patients with limited patterns of gene 

mutation (van Deutekom et al., 2007; Welch et al., 2007). Moreover, the side effects of 

treatments like corticosteroid are still to be overcome. The efficacy of muscle dystrophy 

therapies has reached a plateau. In the treatment of DMD, there is an urgent sense that the 

improvements must now come from fresh approaches.  

 

 

 
Figure 1.5 DMD patient muscle biopsy characteristically showing necrotic or degenerating 

muscle fibers (arrow). The degenerating muscle fibers are often surrounded by macrophages and 

possibly lymphocytes (star). Small immature centrally nucleated fibers are also present (double star), 

representing muscle regeneration (bar = 200 μm). Modified from N. Deconinch  (Deconinck and Dan, 

2007)  

 

1.2.2. The mdx mouse 
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The "X chromosome-linked muscular dystrophy" (mdx) mouse has a spontaneous mutation 

and was found at the Agricultural Research Council's Poultry Research Centre, U.K in 1977. 

The point mutation is in exon 23 of the dystrophin gene (DMD) on the X chromosome. Mice 

with mdx allele reached the Jackson Lab in 1984 (Bulfield et al., 1984).  

Although short term cell membrane disruptions are commonly found in cells in response to 

varieties ways of stress, the membranes can be quickly repaired under normal circumstances. 

The different damages of cells can be transiently restored and cells regain the intact of their 

structure. However, in mdx mice the sarcolemma showed 6.5- folds wound to the WT group 

in an intense exercise experiment (Clarke et al., 1993). This suggests a larger sarcolemmal 

fragility in mdx mouse.  

 

1.3 Calcium influx 

1.3.1 Calcium homeostasis 

 
Thanks to the Age of Enlightenment, in 1780, Luigi Galvani was the first to discover the 

connection between electricity and muscle contraction. This led to the term bioelectricity, 

which is called electrophysiology today, and this field has been very intensively studied and 

may point to the further of human living. 

Nowadays we know that the living cells exchange information, maintain homeostasis and 

transform energy all by means of electrical activities. As you can see from any of the 

physiology textbooks, a cell membrane is supposed to be a lipid-water interface built up by 

double layer of lipid (lipid bilayer). The characteristics of the cell membrane make it possible 

to present uneven distribution of ions between the sides of the membrane. By active 

transporting, cells build up electrical and concentration gradients across the cell membrane. 

Cells generate ion and charge gradient in order to, in a way of understanding, to store energy 

potential for further use. Ion channels in cell membranes are one of the important elements, 

which generate potential energy, and cells consume the potential energy to maintain 

metabolism and transduce information. 

Studies on ion channels are always an important part of research of physiology in muscle and 

neurons. Ion channels take part in almost all means of communication and interaction 

between cells or extracellular-intracellular space like muscle contraction and 

neurotransmission. The functioning of ion channels is not limited to short time scale like 
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action potential but also responses in a longer term from hours to days, e.g. changing of gene 

expression and cell differentiation. 

One of the ions, calcium, is an important ion that ion channels mediate (Clapham, 2007). 

Calcium is such a crucial messenger that it controls live (fertilization) and death (apoptosis), 

and these are only the two examples of its diverse functions to the living organisms. Calcium 

is a well-known second messenger, which reacts to extracellular changes and transfers signals 

to further enzymatic processes in the plasma membrane or nuclear membrane (Berridge 1993). 

There are several key components, which control intracellular calcium concentration. They 

are usually proteins, for example pumps, ion channels, transporters and calcium binding 

proteins. These proteins function either in a direct or an indirect way to accurately regulate 

intracellular free calcium concentration and the slight changes of calcium concentration will 

trigger the cascade to either maintain or strikingly alter the activity of down streaming 

molecules such as proteases, kinases or contractile proteins.   

As mentioned, intracellular calcium concentrations are carefully regulated, and tightly 

controlled calcium homeostasis applies also to extracellular space and in internal stores e.g. 

endoplasmic reticulum and sarcoplasmic reticulum (Meldolesi and Pozzan, 1998). Abnormal 

level of intracellular calcium concentration in a long term usually harms the cells and is the 

reason of cell death in molecular level in many pathological circumstances especially muscle 

dystrophy (Clapham et al., 2001). 

To maintain the accurate homeostasis of calcium, diverse calcium related channels with 

different physiological properties and triggering mechanisms are on hand. Among them, 

voltage-dependent calcium channels, which allow relatively large amounts of calcium to enter 

the cell, are triggered by action potentials. On the other hand ligand-gated channels which are 

designed to allow fast calcium entry are tightly controlled by hormones, neurotransmitters or 

other proteins and peptides. The mechanisms and functions of these two classes of channels 

have been studied for a rather long time and are relatively well understood. Moreover, there 

are still temperature activated calcium channels e.g. TRPV1, mechanosensitive calcium 

channels e.g. TRPV4, and (or) store and receptor operated calcium channels. With the work 

on excitatory and non-excitatory cells, reports showed that the thinking of there being distinct 

mechanisms of calcium entry between excitatory and non-excitatory cells is not totally true 

and the inositol 1,4,5-trisphosphate (IP3) receptors may play an important role in skeletal 

muscle (Launikonis et al., 2003; Marks, 1997; Zhu et al., 2011). Moreover, the SOCs (store-

operated cation channels) or ROCs (receptor-operated channels) are speculated to play a 

pivotal role in muscle cells and neurons. The role of calcium-binding proteins, calcium 
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As mentioned, calcium is an important messenger to communicate with channels and 

intracellular cascade including gene expression (through ways of protease, phosphorylation 

and kinase), fine controlling of internal calcium store and muscle contraction in molecular 

level. Due to the importance of calcium, fine controls need to be provided to hold the 

homeostasis of the calcium level in cells.  As a matter of fact, it is controlled by pumps, 

channels, and calcium binding protein. Among them, calcium channels play an important role. 

In excitable cells, mostly voltage gated calcium channels play important roles in calcium 

controlling and ligand gated calcium channels help with the fine controlling of calcium level.  

This fine controlling is usually performed by several different mechanisms and the 

cooperation of channels, protein and other machineries. 

In non-excitable cells, SOCs and ROCs’ cross talking is nowadays an important topic (Parekh, 

2006). Nevertheless, there should be no absolute border line between excitable and non-

excitable cells and they may share common ways of calcium controlling. ROCs and SOCs 

may share a same cascade in case. The differences of ROCs and SOCs are the following: The 

ROCs was defined as receptor-operated, meaning that the absolute criterion is that there is a 

receptor activating process. Meanwhile the SOCs’ essential criterion is that there is internal 

store depletion and repletion. The common cascade of SOCs and ROCs is the following: RTK 

(receptors tyrosine kinases) or GPCR (G protein coupled receptors) on the cell membrane are 

activated by the agonists, and this causes PLC activation (Figure 1.7). As a consequence PLC 

cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) 

and diacylglycerol (DAG). DAG activates PKC (Bell and Burns, 1991), and PKC 

phosphorylates channels proteins that will change their activities (Venkatachalam et al., 2003). 

The inhibitory effect of diacylglycerol (DAG) on TPRC4 and TPRC5 is mediated by PKC. 

Meanwhile IP3 activates IP3 receptors in the ER or SR (Berridge, 1993). This causes 

depletion of internally stored calcium. The depletion finally triggers SOC activation. DAG or 

OAG triggered PKC activation also activate ROC. The store depletion activated process is 

also called CCE (capacitative Ca2+ entry). 
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calcium changes in single cells together with muscle force measurements offers the 

opportunity to exam the pathological changes in DMD. 

1.4. Aim 

 
Our group has shown TRP channel expression in mouse skeletal muscles. Among them not 

only TRPC3, TRPC6 but also TRPV4 channels are expressed in muscles more dominantly 

than other TRP channels. Meanwhile TRP channels showed their importance in calcium 

homeostasis in the recent studies. TRPC3, TRPC6 and TRPV4 are capable of conducting 

calcium through the membrane. As the most promising hypothesis of pathology of DMD is 

the abnormal level of intracellular calcium, TRP channels, especially TRPC3, TRPC6 and 

TRPV4 become strong candidates on the forming of the pathological progress of DMD. 

However, missing of specific activators and inhibitors of TRP channels make it difficult to 

study the pharmacology and intracellular cascades of TRP channels. Fortunately, the absence 

of a TRP6 specific inhibitor has been remedied by Shi and colleagues. Thus, this raises an 

interesting question whether ML-9 inhibits TRPC6 channels in muscle fibers. Other newly 

found specific inhibitors like Pyr3 for TRPC3 and HC067047 for TRPV4 make it possible to 

test the functional expression of TRPC3, TRPC6 and TRPV4. Nevertheless consumption of 

calcium inhibitor may reduce the risk of muscle apoptosis and fibrosis by overloaded calcium. 

Testing of TRPC3, TRPC6 and TRPV4 activation and inhibition in skeletal muscles will help 

the accurate targeting of specific calcium modulations. However TRP channels´ function in 

different tissue such as in skeletal muscle and nerve cells is largely unknown. 

Skeletal muscle fibers use Ca2+ as a major intracellular messenger to control contraction, 

energy metabolism and gene expression. Much evidence has been collected to show that 

members of the TRP superfamily of cation channels, among them TRPC3, TRPC6 and 

TRPV4 are expressed in skeletal muscle. This study follows the hypotheses that TRPC3, 

TRPC6 and TRPV4 are functional in skeletal muscle fibers, contribute to muscular Ca2+ 

homeostasis and influence the pathological changes observed in dystrophin-deficient muscle 

of the mdx mouse.  

To elucidate the functional roles of the above mentioned TRP channels, activators and 

inhibitors of the channels will be applied to skeletal muscle fibers or to soleus muscles and 

diaphragm strips. As a preliminary test, some of the experiments will be carried out with 

TRPC6 transfected HEK293 cells. In muscle fibers and HEK293 cells Ca2+ levels will be 

monitored using the calcium indicator Fura-2 in the presence and absence of channel 
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activators and blockers. To investigate divalent cation influx across the sarcolemma of muscle 

fibers, the Mn2+ quench of Fura-2 fluorescence technique will be applied. Not only skeletal 

muscle fibers from normal mice, but also fibers from mdx mice will be used to characterize 

the functions and effects on calcium levels in response to activators and blockers of TRPC3, 

TRPC6 and TPV4.  

On the other hand, forces and fatigues of muscle contraction are well known parameters of 

calcium homeostasis and, in the late phase of patients, of pathological evaluation. Therefore 

in addition to the cell physiological approaches, muscle force measurements will be carried 

out with soleus muscles and diaphragm strips since force development is the major short-term 

parameter that is controlled by Ca2+. Data on muscle force characteristics could complement 

pharmacological data obtained on the cellular level. To improve the knowledge on mdx 

muscle pathology muscles from a rather late phase of mdx muscular dystrophy will help to 

evaluate the pathological processes caused by dystrophin-deficiency. 

  



Calcium regulation in normal and dystrophin-deficient muscle and the role of TRP channels 
 

 

21 
 

2. Materials and Methods  

2.1 Materials 

 

The following materials were used during my experiments and work. 

 

2.1.1 Chemicals 

 

Chemical Company Cat# 

BTS Calbiochem, Darmstadt, 

Germany 

203895 

CaCl2 1M Sigma, Steinheim, 

Germany 

21115 

CaCl2 Sigma Aldrich, Steinheim, 

Germany 

746495 

DMSO  Dimethyl sulphoxide Sigma, Steinheim, 

Germany 

D2650 

D-(+)-Glucose Roth, Karlsruhe, 

Germany 

X997.1 

EGTA Sigma, Steinheim, 

Germany  

E4378 

Fura-2-AM Sigma, Taufkirchen, 

Germany 

F-0888 

HC 067047 Tocris, Bristol, 

UK 

4100 

HEPES Sigma, Steinheim, 

Germany 

H-3375 

KCl Roth, Karlsruhe, 

Germany 

6.781.1 
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MgCl2 Sigma, Steinheim, 

Germany 

P-8014 

MgSO4 · H2O Roth, Karlsruhe, 

Germany 

P027.1 

ML-9 Cayman, Hamburg, 

Germany 

1001023 

MnCl2 · 4H2O Sigma, Steinheim, 

Germany 

M3634 

NaCl Roth, Karlsruhe, 

Germany 

3957.1 

NaHCO3 Merck, Darmstadt, 

Germany 

1169457 

NaH2PO4 · 2H2O Roth, Karlsruhe, 

Germany 

T879.1 

OAG Sigma, Steinheim, 

Germany 

O-6754 

Pyr3 Tocris, Bristol, 

UK 

3751 

2-APB Sigma, Taufkirchen, 

Germany 

D-9754  

4α-PDD Sigma, Taufkirchen, 

Germany 

P-8014  

 

 

2.1.2 Solutions 

2.1.2.1 Solution for calcium imaging on isolated skeletal muscle cells 
 

140 mM  NaCl 

2.7 mM  KCl 

1    mM  MgCl2 

1.5 mM  CaCl2 

6    mM  D-glucose 
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12  mM  HEPES 

The chemicals were dissolved in sterile water, stirred and adjusted to a pH of 7.3 with 

NaOH. The pH meter was from Hamilton Bonaduz AG, Bonaduz, Switzerland. 

 

 2.1.2.2 Solution for calcium imaging on HEK293 cells 
 

138  mM  NaCl 

6      mM  KCl 

1      mM  MgCl2 

2      mM  CaCl2 

5.5  mM   D-glucose 

10   mM   HEPES 

The chemicals were dissolved in sterile water, stirred and adjusted to a pH of 7.3 with NaOH. 

 

2.1.2.3 Calcium free external solution for muscle fibers  

140 mM  NaCl 

2.7 mM  KCl 

1    mM   MgCl2 

6    mM   D-glucose 

12  mM  HEPES  

The chemicals were dissolved in sterile water, stirred and adjusted to a pH of 7.3 with NaOH. 

 

2.1.2.4 Manganese containing solution for quench of Fura-2 fluorescence  

The composition is the same as listed in 2.1.2.3 except that 0.5 mM MnCl2 · 4H2O were 

added. 

2.1.2.5 Krebs-Henseleit solution for force measurement 

137 mM  NaCl 

24  mM  NaHCO3 

5    mM  KCl 

2    mM  CaCl2,  
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1  mM  NaH2PO4 

1  mM  MgSO4 

11 mM D-glucose 

The chemicals were dissolved in sterile water, stirred and adjusted to a pH of 7.4 with 

NaOH. 

 

2.1.2.6 High K+ solution 
 

110  mM  KCl 

32.7 mM  NaCl 

1     mM  MgCl2 

1.5  mM  CaCl2 

6     mM  D-glucose 

12 mM HEPES 

The chemicals were dissolved in sterile water, stirred and adjusted to a pH of 7.4 with 

KOH. 
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2.2 Methods and Protocols 

 

2.2.1 Muscle mechanical protocol 

 

Mice were anesthetized with ether and killed by cervical dislocation. Soleus muscles from 

male or female mice were rapidly dissected and bathed in Krebs-Henseleit solution 

continuously supplemented with 95% O2 and 5% CO2. Two ends of the muscles were 

(surgical twines (Prolene 6x0)) fixed to the holding hook and transducer hook (Force 

transducer type KG4; Scientific Instruments GmbH, Heidelberg, Germany). The muscles 

were mounted into the recording chamber. The experiments were performed under 

continuously perfusion of Krebs-Henseleit solution with 95% O2 and 5% CO2. The solution 

perfused in the recording chamber was maintained at 25 °C and pH was controlled 

continuously. Stimulation was generated through platinum electrodes on both sides of the 

muscle in the recording chamber. 0.1 ms and 50 V of electronic stimuli were performed. A 

digital oscilloscope with 2-channel storage (Tektronix TDS 1001B, Tektronix Inc, Beaverton, 

OR, USA) was used to measure voltage transduced from isometric force. The data stored in 

digital oscilloscope were then transferred to computer and saved to the hard disk of the 

computer.  

Muscles were kept in the bath solution for 5 minutes, and then the muscle optimal resting 

length (i.e. the muscle length at which maximum force is generated) was determined with the 

following protocol: Muscle was elongated with steps of 500 μm every 30 seconds (Figure 2.2). 

Single stimuli of 0.1 ms and 50 V were applied and the force generated was measured during 

every step. Then the force-length relation was fitted to a curve representing the following 

equation 

 

x represents the length of muscle elongation and  represents force transducer measured 

voltage change. 

The fitting was made with Microsoft Excel and the muscle optimal resting length was 

calculated by 	. A single twitch and six 120 Hz tetani of 500 ms duration were then 
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performed. The following step is a 20 minutes rest. Muscle was kept in the bath solution 

without stretching during the time. After that another more accurate procedure of determining 

muscle optimal length was performed. This means that twitches were performed with steps of 

250 μM elongation every 30 seconds and the final optimum muscle length was finally 

determined. 

At the optimum length, isometric forces in response to single stimuli (single twitches) and to 

500 ms lasting repetitive stimuli at 10, 50 and 120 Hz were measured and saved. A fatigue 

protocol with 500 ms 50 Hz tetani every 2 seconds and duration of 400 seconds were 

performed to test the muscle fatigue. Peaks of single twitches and tetani were found and the 

amplitudes of them were recorded. The voltage changes measured from transducer were 

transformed to force value using the following equation: 

 ax  

x represents voltage changes from force transducer during muscle contractions and  

represents force value in mN.  

The relation curve of voltage and force were regularly calibrated using standard weight of 5, 

10, 20 g (Figure 2.3). 

After the final optimum muscle length was found, muscle performed single twitch, 10, 50, 

120 Hz tetani and fatigue two times (runs) with a 20 minutes pause in between. All the single 

twitches, 10, 50, 120 Hz tetani and muscle fatigue performed before the 20 minutes pause 

were defined as the 1st run and all the stimuli after the pause were defined as the 2nd run. The 

pause and the following second run were in presence or absence of ML-9. 

At the end of the muscle force measurement, muscle length and weight was measured. The 

cross section was calculated under the equation (Brooks and Faulkner, 1988; Lynch et al., 

2001): 

CSA
mf

Lf ρ
 

mf refers to the muscle mass, Lf = L0 (diaphragm), Lf = 0.71  L0 (soleus), L0 refers to the 

muscle length at the optimal length,  ρ=1.06 mg/mm3  ρ refers to the density of the muscle. 
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Figure 2.2 An example of determination of optimal muscle length. The force-length relation was 

fitted to the equation of  . X-axis represents muscle elongation distance (μm). Y-

axis represents force transducer measured voltage change (mV). 

 

Figure 2.3 An example of calibration of force (gravity) of weight (mN) and voltage (mV) 

transdused from force transducer. The closed circles connected by solid line present measuring 

points at 5, 10 and 20 g. The dash line represent a linear fitting of original curve using ax.  
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2.2.2 Manganese quench of Fura-2 fluorescence and Ca2+ influx 

measurement 

 

2.2.2.1 Measurement of divalent cation influx and recordings of 

intracellular Ca2+ 

 

The chemicals of standard external solution for Ca2+ influx were written in 2.1.2. The 

chemicals were dissolved in sterile water, stirred and adjusted to a pH of 7.3 with NaOH. 

Fibers were incubated with 2 μM Fura-2 AM (a membrane permeable Ca2+ indicator) for 45 

minutes in the standard external solution. Then Fura-2 AM was immediately replaced by 

standard external solution and fibers were kept for ca. 20 minutes (mins) to process de-

esterification of Fura-2-AM in the cells. Dishes were placed on the scanning table (BFI optilas 

co. Puchheim, Germany) fitted to an inverted microscope (Zeiss Axiovert 200, Oberkochen, 

Germany). An x40 objective with numerical aperture of 0.6 was used. A monochromator 

(Kinetic Imaging Systems, Wirral, UK) produced light with a given excitation wavelength. To 

monitor the changes of intracellular Ca2+, Fura-2 loaded cells were alternately excited by 340 

and 380 nm light from the monochromator every 0.5 second. The intracellular Fura dye 

emitted light by excitation and the light was detected by a CCD camera (Retiga ExB, 

Puchheim, Germany).The ratio of the emission intensities excited by 340 and 380 nm was 

calculated. Solutions with different components were applied to the cells by pressure ejection 

(0.2 bar) from a multiple tubing system connected to a control panel (L/M SPS-8, List-

Medical, Darmstadt). Standard external solution (with 1.5 mM Ca2+) was applied during the 

experiment. The temperature was 20°C to 23 °C.    

 

2.2.2.2 Manganese quench of Fura-2 fluorescence 

 

The external solution for manganese quench contained (in mM): 140 NaCl, 2.7 KCl, 1 MgCl2, 

6 D-glucose and 12 HEPES with (manganese solution) or without 0.5 Mn (calcium free 

solution). The manganese quench technique was applied to estimate the permeability of the 
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sarcolemma to divalent cations (Pritschow et al., 2011; Tutdibi et al., 1999). This method was 

first introduced by Hallam and Rink (Hallam and Rink, 1985). During the manganese quench 

experiments, manganese solution was applied. Fura-2 loaded cells were exposed to 

extracellular Mn2+ that can enter the fibers via cation channels at rest. After excitation at 360 

nm, the emitted light from 490 to 530 nm was monitored every 10 s (seconds). The intensity 

of regions of interest was analysed by AQM software (Kinetic Imaging). Mn2+ accumulates 

intracellularly, interacts with Fura-2 and reduces the intensity of the Fura-2 fluorescence. 

Mn2+ is of similar size as Ca2+ and enters the fiber trough the Ca2+ permitting routes. The 

binding of the intracellular Fura-2 with Mn2+ decrease the intensity of the light emission, so 

called quenching of Fura-2 fluorescence. Thus, Fura-2 fluorescence declines in response to 

Mn2+ application monitors divalent cation influx (Figure 2.4). For these experiments, calcium-

independent fluorescence intensity at the excitation wavelength of 360 nm was recorded. The 

quench rate of the fluorescence intensity of Fura-2 was calculated using linear regression 

analysis of fluorescence decline and given in % per minute. Ca2+ recordings and Mn2+ quench 

of Fura-2 fluorescence experiments were performed at room temperature (20-23 °C). The 

application of substances (e.g. ML-9, 4α-PDD, 2-APB and OAG) are at least 60 seconds prior 

to the session of Mn2+. 

In most of the experiments, three phases Mn2+ quench recording (Figure 2.5) was performed. 

In the three phases of Mn2+ quench recording, the whole recoding was performed in ca. 

(approximate) 12 minutes. There were 2 to 3 minutes of socalled “pre-phase”. In this pre-

phase, recording was started without 0.5 mM Mn2+ application. Therefore, in the pre-phase no 

decline of Fura-2 fluorescence takes place and the Fura-2 fluorescence shows 100% intensity 

and a horizontal line of intensity without decline. This phase allowed the determination of the 

horizontal baseline at 100% fluorescence intensity. Moreover certain chemicals can be 

applied in the pre-phase in case of need and the pre-phase with presence of certain chemicals 

will run for 3 minutes. Otherwise the pre-phase will run for 2 minutes. The substances, which 

need an incubation time to function, can use this phase as an incubation phase. After 2 to 3 

minutes of “pre-phase”, in the coming 3 minute-phase (“the first phase”), 0.5 mM Mn2+ was 

applied. Then the Mn2+ was quickly washed out in “the second phase” (3 minutes), in the 

same time a pre-incubation of used substances was performed. In “the third phase”, 0.5 mM 

Mn2+ and used substances was applied again. In some of the experiments, there were only 

“pre-phase” and a prolonged 0.5 mM Mn2+ application with or without preferred substances 

(12 minutes). 
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Figure 2.4 Mn2+ quench of Fura-2 fluorescence. Left: beginning of the experiment, two muscle 

fibers loaded with Fura-2. Fura-2 fluorescence emission at 490 to 530 nm after exaltation of 360 nm; 

right: after 12 minutes Mn2+ application, Fura-2 fluorescence emission at 490 to 530 nm after 

exaltation of 360 nm. Scale bar = 50 µm. 

 

 

 

    

Figure 2.5 Solution applications in there-phase Mn2+ quench of Fura-2 fluorescence. Time scale 

bar: 3 minutes. In the pre-phase Mn2+-free solution was applied.  In the 1st phase Mn2+ solution was 

applied. In the 2nd phase Mn2+ solution was quickly washed out and Mn2+-free solution was applied. 

In the 3rd phase Mn2+-free solution was quickly substituted by Mn2+ solution. Substance 1 or 

substance 2 represents different substances used in the experiments. Substance 1 was applied in the 

pre-phase and 1st phase. Substance 1 and substance 2 was applied during the 2nd and 3rd phase. If 

only one substance was applied, substance 1 can be absent. 
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2.2.3. Isolation and preparation of muscle fibers 

 

Interosseous muscle (Figure 2.1) were dissected and transferred to a chamber containing 

DMEM/Ham´s F12 medium mixed with 1.5 mg/ml collagenase (Serva, Heidelberg, Germany), 

2 mg/ml dispase (Roche, Basel, Switzerland) and 1% streptomycin/penicillin. After 45 

minutes at 37°C enzymatic process in an incubation shaker, the clumps of muscle fibers were 

transferred to Dulbecco’s modified Eagle medium (Gibco cell culture media; Invitrogen, 

Frankfurt, Germany), supplemented with 0.5% fetal calf serum (PAA Laboratories, Pasching, 

Austria), 0.5% horse serum (Invitrogen), 4 mM L-glutamine and 25 μg/ml gentamicin and 

dissociated to single fibers by resuspension. Fibers in the medium were transferred and 

distributed on glass coverslips coated with BD matrigel (BD Biosciences, Bedford, MA, USA) 

in cell culture dishes. They were under cell culture conditions at 37°C and 5% CO2. 

Experiments were performed within 36 hours after isolation.   

 

2.2.4 Statistics 

 
Data are presented as means ± SEM. Students´s T test was performed using Sigmaplot 10 or 

Microsoft Exel 2007. Kolmogorov-Smirnov test was used to test for a normally distributed 

population. A 95% confidence level was used for statistical significance.   
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3. Results 

3.1 Activation and inhibition of TRPC6 in TRPC6 transfected HEK293 cells 

3.1.1 OAG and ML-9 application on TRPC6 transfected HEK293 cells 

 
TRPC6 channels can be activated by G-protein coupled receptors linked to phospholipase C. 

Further, TRPC6 can be directly activated by diacylglycerol (DAG), its derivate oleoyl-2-

acetyl-sn-glycerol (OAG). Shi and colleagues´ patch clamp study strongly support that 1-(5-

chloronaphthalenesulfonyl) homopiperazine hydrochloride (ML-9) is an inhibitor of TRPC6 

channels. The first step of the study aimed to determine and confirm the inhibitory effect of 

ML-9 on TRPC6 channels. To test the inhibitory effects of ML-9 on TRPC6 channels, 

ratiometric imaging experiments with the Ca2+-sensitive dye Fura-2 were performed. In the 

TRPC6-transfected HEK293 cell model the application of OAG (100 µM) typically caused 

rises of intracellular Ca2+ levels ([Ca2+]i), which developed within several seconds and 

declined to baseline within 80 s (Figure 3.1.1). OAG had no effect on non-transfected 

HEK293 cells (not shown). In the presence of 100 μM ML-9 the OAG-induced calcium 

transients were nearly completely suppressed, i.e. their amplitudes were less than 5% of 

control. 100 μM ML-9 application alone did not affect [Ca2+]i in TRPC6 expressing HEK293 

cells. Not only OAG but also carbachol (CCh, 100 µM) could be used to elicit Ca2+ transients 

in TRPC6 expressing HEK293 cells. In contrast to OAG, CCh also induced Ca2+ transients in 

non-transfected HEK293 cells, indicating a possible mechanism of [Ca2+]i increase that does 

not necessarily require TRPC6 activity (Figure 3.1.2). In the presence of ML-9 the CCh-

induced calcium transients seemed unaffected both in TRPC6 expressing cells and in non-

transfected HEK293 cells. 
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Figure 3.1.1 Effects of OAG and ML-9 on TRPC6 transfected HEK293 cells. A. An representative 

trace of changes of [Ca2+]i in response to application of 100 µM OAG (revealed by changes in Fura-2 

fluorescence ratio at excitations of 340 nm and 380 nm (F340/F380)). n = 7.  B. An representative 

trace of application of 100 µM OAG in presence of 100 µM ML-9. The OAG elicited [Ca2+]i rise is 

completely suppressed. n=14, time scale bar: 20 second, vertical axis: ratio of F340/F380. C. Peak 

amplitude based on baselines measured in F340/F380. A zero baseline is redefined by the mean 

intensity of 5 s F340/F380 before applications. Mean values ± SEM are given; stars indicate 

significant differences, **) P < 0.01, unpaired t-test. 
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Figure 3.1.2 Effects of CCH and ML-9 on TRPC6 transfected HEK293 cells. A. An representative 

trace of application of 100 µM CCH eliciting changes of [Ca2+]i (revealed by changes in fluorescence 

ratio F340/F380).  n = 9  B. An representative trace of application of 100 µM CCH in presence of 100 

µM ML-9. n = 9, time scale bar: 20 second, vertical axis F340/F380 C. Peak amplitude based on 

baselines measured in F340/F380. A baseline is defined by the mean of F340/F380 before CCH 

applications. Mean values ± SEM are given for the indicated number of tested cells, not significant, 

unpaired t-test. 

 

3.2 Activation and inhibition of TRPC channels in skeletal muscle fibers  

 
TRPC6 was shown to be expressed in mouse skeletal muscle and localized in the sarcolemma. 

To investigate the functional role of TRPC6, I studied Ca2+ influx and (or) intracellular Ca2+ 

levels ([Ca2+]i) in isolated interosseous fibres. 
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3.2.1 Hyperforin elicits calcium influx in skeletal  muslce fibers  

 

The application of 25 µM hyperforin, a TRPC6 activator, caused long-lasting increases of 

[Ca2+]i in mouse skeletal muscle (interossei) fibres. Pre-incubation with TRPC6 channel 

inhibitor ML-9 significantly attenuated the effect of hyperforin (increases of F340/F380 ratio 

after 260 s: 0.032 ± 0.018, n = 9, with 100 µM ML-9 vs. 0.076 ± 0.051, n = 17, control, 

absence of ML-9). The hyperforin induced rise was partly suppressed in the absence of 

extracellular Ca2+ (Figure 3.2.1). However neither ML-9 nor extracellular Ca2+-free solution 

completely inhibited hyperforin-elicited elevation of [Ca2+]i. 
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Figure 3.2.1 ML-9 or absence of extracellular Ca2+ inhibited hyperforin-induced [Ca2+]i rise. A. 

A representative trace of a long-lasting increase of [Ca2+]i caused by application of 10 second 25 µM 

hyperforin. vertical axis F340/F380, time scale bar: 100 second  B. A representative trace of relative 

calcium concentration under pre-incubation and presence of 100 µM ML-9 and 10 seconds application 

of 25 µM hyperforin. The pre-incubation and presence of ML-9 significantly attenuated the calcium 

rise elicited by hyperforin. C. Average rises of [Ca2+]i at 250 seconds after application of hyperforin in 

muscle fibres or with presence of  100 µM ML-9, or under extracellular free calcium solution, or 

under extracellular free calcium solution and containing EGTA; number of tested cells is indicated; 

Mean values ± SEM are given. Unpaired t-test, **) p < 0.01  
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12 minutes. There were 2 minutes of so called “pre-phase”. In this 2-min-phase, the recording 

was started without 0.5 mM Mn2+ application. After 2 minutes of “pre-phase”, in the coming 3 

minute-phase (“the first phase”), 0.5 mM Mn2+ was applied. Then, the Mn2+ was quickly 

washed out in “the second phase” (3 minutes), in the same time a pre-incubation of 150 μM 

OAG was performed. In “the third phase”, 0.5 mM Mn2+ and 150 μM OAG was applied. In 

the control group, no OAG was present. The result showed no difference of Mn2+ quench rate 

of Fura-2 fluorescence between the first and the third phase in the control group. Therefore 

the differences between first phase (Mn2+ without OAG) and the third phase (Mn2+ with OAG) 

are compared. Meanwhile the application of 150 µM OAG in the third phase showed 

significant stronger quench rate of Fura-2 fluorescence than the first phase (Mn2+ without 

OAG). OAG stimulated extra background Ca2+ entry by more than 50% (n=33).  

 

 

Figure 3.2.2 Effect of OAG on divalent cation influx in mouse skeletal muscle fibers. A. Three 

phase recording of divalent cation influx in a WT muscle fiber. Mn2+ was added to show fluorescence 

decline in a muscle fiber (the first phase, left white bar) and then washed out (the second phase). 150 

μM OAG was added (black bar). Subsequently Mn
2+

 was added again in the presence of 150 μM OAG 

(third phase, right white bar). B. Quench rates of Fura-2 fluorescence evaluated within the first phase 

(control) and in the third phase after application of OAG. Mean values ± SEM are given for the 

indicated number of tested fibres; stars indicate significant differences, **) P < 0.01, paired t-test. 
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measured the Mn2+ quench of Fura-2 fluorescence. 50 μM 2-APB inhibited background Ca2+ 

influx by more than 40 % (3.91 ± 0.34, n = 59, without 2-APB vs. 2.28 ± 0.27, n = 44, in the 

presence of 2-APB p < 0.01, Figure 3.2.3).  

Depolarisation of the skeletal muscle sarcolemma triggers calcium release from the 

sarcoplasmic reticulum by opening ryanodine receptors. This leads to a transient rise of 

cytoplasmic Ca2+ and can be monitored by calculating the ratio of fluorescence intensity of 

Fura-2 excited at 340 nm and 380 nm. Application of the high KCl solution to muscle fibers 

for 3 s induced Ca2+ transients of about 5-10 s duration. Typically a Ca2+ transient had a fast 

rise until reaching a peak followed by a decline to baseline level. Half time decay was 

estimated by fitting the decay with a single exponential decay function starting at the 

maximum of the transients. The average half time of decline was 3.61 ± 0.18 s for WT fibers 

under standard conditions (Figure 3.2.4). When the experiments were repeated with another 

set of cells in the presence of the TRPC channel inhibitor 2-APB, the average half time of 

decline of the Ca2+ transients was 3.18 ± 0.15 s, i.e. it was slightly, but significantly reduced. 

All experiments were performed in the presence of 30 μM of the contraction-blocker N-

benzyl-p-toluenesulphonamide (BTS) to avoid Ca2+ influx via the L-type Ca2+ channel and 

muscle contractions.  

 
 
Figure 3.2.3 Effect of 2-APB on divalent cation influx in mouse skeletal muscle fibers. Averaged 

quench rates of skeletal muscle fibres calculated by using a linear regression in the presence and 

absence of 2-APB. Numbers of the tested fibres are indicated. Data are given as means ± SEM; stars 

indicate significant differences, **) p < 0.01, unpaired t-test. 
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Figure 3.2.4 Effect of 2-APB on KCl-induced Ca2+-transients in isolated fibers of muscle 

interosseous. A. An representative trace of Ca2+-transient in a WT fibre evoked by pressure ejection 

of 110 mM KCl. B. An representative trace of Ca2+-transient in WT fibres evoked by pressure ejection 

of 110 mM KCl in the presence of 50 μM 2-APB in the extracellular solution. C. Average half time 

decay of Ca2+-transients in the presence and absence of 2-APB. Data are given as means ± SEM; stars 

indicate significant differences, **) p < 0.01, unpaired t-test. 

 

3.2.4 ML-9 does not affect calcium entry in skeletal muscle fibers 

ML-9 itself had no effect on background calcium influx. In the presence of 100 µM ML-9 the 

background calcium entry monitored by quench rates of Fura-2 fluorescence in response to 

Mn2+ application was not significantly changed (Figure 3.2.5).  
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Figure 3.2.5 Effect of ML-9 on divalent cation influx in mouse skeletal muscle fibers. A. Three 

phase recording of divalent cation influx in a WT muscle fiber. Mn2+ was added to show fluorescence 

decline in a muscle fiber (the first phase, left white bar) and then washed out (the second phase). 100 

μM ML-9 was added (black bar). Subsequently, Mn
2+

 was added again in the presence of 100 μM ML-

9 (third phase, right white bar). B. Quench rates of Fura-2 fluorescence in response to Mn2+ 

application evaluated within the first phase (control) and in the third phase after application of ML-9. 

Mean values ± SEM are given for the indicated number of tested fibres; paired t-test shows no 

significant difference between control and ML-9 group. 
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In contrast to the TRPC6 inhibitor ML-9, the TRPC3 inhibitor Pyr-3 caused a marked 

inhibition of the Mn2+ quench rates, both in mdx and WT fibers (Figure 3.2.6). In WT fibers 

the decline of Fura-2 fluorescence was slowed down by 45% (from 5.8 ± 0.6 % per min to 

about 3.2 ± 0.4 % per min, Figure 3.2.6 B). The data indicated the presence of functional 

TRPC3 channels in WT muscle fibers and a substantial contribution of TRPC3 to basal Ca2+ 

influx.  
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Figure 3.2.6 Effect of Pyr3 on Mn

2+
 influx in mouse skeletal muscles fibers. A. An original 

recording of a Mn
2+

quench of Fura-2 fluorescence experiment from a WT fiber. Application of 3 µM 

Pyr3 on Mn
2+

 is indicated by bars. B. Fura-2 quench rates derived from experiments as shown in A. 

before (white bar) and after (back bar) application of Pyr3 to skeletal muscle fibers. Mean values ± 

SEM are given for the indicated number of tested fibres; stars indicate significant differences, **) P < 

0.01, paired t-test. 
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examined if the TRPC6 inhibitor ML-9 could inhibit the OAG activated calcium entry there-

phase Mn
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Figure 3.2.7 Effect of ML-9 on OAG induced Mn
2+

 influx in skeletal muscle fibers of WT mice. 

Quench rate of Fura-2 fluorescence in response to OAG and Mn2+ application in the absence or 

presence of ML-9 in mouse fibers. Data were derived by linear regression analysis. P = 0.06, paired t-

test, Mean values ± SEM are given for the indicated number of tested fibres.  

 

3.2.7 Effects of a TRPV4 activator and a TRPV4 inhibitor on muscular 

Ca2+ influx 

 
4-Phorbol 12,13- didecanoate (4-PDD) has been described as a selective TRPV4 

activator.It was tested tested whether the TRPV4 activator 4-PDD and the newly found 

TRPV4 specific- inhibitor HC 067047 have effects on calcium influx in mouse interosseous 

muscle fibers. Three-phase Mn
2+

 quench experiments were performed. 1 µM 4α-PDD or (and) 

500 nM HC 067047 were pre-incubated during the second phase and continuously applied 

during the third phase. 4α-PDD increased the quench rate compared to the control group (4.84 

± 0.51 % per min, n = 24 without 4α-PDD vs. 8.03 ± 0.81 % per min, n = 24 in the presence 

of 4α-PDD). HC 067047 alone did not inhibit background calcium entry group (3.89 ± 0.73 % 

per min, n = 19 without HC 067047 vs. 3.55 ± 0.70 % per min, n = 19, in the presence of HC 

067047). However, HC 067047 showed an inhibitory effect on 4α-PDD-elicited calcium 

influx (4.05 ± 0.40 % per min, n = 17 in the presence of HC 067047 and 4α-PDD, Figure 

3.2.8)  
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Figure 3.2.8 Effect of 4α-PDD and HC 067047 on Mn

2+
 quench of Fura-2 fluorescence in skeletal 

muscle fibers. Quench rate of Fura-2 fluorescence in response to Mn2+ application in the absence or 

presence of 1 µM 4α-PDD or (and) 500 nM HC-067047 in muscle fibers. Data were derived from 

experiments by linear regression analysis. Mean values ± SEM are given. Empty bars are the first 

phase controls of the individual applications. Number of fibers tested: 4α-PDD, 24; HC 067047: 19; 

4α-PDD and HC 067047: 17, paired t-test between CTL and 4α-PDD or (and) HC 067047, unpaired t-

test between 4α-PDD and 4α-PDD + HC 067047. Stars indicate significant differences, **) p < 0.01.   

 

3.3 TRP channels in muscle fibers from mdx mice 

 

3.3.1 ML-9 does not affect calcium entry in WT and mdx muscle fibers 

 
Quench measurements showed not significant changes in the presence of 100 µM ML-9 in 

WT or in mdx mice (Figure 3.3.1). ML-9 had no effect on background influx in WT and mdx 

mouse muscle fibers. 
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Figure 3.3.1 Effect of ML-9 on Mn

2+
 influx in skeletal muscle fibers of WT and mdx mice. 

Quench rate of Fura-2 fluorescence in response to Mn2+ application in the absence or presence of ML-

9 in WT and mdx fibers. Data were derived from experiments by linear regression analysis. Mean 

values ± SEM are given for the indicated number of tested fibres, not significant, paired t-test. 

 

3.3.2 2-APB inhibits calcium influx in WT muscle fibers but not in mdx 

fibers  

 
In the absence of the TRPC channel inhibitor 2-APB Mn2+ application caused an average 

decrease in Fura-2 fluorescence of approximately 3.90 ± 0.34 % per min (n =59) in 

interosseous muscle fibers of WT mice. In the presence of 50 µM 2-APB the quench rate was 

significantly reduced by about 40 % (2.3  0.3 % per min, n = 44, p < 0.01 Figure 3.3.2). In 

the mdx group the reduction of quench by the application of 50 µM 2-APB did not reach 

significance. Muscle fibers from mdx mouse had a significant higher quench rate (5.2  0.4 % 

per min, n = 73, p < 0.05) than that of WT fibers.  
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Figure 3.3.2 Effect of 50 µM 2-APB on divalent cation influx in skeletal muscles fibers of 

wildtype and mdx mice. Quench rates represent declines of Fura-2 fluorescence intensity after 

application 0.5 mM Mn2+. Quench rates are in percent (%) per minute and were determined from 

experiments on WT and mdx fibers in the presence and absence (control) of 2-APB. Data are given as 

means ± SEM. The number of tested fibers is given in the bars; Significant differences *) p < 0.05; **) 

p < 0.01, unpaired t-test. 

 

3.3.3 Effects of 2-APB on KCL induced calcium transients in WT and mdx 
fibers  
 
As described in chapter 3.2.3, application of the high KCl solution to muscle fibers for 5 s 

induced Ca2+ transients of with a fast rise until reaching a peak followed by a decline to 

baseline level. Fura-2 loaded cells were kept in standard external solution before the 

experiment. Then the high KCl solution (110 mM) was applied by pressure ejection for 5 s. 

Experiments were performed in the absence or presence of 50 μM 2-APB. The average half 

time of decline in the presence of the TRPC channel blocker 2-APB was slightly, but 

significantly reduced. When the same set of experiments was repeated with mdx fibers the 

average half time of decline was determined to 3.96 ± 0.43 s a value that was not affected by 

2-APB (3.98 ± 0.40 s, Figure 3.3.3). 
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Figure 3.3.3 Transient changes of [Ca2+]i recorded from isolated muscle fibers of mdx and WT 

mice upon stimulation with KCl. Half time of decay of each Ca2+ transient was calculated by fitting 

a single exponential curve to the data points. Half time of decay is shown for the indicated numbers of 

mdx and WT fibers in the presence and absence (control) of 2-APB. Means ± SEM are given for the 

four groups of fibers; significant difference *) p < 0.05, unpaired t-test. 

 

3.3.4 Pyr-3 effect on WT and mdx mouse fibers 

In contrast to the TRPC6 inhibitor ML-9, the TRPC3 inhibitor Pyr-3 caused a marked 

inhibition of the Mn2+ quench rates, both in mdx and WT fibers. In WT fibers the decline of 

Fura-2 fluorescence was slowed down by 45% (from 5.8  0.6 % per min to about 3.2 0.4 % 

per min, Figure 3.3.4). In mdx fibers the effect of Pyr-3 was even stronger. It reduced the 

average quench rate by 65% (from 5.0  0.6 % per min to 1.7  0.4 % per min). The data 

indicated the presence of functional TRPC3 channels in mdx and WT muscle fibers and a 

substantial contribution of TRPC3 to basal Ca2+ influx.  
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Figure 3.3.4 Effect of Pyr3 on Mn

2+
 influx in mouse skeletal muscles fibers from mdx and 

wildtype mice. Fura-2 quench rates derived from recordings performed before and after application of 

Pyr3 to mdx and WT muscle fibers. Mean values ± SEM are given for the indicated number of tested 

fibres; stars indicate significant differences, **) P < 0.01, paired t-test. 

3.3.5 OAG caused no significant change of calcium influx in mdx fibers 

As shown in 3.2.2 the application of 0.5 mM Mn2+ and 150 µM OAG led to a faster decline of 

fluorescence than under control conditions (absence of OAG, Figure 3.3.5). In the presence of 

OAG the quench rate of Fura-2 fluorescence was significantly increased in WT fibers. 

However when mdx fibers were tested with the same method no significant effect of OAG on 

the quench rate was observed (5.22 ± 0.41 % per min, n = 73, without OAG vs. 5.69 ± 0.64 % 

per min, n = 21, in the presence of OAG, not significant). 

. 

 

Figure 3.3.5 Effect of OAG on Mn2+ influx in muscle fibers of mdx mice. Quench rates of Fura-2 

fluorescence were evaluated under the application of 150 μM OAG. Mean values ± SEM are given for 

the indicated number of tested fibers; not significant, unpaired t-test. 
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3.4 TRPC6 channels in muscle force measurement 

The functional roles of TRPC6 channels in muscle force and muscle fatigue were investigated. 

50 μM TRPC6 specific-inhibitor ML-9 was present or absent (control group) in the 20-minute 

pause between the first run and the second run and during the second run. The results showed 

normalized tetanic force of soleus muscles at 10 Hz (0.74 ± 0.06, n = 12, the control group vs. 

0.46 ± 0.06, n = 8, the ML-9 group, p < 0.05) and 120 Hz (0.90 ± 0.05, n = 8, the control 

group vs.  0.62 ± 0.09, n = 12, the ML-9 group, p < 0.05) stimulation frequency was 

significantly inhibited by 50 μM ML-9 over 30% (Figure 3.4.1, Figure 3.4.2). Further, during 

sustained repetitive stimulation (fatigue protocol) force drop (Figure 3.4.3) to half maximum 

force (also called half fatigue time) occurred 40% faster in the second run with the presence 

of ML-9, when compared to the first run without ML-9 (144.86 ± 23.03 s, n = 8, the first run, 

the ML-9 group vs. 88.43±14.96 s, n = 8, the second run, the ML-9 group). In the control 

group, no significant change of time to half maximum force was found between the first run 

and second run (n = 12, Figure 3.4.4). The data indicate that TRPC6 is functional in mouse 

skeletal muscle, but does not seem to contribute to background Ca2+ entry at rest. I obtained 

evidence that the channel is involved in fine tuning of Ca2+ homeostasis during muscle fatigue. 

 
Figure 3.4.1 Effect of ML-9 on soleus muscle force from WT mice at 120 Hz tetanic stimulation 

(bar). Left: Original recordings from the 120 Hz tetanic force in the control group. The solid line 

represents a trace from the first run and the dashed line represents a trace from the second run (no ML-

9 application). Right: Original recordings from the 120 Hz tetanic force in the ML-9 group. The solid 

line represents a trace from 1st run and the red dashed line represents a trace from 2nd run (ML-9 

application).     
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Figure 3.4.2 Normalized force of soleus muscles upon single and repetitive stimuli and the effect 

of 50 µM ML-9. The twitch, 10Hz, 50 Hz 120 Hz force of the second run was normalized by the first 

run. (Mean values ± SEM are given number of tested muscles is control: 12 vs. ML-9 8; stars indicate 

significant differences, *) p < 0.05, unpaired t-test. 

 

 
Figure 3.4.3 force drop during a sustained repetitive stimulation (fatigue protocol). 500ms 50Hz 

tetanic stimuli were applied every 2 seconds. Black curve represents original recording of the force. 

The red line connects the force amplitudes of all tetani.  
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Figure 3.4.4 ML-9 increases force drop during sustained repetitive stimulations. A. Normalized 

force drop of soleus muscles upon repetitive stimuli (the first run, empty circle) and the effect of 50 

µM ML-9 (the second run, red filled circle). B. Time to reach half maximum force of muscles during 

fatigue protocols. Number of tested muscles is control: 12 vs. ML-9: 8, stars indicate significant 

differences, *) P < 0.05, unpaired t-test. 

 

 

3.5 Force characteristics of soleus and diaphragm muscles from 18 months 

old mdx and WT mice 

 
Most of the former experiments focused on mdx muscle force around three months of age. 

However, such experiments cannot perfectly represent the pathological changes of the late 

phase of DMD. So I used the chance to examine muscle force changes in animals at the age of 

18 months. 

As for soleus muscle, absolute forces of twitch, 50 Hz and 120 Hz tetani of mdx mice were 

slightly higher (not significant, Figure 3.5.1; Table 3.5.1) than those of WT mice. However, 

the specific forces (force / cross sectional area) of twitches, 50 Hz (199.8  8.7 mN/mm2, n = 

10, WT vs. 168.1  8.5 mN/mm2, n = 8, mdx, p < 0.01) and 120 Hz (220.2  10.6 mN/mm2, n 

= 10, WT vs. 181.4  12.0 mN/mm2, n = 8, mdx, p < 0.01) tetani of mdx mice were lower 

(significant lower specific force at 50Hz and 120 Hz, P < 0.01, see Figure 3.5.3; Table 3.5.1), 

compared to the WT mice. There was no significant finding of “time to peak” and “half 

relaxation time” of twitch and tetani of soleus muscle. CSA of soleus from mdx mice was 
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significantly higher than that of WT mice (1.67  0.04 mm2 vs. 1.26  0.13 mm2, mdx vs. WT, 

mean value  SEM, p < 0.01, see Table 3.5.1).   

 

 
 
Figure 3.5.1 Recordings of isometric twitch contractions from soleus muscles of mdx and WT 

mice.  A. Representative twitch of a WT soleus muscle, B. representative twitch of an mdx soleus 

muscle; stimuli are indicated by arrows. C. Peak amplitude of absolute force. Mean values ± SEM are 

given for the indicated number of tested muscles, not significant, unpaired t-test.   

 

Interestingly, absolute and specific force of twitch (specific force, 44.9  3.8 mN/mm2, n = 10, 

WT vs. 14.1  1.4 mN/mm2, n = 8, mdx, p < 0.01), 50 Hz (specific force, 135.2  13.6 

mN/mm2, n = 10, WT vs. 46.5  4.1 mN/mm2, n = 8, mdx, p < 0.01) and 120 Hz tetani 

(specific force, 142.2  11.6 mN/mm2, n = 10, WT vs. 47.0  3.6 mN/mm2, n = 8, mdx, p < 

0.01) of diaphragm muscles from mdx mice were significant lower (more than 70% decrease 

in twitch and more than 60% decrease in 50 Hz and 120 Hz tetani) than those of WT mice 

(Figure 3.5.2 , Figure 3.5.4, Table 3.5.1). There was no significant change of “time to peak” 

and “half relaxation time” of twitch and tetani of diaphragm. CSA of diaphragm from mdx 
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mice was significantly and dramatically higher than that of WT mice (1.20 0.07 mm2 vs. 

0.74  0.12 mm2, mdx vs. WT, mean value  SEM, p < 0.01, Figure 3.5.7).   

 

 

 
 
Figure 3.5.2 Recordings of isometric twitch contractions from diaphragm segments of mdx and 

WT mice. A. Representative twitch of a WT diaphragm segment. B. Representative twitch of an mdx 

diaphragm segment; stimuli are indicated by arrows. C. Peak amplitude of absolute force. Mean values 

± SEM are given for the indicated number of tested muscles; stars indicate significant differences, **) 

P < 0.01, unpaired t-test. 

 

Decline of muscle force during sustained repetitive stimulation of 50 Hz tetani (fatigue 

protocol) is typically observed in isolated mouse muscles in vitro. Data from 100 days old 

mice had been shown relatively similar force decline in mdx and WT soleus and diaphragm 

muscles. In contrast, the diaphragm muscle segments from 18 month old mdx mice showed a 

much lower fatigability compared to those of corresponding WT animals when the fatigue 

protocol was performed (Figure 3.5.5, Figure 3.5.6, Table 3.5.1). Normalized diaphragm peak 

amplitude of the tetani at 300 s during the fatigue protocol in the mdx group remain 80%, 

while amplitude of the WT group declined to 40% (The mean of last 10 tetanic forces at 300 s 
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was normalized by the mean of the first 10 tetani for each diaphragm segments). Half-fatigue 

time of muscle fatigue of soleus is marginally but not significantly increased (Table 3.5.1).  

Further when diaphragm muscle were tested during the muscle fatigue protocol, the 50Hz 

tetani in the beginning of sustained repetitive stimulation has no dramatic kinetic change (time 

to peak and half relaxation time) when compared with the 50Hz tetani at 300 s of sustained 

repetitive stimulation (data not shown) both in mdx and WT. In soleus, the 50 Hz tetani at late 

phase of sustained repetitive stimulation showed a slower relaxation when compared with the 

50Hz tetani in the beginning of sustained repetitive stimulation both in mdx and WT.  

 

 

 

 
 
Figure 3.5.3 Specific force of mdx and WT soleus muscles at 120 Hz tetanic stimulation (upper 

bar). A. Representative tetanus of a WT soleus muscle, B. Representative tetanus of an mdx soleus 

muscle. C. Peak amplitude of specific force of 120 Hz tetani. Mean values ± SEM are given for the 

indicated number of tested muscles; stars indicate significant differences, **) p < 0.01, unpaired t-test. 
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Figure 3.5.4 Specific force of mdx and WT diaphragm segments at 120 HZ tetanic stimulation 

(upper bar). A. Representative tetanus of a WT diaphragm segment. B. Representative tetanus of a 

mdx diaphragm segment. C. Peak amplitude of diaphragm specific force of 120 Hz tetani. Mean 

values ± SEM are given for the indicated number of tested muscles; stars indicate significant 

differences, **) p < 0.01, unpaired t-test. 
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Figure 3.5.5 Decline of force during sustained repetitive stimulation of 18 months old mdx (lower) 

and WT (upper) diaphragm segments. Tetani of 500 ms duration were applied every two seconds. 

Diaphragm muscle segments from mdx mice showed a much lower fatigability compared to those of 

WT animals. 

 
 
Figure 3.5.6 Normalized mean tetanic force at 300s during diaphragm muscle fatigue protocol. 

The mean of peak amplitude of the last 10 tetani before 300 s was normalized by the mean of the first 

10 tetani for each diaphragm segments. Mean values ± SEM are given for the indicated number of 

tested muscles; stars indicate significant differences, **) p < 0.01, unpaired t-test.  
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Figure 3.5.7 CSA of diaphragm from the old mdx group is significantly higher than the WT 

group. CSA is the cross-section area at optimal muscle length. Mean values ± SEM are given for the 

indicated number of tested muscles; stars indicate significant differences, **) p < 0.01, unpaired t-test.  
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TABLE 3.5.1 

 WT 

diaphragm 

mdx 

diaphragm 

WT 

soleus 

mdx 

soleus 

Twitches     

Absolute force 

(mN) 

33.2  3.7 16.4  2.0 ** 

 

40.0  2.0 

 

46.8  5.3 

 

Specific force 

(mN/mm2) 

44.9  3.8 14.1  1.4 ** 31.8  1.5 

 

28.1  2.7 

 

Time to peak (s) 43.5  1.4 44.2  3.6 

 

47.8  1.8 

 

44.1  1.8 

 

Peak to half 

relaxation time (s) 

41.3  2.2 

 

36.3  1.2 

P = 0.08 

50.5  1.0 

 

53.6  3.3 

 

50 Hz tetani     

Absolute force 

(mN) 

100.2  12.1 

 

53.0  3.6 ** 250.5  10.3 

 

279.0  24.2 

 

Specific force 

(mN/mm2) 

135.2  13.6 46.5  4.1 ** 

 

199.8  8.7 

 

168.1  8.5 ** 

Peak to half 

relaxation time (s) 

62.2  3.3 s 

 

63.0  3.5 

 

112.9  3.3 106.8  6.2 

 

120 Hz tetani     

Absolute force 

(mN) 

105.4  11.8 

 

53.9  3.4 ** 276.0  12.0 

 

303.9  30.7 

 

Specific force 

(mN/mm2) 

142.2  11.6 

 

47.0  3.6 ** 220.2  10.6 

 

181.4  12.0 ** 

 

Peak to half 

relaxation time (s) 

78.6  2.3 

 

84.0  2.0 

 

123.0  6,0 

 

113.3  5.9 

 

     

Half fatigue time 

(s) 

x x 232  13.5 250 28.2 

Fatigue at 300 s 

compared 1-20 s 

0.377 0.03 

 

0.762  0.06 

 

x x 
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Table 3.5.1 List of parameters in force measurement. Mean  SEM are given, x: not applicable, **: 

significant. Number of mice: WT, n =10 mdx, n = 8. Time to peak: the time from starting of 

stimulation to the time point that the maximum force is reached. Peak to half relaxation time: the time 

from the time point of the maximum force to the time point of 50% force drop. Half fatigue time (time 

to reach half maximum force): the time from beginning of the sustained repetitive stimulation (muscle 

fatigue protocol) to the time point of 50% force drop. X, not applicable. 
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4. Discussion 

4.1 TRPC6 transfected HEK293 cells 

 
Shi and colleagues have shown that TRPC6 channel currents elicited by OAG and CCH are 

strongly inhibited by ML-9 under patch clamp monitoring (Shi et al., 2007). In the present 

study, the inhibitory effect of ML-9 on TRPC6 was confirmed by intracellular calcium 

monitoring. OAG-elicited calcium influx can be completely inhibited by ML-9. CCH-elicited 

calcium influx cannot be inhibited by ML-9 suggesting alternate ways of intracellular calcium 

mobilization. Meanwhile CCH elicits a rise in intracellular calcium level in non-transfected 

HEK293 cells. This confirmed the assumption that CCH-caused calcium increase results from 

at least two different ways. One way is through TRPC6, which can be inhibited by ML-9 as 

Shi and colleagues showed; the second way does not depend on TRPC6 and cannot be 

inhibited by ML-9. Due to the fact that ML-9 largely inhibits OAG-elicited TRPC6 current 

but not CCH-elicited calcium increase, the extra calcium increase may come rather from 

intracellular storage. Overall ML-9 seems to be a promising inhibitor of TRPC6. 

4.2 Functional expression of TRPC3, TRPC6 and TRPV4 in WT skeletal 

muscle  

 
To find out if TRPC3 or (and) TRPC6 play crucial roles in background calcium influx and if 

they can be activated (inhibited) by their activators (inhibitors) or other conditions, the 

following experiments were performed: 

Specific activators and inhibitors of TRPC3 and TRPC6 were identified by literature search 

and tested. I report here on parts of my investigations regarding regulation of calcium level in 

skeletal muscle fibers using cytosolic Ca2+ measurements and the Mn2+ quench method.  

As already shown by Leuner et al. (Leuner et al., 2007), hyperforin activated TRPC6 in PC 12 

cells resulting in increased intracellular sodium and calcium concentrations. I applied 

hyperforin to mouse skeletal muscle fibers. Application of hyperforin on mouse muscle fibers 

elicited calcium influx. As hyperforin is a TRPC6-specific activator, this hyperforin elicited 

calcium influx indicates possible functional expression of TRPC6 in skeletal muscle. 

I showed that TRPC6 channels were activated by hyperforin in muscle fiber and that this 

activation can be inhibited by the TRPC6-specific inhibitor ML-9. The level of inhibition is 

similar to the inhibition by providing extracellular Ca2+-free solution. This evidence indicates 
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that TRPC6 is functional in muscle sarcolemma and allows Ca2+ to enter the muscle fiber. 

The hyperforin experiments on muscle fibers revealed activation of TRPC6 channels, which 

can be inhibited by TRPC6 inhibitor ML-9 conforming hyperforin as a TRPC6 activator. 

Furthermore, the result showed a partly elevation in intracellular calcium concentration 

independent of activity of TRPC6 channels under hyperforin application on muscle fibers. 

These results are in favour of involvement of other types of calcium mobilization, which need 

to be further investigated. Mitochondrial calcium release might be a reasonable source from 

internal pool (Tu et al., 2010). 

When OAG was applied to interosseous muscle fibers from WT mice, Mn
2+

 quench showed 

significantly increased basal activity. Substances activating calcium channels caused an 

increased influx of Mn2+ detected by reduction of the fluorescence of cytoplasmic Fura-2 (see 

methods: manganese quench technique). OAG may activate TRPC3, C6, C7 and protein 

kinase C (Hofmann et al., 1999; Okada et al., 1999). Activation of protein kinase C can 

further modify activity of different channels (Venkatachalam et al., 2003). Given the 

dominant expression of TRPC3 and TRPC6 in skeletal muscle, both channels may be 

involved in this elevation of cytosolic calcium level.  

In the present study, I showed that OAG can activate calcium entry in muscle fibers indicating 

TRPC3 or C6 may be involved in this calcium entry. Under the application of 2-APB on 

interosseous muscle fibers from WT mice, Mn
2+

 quench experiments showed inhibitory effect 

on basal calcium activities. 2-APB is known to block TRPC3 and TRPC6 and several other 

channels (Boulay et al., 1999; Ma et al., 2000; Xu et al., 2005).Due to the fact that the 

expression of TRPC3 and TRPC6 is dominant in mouse muscle when compared to other TRP 

channels (Kunert-Keil et al., 2006), this finding indicates that basal calcium entry is partly 

from either or both of the TRPC3 and TRPC6 channels. Different observations have indicated 

that TRPC channels function as subunits of multimeric channels (Hofmann et al., 2002). The 

result does not exclude a possible multimerization potential of TRPC3 and TRPC6. 

The KCl-induced interosseous muscle calcium transients in the presence of 2-APB showed a 

different falling phase when compared to the control (absence of 2-APB, Figure 3.2.4). The 

falling phases were analysed by half time of decay. 2-APB groups showed reduced half time 

of decay and this may result from inhibition of TRPC3, TRPC6 channels. The inhibition of 

TRPC3 and TRPC6 channels by 2-APB may have caused the faster calcium decline and the 

reduction of half time of decay. This confirmed the result of the Mn
2+

 quench of Fura-2 

fluorescence under the 2-APB application on WT mice interosseous muscle fibers. Both 
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results of Mn
2+

 quench of Fura-2 fluorescence and of the KCl-induced interosseous muscle 

calcium transients are consistent with the report of 2-APB application on myotubes (Mondin 

et al., 2009). 

ML-9 has been reported to be a specific TRPC6 inhibitor by using patch-clamp technique (Shi 

et al., 2007) and cytosolic calcium monitoring with Fura-2-AM. In the following experiments, 

therefore, ML-9 was applied to muscle fibers to assess the contribution of TRPC6 channels to 

calcium influx in muscle cells under basal conditions.  

The purpose of the experiments in detail was to test the opening of calcium channels 

(background calcium influx) in muscle cells under basal conditions and the influences of ML-

9 using Mn2+ quenching of Fura-2 fluorescence. In fact, application of ML-9 at a 

concentration of 100 µmol/L did not affect the background calcium influx suggesting that 

TRPC6 is not active under basal conditions and does not contribute to the background 

calcium influx in muscle fibers. 

In addition, I presented evidence that TRPC3 contributes to the background Ca2+ entry since 

the application of Pyr3 strongly decelerates the Mn2+ quench rate of Fura-2 fluorescence in 

WT mice. Pyr3 has newly been found to be a selective antagonist of TRPC3 (Kiyonaka et al., 

2009). The strong inhibition of background calcium entry under Pyr3 application indicated 

that TRPC3 may play an important role in composing the background calcium entry of mouse 

muscle fibers. 

Even though ML-9 had no effect on the background calcium entry, TRPC6 channels still play 

a role in mouse skeletal muscle fibers since the activation of TRPC6 channels by applying 

hyperforin and OAG was observed. I further tested if OAG-activated background calcium 

entry can be inhibited by the TRPC6-specific antagonist ML-9. A decrease of quench rate by 

15% was found under the application of 100 µM ML-9 and 150 µM OAG when compared 

with quench rate under control conditions (i.e. application of 150 µM OAG). TRPC6 

contributes to the OAG-activated calcium influx, since the TRPC6-mediated calcium influx 

can be inhibited by the specific inhibitor ML-9. The inhibition of ML-9 almost completely 

attenuated the increase in Mn
2+

 quench rate of Fura-2 florescence under the OAG application 

implying TRPC6 channels as the major target of OAG. TRPC3 channels seemed to contribute 

little to the increase of Mn
2+

 quench rate of Fura-2 fluorescence under OAG application. 

Besides TRPC3 and C6, TRPV4 is also substantially expressed in mouse skeletal muscle 

fibers (Kruger, Kunert-Keil et al. 2008). Therefore, a TRPV4 activator, 4α-PDD, and the 

recently described TRPV4 inhibitor HC067047 were applied to WT mouse skeletal muscle 
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fibers. Data obtained were in accordance with the results of Pritschow et. al (Pritschow et al., 

2011). The application of the TRPV4 activator 4α-PDD elicited an increased Mn
2+

 quench 

rate of Fura-2 fluorescence and the 4α-PDD-induced calcium influx was inhibited by 

HC067047. HC067047 alone did not inhibit background calcium influx indicating rather low 

basal activity of TRPV4 in muscle fibers and that TRPV4 did not largly participate in 

background calcium influx. Overall among the widespread presence of TRPV4 channels in 

other body organs (Randhawa and Jaggi, 2015) as well as TRPC3 and TRPC6, TRPV4 

channels are also functionally expressed in muscle fibers indicating possible important 

physiological functions of these channels. Interestingly mutations in TRPV4 gene have been 

associated with peripheral nervous and skeletal diseases (Evangelista et al., 2015). 

Functional expression of TRPV4 in skeletal muscles offers a basis for the association and 

supports the involvement of TRPV4 in skeletal muscle diseases. 

 

4.3 Functional expression of TRPC3, TRPC6 in mdx skeletal muscle 

Abnormal Ca2+ activity is thought to be an important pathological process in Duchenne 

muscular dystrophy (Basset et al., 2004; Gailly, 2002; Ruegg et al., 2002; Vandebrouck et al., 

2006). Moreover, one of the speculations about the pathological mechanism of mdx (DMD) is 

intracellular calcium overload (Imbert et al., 1995). I wanted to extend current knowledge on 

whether TRPC3 and TRPC6 channels play functional roles in the cascade of events in 

muscular dystrophy. Furthermore, if they do play roles, how do they function? Should it be 

possible to control function of one or more TRPC channels, it would be of great interest to 

develop and/or improve curing methods for DMD. To answer these questions, the following 

experiments were performed. 

To test TRPC6 activation in mdx muscles, ML9 was applied to mdx muscle fibers. Mn2+ 

quench of Fura-2 fluorescence measurements showed no significant change in the presence of 

100 µM ML-9 in mdx mice when compared to the control group (absence of ML-9). The 

results of ML-9-mediated effects on mdx mice suggested that TRPC6 channels - like in the 

WT skeletal muscle fibers - are not active in skeletal muscle fibers of dystrophin-deficient 

mice under basal conditions. Together with ML-9 experiments on WT mice muscle fibers, 

this result indicates no TRPC6 activation in resting muscle fibers. Hence, TRPC6 is not over-

activated in mdx muscle fibers. This result is in accordance with the reports about TRPC6 

channels in mdx mouse myoblasts (Onopiuk et al., 2015). Thus, the current experiments 
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implied that dystrophin deficiency does not change the function of TRPC6 channels in 

background calcium influx.  

To further examine the function of TRPC6 and TRPC3 in skeletal muscle fibers, the TRPC3/ 

TRPC6 inhibitor 2-APB was also applied. The application of 2-APB to mdx and WT fibers 

during quench experiments showed the following results: first of all, in the absence of 2-APB 

WT mouse muscle fibers had less background calcium influx than the mdx group indicating 

possible over-activation of calcium channels in mdx fibers. The voltage-gated L-type calcium 

channels possibly were not strongly involved in the observed effects because no contractions 

of muscle fibers were observed and voltage-gated L-type calcium channels have a low open 

probability at resting. Non-voltage-gated calcium channels like TRPC3 and TRPC6 channels 

therefore became candidates for the involved channels. Secondly, in the mdx group 2-APB 

application induced no significant change in background influx indicating similar conclusion 

as the ML-9 application: either over-activated TRPC6 (or TRPC3) cannot be inhibited by 

their inhibitors in dystrophin-deficient mouse muscle fibers or the basal influx is dominantly 

controlled by other channels that have not yet been implied to be involved in basal influx. As 

a consequence TRPC6 and (or) TRPC3 channels may not play a main role in the change of 

basal influx in mdx. However, it needs to be noted that 2-APB is not only an inhibitor of 

TRPC3 and TRPC6 but also an activator or modulator of several Ca2+ conducting channels of 

the TRPV subfamily of TRP channels (Ho et al., 2012). At last, 2-APB application to WT 

mouse fibers had significantly less influx than that of the mdx group. This result again 

confirmed the speculation that there is higher basal calcium influx in mdx mouse fibers; this is 

consistent with reports from other groups (Basset et al., 2004; Gailly, 2002; Ruegg et al., 2002; 

Vandebrouck et al., 2006). 

Interestingly, when KCl-induced calcium transients in mdx skeletal muscle fibers were 

examined, the results from 2-APB applications on KCl-induced calcium transients were 

consistent with the 2-APB results from quench experiments. Both experiments imply an 

increased calcium entry under basal conditions in mdx muscle fibers and the TRPC6 and 

TRPC3 inhibitor 2-APB cannot suppress the increasing of calcium entry. 

In contrast, TRPC3-specific inhibitor Pyr3 inhibited background calcium influx of skeletal 

muscle fibers of WT and mdx indicating that TRPC3 is the dominating active channel at rest; 

lack of dystrophin may not affect the activity of TRPC3 channels under basal conditions. Due 

to still unknown reasons, 2-APB did not show a significant effect of strong TRPC3 inhibition 

in WT and mdx groups. One of the possible reasons may be that 2-APB is activators of 

several Ca2+ conducting channels e.g. TRPV channels. Due to abundant expression of TRPV 
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channels in mouse skeletal muscle (Krüger et al., 2008), the 2-APB activated TRPV channels 

or other channels are able to accelerate the calcium entry and attenuate the decrease of 

calcium entry from the inhibition of TRPC3 channels.  

OAG induced a slight but not significant increase in quench rate of Fura-2 fluorescence in 

mdx muscle fibers. It seems that over-activated background calcium influx in mdx 

overwhelmingly disturbed the effect of activation of TRPC6 channels. This is consistent with 

the result from the Pyr3 application in mdx muscle fibers: The application of Pyr3 in mdx 

muscle fibers has even a higher percentage of inhibition than the application of Pyr3 in WT 

implying a possible over-activation of TRPC3 channels in mdx muscle fibers. Millay and 

colleagues reported that overexpression of TRPC3 channels resulted in an increase in calcium 

influx and showed a phenotype of muscular dystrophy with a similar molecular signature of 

gene expression pattern of DMD (Millay et al., 2009). The current finding extends the finding 

from Millay and colleagues to indicate that TRPC3 channels play a role in the altered calcium 

haemostasis in muscle fibers. TRPC3 channels seem to be involved in the pathological 

calcium handling in muscular dystrophy. On the other hand the results of the present thesis 

also provide convincing validation of the clinical potential of TRPC3 channels and their 

specific blocker Pyr3 for muscular dystrophy. Application of Pyr3 may compensate the 

overloading of calcium in muscle fibers, hence, it could be a potential therapeutic substance in 

future. Literature showed possible cooperative relations between TRPC3 and TRPC6 

according to the concept of a tetrameric pore with a 6 transmembrane core domain (Vannier et 

al., 1998). TRPC3 and TRPC6 were reported to have abilities to associate with each other in 

HEK293 cells, which had been demonstrated by FRET experiments (Hofmann et al., 2002). 

Based on the fact that both channels are functionally expressed in mouse skeletal muscles, the 

cross-talking in skeletal muscle in aspects of activities and function of both channels is still 

under debate. 

 

4.4 TRPC6 function in skeletal muscle contraction  

 
So far it has been shown in the present thesis that TRPC6 did not have a resting activity in 

mouse skeletal muscle fibers. The inhibition of TRPC6 by ML-9 therefore had no effect on 

resting calcium influx. However, it is not yet known how TRPC6 can be activated in 

physiological conditions like muscle contraction and muscle fatigue. Some publications 

reported TRPC6 as a mechanosensitive cation channel (Spassova et al., 2004). Gailly and 
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colleagues reported that when the calcium influx was inhibited, a faster decline of force 

during sustained repetitive stimulation was observed due to a loss of intracellular calcium 

(Ducret et al., 2006). If TRPC6 can be activated during muscle contraction and muscle fatigue, 

the calcium influx due to the TRPC6 activation can compromise intracellular calcium loss 

during continues contractions. Therefore, an experiment was designed to test the activity of 

TRPC6 channels during muscle contractions.  

I demonstrated that ML-9 alone did not affect the muscle force unless a fatigue protocol was 

performed before the application of ML-9. The results indicated that TRPC6 may be activated 

during and after a sustained repetitive stimulation. Sustained repetitive stimulation is essential 

for TRPC6 channel activation. Furthermore, the fatigue during the second run of the fatigue 

protocol in the ML-9 group occurred faster than that during the first run. In the first run, 

single twitch, 10 Hz, 50 Hz and 120 Hz tetani and muscle fatigue under a fatigue protocol (see 

Methods) were performed and recorded. Then, a 20-minute resting phase was given. 

Afterwards, a second run was performed. In the second run, single twitch, 10 Hz, 50 Hz and 

120 Hz Tetani and muscle fatigue under a fatigue protocol were performed and recorded for a 

second time. At the beginning of the resting phase ML-9 was applied and the application 

continued until the end of the second run. Thus, the muscle force data together with the data 

of Mn2+ Quench of Fura-2 fluorescence under the application of ML-9 indicated that TRPC6 

may be activated by sustained repetitive stimulation in order to compensate the loss of Ca2+ 

during the sustained repetitive muscle contraction. The inhibition of TRPC6 channels seems 

to negatively affect the muscle force recovery and seems to have quicker muscle fatigue. 

In the normal case, sustained repetitive stimulation mobilizes calcium to perform continuous 

muscle contractions. TRPC6 is activated to compromise the calcium loss in a rather slow 

process. TRPC6 channels together with other modulators of calcium homeostasis like the 

sarcoplasmic reticulum Ca2+-ATPase (SERCA) (Khodabukus et al.) seem to be responsible 

for the recovery of calcium homeostasis to a normal level. The fatigue was therefore quicker 

because of the inhibition of TRPC6 channels. 

4.5 Skeletal muscle contraction and fatigue in mdx mice  

 
Up to now, I have examined mice between three to four months of age. However, Duan and 

colleagues (Hakim et al., 1985) reported that old mice showed more dramatic pathological 

changes. Meanwhile I had the chance to investigate the muscle contraction of 18 months old 
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mice in cooperation with the group of Professor Schmidt at the Department of Neurology, 

University Medicine Göttingen.  

Like the general findings about soleus or EDL (Extensor digitorum longus) muscle in aged 

animal models, absolute force of twitch and tetanic contraction was marginally increased in 

mdx soleus muscle (Lynch et al., 2001). In contrast, specific force of mdx soleus muscle was 

decreased compared to WT and this decrease reached significance for tetanic contraction. The 

absolute and specific forces of WT and mdx mice in my experiments were in good agreement 

with previous reports (Bates et al., 2013). 

Data showed a decrease of specific force of mdx soleus muscle and an increased CSA. This 

indicated hypertrophy and loss of muscle function probably due to muscle tissue wasting. 

However, half-fatigue time (time to half maximum force) of muscle fatigue of soleus is even 

marginally but not significantly increased showing a resistance to muscle fatigue in mdx 

soleus muscle when compared with WT soleus muscle. There might be an increase in 

oxidative fiber types and a reduction of fast fatigable muscle fibers types. Overall the findings 

from soleus are consistent to former studies (Rezvani et al., 1995). 

Segments of the diaphragm were tested. Mass and CSA of the muscle were strictly controlled 

after the force measurements; therefore the absolute force of the diaphragm is not an accurate 

parameter to describe the differences between mdx and WT mice. However, it still gave 

information about the force changes of the diaphragm in mdx mice. There are several reasons: 

Firstly, the preparation of the diaphragm was always following a standard protocol; this 

resulted in quite similar muscle masses for each preparation performed independent of the 

actual size of the diaphragm. Secondly, the differences of absolute force between WT and 

mdx were very big and significant when compared with other parameters (muscle mass and 

length). Finally, the data from specific force confirmed the result of absolute force and 

terminated the problem of not strictly-controlled muscle mass. 

In contrast to soleus, the results from mdx diaphragms showed a significant force drop in 

twitch and 10Hz, 50Hz and 120 Hz tetani both on absolute and specific force. The muscle 

force of diaphragm of mdx was effectively changed. This result is consistent with the former 

reports (Bates et al., 2013). Interestingly, diaphragm muscle of mdx mice under 50 Hz 

sustained repetitive stimuli tetani showed strong resistance to muscle fatigue. The results are 

in good agreement with a substantial loss of muscle mass, an increase in oxidative fiber types 

(I, IIA) and a reduction of fast fatigable muscle fibers of type IIX. The results are consistent 
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with the histological analysis of myosin-ATPase staining of muscle cross sections (Zhang et 

al., 2014). 
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5. Summary 

 
All types of muscles use Ca2+ as their main intracellular messenger. In skeletal muscle fibers 

abnormal levels of intracellular calcium result in altered contractile properties, altered energy 

metabolism, and altered gene expression. Moreover, long term failure of normal Ca2+ 

homeostasis can lead to cell death of muscle fibers by necrosis and apoptosis. Elevations of 

intracellular Ca2+ levels are more and more regarded as the reason for pathological changes 

and muscle fiber damage in Duchenne Muscular Dystrophy (DMD). DMD is a severe 

recessive x-linked muscle disease caused by mutations in the dystrophin gene. The 

characteristics of DMD are muscle tissue wasting and fibrosis. Both muscle wasting and 

intracellular Ca2+ are to be reflected in changes of muscle force. Several Ca2+ conducting 

channels including transient receptor potential (TRP) channels are supposed to account for the 

abnormal Ca2+ homeostasis in DMD. Gene expressions of TRP channels have been studied in 

human and mouse skeletal muscle and among others TRPC3, TRPC6 and TRPV4 channels 

were found to occur in skeletal muscles.  

The present study followed the hypothesis that TRPC3, TRPC6 and TRPV4 are functional in 

skeletal muscle fibers and that they contribute to muscular Ca2+ homeostasis. Further, it was 

assumed that dysfunction of the mentioned TRP channels contributes to abnormal contractile 

properties and pathology and of dystrophin-deficient muscle. To study Ca2+ changes in mouse 

skeletal muscle fibers the fluorescent calcium indicator Fura-2 was used. Further, the 

technique of Mn2+ quench of Fura-2 fluorescence was applied. Muscle force measurements of 

mouse soleus and diaphragm strips were performed. To elucidate abnormalities of TRP 

channel function in dystrophin-deficient muscle, muscles and muscle fibers of mdx mice were 

studied.  

Hyperforin, an activator of TRPC6 channels elicited increases of calcium levels in wildtype 

muscle fibers. These increases were partly inhibited by the TRPC6 inhibitor 1-(5-

chloronaphthalenesulfonyl) homopiperazine hydrochloride (ML-9). The TRPC3/TPRC6 

activator 1-oleoyl-2-acetyl-sn-glycerol (OAG) resulted in increased calcium entry, which was 

attenuated by ML-9. 2-aminoethoxydiphenylborane (2-APB), an unspecific TRP channel 

inhibitor, suppressed calcium entry in muscle fibers under basal conditions. In addition, the 

specific TRPC3 inhibitor Pyr3, strongly inhibited background calcium entry. The TRPV4 

activator 4-phorbol 12,13-didecanoate (4-PDD) induced significant increased calcium 
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entry and this increase could be inhibited by the TRPV4 inhibitor HC 067047. During muscle 

force recordings ML-9 significantly inhibited twitches and tetani and accelerated muscle 

fatigue during sustained repetitive stimulation. The results indicate that TRPC3, TRPC6 and 

TRPV4 are functionally expressed in mouse muscle fibers. TRPC3 stays active under the 

basal conditions and contributes to background calcium entry. In contrast, TRPC6 and 

TRPV4 did not seem to be active at resting conditions, but could be pharmacologically 

activated. TRPC6 may play a role to counteract the calcium loss under long-term muscle 

fatigue. Though TRPC3 and C6 play a role for muscular Ca2+ homeostasis, it is unclear 

whether and how the two channels associate and cross-talk with each other in skeletal muscle 

cells. In mdx fibers Pyr3 inhibited background calcium influx stronger that in WT fibers, 

implying a possible over-activation of TRPC3 channels in mdx muscle fibers. At later stages 

mdx muscle showed marked decrease in force reflecting muscle wasting. Soleus showed 

moderate decrease and diaphragm showed severe decrease (more than 60%) in force. 

Resistance to muscle fatigue was shown in mdx soleus muscle when compared with WT 

soleus muscle. Diaphragm segments of mdx mice showed very strong resistance to muscle 

fatigue. The results indicate a substantial loss of muscle mass, an increase in oxidative fiber 

types and a reduction of fast fatigable muscle fibers.  

It is concluded that the hypothesis of functional expression of TRPC3, TRPC6 and TRPV4 in 

mouse skeletal muscle has been confirmed. The results give improved knowledge about the 

relation of Ca2+ homeostasis, mdx pathology and TRP channels. Diaphragms of old mdx mice 

show severe muscle weakness but the remaining fibers of the diaphragm showed strong 

fatigue-resistance. The application of a TRPC3 inhibitor may be a promising treatment to 

prevent high Ca2+ mediated muscle damage in muscular dystrophy.  
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6. Abbreviations 
   
2-APB 2-aminoethoxydiphenylborane C14H16BNO 

4-PDD 4-phorbol 12,13- didecanoate C40H64O8 

ADP adenosine diphosphate C10H16N5O13P3 

BMD Becker Muscular Dystrophy x 

ca. approximately x 

CCh carbachol C6H15ClN2O2 

°C Celsius x 

Ctl  control group x 

CMD congenital muscular dystrophy x 

CYS cysteine x 

DAG diacylglycerol x 

DGC dystrophin–glycoprotein complex x 

DHPRs dihydropyridine receptors x 

DMD Duchenne Muscular Dystrophy x 

DMSO dimethyl sulphoxide C2H6OS 

EDL Extensor digitorum longus x 

ERG electroretinogram  x 

EGTA  ethyleneglycol-bis(2-aminoethylether)-

N,N,N′,N′-tetraacetic aci 

C14H24N2O10 

FRET fluorescence resonance energy transfer x 

GPCR  G protein-coupled receptors x 

Hz Hertz x 

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid 

C8H18N2O4S 

HEK293 cells Human Embryonic Kidney 293 cells x 

   

HC 067047 2-methyl-1-[3-(4-morpholinyl)propyl]-5-

phenyl-N-[3-(trifluoromethyl)phenyl]-1H-

pyrrole-3-carboxamide 

C26H28F3N3O2 

IP3 inositol 1,4,5-trisphosphate  C6H15O15P3 
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Icrac calcium release activated calcium current x 

LGMD limb girdle muscular dystrophy x 

NOS nitric oxide synthase x 

NUDIX Nucleoside Diphosphate linked to X x 

mins minutes x 

ML-9 1-(5-

chloronaphthalenesulfonyl)homopiperazine 

hydrochloride 

C15H17ClN2O2S.HCl 

OAG 1-oleoyl-2-acetyl-sn-glycerol 

 

C23H42O5 
 

PLC phospholipase C x 

PIP2 phosphatidylinositol 4,5-bisphosphate C47H80O19P3 

PKC protein kinase C x 

Pyr3 1-[4-[(2,3,3-trichloro-1-oxo-2-propen-1-

yl)amino]phenyl]-5-(trifluoromethyl)-1H-

pyrazole-4-carboxylic acid 

C16H11Cl3F3N3O3 

ROCs receptor-operated channels x 

RTK  receptors tyrosine kinases x 

RyRs ryanodine receptors x 

SEM  standard error of the mean x 

s seconds x 

SERCA sarcoplasmic reticulum calcium ATPase x 

SOCE store-operated calcium entry x 

SOCs store-operated cation channels x 

SR sarcoplasmic reticulum x 

STIM1 stromal interaction molecule 1 x 

TRP channels transient receptor potential channels x 

WT wild type  x 

x not applicable  x 
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