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Kaakinen, Mika, Functional microdomains in the specialized membranes of
skeletal myofibres. 
University of Oulu, Faculty of Medicine, Institute of Biomedicine, Department of Anatomy and
Cell Biology,  P.O. Box 5000, FI-90014 University of Oulu, Finland
Acta Univ. Oul. D 1112, 2011
Oulu, Finland

Abstract
The function of skeletal muscle is to generate force and produce movement. These tasks are
carried out by long multinucleated cells, the skeletal myofibres. The membrane system and the
cytoskeleton of these cells are uniquely organized to respond rapidly to neuronal stimuli and to
achieve efficient contraction. In the present study the organization and distribution of selected
protein/lipid based microdomains that reside in the plasma membrane and sarcoplasmic reticulum
of isolated rat skeletal myofibres, were investigated. 

Aquaporin 4 (AQP4) water channels are arranged as higher order oligomers of several sizes in
the sarcolemma and in the T tubules. These oligomers, however, were absent from many
specialized micro- and- macrodomains. The distribution of AQP4 coincided with that of a highly
organized protein assembly, the dystrophin glycoprotein complex (DGC), in the sarcolemma. A
chimaeric venus-AQP4 was equally mobile in the T tubules and sarcolemma, but the anchoring
mechanisms of the protein appeared to be different. 

In contrast to AQP4, the proteins resident in cholesterol and sphingolipid-based microdomains,
known as rafts, also occupied DGC deficient areas, which surround the T tubule openings. Indeed,
flotillin-1 rafts were located in the neck portions of the T tubules. The rafts defined by the
influenza haemagglutinin (HA) also resided in DGC deficient areas, but at the borders of the DGC
area. Importantly, of the raft proteins, only the localization of caveolin 3 (CAV3) was dependent
on the cholesterol enriched lipid environment, as evidenced by cholesterol depletion experiments
and localization studies on a non-raft associated variant of HA. 

The organization and distribution of membrane associated rough ER (RER) proteins were also
analysed. Biochemical detergent extraction analyses and immunofluorescence staining indicated
that the ER proteins were assembled as microdomains within the sarcoplasmic reticulum (SR).
The microdomains were distributed throughout the SR network and they were capable of protein
translocation. 

Taken together, skeletal myofibres comprise visually distinct microdomains both in the plasma
membrane and in the SR. In the plasma membrane, different types of microdomains are not
homogenously distributed and function in diverse locations. This may have important
physiological implications concerning, among other things, local regulation of ion concentrations
and cell signalling cascades. Different constraints ranging from protein-protein interactions to the
surrounding lipid environment are important for dictating the observed distribution patterns. 

Keywords: aquaporin 4, aquaporins, dystrophin glycoprotein complex, membrane
microdomains, OAPs, rafts, sarcolemma, sarcoplasmic reticulum, skeletal muscle
fibres, translocon, transverse tubules
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Tiivistelmä
Luustolihaksen toimintojen perustana ovat supistumiskykyiset lihassolut, joiden kalvorakenne
on järjestynyt erityisellä tavalla ohjaamaan supistusta. Tässä tutkimuksessa analysoitiin proteii-
ni- ja lipidiperustaisten mikroalueiden järjestäytymistä ja tähän vaikuttavia tekijöitä luustolihas-
solun solukalvolla sekä lihassolun sisäisessä kalvojärjestelmässä, sarkoplasmisessa verkossa
(SR). 

Ensin analysoitiin vesikanavatyyppiä 4 (AQP4), joka oligomerisoituessaan muodostaa eriko-
koisia mikroalueita. Havaittiin, että AQP4-mikroalueita esiintyy kaikkialla solukalvolla lukuun
ottamatta eräitä erilaistuneita mikro- ja makroalueita. AQP4-oligomeerien jakauma solukalvon
lateraalisessa osassa, sarkolemmalla, noudatti dystrofiini-glykoproteiinikompleksin jakaumaa.
Fluoresoivan venus-AQP4-proteiinin avulla osoitettiin, että proteiinin liikkuvuus oli samanlai-
nen solun sisään ulottuvissa poikkiputkistoissa ja sarkolemmalla, mutta liikkuvuutta rajoittavat
tekijät olivat erilaisia näissä solukalvon osissa. 

Toiseksi analysoitiin kolesteroli- ja sfingolipidipitoisia mikroalueita, kalvolauttoja. Flotilliini-
1- ja influenssaviruksen hemagglutiniini (HA) -proteiinia sisältäviä lauttoja esiintyi vain poikki-
putkien suuaukkojen alueella, mutta lauttojen jakauma oli erilainen. Lauttojen lipidiympäristöl-
lä ei ollut vaikutusta proteiinien sijaintiin. Tämä osoitettiin kolesterolin poistokokeilla sekä
kokeilla, joissa käytettiin mutatoitua HA-proteiinia, joka ei hakeudu kolesteroliympäristöön.
Kaveoliini-3-proteiinin sijainti poikkeaa edellä mainituista, ja kolesterolin poisto vaikutti mer-
kittävästi sijainnin määräytymiseen. 

Kolmanneksi analysoitiin, miten karkean endoplasmakalvoston proteiinit ovat järjestäyty-
neet SR:ssä. Havaittiin, että endoplasmiset kalvoproteiinit eivät ole homogeenisesti levittäyty-
neet SR-kalvostoon vaan muodostavat pieniä mikroalueita. Detergenttiuuttoanalyysit osoittivat
lisäksi, että näissä mikroalueissa on erilainen lipidikoostumus kuin SR:ssä yleensä. Huomattavaa
oli myös, että mikroalueet olivat toiminnallisia kaikkialla SR-kalvostossa. 

Tulosten perusteella luustolihassolujen kalvojärjestelmä sisältää mikroalueita, joiden jakautu-
minen vaikuttaa hyvin organisoituneelta. Erityisesti solukalvon mikroalueet esiintyvät tietyillä
spesifeillä alueilla, joissa niiden voidaan olettaa toimivan mm. erilaisissa solusignalointitapahtu-
missa ja paikallisessa ionipitoisuuksien säätelyssä. Eräissä tapauksissa lipidiympäristöllä on
merkitystä mikroalueiden sijainnin määräytymisessä, mutta proteiinien sitoutuminen solukalvo-
tai solukalvon alaisiin rakenteisiin saattaa myös olla määräävä tekijä. 

Asiasanat: kalvolautta, kolesteroli, lipidit, luustolihassolu, oligomeeri, poikkiputkisto,
sarkolemma, vesikanava
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1 Introduction 

A large number of cellular functions are dependent on a proper organization of the 

membrane proteins and on their relationships with membrane lipids. Accordingly, 

many proteins are assembled into small microdomains, in which they perform 

various functions ranging from signal transduction to the transport of water and 

small solutes. In an endomembrane system, the membrane proteins involved in 

translocation and maturation of other membrane associated proteins form a 

functional complex. In many cell types the microdomains are concentrated and 

sorted to certain cellular locations, which indicates that this organization has a 

crucial impact on cellular functions.  

Multinucleated skeletal myofibres contain a membrane system that is not 

found in any other cell types. The plasma membrane is divided into two 

functionally divergent compartments, transverse tubules (T tubules) and 

sarcolemma (Fig. 3). The latter contains specialized macrodomains, 

neuromuscular junction (NMJ), which is responsible for the initiation of action 

potentials as a result of neuronal stimulation and myotendinous junctions (MTJ), 

which mediate the force produced by the myofibre to the tendon. Nonjunctional 

sarcolemma can be divided into two domains defined by several membrane 

associated and subsarcolemmal proteins. Accordingly, domains that surround the 

T tubule openings lack these proteins whereas the rest of the sarcolemma is 

enriched with them. The T tubules are a few tens of nanometers in diameter and 

form an enormous network inside the myofibre. The tubules are functionally 

associated with the endomembrane system called the sarcoplasmic reticulum (SR), 

which is responsible for the release and uptake of calcium, an important agent 

required for muscle contraction. The SR also contains components of the rough 

ER (RER), but the functional organization of this system is not fully understood.  

This work was carried out to investigate the distribution and organization of 

several protein- and lipid-based microdomains in highly specialized membranes 

of skeletal myofibres. Methods and knowledge obtained from non-muscle cells 

were exploited to gain insight into how the localization of different microdomains 

is related to specialized compartments in the membranes and the mechanisms 

underlying this localization.  
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2 Review of the literature 

2.1 The concept of membrane microdomains 

The original fluid mosaic theory of biological membranes proposes that proteins 

and lipids are homogenously distributed in a lipid bilayer (Singer & Nicholson 

1972). It was later shown, however, that certain lipids and proteins tend to 

segregate in discrete microdomains (Karnovsky et al. 1982, Thompson & Tillack 

1985, Brown & Rose 1992). In the current model, lipids with properties favouring 

interactions with each other form discrete islets within a bulk lipid sea (Simons & 

Ikonen 1997). These islets or lipid rafts contain a specific set of proteins, which 

are trapped in a lipid environment via lipid-protein and protein-protein 

interactions (Simons & Ikonen 1997). Estimations of the total fraction of rafts in 

cell membranes range from 10% to 80% according to the methods used and the 

cell or membrane domain in question (Maxfield 2002). Nonetheless, the rafts are 

thought to be involved in a number of cellular functions, particularly in signal 

transduction and membrane traffic (Simons & Ikonen 1997, Simons & Toomre 

2000).  

The rest of the plasma membrane, which is composed predominantly of 

glycerophospholipids also contains microdomains, which possess a distinct 

protein composition (Saikh & Edidin 2006). Indeed, it was demonstrated recently 

that the majority of transmembrane proteins do not segregate into raft 

microdomains (Levental et al. 2010). However, interest in non-raft microdomains 

is just emerging and there are currently only a few examples, which fit into this 

definition. One example is a G protein-coupled receptor protein, rhodopsin, which 

exists as large oligomers in membrane regions enriched in polyunsaturated 

glycerophospholipids (Suda et al. 2004). These findings, together with the fact 

that most membrane proteins exist as oligomers (Engelman 2005), which in some 

cases form higher order functional complexes (Suda et al. 2004, Sorbo et al. 

2008), further support the idea of the existence of non-raft microdomains. In this 

light, a membrane microdomain can be defined as an entity, which differs in 

physical properties from the surrounding membrane (Anderson & Jacobson 2006, 

Lindner & Naim 2009). Some microdomains are not stable, and external/internal 

cues affect their existence (Lindner & Naim 2009). Clathrin coated pits are 

examples of microdomains that exist only temporarily upon complex interaction 
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of adaptor proteins and certain membrane resident receptors. This work focuses 

on selected membrane protein- and/or lipid-based microdomains.  

2.2 Lipid rafts 

In model membranes the lipids segregate in two phases, liquid ordered (Lo, a lipid 

environment of a raft) and liquid disordered (Ld) phases, which can be visualized 

with light microscopy by using fluorescent lipid analogs and probes (Dietrich et 

al. 2001a, Samsonov et al. 2001, Veatch & Keller 2003, Baumgart et al. 2003). In 

addition, proteins have been shown to segregate between visually detectable 

phases in model membranes and membranes derived from native plasma 

membrane (Dietrich et al. 2001b, Kahya et al. 2005, Baumgart et al. 2007, 

Lingwood et al. 2008). The phase separation of lipids together with the selective 

segregation of proteins between phases forms the basis of the raft concept 

(Simons & Ikonen 1997).  

Among the individual factors affecting the phase separation, the ambient 

temperature has a great impact. Analyses of phase transition temperatures of 

different lipid mixtures suggest that the lower the melting temperature (Tm) of a 

particular lipid, the more likely the lipid is to exists in a fluid like Ld phase at 

physiological temperatures (Veatch & Keller 2002, Veatch and Keller 2005). 

Accordingly, the Ld phase contains predominantly unsaturated 

glycerophospholipids with very low Tm (<0 °C), whereas in the more ordered 

gel-like phase sphingolipids with long saturated fatty acyl chains predominate 

(Schroeder et al. 1994, Brown & London 1997). Most of the sphingolipids have a 

Tm between 37–70 °C (Clowes et al. 1971, Barenholz et al. 1976). The gel-like 

phase is also thicker due to the long saturated fatty acyl chains of sphingolipids, 

which produces a height mismatch between the phases and further promotes their 

separation (García-Sáez et al. 2007). Importantly, cholesterol tends to concentrate 

in a gel-like phase and plays an important role in phase separation allowing 

condensation (reduction in molecular area among lipids) of the gel-like phase to 

the Lo phase (Kahya et al. 2003).  

It is important to note that lipid layers in cell membranes differ in lipid 

composition and very little is known about the nanoscale assembly of the inner 

leaflet of rafts not to mention its role in the formation of these platforms. Still the 

phase separation has been demonstrated in plasma membrane derived vesicles 

(Baumgart et al. 2007, Kaiser et al. 2009). In cell membranes, lipid-lipid and 

lipid-protein interactions are crucial for the formation of distinct lipid phases 
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(Kaiser et al. 2009). It has even been suggested that raft proteins capture lipids 

and induce the formation of a liquid ordered phase (Gil et al. 1997, Anderson & 

Jacobson 2002, Chichili & Rodgers 2009). Interactions of raft associated proteins 

with the underlying cytoskeleton may influence the stability of rafts in living cells. 

Indeed, immobile proteins at the plasma membrane have been demonstrated to 

recruit saturated lipids to induce the assembly of an Lo environment around them 

(Fan et al. 2008). Nevertheless, the existence of separate lipid phases has been 

hard to resolve with light microscopy in the plasma membranes of living cells. 

This is not only due to their nanoscale size, but also because most of the rafts are 

homogenously distributed in the plasma membrane (Lingwood & Simons 2010). 

Studies with giant vesicles derived from plasma membrane have demonstrated 

that a visually distinguishable Lo-phase exists only at temperatures below 25 °C 

(Baumgart et al. 2007). At higher temperatures the fluorescent markers which 

show a preference to partition into the Lo-phase become homogenously 

distributed (Baumgart et al. 2007).  

It has also been proposed that rafts may not be stable structures but proteins 

may shuttle between the Ld -and Lo-phase (Hancock 2006). Indeed, studies 

applying fluorescence resonance energy transfer (FRET) and electron 

microscopic spatial point pattern analysis combined with mathematical modelling 

have revealed that only a fraction of raft associated proteins having a 

glycosylphosphatidylinositol (GPI)-anchor is present in clusters of 5–20 nm in 

size, the presence of which, however, is dependent on cholesterol (Sharma et al. 

2004, Plowman et al. 2005). Cross-linking of raft resident proteins with 

antibodies can collect the nanoscale microdomains in micron-scale patches, which 

can be resolved with light microscopy at physiological temperatures (Harder et al. 

1998). A similar result was obtained by crosslinking a raft associated ganglioside, 

GM1, with a cholera toxin B subunit in giant plasma membrane derived vesicles 

produced by a hypotonic swelling technique (Lingwood et al. 2008). Furthermore, 

the cross-linking resulted in the segregation of certain membrane proteins in the 

cholesterol enriched patches, again at physiological temperatures (Lingwood et al. 

2008). Importantly, in these studies the cholesterol enriched patches were devoid 

of non-raft proteins. Furthermore, clustering was shown to be dependent on the 

presence of cholesterol, which further supports the idea that this event is selective 

and involves only proteins residing in a particular lipid environment. Altogether, 

studies in living cells and cell membranes suggest that rafts do exist but they are 

very small and hardly distinguishable with light microscopy (Fig. 1). However, in 

the presence of external cues, such as antibodies, they can be clustered into larger 
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structures. Still, some raft proteins can naturally reside in exceptionally large 

microdomains. Studies by Hess et al. (2007) have revealed that the influenza 

virus haemagglutinin protein (HA), a prototype of raft protein, assembles in 

clusters ranging from 40 nm up to many micrometers. 

 

Fig. 1. Microdomains in the plasma membrane. Rafts are small entities in which the 

lipids exist in a liquid ordered state. Cholesterol is more concentrated in rafts and 

occupies the space between the fatty acyl chains of lipids. Rafts are also thicker than 

the surrounding lipid bilayer. Certain proteins partition into the raft environment. 

Typically these proteins contain fatty acyl chains, which are embedded in one or the 

other side of the bilayer. Some transmembrane proteins are also present in rafts. A 

caveola is a raft type that exists in an invaginated state. Caveolae are enriched with 

caveolin protein the intramembrane domain of which is thought to adopt a hairpin 

topology with N- and C-termini facing the cytoplasm. The orthogonally arranged 

particle (OAP) is composed of aquaporin 4 (AQP4) water channel proteins. Each 

cylinder represents one AQP4 tetramer which is attached to its adjacent neighbours. 

The membrane bilayer was constructed using a template provided by ChemSketch 

(Advanced Chemistry Development, Inc.). 
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2.2.1 Raft associated proteins 

Raft association places special requirements on proteins. Most raft proteins are 

associated in these platforms by lipid anchors (myristate, palmitate or GPI-group), 

which are covalently linked to the protein (Schroeder et al. 1994, Melkonian et al. 

1999) (Fig. 1). Lipid anchors are attached to the particular amino acids: myristate 

to an N-terminal glycine, palmitate to a cysteine/glycine (Smotrys & Linder 2004) 

and the GPI-group to the carboxy-terminus of a protein. These lipid anchors are 

highly saturated favouring the association with sphingolipids (Schroeder et al. 

1994, Melkonian et al. 1999). It is notable, that palmitoylation is necessary for 

dictating the raft association of transmembrane proteins (Levental et al. 2010). 

However, this modification is not sufficient and it is still uncertain, which other 

factors are required for the segregation in these microdomains (Levental et al. 

2010). Studies with HA, which is the best characterized transmembrane raft 

protein, have revealed that in addition to palmitoylation of cysteines (Melkonian 

et al. 1999), certain hydrophobic amino acids at the transmembrane domain are 

also important for the partitioning of the protein into the rafts (Scheiffele et al. 

1997).  

2.2.2 Heterogeneity among rafts 

Detergent extraction of lipids from cell membranes at a low temperature has been 

a definite tool to distinguish lipid phases (Lingwood & Simons 2008). As rafts 

show a high degree of ordering and molecular packing due to the straight 

hydrocarbon chain of sphingolipids and space filling planar cholesterol rings, they 

remain insoluble in non-ionic detergents as originally described by Brown & 

Rose (1992). However, a number of studies have shown that the composition of 

the resulting detergent resistant membranes DRMs varies with the method used, 

which suggests either that there exists separate rafts with diverse lipid and protein 

composition or that the method used affects the composition of the membranes 

(Pike 2004). Schuck et al. (2003) used various nonionic detergents to investigate 

whether the composition of DRMs differs between detergents. They found that 

the detergent used has a significant affect on the composition of DRMs and 

detergent selectivity was also specific for certain cell types. These results showed 

that different detergents had a variable influence on lipids and proteins residing at 

the DRM. However, providing that the proteins being investigated reside in the 

same isolated membrane entity, detergent extraction is a valuable tool to survey 
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whether they are located in different raft microdomains (Madore et al. 1999, 

Röper et al. 2000, Schuck et al. 2003, Brügger et al. 2004).  

Direct visualization of raft proteins with fluorescence microscopy has been 

used to investigate whether separate raft microdomains exist. Crosslinking of raft-

associated folate receptors with an appropriate antibody resulted in a change in 

the staining pattern of the receptor without affecting the staining pattern of 

another raft protein, Thy-1. This suggested that the proteins resided in different 

microdomains (Mayor et al. 1994). Similarily, immunoelectron microscopy has 

been used to investigate whether various raft-associated proteins reside in the 

same or separate microdomains (Brügger et al. 2004, Wilson et al. 2004). In these 

studies antibodies produced against the proteins were directly coupled to gold 

particles of different sizes. With this method, together with lipid analysis of 

DRMs (Brügger et al. 2004), it has been shown that the proteins resided in 

separate clusters with diverse lipid composition.  

2.2.3 Caveola microdomains 

Caveolae are a special type of raft found in many cell types. In transmission 

electron micrographs, caveolae appear as omega-shaped 60–100 nm membrane 

invaginations, which exist as single structures, chains of structures or as clusters 

in wide membrane invaginations (Stan 2005, Parton et al. 2002). The existence of 

different assemblies varies between cell types (Stan 2005). A typical caveola 

consists of a flask-shaped backbone and a neck, which connects the bulk structure 

to the plasma membrane (Fig. 1). Interestingly, it has been suggested that the neck 

portion of caveolae is a distinct microdomain, which differs from the bulk caveola 

not only with respect to detergent solubility, but also in protein composition and 

cytoskeletal interactions (Foti et al. 2007, Richter et al. 2008). Moreover, it is the 

neck portion at which fission from the plasma membrane is mediated under 

conditions in which caveolae are induced to endocytose. The fission is dependent 

on GTPase active dynamin-protein, which is concentrated around the neck 

portion of the caveola (Oh et al. 1998).  

Of the few known proteins residing in the caveolae, caveolin is perhaps the 

most critical for the formation and stabilization of the invaginations, although 

other proteins are also involved (Parton & Simons 2007). Strikingly, in mice that 

lack a caveolin gene, caveolar invaginations no longer exist (Drap et al. 2001, 

Razani et al. 2001, Galbiati et al. 2001, Park et al. 2002). In addition, transiently 

expressed caveolin has been shown to induce the formation of invaginations in 
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lymphocytes, which do not normally contain caveolae or caveolin (Fra et al. 

1995). Still, mature caveolae appear to require an additional protein, polymerase I 

and transcript release factor (PTRF or cavin-1), for stabilization (Hill et al. 2008). 

Indeed, under conditions in which cavin is downregulated, the number of caveola 

is markedly reduced (Hill et al. 2008). It was shown later that this protein 

associates with microdomains defined by caveolin-1 in the plasma membrane 

(Hayer et al. 2010).  

There are three main types of caveolin-proteins, CAV1-3, of which CAV3 is 

found only in muscle cells: skeletal, cardiac and in some smooth muscle cells 

(Song et al. 1996). CAV2 rarely exists alone and cannot initiate the formation of 

caveolae but forms hetero-oligomers with CAV1 (Scheiffele et al. 1998). 

Caveolins adopt an unusual conformation at the endoplasmic reticulum (ER) in 

which an intramembrane domain of the protein is thought to form a hairpin-like 

loop with N-and C-termini facing the cytoplasm (Monier et al. 1995). These 

termini are essential for the multi-step homo-oligomerization process which 

begins soon after synthesis at the ER and continues further during later steps of 

biosynthesis (Monier et al. 1995, Sargiacomo et al. 1995, Song et al. 1997, 

Scheiffele et al. 1998, Machleidt et al. 2000, Schlegel & Lisanti 2000, Fernandez 

et al. 2002, Hayer et al. 2010). Interestingly, unique to caveolins, their binding to 

cholesterol promotes oligomerization and accelerates their transport to the plasma 

membrane (Monier et al. 1996, Pol et al. 2005). Oligomerization likely involves 

an interaction between the N- and C-termini. In hetero-oligomerization, however, 

the C-terminus does not seem to play a crucial role, which suggests that these 

complexes are assembled by other mechanisms (Song et al. 1997). In addition to 

their role in complex formation, the residues are important for dictating the DRM 

association of the protein (Song et al. 1997), which takes place in the late Golgi 

compartments (Scheiffele et al. 1998, Tagawa et al. 2005, Parton & Simons 2007).  

Caveolin oligomers have been suggested to be a component of the caveolar 

coat (Rothberg et al. 1992, Richter et al. 2008), a structure composed of ridges or 

strands oriented around the surface of caveolae (Peters et al. 1985). Recent 

studies have also suggested that cavin1 also associates with the coat structure 

(Hill et al. 2008). Nonetheless, the coat structure might be important for caveolar 

formation and/or stabilization, considering that it disassembles in cholesterol-

depleted cells in which caveolae are also flattened (Rothberg et al. 1992). It 

should be noted, however, that it is not clear whether the coat structure exists 

around caveolae in all cell types (Stan 2005).  
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Caveolae and the associated protein caveolin have attracted special attention 

among rafts since they have been shown to be involved in a number of cellular 

processes including functioning as a platform for specific signal transduction 

events, lipid regulation and mechanosensation (Parton & Simons 2007). They 

have also been reported to endocytose as a response to certain exogenous stimuli, 

such as simian virus 40, albumin binding protein GP6 and cholesterol (Pelkmans 

et al. 2001, Shajahan et al. 2004, Le Lay et al. 2006). In developing skeletal 

muscle cells CAV3 may have an important but not essential role in the 

biosynthesis of transverse tubules (Galbiati et al. 2001). In support of that idea, 

caveolae and the associated CAV3 are present in structures that penetrate deep 

into developing muscle cells (Parton et al. 1997).  

2.2.4 Flotillin microdomains 

Flotillins (also termed reggies) are raft proteins, which were originally considered 

to represent novel proteins residing in caveolae (Bickel et al. 1997). However, it 

was soon found that flotillins do not share the same microdomain with caveolin 

and flotillins are also expressed in cells that lack caveolae and caveolins (Lang et 

al. 1998, Stuermer et al. 2001, Frick et al. 2007). There are two types of flotillins, 

flotillin 1 (Reggie 2) and flotillin 2 (Reggie 1), which are ~ 50% identical 

(Schulte et al. 1997, Bickel et al. 1997). When coexpressed, these proteins can 

induce membrane invaginations similar to caveolae, although flotillin 

microdomains exist mainly in a flat form (Frick et al. 2007). Another 

characteristic of flotillin microdomains is that, in contrast to most raft proteins, 

flotillins form stable microdomains, which exhibit a punctate distribution pattern 

clearly resolvable by light- and electron microscopy (Lang et al. 1998, Stuermer 

et al. 2001, Kokubo et al. 2003).  

Flotillins are reminiscent of the caveola-associated proteins caveolins in the 

sense that the C-and N-termini face the cytoplasm (Morrow et al. 2002, 

Neumann-Giesen et al. 2004). However, the domain structure of these two 

proteins differs considerably. The N-terminal domain of flotillins is highly related 

to stomatin, prohibitin and bacterial HF1K/C and indeed together these proteins 

form a superfamily called SPFH (stomatin/prohibitin/Flotillin/HF1K/C). The N-

terminal half just prior to the SPFH-domain of flotillin interacts with the plasma 

membrane via multiple palmitoylation residues and, in the case of flotillin-2, one 

myristoylation residue (Morrow et al. 2002, Neumann-Giesen et al. 2004). The 

cytoplasmic C-terminus is unique to flotillins and is therefore called a flotillin-
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domain (Langhorst et al. 2005). This domain interacts with a corresponding 

domain of an adjacent flotillin monomer to form an oligomer (Neumann-Giesen 

et al. 2004). Like caveolins, flotillins form both homo- and hetero-oligomers 

(Neumann-Giesen et al. 2004, Solis et al. 2007), but unlike the case of caveolins, 

the hetero-oligomerization of flotillins seems to be essential for the formation of 

membrane invaginations (Frick et al. 2007).  

In addition to mutual similarities between caveolae and flotillin 

microdomains, they are also thought to exhibit a similar signalling platform 

function (Langhorst et al. 2005). Especially some GPI anchored proteins, such as 

the cell adhesion proteins Thy-1 and prion protein (PrP), accumulate into the 

flotillin microdomains upon activation with antibody-mediated crosslinking 

(Stuermer et al. 2001, Stuermer et al. 2004). Importantly, the size of flotillin 

platforms appears to remain relatively constant even when the GPI-anchored 

proteins are recruited into the microdomain, which indicates that the platforms 

pre-exist and are not formed as a result of external stimuli (Stuermer et al. 2001). 

However, unlike caveolae, flotillin microdomains are not static. Indeed, at least in 

the overexpression situation, a high fraction of microdomains is mobile in the 

plasma membrane (Glebov et al. 2006, Frick et al. 2007). Furthermore, a fraction 

of microdomains bud from the plasma membrane and form endocytotic vesicles, 

although the budding rate is not as frequent as with clathrin-coated pits but more 

frequent than those of caveolae (Glebov et al. 2006). It is not known whether 

flotillin mediated endocytosis exhibits selectivity against certain cargo. According 

to current knowledge, endocytotic vesicles defined by the caveolae and flotillin 

microdomains and in some cases clathrin-coated pits can share the same cargo 

(Glebov et al. 2006, Frick et al. 2007, Langhorst et al. 2008). 

2.3 Orthogonally arranged particles 

Orthogonally arranged particles (OAPs, Fig. 1) are membrane microdomains, 

which are located inside the plasma membrane and can be visualized only by the 

freeze fracture technique. They were first described by Landis & Reese (1974) at 

the plasma membrane of astrocytes, but around the same time they were also 

demonstrated in the sarcolemma of skeletal muscle fibres (Rash & Ellisman 

1974). Later these structures have been found in a number of cell types (Wolburg 

1995).  

OAPs are composed of small, 6 nm in diameter, intramembraneous particles 

(IMP) which subsequently were verified to represent tetramers of aquaporin-4- 
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water channels (Rash et al. 1998, Yang et al. 1996, Verbavatz et al. 1997). The 

IMPs are arranged in orthogonal arrays in which each IMP is separated by a 1 x 2 

nm cross bridge. An average OAP in the plasma membrane of astrocytes consists 

of 17 IMPs, but larger OAPs consisting of up to 53 IMPs have also been reported 

(Furman et al. 2003).  

2.3.1 AQP4-water channel as a component of OAPs 

AQP4 belongs to the family of 13 known aquaporin water channel proteins. The 

basic structure of all known aquaporins is presumed to be similar: six membrane-

spanning α-helices surrounding a narrow aqueous pore (Heymann & Engel 2000). 

The helices are interconnected by five peptide loops with N- and C-termini facing 

the cytoplasm (Preston et al. 1994, Murata et al. 2000). Extra- and intracellularly 

oriented loops, referred to as letter E and B respectively, bend within the lipid 

bilayer in a mature aquaporin and form part of an aquaeous pore, the water 

channel (Jung et al. 1994a, Murata et al. 2000). Importantly, some aquaporins are 

not only selective to water but pass also glycerol and small solutes such as urea 

and NH3. The selectivity for water is determined by two constrictions at the pore, 

an aromatic/arginine motif (ar/R) below the extracellular entry site of the pore and 

NPA motifs in the middle of it. The ar/R motif is the main selectivity filter, which, 

if wide enough, allows the passage of molecules larger than water (Beitz et al. 

2006, Hub & Groot 2008). In aquaporins that selectively pass water, such as 

AQP4, the constriction allows only a single water molecule of 2.8 Å in diameter 

to pass through the pore (Sui et al. 2001, Ho et al. 2009). The NPA motif, which 

is located in both loops B and E, blocks the motion of protons through the 

channel (de Groot et al. 2003, Ho et al. 2009).  

The assembly of AQP4 into larger OAP complexes have been presumed to 

increase the water permeability of individual AQP4 monomers (Yang et al. 1997, 

van Hoek et al. 2000, Silberstein et al. 2004), but this has not been confirmed 

experimentally. It has been demonstrated, however, that disruption of the 

oligomerization of monomeric subunits to tetramers, the oligomeric state in which 

aquaporins exist in biological membranes, impairs water conduction through the 

channel in some aquaporin types (Mathai & Agre 1999, Kamsteeg et al. 1999).  

Water channel monomers assemble into tetramers due to the interaction of α-

helices of monomers near the centre of the tetramer (Murata et al. 2000, Buck et 

al. 2007). It is not completely clear, however, at which step in the biosynthetic 

pathways the tetramerization takes place. Some studies suggest that the tetrameric 
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state of some aquaporins is achieved post-ER (Kamsteeg et al. 1999). 

Nevertheless, the higher order oligomerization, the assembly of tetramers into the 

OAPs, which is a unique property of AQP4, was recently demonstrated to occur 

at later steps in the biosynthetic pathways (Tajima et al. 2010). 

In addition to its ability to form OAPs, AQP4 is unique among aquaporins 

since it exists in the plasma membrane as two main isoforms, M23 and M1 (The 

letter M refers to the position of the translation initiation methionines at the N-

terminus), which differ with respect to the length of the N-terminus (Jung et al. 

1994b, Yang et al. 1995a, Lu et al. 1996, Neely et al. 1999). A higher molecular 

weight isoform also exists in some tissues, and is expressed at very low levels in 

brain, although it is functional (Moe et al. 2008). The isoforms are translated from 

distinct mRNAs encoded by a single gene (Lu et al. 1996, Moe et al. 2008). 

However, despite the diversity of the gene products, M23 is the predominant 

isoform in most tissues (Neely et al. 1999, Rossi et al. 2010). This raises the 

questions to what is the rationale behind the divergent expression patterns of 

AQP4 variants. A recent study suggested that the M23 isoform is partly generated 

via a “leaky scanning” mechanism from the mRNA encoding the M1 isoform 

(Rossi et al. 2010). The authors found that of the two translation initiation sites of 

the M1 mRNA, the first from the 5´end is in a suboptimal nucleotide context and 

accordingly some ribosomes may be unable to recognize that sequence. 

The M23 isoform is the only variant able to form OAPs (Furman et al. 2003). 

Crane & Verkman (2009) analysed the molecular determinants for the formation 

of OAPs and found that the hydrophobic amino acids Val24, Ala25 and Phe26 

downstream of Met23 at the N-terminus were critical for OAP formation, whereas 

additional amino-acids upstream of that methionine (as in the case of the M1 

isoform) prevent the formation of OAPs (Crane & Verkman 2009). Importantly, it 

has been shown by several studies that the M1 regulates the size of OAPs, 

although it cannot form the structures by itself (Furman et al. 2003, Silberstein et 

al. 2004, Nicchia et al. 2008a, Crane et al. 2008, Crane et al. 2009, Rossi et al. 

2010). Recent findings strongly suggest that the M1 variant is incorporated into 

the OAPs probably by forming heterotetramers with M23 (Crane et al. 2009, 

Rossi et al. 2010, Tajima et al. 2010). In addition to M1, a higher molecular 

weight isoform has also been reported to be incorporated into OAPs (Strand et al. 

2009). However, the function of OAPs has remained uncertain as well as why 

OAPs of variable sizes exist.  

In the central nervous system and in skeletal muscle AQP4-OAPs are 

anchored into the cytoskeleton via dystrophin. The anchoring is mediated via a 
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PDZ domain of an adapter protein -syntrophin (Adams et al. 2001). The PDZ 

domain binds to the C-terminal SSV-sequence of AQP4, whereas the C-terminus 

of the protein binds to dystrophin (Adams et al. 2001, Neely et al. 2001). In 

addition to syntrophins, a number of proteins harbouring the PDZ-domains have 

been characterized and each of them recognizes a different PDZ-binding sequence 

at the carboxy-terminus of a target protein (Songyang et al. 1997, Hung & Sheng 

2002). In many cases PDZ-domain proteins mediate the anchoring of large 

membrane associated protein complexes in place and may even promote 

multimerization of proteins in the plasma membrane (Hung & Sheng 2002, Wang 

et al. 2000). However, a recent study shows that deletion of the PDZ interacting 

sequence from AQP4 does not disassemble OAPs, thereby indicating that this 

interaction does not contribute to either the stability or the formation of these 

structures (Crane et al. 2008). 

2.4 Biosynthesis and transport of the proteins to the plasma 

membrane 

The endoplasmic reticulum is a site in which the biosynthesis of most membrane 

proteins takes place. The mRNA, once exported from the nucleus, initially binds 

to the ribosomes in the cytosol. The ribosomes initiate the synthesis of a 

polypeptide chain, and if the growing polypeptide chain contains a specific signal 

sequence at the N-teminus, it is rapidly recognized by a cytosolic signal 

recognition particle (SRP), which targets the mRNA and associated ribosomes to 

the ER membrane. The SRP binds to a corresponding SRP receptor on the surface 

of the ER. This receptor in turn is temporally associated with a large protein 

oligomer termed a translocon or Sec61p complex (Görlich et al. 1992). The 

translocon is primarily responsible for the translocation of the polypeptide chain 

across the ER membrane. Sec61p is composed of three subunits α, β and γ, which 

assemble to create an aqueous channel for the translocation process and is termed 

a translocon complex. There are several other proteins associated with the 

translocon, which are responsible for further processing of the polypeptide chain 

(Rapoport et al. 1996). A signal peptidase complex cleaves the signal peptide 

from the emerging polypeptide chain. The oligosaccharyl transferase complex 

(OST), which is composed of ribophorin I and II, OST48, STT3-A and Dad1, 

inserts the N-linked oligosaccharides onto the nascent polypeptide chain. The 

translocon associated protein (TRAP) complex and small ribosome associated 

protein RAMP4 are engaged in the translocation and binding to ribosomes. The 
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translocation chain associated protein (TRAM) assists in cotranslational 

translocation but requirement appears to be dependent on the structure of signal 

sequence (Voigt et al. 1996). Some of these proteins may exhibit several 

oligomeric states, which remain associated with the translocon complex even in 

the absence of bound ribosomes (Wang & Dobberstein 1999, Nikonov et al. 2002, 

Shibatani et al. 2005).  

The proteins mentioned above are embedded into the ER membrane, but 

folding and maturation of the polypeptide chain are assisted also by several 

proteins, which reside in the lumen of the ER. BiP is a chaperone protein that 

assists in folding and also in translocation by preventing backsliding of the 

polypeptide chain out of ER. Protein disulphide isomerase (PDI) catalyses 

formation of a disulphide bond between adjacent cysteines. An integral protein 

calnexin and a luminal protein calreticulin are lectin-like proteins that bind to 

certain N-linked oligosaccharides and prevent the aggregation of adjacent 

segments of the maturing protein. (Baumann & Walz 2001) 

The regions of the ER that harbour the membrane bound ribosomes and 

translocons are referred to as rough ER (RER). The RER is continuous with the 

smooth ER (SER), which is responsible for the biosynthesis of phospholipids and 

cholesterol. Collectively the ER is composed of a network, which includes the 

nuclear envelope as well as peripheral components. Despite this continuity 

however, the RER and SER may adopt different morphologies. Accordingly, in 

cells, which exhibit high secretory activity, the ER adopts a sheet- like 

morphology, which is studded with ribosomes and translocons. In contrast, the ER 

has a more tubular in appearance in cells with lower secretory activity. (Baumann 

& Walz 2001, Shibata et al. 2010) 

 Properly assembled mature membrane proteins are targeted to the Golgi 

complex for sorting to the different cellular locations. The transport from the ER 

to the Golgi is initiated at specialized regions in the ER, which may be located 

apart from the site of synthesis of the proteins (Bannykh et al. 1996). These ER 

exit sites are small and dynamic and are characterized by the COPII (coatomer 

protein II) coat-complex, which is required for the formation of a transport carrier 

and an anterograde transport of proteins towards the cis-Golgi. Prior to entering 

into the cis-face of the Golgi complex, the cargo proteins travel through vesicular 

tubular structures called the ER-Golgi intermediate compartment in which the 

proteins to be returned back to the ER are loaded into another transport vesicle 

coated with a coatomer protein COPI (Appenzeller-Herzog & Hauri 2006). This 

recycling process continues further in the Golgi complex. The COPI coated 
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carrier vesicles also contain negligible amounts of cholesterol and sphingomyelin, 

which are to be inserted into the ER membrane (Brügger et al. 2000). The cargo 

proteins traversing through the Golgi cisternae finally enter the trans-Golgi 

network (TGN) in which sorting to different destinations takes place. A schematic 

outline of the transport pathways of membrane proteins is shown in Fig. 2. 

 
Fig. 2. Overview of the transport pathways of the membrane proteins. In the ER 

proteins are segregated into the transport carrier vesicles at the exit sites defined by 

COPII proteins. The cargo proteins travel through the vesicular tubular structure 

(cluster) in which some of the ER resident proteins are loaded into the COPI coated 

carriers which then return back to the ER. Sorting of the proteins to the carriers 

heading to the plasma membrane takes place at the TGN. 
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2.4.1 Protein sorting and retention at specific locations in the plasma 
membrane  

Protein sorting to specific domains involves many steps from primary sorting 

events at the TGN to protein transportation into the vicinity of the target 

membrane and finally a fusion of the carrier vesicle with a target membrane. The 

steps may also involve recycling of proteins between the plasma membrane and 

endosomes before reaching their final destination (Fölch et al. 2009). 

Submembraneous cytoskeleton and associated adaptor proteins may also have an 

essential role both in protein sorting and retention at the plasma membrane. In 

some cases anchoring to the cytoskeleton via an adaptor protein, such as ankyrin 

or a protein harbouring a PDZ-domain, determines the final location of a 

membrane protein. For instance, Na+/K+-ATPase is initially transported to both 

the apical and basolateral membrane in polarized epithelial cells but is fully 

retained only in the latter (Hammerton et al. 1991). The increased retention time 

of Na+/K+-ATPase at the basolateral membrane could be explained by its binding 

to the ankyrin-spectrin scaffold complex underneath the membrane (Hammerton 

et al. 1991, Devarajan et al. 1994). It was shown later that ankyrin is also required 

for transport of newly synthesized Na+/K+-ATPase to the Golgi-complex (Stabach 

et al. 2008).  

The membrane cytoskeleton may also function as a scaffold, which collects 

the membrane proteins involved in the same biological process into functional 

microdomains. In cardiomyocytes ankyrin-B complexes Na+/K+-ATPase, Na+/ 

Ca2+-exchanger and IP3R to a calcium signalling microdomain in the transverse 

tubules (Mohler et al. 2005). Similarly INAD, an adaptor protein containing PDZ 

domains, functions as a scaffold, which collects together the proteins involved in 

the phototransduction cascade in rhabdomeres of the Drosophila eye (Tsunoda & 

Zuker, 1999). 

2.4.2 Protein sorting in polarized vs. nonpolarized cells 

Protein sorting in polarized cells involves diverse steps depending on whether the 

protein is destined for the basolateral or apical domain of the plasma membrane. 

The basolateral transport of proteins is guided by cytoplasmic adaptor protein (AP) 

complexes, which recognize a specific basolateral targeting sequence residing at 

the cytoplasmic domains of a protein. The sorting determinants of apical proteins 

are extraordinarily diverse, and the mechanisms that recognize these sorting 
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determinants are not completely clear (Fölch et al. 2009). The primary sorting of 

basolateral and apical proteins take place either at the TGN or the post Golgi 

compartment, such as recycling endosomes and early endosomes (Rodriguez-

Boulan & Müsch 2005, Fölch et al. 2009). Nevertheless, basolateral and apical 

cargo follow diverse paths towards their destination domain at the plasma 

membrane (Wandinger-Ness et al. 1990).  

Early models of protein sorting in nonpolarized cells postulated that all 

proteins are delivered to the plasma membrane by default. It is now clear, 

however, that sorting signals are involved in the process and proteins are not 

delivered to the plasma membrane in a single vesicle. At least two pathways from 

the TGN to the plasma membrane exist, at least one of which is signal dependent 

(Müsch et al. 1996, Yoshimori et al. 1996, Rustom et al. 2002). However, studies 

in nonpolarized epithelial cells have showed that the TGN-derived transport 

intermediates carrying apical or basolateral cargo are not targeted to distinct 

destinations at the plasma membrane, but can be docked and fused into the same 

membrane region (Kreitzer et al. 2003). Accordingly, apical and basolateral 

proteins become homogenously distributed at the plasma membrane (Tuma et al. 

2002, Kreitzer et al. 2003).  

A large body of evidence has shown that endocytotic vesicles are involved in 

protein sorting in nonpolarized cells, either as an intermediate site before reaching 

the plasma membrane (Lock & Stow 2005) or as a recycling compartment (Tuma 

et al. 2002). Moreover, at least in some cases, endosomal compartments appear to 

selectively incorporate either apical or basolateral proteins (Tuma et al. 2002, 

Lock & Stow 2005).  

All the pathways of cargo traffic from the TGN to delivery in the plasma 

membrane are regulated by a set of Rab GTPases. These are small membrane 

associated proteins, which among other things are responsible for docking a 

transport vesicle at an acceptor membrane via a specific interaction with an 

effector protein (Stenmark 2009). At present, two types of effector protein 

complexes have been described, annexins and exocyst, the latter being associated 

in the basolateral membrane of polarized epithelial cells. Different members of 

the Rab GTPase family reside in distinct intracellular compartments (Stenmark 

2009), which have made them a valuable marker in studies addressing the sorting 

pathways. A transport vesicle anchored to the plasma membrane must be fused to 

a target membrane to allow its cargo to be integrated into the membrane. This 

takes place if the vesicle contains a particular fusion protein, vesicle associated 

SNARE, which interacts with a target SNARE at the plasma membrane. In 
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polarized cells both the vesicle and the plasma membrane contain basolateral or 

apical specific SNAREs, which are part of the molecular machinery to ensure that 

the transport vesicle is fused into the correct domain. A similar specific 

interaction between SNARE pairs probably exists in non-polarized epithelial cells 

too, but the distribution pattern of the target SNARE is not asymmetric but rather 

uniform (Kreitzer et al. 2003).  

2.4.3 The sorting of raft resident proteins 

As originally postulated by Simons & Ikonen (1997), proteins were considered to 

be sorted in two separate vesicles at the TGN: one which contains proteins having 

sorting signals at the cytoplasmic domains and the other which contain raft-

associated proteins. The early investigations on raft-associated proteins showed 

that they localized preferentially at the apical surface of polarized epithelial cells 

(Simons & Ikonen 1997). Accordingly, moieties which were proposed/ 

characterized to be important for raft association were considered to be apical 

targeting signals. It is now clear, however, that these microdomains do exist in 

both basolateral and apical surfaces (Paladino et al. 2002, Paladino et al. 2004), 

and apical proteins can be sorted by raft dependent and independent mechanisms 

involving separate transport vesicles that direct them to the plasma membrane 

(Jacob & Naim 2001). 

Early findings with apically destined GPI-anchored proteins suggested that 

the association of these proteins with the DRM takes place at the Golgi (van Meer 

& Simons 1988, Brown & Rose, 1992 Cerneus et al. 1993, Zurzolo et al. 1994, 

Simons & Ikonen 1997). It was later confirmed that DRMs, derived from the 

early Golgi cisternae, contained several raft associated proteins including GPI-

anchored proteins (Gkantiragas et al. 2001). At the TGN apically targeted raft 

proteins are segregated in the same vesicle with non-raft apical proteins, but they 

subsequently partition in the separate transport vesicles, which follow their own 

paths towards the plasma membrane (Jacob & Naim 2001). Studies in yeast have 

shown that the transport vesicles harbouring raft proteins are also highly enriched 

in raft lipids (Klemm et al. 2009). It was suggested that the vesicles are formed by 

raft clustering with a mechanism similar to that demonstrated on the plasma 

membrane derived vesicles (Klemm et al. 2009). 
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2.5 Skeletal muscle 

There are three types of muscles in vertebrates: cardiac, skeletal and smooth. The 

former two are collectively called striated muscles due to the cross striations that 

can be visualized by light microscopy. The cross striations are the visual 

impressions of sarcomeres, which are the force producing units in muscle cells 

(myofibres). In addition to myofibres, skeletal muscles are composed of 

connective tissue layers, which surround individual myofibres (endomysium), a 

bundle (fascicle) of myofibres (perimysium) and the entire muscle (epimysium). 

Embedded in the connective tissue layers are nerves and blood vessels (Fig. 3). In 

long muscles, such as m. sartorius, the muscle may also contain transverse 

fibrous bands, which function as a surface of attachment for the ends of myofibres. 

This is one possible architectural solution to enable myofibres shorter than a 

given length of muscle. (Macintosh et al. 2006) 

Skeletal muscles are responsible for the movements of joints and for posture 

maintenance. The contribution of an individual muscle to these tasks is dependent, 

among other things, on the phenotype of the myofibres. Namely, mammalian 

myofibres can be classified to different phenotypes according to the metabolic 

profile and myosin heavy chain (MHC) composition (Brooke & Kaiser 1970, 

Burke et al. 1971, Peter et al. 1972, Schiaffino et al. 1989). MHC is the principal 

unit determining the contraction velocity in myofibres (see the next section for 

details). Muscles, which are adapted for fast and powerful contractions, but do not 

withstand prolonged activation, are referred to as fast twitch glycolytic muscles. 

The myofibres in this kind of muscle contain the MHC isoform IIb and high 

levels of enzymes involved in anaerobic glycolysis. Fast twitch oxidative 

glycolytic myofibres express the MHC isoform IIa and generally contain more 

mitochondria. Muscles containing these myofibres are generally more resistant to 

fatigue but are still fast contracting. Myofibres expressing the MHC isoform IId 

or x represent an intermediate between the above mentioned myofibre types. In 

humans this isoform is expressed instead of IIb (Bottinelli & Reggiani 2000). A 

complete contrast to these phenotypes is a slow twitch oxidative (MHC isoform I) 

myofibre type, which exhibits slow contraction velocities and high levels of 

oxidative mitochondrial enzymes. The muscles exhibiting these properties are 

fatigue resistant and are suitable for instance for posture maintenance. It should 

be noted, however, that combining the metabolic and contractile properties in the 

classification of muscles is not always straightforward. Accordingly, in some 

cases the phenotype defined by the metabolic profile does not match that of the 
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contractile properties especially under conditions in which the phenotype of the 

muscle changes to meet new functional demands (Pette & Staron 2001).  

2.5.1 Skeletal myofibre 

The basic structural characteristics of a skeletal myofibre are peripherally located 

nuclei and an elongated structure (Fig. 3). The length and shape of the fibre varies 

with the muscle in question. Basically, in slow twitch muscles fibres are cylinder 

shaped with blunted ends whereas fast twitch myofibres gradually taper towards 

the ends (Ounjian et al. 1991). The ends attach the myofibres into the tendons or 

the connective tissue elements inside the muscle. The orientation of myofibres 

within a muscle also contributes to their length. Accordingly, in muscles in which 

the fibres are oriented obliquely against the tendon, the fibres are generally 

shorter than in muscles in which are they inserted to the tendon parallel to the 

long axis of the muscle. (Macintosh et al. 2006)  

At the cellular level the length of the myofibre is determined by the number 

of sarcomeres and thereby the length of myofibrils. The cytosol of myofibres is 

tightly packed with myofibrils, which are composed of repeating units of thin 

actin and thick myosin filaments (Fig. 3). Thin actin filaments are attached at 

their barbed end into the dense structure called the Z-disk. The region between 

successive Z-disks (Z-lines) defines the sarcomere. Thick myosin filaments are 

located between the actin filaments but do not extend to the Z-disks unless the 

myofibre is fully contracted. The sliding filament theory proposes that thin actin 

filaments slide along the myosin filaments toward the centre of the sarcomere. 

This is evoked by the attachment of the globular heads of MHCs to the actin 

filaments. Prior to this action the actin binding protein troponin must undergo a 

conformational change to uncover the myosin binding site. This conformational 

change is initiated by the binding of Ca2+ to one of the subunits in troponin. Once 

the myosin head is bound to the actin filament, the head is bent as a result of ATP 

hydrolysis. When viewed under the microscope, the centre of the sarcomere 

consists of a pale area, the H-zone, and a thin dense structure, the M-line. In the 

resting state, the H-zone does not contain actin filaments and looks pale for that 

reason. Instead the region contains thick myosin filaments, which terminate at the 

M-line. During contraction the H-zone becomes narrower due to the sliding actin 

filaments and the increasing overlap between actin and myosin filaments. The M-

line and H-zone are part of the A-band defined by thick myosin filaments whereas 
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the region, which comprises only actin filaments and the Z-disk at the centre, is 

called the I-band.  

The space between myofibrils is studded by mitochondria and SR. The SR 

consists of a tubular network, which stores calcium. Other tubular structures 

found inside the myofibre are transverse tubules (T tubules), which in mammals 

are located at the junction of the A- and I-bands.  

 

 
Fig. 3. Schematic drawing of a skeletal muscle showing the main structural 

constituents. In a fascicle each myofibre is surrounded by endomysium. Removal of 

the endomysium and underlying basement membrane uncovers the cell membrane 

and peripherally located nuclei. A part of a myofibre showing a few myofibrils and 

their constituents is shown in the lower part of the figure. The SR surrounds the 

myofibrils and together with mitochondria occupies the space between them.  
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2.5.2 The plasma membrane 

The plasma membrane of a skeletal myofibre consists of morphological 

specializations, which have adapted to communicate with synaptic endplates of 

motor neurons and to generate and conduct the action potential deep into the cell 

interior in order to stimulate calcium release and contraction. The part of the 

plasma membrane that covers the entire fibre is called the sarcolemma. Some 

authors use the term sarcolemma to include also the basement membrane that is 

located between the cell membrane and the endomysium. In this thesis, 

sarcolemma refers only to the lateral portion of the plasma membrane. Due to the 

tight connection between the sarcolemma and the basement membrane, it is 

difficult to reveal the surface of the membrane by conventional scanning electron 

microscopic methods. However, by applying a freeze fracture technique, which 

separates the leaflets of the membrane, it has been shown that the cytoplasmic 

leaflet contains numerous pits at the I-band region (Ishikawa et al. 1983). It was 

suggested that the pits represent caveolae and putative T tubule openings 

(Ishikawa et al. 1983). The pits at the I-band region were later investigated in 

more detail by utilizing horseradish peroxidase conjugated cholera toxin staining 

which detects caveolae and ruthenium red staining which detects T tubules 

(Rahkila et al. 2001). The observation of the thin sections with a transmission 

electron microscope revealed that the pits concentrated at the I-band region were 

actually caveolae, whereas the T tubule openings were located at the A-I junction 

(Rahkila et al. 2001). 

T tubules are continuous with the sarcolemma and extend deep inside the 

muscle interior in which they are interconnected via helicoidal structures 

(Peachey & Eisenberg, 1978) or longitudinal tubules running parallel to the long 

axis of myofibres (Franzini-Armstrong et al. 1988, Launikonis & Stephenson, 

2004). Accordingly, the tubular part of the plasma membrane can be considered as 

a network. Figure 3 shows the orientation of the T tubules in a transverse plane. 

Despite of the continuum between the sarcolemma and T tubules, they only partly 

carry the same proteins. Indeed, T tubules contain proteins, such as carbonic 

anhydrase 9 and the dihydropyridine receptor (DHPR), which are not present in 

the sarcolemma (Scheibe et al. 2007, Jorgensen et al. 1989). In contrast, 

dystrophin and dystroglycans, the components of large dystrophin glycoprotein 

complex (DGC), reside only at the sarcolemma (Ohlendieck et al. 1991, Muñoz et 

al. 1995).  
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T tubules are closely associated with the SR in the regions referred to as a 

triad (Macintosh et al. 2006). At this junctional region, the SR forms sac-like 

terminal cisternae, which are studded with RYR1 Ca2+ -channels. The T tubule, in 

turn, contains DHPRs that function primarily as a voltage sensor in skeletal 

myofibres. The connection between DHPR and RYR1 couples the depolarization 

wave, evoked at the sarcolemma, to calcium release and contraction. Interestingly, 

although the protein composition and function of the triad-portion of a T tubule 

has been well documented, relatively little is known about the nonjunctional 

regions.  

Although T tubules provide an interface between the intra-and extracellular 

space via the small openings at the A-I-junction, the diffusion of compounds in 

the tubule lumen is very restricted (Shorten & Soboleva 2007). The tubules are of 

thin calibre (in guinea pig the diameter varies from 30 to 100 nm, Eisenberg et al. 

1974) and tortuous in nature. Furthermore, their lumen is predicted to be viscous 

(Laurizen et al. 2006). Accordingly, the ions and compounds that efflux from the 

cytosol into the lumen are believed to accumulate in the tubules (Kirsch et al. 

1977, Almers 1980, Lännergren et al. 2000). Similarly, their diffusion from the 

extracellular space into the T tubules is markedly reduced (Laurizen et al. 2006).  

2.5.3 Specialized macrodomains at the sarcolemma 

Neuromuscular junction (NMJ) 

The region of the myofibre under the terminus of a motor axon is called the motor 

end plate, and usually there is only one per myofibre. This is the site at which 

acetylcholine released from motor axon terminal binds to the corresponding 

receptors. The space between the motor end plate and motor axon terminus is 

called a primary synaptic cleft. The binding of acetylcholine to its receptor elicits 

a response called the end plate potential. The very characteristic morphology of 

the end plate increases its surface area and the number of acetylcholine receptors. 

Namely, the sarcolemma in this region is folded forming secondary synaptic clefts. 

Voltage sensitive sodium channels are enriched in these clefts and are activated by 

the end plate potential. This results in an action potential, which spreads in all 

directions along the plasma membrane. (Macintosh et al. 2006) 

In addition to the characteristic morphology, the motor end plate differs in 

many respects from the nonjunctional regions of the sarcolemma. Beneath the end 
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plate, microtubules form a dense network and Golgi complexes exhibit a random 

distribution pattern between the nuclei, which are numerous in that region 

(Rahkila et al. 1997). Furthermore, the folded sarcolemma is enriched with 

several laminin receptors, utrophin, integrin and DGC, which may contribute to 

maintaining the structure. Indeed, mice lacking a gene encoding utrophin exhibit 

reduced folding of the sarcolemma at the end plate area (Deconinck et al. 1997).  

Myotendinous junction (MTJ) 

The MTJ is a termination point of thin filaments and the site that attaches 

myofibre to a tendon. The structural determination of the MTJ includes also the 

extracellular matrix (the basement membrane) and collagen fibrils, which are the 

components of the tendon (Tidball 1991). Importantly, some myofibres within a 

fascicle do not extend from the tendon of origin to the tendon of insertion, and 

therefore they comprise only one MTJ (Monti et al. 1999). In those cases the fibre 

end that is not inserted to a tendon, ends within the intramuscular connective 

tissue.  

The ultrastructure of the MTJ reveals prominent finger-like extensions, which 

consist of foldings of the sarcolemma into which thin filaments of the terminal 

myofibrils extend (reviewed in Tidball, 1991 and Trotter 1993). As originally 

postulated by Mackay et al. (1969), the extensive folding of the sarcolemma 

increases the surface area, which contact the basement membrane and associated 

collagen fibres of the tendon. This ensures that force emerging from the 

contraction is applied over a larger area than if the end were smooth, and 

contractile stress is therefore reduced (Mackay et al. 1969, Trotter 1993).  

The MTJ is highly enriched with components of the DGC as well as the focal 

adhesion proteins, vinculin, talin and integrin (Samitt et al. 1990, Tidball & Law 

1991, Bao et al. 1993). The assembly of each complex is described more in detail 

in the following section. All these proteins are thought to link thin filaments to the 

sarcolemma and extracellular space. Especially 71 integrin, a predominant 

integrin present in mature muscle (Bao et al. 1993), appears to be crucial for the 

structure and function of the MTJ. Accordingly, the lack of the gene encoding the 

integrin 7 subunit disrupts the structure of the junction, whereas the lack of the 

dystrophin gene does not cause major abnormalities (Miosge et al. 1999).  
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2.5.4 Proteins involved in linking the membrane cytoskeleton to the 
basement membrane 

Two membrane-associated protein complexes are involved in linking the 

submembraneous cytoskeleton and underlying contractile apparatus to the 

basement membrane that surrounds the myofibre: the vinculin-talin-integrin-

complex and the DGC. These links are essential for transmission of a lateral force 

component to the extracellular matrix and to prevent stress generated by muscle 

contraction (Monti et al. 1999, Petrof et al. 1993). For example, mutations in the 

dystrophin gene or its complete absence, lead to severe muscular dystrophies 

(Koenig et al. 1989). Although vinculin-talin-integrin and DGC are considered as 

separate complexes, their components co-localize and are associated with 

transversely oriented subsarcolemmal protein arrays called costameres (O'Neill et 

al. 2002, Anastasi et al. 2003, Ervasti 2003). Moreover, in mice lacking the 

dystrophin gene, the distribution of vinculin is altered (Williams & Block 1999a), 

which suggests a connection between the protein complexes.  

Integrins are heterodimeric transmembrane proteins which interact with both 

extracellular matrix and cytoskeletal proteins, such as talin and -actinin. 71 

integrin is not only located at the NMJ and MTJ but also at costameres in which it 

co-localizes with vinculin and talin (Belkin et al. 1996, Anastasi et al. 2008). 

Talin and -actinin are homodimeric proteins which bind filamentous actin and 

the cytoplasmic tail of the -chain of integrin. In addition, they contain binding 

site for vinculin (Calderwood et al. 2000). Talin and -actinin are thought to 

mediate the link between focal adhesions and the actin cytoskeleton in 

mononucleated epithelial cells (Calderwood et al. 2000). However, in skeletal 

myofibres their role is more obscure. Indeed, most studies have localized -

actinin solely in Z-disks, where it functions as a cross linker of thin actin 

filaments at sarcomeres (Luther 2009). Moreover, recent studies argue against the 

existence of a subsarcolemmal actin network, which could provide a link between 

the contractile apparatus and the vinculin-talin-integrin-complex (Nakata et al. 

2001, Papponen et al. 2009). 

The key components of the DGC are dystrophin and two dystroglycans,  

and β. Together these three proteins mediate a direct physical link between the 

cytoskeleton and extracellular matrix (Watkins et al. 2000). Dystrophin is a 427 

kDa protein, which is composed of four different domains: The actin binding N-

terminal domain, a rod like domain, a cysteine rich domain and the C-terminal 

domain (Koenig et al. 1988). The N-terminal domain was thought to bind to 
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filamentous actin (-actin), which was further proposed to mediate a link between 

the contractile apparatus and the DGC (Ervasti & Campbell 1993, Rybakova et al. 

2000). However, as mentioned earlier, subsequent studies have challenged this 

view (Nakata et al. 2001, Papponen et al. 2009) and intermediate filaments, 

desmin and cytokeratins, have now been proposed as new candidates which could 

mediate this link (O'Neill et al. 2002, Stone et al. 2007, Lovering et al. 2011). The 

rod-like region in dystrophin is important for the proper sarcolemmal localization 

of the protein and it has been shown to bind several cytoskeletal proteins 

including microtubules (Le Rumeur et al. 2010). The cysteine rich domain 

contains a -dystroglycan binding site (Jung et al. 1995). The C-terminal domain 

binds to peripheral proteins, syntrophins and α-dystrobrevin (Ahn &Kunkel 1995, 

Suzuki et al. 1995, Yang et al. 1995b, Sadoulet-Puccio et al. 1997).  

α- and -dystroglycans are the products of a single mRNA that produces the 

dystroglycan propeptide (Ibraghimov-Beskrovnaya et al. 1992, Holt et al. 2000). 

After translation the dystroglycan propeptide is proteolytically cleaved into 

separate proteins that remain connected to each other non-covalently at the final 

destination (Holt et al. 2000). The 43 kDa β-dystroglycan is a membrane 

glycoprotein, which directly binds to dystrophin via the cytoplasmic C-terminus 

(Jung et al. 1995). The N- terminus of the protein faces the extracellular space 

and is the site to which α-dystroglycan is connected (Holt et al. 2000). The 

heavily glycosylated α-dystroglycan provides an important link between the 

extracellular matrix and β-dystroglycan by binding with laminin and agrin 

(Ervasti & Campbell 1993, Bowe et al. 1994). The sarcoglycans associate 

laterally with -dystroglycan and are thought to stabilize the dystrophin-

dystroglycan complex (Araishi et al. 1999).  

2.5.5 Lateral organization of proteins at the sarcolemma 

Since the description of the distribution pattern of vinculin (Pardo et al. 1983), the 

original costameric protein, a number of subsarcolemmal and sarcolemmal 

proteins have been shown to exhibit a similar distribution (Ervasti 2003). By 

definition the costameres were originally defined as transversely oriented 

structures over the I-band but flanking the Z-disks. It was later found, however, 

that several costameric proteins, including vinculin itself, were aligned over M-

lines as well as in longitudinal elements between M-lines and the I-band (Porter et 

al. 1992, Williams & Bloch 1999a and b, O'Neill et al. 2002). Because so many 

proteins comply with the costameric distribution pattern, the sarcolemma of a 
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skeletal myofibre can be divided into costameric and intercostameric regions or 

domains (Williams & Bloch 1999b). The costameric assembly of proteins is 

shown schematically in figure 4. 

The sarcolemmal distribution of DGCs has been extensively studied and 

several studies have reported that this complex occupies all the costameric 

elements (Porter et al. 1992, Straub et al. 1992, Williams & Bloch 1999b, Rahkila 

et al. 2001, O'Neill et al. 2002). On the other hand, immunofluorescence studies 

have also detected some DGC components in the intercostameric domains 

(Williams & Bloch 1999b). However, this finding could not be confirmed in a 

study in which isolated skeletal myofibres were used (Rahkila et al. 2001) which 

suggests that technical factors, such as tissue processing and the specificity of 

antibodies used, may influence the results.  

Since the DGC is distributed in the sarcolemma in a well-organized fashion, 

it can be regarded as an extensive surface marker of the sarcolemma by which the 

distribution of membrane associated proteins can be identified. In light of that it 

has been shown that CAV3 colocalizes with β-dystroglycan mainly at the I-band 

region (Rahkila et al. 2001). This is in agreement with the I-band oriented 

distribution of caveolae (Rahkila et al. 2001). Similarly¸ a skeletal muscle 

specific chloride channel (CLC-1) overlaps with β-dystroglycan and avoids 

intercostameric regions (Papponen et al. 2005). Na+/K+ ATPase perfectly follows 

the distribution pattern of DGC decorating not only the M- and I-band domains 

but also the longitudinal domains (Williams et al. 2001). 

The colocalization of the listed membrane associated proteins with the 

costameric domains indicates that they are either directly or indirectly bound to 

the costameric proteins that anchor them in place. Indeed interaction between 

CAV3 and DGC has been reported (Sotgia et al. 2000) and more detailed 

evidence has been provided for the interaction of Na+/K+ ATPase and ankyrin-3 

(Williams et al. 2001). Ankyrin-3 binds to β-spectrin which is further proposed to 

be anchored to the subsarcolemmal contractile apparatus via intermediate 

filaments, desmin and cytokeratins (O'Neill et al. 2002, Stone et al. 2007).  

As described above, many membrane proteins are located at costameric 

domains, but very little is known about the protein composition of an 

intercostameric domain. This is interesting because this region comprises the T 

tubule openings through which the action potential is conducted into the T tubules 

(Rahkila et al. (2001). Therefore, it seems apparent that this region must contain 

ion channels that are responsible for this event. Indeed, although the 

intercostameric domain lacks the Na+/K+ ATPase and CLC-1 (Williams et al. 
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2001, Papponen et al. 2005), which are essential for the restoration and 

stabilization of the membrane potential, a recent study suggests that it contains a 

considerable number of the voltage gated sodium channels Nav 1.4 (Murphy et al. 

2009). In addition to that, GPI anchored carbonic anhydrase IV, the enzyme 

responsible for the catalysis of hydration and/or dehydration of CO2 and/or HCO3
-, 

was recently localized in the intercostameric domain (Scheibe et al. 2008).  
 

 

Fig. 4.  A schematic representation of the costameric assembly of sarcolemmal and 

subsarcolemmal proteins. The costameres are aligned over the I-band, M-line and 

comprise also the interconnecting longitudinal stripes. Intermediate filaments, 

cytokeratins and desmin, are shown connecting the M-lines and Z-disk to the 

costameric proteins (O'Neill et al. 2002). T tubule openings are located at the A-I 

junctions and they thus belong to the intercostameric domain. 

2.5.6 Structural organization of the SR and its relationship to the ER 

The SR of skeletal myofibres is regarded as the equivalent of the SER in non-

muscle cells. In embryonic muscle cells the SR develops as tubular projections 

from the RER vesicles (Ezerman & Ishikawa 1967). Subsequently, the tubular 

projections branch around the developing myofibrils (Ezerman & Ishikawa 1967). 

In mature myofibres several RER proteins are located as clusters within an 

extensive SR network, and similar to mononucleated cells, the RER proteins 
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display an extensive staining also around the individual myonuclei (Volpe et al. 

1992, Kaisto & Metsikkö 2003, Rossi et al. 2008). Whether or not this 

perinuclear compartment is continuous with the SR network surrounding the 

myofibrils in mammalian myofibres remains to be determined. In anuran 

myofibres, however, the nuclear envelope is connected to the interfibrillar SR via 

terminal cisternae (Peachey 1965).  

The interfibrillar SR surrounds the myofibrils and occupies the space between 

them. It consists of terminal cisternae (junctional domain) and a nonjunctional 

domain, which comprises the network of tubules, the sarcotubules (Rossi et al. 

2008). However, because the triad, by definition, includes two terminal cisternae 

which contact the T tubule from opposite sides, the SR can further be divided into 

two compartments, one which orients over the I-band and the other which orients 

over the A-band (Fig. 3). Each compartment has two terminal cisternae which 

face the T tubules at the A-I-junction. The sarcotubules overlying the A-band run 

in a single plane (Ogata & Yamasaki 1985) and at the centre of the A-band, the 

region of M-line and H-zone, they join at the fenestrated cisternae (Porter & 

Palade 1957, Ogata & Yamasaki 1985). Similar to the A-band region, the 

sarcotubules connect the adjacent terminal cisternae overlying the I-band but the 

SR in that region is more complex, comprising a multilayered network (Ogata & 

Yamasaki 1985). Interestingly, the I-band SR and the A-band SR are occasionally 

connected by small tubular elements suggesting a continuous lumen between the 

compartments (Ogata & Yamasaki 1985). 

The SR is specialized for calcium handling. It is responsible for maintaining 

calcium homeostasis and on the other hand for a rapid release of calcium that 

causes contraction to occur. The SR is enriched with several proteins involved in 

Ca2+ handling. In addition to RYR1, the terminal cisternae contain a calcium 

binding protein, calsequestrin. Triadin and junctin are integral proteins that bind 

both to RYR1 and calsequestrin and by this arrangement the proteins facilitate the 

concentration of Ca2+ close to the RYR1 channels (Rossi et al. 2008). The 

nonjunctional part of the I-band SR is occupied by the Ca2+ ATPase SERCA, 

which exists as two isoforms in skeletal muscle: SERCA1 is expressed in fast 

twitch fibre types and SERCA2 in slow twitch fibre types (Periasamy & 

Kalyanasundaram 2007). The nonjunctional SR also contains inositol 

triphosphate receptors, Ca2+ release channels and homer proteins (Salanova et al. 

2002). 

It is interesting that all SR/ER related proteins appear to be distributed in the 

SR compartment aligned over the I-band, and to a minor extent over the M-line at 
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the centre of the A-band (Kaisto & Metsikkö 2003, Rossi et al. 2008). Presuming 

that the small tubular elements bridging the T tubules, provide for continuity 

between A-band and I-band oriented SR, one could expect to see proteins in both 

compartments. Rossi et al. 2008 suggested that the absence of a detectable 

amount of proteins in the A-band region could be due to a lesser amount of SR 

and the level of proteins is therefore below the detection limit of light microscopy. 

In support of that concept, immunoelectron microscopic studies have detected 

SERCA in A-and I-band SR, although in a lesser amount in the former (Jorgensen 

et al. 1982). 
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3 The aims of the study 

The membrane systems in mature myofibres have many peculiarities that are 

crucial for these cells to function as force producing units. The plasma membrane 

is adapted to transmit the electrical impulse deep into the fibre interior. On the 

other hand, this membrane contains costameric domains, which are organized to 

efficiently mediate a force produced by the contractile apparatus to the 

extracellular matrix. The SR must be extensive to allow efficient Ca2+ -cycling 

during contraction and relaxation. Despite these specialized functions, the 

membranes must exhibit many other functions to maintain cellular viability. The 

purpose of this work was to characterize in myofibres the distribution and 

organization of selected microdomains, which are known to be important for 

proper cellular functions in non-muscle cells. The specific aims were. 

1. To study how AQP4 water channels are distributed in the sarcolemma and T 

tubules in relation to specialized macrodomains and costameric domains 

defined by DGCs. 

2. To analyse how certain raft microdomains are distributed in the sarcolemma 

and the role of lipid environment in their location. 

3. To clarify the organization of membrane resident ER proteins in relation to 

the SR network.  
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4 Materials and methods 

4.1 Isolation of myofibres (I-IV) 

Myofibres were isolated from m. flexor digitorum brevis (FDB) or m. extensor 

digitorum longus (EDl) of adult female Sprague-Dawley rats by using collagenase 

II digestion. Individual myofibres or bundles of myofibres from EDl were 

carefully prepared by using fine forceps. Immediately after the preparation the 

EDl myofibres were fixed and used for immunofluorescence. The myofibres 

isolated from FDB were cultivated on dishes coated with Matrigel (Becton-

Dickinson Labware).  

4.2 Recombinant mammalian expression plasmids (II,IV) 

To produce an expression plasmid encoding the green fluorescent protein (GFP) 

Dad1 fusion protein, the cDNA of GFP was amplified from a pEGFP-Actin-

vector (Clontech) and Dad1 from isolated rat muscle mRNA by using RT PCR. 

Both cDNAs were first cloned into a pBluescript vector and then into a pEYFP-

N1 expression vector (Clontech) encoding a variant of the yellow fluorescent 

protein (YFP). Venus-AQP4.M23 was constructed by using gateway technology 

(Invitrogen). The cDNA encoding AQP4.M23 was amplified from mouse brain 

total mRNA using RT PCR. The AQP4 cDNA was first cloned into the pENTR-d-

TOPO vector, which facilitated subsequent cloning to various expression 

(destination) vectors. We used a custom made pDEST-Venus-C for the expression 

of AQP4 in skeletal myofibres. All the constructs were sequenced with an ABI 

PRISM™ 3130XL sequencer and a BigDye Terminator v1.1 cycle sequencing kit 

(Applied Biosystems).  

4.2.1 In vivo electroporation of recombinant plasmids (II,IV) 

In vivo electroporation was performed on the living rat FDB-muscle. The rat was 

kept under isoflurane anaesthesia during the operation. An appropriate plasmid 

was injected into a muscle through a small incision on the footpad using a 

Hamilton syringe. Immediately after that, the foot was placed between custom 

made tweezer electrodes and subjected to 10 pulses of a 200v/cm electric field 

lasting for 20 ms each. A conductive gel (Aquasonic, Parker) was used to improve 
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conduction between the electrodes and the skin. After the operation, the incision 

was closed with tissue glue. 

4.3 Recombinant Semliki Forest virus vectors and the production 
of viruses (I, III, IV) 

Recombinant Semliki Forest viruses (SFV) were generally used to produce 

massive amounts of recombinant protein in myofibres. The SFV expression 

vector pSFV1 was provided by Dr. Henrik Garoff. The cDNA encoding AQP4 

(M1-isoform) was digested from a pEGFP-C1 vector (Clontech) using NheI and 

KpnI restriction enzymes. The cDNA encoding plain GFP was digested from a 

pEGFP-C1 vector with NheI and BglII. The cohesive ends of the digested cDNAs 

were blunted with the Klenow polymerase reaction. The cDNA encoding GFP-

Dad1 was digested from a pBluescript vector using the EcoRV restriction enzyme. 

The generation of recombinant pSFV1 encoding the Japan strain influenza HA 

(Japan/A/305) or a mutant HA (2A511) has been described in Kaisto et al. (2002). 

All the cDNAs were inserted into the SmaI restriction site of a pSFV1 vector.  

To produce large amounts of the resulting recombinant pSFV1s, the vector 

was transformed to XL1-Blue supercompetent cells (Stratagene). After 

identifying the positive clones on agar plates, the correct orientation of the insert 

in the vector was judged with PCR by using sequence specific oligonucleotides. 

The selected clones were further grown to produce a sufficient amount of the 

vector for the production of a recombinant virus.  

The virus was produced as described by Olkkonen et al. (1994). Briefly, the 

pSFV1 vector was linearized with the SpeI restriction enzyme. By using the 

linearized vector as a template, in vitro synthesis of recombinant RNA was 

performed. Together with a pSFV helper RNA, the recombinant RNA was 

electroporated into BHK-21 cells to produce recombinant SFV. 

4.3.1 Other viruses used (IV) 

Influenza virus (WSN strain) stocks were grown in MDCK cells and had a titre of 

109 plaque forming units/ml. The generation of recombinant VSV encoding HA 

has been described earlier (Kretzschmar et al. 1997). 
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4.4 In vitro mutagenesis (II,III) 

In vitro mutagenesis was performed by using the QuickChange site-directed in 

vitro mutagenesis kit (Stratagene). Venus-AQP4.M23 lacking the C-terminal 

SSV-domain was constructed by using an oligonucleotide primer containing a 

STOP-codon (TGA) just prior to the triplets encoding the sequence in question. 

2A511 HA (Scheiffele et al. 1997) lacking the three cysteines essential for raft 

association was generated by incorporating the required point mutations into an 

oligonucleotide primer. The resulting primers encoded serines instead of cysteines. 

Since 2A511 HA already contained mutations in the transmembrane domain, 

which made it soluble in Triton X-100 (TX-100) (Scheiffele et al. 1997), 

complete segregation in the non- raft lipid environment was now expected. All the 

sequences were verified by sequencing as described above. 

4.5 Immunofluorescence studies (I-IV) 

Muscle cryosections or myofibres on the culture dishes were fixed for 10 min 

with 3% paraformaldehyde (PFA) in PBS, followed by a 5 min permeabilization 

with 1% TX-100 in PBS. Blocking of non-specific binding was performed using 

1% BSA for 20 min. Primary antibody (Table I) incubations were performed for 

30 min at 37 °C, 2 h at room temperature or at 4 °C overnight. In III, the rabbit 

anti-HA antiserum was added into the culture medium at 1:100 dilution and 

incubation was performed for 1.5 h at 10–12 °C followed by two washes with 

PBS and fixation with paraformaldehyde. Alexa-conjugated secondary antibodies 

were used for visualization of bound primary antibodies. The samples were 

examined using a Zeiss LSM510 confocal microscope. 

4.6 Transmission electron microscopy (III) 

For immunolocalization studies, EDL muscle or isolated myofibres were fixed 

with 4% PFA in 0.1M phosphate buffer (containing 7.3 mM sucrose in the case of 

isolated myofibres). The myofibres were embedded in 12% gelatin at 37 °C, 

centrifuged at 3000 x g for 5 min and chilled in an ice bath for 30 min. The 

congealed gelatin was sliced in small pieces and placed in 2.3 M sucrose. Both 

the pieces of the EDl muscle and gelatin embedded myofibres were incubated in 

2.3 M sucrose overnight. Thereafter the samples were frozen with liquid nitrogen 

and sectioned. In order to prevent unspecific binding of antibodies, the sections 
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were first incubated in 50 mM glycine in PBS. Glycine blocks the aldehyde 

groups left by PFA. Then the blocking was continued with 5% BSA supplemented 

with 0.1% cold water fish skin gelatin (Aurion, Netherlands) in PBS. The primary 

antibody (Table 1) incubations were for 1 h at 37 °C followed by incubation with 

rabbit anti mouse secondary antibodies and the protein A-gold complex, made 

after Slot & Geuze (1998).  

Table 1. List of antibodies and fluorophores used in the original publications. 

Antibody Source/reference Used in 

α-actinin mAb 

-syntrophin rAb 

-bungarotoxin-TRITC 

Sigma 

Sigma 

Sigma 

II 

II 

I 

Aquaporin-4 rAb Chemicon/Sigma I, II 

-dystroglycan mAb Novocastra laboratories, UK I,II, III 

Calcein-AM 

Calnexin rAb 

Caveolin-3 mAb 

DHPR α-subunit mAb 

Invitrogen 

Stressgen 

BD Biosciences 

Affinity BioReagents 

I,III 

IV 

I,II, III 

II, III 

Fast myosin heavy chain mAb 

Flotillin1 rAb 

Novocastra laboratories 

Sigma 

I 

IV 

GM-130 mAb BD Biosciences I, II 

HA (Japan strain) rAb 

HA (WSN strain) rAb 

Scheiffele et al. 1997 

Rahkila et al. 1998 

I,III 

IV 

Paxillin mAb Transduction laboratories I 

sec61α rAb Affinity Bioreagents IV 

sec61β rAb 

SERCA1 mAb 

Upstate 

Sigma 

IV 

IV 

TRAPα rAb 

Rabbit anti mouse IgG 

Alexafluor568, Goat anti mouse IgG 

Alexafluor568, Goat anti rabbit IgG 

Alexafluor488, Goat anti rabbit IgG 

Proteintech Group Inc. 

Zymed laboratories 

Molecular Probes 

Molecular Probes 

Molecular Probes 

IV 

III 

I,II,III, IV 

II 

I,III,IV 

Isolated myofibres were also used for conventional electron microscopy. The 

myofibres were fixed with 1.5% glutaraldehyde in PBS, collected by scraping, 

pelleted by centrifugation and then immersed in 12% agarose. Osmium tetroxide 

(1%) was used for post-fixation, followed by embedding in Epon LX 112 (Ladd 

Research Industries, USA).  

Thin 150–200 nm sections were examined with the Philips CM100 electron 

microscope. 
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4.7 Microscopy of living cells (I, II, III) 

Live cell imaging was used in hypotonic swelling experiments (I,III) and in FRAP 

studies in II. In II, living myofibres were monitored in a CO2 independent 

medium (Invitrogen) to ensure optimal pH. All the live cell experiments were 

performed on the day of isolation so that the myofibers were in the best possible 

condition. A Zeiss LSM510 confocal microscope was used for imaging. 

4.8 Biochemical methods 

4.8.1 Detergent extractions (I, III, IV) 

Freshly excised EDL muscle was cut into small pieces and homogenized in a 

tight-fitting glass homogenizer at 0ºC in PBS containing protease inhibitors 

(PMSF and aprotinin or Roche’s complete protease inhibitor cocktail). To remove 

most of the myofibrils the homogenate was subjected to centrifugation in a table 

top centrifuge at 200–1000 x g for 1–2 min. Detergents TX-100, Tween-40, 

Chaps, Polyoxyethylene 20 oleyl ether and Brij 58 were used to extract lipids and 

membrane proteins. All the detergents were used at a concentration of 1% in PBS. 

After 10 min incubation in an ice bath, the detergent insoluble fraction of the 

membrane was pelleted at 75 000 x g for 2 h at 4 °C. The pellet (detergent 

resistant membrane fractions) was solubilized with Laemmli sample buffer 

(Laemmli 1970). The proteins solubilized by the detergent were precipitated with 

10% trichloroacetic acid (TCA) in an ice bath. The precipitated proteins were 

pelleted by centrifugation at full speed on the table top centrifuge for 10 min. The 

remaining TCA was washed out with cold absolute methanol.  

4.8.2 Sucrose gradient ultracentrifugation (I,II,IV) 

Isolated skeletal muscle membranes, obtained as described in the previous section, 

were suspended in 55% sucrose in PBS containing the protease inhibitors and 

homogenized with a hand made glass homogenizer and then applied to the bottom 

of a stepwise sucrose gradient (sucrose percentages w/w: 48%, 42%, 36%, 32% 

and 10% in PBS). In I and IV, the detergents TX-100 or Brij-58 were added into 

the sample suspended in 55% sucrose to obtain a final detergent concentration of 

1%. After overnight centrifugation at (~180 000–200 000 x g) the gradients were 

fractionated (500–520 l) from the bottom or top of the gradient. After 
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determination of the refractive indexes from the fractions, the proteins were 

precipitated with 10% TCA.  

4.8.3 Sphingomyelinase and CDX treatments on isolated membranes 
or myofibres (III, IV) 

The SR was enriched by sucrose gradient ultracentrifugation. For the 

determination of fractions enriched in SR membranes, we used western blotting 

and antibodies against SERCA1. The fractions were diluted 1:1 with PBS and 

pelleted at 75 000 x g for 1.5 h at 4 °C. The pellets were resuspended in PBS and 

CDX was added to the suspension to yield a final concentration of 10 mM. The 

mixtures were incubated for 30 min at 37 °C. Sphingomyelinase (Staphylococcus 

aureus, Sigma) (7 U/ml) was added into the SR suspensions, which were then 

incubated for 1h at 37 °C. After the incubations, the samples were chilled in an 

ice bath, treated with detergent Brij 58 and processed as described in the previous 

sections. 

In III, CDX was used to extract cholesterol from intact myofibres. For that 

purpose DMEM containing L-glutamine, penicillin-streptomycin and 0.05% (v/v) 

heat inactivated and lipoprotein-depleted horse serum was used to prevent 

incorporation of cholesterol derived from the medium into the plasma membrane. 

The samples were incubated for 1 h at 37 °C in the presence of various 

concentrations of CDX.  

4.8.4 Blue native gel electrophoresis (II) 

Blue native electrophoresis (BN-PAGE) was used for the analysis of membrane 

proteins in their native conformation. The method was applied to analyse higher 

order complexes of AQP4 in II. BN-PAGE was performed according to Reisinger 

& Eichacker (2006) with some modifications. Isolated membrane vesicles from 

sucrose gradient ultracentrifugation were first diluted 1:1 with PBS containing 

protease inhibitors and then centrifuged at 75000 x g for 1.5 h. The pellets were 

resuspended in 100 l Blue native sample buffer consisting of 20 mM Bis-Tris 

(Sigma), 2 mM EDTA, 12 mM NaCl, 10% Glycerol, 500 mM -aminocaproic 

acid (Sigma), 1% TX-100 and complete proteinase inhibitor cocktail (Roche). 

The samples were thereafter incubated in an ice bath for 15 min during which 

time TX-100 solubilized most of the membrane proteins. TX-100 insoluble 

material was pelleted at 12 800 x g for 10 min. After determination of the protein 
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concentration of the supernatant with a protein assay kit (Bio-Rad), 5 l of 5% 

Coomassie blue G-250 was mixed into the samples. Equal amounts of protein 

were then loaded into the wells of a 5% native polyacrylamide gel consisting of 

50mM Bis-Tris, 500 mM -aminocaproic acid, 5% acrylamide, 5% glycerol.  

4.8.5 SDS-page and immunoblotting (I-IV) 

Crude membranes or detergent extracted and TCA precipitated membrane 

proteins were suspended in SDS Sample Buffer (Laemmli 1970) and heated at 

95 °C for 1.5 min or at 37 °C for 20 min to denaturate and solubilize the proteins. 

The samples were thereafter electrophoresed in a 10–12% SDS-polyacrylamide 

gel. The resolved proteins were electrotransferred onto a nitrocellulose membrane 

and blocked for 2 h at room temperature or overnight at +4 °C with 5% non-fat 

milk powder in PBS. After blocking the membrane was incubated in the primary 

antibody-solution containing 0.05% non-fat milk powder in PBS for 2 h at room 

temperature or overnight at +4 °C. Bound primary antibodies were detected with 

with horseradish peroxidase-conjugated secondary antibodies and enhanced 

chemiluminescence western blotting detection reagents (Amersham Biosciences) 

using Hyperfilm. 
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5 Results 

5.1 The distribution and organization of AQP4 in the plasma 

membrane (I and II) 

5.1.1 AQP4 mimics the distribution pattern of DGC in the lateral 

sarcolemma but avoids specialized micro- and macrodomains  

The distribution of AQP4 was investigated in the sarcolemma of two fast twitch 

muscles, FDB and EDl. Immunofluorescence staining revealed a punctate 

staining pattern of AQP4. This finding is compatible with early freeze fracture 

analyses of the sarcolemma, which displayed over 50 closely spaced OAPs/µm2 

(Rash & Ellisman 1974), and suggests that the AQP4 dots shown here represent 

OAPs. Interestingly, the dots were often associated with larger clusters (Fig. 1 in 

I). The distribution of the AQP4 dots mimicked the distribution of β-dystroglycan 

and was similar to α-syntrophin, the adaptor protein thought to anchor AQP4 to 

the DGC complex (Adams et al. 2001; I, Fig. 3 A-C; Fig. 5 in the thesis, upper 

and middle panel). It is notable, however, that despite the intense 

immunofluorescence staining, α-syntrophin mainly decorated the DGC domain 

overlying the I-band. In accordance with the similar distribution of AQP4 and α-

syntrophin, the mobile fraction (Mf) of the chimaeric venus-AQP4 was slightly 

increased following deletion of the syntrophin binding sequence (SSV), which 

suggests that these proteins interact with each other. 

Since AQP4 was abundantly present in the I-band domain of the DGC we 

examined whether the protein resides in caveolae, which are highly enriched in 

that region. We used two different approaches. First, the myofibres were treated 

with CDX to deplete cholesterol from the sarcolemma. Cholesterol is known to be 

essential for caveolar morphology and cholesterol depletion has been shown to 

mobilize CAV1 (Thompsen et al. 2002). This could also apply to other proteins 

that associate with caveolae. We found that cholesterol depletion reduced the 

immunostaining of CAV3 at the sarcolemma but did not affect AQP4. Secondly, 

homogenized skeletal muscle membranes were subjected to cold 1% TX-100 

extraction. Under these conditions caveolar rafts should largely remain intact, 

whereas non-raft lipids and proteins are solubilized. Upon sucrose gradient 

ultracentrifugation, a fraction of CAV3 floated in a lighter density fraction 

whereas a considerable amount of CAV3 appeared to be solubilized by the 
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detergent and resided in the lower density fractions. This finding is compatible 

with the report of Schuck et al. (2003) in which a substantial amount of CAV1 

was found to be TX-100 soluble. In contrast to CAV3, AQP4 was only present in 

the pellet. Collectively these results indicate that AQP4 and CAV3 represent 

separate microdomains. 

Since the distribution patterns of AQP4 and DGC were identical in the 

nonjunctional sarcolemma, the next step was to examine whether AQP4was 

present in the specialized macrodomains NMJ and MTJ, which are both enriched 

with DGCs. Interestingly, AQP4 was regularly absent from these domains. It was 

also remarkable that AQP4 was absent from a relative large area surrounding the 

NMJ (894–46000µm2) in EDl myofibres which otherwise exhibited continuous 

surface staining for AQP4.  

Fig 5. AQP4 and α-syntrophin colocalize with β-dystroglycan. The upper panel shows 

the localization of AQP4 in relation to β-dystroglycan (DG). The middle panel shows 

the localization of α-syntrophin (Syn) in relation to β-dystroglycan. Arrowheads mark 

three adjacent M-lines. Note that α-syntrophin is localized almost exclusively over the 

I-band domain. The confocal section just beneath the sarcolemma in the lowest panel 

shows that α-syntrophin is oriented in double rows which partially overlap with DHPR 

staining. Scale bars 2µm. 
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5.1.2 AQP4 and α-syntrophin are present in T tubules which do not 
contain DGC 

Immunfluorescence staining did not detect AQP4 in the T tubules in contrast to α-

syntrophin, which showed an intense staining in two rows just beneath the 

sarcolemma. Coimmunostaining of α-syntrophin and the T tubular marker DHPR 

revealed considerable overlap, thus suggesting that the antibodies directed against 

α-syntrophin also recognize this protein in T tubules (Fig 5. lower panel). Since it 

was possible that the AQP4 in the T tubules was not accessible to the antibodies, 

sucrose gradient ultracentrifugation was performed to fractionate the cell 

membranes. AQP4 was reproducibly present in fractions containing membranes 

derived from T tubules as well as those derived from the sarcolemma. β-

dystroglycan was used as a marker of sarcolemma and DHPR as a marker of T 

tubules. This result suggests that AQP4 is present in T tubules but the antibodies 

were unable to recognize the protein in intact cells. 

To further investigate the distribution of AQP4 in T tubules as well as its 

dynamic properties, we used venus-AQP4 transfected into FDB muscle of living 

rats. Venus fluorescence was detected in T tubules colocalizing with DHPR, but 

the fluorescence was unevenly distributed both in myofibres frozen immediately 

after sacrifice of the animal as well as in isolated myofibres. It was also notable 

that AQP4 antibodies did recognize the transgenic protein in T tubules just 

beneath the sarcolemma but not in the deeper region suggesting that the epitope 

of AQP4 was still unrecognizable by the antibodies used. 

The Mfs measured for chimaeric AQP4 in the T tubules were virtually equal 

to those measured at the sarcolemma, which suggests that the mobility of 

transgenic AQP4 is restricted by similar mechanisms. It was surprising, however, 

that the Mf was slightly decreased in T tubules when the SSV-sequence was 

deleted.  

5.1.3 BN-PAGE reveals higher order AQP4 complexes in the 
sarcolemma and in the T tubules  

Earlier freeze fracture studies of the sarcolemma demonstrated the existence of 

OAPs of variable sizes (Rash & Ellisman 1974). Moreover, recent BN-PAGE 

analyses of skeletal muscle plasma membrane revealed multiple higher order 

oligomers of AQP4 (Nicchia et al. 2008a). Importantly, the highest MW 

oligomers appeared to be dependent on the presence of dystrophin. Since T 
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tubules do not contain DGC, we investigated whether differences between the 

sizes of oligomers in sarcolemma and T tubules exist by using BN-PAGE. 

Surprisingly, the sarcolemmal and T tubular membranes separated by sucrose 

density gradient centrifugation did not reveal any differences in the size of the 

AQP4 complexes. Two major complexes above the 669 kDa marker, a complex 

between the 669 and 440 kDa markers and a complex below 440 kDa were 

detected. In addition, two faint bands were present above the highest MW 

complex.  

5.1.4  The distribution of AQP4 is not uniform in fast twitch muscles 
although the protein is synthesized throughout the myofibres  

The distribution of AQP4 was examined in two different fast twitch muscles by 

using immunofluorescence staining. Although the expression of AQP4 is linked to 

the fast twitch phenotype (Frigeri et al. 1998), we found that this does not 

necessarily mean the presence of protein. Accordingly, nearly half of the FDB 

myofibres showed no immunostaining, whereas the protein was present in almost 

all EDI myofibres. Moreover, in those FDB fibres that displayed AQP4 

immunofluorescence, the staining was often deficient, i.e. not covering the entire 

sarcolemma. However, functional analyses repeatably showed that the regions in 

the sarcolemma that contained AQP4 exhibited higher water permeability than the 

regions that were devoid of the protein. 

We also investigated whether the restricted distribution of AQP4 in FDB 

myofibres was due to restricted synthesis of the protein. To clarify this we used 

Brefeldin A (BFA) to block the export of newly synthesized proteins from the ER 

for 18 h. Interestingly, we found that during this time, the translocated AQP4 

studded the entire ER network from one end of the fibre to the other. As it is 

possible that this could simply be a result of lateral diffusion of the protein within 

the endomembrane system, we infected the myofibres with SFV encoding HA or 

GFP-AQP4. We used a low dose of the virus to achieve low expression levels of 

the proteins. When transport of these proteins from the  

ER was blocked for an equivalent time with endogenous AQP4, the distribution 

of transgenic proteins was restricted, thus suggesting that the proteins do not 

travel far from the site of translocation. 
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5.2 CAV3, flotillin1 and HA rafts displayed a diverse distribution 
pattern in the sarcolemma (III) 

The distribution of CAV3, flotillin-1 and HA was investigated in relation to DGC 

by using immunofluorescence staining. We divided the sarcolemma into two 

regions containing either DGC rich, or DGC deficient domains. This division 

helped to determine the exact location of the proteins. The location of CAV3 at 

the DGC domain overlying the I-band was determined previously by Rahkila et al. 

(2001). This distribution pattern was compatible with the distribution of caveolae. 

However, it is interesting that caveolae-like invaginations are also present in the 

necks of the T tubules (Rahkila et al. 2001). Our immunofluorescence and 

immunoelectronmicroscopic observations showed that flotillin-1 is located in the 

DGC deficient domain just below the sarcolemma. Moreover, the immuno 

electron microscopic examinations occasionally revealed immunogold particles in 

vesicular structures at the A-I junction. These findings suggest that flotillin-1 is 

localized to the neck portions of T tubules and possibly also in the vesicular 

structures, which are associated with the necks.  

Similar to flotillin-1, HA was also located in the DGC deficient domain. It 

was remarkable that both proteins formed clusters, which is compatible with 

previous studies in mononucleated cells (e.g. Lang et al. 1998, Hess et al. 2007). 

However, both the cluster size and distribution were different. Flotillin-1 clusters 

were larger and located at the centre of the DGC deficient domain, whereas HA 

clusters tended to localize at the borderlines of the DGC domain, thus partly 

overlapping with the domain. Importantly, neither of the proteins colocalized with 

CAV3 (III, Fig. 2a, thesis, Fig 6). 

 

Fig 6. The distribution of HA in relation to CAV3. Note that the intense HA spots flank 

the CAV3 staining but do not overlap with it. Scale bar 2 µm. 
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5.2.1 Cholesterol depletion alters the barrier function of the 
sarcolemma but has a variable influence on the distribution of 

raft proteins 

Cholesterol is an essential component of rafts and it was of interest to investigate 

whether depletion of cholesterol would affect the organization and/or distribution 

of raft proteins at the sarcolemma. Accordingly, we treated isolated myofibres 

with CDX to remove cholesterol from the membrane. Drug concentrations of 1 

mM to 5 mM had a dramatic influence on the caveolae rafts located over the I-

band domain of DGC. The caveolae were deformed and CAV3 diffused into the 

neck portions of T tubules. In contrast, the distribution of flotillin-1 and HA rafts 

were not altered. Previous studies have shown that cholesterol depletion by CDX 

partially disrupts the HA clusters but does not abolish them (Hess et al. 2005). To 

investigate whether the molecular ordering is disrupted in flotillin-1 rafts, the 

membranes of CDX treated myofibres were extracted with cold TX-100. Since 

cholesterol depletion should disrupt the packing of rafts, one could expect to see 

more raft proteins in the TX-100 soluble fraction. However, flotillin-1 did not 

become markedly soluble in TX-100 even in the case when the myofibres were 

first treated with 5 mM CDX, which had the most pronounced effect on CAV3 

distribution.  

Altering the cholesterol content may also have adverse effects on the integrity 

and thereby the persistence of the plasma membrane. This in turn may render the 

membrane susceptible to mechanical damage during repeated contractions, which 

has also been suggested as one of the side effects of statins (Sakamoto et al. 2007). 

To judge the potential changes in the plasma membrane, we analysed the cellular 

response to hypotonic shock. Accordingly, a fluorophore, calcein-AM, became 

significantly more diluted in myofibres treated with 2 mM CDX compared to 

non-treated controls, which suggested that the permeability of the plasma 

membrane to water was increased. Interestingly, increasing the concentration of 

CDX did not enhance the effect. Rather it was found that myofibres became leaky 

to fluorophore in the isotonic PBS indicating a disruption of the membrane.  

5.2.2 Non-raft associated mutant HA exhibits a similar distribution 
pattern to WT HA  

HA is a classical raft marker and the amino acids, which are required for raft 

association have been well characterized. We utilized this information to produce 
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a mutant HA, which lacks all known raft targeting signals. First, we analysed 

whether the mutant HA lacking two alanines in the transmembrane domain would 

be differentially distributed compared to WT HA. This HA variant (2A511) was 

the first non-raft associated mutant characterized originally by Scheiffele et al. 

(1997) and its altered solubility to cold TX-100 in myotubes was verified 

previously by Kaisto et al. (2002). This variant did not show any difference in 

distribution compared to WT HA even when overexpressed. Since the 

identification of the raft associated amino acids in the transmembrane domain of 

the HA, Melkonian et al. (1999) described additional amino acids required for raft 

association. It appeared that two palmitoylated cysteines at the C–terminus and 

one buried in the transmembrane domain were important for raft association. To 

analyse whether a HA variant lacking these cysteines could affect the distribution 

of the protein, we replaced these cysteines with serines, which are unable to bind 

palmitate. Interestingly, even in that case we did not find any difference in the 

distribution between the mutant HA and WT HA.  

5.3 The membrane resident ER proteins exist as microdomains 
within an extensive SR network (IV) 

Previous studies have shown that some integral and several luminal RER proteins 

are present as clusters within the SR (Volpe et al. 1992, Rahkila et al. 1996, 

Rahkila et al. 1997, Kaisto & Metsikkö 2003), but it has remained uncertain 

whether the RER shares the same membrane constituents with the SR. Since the 

SR is generally considered as a subdomain of the ER (Baumann & Walz 2001) we 

used the term ER to refer to RER. We investigated whether the membrane 

associated components of the ER and the SR protein SERCA resided in different 

lipid environments. Accordingly, we found that SERCA was present in a lipid 

environment that exhibited a strong resistance to Brij 58, in contrast to ER 

proteins, which were highly soluble in detergent. Interestingly, the treatment of 

membrane vesicles with Tween 40 and polyoxyethylene-20-oleyl ether revealed a 

somewhat different situation. SERCA was slightly soluble in these detergents 

whereas the ER proteins Sec61α and calnexin were solubilized to a variable 

extent. Collectively these results suggested that ER and SR proteins reside in 

different lipid environments. It is also notable that these differences could only be 

resolved by using mild/non-selective detergents (for details see Schuck et al. 

2003). Stronger detergents, TX-100 and CHAPS, did not reveal any differences in 

the solubility between the proteins studied. We also found that the solubility of 
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SERCA in Brij58 was markedly increased when the membrane vesicles were first 

treated with sphingomyelinase, which suggests that this protein may actually 

reside in a membrane that resembles rafts with respect to lipid constituents. On 

the other hand, it is notable that calnexin also appeared slightly more soluble in 

Brij58 after sphingomyelinase treatment. This is compatible with a finding that a 

fraction of the protein remained insoluble in Brij58 without prior treatment with 

sphingomyelinase and this fraction exhibited density properties similar to SERCA 

in sucrose gradient centrifugation.  

To further analyse the lipid environment in which the proteins reside, we 

extracted cholesterol from SR membrane vesicles by means of CDX. Surprisingly, 

the cholesterol depletion with CDX either alone or in combination with 

sphingomyelinase (our unpublished observation) did not increase the solubility of 

SERCA but rather decreased it. It is not likely that CDX was not effective on 

membrane vesicle homogenates since this drug was shown to efficiently extract 

cholesterol from cell homogenates (Schuck et al. 2003). Interestingly, however, 

the drug was not effective if used in epithelial cell cultures in which the 

cholesterol is enriched in the apical surface and is directly exposed to the drug 

(Schuck et al. 2003). 

We also used immunofluorescence staining to judge the distribution of the 

translocon and certain associated proteins within the SR. Similar to certain 

integral ER proteins detected in previous studies (Rahkila et al. 1997, Kaisto & 

Metsikkö 2003), the α and β subunits of sec61 and calnexin showed a dotted 

distribution pattern, which was intermixed with homogenous SERCA staining 

over the I-band and perinuclear SR. We also analysed the distribution of 

chimaeric GFP-Dad1 protein, a component of OST, which was previously shown 

to tightly associate with the translocon (Nikonov et al. 2002). Surprisingly, in a 

heavy overexpression condition, i.e. when the protein was expressed from recSFV, 

the GFP fluorescence exclusively overlaid the Z-disks. Only when the protein was 

expressed from a mammalian expression vector by means of electroporation, 

could dot like- fluorescence aggregates be detected in the interfibrillar SR. We 

presumed that the expression level in the latter case was considerable lower than 

when the protein was expressed from recSFV and therefore a fraction of GFP-

Dad1 was able to compete with the endogenous counterpart for binding to the 

translocon.  

Together the dotted distribution pattern of integral ER proteins and their 

presence in a distinct lipid environment as compared to SERCA suggest that the 

ER is organized as microdomains within the SR. 
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5.3.1 ER microdomains studded in the interfibrillar SR are recruited 
for protein synthesis  

Although previous studies have shown that ER components as well as ER 

resident membrane proteins of viral origin are present throughout the interfibrillar 

SR (Rahkila et al. 1996, Kaisto & Metsikkö 2003), the question still remains as to 

whether the ER components are capable of protein synthesis and translocation. 

Namely, it is possible that all proteins are synthesized and translocated in the ER 

surrounding the myonuclei and subsequently diffuse into the interfibrillar SR. In 

order to clarify that, we analysed the distribution of HA protein expressed from 

two different viruses: VSV, which replicates in the cytosol, and influenza virus, 

which replicates in the nucleus. When the HA was blocked in the ER by means of 

BFA, the subsequent immunofluorescense staining showed a very different 

distribution pattern depending on the virus used for expression. HA expressed 

from the influenza virus was concentrated in the perinuclear and subsarcolemmal 

SR, whereas HA expressed from VSV was distributed throughout the interfibrillar 

SR from peripheral to core regions. We concluded that if all protein synthesis and 

translocation took place in the perinuclear and subsarcolemmal ER and protein 

subsequently diffused toward the core regions, one could also expect to see HA in 

the core regions when it was expressed from the influenza virus.  
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6 Discussion 

6.1 DGC dictates the localization of AQP4 at the sarcolemma but 

not in T tubules  

Previous studies have localized AQP4 in the lateral sarcolemma of fast twitch 

skeletal myofibres (Frigeri et al. 1995, Frigeri et al. 1998, Wakayama et al. 2001). 

In the present study a detailed analysis of AQP4 localization in relation to DGC 

was carried out. We found that AQP4 immunofluorescence perfectly 

corresponded with the distribution pattern of DGC being almost absent from 

DGC deficient regions, which surround the T tubule openings. α-syntrophin 

distribution also followed the DGC pattern. It was remarkable, however, that we 

did not observe considerable immunostaining of α-syntrophin in the DGC domain 

oriented over the M-line, which contradicts the costameric distribution pattern of 

syntrophins previously reported (Williams & Bloch 1999b, O’Neill et al. 2002). 

The obvious reason for this discrepancy is that the antibodies used in previous 

studies recognized all syntrophin isoforms present in skeletal myofibres. Four 

syntrophin isoforms, α1 (α), β1 β2 and γ2, are expressed in skeletal myofibres of 

which α1 and β1 are also present in nonjunctional regions of the sarcolemma 

(Peters et al. 1997, Alessi et al. 2006).  

AQP4 binds to α-syntrophin and this apparently explains its DGC associated 

distribution pattern. Consistently the chimaeric AQP4 became more mobile in the 

sarcolemma when the syntrophin binding sequence was deleted from the C- 

terminus. However, a high fraction of proteins still remained surprisingly 

immobile. It is possible that the chimaeric protein is bound to other still unknown 

proteins, which are located beneath the sarcolemma. Alternatively, the costameric 

proteins may form a stiff network, which efficiently restricts the mobility of 

proteins. Also, the association of AQP4 into the large OAPs reduces the Mf. 

Indeed, the Mfs measured in the sarcolemma corresponded to those measured 

previously for OAPs in LLC-PK epithelial cells (Tajima et al. 2010). However, in 

our study the fluorescent protein (Venus) was tagged at the N-terminus, which 

likely prevents the association of AQP4 monomers into the OAPs (Crane & 

Verkman 2009, Tajima et al. 2010).  

Interestingly, we found AQP4 and α-syntrophin also in T tubules although 

this compartment of the plasma membrane does not contain DGCs (Ohlendieck et 

al. 1991, Muñoz et al. 1995). Three isoforms of syntrophin (α1, β1 and β2) bind 
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to dystrophin in skeletal muscle and the complete lack of dystrophin results in a 

reduced localization of syntrophins associated with the nonjunctional sarcolemma 

(Crawford et al. 2000). Thus, it remains to be determined whether α-syntrophin is 

associated with cytoskeletal elements surrounding T tubules and which proteins 

could mediate this link. Regarding AQP4, it is not at all clear whether this protein 

is bound to α-syntrophin in T tubules. In fact we did not observe any increase in 

Mf of the chimaeric AQP4 lacking the C-terminal syntrophin binding domain. On 

the other hand, if AQP4 was not bound to α-syntrophin, what could explain the 

finding that the Mf of wild type AQP4 in T tubules was not comparable to that of 

the SSV mutant at the sarcolemma? One possibility is that AQP4 interacts with 

macromolecules other than α-syntrophin. It is notable that the lumen of a T tubule 

contains albumin and possibly also other macromolecules (Knudson & Campbell 

1989), which have been suggested to form a gel-like surface inside the narrow 

tubule (Laurizen et al. 2006). This kind of environment may markedly restrict the 

mobility of proteins as has been suggested as an explanation for the restricted 

diffusion of insulin in T tubules (Laurizen et al. 2006). The notion that Mf was 

slightly decreased upon deletion of the SSV sequence implies that this sequence 

masked domains, which then become free to interact with macromolecules.  

AQP4 belongs to membrane associated proteins that are distributed both in 

the sarcolemma and T tubules. It is not understood, which mechanisms could lie 

behind such a distribution pattern and, on the other hand, segregate proteins into 

the sarcolemma or T tubules. It is possible that, once delivered to the plasma 

membrane, proteins can freely diffuse between the sarcolemma and T tubules 

until they are anchored in place by a specific subsarcolemmal protein. This would 

explain the DGC associated distribution pattern of AQP4 and α1-subunit of 

NA+/K+ -ATPase. The latter protein is anchored into the subsarcolemmal 

cytoskeleton via ankyrin-3 and β-spectrin. However, abolishing this link did not 

lead to redistribution of the subunit into the T tubules (Williams et al. 2001). 

Moreover, the distribution of another subunit of NA+/K+ -ATPase, α2, which 

resides not only in the sarcolemma, but also in T tubules, was not altered when 

the binding to the spectrin based cytoskeleton was prevented (Williams et al. 

2001). These findings argue against the possibility that the subunits are able to 

diffuse into the T tubules after being delivered to the sarcolemma. One possibility 

is that proteins that are present both in T tubules and sarcolemma, follow their 

own pathways into the compartments once liberated from the Golgi complexes 

(elements). It is notable that Golgi are located beneath the sarcolemma as well 

deep inside the myofibre (Rahkila et al. 1997, Ralston et al. 1999). Whether or 
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not the Golgi residing in the deeper regions are recruited to sort proteins to T 

tubules remains to be determined. 

6.1.1 AQP4 is not present in caveolae and specialized 
macrodomains 

Previous studies have shown that AQP1 is present in caveolae of cardiac 

myocytes in which they were thought to control water movement (Page et al. 

1998). Our immunofluorescence observations revealed that, similar to CAV3, 

AQP4 is studded the DGC rich domain overlying the I-band. Moreover, our 

unpublished immunofluorescence observations revealed that AQP4 and CAV3 did 

colocalize. However, this finding could be explained by the flask-shaped 

geometry of caveolae, which may bring these proteins close to each other. Indeed, 

immunoelectron and freeze fracture electron microscopic studies have revealed 

that AQP4 and OAPs occasionally exist near the caveolae (Liu et al. 1999, 

Wakayma 2010). Nevertheless, our flotation and cholesterol depletion analyses 

showed that AQP4 does not behave like CAV3 under these conditions, which 

suggests that OAPs and caveolae represent separate microdomains.  

It is interesting that, although the localizations of AQP4 and DGCs are 

identical in costameres at the sarcolemma, AQP4 was virtually absent from the 

NMJ and MTJ, which are enriched with DGCs. This persisted not only in FDB 

myofibres, in which AQP4 was generally nonuniformly distributed, but also in 

EDl myofibres. Especially in the NMJ, AQP4 was absent from a relatively large 

area surrounding the domain. A lower transcription activity in the nuclei adjacent 

to the NMJ and MTJ may explain the absence of detectable amounts of AQP4 in 

these macrodomains. This is a relevant explanation, presuming that each nucleus 

in a myofibre supplies gene products, which are eventually targeted to a relatively 

restricted area at the sarcolemma. Indeed, it was shown in the present study that in 

transgenic myofibres expressing GFP-AQP4 or HA, the proteins did not diffuse 

longitudinally far from the site of synthesis when their export from the ER was 

blocked by BFA. On the other hand, the synthesis of endogenous AQP4 was not 

restricted in particular regions of myofibres, but comprised an entire myofibre. It 

should be noted, however, that the protein was allowed to accumulate in the ER 

for 18 hours. During this time even those nuclei that exhibit lower transcriptional 

activity for a given protein, may become overrepresented. It has been shown in 

previous studies that, depending on the transcript in question and the stage of 
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maturation, the number of nuclei involved in transcription varies considerably 

(Fontaine & Changeux 1989, Newlands et al. 1998, Nissinen et al. 2005).  

Whether or not the absence of AQP4 in the MTJ has functional implications 

remains obscure. Nonetheless, it may be beneficial to restrict the amount of AQP4 

water channels in the area surrounding the NMJ because this is the site where 

action potentials are initiated. Accordingly, a rapid inflow of water due to 

increased influx of Na+ implies that more Na+ is required to reach a threshold 

voltage, which triggers the opening of voltage sensitive sodium channels.  

6.1.2 AQP4 exists as higher order oligomers in both the sarcolemma 
and the T tubules 

Sorbo et al. (2008) were the first who applied BN-PAGE to investigate higher 

order structures of AQP4. They found that AQP4 forms higher order complexes 

of variable sizes and these remained stable during biochemical purification steps. 

It was also concluded that these complexes correspond to the OAPs. This 

conclusion was based on the finding that AQP1 and AQP9 did not form higher 

order complexes but existed solely as tetramers. Our BN-PAGE analysis of 

isolated T tubular and sarcolemmal membrane fractions revealed that AQP4 was 

present as oligomers in both compartments. The number and sizes of the 

oligomers were similar to those detected by Sorbo et al. (2008) in rat brain and 

nasal mucosa and those in rat skeletal muscle (Nicchia et al. 2008a). Sorbo et al. 

(2008) suggested that the major band detected below 480 kDA, which presumably 

corresponds to the band detected below 440 kDA in our study, likely represents 

AQP4 tetramers and bound Coomassie G250. This dye considerably increases the 

MW of the protein complex. The AQP4 tetramers likely consist of M1 and/or 

combinations of M23 and M1 since the denatured BN-PAGE gel prepared for an 

ordinary SDS PAGE has revealed increasing amounts of the M1 isoform in the 

lowest MW oligomers (Nicchia et al. 2008a).  

Although the detergents and BN-PAGE conditions in the above mentioned 

studies differed from those in our study, one conclusion from these results is that 

the number and sizes of AQP4 OAPs are very similar in different tissues of rat. 

However, these findings do not rule out the possibility that larger OAPs were 

present. Namely, the oligomers detected in BN-PAGE may represent the most 

stable forms of OAPs, which are not disrupted upon detergent treatment (Nicchia 

et al. 2010). OAPs comprising up to 40 IMPs have been detected in the 

sarcolemma (Rash & Ellisman 1974). Given that each IMP represents an AQP4 
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tetramer and the MW of the M23 monomer (which is the main isoform in the 

largest oligomers) is 32 KDa, an approximate MW of an OAP composed of 40 

IMPs would then be >5 MDa. Even larger OAP aggregates, >100 IMPs, have 

been demonstrated in CHO cells expressing solely the M23 isoform (Furman et al. 

2003, Rash et al. 2004). Our high resolution confocal microscopic analysis 

supports the presence of large OAP aggregates as the fluorescent dots 

occasionally were present in large clusters.  

Since the BN-PAGE used in our study was not optimized to resolve very 

large OAPs or their aggregates (better resolution could be obtained by using 

gradient gels) the results do not provide an indication of their presence in the T 

tubules. However, it was intriguing to observe that none of the AQP4 oligomers 

were dependent on DGC for their location in that part of the plasma membrane. 

This finding is inconsistent with earlier studies, which showed a strong reduction 

in the number of the largest MW (beginning from 880 kDa) oligomers of AQP4 in 

brain and skeletal muscle tissues of dystrophin deficient mice (Nicchia et al. 

2008a and b). It is possible that those large MW oligomers, which remain 

unaffected in skeletal muscle following deletion of the dystrophin gene, may 

actually represent the AQP4 pool that originated from the T tubules.  

6.1.3 Functional implications of AQP4 distribution 

AQP4 is present in tissues that require high water permeability for proper 

function or in which high water permeability is a manifestation of certain 

pathological conditions. Accordingly, AQP4 is abundantly present in the central 

nervous system, kidneys and skeletal muscle (Hasegawa et al. 1994). In skeletal 

muscle, AQP4 is thought to be required for the rapid relief of osmotic 

perturbances that occur during strenuous muscular activity (Frigeri et al. 1998). 

Consistently, the functional protein is predominantly present in fast twitch 

skeletal myofibres, which accumulate high amounts of osmolytes, such as lactate, 

due to glycolytic metabolism (Sahlin et al. 1976, Frigeri et al. 1998). Moreover, 

most ion channels are more abundant in fast twitch fibres, and it is worth noting 

that it is the movements of ions that have been proposed to contribute most to the 

exercise associated muscle swelling (Papponen et al. 2005, Kristensen et al. 2006, 

Anttila et al. 2007, Usher-Smith et al. 2006). However, at variance with the 

functional link between AQP4 and fibre type is the finding that AQP4 null mice 

do not exhibit any abnormalities in skeletal muscle function either at steady state 

or during moderate muscle strain (Yang et al. 2000). However, in one subsequent 
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study, mouse fast twitch myofibres were shown to also contain AQP7 (Wakayama 

et al. 2004), but a contradictory result was obtained in another study (Frigeri et al. 

2004). The discrepancy between these findings could be due to the selection of 

antibody used for detection. Nevertheless, given the possibility that other AQP 

types could be expressed in mouse or rat skeletal muscles, the relevance of the 

findings from AQP4 null mice should be re-evaluated. Our finding that AQP4 is 

not present in all fast twitch myofibres of rat FDB muscle and especially that the 

distribution pattern was not homogenous, suggests that, in addition to metabolism, 

there are other factors, such as the contribution of a particular muscle to 

locomotor tasks, which should also be taken into account when the physiological 

function of the protein is considered. 

On the other hand, we could not verify whether endogenous AQP4 was 

present in T tubules in FDB myofibres. Namely, this compartment could be 

expected to benefit from high water permeability. T tubules enclose an osmotic 

microenvironment, which is enriched with lactate transporters and ion channels, 

especially certain potassium channels (Nielsen et al. 2003, Scheibe et al. 2008, 

Hallerdei et al. 2010). During and after a strenuous activation of muscles, K+ and 

lactate are thought to accumulate into the lumen of T tubules (Kirsch et al. 1977, 

Almers 1980, Lännergren et al. 2000). Especially increased K+ concentration can 

have adverse effects on muscle excitability and finally lead to muscle fatigue 

(Sejersted & Sjøgaard 2000). It has been demonstrated in vitro that the 

extracellular K+ concentration increases dramatically if muscles are electrically 

stimulated with high frequency (Juel 1986, Balog & Fitts 1996). The resulting 

increase of extracellular K+ caused membrane depolarization, which was 

proposed to lead to the inactivation of voltage gated sodium channels and a 

reduction in excitability (Juel 1986, Balog & Fitts 1996). However, many studies 

have failed to detect the reduced membrane excitability in normal exercising 

muscles in vivo (Allen et al. 2008). Among the individual factors acting to 

prevent loss of excitability at the cellular level, are an efficient reuptake of K+ by 

means of Na+/ K+-ATPase and the presence of high Cl- conductance in the T 

tubules, which will reduce the depolarization effect of K+ (Allen et al. 2008). A 

fine tuned regulation of K+ concentration by means of an AQP4 mediated flow of 

water may also be crucial to balance electrical changes and to sustain the repeated 

activation of myofibres. Interestingly, the finding that venus-AQP4 was not 

evenly distributed in T tubules but rather appeared as spots of variable intensity, 

suggests that there are regions in T tubules that exhibit higher water permeability 

than elsewhere. This is in accordance with data from isolated toad myofibres that 
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showed regionalized swellings in T tubules following fatiguing stimulation 

(Lännergren et al. 1990, Lännergren et al. 1999, Lännergren et al. 2000).  

6.2 Different types of rafts are distributed throughout the 
sarcolemma, and cholesterol has a diverse role in dictating the 
localization of raft proteins 

Some cellular functions are carried out by lipid rafts, which exist as small islands 

within a bulk lipid sea. Still these microdomains may contain a significant 

fraction of all membrane proteins (Levental et al. 2010). However, due to their 

small size, their presence and protein composition have been difficult to resolve 

by light microscopy without manipulations. Exceptions are rafts containing 

flotillin, caveolin and HA which exhibit an unusually large size or a characteristic 

geometry (e.g. Stuermer et al. 2001, Parton & Simons 2007, Hess et al. 2007). We 

took advantage of the unique architectural organization of DGCs to study the 

distribution of the indicated raft proteins at the sarcolemma. Our finding of 

discrete locations of these proteins is in accordance with the idea that different 

types of rafts do exist in cell membranes (Madore et al. 1999, Röper et al. 2000, 

Schuck et al. 2003, Brügger et al. 2004). The sensitivity of this divergent 

distribution pattern to cholesterol depletion was also investigated and it was found 

that the presence of the cholesterol environment has a variable influence on the 

distribution. Indeed, CAV3 was the only protein which responded to cholesterol 

depletion. This is probably because CAV3 binds directly to cholesterol, which is 

also known to affect the oligomerization and trafficking of the protein (Monier et 

al. 1996, Pol et al. 2005). Although we did not analyse the function of the rafts, it 

can be assumed that at least the functions mediated by CAV3 rafts were impaired. 

Strikingly, the reduction of the cholesterol level had a clear effect on the barrier 

function of the plasma membrane as evidenced by the increased water 

permeability.  

Flotillin and caveolin rafts are proposed to play an important role in cell 

signalling and endocytosis (Langhorst et al. 2005, Parton & Simons 2007). 

Additionally, flotillin-1 may also have a special role in glucose metabolism in 

skeletal myofibres (Fecchi et al. 2006). An important finding in our study was 

that microdomains defined by flotillin-1 and CAV3 exhibit their functions in 

discrete domains at the sarcolemma. Of particular interest are the DGC deficient 

domains, which include the neck portions of T tubules. Rahkila et al. (2001) 

showed that the necks contained subsarcolemmal vacuoles that resembled 



 76

caveolae. In the present study flotillin-1 was present exclusively in the DGC 

deficient domain and was occasionally detected in the vesicular structures below 

the sarcolemma suggesting that these structures could indeed represent these 

vacuoles. In mononucleated cells, flotillin microdomains can exist in flat and 

invaginated states and it has been proposed that particularly the invaginations 

could represent budding endocytotic vesicles (Frick et al. 2007). Thus, the DGC 

deficient domain may be the region in which flotillin-mediated endocytosis takes 

place. The relevance of this hypothesis should be tested in future studies as well 

as the potential of flotillin-1 to form invaginations without the partner protein 

flotillin-2. The latter protein is not expressed in skeletal myofibres (Volonte et al. 

1999), and it has been shown to be essential for the formation of invaginations in 

mononucleated cells (Frick et al. 2007). 

It is interesting that we did not observe flotillin-1 immunostaining outside of 

the DGC deficient domain although flotillin rafts have been demonstrated to be 

more mobile than caveolin rafts (Glebov et al. 2006, Frick et al. 2007). This 

finding can be explained in several ways. First, given that flotillin-1 exists as 

oligomers in large fluorescent clusters observed in our study, the microdomains 

may be slowly diffusing. In addition, the microdomains may encounter a 

significant diffusion barrier at the borders of the DGC domain, since this domain 

is occupied by several costameric proteins. On the other hand, it was shown 

recently that caveolins retain their oligomeric state even though the membranes 

are delipidified with TX-100 at room temperature (Hayer et al. 2010), and we did 

observe a clear change in the distribution of CAV3 after cholesterol depletion. 

Thus, the oligomeric state does not necessarily restrict the mobility of flotillin-1 

oligomers unless the oligomers are remarkably large or the microdomains are 

physically clustered. Secondly and partly related to the first explanation, the lipid 

environment of flotillin-1 rafts, and particularly the presence of cholesterol, 

dictates the restricted localization of the microdomains. Cholesterol depletion by 

CDX has been shown to increase the mobility of some raft associated proteins 

(Thomsen et al. 2002, Shvartsman et al. 2003). However, no changes were 

detected in the size or distribution of flotillin-1 clusters when this drug was used 

in the present study. A very tight packing of cholesterol between sphingolipids 

may render some rafts resistant to CDX and explain the lack of influence of 

cholesterol depletion on their localization (Ilangumaran & Hoessli 1998). This is 

supported by the TX-100 solubility experiments performed after the CDX 

treatment in our study. Accordingly, the treatments did not markedly increase the 

solubility of flotillin-1 in the detergent. However, it still remains possible that 



 77

flotillin-1 becomes more soluble in TX-100 if CDX concentrations comparable to 

those used in mononucleated cells (up to 50 mM, Ilangumaran & Hoessli 1998) 

were applied. However, according to our experience myofibres do not withstand 

CDX concentrations higher than 4 mM. The third explanation, which is proposed 

for the stable localization of flotillin-1 microdomains, is that they could be bound 

to underlying subsarcolemmal proteins, which anchor the microdomains in place. 

It is interesting, however, that all subsarcolemmal proteins that have been 

suggested to bind to membrane proteins are concentrated in the costameric 

domains (Williams & Bloch 1999a and b, Williams et al. 2001, O'Neill et al. 

2002).  

HA was another raft protein located in the DGC deficient domain. The 

protein existed as small clusters at the borders of the DGC domain, but in contrast 

to flotillin-1 the protein was detected in variable amounts also within the DGC 

domain. However, since the clusters were present in the DGC deficient domain 

even in the overexpression situation, the finding suggests that the clusters actually 

represent the site of docking of the transport vesicle. It is possible that once 

delivered to the DGC deficient domain, HA gradually disperses to the DGC 

domain due to failure to find an anchoring protein. Alternatively the protein is 

mistargeted to the DGC domain, especially in the overexpression situation. It is 

interesting, however, that cholesterol depletion by means of CDX did not alter the 

distribution of HA, although this treatment has been shown to increase its 

mobility in the plasma membrane (Shvartsman et al. 2003). In light of that, the 

possibility that HA clusters in the DGC deficient domain are anchored in place 

via the interaction of subsarcolemmal proteins cannot be ruled out. Nonetheless, 

by definition, the observed distribution pattern was not dependent on raft 

association since the non-raft associated HA variant exhibited a similar 

distribution pattern. Thus, the segregation of rafts into the separate transport 

vesicles at the Golgi complex or in vesicles derived from the TGN (Jacob & Naim 

2001) does not seem to play a role in the targeting of raft microdomains in 

skeletal myofibres. 

6.3 ER exists as microdomains throughout the SR  

In most cells the proteins involved in the translocation and biosynthesis of 

proteins are enriched in RER domains, which share a common lumen with the 

SER (Baumann & Walz 2001). In some cells the membrane bound ribosomes and 

the integral RER proteins are concentrated in ER sheets whereas many luminal 
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ER proteins are homogenously distributed throughout the ER network (Shibata et 

al. 2010). In skeletal myofibres, luminal ER proteins are distributed throughout 

the SR network but the distribution pattern is not homogenous but rather punctate 

(Volpe et al. 1992, Rahkila et al. 1996, Kaisto & Metsikkö 2003). We used 

immunofluorescence staining and chimaeric GFP-DAD1 to study the distribution 

of membrane associated components of the ER in relation to the abundant SR 

protein SERCA. Consistent with the distribution of luminal and some integral ER 

components, we found that translocon and associated proteins were evenly 

distributed as small clusters throughout the I-band and perinuclear components of 

the SR. Since the ER proteins studied herein were membrane associated and 

resided in different lipid environments compared to SERCA, we referred to them 

as microdomains  

It is important that, albeit concentrated into the microdomains, the ER 

proteins are also present in small amounts in the membrane studded with SERCA 

as indicated by detergent solubility and sucrose gradient centrifugation analyses. 

This finding suggests the continuity between SR and ER membranes. In support 

of that, it was demonstrated in a previous study that an ER resident temperature 

sensitive mutant G protein of VSV can shift from one location to the other within 

the interfibillar SR (Rahkila et al. 1996). Furthermore, the chimaeric GFP-Dad1 

used in our study, displayed fluorescence spots over the terminal cisternae as well 

as over the Z-disks when expressed from a mammalian expression vector, but was 

present only in the latter when expressed from the viral vector. It is therefore 

likely that non-incorporated GFP-Dad1 accumulated into the exit sites, which 

argues for membrane continuity between the translocation sites and the exit sites. 

A recent study showed that ~80% of the GFP-Dad1 is mobile in the SR when 

expressed from the viral vector (Nevalainen et al. 2010). This supports the idea 

that the change in distribution pattern is due to the diffusion of unbound protein. 

The presence of the translocons does not necessarily indicate that they are 

recruited for protein synthesis and translocation. This is evidenced by a recent 

study, which showed that the components of translocons that are normally 

enriched in sheet-like structures of the ER in mononucleated cells, become 

homogenously distributed between tubules and sheets when treated with 

puromycin, a drug that detaches ribosomes from translocons (Shibata et al. 2010). 

However, previous studies with viral systems have suggested that the ER 

microdomains, also in the interfibrillar SR, are capable of protein synthesis and 

translocation (Rahkila et al. 1996, Kaisto & Metsikkö 2003). We could confirm 

these findings, but of further interest is the observation that nuclear derived 



 79

mRNA encoding HA did not recruit the ribosomes located in the core regions. It 

thus remains to be determined whether ER microdomains in the core regions are 

recruited for translocation and biosynthesis of endogenous proteins. It is possible 

that mRNAs exported from the nucleus bind to nearby ribosomes, and as soon as 

the signal sequence emerges from the synthesized polypeptide, the resulting 

complexes bind to translocons located at the perinuclear and subsarcolemmal 

compartments of the SR. Previous in situ hybridization experiments on selected 

endogenous mRNAs encoding proteins resident at the sarcolemma, SR and T 

tubules, support this view (Mitsui et al. 1997, Awad et al. 2001, Nissinen et al. 

2005). Accordingly, the mRNAs of these proteins were located perinuclearly and 

beneath the sarcolemma without detectable staining in the core regions. It was 

speculated that proteins to be targeted to the T tubules, such as DHPR, are 

synthesized and translocated in the peripheral compartments of the ER and 

subsequently diffuse into the core regions where they are transported into the 

Golgi elements (Nissinen et al. 2005). Indeed available evidence, including our 

recent data on GFP-Dad1, suggests that proteins produced in the ER are able to 

freely diffuse within the SR network (Rahkila et al. 1996). Furthermore, the core 

regions of fast twitch myofibres contain well defined ER export sites and Golgi 

elements (Ralston et al. 1999, Kaisto & Metsikkö 2003). Alternatively, all the 

traffic from Golgi to the plasma membrane (thus including also T tubules) takes 

place beneath the sarcolemma (Nissinen et al. 2005). It is also possible that 

mRNAs dispersed into the core regions are present in such low amounts that they 

cannot be detected above the background signal.  

The finding that the translocon and associated proteins were distributed 

within the SR as small microdomains, raises questions about the mechanisms, 

which could lie behind this segregation. Indeed, understanding how the RER and 

SER proteins segregate in the continuous ER network is a fundamental problem 

in cell biology in general. Strong evidence suggests that the binding to ribosomes 

restricts the mobility of the translocon complex and associated proteins and could 

explain the segregation of RER proteins in non-muscle cells (Rolls et al. 2002, 

Nikonov et al. 2002, Shibata et al. 2010). Microtubules have also been suggested 

to play an equally important role (Nikonov et al. 2007). Other extrinsic cues have 

been proposed to lie behind the organization of SR proteins in differentiating 

primary myotubes (Cusimano et al. 2009). Accordingly, the FRAP-analysis of 

GFP-tagged SR proteins ankyrin 1 and inositol-triphosphate-receptor revealed a 

decrease in mobility upon the organization of the longitudinal SR in 

differentiating primary myotubes. However, this change was abolished if the 
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domains known to anchor these proteins to the cytoskeleton were deleted. 

Furthermore, in cardiac muscle cells that lack the gene encoding the ankyrin B 

isoform, several longitudinal and junctional SR proteins were mislocated (Tuvia 

et al. 1999). Whether or not extrinsic or intrinsic cues contribute to the 

localization and/or the organization of RER microdomains in skeletal myofibres 

remains to be determined. Our results showed that the ER microdomains shared a 

morphologically uniform membrane with SERCA but resided in diverse lipid 

environments. It is therefore possible that the membrane lipids play a role in the 

assembly of ER/SR proteins. We found that membrane associated ER proteins 

and the SR protein SERCA reside in different lipid environments. It is therefore 

plausible that SR and ER proteins segregate according to their preference for 

certain lipids. The mechanism could resemble the models proposed for the 

formation of rafts (Anderson & Jacobson 2002, Lingwood & Simons 2010). It is 

notable that the SR has been shown to contain a substantial amount of cholesterol 

(Clarke et al. 2000) and, according to our study, also sphingolipids. Thus, the SR 

network appears to be heterogenous regarding the lipid composition and thus 

fulfills the requirements for lipid-lipid/lipid-protein based formation of 

microdomains. 
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7 Conclusions 

The results here showed that the plasma membrane of skeletal myofibres exhibits 

distinguishable lipid or protein based microdomains. The characteristic 

distribution of the microdomains in relation to the unique costameric assembly of 

proteins in the sarcolemma suggests that the microdomains do not function 

uniformly over the entire plasma membrane but are recruited in diverse regions. 

Understanding the mechanisms, which dictate the localization of proteins in the 

plasma membrane, is a fundamental challenge in the cell biology of skeletal 

myofibres. The results suggest that the interaction with submembraneous and/or 

other membrane proteins plays an important role in dictating the localization of 

proteins but, in the case of CAV3, the surrounding lipid environment is also 

crucial. It remains to be determined which kind of protein-protein interactions 

may be involved in the retention of the microdomains in place and whether the 

proteins exhibit sorting signals, which guide them to their specific locations. 

It was interesting that membrane resident ER proteins were also organized 

into microdomains, which exhibited a different lipid environment when compared 

to the bulk membrane, the SR. This finding indicates that the lipid or protein 

based segregation of microdomains is also possible in the endomembrane system. 

The continuity between the ER and SR membrane suggests that newly 

synthesized proteins can freely diffuse from one location to the other within the 

SR network. It has yet been determined, however, whether all ER microdomains, 

albeit being functional, are actively recruited for the synthesis and translocation of 

endogenous proteins. An alternative possibility is that, especially the ER resident 

proteins, once synthesized in the subsarcolemmal and perinuclear ER 

compartment, do enter the interfibrillar ER by diffusion. 
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