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Abstract  

The stromal interaction molecule 1 (STIM1) R304W mutation causes Stormorken syndrome 

[MIM 185070]. Patients present with a muscle phenotype including muscle spasms, muscle 

weakness, tubular aggregate myopathy and miosis.   

We established a knock-in mouse line expressing the Stim1 R304W mutation. Homozygous 

Stim1 R304W mice died perinatally. Three surviving homozygous Stim1 R304W mice 

presented with a severe muscle phenotype, including reduced muscle mass, skeletal muscle 

degeneration and reduced muscular endurance. The aim of the current project is to 

characterize the effect of the Stim1 R304W mutation on muscle fiber type expression and 

degeneration in murine skeletal muscle.  

Methods and results:  

Immunofluorescence staining was optimized for hind-limb skeletal muscle sections from 

homozygous Stim1 R304W and wildtype mice. IF staining for type I, IIA and IIB muscle 

fibers in skeletal muscle from homozygous Stim1 R304W mice showed a tendency towards 

type IIA and IIB muscle fiber degeneration and increased type I muscle fiber expression.   

Conclusion:    

The Stim1 R304W mutation in murine skeletal muscle likely causes type II muscle fiber 

degeneration, as well as promotes an increased proportion of type I muscle fibers as compared 

to wildtype mice. These data indicate that STIM1 plays a key role in muscle fiber type 

determination and homeostasis in skeletal muscle. Lethality of homozygous Stim1 R304W 

mice limited the scope of these results to skeletal muscle from three surviving homozygous 

Stim1 R304W mice. Future experiments with increased sample numbers would allow for 

further exploration of the muscle fiber type phenotype in this Stim1 R304W mouse line.   

  

  

 

  



5  
  

Contents  

1 Introduction ............................................................................................................................. 7 

Store operated calcium entry and skeletal muscle ................................................................. 7 
Skeletal muscle structure .................................................................................................... 7 
The role of calcium in excitation-contraction coupling ..................................................... 9 
Store operated calcium entry (SOCE) ................................................................................ 9 
STIM1 and ORAI1 ........................................................................................................... 10 
SOCE promotes resistance to fatigue during skeletal muscle contraction ....................... 12 
STIM1-dependent SOCE regulates skeletal muscle development ................................... 13 

STIM1 and ORAI1 mutations cause myopathy in mouse and man ...................................... 14 
CRAC channelopathies .................................................................................................... 15 
LOF mutations in murine Stim1 cause myopathy and perinatal lethality ........................ 16 
Murine Orai1 LOF mutations cause reduced force and increase skeletal muscle fatigue17 
Gain-of-function mutations in STIM1 and ORAI1 .......................................................... 18 
Tubular aggregate myopathy is caused by GOF mutations in STIM1 and ORAI1 .......... 18 
STIM1 R304W causes constitutive SOCE and myopathy ............................................... 19 
Reduced endurance in Stim1 R304W mice potentially caused by reduced fatigue- ........ 20 
resistant fiber content in skeletal muscle .......................................................................... 20 

3 Results ................................................................................................................................... 21 

Optimization of immunofluorescence method for muscle fiber type staining in murine 
skeletal muscle ..................................................................................................................... 21 

Initial immunofluorescence method ................................................................................. 21 
Reduction of positive signal in negative controls ............................................................ 22 
Interpreting background autofluorescence ....................................................................... 23 

Degenerative changes seen in both type IIA and IIB muscle fibers from homozygous Stim1 
R304W mice ........................................................................................................................ 24 
Increased proportion of type I myosin fibers in skeletal muscle from homozygous Stim1 
R304W mice ........................................................................................................................ 25 

4 Discussion ............................................................................................................................. 27 

Degenerative changes in type IIA and IIB muscle fibers .................................................... 27 
Increased expression of type I muscle fibers ....................................................................... 28 
Expression of STIM1 in murine skeletal muscle ................................................................. 29 
Reduced endurance of homozygous Stim1 R304W mice .................................................... 31 
Future aspects ....................................................................................................................... 31 

Homozygous Stim1 R304W lethality currently a road block to larger scale 
investigations .................................................................................................................. 31 

A closer look at the cause of altered myosin fiber type distribution ................................ 33 
Myosin fiber type distribution in specific muscles .......................................................... 34 



6  
  

4 Methods ................................................................................................................................. 35 

References ................................................................................................................................ 38 

 
  

  

  

  

  

  

  

  

  

  
  
  
  
  
  
  
  
  
 
 
 
 
 
 

  



7  
  

1	Introduction		
Calcium is involved in key cellular functions, including cell growth and differentiation 

and gene expression (1). This is exemplified in skeletal muscle, where calcium release from 

the sarcoplasmic reticulum is necessary for muscle contraction (2). Calcium entry in skeletal 

muscle is critical for normal metabolism, prevention of muscle weakness, calcium-dependent 

gene expression and can influence muscle development and remodeling (2). In addition, 

multiple steps of myotube formation are influenced by calcium (3-5).  

Store operated calcium entry is a pathway for extracellular calcium influx in many cell 

types, including skeletal muscle (6). Malfunctioning SOCE in skeletal muscle can lead to 

myopathy in both man and mouse, as described below. This paper explores muscle fiber type 

distribution and degeneration in homozygous Stim1 R304W murine skeletal muscle.   

  

Store	operated	calcium	entry	and	skeletal	muscle		

Skeletal	muscle	structure			

Skeletal muscle is composed of multinucleated skeletal muscle cells called muscle 

fibers (7). Skeletal muscle fibers are formed during early development by the fusion of 

embryonic myoblasts (7). The plasma membrane of a muscle fiber is called the sarcolemma, 

the cytoplasm called the sarcoplasm and the endoplasmic reticulum (ER) called the 

sarcoplasmic reticulum (SR) (7). Each muscle fiber is composed of many myofibrils. Actin 

and myosin, also referred to as thin and thick filament, are arranged in functional units called 

sarcomeres in myofibrils (7). A sarcomere also includes regulatory proteins, including 

troponin and tropomyosin (7).   

Muscle fiber types are generally defined by the particular myosin heavy chain 

isoforms that they express. Skeletal muscles are made up of a heterogynous batch of fibers, 

which are categorized by myosin isoform and metabolic profile (8). Type I muscle fibers 

express slow, oxidative type myosin isoforms that are resistant to fatigue and are able to 

contract repeatedly (8). Type IIB muscle fibers express fast, glycolytic myosin isoforms that 

fatigue rapidly, but can generate contractile force rapidly (8). Type I and IIB are two ends of 

the spectrum and there are multiple intermediate forms of myosins, including IIA and IIX (8). 

Skeletal muscles are defined by the proportion of fibers expressing each of these fiber types  
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(8). For example, fast twitch muscles have a greater proportion of type IIX and IIB, while 

slow twitch muscles have a greater proportion of type IIA and I. The distribution of myofibers 

is influenced by gene expression (9, 10). Endurance training leads to a transition in myosin 

expression from IIB -> IIX -> IIA -> I, while inactivity leads to a reverse pattern (8, 10).  

 
  
  
Figure 1. Presentation of skeletal muscle components, including muscle fiber, myofibril, thick 

filament, thin filament, sarcomere, actin, myosin, troponin and tropomyosin.   

Muscles are composed of muscle fibers, which each are made up of myofibrils. Within a 

myofibril, actin and myosin form thin and thick filaments arranged in sarcomeres. Thick 

filaments are composed of myosin, while thin filaments are composed of actin, troponin and 

tropomyosin. (7)   

Reprinted from Calcified Tissue International, Volume 96, Walter R. Frontera et al, Skeletal 

Muscle: A Brief Review of Structure and Function, Page 183-195, Copyright 2014, with 

permission from Springer Nature.  
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The	role	of	calcium	in	excitation-contraction	coupling			

  Skeletal muscle contraction to create movement is regulated by tight control of 

myoplasmic free calcium concentration (11). Excitation-contraction coupling (ECC) is the 

mechanism that coordinates nerve stimulus, calcium release from the sarcoplasmic reticulum 

(SR) and myosin-actin interaction (7). An action potential, generated at a neuromuscular 

junction, moves from the sarcolemma (muscle cell membrane) to depolarize transverse 

tubules (T-tubules) (7). T-tubules are invaginations of the sarcolemma, and at certain 

locations, they are in close proximity to SR terminal cisternae, where calcium is stored (12). 

These locations are called triad junctions, and are formed of two terminal cisternae and one 

tubule (12).   

The T-tubule membrane depolarization is detected by dihydropyridine receptor 

(DHPR), a voltage-gated calcium channel on the T-tubule membrane (13). DHPR then 

releases an inward calcium current (13). DHPR triggers the opening of ryanodine receptor 

type 1 (RYR1), a calcium release channel on the SR membrane (14). RYR1 opening leads to 

calcium release from the sarcoplasmic reticulum into the sarcoplasma (15).    

Intracellular calcium functions as a switch for skeletal muscle contraction (16). In low 

calcium conditions, tropomyosin is bound to active sites on actin, blocking myosin from 

binding – a necessary step for muscle contraction (11). Action potentials cause increased 

calcium concentration in the sarcoplasma, and free calcium binds to troponin (17). 

Calciumbinding causes troponin change shape, which subsequently displaces tropomyosin 

from myosin-binding sites on actin (17). This allows myosin heads to bind active sites on 

actin.  

Bound myosin-actin cross-bridges lead to force generation (17).   

Sarco/endoplasmic reticulum calcium-ATPase (SERCA) is responsible for calcium 

reuptake to the SR from the sarcoplasma in skeletal muscle in order to reduced cytosolic 

calcium levels to that at rest (18). This mechanism promotes muscle relaxation by 

transporting calcium released during excitation-contraction coupling back to the SR after 

muscle contraction (19). The placement of SERCA, DHPR and RYR1 in the triad junction is 

key for their effective function and interaction in skeletal muscle (16).   

  

Store	operated	calcium	entry	(SOCE)		

Store operated calcium entry (SOCE) is a universal calcium influx pathway that 

regulates calcium influx over the plasma membrane when endoplasmic reticulum calcium 
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stores are depleted (20-24). Ligand binding to cell surface receptors initiates the depletion of 

calcium from intracellular stores (25). This happens by the activation of phospholipase C, 

which leads to the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 

1,4,5-triphosphate (IP3) and diacylglycerol (DAG) (25). IP3 is a secondary messenger that 

binds to IP3R receptors located in the membrane of the endoplasmic reticulum (ER) (25). The 

ER is the main calcium repository in most cells. The opening of IP3R receptors leads to 

calcium efflux from the ER into the cytosol, resulting in calcium store depletion (25).   

ER calcium stores depletion is sensed by stromal interaction molecule 1 (STIM1) 

through its N-terminal EF-hand calcium binding domain (26, 27). Calcium dissociates from 

the luminal calcium binding EF hand, which triggers the protein to undergo a conformational 

extension (28-30). STIM1 oligomerizes and translocates to ER-PM junctions to interact with 

ORAI1 (31-33). ORAI1 is a tetraspanning transmembrane calcium channel that resides on the 

plasma membrane (20, 34). At these locations, the C-terminal of STIM1 binds to the 

cytoplasmic domain of ORAI1 (35). CRAC channels are formed by STIM1-induced 

oligomers of ORAI1 (35, 36), which when open allow calcium influx into the cell (37-40). 

This calcium influx initiates downstream signaling through the activation of enzymes and 

transcription factors which control a variety of cell functions including proliferation and 

growth, and has been proposed to have a function in cell signaling promoting long-term 

contractibility and adaptation to increased muscle work (41).   

STIM1 and ORAI1  

The STIM1 gene encodes STIM1, a transmembrane protein that resides on the ER 

membrane, which mediates SOCE (42-44). The N-terminal of STIM1 sits in the ER-lumen, 

which is separated from the cytosolic C-terminal by a single transmembrane domain (27, 43, 

45-47). The N-terminal has two EF-hand calcium binding domains that sense calcium 

concentration in the ER (27, 45, 47). The STIM1 C-terminal is in an inactive configuration 

when calcium is bound to the EF-hand (32, 42).   

The ORAI1 protein is encoded by the ORAI1 gene (25). ORAI1 is a plasma membrane 

protein that assembles as a hexamer to form a calcium release-activated calcium (CRAC) 

channel (25). STIM1 interacts with the N and C termini of ORAI1, prompting CRAC channel 

opening (25).   
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Figure 2. Depiction of STIM1-dependent store-operated calcium entry.   

When calcium ER stores are replete, calcium is bound to the EF-hand of STIM1 and STIM1 

is in its inactive configuration (left) (32).  Ligand binding to plasma membrane (PM) 

receptors, such as G protein coupled receptors (GPCR) leads to release of calcium from the 

ER to the cytoplasm (25). This store depletion is sensed by STIM1 through calcium 

dissociation from the STIM1 EF-hand (43). This leads to unfolding and oligomerizing of 

STIM1 (right) (31). STIM1 then translocates to ER-PM junctions, called puncta, where it 

binds to ORAI1 (32). This binding opens ORAI1 calcium release activated calcium (CRAC) 

channels, which releases calcium into the cytoplasm (right) (37).   

Reprinted from Pflugers Archiv: European journal of physiology, Volume 460 (2), Stefan  

Feske, CRAC channelopathies, Page 417-435, Copyright 2010, with permission from 

Springer Nature.  
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SOCE promotes resistance to fatigue during skeletal muscle contraction  

Both ORAI1 and STIM1 are expressed in human and murine skeletal muscle (42, 

4851). In myotubes, SOCE depends on STIM1-ORAI1 coupling (51-53). SOCE can be 

rapidly activated in muscle fibers in response to calcium store depletion from the SR (6, 50, 

51, 54). SOCE is not required for the initiation of skeletal muscle contraction, but rather has 

been shown to contribute to the calcium supply necessary for sustained muscle contraction 

(50).  

A longer splice variant of STIM1, STIM1L, has been described and is highly 

expressed in skeletal muscle (55). While STIM1 can take over a minute to oligomerization, 

migration, and bind to ORAI1 (32), STIM1L forms permanent clusters in the muscle triad that 

colocalize with ORAI1, and is therefore able initiate immediate activation of SOCE (55). 

SOCE has been shown to be maximally activated in skeletal muscle fibers as quickly as under 

one second after the start of calcium store release (56). This immediate activation is 

dependent on STIM1L, and accounts for approximately 50% of SOCE in myotubes (55). 

STIM1L is necessary in muscle fibers under repetitive stimulation to sustain calcium 

concentration transients, which prevents fatigue (57).   

STIM1 regulates the activity of multiple proteins involved in ECC. STIM1 has been 

shown to negatively regulate DHPR through direct interaction via its C-terminal (58). This 

reduced calcium release from the SR during skeletal ECC (58). STIM1 also regulates 

SERCA1a (a SERCA isoform common in adults) via its C-terminal, and is required for full 

activity of SERCA1a (59). This binding maximizes calcium reuptake to the SR during 

skeletal muscle relaxation (59). STIM1 is able to engage in SOCE with its N-terminal, and at 

the same time regulate ECC with its C-terminal (59). SERCA1a transports cytosolic calcium 

to the SR after SOCE increases the intracellular calcium concentration (60).  

STIM2 is a STIM1 homologue that is also expressed in skeletal muscle (61). STIM2 

plays a similar functional role as STIM1 in skeletal muscle SOCE, promoting extracellular 

calcium uptake to the sarcoplasm (62). Similarly to STIM1, STIM2 binds SERCA1a via its 

Cterminal (62). However, STIM2 exerts negative regulation of SERCA1a activity (62). This 

allows STIM1 and STIM2 together to closely regulate calcium reuptake to the SR (62).   
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Figure 3. Schematic presentation of calcium movements involving STIM1, STIM2 and 

STIM1L in skeletal muscle.   

A skeletal muscle triad junction is depicted to present the roles of STIM1, STIM2 and 

STIM1L in SOCE and calcium movement regulation (A to F). Direction of calcium 

movement is shown by black arrows.  

Abbreviations: DHPR, dihydropyridine receptors; RyR1, ryanodine receptor 1; STIM1, 

stromal interaction molecule 1; STIM2, stromal interaction molecule 2; STIM1L, a long form 

of STIM1; SERCA1a, sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 1a; SR, 

sarcoplasmic reticulum; and, t-tubule, transverse-tubule.  

Reprinted from BMB Reports, Volume 51, Issue 8, Cho et al, With the Greatest Care, Stromal 

Interaction Molecule (STIM) Proteins Verify What Skeletal Muscle Is Doing, Page 378-387, 

Copyright 2018.  

STIM1-dependent SOCE regulates skeletal muscle development   

In addition to the role of SOCE in skeletal muscle contraction, STIM1-dependent  

SOCE regulates skeletal muscle functions such as differentiation, development and growth. 

This regulation is controlled through activation of calcium dependent downstream signals, 

including nuclear factor of activated T-cells (NFAT), mitogen-activated protein (MAP) kinase 

and extracellular signal-regulated kinase 1 and 2 (ERK 1/2) (2, 63, 64).   

SOCE plays a key role in the induction of differentiation processes in skeletal muscle, 

and has been shown to determine the transition from myoblast to excitable muscle fiber (52).   
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The expression of both STIM1 and ORAI1 in skeletal muscle increases during differentiation 

from myoblast to myotube, leading to enhanced SOCE activity (58). This increased 

expression highlights the importance of SOCE during differentiation. STIM1-dependent 

signaling has been documented to promote the maturation and growth of skeletal muscle 

fibers, as well as the determination of type I muscle fibers (8, 54). Skeletal muscle can 

undergo remodeling due to changes in calcium-dependent gene expression in order to regulate 

contractile and metabolic properties of the muscle (65). This can affect the proportion of 

subtypes of muscle fibers (66).   

  

STIM1	and	ORAI1	mutations	cause	myopathy	in	mouse	and	man		
Lack of SOCE has been documented to cause altered fusion, growth and 

differentiation in myoblasts, as well as defective adult skeletal muscle tissue (52, 57). Mice 

lacking functional STIM1 show impaired skeletal muscle growth and perinatal lethality due to 

skeletal myopathy (49, 50, 67). Mouse models have shown that SOCE is important for 

functional sarcoplasmic calcium store refilling by SOCE, muscle differentiation, hypertrophy 

and limiting fatigue (52, 53, 68). Malfunctioning SOCE in muscle leads to increased muscle 

fatigue and lowered exercise tolerance (69). Myotubes that lack functional STIM1 show 

depleted calcium stores, a lack of SOCE and decreased fatigue resistance (50). Patients with 

gain-of-function (GOF) and loss-of-function (LOF) mutations in STIM1 and ORAI1 display 

muscle phenotypes of varying severity (38, 70, 71).    
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Figure 4. Schematic presentation of known STIM1 and ORAI1 disease mutations in relation to 

protein functional domains.  

Gain-of-function (GOF) mutations are labeled with yellow lines, while loss-of-function (LOF) 

mutations are labeled by red lines. A) STIM1 protein structure. Functional areas include 

canonical EF-hand (cEF), hidden EF-hand; (hEF), sterile α-motif (SAM), transmembrane 

(TAM), coiled-coil region (CC), serine-proline-rich domain (S/P),  lysine-rich domain (K) 

and channel activation domain (CAD). B) ORAI1 protein structure.   

Functional areas include arginine-proline-rich domain (R/P), transmembrane domain (TM) 

and coiled-coil domain (CC).   

Reprinted from Cell Calcium, Volume 76, Michelucci et al, Role of STIM1/ORAI1-mediated 

store-operated Ca2+ entry in skeletal muscle physiology and disease, Page 102, Copyright 

2018, with permission from Elsevier.  

  

CRAC	channelopathies		

The syndromes caused by LOF mutations in ORAI1 and STIM1 are named CRAC 

channelopathies due to the fact that they cause significantly impaired function of CRAC 

channels and therefore the abolishment of SOCE (72). LOF mutations in ORAI1 and STIM1 

are autosomal recessive (AR), and patients with heterozygous mutations are asymptomatic, 

despite abnormal SOCE (20). Patients with CRAC channelopathies present with 

Immunodeficiency 10 (IMD10, OMIM #612783) or Immunodeficiency 9 (IMD9, OMIM 

#612782) (72, 73).  
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The muscular phenotype of CRAC channelopathies is congenital and non-progressive, 

and characterized by decreased muscle strength and endurance (20). The myopathy displayed 

by these patients highlights the important role SOCE plays in skeletal muscle function. 

Newborns with CRAC channelopathies present with reduced head control and a generally 

reduced muscle tone (20, 38, 48, 70, 74). Adult patients with LOF ORAI1 mutations display 

general muscle weakness, delayed walking and reduction in walking distance, a positive  

Gower’s sign, ptosis and velopharyngeal weakness in infancy (19, 48). Patients with LOF 

STIM1 mutations present comparably with a generalized, non-progressive muscular hypotonia 

(63, 70, 74).   

Skeletal muscle biopsy results from patients with CRAC channelopathies highlight the 

previously discussed role of SOCE in muscle fiber type differentiation and maintenance.  

Muscle biopsy from a patient with an ORAI1 LOF mutation, ORAI1 p.R91W, has been 

described showing muscle fiber size variation without signs of dystrophy (48). Fiber typing 

was also tested in this patient, which showed a type I fiber predominance and type II fiber 

atrophy (48). Biopsy from a patient with another ORAI1 LOF mutation, ORAI1  

p.V181SfsX9, showed a predominance of type I fibers and a near absence of type II muscle 

fibers (75).   

LOF mutations in murine Stim1 cause myopathy and perinatal lethality  

Loss-of-function mutations in murine Stim1 cause varying degrees of muscle 

phenotype, including reduction in muscle mass, myopathy and perinatal mortality (50, 54).  

Stiber et al described a mouse model lacking functional SOCE, Stim1gt/gt mice (50). Stim1gt/gt 

mice display neonatal lethality due to perinatal skeletal myopathy, and are reported to have 

defective muscle differentiation and muscle contractile activity (50). Stim1gt/gt  mice that 

survived past birth are reported to have a muscle phenotype including hypotonia and muscle 

fatigue (50). Stim1gt/gt  skeletal muscle shows a higher proportion of central nucleation, a sign 

of congenital myopathy, as well as reduced muscle cross sectional area compared to wildtype 

mice (50). Human and mouse myotubes lacking functional SOCE showed depleted calcium 

stores and decreased fatigue resistance (50). STIM1 mRNA expression was shown to increase 

during the period of morphogenetic events of muscle formation (around embryonic day 15.5), 

a finding in line with the role of STIM1 in muscle differentiation (50). Li et al present a 

skeletal muscle specific STIM1 knock-out mouse (mSTIM1) lacking functional SOCE, and 

this mouse model is similarly characterized by perinatal lethality (54). Surviving mice show 

significant growth delay and reduced muscle mass (54). Skeletal muscle lacking functional 
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SOCE showed reduced basal cytosolic and SR calcium levels at rest and impaired growth 

signaling (54). These studies provide important insights into the role of STIM1 and STIM1-

dependent SOCE in skeletal muscle differentiation and function.   

Murine Orai1 LOF mutations cause reduced force and increase skeletal muscle fatigue  

Loss of function Orai1 mouse models have also been documented to cause a 

significant muscle phenotype, including reduced muscle force and increased skeletal muscle 

fatigue (8, 53). Wei-Lapierre et al describe a muscle-specific ORAI1 knockout mouse model 

(dnORAI1), a transgenic model with overexpressed dnORAI1 (53). dnORAI1 mice display 

reduced muscle mass and reduced cross-sectional area of muscle fibers, displaying the role of  

ORAI1-dependent SOCE in normal muscle growth (53). Unlike the Stim1 LOF models, 

dnORAI1 mice are viable and live a normal lifespan (50, 53, 54). ORAI1 in skeletal muscle is 

therefore not required for survival in mice, but rather STIM1 plays an essential role outside of 

STIM1-ORAI1 coupling. Histology of skeletal muscle from dnORAI1 mice reveals normal 

muscle histology and normal distribution of type I, type IIA and type IIB fibers (53). This is 

also in contrast to the skeletal myopathy seen in the Stim1 loss-of-function models (50, 54). 

Skeletal muscle fibers from dnORAI1 mice exhibit reduced contractile force and increased 

fatigue when repetitively stimulated (53).    

Carrell et al describe myopathy in a muscle specific ORAI1 knock-out mouse model 

(8). This model differs from the dnORAI1 model, as it was created by muscle-specific 

ablation of ORAI1 (8). cORAI1-KO mice are viable and display decreased muscle mass (8). 

Fiber type distribution and cross-sectional area, as well as postnatal growth, in postnatal 

cORAI1 mice is similar to wildtype mice (8). Both groups of young mice express a small 

proportion of type I and a larger proportion of type IIA muscle fibers (8). Three months after 

birth, wildtype mice showed an increase in type I fibers and a decrease in type IIA (8). In 

contrast, cORAI1-KO mice showed a decrease in type IIA fibers without a corresponding 

increase in type I fibers, but rather an increase in hybrid fibers expressing both type I and type 

IIA muscle fibers (8). The role of ORAI1 and SOCE in promoting correct myosin expression 

in adult mouse skeletal muscle is therefore either during the transition from fast to slow 

myosin expression after birth (76) or during type I muscle fiber maintenance (77).    

 Skeletal muscle from cORAI1-KO mice displays reduced maximal specific force and 

reduced endurance, as well as decreased cross-sectional area of muscle fibers (8). Decreased 

cross-sectional area is a sign that increased muscle atrophy or reduced muscle hypertrophy is 
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present in these mice, and is a consistent feature in skeletal muscle from Stim1 and Orai1 

LOF models (8, 50, 53, 54).   

  

Gain-of-function	mutations	in	STIM1	and	ORAI1			

GOF mutations in STIM1 and ORAI1 result in a constitutive CRAC channel and 

calcium influx (20). These mutations are autosomal dominant (AD), and cause an overlapping 

spectrum of diseases: from non-syndromic tubular aggregate myopathy (TAM1, OMIM 

#160565, TAM2, OMIM #615883) to Stormorken syndrome (STRMK, OMIM #185070) 

(20). Stormorken syndrome is defined by myopathy, congenital miosis, thrombocytopenia, 

anemia, asplenia, ichthyosis and bleeding tendency, and was first described by Helge 

Stormorken in 1985 (71, 78-80).   

Tubular aggregate myopathy is caused by GOF mutations in STIM1 and ORAI1  

Tubular aggregate myopathies are a group of muscle disorders defined by the 

occurrence of abnormal structures in skeletal muscle, composed of accumulated tubules 

derived from the SR (81, 82). Genetic forms of tubular aggregate diseases are characterized 

by progressive muscle weakness, cramps and myalgia, and include tubular aggregate 

myopathy 1 (TAM 1) and 2 (TAM 2), as well as in Stormorken syndrome (20, 82, 83).  

Patients with heterozygous GOF mutations in the STIM1 EF-hand domain present with 

TAM1, while heterozygous GOF mutations in the ORAI1 TM3 domain cause TAM 2 (73, 

82- 

85).   

Skeletal muscle from patients with TAM shows signs of chronic dystrophic changes 

such as internal nuclei, fibrosis and fiber size variation (82). Tubular aggregates have been 

observed in both type I and II muscle fibers (82). TAM patients have also been described to 

display a predominance of type I fibers, as well as type II fiber atrophy in skeletal muscle (82, 

84). These characteristics highlight the importance of STIM1-dependent signaling in 

promotion of skeletal muscle fiber maturation and growth (8, 54).   

Heterozygous GOF mutations in the STIM1 calcium binding EF-hand domain result in 

a constitutively active STIM1, and SOCE occurs even when the ER is replete with calcium 

(27, 43, 86). A mouse model has been described expressing a Stim1 EF-hand mutation, Stim1  
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D84G (86). There are no reported muscle tests or results reported in this study (86). An 

exploration of a potential muscle phenotype in mice with the Stim1 D84G mutation would be 

valuable to further explore the mechanisms behind the muscle disease seen in TAM1 patients.   

STIM1 R304W causes constitutive SOCE and myopathy  

STIM1 R304W is a missense mutation in STIM1, affecting the cytoplasmic domain of 

the STIM1 protein (71). Heterozygous STIM1 R304W is documented to cause a constitutively 

activated calcium release-activated channel resulting in the multi-organ Stormorken syndrome 

(71, 79). Stormorken patients experience several myopathy-related symptoms. These include 

muscular pain and cramps in the extremities, muscle weakness, lack of endurance capacity, 

and impaired upward and lateral eye movements, as well as high serum levels of creatine 

kinase (71, 78). These symptoms can be explained by the abnormal regulation of the calcium 

flow due to the activated STIM1 (71, 79). Muscle biopsies show myopathy with variation in 

fiber size and tubular aggregates within the cytoplasm or periphery of muscle fibers (78). 

Tubular aggregates were mostly in type II fibers and were associated with atrophy of 

predominantly type II fibers (78).   

We established a knock-in mouse line expressing the mutant Stim1 R304W allele on a 

C57bl6 background using zinc finger technology (87). Stim1 R304W encodes a constitutively 

active protein in both humans and mice (71, 78, 79, 87, 88). Homozygous Stim1 R304W mice 

exhibit perinatal lethality with three survivors, a similar finding as in the Stim1 LOF mouse 

models (50, 54). The surviving three homozygous Stim1 R304W mice exhibit a muscle 

phenotype that includes reduced hind limb muscle mass and pectoral muscles that are almost 

absent (87). No significant dysfunction in general locomotor activity is reported in Stim1 

R304W mice (87).  

Stim1 R304W mice display skeletal muscle degeneration and reduced muscular 

endurance, with an increase in severity from heterozygous to homozygous Stim1 R304W mice 

(87). Skeletal muscle from both heterozygous and homozygous Stim1 R304W mice shows an 

increased number of muscle fibers with centralized nuclei, irregular fiber diameter and 

staining intensity, fatty tissue between muscle fibers and aggregates of inflammatory cells 

compared to wildtype mice (87). Homozygous Stim1 R304W mice exhibit an especially 

severe muscle degeneration (87). Longitudinal muscle sections from homozygous mice 

increased number of hypereosinophilic cells and loss of striation (87). Heterozygous muscle 
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display a less severe phenotype than homozygous based on blinded severity scoring of muscle 

fiber size, loss of striation, hypereosinophilia, centralized nuclei and inflammation (87).   

Cellular muscle function in heterozygous Stim1 R304W mice was reported to be 

similar to that of age and sex matched wildtype mice (87). Resting calcium levels were 

comparable in fibers from the two groups (87). There was also no significant difference in 

force production in isolated muscle fibers from heterozygous and wildtype mice (87). No 

results are reported for homozygous mice due to the high lethality of this group (87).   

  

Reduced	endurance	in	Stim1	R304W	mice	potentially	caused	by	reduced	fatigue-	

resistant	fiber	content	in	skeletal	muscle			

Our three surviving homozygous Stim1 R304W mice presented with severely reduced 

endurance compared to heterozygous Stim1 R304W and wildtype mice (87). Endurance was 

tested on a 5-lane mouse treadmill with an electric grid and the time and distance before the 

mice reached exhaustion was recorded (87). At this phase, the possibility of reduced 

endurance due to heart or lung pathology was explored, yet no heart or lung defects were 

found in the homozygous animals (87). We therefore found no conclusive pathology that 

would suggest the endurance was related to a heart or lung defect in the homozygous mice  

(87).   

  Stim1 and Orai1 LOF mouse models, as well as our Stim1 R304W model, all exhibit 

reduced endurance (8, 50, 53, 87). Both patients with LOF CRAC channelopathies and GOF 

Stormorken syndrome have been documented to display reduced muscle endurance (48, 70, 

71, 78, 89). These findings align with the physiological role of SOCE in sustained function of 

skeletal muscle (50). In cORAI1 knock-out mice, this reduced endurance is suggested to be 

caused by a lower proportion of type I oxidative, fatigue-resistant fibers, as well as reduced 

calcium store capacity (8).   

We hypothesized that the endurance deficit seen in our Stim1 R304W mice is caused 

by muscle degeneration and changes in myosin expression, favoring type IIB fast, glycolytic 

muscle fibers. Therefore, we chose to examine the fiber type distribution, as well as the 

distribution of degeneration between fibers types, in skeletal muscle from homozygous Stim1 

R304W mice to gain a better understanding of this aspect of the severe muscle phenotype.   
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3	Results			
Optimization	of	immunofluorescence	method	for	muscle	fiber	type	staining	

in	murine	skeletal	muscle			

In order to study the distribution of myosin fiber types in skeletal muscle from our 

Stim1 R304W mice, we established a reliable method for using immunohistochemistry to 

stain for type I, type IIA and type IIB myosin fibers.   

Initial	immunofluorescence	method		

Our starting point was the method used in the cOrai1-KO skeletal muscle model 
article by Carrell et al (8). We chose to test the same antibodies for dystrophin and type I, 
type IIA and type IIB myosin fibers as Carrell et al (8) (see methods, table 1). We tested three 
different concentrations for each antibody dilution. This included the concentration used in by 
Carrell et al, as well as half and double this concentration. The following antibody dilutions 
were tested:  

Anti-dystrophin	 1/100	 1/200	 1/400	 

Anti-type	IIB	myosin		 1/10	 1/20	 1/40	 

Anti-type	IIA	myosin	 1/25	 1/50	 1/100	 

Anti-type	I	myosin	 1/100	 1/200	 1/400		 

The initial protocol uses bovine serum albumin (BSA), which binds to the muscle 

sample, preventing unspecific binding of the primary and secondary antibodies.   

In addition to the test slides stained with dystrophin and respectively myosin type I, 

IIA and IIB, we included three control slides. Each of these control slides was stained with 

one of the three secondary antibodies and no primary antibody. Without the primary antibody, 

the secondary antibody should not produce a signal on these slides. Positive signal on these 

slides would therefore represent unspecific binding or background autofluorescence. All 

conditions were the same for staining the negative controls, except that the primary antibody 

dilution was switched out with only a 1% BSA/PBS dilution. The positive and negative 

controls were stained simultaneously.   

Unfortunately, the results from this initial round of staining revealed that all of the 

three control slides showed a strong positive signal. This meant that we could not trust the 

results from this round of staining, and needed to optimize to address the unspecific binding. 
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On the slides with primary antibody, the dilutions recommended by Carrell et al performed 

best for all three primary antibodies tested.  

Reduction of positive signal in negative controls   

To minimize the unspecific binding resulting in positive signal in the negative 

controls, we tested alternative blocking methods. The secondary antibodies used in our 

experiments are produced in a goat host. We therefore decided to test blocking with goat 

serum albumin instead of bovine serum albumin. The second change made was to incorporate 

Tween 20 and Tween 80 in the staining protocol. Both are non-ionic surfactants used as 

detergents to prevent non-specific binding by removing unbound antibodies.   

The changes in the protocol (see methods) solutions used for antibody dilutions in the 
second round were therefore:  

Primary antibody dilution  PBS/0.5% tween 80/10% goat serum 
albumin  

Secondary antibody dilution  PBS/10% goat serum albumin  

Blocking solution  PBS/0.5% tween 80/10% goat serum 
albumin  

Final wash  PBS/0,01% tween 20  

  

When analyzing the slides after this second round of staining, there was significantly 

less positive signal in the negative controls, except for a signal on all of the slides in the green 

color range. This was unexpected because it was on both the slide stained with a green 

secondary, and the slides stained with only one of the other two secondaries (red and blue). 

Because all three negatives (slides stained with only a secondary antibody and not a primary 

antibody) also showed this green signal, we postulated that the signal may be from something 

other than the green secondary antibody. Discussion with colleagues in the field revealed that 

skeletal muscle can give a green autofluorescence (pers comm). Autofluorescence is a 

fluorescent emission due to endogenous fluorophores (90). This seemed a likely explanation 

as to why we were observing a green signal in all the slides, both with and without green 
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secondary antibody, and we had to reconsider the use of the green secondary antibody as the 

signal could not be differentiated from the autofluorescence.   

Interpreting background autofluorescence   

In order to solve this issue, we introduced a blue secondary antibody to detect type IIA 

fibers. We switched to a green secondary antibody to detect dystrophin. The reason for this is 

that the dystrophin stain was used to visualize fibers, but it was not used for counting the 

number of each type of fiber. We could therefore accept the level of background green 

autofluorescence without it affecting our ability to discern between type I, type IIA and type 

IIB fibers.   

In order to analyze adjacent slides and to be sure that the antibodies were correctly 

staining one myosin fiber type and not multiple, we tested a triple staining. That meant that on 

one section we stained for type IIA and IIB as well as dystrophin and on an adjacent section 

we stained for type I and dystrophin. We could then compare the two adjacent sections for 

any overlap between the fiber types.   

The final change we made to the protocol was to alter the dilution of secondary 

antibodies from 1/400 to 1/200. We decided to increase the concentration in order to improve 

the clarity and definition of each muscle fiber stained for type I, type IIA or type IIB. This 

aided in differentiating single muscle fibers from each other. Once we were satisfied with the 

staining method, we used image tiling to present an overview of each muscle sample (figure 

5). This was advantageous compared to analyzing multiple individual sections of each 

sample, as differences in the number of specific fiber types could be seen directly in the 

images.   
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Figure 5. Examples of tiled images.                             

Tiling creates a full overview of the muscle section and composition of muscle fibers. This 

allows for a visual representation of the proportion of muscle fiber types within the muscle 

section. The image on the left is of a Stim1 R304W/R304W section stained for myosin type IIA 

(blue) and IIB (red), as well as dystrophin (green). The image on the right is from an earlier 

staining round with dystrophin (red) and type IIA (blue).   

  

Degenerative	changes	seen	in	both	type	IIA	and	IIB	muscle	fibers	from	

homozygous	Stim1	R304W	mice		
  Histology from homozygous Stim1 R304W skeletal muscle was previously presented 

showing severe muscle degeneration, including irregular muscle fiber size, loss of striation, 

hypereosinophilia, centralised nuclei and inflammation (91). We performed 

immunofluorescence (IF) staining of type I, IIA and type IIB muscle fibers to assess if the 

fiber types were differently affected by the degeneration. IF of hind limb skeletal muscle from 

homozygous Stim1 R304W mice clearly documented degeneration in both type IIA and type 

IIB muscle fibers (figure 6). Degeneration was not seen in type I muscle fibers (figure 7).   
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Figure 6. Degeneration of type IIA and type IIB muscle fibers.  

IF showing degenerative changes with loss of fiber structure, that seem to be equally 

distributed in muscle fiber types IIA and IIB in Stim1 R304W/R304W mice. Type IIA fibers are 

stained blue and type IIB fibers are stained red in Stim1 R304W/R304W (A) and wild type mice 

(B). Dystrophin is stained green and shows the sarcolemma.   

  

Increased	proportion	of	type	I	myosin	fibers	in	skeletal	muscle	from	

homozygous	Stim1	R304W	mice		

Patients with CRAC channelopathies and STIM1 and ORAI1 GOF mutations, as well 

as ORAI1 knock-out mice, have been described to present altered expression of type I muscle 

fibers (8, 48, 75, 82, 84, 92, 93). Our Stim1 R304W mice present with significantly reduced 

endurance (87), and as type I fibers are fatigue-resistant, we decided to explore whether type I 

fiber expression was altered in our homozygous mice. Immunohistological evaluation was 

performed in order to assess if the hind-limb muscle in homozygous Stim1 R304W mice has 

an increased proportion of type I fibers compared to wildtype counterparts. Results showed a 

tendency towards increased type I muscle fiber expression in homozygous Stim1 R304W 

mice (figure 7). Due to homozygous lethality, only three mice were examined and we have 

therefore results from too few mice to present this finding as a definitive feature of the Stim1 

R304W muscle phenotype.   

  

  

	 

A   B   
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Figure 7. Increased proportion of type I muscle fibers in homozygous Stim1 R304W mice. 

Randomly selected sections from hind limb skeletal muscle in homozygous Stim1 R304W/R304W 

mice (D-F) show higher density of type I fibers compared to the wildtype mice (A-C). 

Degeneration was not seen in type I fibers (D-F). Type I fibers are stained red, and dystrophin 

is stained green to detect the sarcolemma. Images are tiled to present full muscle section 

cross-sections.   
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4	Discussion			
In this study, we explored the muscle fiber type distribution in skeletal muscle from 

Stim1 R304W homozygous mice. First, we developed an immunofluorescence method to 

portray clean and distinguishable signals for the three selected fiber types: type I, type IIA and 

type IIB. This included optimization of primary and secondary antibodies selection and 

dilution for precise signals, as well as inclusion of a goat serum block and tween 80 to 

minimize unspecific binding. The imaged results of these experiments were then tiled together 

to produce full size images of the muscle sections, giving a visual overview of muscle fiber 

distribution. This optimized method allowed us to muscle fiber type degeneration and 

proportion, showing a tendency towards an increase in type I fibers and degeneration of type 

IIA and IIB fibers in homozygous Stim1 R304W mice. Further, this method can be utilized for 

future exploration of the muscle fiber phenotype in Stim1 R304W mice.   

  

Degenerative	changes	in	type	IIA	and	IIB	muscle	fibers			
Degenerative changes were seen in both type IIA and IIB muscle fibers from 

homozygous skeletal muscle, compared to normal fiber structure observed in wildtype 

skeletal muscle (figure 6). Type II muscle fiber degeneration and atrophy is well described in 

patients with mutations in ORAI1 and STIM1 in current literature, making our finding 

interesting in the broader context of SOCE dysfunction and muscle fiber degeneration.   

Both patients with GOF and LOF mutations in ORAI1 and STIM1 have been 

documented to present with type II muscle fiber degeneration. Such findings have been 

described in patients with the following LOF mutations:  ORAI1 R91W (48) and ORAI1 

V181SfsX8 (75). GOF mutations with documented type II fiber degeneration include STIM1  

R304W (78) and EF-hand mutations STIM1 I115F (84), STIM1 D84E (92), STIM1 H109R  

(73, 84), STIM1 H109N (73), STIM1 H72Q (73), STIM1 G81D (85) and STIM1 F108L (82). 

The presence of muscle fiber type II degeneration in patients with both LOF and GOF 

mutations affecting SOCE shows that both constitutive activation and lack of SOCE promote 

malfunction in the maintenance of healthy type II muscle fibers. As STIM1-dependent 

signaling has been shown to promote maturation and growth of skeletal muscle fibers, and 

calcium-dependent gene expression has been documented to promote skeletal muscle 

remodeling, the mechanism behind this observed muscle fiber degeneration could lay within  

the dysfunction of one of these key functions (8, 54, 65).   
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A similar finding of type II muscle fiber degeneration has yet to be described in mouse 

models of altered SOCE. Our finding of degeneration in both type IIA and IIB muscle fibers 

therefore indicates that the degeneration often seen in patients with STIM1 or ORAI1 

mutations may also be present in relevant murine models. Murine studies in both increased 

and decreased SOCE settings would provide novel insights regarding the mechanism of 

calcium influx dysregulation and muscle fiber degeneration. This would lead to a better 

understanding of the role of SOCE in muscle fiber homeostasis, as well as of the pathological 

mechanisms affecting patients with dysregulated SOCE.   

  

Increased	expression	of	type	I	muscle	fibers			
Our experiments indicated a tendency towards increased proportion of type I muscle 

fibers in homozygous Stim1 R304W mice compared to their wildtype counterparts. This 

finding is especially interesting in light of similar findings from both mouse models and 

patients with dysfunctional SOCE. In addition, signs of degeneration was not seen in type I 

muscle fibers.   

Patients with GOF mutations in STIM1 and ORAI1 have been documented to have a 

type I muscle fiber predominance. STIM1 GOF mutations which cause an increased 

proportion of type I muscle fibers include EF-hand mutations STIM1 I115F (84), STIM1 

D84E (92), STIM1 D84G (73), STIM1 H109R (73, 84), STIM1 H109N (73), STIM1 H72Q 

(73) and STIM1 F108I (82). The following ORAI1 GOF mutations have also been 

documented to cause an increased prevalence of type I fibers: ORAI1 G98S (94), ORAI1 

L138F (94) and ORAI1 S97C (95). GOF mutations therefore cause a consistent phenotype, 

where both ORAI1 and STIM1 GOF mutations have been documented to lead to an increased 

expression of type I muscle fibers in skeletal muscle.   

Unlike for GOF mutations, studies of type I muscle fiber expression in SOCE LOF 

contexts have resulted in diverging findings in man and mouse. Patients with CRAC 

channelopathies due to ORAI1 LOF mutations ORAI1 R91W (48) and ORAI1 V181SfsX8  

(75) have been reported to have a predominance of type I fibers in skeletal muscle. However, 

cOrai1-KO mice, a constitutive and inducible muscle-specific ORAI1-knockout, are reported 

to show a decrease in the proportion of type I myosin fibers in skeletal muscle (8). This 

difference, an increase of type I fibers in patients with ORAI1 LOF mutations and a decrease 

of type I fibers in Orai1 LOF mice, should be further explored in order to provide clarity as to 
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the mechanism and effect of ORAI1 LOF mutations on type I fiber development and 

homeostasis.   

Current evidence therefore shows that SOCE dysregulation, both due to GOF and  

LOF mutations, causes an altered proportion of type I muscle fibers in skeletal muscle. While 

GOF mutations have been shown to cause an increase in type I muscle fibers, LOF mutations 

are reported to cause increased type I expression in patients and reduced type I expression in 

mice. The expected effect of each of these SOCE dysregulations, as well as the underlying 

mechanism, is therefore still unclear in current literature.  

The Stim1 R304W mouse model that was published by Silva-Rojas et al in 2019 

described a predominance of type I fibers in EDL, gastrocnemius and soleus muscles from 

four month old heterozygous Stim1 R304W mice (96). In combination with our finding of a 

tendency towards increased proportion of type I fibers in homozygous Stim1 R304W mice, 

these results indicate an important role for SOCE in regulation of type I fiber development in 

both man and mouse. The reason for this increased expression of type I fibers could be based 

on the role of calcium signaling in regulating the expression of type I muscle fibers (8, 97). 

Another theory could be that due to the severe muscle pathology seen in homozygous Stim1 

R304W mice, regular forms of physical activity are physically challenging for the skeletal 

muscular system of these mice and lead to signaling promoting slow twitch type I muscle 

fiber expression in attempt to compensate for the reduced muscle function.   

  

Expression	of	STIM1	in	murine	skeletal	muscle			
An understanding of the mechanism behind the degeneration and altered muscle fiber 

type expression in our homozygous Stim1 R304W mice must be seen in light of whether our 

mouse model expresses a constitutive STIM1 or a loss of STIM1 expression in skeletal 

muscle.   

In characterizing the muscular phenotype of the Stim1 R304W mouse line, 

immunofluorescence findings in embryos showed clear STIM1 expression in skeletal muscle 

fibers from the three surviving homozygous mice (87). In contrast, STIM1 expression was too 

low for western blot detection in homozygous skeletal muscle (87). IF results showed a 

weaker signal in cells with signs of degeneration (pers comm), so one explanation could be 

that a significant faction of the cells used for the western blot were degenerated, therefore 
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causing the STIM1 expression in these cells to be too low for detection. Another explanation 

could be that skeletal muscle in our Stim1 R304W mice express a reduced level of STIM1 

relative to wildtype mice, which may compensate for constitutive activity of the protein. The 

cause of lethality in our homozygous Stim1 R304W mice is still unknown, but if the cause is 

due to skeletal muscle pathology, it is possible that our three homozygous mice survived due 

to a downregulation of the mutant STIM1 protein in skeletal muscle.   

Silva-Rojas et al report STIM1 protein levels in skeletal muscle from their 

heterozygous Stim1 R304W mice similar to the expression level in wildtype mice (96). 

SilvaRojas et al do not present results from homozygous Stim1 R304W mice (96). As these 

findings are from heterozygous mice and ours from homozygous mice, and due to the fact that 

there may be significant differences between these two mouse models, these results regarding 

STIM1 expression are not directly comparable.   

Further calcium handling and cellular muscle function tests were not performed on 

homozygous skeletal muscle in either publication (87, 96). Silva-Rojas did not have 

homozygous Stim1 R304W to analyze due to lethality, and we only had three survivors after 

numerous heterozygous to heterozygous crosses (87, 96). These conditions restrict the scope 

of skeletal muscle studies that have been possible to perform so far in homozygous Stim1 

R304W mice. Findings in heterozygous skeletal muscle differ between the two publications. 

We found similar results between heterozygous and wildtype mice in regards to calcium 

handling and force production in isolated muscle fibers in resting state and during fatigue 

(87). Silva-Rojas et al report increased resting calcium levels, increased extracellular calcium 

influx and unaffected calcium storage in cultured Stim1R304W/+ myotubes (96). These results 

further draw into question the degree of mutant STIM1 expression in our mouse model, and 

the degree of similarity between our Stim1 R304W and the Silva-Rojas model.   

These findings collectively inform the skeletal muscle work presented in this thesis. A 

downregulated expression of the mutant STIM1 protein could mean that the phenotype seen 

in our homozygous mice is an altered, milder version of what would be seen if the constitutive 

SOCE was in full effect. On the other hand, it is possible that mutant STIM1 is not expressed 

in skeletal muscle in our mouse model. It is therefore not possible to say with certainty 

whether our Stim1 R304W mouse model represents a GOF or LOF in skeletal muscle, and the 

results of degeneration in type II muscle fibers and increased expression of type I muscle 

fibers must be understood within this context. As both GOF and LOF mutations have been 

seen to cause an increase in type I muscle fiber expression in patients (48, 73, 75, 82, 84, 92, 
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94, 95), our finding in homozygous Stim1 R304W mice could be caused by either. In regards 

to degeneration of type II fibers, this is also a finding that has been documented in patients 

with both GOF and LOF mutations (48, 73, 75, 78, 82, 84, 85, 92), meaning this finding could 

also be caused by either category of SOCE dysfunction in our Stim1 R304W mice.   

  

Reduced	endurance	of	homozygous	Stim1	R304W	mice				
We decided to explore the expression of type I muscle fibers in our Stim1 R304W 

mice due to the severely reduced endurance observed in homozygous Stim1 R304W mice 

(87). It must therefore be considered whether the increased proportion of type I fibers has a 

correlation with the severely reduced endurance seen in our Stim1 R304W mice.   

Homozygous Stim1 R304W mice display extensive muscle pathology, including 

reduced muscle mass and muscle fiber degeneration. Reduced muscle mass as well as muscle 

degeneration likely contribute to the reduced endurance of the homozygous mice. Further, as 

presented in this thesis, homozygous mice likely have an altered myosin fiber type 

distribution and type II muscle fiber degeneration, which may also contribute to the severe 

reduction seen in endurance.    

Type I muscle fibers are composed of slow, fatigue resistant myosins, and muscle 

biopsies from endurance athletes have been found to show slow type I fiber predominance 

(10). This means that an increase in type I fibers would be predicted to increase endurance 

rather than decrease performance. It could therefore be reasoned that the reduction in 

endurance in our homozygous Stim1 R304W mice is due to other features of the muscular 

phenotype seen in our homozygous mice, such as the degeneration seen in type II fibers and 

the reduction in muscle mass.   

  
Future	aspects		

Homozygous	Stim1	R304W	lethality	currently	a	road	block	to	larger	scale	

investigations			

The results presented in this thesis are limited by the low number of homozygous 

Stim1 R304W mice that have survived birth. Higher numbers of skeletal muscle samples from 

homozygous Stim1 R304W mice would strengthen our findings, and clarify if these results are 

tendencies or significant findings in relation to wildtype mice. We would also be able to 
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examine additional elements of the phenotype and to address mechanistic questions regarding 

these findings.   

An achievable first step would be to expand the current experiments to include 

samples from heterozygous Stim1 R304W mice. The original question we aimed to address 

was the potential cause of the severely reduced endurance found in our homozygous Stim1 

R304W mice, while heterozygous mice did not have significantly altered endurance as 

compared to wildtype counterparts (87). Our findings of type I muscle fiber predominance 

and type II fiber degeneration raise questions beyond the original context of reduced 

endurance. These include the mechanistic role of SOCE in muscle fiber type differentiation 

and homeostasis, as well as muscle fiber degeneration.   

Results from a study of skeletal muscle from our heterozygous Stim1 R304W mice 

would be highly relevant in this context. The heterozygous Stim1 R304W mice are viable, and 

therefore the issue of available tissue we faced in experiments on homozygous Stim1 R304W 

skeletal muscle would not be a hindrance. While the heterozygous Stim1 R304W phenotype is 

not as severe as the homozygous, also in regards to reduction of muscle mass and 

morphological findings (87), Silva-Rojas et al publish convincing results from heterozygous 

Stim1 R304W mice (96). These findings include internalized nuclei, fibrosis, infiltration of 

inflammatory cells and increased expression of type I muscle fibers in skeletal muscle from 

heterozygous Stim1 R304W mice. Our Stim1 R304W model and the Silva-Rojas model 

present some different features, for example regarding prolonged bleeding time and 

thrombocytopenia, indicating a potentially dissimilar phenotype between the two mouse 

models (87, 96). Therefore, an exploration of muscle fiber type degeneration and expression 

in our Stim1 R304W mice could provide new insights in regards to the muscle phenotype in 

our mouse model.   

In order to address the low number of homozygous Stim1 R304W mice available for 

study, one possibility would be to cross mice from our transgenic Stim1 R304W strain with an 

inbred mouse line. This type of crossing could address any genetic drift in our strain and 

produce a greater number of viable homozygous mice. Another option would be to in the 

long-term produce an inducible skeletal muscle-specific knock-in model expressing the Stim1 

R304W mutation. This type of model would allow for isolation of the muscle phenotype, and 

could address whether or not the lethality seen in Stim1 R304W is due to muscle dysfunction. 

If the skeletal muscle-specific knock-in is viable, or displays a less severe degree of lethality, 

this would allow the experiment optimized in this paper to be used at a greater scale. Starting 
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a new mouse line is a cost and time-intensive project, and must be considered based the 

desired future experiments and necessity of a muscle-specific Stim1 R304W model.  

A	closer	look	at	the	cause	of	altered	myosin	fiber	type	distribution			

  The available material for our immunofluorescence experiment was frozen muscle 

samples collected from the three homozygous mice post-euthanasia. The homozygous mice 

were euthanized at the age of 5-6 months, and therefore our muscle fiber type findings are 

from this age group. It would be valuable to explore the muscle fiber type distribution at 

multiple time points in the life of these mice, in order to discern if the altered distribution is 

caused congenitally or developmentally. An experiment set-up including muscle samples 

from fetal, young and adult mice would be valuable to further explore our finding of increased 

proportion of type I fibers in homozygous Stim1 R304W mice. This would give the 

opportunity to investigate if a potential change in myosin type distribution is developmental, 

and eventually at which developmental phase the abnormalities begin. Such results could 

provide insight as to the mechanisms behind the changes in distribution of myosin type, and 

therefore clues as to logical paths for further investigation. We currently do not have skeletal 

muscle tissue from homozygous Stim1 R304W mice aged between newborn and 5 months, 

but the above proposed solutions of refreshing our mouse line, creating an inducible 

skeletalmuscle specific knock-in or examining heterozygous Stim1 R304W mice could make 

further experiments possible.  

Carrell et al hypothesize based on their inducible, skeletal muscle-specific cORAI1KO 

model that ORAI1 is either necessary for the transition of fast to slow myosin fiber expression 

postnatally or for type I myosin maintenance (8). Carrell et al report that young wildtype mice 

showed an initial larger proportion of type IIA as compared to type I, and a transition by three 

months old with an increase in type I fibers and decrease in IIA. cORAIKO mice are reported 

to lack the increase of type I fibers, while the number of type IIA decreased similarly to 

wildtype counterparts (8). This indicates an important function for SOCE in balanced 

expression of myosin fiber types in adult murine skeletal muscle, and potentially due to a role 

in regulating the transition from type IIA to type I fibers. The increased proportion of type I 

fibers seen in our Stim1 R304W model could therefore be a result of a malfunction of this 

transition from type IIA to type I fibers. An experiment such as the one outlined above 

examining multiple age groups would address this question.   
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Myosin	fiber	type	distribution	in	specific	muscles		

  The skeletal muscle samples examined in this thesis are sections from the upper hind 

limbs of the euthanized mice, which includes the quadricep and hamstring muscles. Our 

experiment design was limited to the available skeletal muscle tissues from the three 

surviving Stim1 R304W mice. As mammalian skeletal muscle displays muscle fiber type 

heterogeneity, it would be of value to explore muscle fiber type distribution in a selection of 

muscles in Stim1 R304W mice. A similar distinction was made by Carrell et al, where the 

authors studied muscle fiber distribution in extensor digitorum longus, flexor digitorum 

brevis, soleus and tibialis anterior (8). Soleus, for example, is typically described as a slow 

twitch muscle and therefore would be expected to have a greater proportion of type I fibers 

(10). An experiment set-up including examination of a selection of different muscles would 

allow us to explore whether the altered myosin fiber type distribution presented in this thesis 

is localized to the hind leg muscles examined, or a phenotype affecting a diverse set of muscle 

groups.   
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4	Methods		
The three homozygous Stim1 R304W mice studied in this experiment were euthanized 

in 2015 (87). Under characterization of the phenotype of these mice, skeletal muscle was 

dissected and preserved for later experiments. The method for preparation of these samples 

was:    

Quadriceps and hamstring muscle samples were embedded in Tissue-Tek® O.C.T. 

Compound (Sakura Finetek, Torrance, USA) and immersed in liquid nitrogen-chilled 

isopentane at – 160 oC for 15 seconds. The embedded tissue was subsequently wrapped in 

plastic coated aluminum foil and stored temporarily in liquid nitrogen and later stored 

permanently in an ultra-freezer at – 70 oC.    

Muscles were cut into 10-µm-thick sections using a Leica CM 3050 cryostat (Leica 

Biosystems, Wetzlar, Germany) and mounted on Superfrost PlusTM slides (Thermo Fisher 

Scientific, Waltham, USA).   

Sections were defrosted at room temperature for an hour, and then fixed by complete 

submersion in cold acetone for 10 minutes. Sections were then airdried for 10 minutes, 

followed by rehydration by complete submersion in phosphate-buffered saline (PBS, pH 7,3) 

with 0.5% tween 80 for 10 minutes. Airdrying and rehydration was repeated for a total of 

three rounds. Sections were then blocked with PBS/0.5% tween 80/10% goat serum albumin 

for 10 minutes by pipetting solution directly over the tissue sample until fully covered.   

Sections were incubated for one hour at room temperature with the selected primary 

antibodies (see table 1). Primary antibody was diluted in PBS/0.5% tween 80/10% goat serum 

albumin. Sections were washed with PBS by complete submersion for five minutes, repeated 

three times for a total of fifteen minutes. Sections were then incubated in the dark for one 

hour at room temperature with the appropriate matching secondary antibodies (see table 1). 

Secondary antibodies were diluted in PBS/10% goat serum albumin. After secondary 

antibody staining, sections were washed with PBS by complete submersion for five minutes, 

repeated two times. Lastly, sections were washed with PBS/0,01% tween 20 by complete 

submersion for five minutes.   
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Sections to be stained for type IIA and IIB muscle fibers were incubated with rabbit 

anti-dystrophin and mouse anti-type IIB myosin antibodies, followed by goat anti-rabbit 

Alexa Fluor 488 and goat anti-mouse IgM Alexa Fluor 594 secondary antibodies. The same 

sections were then incubated with mouse anti-type IIA myosin, followed by goat anti-mouse 

IgG (H+L) Alexa Fluor 350 antibodies. Adjacent sections to be stained for type I muscle 

fibers were incubated with rabbit anti-dystrophin and mouse anti-type I myosin antibodies, 

followed by goat anti-rabbit Alexa Fluor 488 and goat anti-mouse IgG1 Alexa Fluor 594 

secondary antibodies. All conditions were the same for staining the negative controls, except 

that the primary antibody dilution was switched out with only a PBS/0.5% tween 80/10% goat 

serum albumin dilution.  

Image tiling was produced using the program Zen Pro 2012. The cameras used were 

AxioCam HRc Rev 3 (color) and AxioCam HRm Rev 3 (black/white) on an Axio Imager M2 

microscope (Carl Zeiss AG, Oberkochen, Tyskland).  
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Table1: Immunofluorescence antibodies  

 Primary Ab               Secondary Ab   

Binds to  Isotype  Company  Dilution   Properties  Company  Dilution  

Myosin 

heavy chain  

IIB  

Mouse  

IgM  

Developmental  

Studies  

Hybridoma  

Bank, BF-F3  

1:20  Alexa 594 
goat α 
mouse IgM  

Thermo  

fisher  

1:200  

  

Myosin 

heavy chain  

IIA  

Mouse  

IgG1  

Developmental  

Studies  

Hybridoma  

Bank, SC-71  

1:50  Alexa 350 
goat α 
mouse IgG1  

Thermo  

fisher  

1:200  

  

Myosin  

slow type I  

Mouse  

IgG1  

Sigma Aldrich,  

MAB1628  

1:200  Alexa 594 
goat α 
mouse IgG1  

Thermo  

fisher  

1:200  

Dystrophin  Rabbit  

IgG  

Abcam,  

Ab15277  

1:200  Alexa 488 
goat α 
rabbit IgG  

Thermo  

fisher  

1:200  
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