
 
 

 

Plasma membrane order; the role of cholesterol and 

links to actin filaments 

 

Jelena Dinic 
 

 

 

 

 

 

 

Department of Cell Biology 

The Wenner-Gren Institute, Stockholm University 

 

Stockholm 2011 

 

 

 



 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
© Jelena Dinic, Stockholm 2011 

ISBN 978-91-7447-365-0 

US-AB, 2011 



 3 

Abstract 

The connection between T cell activation, plasma membrane order and actin filament 

dynamics was the main focus of this study. Laurdan and di-4-ANEPPDHQ, membrane 

order sensing probes, were shown to report only on lipid packing rather than being 

influenced by the presence of membrane-inserted peptides justifying their use in membrane 

order studies. These dyes were used to follow plasma membrane order in live cells at 37°C. 

Disrupting actin filaments had a disordering effect while stabilizing actin filaments had an 

ordering effect on the plasma membrane, indicating there is a basal level of ordered 

domains in resting cells. Lowering PI(4,5)P2 levels decreased the proportion of ordered 

domains strongly suggesting that the connection of actin filaments to the plasma membrane 

is responsible for the maintaining the level of ordered membrane domains. Membrane 

blebs, which are detached from the underlying actin filaments, contained a low fraction of 

ordered domains. Aggregation of membrane components resulted in a higher proportion of 

ordered plasma membrane domains and an increase in cell peripheral actin polymerization. 

This strongly suggests that the attachment of actin filaments to the plasma membrane 

induces the formation of ordered domains. Limited cholesterol depletion with methyl-beta-

cyclodextrin triggered peripheral actin polymerization. Cholesterol depleted cells showed 

an increase in plasma membrane order as a result of actin filament accumulation 

underneath the membrane. Moderate cholesterol depletion also induced membrane domain 

aggregation and activation of T cell signaling events. The T cell receptor (TCR) 

aggregation caused redistribution of domains resulting in TCR patches of higher order and 

the bulk membrane correspondingly depleted of ordered domains. This suggests the 

preexistence of small ordered membrane domains in resting T cells that aggregate upon cell 

activation. Increased actin polymerization at the TCR aggregation sites showed that actin 

polymerization is strongly correlated with the changes in the distribution of ordered 

domains. The distribution of the TCR in resting cells and its colocalization with actin 

filaments is cell cycle dependent. We conclude that actin filament attachment to the plasma 

membrane, which is regulated via PI(4,5)P2, plays a crucial role in the formation of 

ordered domains. 
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Introduction 
The organisation of the plasma membrane  

The plasma membrane is defined as a semi-permeable barrier between both prokaryotic 

and eukaryotic cells and their external environment. The membrane has a very complex 

chemical composition and acts as a boundary, enclosing the cell constituents and 

preventing substances from entering. The plasma membrane allows only specific 

molecules like nutrients and other essential elements to enter the cell and regulates the 

export of secretory products out of the cell. The transport of large molecules like amino 

acids or sugars is highly regulated but small molecules like oxygen, carbon dioxide and 

water are able to diffuse freely across the membrane. The plasma membrane has an 

essential role in mediating cell contact, molecular transport and signal transduction, being 

the primary location for cell signaling and homeostatic control. Many studies have been 

conducted to understand the structure and functional organization of the plasma 

membrane but the mechanisms of cell-cell interaction, molecular exchange and many 

other processes occurring in the plasma membrane still remain unclear. The plasma 

membrane as well as the other membranes of the cell is composed of many molecular 

species of lipids, proteins and carbohydrates, held together by several types of molecular 

bonds, mainly non-covalent interactions. 

Lipids, hydrophobic compounds soluble in organic solvents, are one of the main 

components of the plasma membrane. Lipids with hydrophilic head groups and 

hydrophobic tails are organized to minimize the contact of their hydrophobic regions with 

water, creating a fluid bilayer. The inner and outer leaflet of the plasma membrane have 

different lipid composition.  Several decades ago Singer and Nicholson postulated a fluid 

mosaic model of the organization of the plasma membrane (Singer and Nicolson 1972). 

The plasma membrane is composed of a bilayer of lipids, most of them being 

phospholipids which feature a phosphate group at one end of each molecule. 

Phospholipids are hydrophilic at their phosphate ends and hydrophobic at their lipid tail 

regions. The lipid tails are oriented towards each other and the phosphate groups face 

either the cytosol or the outside environment. The plasma membrane also contains active 

protein molecules dispersed and free to diffuse in a moving sea of lipids (Figure 1).  



 9 

 

 
 

Figure 1. Fluid mosaic model of the plasma membrane 

Adapted from a drawing by Dana Burns (Bretscher 1985) 

 

However, the fluid mosaic model of the plasma membrane does not try to explain the 

function or distribution of the membrane proteins or distribution and organization of 

different sorts of membrane lipids. Proteins can be embedded in or simply adhere to the 

surface of the plasma membrane. Additionally, the underlying cytoskeleton partly affects 

the positioning of proteins along the plasma membrane anchoring them in place. Membrane 

proteins play many different roles acting as channels, active transport molecules, receptors 

or enzymes. 

 
 
The main lipid components of the plasma membrane: phospholipids, 

sphingolipids and cholesterol 

 
Phospholipids 

Phospholipids are essential and the most abundant lipids of membrane bilayers in 

eukaryotic cells. They have a polar head group and two hydrophobic hydrocarbon tails 

with 14-24 carbon atoms. One of the fatty acid tails is usually unsaturated. Most 
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phospholipids contain a diglyceride, a phosphate group, and an organic molecule such as 

choline. Sphingomyelin, as an exception, is derived from sphingosine instead of glycerol. 

Phospholipids are known to be involved in many important processes such as cell 

metabolism and cell signaling. Phospholipids like phosphatidyl choline, phosphatidyl 

ethanolamine or phosphatidyl serine are the primary components of the cellular 

membranes and binding sites for proteins. Phospholipids like phosphatidyl inositols and 

phosphatidic acids act as second messengers or precursors of second messengers. 

 

Sphingolipids 

Sphingolipids are a group of phospholipids that share a structure called the sphingolipid 

base backbone. Besides the backbone, they also contain ethanolamine, serine, or choline 

head group and can also contain different sugar groups (Munro 2003). Their backbone is 

synthesized from the amino acid serine and a long chain fatty acyl Co-A with the help of 

the serine palmitoyl transferase enzyme and then converted to ceramides. Acyl chains of 

sphingolipids are saturated with 16 to 26 carbon atoms. There is a subgroup of 

sphingolipids, called glycosphingolipids, which plays a crucial role in many processes such 

as cell adhesion, regulation of membrane proteins, cell growth, survival and development 

(Varki 1993; Yang, Zeller et al. 1996; Kolter, Magin et al. 2000).  

 

Cholesterol 

Cholesterol is very important cellular lipid compound and a major component in most of 

cellular membranes but its proportion in different cellular organelles varies (Lange, Ye et 

al. 2004). Cholesterol is known to be involved in a large variety of biological processes 

such as signal transduction and membrane transport. Cholesterol is also a precursor for the 

formation of steroid hormones and bile acid. Unlike phospholipids, cholesterol has the 

ability to flip between the two plasma membrane leaflets and is rapidly exchanged between 

organelles by vesicular and nonvesicular transport. The vesicular transport is mediated by 

membrane enclosed transport vesicles. The nonvesicular transport is mediated by transfer 

of cholesterol via direct membrane connections between organelles or mediated by 

transport proteins such as sterol carrier proteins (Maxfield and Mondal 2006). 
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Lipid phases and membrane order 

Membrane phase studies in mixtures of different bilayer forming lipids have been 

conducted for a long time (Luzzati and Husson 1962; Dodge and Phillips 1967). Individual 

lipid molecules in the lipid bilayer have a relative mobility (fluidity) which is temperature 

dependant. Based on different factors such as the temperature, lipid composition and the 

presence of cholesterol, lipid bilayers can exist in different phases (Figure 2). At different 

temperatures lipid bilayers can be either in a liquid or a solid phase. At a certain transition 

temperature – melting temperature (Tm) a phospholipid bilayer lipids can go from solid 

(So) or gel phase to liquid phase. Melting temperature can be affected by the chain length 

and the degree of unsaturation of the lipid tails. Unsaturated double bonds occupy more 

space in the bilayer and allow additional flexibility in the adjacent chains which leads to 

lower transition temperatures (Rawicz, Olbrich et al. 2000). In gel phase lipids are 

immobile with the fatty acid chains fully extended and packed while in liquid (fluid) phase 

the molecules in the bilayer have more loosely packed fatty acid chains, are mobile and 

free to diffuse (Vist and Davis 1990; Miao, Nielsen et al. 2002).  

There are two different fluid phases: liquid disordered (ld) and a more ordered, liquid 

ordered (lo) phase (Ipsen, Mouritsen et al. 1989; Sankaram and Thompson 1990; Brown 

and London 1998; Edidin 2003). 

 

 
 

Figure 2. The phase diagram of DOPC/sphingolipid/cholesterol system 
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Lipids in the ld phase have unsaturated acyl side chains which prevent tight packing. 

When treated with detergents such as Triton X-100 (TX-100) these membrane regions are 

solubilized. Lipids in lo phase have saturated acyl side chains, they are more tightly 

packed with cholesterol and these areas are known to be resistant to solubilization by TX-

100. Sterols, including cholesterol, are required to form lo phase membranes (Shimshick 

and McConnell 1973; Ahmed, Brown et al. 1997). Unsaturated lipids and transmembrane 

proteins are usually excluded from lo phase and the membrane in this region is thicker 

(London and Brown 2000). Because of their predominantly long and saturated 

hydrocarbon chains sphingolipids form regions of high acyl chain order, while 

glycerophospholipids have unsaturated fatty acids and form the bulk membrane. In the 

presence of cholesterol, these lipids can phase-separate at physiological temperature. 

Studies have reported the existence of both cholesterol and sphingolipid enriched lo 

domains and phospholipid ld domains in different lipid mixtures at various temperatures 

(Korlach, Schwille et al. 1999; Feigenson and Buboltz 2001; de Almeida, Fedorov et al. 

2003). Three component lipid mixtures including cholesterol are shown to form 

membranes with coexisting lo and ld domains on a size scale resolvable by light 

microscopy which is limited by the wavelength of illuminating light to 200-300 nm 

(Dietrich, Volovyk et al. 2001; Veatch and Keller 2003). 

 
 
Model membranes and lipid vesicles 

Biological membranes are very dynamic systems with an essential role in separating a cell 

from its surroundings and forming various biological compartments while still enabling 

signal exchange between different environments. To maintain this balance, biological 

membranes show a large heterogeneity in membrane organization and consist of a variety 

of components, including many different types of lipids and proteins with a non-random 

spatial and temporal distribution. This heterogeneity of cellular membranes can be an 

obstacle in determining the biological functions of specific lipids and proteins, mostly due 

to the large number of interfering events that occur simultaneously at the area of interest. 

Therefore, model membranes are usually used as a key approach for defining membrane 

properties and behavior of lipids or to isolate certain molecules of the biological machinery 

and define their function.  
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Lipid bilayers can form spherical vesicles in water solutions, enclosing a small volume of 

the solution within the vesicle which makes them a very simplified but useful tool in 

mimicking the structure of cell membranes. For that reason vesicles have been used 

extensively as a way to study the physical properties of lipid bilayers. Lipid vesicles can 

also form spontaneously by exposing dehydrated lipids to a water based solution (Bangham 

and Horne 1964). It is also possible to isolate lipid vesicles directly from the cell culture 

(Scott 1976; Scott, Perkins et al. 1979; Holowka and Baird 1983; Trimble, Cowan et al. 

1988; Fridriksson, Shipkova et al. 1999). However, vesicles isolated in such way consist of 

a complex mixture of different lipids and proteins and although their composition 

represents the actual state of membranes more accurately, they can sometimes be too 

complex for experiments and therefore many studies on lipid properties are actually 

performed on a much simpler system such as artificial vesicles. 

Lipid vesicles can be multilamellar or unilamellar depending on the method of their 

preparation and come in large variety of sizes from just a few nanometer to several 

micrometers (Lasic 1988). Lipid vesicles are often distinguished according to their 

lamellarity and size. Based on their size lipid vesicles are usually classified into small 

unilamellar vesicles (SUVs) which rage from 30 nm to 50 nm, large unilamellar vesicles 

(LUVs) which range from 80 nm to 800 nm or giant unilamellar vesicles (GUVs) whose 

size varies from 1 µm to 50 µm. There are also large multilamellar vesicles and 

multivesicular vesicles.  To obtain vesicles with only one layer and a certain diameter, 

lipids usually undergo different procedures such as sonication or extrusion through a 

porous membrane filter with a specific pore size. This step is needed to break the initial 

lipid vesicles into small unilamellar vesicles of uniform diameter like SUVs (Szoka and 

Papahadjopoulos 1980). Because of their size SUVs and LUVs are difficult to use in 

traditional fluorescence microscopy and GUVs are usually preferred for such experiments 

since their diameter can reach several tens of micrometers.  

Lipid bilayers supported on solid substrates were also developed as a model membrane 

system to study fundamental properties of biological membranes and their constituent 

lipid and protein molecules (von Tscharner and McConnell 1981; Tamm and McConnell 

1985). However, there is an advantage to using GUVs instead of supported lipid bilayers, 

since there is no solid surface that can cause defects or the denaturation of proteins.  
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GUVs allow visualization of coexisting lipid phases but still represent a relatively simple 

lipid mixture. In recent years there are studies that use giant plasma membrane vesicles 

(GPMVs) or blebs from the plasma membranes for studying phase behavior (Veatch, 

Cicuta et al. 2008; Levental, Byfield et al. 2009; Johnson, Stinson et al. 2010; Levental, 

Grzybek et al. 2011). GPMVs are isolated directly from living cells and contain two liquid 

phases at low temperatures, one liquid phase at high temperatures and exhibit transition 

temperatures between 15°C to 25°C. Since segregation into micrometer scale phase 

domains is possible in such systems, this makes GPMVs a potentially good tool for 

characterization of protein partitioning between coexisting lo-like and ld-like membrane 

phases (Baumgart, Hammond et al. 2007).  

 
 
Membrane inserting peptides 

Given the molecular complexity of biological systems, membrane reconstitution in a form 

of artificial vesicles is an increasingly important approach to study the properties and 

interactions of proteins and lipids in a lipid bilayer. One of the peptides used in studying 

the interaction of proteins and biomembranes is mastoparan, a toxic peptide isolated from 

wasp venom (Nakajima, Yasuhara et al. 1985; Bernheimer and Rudy 1986). The primary 

structure of mastoparan is Ile-Asn-Leu-Lys-Ala-Leu-Ala-Ala-Leu-Ala-Lys-Lys-Ile-Leu-

NH2. It has been shown to enhance the permeability of planar lipid bilayer (Nakajima, 

Yasuhara et al. 1985) or liposomal membranes (Katsu, Kuroko et al. 1990). This implies 

that mastoparan might affect the structure and properties of a bilayer. Mastoparan has been 

shown to form transient pores and can switch between a transmembrane and in-plane 

orientation, which might contribute to membrane leakage (Arbuzova and Schwarz 1999; 

Hori, Demura et al. 2001). Interestingly, our study indicates that upon insertion of 

mastoparan into LUVs in up to 10:1 lipid to protein ratio, the integrity of the vesicles does 

not seem to be affected (Paper I). Mastoparan has a strong affinity for a phospholipid 

bilayer and has an α-helical conformation when inserted (Higashijima, Wakamatsu et al. 

1983). 

Prion proteins are glycoproteins associated with spongiform transmissible 

encephalopathies, neurodegenerative diseases which occur in mammals and are 

characterized by the accumulation of a pathological form of the host-encoded prion protein 
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(PrP) in the infected mammal’s brain (Prusiner 1982; Oesch, Westaway et al. 1985; 

McKinley, Taraboulos et al. 1991). The N-terminal sequence, residues 23-100, is 

responsible for internalization of the entire prion protein (Nunziante, Gilch et al. 2003; 

Sunyach, Jen et al. 2003; Walmsley, Zeng et al. 2003). The secondary structure of PrPs can 

depend on relative peptide concentration, salt concentration, and lipid head group 

properties (Biverstahl, Andersson et al. 2004; Magzoub, Oglecka et al. 2005). The peptide 

can adopt a wide range of secondary structures, from α-helical in neutral vesicles to mostly 

β-sheet structure in negatively charged vesicles (Lundberg, Magzoub et al. 2002). The N-

terminal domain (residues 1-30) of the bovine PrP (bPrPp) has the sequence 

MVKSKIGSWILVLFVAMWSDVGLCKKRPKP and inserts as a transmembrane peptide 

in the bilayer (Biverstahl, Andersson et al. 2004). 

 
 
Membrane order sensing probes 
 
Laurdan 

Laurdan (6-acyl-2-dimethylaminonapthalene) (Figure 3) is a fluorescent probe excited by 

UV light and is commonly used to study domain formation and phase coexistence in both 

in model membranes and cells due to its different emission spectra in ld and lo/gel phase 

(Parasassi, Conti et al. 1986; Pizzo and Viola 2004; Bagatolli 2006; Demchenko, Mely et 

al. 2009; Sanchez, Tricerri et al. 2010). Its behavior is influenced by the polarity and the 

phase state of phospholipid bilayers. Phase transition from more ordered to fluid membrane 

shifts its emission spectrum towards the red region (Figure 5). This is caused by changed 

levels of water penetration into the lipid bilayer (Parasassi, Gratton et al. 1997) which 

affects the free rotation of the dye molecule. When inserted into the membrane, laurdan 

aligns parallel to the phospholipids and does not preferentially partition into either of the 

lipid phases (Bagatolli, Sanchez et al. 2003). The chromophore of laurdan is located near 

the membrane-water interfacial region (Parasassi, De Stasio et al. 1991; Chong and Wong 

1993; Zeng and Chong 1995; Bagatolli, Gratton et al. 1998). The chromophore resides in 

the polar headgroup region of the PLFE liposomes, while the lauroyl tail inserts into the 

hydrocarbon core of the membrane (Bagatolli, Gratton et al. 2000). 
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Figure 3. Molecular structure of laurdan 

 

 

A relative measure of membrane order is given by a normalized ratio of the two emission 

regions, termed general polarization (GP) (Parasassi, De Stasio et al. 1991). Generalized 

polarization is defined analogously to fluorescence polarization by, in our studies, 

measuring the intensities (I) between 385-470 nm and 470-508 nm (Figure 4). GP values 

reflect the overall membrane structure and can theoretically go from −1 to +1 (Gaus, Zech 

et al. 2006). 

 

 

 

 
Figure 4. General polarization equation for laurdan 

 

Although it has been shown that laurdan can report on different lipid phases in liposomes 

(Bagatolli, Sanchez et al. 2003), phase separation similar to the one seen in the model 

membranes has not yet been observed in plasma membranes of live cells (Gaus, Gratton et 

al. 2003). In fixed cells laurdan does not bind to proteins or protein complexes in cell 

membranes (Gaus, Le Lay et al. 2006). However, it is still not clear to what extent proteins 

or physical parameters of membranes affect laurdan's spectral properties. A fluorescence 

resonance energy transfer (FRET) experiments have demonstrated that at labeling 

concentrations lower than 10 µM, laurdan was not sufficiently close to proteins containing 

tryptophan to produce detectable FRET (Rentero, Zech et al. 2008). This indicates that 

laurdan does not specifically interact with proteins and reports only membrane order which 

is also supported by our studies (Paper I). We show that the spectral properties of laurdan 

are not affected by membrane inserting peptides. Neither emission nor excitation spectra 
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are affected by the presence of high concentrations of mastoparan and bPrPp in lo and ld 

phase LUVs. 

 

 
 

Figure 5. Laurdan emission spectra in lo and ld phase LUVs (raw spectra). 

Grey color represents spectra in lo phase and black color represents spectra in ld phase. 

 
 
Di-4-ANNEPDHQ 

Di-4-ANEPPDHQ (Figure 6) is an environmentally sensitive fluorescent probe for lipid 

membranes that was introduced as an alternative to laurdan (Obaid, Loew et al. 2004). It 

belongs to a group of styryl dyes and its emission spectrum is mainly influenced by the 

lipid phases (Jin, Millard et al. 2005; Jin, Millard et al. 2006). Cholesterol increases the 

dipole potential in the bilayer and styryl dyes have been shown to sense the dipole potential 

changes in lipid membranes (Szabo 1974; Gross, Bedlack et al. 1994).  

 
 

Figure 6. Molecular structure of Di-4-ANEPPDHQ  
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Di-4-ANEPPDHQ is excited by green light and its emission spectrum in LUVs shows a 

blue shift for cholesterol containing LUVs forming lo phase versus cholesterol-free LUVs 

forming ld phase (Figure 8) (Paper I) (Jin, Millard et al. 2006) as a result of the relative 

rigidity of the molecular packing around the dye molecules in the two phases. Di-4-

ANEPPDHQ is inserted into one leaflet of the lipid bilayer with its chromophore aligned to 

the surrounding tails of the lipid molecules and its headgroup oriented towards lipid 

headgroups. The dye preferentially partitions into the ld phase and therefore shows a 

stronger signal in that area. Di-4-ANEPPDHQ is water soluble but it has a high affinity for 

membrane which makes it a good tool for labeling live cells. It has high fluorescence 

quantum efficiency when bound to membranes but very little fluorescence in water which 

minimizes background fluorescence. Generalized polarization for Di-4-ANEPPDHQ, in our 

system, measures the intensities between 482-565 nm and 565-680 nm (Figure 7). Our 

study shows that the spectral properties of di-4-ANEPPDHQ are not affected by membrane 

inserting peptides. The presence of high concentrations of mastoparan and bPrPp in lo and 

ld phase LUVs did not affect either emission or excitation spectra of the dye (Paper I).  

Although it’s relatively new, Di-4-ANEPPDHQ is increasingly being used in live cell 

studies (Owen, Lanigan et al. 2006; Wang, Jing et al. 2009; Owen, Oddos et al. 2010).   

 

 
  

Figure 7. General polarization equation for Di-4-ANEPPDHQ 

 

Laurdan and di-4-ANEPPDHQ report membrane order by the same mechanisms but at 

different depths of the bilayer (Parasassi, Conti et al. 1986; Parasassi, Gratton et al. 1997; 

Jin, Millard et al. 2006). Laurdan reports on the interphase region between the lipid head 

groups and the first C-atoms of the hydrophobic acyl chains and di-4-ANEPPDHQ reports 

on the acyl chain region deeper in the hydrophobic core. Laurdan is inserted in the outer 

leaflet of the membrane bilayer but it has the ability to flip to the inner leaflet (Parasassi, 

Gratton et al. 1997). Di-4-ANEPPDHQ is inserted in the outer leaflet if applied externally 

but carries a double positive charge on its headgroup and cannot flip (Jin, Millard et al. 
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2006), which could make it a useful tool to study membrane order in different leaflets 

through microinjection experiments. 

 

              

                
           

Figure 8. Di-4-ANEPPDHQ emission spectra in lo and ld phase LUVs (raw spectra). 

Grey color represents spectra in lo phase and black color represents spectra in ld phase. 

 
 
 
Lipid rafts 
Composition and properties of lipid rafts 

Different reports have emerged over the years trying to explain the structure and complex 

molecular composition of the plasma membrane. The plasma membrane of eukaryotic 

cells is not as homogeneous as portrayed by the fluid mosaic model but contains different 

domains (Thompson and Tillack 1985; Simons and Ikonen 1997; Brown and London 

1998). The lipid raft hypothesis suggests that certain parts of the mammalian cell plasma 

membrane are organized into microdomains with distinct properties formed by self-

aggregation of cholesterol and sphingolipids. This aggregation leads to the formation of 

more ordered saturated lateral lipid clusters in a more unsaturated glycophospholipid 

environment. These regions have been termed lipid rafts (Simons and Ikonen 1997).  

The lipid raft hypothesis originates from the studies on sphingolipids and their 

intracellular transport in epithelial cells (Hansson, Simons et al. 1986; van Meer, 
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Gumbiner et al. 1986; van Meer, Stelzer et al. 1987; Simons and van Meer 1988; van 

Meer 1989). The plasma membrane in epithelial cells is polarized into apical and 

basolateral domains (Rodriguez-Boulan and Nelson 1989). Apical domains are enriched 

in sphingolipids and basolateral domains in the glycerolipid phosphatidylcholine. The 

domains are divided by tight junctions which prevent the mixing of the lipids (Simons 

and Fuller 1985; van Meer, Gumbiner et al. 1986). The intracellular transport of newly 

synthesized sphingolipids has been studied in the MDCK cells and it was shown that their 

sorting for transport to epithelial cell surface takes place in the Golgi complex (van Meer, 

Stelzer et al. 1987). Apical and basolateral transport in MDCK cells has different sorting 

signals and vesicular docking (Ikonen, Tagaya et al. 1995). The basolateral delivery is 

based on signals from the cytoplasmic tails of basolateral proteins (Matter and Mellman 

1994; Scheiffele, Peranen et al. 1995). Newly synthesized sphingolipids are preferentially 

transported to the apical domain (Simons and van Meer 1988). Glycosphingolipid 

clusters form in the Golgi membrane where they act as sorting centers for apical plasma 

membrane proteins such as glycosyl phosphatidylinositol (GPI)-anchored proteins 

(Brown and Rose 1992). The apical route transport is based on sphingolipid and 

cholesterol containing rafts carrying apical transmembrane proteins and proteins with 

apical sorting signals like GPI anchors or N-glycans (Lisanti, Sargiacomo et al. 1988; 

Scheiffele, Peranen et al. 1995). Caveolae, which are involved in membrane trafficking, 

also contain glycosphingolipid clusters and need cholesterol for functioning (Tran, 

Carpentier et al. 1987; Rothberg, Ying et al. 1990; Dupree, Parton et al. 1993; Parton 

1996). It was recently reported that secretory vesicles from the Golgi network in yeast are 

highly enriched in ergosterol and sphingolipids (Surma, Klose et al. 2011). This indicates 

that lipid raft sorting is a general feature of vesicles transporting cargo to plasma 

membrane. 

According to the lipid raft hypothesis sphingolipid headgroups occupy larger areas of the 

exoplasmic leaflet than their saturated chains and the gaps between the acyl chains are 

filled by cholesterol. Phospholipid headgroups have been proposed to keep the nonpolar 

part of cholesterol from being exposed to water (Huang and Feigenson 1999). The 

sphingolipids and cholesterol together form clusters, while the rest of the membrane 

consists of more fluid regions of unsaturated phosphatidylcholine molecules (Figure 9). 
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Cholesterol is present in both leaflets and it also fills the space between fatty acid chains 

of the saturated phospholipids which occupy the cytoplasmatic leaflet (van Meer 1989). 

The region is dynamic and lipids can move in and out of the rafts. The heterogeneity of 

biological membranes, proposed by the lipid raft hypothesis, could be partly due to the 

coexistence of lo and ld phases and that the lo phase is the favored environment for a 

certain groups of proteins.  

 

             
     

Figure 9. The main lipids of the rafts bilayers and bulk membrane. Sphingolipids have longer 

and more saturated fatty acid chains compared to other phospholipids which have both saturated 

and unsaturated fatty acid chains. Sphingolipid hydrocarbon chains and cholesterol generate tightly 

packed rafts while the more fluid bulk membrane contains phospholipids. 

 

Lipid rafts have received a lot of attention in the past decades and are proposed to play an 

important role in many fundamental cellular processes such as signaling through surface 

immunoreceptors, membrane protein sorting in epithelial cells and the entry of pathogens 
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into host cells (Edidin 2003; Lai 2003; Munro 2003; Rajendran and Simons 2005; 

Lingwood and Simons 2010; Simons and Gerl 2010). One of the properties of the lipids 

rafts is the rigidity which is caused by the tight packing of cholesterol molecules close to 

the straight sphingolipid hydrocarbon chains. As a result of the compact lipid packing, 

lipids rafts should display order that is higher than the one in the bulk membrane. There 

are reports of the existence of membrane regions with different fluidity in live cells 

(Gaus, Gratton et al. 2003; Kindzelskii, Sitrin et al. 2004; Proszynski, Klemm et al. 2006; 

Harder, Rentero et al. 2007; Rentero, Zech et al. 2008) (Paper II; Paper III).  

The size of the lipid rafts is still unclear and it has been estimated to range from a few to 

700 nm (Varma and Mayor 1998; Pralle, Keller et al. 2000; Schutz, Kada et al. 2000; 

Simons and Toomre 2000; Subczynski and Wisniewska 2000; de Almeida, Loura et al. 

2005). Evidence of their existence has been provided by biochemical analysis, microscopy 

(Brown and Rose 1992; Varma and Mayor 1998; Drbal, Moertelmaier et al. 2007; 

Brameshuber, Weghuber et al. 2010) and crosslinking of GPI-anchored proteins 

(Friedrichson and Kurzchalia 1998; Kusumi, Koyama-Honda et al. 2004; Sharma, Varma 

et al. 2004; Kahya, Brown et al. 2005). Although lipid rafts are organized at nanoscale level 

(Sharma, Varma et al. 2004) they can coalesce when lipid or protein components are 

crosslinked creating a larger platform which can be resolved by light microscopy (Harder, 

Scheiffele et al. 1998; Munro 2003; Lingwood and Simons 2010). Lipid rafts have also 

been reconstituted and studied by fluorescence microscopy in artificial lipid systems such 

as GUVs (Dietrich, Bagatolli et al. 2001). Although it has been shown that lipid rafts 

aggregate upon patching, there is still controversy on their size, the mechanism of their 

formation and even their existence in cells (Munro 2003; Kenworthy 2008). 

 

Lipid rafts and detergent resistant membranes 

Lipid rafts in biological membranes have been defined biochemically as detergent resistant 

membranes (DRMs), because of their insolubility at low temperatures by nonionic 

detergents like TX-100 and Nonidet P-40 (NP-40). Upon centrifugation, they float on the 

top of a sucrose density gradient as a separable membrane fraction (Brown and Rose 1992; 

Schuck, Honsho et al. 2003). TX-100 DRMs are enriched in cholesterol, 

glycosphingolipids, sphingomyelin and saturated glycerophospholipids (Brown and Rose 
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1992; Schroeder, London et al. 1994; Schroeder, Ahmed et al. 1998; Fridriksson, Shipkova 

et al. 1999). 

Other than lipids, the resulting low density fraction is also enriched in many signaling 

proteins (Chang, Ying et al. 1994; Lisanti, Scherer et al. 1994). Early experiments have 

suggested the involvement of DRM components in lymphocyte activation. Although most 

membrane proteins are not associated with lipid rafts, the glycosphingolipid enriched 

fraction isolated after extraction of membranes with TX-100 is shown to be enriched in 

glycosyl phosphatidylinositol (GPI)-anchored proteins such as a signaling molecule CD59, 

Src family protein tyrosine kinases Lck and Fyn and adapter proteins such as LAT (Lisanti, 

Sargiacomo et al. 1988; Brown and Rose 1992; Rodgers, Crise et al. 1994; Zhang, Trible et 

al. 1998; Janes, Ley et al. 2000; Zacharias, Violin et al. 2002). The enrichment of LAT, 

Lck and Fyn requires dual acylation (palmitoylation and/or myristoylation). Both GPI-

anchored proteins and Src family protein tyrosine kinases carry saturated lipid 

modifications that could partition into lo domains. The proteins found in TX-DRMs largely 

depend on the method used for their identification (Magee and Parmryd 2003; Schuck, 

Honsho et al. 2003). Detergent Brij 58 can produce DRMs with mitochondrial proteins 

which are not expected to be found in lipid rafts (Bini, Pacini et al. 2003). Other studies 

have shown a presence of the membrane cytoskeleton proteins in DRMs (von Haller, 

Donohoe et al. 2001; Nebl, Pestonjamasp et al. 2002; Foster, De Hoog et al. 2003) 

indicating a link between lipid rafts and the underlying actin filaments. Many receptors 

such as the T cell receptor (TCR), the adhesion receptor CD44, proteolipid MAL, several 

members of TNF receptor family and transmembrane adaptor protein and PAG are also 

found in TX-DRMs (Rodgers, Crise et al. 1994; Zhang, Trible et al. 1998; Saint-Ruf, 

Panigada et al. 2000; Arcaro, Gregoire et al. 2001; Foti, Phelouzat et al. 2002; 

Korzeniowski, Kwiatkowska et al. 2003). 

There has been much controversy in the lipid raft field over the years due to disagreement 

on which lipids and proteins are in fact associated with lipid rafts. One of the controversies 

concerns the methods used to isolate and address the contents of the plasma membrane 

domains since the most popular and widely used methods involve detergent extraction of 

the raft contents. Lipid rafts have been defined in literature as domains insoluble by a non-

ionic detergent at low temperatures but whether their enrichment in DRMs represents lipid 
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rafts in vivo is still unclear since the contents of DRMs can be different. The common issue 

with using the detergents for isolation of lipid rafts is that depending on the detergent, lysis 

conditions and cell type, the amount of cholesterol and other content in different DRM 

fractions can vary (Magee and Parmryd 2003; Munro 2003; Lichtenberg, Goni et al. 2005; 

Hancock 2006; Mahammad and Parmryd 2008). Many studies provide evidence for 

different types of lipid rafts (Madore, Smith et al. 1999; Roper, Corbeil et al. 2000; Gomez-

Mouton, Abad et al. 2001; Prior, Muncke et al. 2003; Wilson, Steinberg et al. 2004; 

Alfalah, Wetzel et al. 2005; Karacsonyi, Bedke et al. 2005; Plowman, Muncke et al. 2005; 

Fujita, Cheng et al. 2007; Castelletti, Alfalah et al. 2008; Hein, Hooper et al. 2009). Lipid 

rafts in vivo are domains of nanoscale size but the studies in both model membranes and 

isolated cellular membranes have demonstrated that the detergent treatment itself can 

induce the aggregation and the formation of domains or alter protein association (Mayor 

and Maxfield 1995; Heerklotz 2002; Heerklotz, Szadkowska et al. 2003; Lichtenberg, Goni 

et al. 2005). Also, the purified DRMs do not arise exclusively from the plasma membrane 

but also contain components from other cellular membranes. There are several different 

types of detergents commonly used for the detergent extraction method of purifying TX-

DRMs such as TX-100, NP-40 (Chung, Patel et al. 2000), CHAPS (Ilangumaran, Arni et 

al. 1999), Brij-98 (Drevot, Langlet et al. 2002) and Brij -58 (Bohuslav, Cinek et al. 1993). 

If the concentration of the detergent is too high, DRMs cannot be isolated (Yu, Fischman et 

al. 1973; Heerklotz 2002) but the use of 1% TX-100 is widely accepted since it has been 

shown that it leads to the purification of lipid raft associated proteins and excludes the non 

raft proteins in DRMs. TX-100 and CHAPS produce DRMs enriched in lipid raft markers 

and devoid of the non raft markers (Heerklotz 2002; Foster, De Hoog et al. 2003; 

Heerklotz, Szadkowska et al. 2003; Schuck, Honsho et al. 2003) and 0.5% TX-100 can lead 

to higher recovery of DRM fraction when compared to 1% Tx-100 (Rouquette-Jazdanian, 

Pelassy et al. 2006; Mahammad and Parmryd 2008).  

 
 
Lipid rafts and microscopy 

The properties of lipid rafts such as size, composition and stability in biological systems are 

still unclear mostly due to the fact that is difficult to visualize them in vivo. A commonly 

used method for studying membrane domain behavior and lipid rafts is microscopy. Lipid 
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rafts can be indirectly visualized in live and fixed cells using specific antibodies against 

lipid raft associated proteins, molecules which bind to other lipid raft markers or certain 

dyes which prefer lo or ld domains (Gaus, Gratton et al. 2003; Gupta and DeFranco 2003; 

Lagerholm, Weinreb et al. 2005; Owen, Oddos et al. 2010).   

A common method for studying membrane order in model membranes and biological 

systems by fluorescent microscopy is to crosslink membrane components with 

fluorescently labeled probes. These probes include antibodies against specific lipid raft 

associated proteins, cholera toxin B subunit (CT-B) which binds GM1 or expression of a 

GPI-GFP construct. Membrane can also be stained with membrane order reporting 

fluorescent dyes such as laurdan and di-4-ANEPPDHQ which label both lo and ld phase or 

various fluorescent lipophilic dyes which prefer only one phase. Membrane cholesterol can 

be studied with fluorescent cholesterol analogue dehydroergosterol (DHE), which differs 

from cholesterol only by the addition of three double bonds and a methyl group, or filipin 

which is a cholesterol binding fluorescent probe (Behnke, Tranum-Jensen et al. 1984; 

Mukherjee, Zha et al. 1998; Sugii, Reid et al. 2003). 

In addition to conventional fluorescent light and confocal microscopy, there are many other 

methods for detecting and characterizing membrane domains using different probes in both 

live and fixed cells as well as methods not based on fluorescence (Lagerholm, Weinreb et 

al. 2005). Fluorescent microscopy and associated imaging techniques which are 

increasingly applied to identify and characterize lipid rafts in eukaryotic cells include 

fluorescence lifetime imaging microscopy, total internal reflection fluorescence 

microscopy, fluorescence recovery after photobleaching, fluorescence correlation 

spectroscopy, FRET, single particle tracking, atomic force microscopy, transmission 

election microscopy, cryo electron microscopy, image correlation spectroscopy, and 

scanning ion conductance microscopy. Because of the size and the dynamic nature of the 

microdomains a lot of components can be only transiently associated with the lipid rafts, so 

it is important to take into consideration the spatial and temporal sensitivity of any of the 

used methods (Lagerholm, Weinreb et al. 2005).  
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Lipid rafts and T cell signaling 

An essential element of T cell activation is the segregation of the plasma membrane into 

distinct domains. This domain aggregation triggers downstream activation responses via 

immunoreceptors. In physiological conditions, immunosignaling requires the formation of 

a contact zone between a T lymphocyte and an antigen presenting cell (APC). Activation of 

T cells is initiated when an APC, expressing a major histocompatibility complex (MHC) 

molecule on its surface, presents an MHC-bound antigen to the TCR in the plasma 

membrane of a T cell. Their direct contact leads to a formation of an immunological 

synapse (IS), a special junction of the two cell surfaces mediated by rearrangement of both 

the plasma membranes and the cytoskeletons of the two participating cells (Grakoui, 

Bromley et al. 1999; Dustin, Allen et al. 2001; Lee, Holdorf et al. 2002; Huppa, Gleimer et 

al. 2003). TCRs within the immunological synapse then aggregate into a central 

supramolecular activation cluster (c-SMAC) which is surrounded by a peripheral 

supramolecular activation cluster (p-SMAC) and underlying actin filaments (Monks, 

Freiberg et al. 1998; Dustin and Shaw 1999). Src family tyrosine kinases Lck and Fyn 

initiate T cell signaling by phosphorylation of immunoreceptor tyrosine based activation 

motifs (ITAMs) in the CD3 chains associated with the TCR (Irving, Chan et al. 1993; Resh 

1994; Shores, Tran et al. 1997). This is followed by recruitment of Syk and CD3-associated 

ZAP-70 tyrosine kinases to the aggregated lipid rafts (Harder and Kuhn 2000). Further 

downstream signaling includes activation of Ras/extracellular-regulated kinases (ERK) 

pathways, Ca2+ mobilization and hydrolysis of phosphoinoisitide polyphosphates (Cantrell 

1996). The final result of T cell activation is their proliferation and differentiation into 

effector cells. 

 
 
The role of cholesterol in T cell signaling 

Cholesterol is a major component of the plasma membrane and together with certain 

sphingolipids it is involved in the formation of lipid rafts in cell membranes of eukaryotic 

cells. Changing the levels of cholesterol can have profound effects on signal transduction 

and on membrane transport. One of the techniques that are widely used to study lipid rafts 

is acute or metabolic cholesterol depletion (Bolard 1986; Kabouridis, Janzen et al. 2000). A 
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common method for rapid cholesterol depletion is using methyl-β-cyclodextrin (MBCD) 

which can extract cholesterol-like molecules and other lipids like GM1 (Ohvo and Slotte 

1996; Keller and Simons 1998). Cholesterol can also be depleted metabolically by 

inhibiting its de novo synthesis but this method requires more time. The results obtained by 

cholesterol depletion by application of MBCD can vary and are dependent on the 

concentration of MBCD, temperature, incubation time and cell type (Mahammad and 

Parmryd 2008). If too much cholesterol is depleted the viability of cells may also be 

affected (Mahammad and Parmryd 2008) (Paper III). There are many contradictory results, 

where cholesterol depletion has either positive or negative effects on T cell signaling. 

Cholesterol depletion can initiate T cell signaling events (Kabouridis, Janzen et al. 2000), 

but it has also been reported that cholesterol depletion inhibits T cell signaling (Rouquette-

Jazdanian, Pelassy et al. 2006). Other studies report that cholesterol sequestering by filipin 

can lead to MAP kinase pathway activation (Chen and Resh 2002) and inhibit the tyrosine 

phosphorylation of early signaling proteins by anti-CD3 antibodies (Xavier, Brennan et al. 

1998). Our results show that moderate cholesterol depletion activates T cell signaling 

events, including tyrosine phosphorylation of early signaling proteins, phosphorylation of 

ERK1/2 and Ca+2 flux (Paper III). Signaling proteins that associate with TX-DRMs such as 

Lck and LAT shift to TX-soluble fraction upon cholesterol depletion. 

 
 
T cell signaling and lipid raft aggregation  

The activation of T cell signaling leads to a formation of larger and stable lipid raft 

platforms (Figure 10) (Janes, Ley et al. 1999; Janes, Ley et al. 2000). Although there is 

substantial evidence that lipid rafts play an important role in T cell activation (Janes, Ley et 

al. 1999; Horejsi 2003; Gaus, Chklovskaia et al. 2005; He and Marguet 2008), the 

significance of ordered domains during signaling is still controversial (Nichols 2005; 

Wang, Leventis et al. 2005; Rouquette-Jazdanian, Pelassy et al. 2007; Kenworthy 2008). 

There is a disagreement whether lipid rafts even exist prior to initiation of signaling in T 

cells or form upon binding of the ligand to the TCR (Razzaq, Ozegbe et al. 2004). It is also 

not clear if the TCR constitutively resides in lipid rafts or it partitions into the rafts upon T 

cell activation (Janes, Ley et al. 2000). There are reports showing that the TCR appears to 

reside in rafts already prior to raft clustering (Magee, Adler et al. 2005) and enrichment of 
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the TCR in TX-DRMs has also been reported (Korzeniowski, Kwiatkowska et al. 2003). 

The mechanisms behind early signaling events are still not fully understood (He, Lellouch 

et al. 2005; Kabouridis 2006; Harder, Rentero et al. 2007). We provide evidence that the 

TCR resides in small ordered membrane domains which preexist in resting T cells and 

aggregate upon cell activation (Paper IV). 

 

 

 
 
Figure 10. Model of T cell activation via lipid raft aggregation. Grey areas represent lipid rafts 

and white areas represent the bulk plasma membrane. (a) The resting T cell. Small size lipid rafts 

with signaling molecules. CD45, which is not raft-associated, is able to dephosphorylate Lck 

inhibiting its kinase activity and its acting on the TCR ITAMs or other Lck substrates. (b) The cell 

after ligation of the TCRs by an APC.  TCR ligation by APC induces aggregation of lipid rafts and 

associated signaling molecules, excluding CD45 and promoting Lck activity, ZAP-70 recruitment 

and subsequent tyrosine phosphorylation (Janes, Ley et al. 1999; Janes, Ley et al. 2000).  

 

Signaling can be induced by antibody crosslinking of the T cell receptor (Janes, Ley et al. 

1999). Aggregating different lipid and protein components of lipid rafts can also activate 

signaling pathways. Crosslinking of GPI-anchored proteins such as CD59 can induce the 
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same type of response in T cells as the binding of antigen to the TCR (Korty, Brando et 

al. 1991; Shenoy-Scaria, Kwong et al. 1992). GM1 is a glycosphingolipid known to 

partition into lipid rafts in the plasma membrane (Harder, Scheiffele et al. 1998). 

Crosslinking GM1 with CT-B, which is pentavalent for GM1, and anti-cholera toxin links 

lipid raft aggregation to early T cell signaling (Janes, Ley et al. 1999; Parmryd, Adler et 

al. 2003). Cold stress induces the coalescence of lipid raft components and also activates 

signaling pathways (Magee, Adler et al. 2005). We show that T cell activation can be 

induced by limited cholesterol depletion which causes the aggregation of plasma 

membrane lipid rafts (Paper III). CT-B-GM1 visibly colocalizes with proteins essential in 

T cell activation. This suggests that lipid rafts provide a basis for the formation of 

micrometer-scale signaling platform during T cell activation. Our study has shown that 

the colocalization of GM1 with signaling molecules Lck and LAT increases upon limited 

cholesterol depletion (Paper III). Additionally, GM1 aggregation was not prevented by 

treatment with PP2, which is an inhibitor of Src family kinase activation, which implies 

that cholesterol depletion induced lipid raft aggregation precedes the T cell signaling 

response. 

 
 
Lipid rafts, actin filaments and T cell signaling 
The plasma membrane is connected to its environment through various molecular 

interactions including the linkage of transmembrane proteins to the cytoskeleton and the 

extracellular matrix. Membrane skeleton provides both confining and binding effects on 

the movement of membrane proteins and can play a crucial role in the molecular 

organization of the plasma membrane (Kusumi and Sako 1996). Integral and 

transmembrane proteins of the plasma membrane interact with the actin filament system 

and signaling proteins in the cytoplasm. 

Several proteins have been shown to function in linking the plasma membrane to the 

cytoskeleton, providing an indirect connection between raft domains and actin filaments. 

Raft domains might be anchored to actin cytoskeleton through actin-binding proteins like 

vinculin, talin and proteins of the ERM (ezrin, radixin, moesin) family which contain C-

terminal actin-binding domain and an N-terminal domain that binds phosphatidylinositol 

4,5-bisphosphate (PI(4,5)P2) that is abundant in GM1-enriched domains (Parmryd, Adler 
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et al. 2003; Winder and Ayscough 2005). Filamin A also binds to actin filaments and 

may support actin anchoring of transmembrane proteins like CD28 at the site of T cell 

activation (Tavano, Contento et al. 2006). While the connection between actin filaments 

and the aggregated plasma membrane molecules was shown a long time ago (Albertini 

and Anderson 1977; Bourguignon and Singer 1977; Flanagan and Koch 1978) the 

transfer of signals from the plasma membrane to the underlying actin cytoskeleton has 

yet to be fully characterized. The interaction between raft associated proteins and actin 

filaments can be responsible for the distribution of proteins during cell activation and 

signaling. Actin filaments can help initiate signaling by bringing the membrane proteins 

together and or they can inhibit signaling by acting as a barrier preventing the interaction 

between the membrane receptors and downstream signaling molecules.  

Studies have shown that actin accumulates underneath aggregated lipid rafts (Harder and 

Simons 1999; Rodgers and Zavzavadjian 2001; Valensin, Paccani et al. 2002). It has been 

for instance reported that plasma membrane rafts colocalize with actin filaments after 

crosslinking lipid raft associated proteins such as FCεRI and CD44 (Oliferenko, Paiha et al. 

1999; Holowka, Sheets et al. 2000; Gomez-Mouton, Abad et al. 2001). In RBL cells, 

crosslinked IgE-FεRI is associated with lipid rafts and involved in recruiting Src family 

kinases and these interactions are regulated by the actin filament system (Holowka, Sheets 

et al. 2000). Inhibiting actin polymerization with latrunculin B managed to revert 

activation-induced plasma membrane condensation at T cell activation sites (Gaus, 

Chklovskaia et al. 2005). Another study indicated a link between raft associated proteins 

and the actin cytoskeleton based on a transmembrane protein CD44 which resides in lipid 

rafts and interacts with actin cytoskeleton through its cytoplasmic domain (Oliferenko, 

Paiha et al. 1999). CD44 was previously found to interact with ERM proteins (Hirao, Sato 

et al. 1996). An electron microscopy study of T cell membrane showed prominent 

polymerization of actin in the protein-rich plasma membrane domains (Lillemeier, Pfeiffer 

et al. 2006). 

 
 
Phosphatidylinositol 4,5-bisphosphate 

Phosphatidylinositol 4,5-bisphosphate is a major polyphosphoinositide in mammalian 

cell membranes. Other that being the source of two second messengers in the cell, 
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diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3), PI(4,5)P2 is also important 

in the attachment of the cytoskeleton to the plasma membrane, exocytosis, endocytosis, 

membrane trafficking and the activation of enzymes (Berridge and Irvine 1984; 

McLaughlin, Wang et al. 2002). Many proteins that bind to actin also bind to PI(4,5)P2 

and are activated by this lipid. PI(4,5)P2 plays a role in activation of proteins that connect 

actin filaments to the plasma membrane such as the ERM proteins and the filamins and 

acts as a second messenger that regulates cytoskeleton-plasma membrane adhesion 

(Raucher, Stauffer et al. 2000; Stossel, Condeelis et al. 2001; Sheetz, Sable et al. 2006). 

Decreased levels of PI(4,5)P2 induced a dramatic release of the cytoskeleton from the 

membrane (Raucher, Stauffer et al. 2000). PI(4,5)P2 also regulates membrane proteins 

WASP and WAVE, effectors for the Rho GTPases in actin polymerization (Symons, 

Derry et al. 1996; Takenawa and Suetsugu 2007; Tomasevic, Jia et al. 2007). Studies 

show that a large fraction of PI(4,5)P2 associates with the TX-100 DRMs (Pike and 

Casey 1996; Pike and Miller 1998). Additionally, imaging experiments have shown 

colocalization of PI(4,5)P2 with raft markers in the plasma membrane and intracellular 

trafficking vesicles (Rozelle, Machesky et al. 2000; Parmryd, Adler et al. 2003).  

There is a tight relationship between PI(4,5)P2, cholesterol and actin filaments. It has 

been reported that PI(4,5)P2 serves as a link between cholesterol and actin filaments 

(Kwik, Boyle et al. 2003). Our study showed that cholesterol depletion induces actin 

polymerization at the cell periphery and increases the number of filament-rich membrane 

protrusions (Paper III). Another study reported that increasing the lipid raft associated 

PI(4,5)P2 pool in Jurkat T cells increases the number of filopodia and induces cell 

spreading (Johnson, Chichili et al. 2008). We also found that actin filaments are linked to 

the existence of ordered domains in the plasma membrane (Paper II). Inhibition of 

phosphatidyl inositol 4-kinase, which reduces the pool of accessible plasma membrane 

PI(4,5)P2 and disrupts the link between the cytoskeleton and the plasma membrane, 

decreased the fraction of ordered membrane domains. 
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Present studies 
 

Paper I: Laurdan and di-4-ANEPPDHQ do not respond to membrane-inserted 

peptides and are good probes for lipid packing 

 

Laurdan and di-4-ANEPPDHQ are fluorescent probes whose spectral properties alter in 

response to lipid packing which makes them very good tools for studying biological 

membranes. This study focuses on the characterization of the dyes properties and function 

in lipid bilayers in the presence of membrane-inserted peptides.  

 
 
Mastoparan and bPrPp insertion does not affect the integrity of the LUVs 

Studies have shown that upon insertion of peptides the stability of LUVs could be affected, 

resulting in fusion, fission or an increase in vesicle diameter. Dynamic light scattering 

method was used to determine whether the integrity and size distribution of LUVs was 

altered upon the addition of mastoparan or bPrPp. The diameters of lo and ld phase LUVs 

ranged from 67-120 nm and 74-204 nm, respectively, but the mean diameter of the lo phase 

LUVs was larger than the ld phase LUVs. Hydrodynamic radius peaks of the LUVs at the 

1:100 and the 1:1000 peptide-to-lipid ratios were not affected upon the addition of 

mastoparan or bPrPp in either type of vesicles, but at 1:10 ratio there was a peak shift in 

both phases indicating bigger diameter of the vesicles and a wider distribution of their 

sizes. The results show that the addition of either peptide did not affect the integrity of the 

LUVs, by causing their fission or fusion, and that the increase in their size is an effect of 

peptide insertion into the membrane. 

 
 
Mastoparan and bPrPp are inserted into the LUVs with different secondary 

structures 

To confirm the membrane insertion of mastoparan and bPrPp into LUVs, the secondary 

structure of both peptides was measured by far-UV CD spectra in the presence of laurdan 

and di-4-ANEPPDHQ stained vesicles. Both peptides have a random coil conformation in a 

water solution but mastoparan becomes mainly α-helical when inserted into either lo or ld 
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phase LUVs. Mastoparan was approximately 80% α-helical in the ld phase, 60–70% α-

helical in the lo phase and the rest of the peptide was in a random coil conformation. In 

contrast, bPrPp can obtain either α-helical or β-sheet structure depending on the lipid 

composition and mainly assumes a β-strand structure when inserted into vesicles that 

contain negatively charged lipids as our LUVs. An approximately 50–60% of bPrPp had a 

β-sheet structure in both ld and lo lipid phases, 15–20% was in α-helical conformation and 

the rest was random coil. The results confirmed that both peptides were inserted into the 

LUVs in a manner consistent with earlier reports (Higashijima, Wakamatsu et al. 1983; 

Vold, Prosser et al. 1997; Magzoub, Oglecka et al. 2005) and additionally showed that their 

insertion was not affected by the presence of either laurdan or di-4-ANEPPDHQ. 

 
 
The spectral properties of laurdan and di-4-ANEPPDHQ are not affected by 

membrane inserting peptides 

Lo phase LUVs were prepared from sphingomyelin, DOPC and cholesterol at 1:1:2 ratio 

and ld phase LUVs from DOPC with 5% negatively charged DPPG. Both types of vesicles 

were stained with either laurdan or di-4-ANEPPDHQ and the spectra of the dyes were 

measured. The emission spectra of laurdan had a peak around 483 nm and 433 nm in ld and 

lo phase LUV, respectively. Laurdan stained GUVs showed identical emission spectra as 

the same type of LUVs. The laurdan excitation spectra had a peak at 358 nm in both ld and 

lo phase LUVs. The lo and ld phase vesicles were then added mastoparan at 1:1000, 1:100 

and 1:10 peptide-to-lipid ratio. The emission and excitation spectra or the position of the 

peaks did not change in either phase. The same conditions were repeated for bPrPp, again 

showing no change in spectral properties of the dyes in either phase. 

The di-4-ANEPPDHQ emission spectra peaked around 585 nm in lo LUVs and around 597 

nm in ld phase LUVs. The excitation spectra for di-4-ANEPPDHQ in both ld and lo phase 

LUVs had a peak at 470 nm. The presence of mastoparan or bPrPp did not alter the 

position of the peaks or the appearance of the emission and excitation spectra. These 

findings show that the presence of peptides in biological membranes does not influence the 

spectra of the dyes and that laurdan and di-4 ANEPPDHQ report solely on lipid order. 
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Paper II: Actin filaments at the plasma membrane in live cells cause the  

formation of ordered lipid domains via PI(4,5)P2 

 

The main model system for our study are Jurkat T cells, a human leukemic T cell line 

widely used in research connected to acute T cell leukemia, T cell signaling, biology of 

chemokine receptors and interleukin 2 production (Abraham and Weiss 2004). In addition 

to Jurkat T cells, experiments were also performed on human myelogenous leukaemia cells 

(K562), fetal rat skin keratinocytes (FRSK) and primary human CD4+ T cells. Because T 

cells do not express caveolins and cannot form caveolae (Fra, Williamson et al. 1994) the 

presence of caveolae cannot interfere with membrane domain aggregation, making Jurkat T 

cells a good model for studying lipid rafts.  

The method commonly used to purify the TX-DRMs, which are enriched in lipid rafts, is a 

modification of a method originally used for purifying components of the cytoskeleton 

which suggests a strong link between the two. The remodeling of the cytoskeleton is an 

integral part of T cell activation and plays an important role during early signaling events in 

T cells (Sechi, Buer et al. 2002) with polymerized actin accumulating underneath 

aggregated lipid rafts (Harder and Simons 1999; Rodgers and Zavzavadjian 2001; 

Valensin, Paccani et al. 2002). The aim of this study was to address the mechanism of 

interaction between plasma membrane and underlying actin filaments.  

 

Ordered domains exist in the plasma membrane of live cells and their proportion is 

determined by actin dynamics 

Jurkat T cells were treated with drugs that alter kinetics of actin polymerization and actin 

stability. Latrunculin B (Lat B) stops actin polymerization by sequestering actin monomers 

(Spector, Shochet et al. 1983) and already existing filaments depolimerize over time, 

reducing the amount of filamentous actin in a cell. Jasplakinolide (Jas) stabilizes actin 

filaments by binding to them and stopping their depolymerization (Bubb, Spector et al. 

2000). Antibodies were used for crosslinking the lipid raft markers and membrane order 

reporting probes laurdan and di-4-ANEPPDHQ were used to assess membrane order.  

Lat B treatment significantly decreased plasma membrane order in Jurkat T cells. The 

decrease in laurdan GP value strongly suggests that ordered domains were present in the 
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plasma membrane before the treatment. Jasplakinolide treatment resulted in a substantial 

increase in proportion of ordered domains showing that presence of more actin filaments in 

the cell has an ordering effect on the plasma membrane. Similar results upon Jas and Lat B 

treatment were obtained in primary human CD4+ T cells and K562 cells which shows that 

the link between ordered domains and actin filament dynamics is not cell type specific.  

The results were reproduced when Jurkat T cells were stained with another membrane 

order sensing probe, di-4-ANEPPDHQ, which reports on the order of the outer plasma 

membrane leaflet. This shows that the interactions between actin filaments and the inner 

plasma membrane leaflet are transferred to the outer plasma membrane leaflet. 

Phenylarsine oxide (PAO), an inhibitor of phosphatidyl inositol 4-kinase, was used to 

disrupt the link between the cytoskeleton and the plasma membrane. PAO treatment had a 

disordering effect on the plasma membrane which strongly suggests that actin filaments 

attached to the plasma membrane are responsible for the formation of ordered membrane 

domains. 

 
 
The absence of actin filaments in blebs results in a larger fraction of disordered 

plasma membrane domains 

The plasma membrane often forms blebs which are usually caused by a local breakage of 

the connection between the cytoskeleton and the membrane (Charras, Hu et al. 2006; 

Fackler and Grosse 2008; Tinevez, Schulze et al. 2009) causing the membrane to protrude 

outwards. Cell blebs are mostly free of actin filaments and can therefore provide important 

insight on the influence of underlying filaments on the membrane order. 

Membrane blebs of Jurkat T cells, FRSK cells and K562 cells all showed higher proportion 

of disordered domains than the rest of the plasma membrane. GM1 was patched and blebs 

in Jurkat T cells were followed over a period of 30-45 minutes upon patching. 

Interestingly, blebs did not contain any patches although they contained GM1 in unpatched 

cells indicating that actin filaments and the formation of ordered plasma membrane 

domains are involved in formation of patches in live cells that induces the same type of 

early signaling response in T cell as the binding of antigen to the TCR (Janes, Ley et al. 

1999; Parmryd, Adler et al. 2003). 
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Aggregation of both lipid raft and non lipid raft components results in a larger 

proportion of ordered plasma membrane domains 

The lipid raft markers, sphingolipid GM1 and GPI-anchored protein CD59 were 

crosslinked by CT-B and anti-CD59 antibody, respectively. The aggregation of GM1-

enriched domains or a GPI-anchored protein CD59 can induce the signaling response in T 

cells (Korty, Brando et al. 1991; Shenoy-Scaria, Kwong et al. 1992; Janes, Ley et al. 1999; 

Janes, Ley et al. 2000).  

CT-B-GM1 patched cells had a higher proportion of ordered domains in the entire plasma 

membrane when compared to the control cells. The proportion of ordered domains within 

the patches was even higher than in the non-patched area of the membrane and increased 

over time. This could indicate redistribution of ordered domains and their increased 

accumulation within the patched regions. Incubation with only CT-B did not produce a 

statistically significant change in proportion of ordered domains. Upon Lat B treatment 

GM1-CT-B patched cells still showed an increase in plasma membrane ordered domains 

indicating there was still limited actin polymerization under the Lat B treatment conditions. 

Similar results were obtained upon crosslinking CD59, with a significant increase in 

proportion of ordered domains in the membrane, even more so in the patched area. Laurdan 

emission spectra of CD59-patched Jurkat T cells was measured and compared to the 

spectra in unpatched cells and no change in the position of the emission peaks was 

observed. 

Crosslinking a non lipid raft marker, a phosphatase CD45 (Rodgers and Rose 1996; Janes, 

Ley et al. 1999; Janes, Ley et al. 2000), also gave similar results. Considering its location 

and presumed negative role in signaling, one would expect that crosslinking CD45 should 

not influence membrane order of the patched cells. After crosslinking cells showed a higher 

proportion of ordered domains in the entire plasma membrane as well as in patched and 

non patched areas of the membrane. Another non lipid raft marker, the transferrin receptor 

(TfR) (Janes, Ley et al. 1999) was also crosslinked but patches were rapidly internalized 

making it impossible to study their effect on the order of the plasma membrane. 

Concanavalin A (Con A) binds to glucosyl and manosyl residues of membrane lipids and 

proteins and as a result can be used as a general crosslinker of membrane components 

(Geiduschek and Singer 1979). Con A was used to see if the increase in fraction of ordered 
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plasma membrane domains after patching is a general effect of crosslinking. Similarly to 

results obtained by crosslinking GM1, CD59 and CD45, crosslinking with Con A also gave 

an increase in ordered domains in both patched and non patched areas of the membrane.  

 
 
A larger fraction of ordered plasma membrane is a general effect of plasma 

membrane component patching and linked to increased actin polymerization 

Since there was an increase in the proportion of ordered plasma membrane domains upon 

crosslinking of various molecules which reside both inside and outside of the lipid rafts, 

this led to a question whether crosslinking of membrane components affects global actin 

dynamics which in turn increases membrane order. Actin polymerization after crosslinking 

was addressed by imaging and intensity analysis of actin filament FITC-phalloidin staining 

at the cell periphery. Patched regions had the most intense FITC-phalloidin staining. Jurkat 

T cells patched for CD59, GM1, CD45 and ConA showed a striking correlation between 

the increase in ordered domains and the increase in actin filaments at the cell membrane. 

This strongly suggests that the attachment of actin filaments to the plasma membrane 

induces the formation of ordered domains.  

 
 
 
Paper III: Limited cholesterol depletion causes aggregation of plasma membrane 

lipid rafts inducing T cell activation 

 

Many studies have addressed the role of cholesterol in signaling pathways. Cholesterol and 

lipid rafts are thought to be involved in processes such as T and B cell activation, neuronal 

signaling and apoptosis. Reports have indicated that cholesterol influences the physical 

properties and function of signaling proteins in T cells. The purpose of this study was to 

investigate the effect of cholesterol depletion on the signaling pathways, membrane 

organization and the cell cytoskeleton system. 
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Moderate cholesterol depletion activates T-cell signaling events, tyrosine 

phosphorylation of early signaling proteins, phosphorylation of ERK1/2 and Ca+2 

flux. 

Cholesterol depletion was performed on Jurkat T cells using different concentrations of 

MBCD. Cells were analyzed to see if there is any effect on phosphorylation of early 

signaling proteins, the distribution of signaling proteins and lipids in the membrane and 

changes in actin filaments. To make sure that all the effects observed were due to 

cholesterol depletion and not MBCD treatment, cells were also treated with MBCD-

cholesterol complexes that kept cellular cholesterol in equilibrium without any net change 

in cholesterol content and ensured that the levels of cholesterol remain unchanged. Effects 

seen after cholesterol depletion were not seen after such treatment, confirming that 

cholesterol depletion was the main cause of observed effects. 

Jurkat T cells were treated with MBCD to extract cholesterol in a progressive and 

controlled fashion depleting from 10% to 50% of cellular cholesterol. Cell lysates were 

analyzed by Western blot for phosphorylation of signaling proteins by specific antibodies. 

The results show that moderate cholesterol depletion by MBCD leads to activation of T 

cells mediated by the ERK pathway. The tyrosine phosphorylation of early signaling 

proteins Lck, LAT and ZAP-70 was increased by the extraction of cholesterol and reached 

its maximum at 20% cholesterol depletion. Cholesterol loading did not show any influence 

on the ERK pathway activation or tyrosine phosphorylation of the early signaling proteins. 

A small flux of Ca+2 was observed upon cholesterol depletion. 

 
 
Upon cholesterol depletion many TX-DRM associated signaling proteins shift to TX-

soluble fraction and GM1 is lost from T cells 

Jurkat T cells were treated with MBCD and subjected to sucrose density centrifugation to 

obtain TX-DRMs to address the effect of cyclodextrin treatment on TX-DRM associated 

signaling proteins. The results show that the signaling proteins associated with lipid rafts 

shift from TX-DRMs to TX-soluble fraction upon cholesterol depletion. Cholesterol 

depletion also causes GM1 molecule to be lost from the T cells. Cells treated with MBCD 

and stained with Alexa 594-CT-B were analyzed by FACS and showed a 27% reduction of 
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total intensity of the GM1 molecule which could be due to non specific extraction by 

MBCD.  

 
 
Cholesterol depletion induces the actin polymerization 

Actin filament rearrangement plays an important role during cellular activation and it is 

crucial for the signaling process and morphological changes in cells. Jurkat T cells treated 

with MBCD were stained with FITC-phalloidin, an actin filament marker. Cholesterol 

depletion resulted in an increased amount of filamentous actin indicating cell activation. 

Actin intensity staining underneath the plasma membrane was analyzed at 10% and 30% 

cholesterol extraction resulting in 41% and 36% increase in intensity of the filamentous 

actin staining. Since spreading is a sign of T cell activation, cholesterol depletion induced 

activation and actin polymerization was additionally confirmed by comparing the cell 

morphology before and after MBCD treatment. Untreated cells and cells treated with 

MBCD-cholesterol complexes showed a round morphology, while cholesterol depleted 

cells spread extensively and formed membrane protrusions which goes in hand with 

induced filament polymerization upon cholesterol depletion.  

 
  
Moderate cholesterol depletion induces lipid raft aggregation in the plasma 

membrane of T cells 

Our previous results imply that cholesterol depletion induces clustering of signaling 

molecules in the plasma membrane which leads to cellular activation. To address the 

mechanism behind this, the distribution of GM1 in plasma membrane was analyzed before 

and after cholesterol depletion. Cholesterol depletion lead to clustering of GM1 in the 

plasma membrane which shows that the cellular activation and initiation of cell signaling 

caused by MBCD treatment is mediated by aggregation of signaling molecules into larger 

domains. The Src family kinase inhibitor, PP2 did not inhibit the GM1 aggregation which 

shows that the aggregation of membrane domains occurs prior to the activation of Src 

kinases. 
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Cholesterol depletion results in a larger proportion of ordered plasma membrane 

domains in T cells 

To further investigate the role of cholesterol in T cell signaling and membrane order, 

laurdan stained Jurkat T cells were treated with MBCD to deplete 10% cholesterol from 

cellular membranes and observed live by fluorescence microscopy. Cholesterol depletion 

resulted in a larger proportion of ordered domains in the plasma membrane which is similar 

to findings that crosslinking membrane components leads to changes in plasma membrane 

order and T cell activation (Paper II). This finding can be explained by the accumulation of 

the actin filaments underneath the plasma membrane upon cell activation. The treatment 

with MBCD-cholesterol complexes did not result in any changes in the proportion of 

membrane domains. 

 
 

Paper IV: The T cell receptor resides in small ordered plasma membrane domains 

that aggregate upon T cell activation. 

 
TCR activation promotes the aggregation of lipid rafts and the formation of the 

immunological synapse. It is debated whether the TCR is present in lipid rafts in resting 

T cells. The aim of this study was to address whether the TCR is lipid raft resident or 

recruited to lipid rafts upon T cell activation.  

 

Small ordered membrane domains exist in resting T cells and aggregate upon cell 

activation 

Upon patching CD3, a subunit of the TCR, the plasma membrane of Jurkat T cells 

labeled with laurdan showed a significant increase in the proportion of ordered domains 

within the patched area compared to the GP value of control cells. The non-patched 

regions of the plasma membrane were correspondingly depleted of ordered domains, 

while the proportion of ordered and disordered domains in the entire membrane remained 

unchanged. Our results show that patching of the TCR does not change the proportion of 

plasma membrane domains but rearranges their distribution. This suggests the 

preexistence of small ordered membrane domains in resting T cells that aggregate upon 

activation. These findings were confirmed in human primary CD4+ T cells. 
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Actin polymerization dynamics after CD3 patching was addressed by analyzing the 

intensity of actin filament staining at the cell periphery of FITC-phalloidin labeled Jurkat 

T cells. Patching of the TCR increased actin polymerization within the patched region of 

the membrane suggesting that actin polymerization is strongly correlated with the 

changes in the distribution of ordered domains. 

 
 
The distribution of the TCR and its colocalization with actin filaments is cell cycle 

dependent 

Confocal microscopy was used to study the TCR distribution and its colocalization with 

the underlying actin filaments at the plasma membrane. In Jurkat T cells the TCR is 

distributed evenly on the cell surface. The Pearson correlation coefficient (Pearson c.c.) 

for control cells indicated a correlation between the TCR and actin staining. Since the 

results showed a big variation between the cells, the colocalization analysis between the 

TCR and actin filaments was carried out for different phases of the cell cycle to test the 

cell cycle dependency of receptor-filament interaction. Jurkat cells were synchronized 

and studied in G1, S, and G2/M phase. 

TCR labeled cells in G1 phase had in a very high Pearson c.c. indicating strong 

colocalization of actin filaments and the TCR. However, this high correlation disappeared 

for cells in S and G2/M phase, which showed only moderate colocalization. Additionally, 

bright nuclear envelope staining could be detected in S and G2/M phase cells, while the 

plasma membrane staining exhibited more intensity fluctuations than seen for cells in G1 

phase which could explain the lower colocalization of actin filaments and the TCR. 

 

 

 

 

 

 

 

 



 42 

Acknowledgments 

 
To my supervisor Dr. Ingela Parmryd, I am grateful for your guidance, suggestions and 

support. Thank you for sharing your vast knowledge and experience with me. 

 

Thanks to Dr. Jeremy Adler for all the help and discussions. 

 

Thank you to my co-supervisor Prof. Roger Karlsson, Prof. Per Ljungdahl, Prof. Ann-

Kristin Östlund Farrants and Prof. Eva Severinson for your support and valuable 

scientific discussions. 

 

Big thanks to my friend and former colleague Saleem and all the past members of the lab. 

Thank you for everything you taught me and for all the fun we had. 

 

Thank you to all past and present members of Cell Biology Department. 

 

To my family, thank you for your endless support and always believing in me. 

 

I am grateful to funding organizations K och A Wallenbers stiftelsen, C F Liljevalch J 

stipendiefond, E&L Åqvist’s Foundation and Pokora Kulinska for the scholarships I 

received. 

 

This work was funded by the Swedish Research Council (621 – 2004 – 2948), Carl 

Trygger’s Foundation and Magnus Bergvall’s Foundation. 

 

 

 

 

 

 



 43 

References 
 

Abraham, R. T. and A. Weiss (2004). "Jurkat T cells and development of the T-cell 
receptor signalling paradigm." Nat Rev Immunol 4(4): 301-8. 

Ahmed, S. N., D. A. Brown, et al. (1997). "On the origin of sphingolipid/cholesterol-rich 
detergent-insoluble cell membranes: physiological concentrations of cholesterol 
and sphingolipid induce formation of a detergent-insoluble, liquid-ordered lipid 
phase in model membranes." Biochemistry 36(36): 10944-53. 

Albertini, D. F. and E. Anderson (1977). "Microtubule and microfilament rearrangements 
during capping of concanavalin A receptors on cultured ovarian granulosa cells." 
J Cell Biol 73(1): 111-27. 

Alfalah, M., G. Wetzel, et al. (2005). "A novel type of detergent-resistant membranes 
may contribute to an early protein sorting event in epithelial cells." J Biol Chem 
280(52): 42636-43. 

Arbuzova, A. and G. Schwarz (1999). "Pore-forming action of mastoparan peptides on 
liposomes: a quantitative analysis." Biochim Biophys Acta 1420(1-2): 139-52. 

Arcaro, A., C. Gregoire, et al. (2001). "CD8beta endows CD8 with efficient coreceptor 
function by coupling T cell receptor/CD3 to raft-associated CD8/p56(lck) 
complexes." J Exp Med 194(10): 1485-95. 

Bagatolli, L., E. Gratton, et al. (2000). "Two-photon fluorescence microscopy studies of 
bipolar tetraether giant liposomes from thermoacidophilic archaebacteria 
Sulfolobus acidocaldarius." Biophys J 79(1): 416-25. 

Bagatolli, L. A. (2006). "To see or not to see: lateral organization of biological 
membranes and fluorescence microscopy." Biochim Biophys Acta 1758(10): 
1541-56. 

Bagatolli, L. A., E. Gratton, et al. (1998). "Water dynamics in glycosphingolipid 
aggregates studied by LAURDAN fluorescence." Biophys J 75(1): 331-41. 

Bagatolli, L. A., S. A. Sanchez, et al. (2003). "Giant vesicles, Laurdan, and two-photon 
fluorescence microscopy: evidence of lipid lateral separation in bilayers." 
Methods Enzymol 360: 481-500. 

Bangham, A. D. and R. W. Horne (1964). "Negative Staining of Phospholipids and Their 
Structural Modification by Surface-Active Agents as Observed in the Electron 
Microscope." J Mol Biol 8: 660-8. 

Baumgart, T., A. T. Hammond, et al. (2007). "Large-scale fluid/fluid phase separation of 
proteins and lipids in giant plasma membrane vesicles." Proc Natl Acad Sci U S A 
104(9): 3165-70. 

Behnke, O., J. Tranum-Jensen, et al. (1984). "Filipin as a cholesterol probe. II. Filipin-
cholesterol interaction in red blood cell membranes." Eur J Cell Biol 35(2): 200-
15. 

Bernheimer, A. W. and B. Rudy (1986). "Interactions between membranes and cytolytic 
peptides." Biochim Biophys Acta 864(1): 123-41. 

Berridge, M. J. and R. F. Irvine (1984). "Inositol trisphosphate, a novel second messenger 
in cellular signal transduction." Nature 312(5992): 315-21. 



 44 

Bini, L., S. Pacini, et al. (2003). "Extensive temporally regulated reorganization of the 
lipid raft proteome following T-cell antigen receptor triggering." Biochem J 
369(Pt 2): 301-9. 

Biverstahl, H., A. Andersson, et al. (2004). "NMR solution structure and membrane 
interaction of the N-terminal sequence (1-30) of the bovine prion protein." 
Biochemistry 43(47): 14940-7. 

Bohuslav, J., T. Cinek, et al. (1993). "Large, detergent-resistant complexes containing 
murine antigens Thy-1 and Ly-6 and protein tyrosine kinase p56lck." Eur J 
Immunol 23(4): 825-31. 

Bolard, J. (1986). "How do the polyene macrolide antibiotics affect the cellular 
membrane properties?" Biochim Biophys Acta 864(3-4): 257-304. 

Bourguignon, L. Y. and S. J. Singer (1977). "Transmembrane interactions and the 
mechanism of capping of surface receptors by their specific ligands." Proc Natl 
Acad Sci U S A 74(11): 5031-5. 

Brameshuber, M., J. Weghuber, et al. (2010). "Imaging of mobile long-lived 
nanoplatforms in the live cell plasma membrane." J Biol Chem 285(53): 41765-
71. 

Bretscher, M. S. (1985). "The molecules of the cell membrane." Sci Am 253(4): 100-8. 
Brown, D. A. and E. London (1998). "Functions of lipid rafts in biological membranes." 

Annu Rev Cell Dev Biol 14: 111-36. 
Brown, D. A. and E. London (1998). "Structure and origin of ordered lipid domains in 

biological membranes." J Membr Biol 164(2): 103-14. 
Brown, D. A. and J. K. Rose (1992). "Sorting of GPI-anchored proteins to glycolipid-

enriched membrane subdomains during transport to the apical cell surface." Cell 
68(3): 533-44. 

Bubb, M. R., I. Spector, et al. (2000). "Effects of jasplakinolide on the kinetics of actin 
polymerization. An explanation for certain in vivo observations." J Biol Chem 
275(7): 5163-70. 

Cantrell, D. A. (1996). "T cell antigen receptor signal transduction pathways." Cancer 
Surv 27: 165-75. 

Castelletti, D., M. Alfalah, et al. (2008). "Different glycoforms of prostate-specific 
membrane antigen are intracellularly transported through their association with 
distinct detergent-resistant membranes." Biochem J 409(1): 149-57. 

Chang, W. J., Y. S. Ying, et al. (1994). "Purification and characterization of smooth 
muscle cell caveolae." J Cell Biol 126(1): 127-38. 

Charras, G. T., C. K. Hu, et al. (2006). "Reassembly of contractile actin cortex in cell 
blebs." J Cell Biol 175(3): 477-90. 

Chen, X. and M. D. Resh (2002). "Cholesterol depletion from the plasma membrane 
triggers ligand-independent activation of the epidermal growth factor receptor." J 
Biol Chem 277(51): 49631-7. 

Chong, P. L. and P. T. Wong (1993). "Interactions of Laurdan with phosphatidylcholine 
liposomes: a high pressure FTIR study." Biochim Biophys Acta 1149(2): 260-6. 

Chung, C. D., V. P. Patel, et al. (2000). "Galectin-1 induces partial TCR zeta-chain 
phosphorylation and antagonizes processive TCR signal transduction." J Immunol 
165(7): 3722-9. 



 45 

de Almeida, R. F., A. Fedorov, et al. (2003). 
"Sphingomyelin/phosphatidylcholine/cholesterol phase diagram: boundaries and 
composition of lipid rafts." Biophys J 85(4): 2406-16. 

de Almeida, R. F., L. M. Loura, et al. (2005). "Lipid rafts have different sizes depending 
on membrane composition: a time-resolved fluorescence resonance energy 
transfer study." J Mol Biol 346(4): 1109-20. 

Demchenko, A. P., Y. Mely, et al. (2009). "Monitoring biophysical properties of lipid 
membranes by environment-sensitive fluorescent probes." Biophys J 96(9): 3461-
70. 

Dietrich, C., L. A. Bagatolli, et al. (2001). "Lipid rafts reconstituted in model 
membranes." Biophys J 80(3): 1417-28. 

Dietrich, C., Z. N. Volovyk, et al. (2001). "Partitioning of Thy-1, GM1, and cross-linked 
phospholipid analogs into lipid rafts reconstituted in supported model membrane 
monolayers." Proc Natl Acad Sci U S A 98(19): 10642-7. 

Dodge, J. T. and G. B. Phillips (1967). "Composition of phospholipids and of 
phospholipid fatty acids and aldehydes in human red cells." J Lipid Res 8(6): 667-
75. 

Drbal, K., M. Moertelmaier, et al. (2007). "Single-molecule microscopy reveals 
heterogeneous dynamics of lipid raft components upon TCR engagement." Int 
Immunol 19(5): 675-84. 

Drevot, P., C. Langlet, et al. (2002). "TCR signal initiation machinery is pre-assembled 
and activated in a subset of membrane rafts." Embo J 21(8): 1899-908. 

Dupree, P., R. G. Parton, et al. (1993). "Caveolae and sorting in the trans-Golgi network 
of epithelial cells." EMBO J 12(4): 1597-605. 

Dustin, M. L., P. M. Allen, et al. (2001). "Environmental control of immunological 
synapse formation and duration." Trends Immunol 22(4): 192-4. 

Dustin, M. L. and A. S. Shaw (1999). "Costimulation: building an immunological 
synapse." Science 283(5402): 649-50. 

Edidin, M. (2003). "Lipids on the frontier: a century of cell-membrane bilayers." Nat Rev 
Mol Cell Biol 4(5): 414-8. 

Fackler, O. T. and R. Grosse (2008). "Cell motility through plasma membrane blebbing." 
J Cell Biol 181(6): 879-84. 

Feigenson, G. W. and J. T. Buboltz (2001). "Ternary phase diagram of dipalmitoyl-
PC/dilauroyl-PC/cholesterol: nanoscopic domain formation driven by 
cholesterol." Biophys J 80(6): 2775-88. 

Flanagan, J. and G. L. Koch (1978). "Cross-linked surface Ig attaches to actin." Nature 
273(5660): 278-81. 

Foster, L. J., C. L. De Hoog, et al. (2003). "Unbiased quantitative proteomics of lipid 
rafts reveals high specificity for signaling factors." Proc Natl Acad Sci U S A 
100(10): 5813-8. 

Foti, M., M. A. Phelouzat, et al. (2002). "p56Lck anchors CD4 to distinct microdomains 
on microvilli." Proc Natl Acad Sci U S A 99(4): 2008-13. 

Fra, A. M., E. Williamson, et al. (1994). "Detergent-insoluble glycolipid microdomains in 
lymphocytes in the absence of caveolae." J Biol Chem 269(49): 30745-8. 



 46 

Fridriksson, E. K., P. A. Shipkova, et al. (1999). "Quantitative analysis of phospholipids 
in functionally important membrane domains from RBL-2H3 mast cells using 
tandem high-resolution mass spectrometry." Biochemistry 38(25): 8056-63. 

Friedrichson, T. and T. V. Kurzchalia (1998). "Microdomains of GPI-anchored proteins 
in living cells revealed by crosslinking." Nature 394(6695): 802-5. 

Fujita, A., J. Cheng, et al. (2007). "Gangliosides GM1 and GM3 in the living cell 
membrane form clusters susceptible to cholesterol depletion and chilling." Mol 
Biol Cell 18(6): 2112-22. 

Gaus, K., E. Chklovskaia, et al. (2005). "Condensation of the plasma membrane at the 
site of T lymphocyte activation." J Cell Biol 171(1): 121-31. 

Gaus, K., E. Gratton, et al. (2003). "Visualizing lipid structure and raft domains in living 
cells with two-photon microscopy." Proc Natl Acad Sci U S A 100(26): 15554-9. 

Gaus, K., S. Le Lay, et al. (2006). "Integrin-mediated adhesion regulates membrane 
order." J Cell Biol 174(5): 725-34. 

Gaus, K., T. Zech, et al. (2006). "Visualizing membrane microdomains by Laurdan 2-
photon microscopy." Mol Membr Biol 23(1): 41-8. 

Geiduschek, J. B. and S. J. Singer (1979). "Molecular changes in the membranes of 
mouse erythroid cells accompanying differentiation." Cell 16(1): 149-63. 

Gomez-Mouton, C., J. L. Abad, et al. (2001). "Segregation of leading-edge and uropod 
components into specific lipid rafts during T cell polarization." Proc Natl Acad 
Sci U S A 98(17): 9642-7. 

Grakoui, A., S. K. Bromley, et al. (1999). "The immunological synapse: a molecular 
machine controlling T cell activation." Science 285(5425): 221-7. 

Gross, E., R. S. Bedlack, Jr., et al. (1994). "Dual-wavelength ratiometric fluorescence 
measurement of the membrane dipole potential." Biophys J 67(1): 208-16. 

Gupta, N. and A. L. DeFranco (2003). "Visualizing lipid raft dynamics and early 
signaling events during antigen receptor-mediated B-lymphocyte activation." Mol 
Biol Cell 14(2): 432-44. 

Hancock, J. F. (2006). "Lipid rafts: contentious only from simplistic standpoints." Nat 
Rev Mol Cell Biol 7(6): 456-62. 

Hansson, G. C., K. Simons, et al. (1986). "Two strains of the Madin-Darby canine kidney 
(MDCK) cell line have distinct glycosphingolipid compositions." EMBO J 5(3): 
483-9. 

Harder, T. and M. Kuhn (2000). "Selective accumulation of raft-associated membrane 
protein LAT in T cell receptor signaling assemblies." J Cell Biol 151(2): 199-208. 

Harder, T., C. Rentero, et al. (2007). "Plasma membrane segregation during T cell 
activation: probing the order of domains." Curr Opin Immunol 19(4): 470-5. 

Harder, T., P. Scheiffele, et al. (1998). "Lipid domain structure of the plasma membrane 
revealed by patching of membrane components." J Cell Biol 141(4): 929-42. 

Harder, T. and K. Simons (1999). "Clusters of glycolipid and 
glycosylphosphatidylinositol-anchored proteins in lymphoid cells: accumulation 
of actin regulated by local tyrosine phosphorylation." Eur J Immunol 29(2): 556-
62. 

He, H. T., A. Lellouch, et al. (2005). "Lipid rafts and the initiation of T cell receptor 
signaling." Semin Immunol 17(1): 23-33. 



 47 

He, H. T. and D. Marguet (2008). "T-cell antigen receptor triggering and lipid rafts: a 
matter of space and time scales. Talking Point on the involvement of lipid rafts in 
T-cell activation." EMBO Rep 9(6): 525-30. 

Heerklotz, H. (2002). "Triton promotes domain formation in lipid raft mixtures." Biophys 
J 83(5): 2693-701. 

Heerklotz, H., H. Szadkowska, et al. (2003). "The sensitivity of lipid domains to small 
perturbations demonstrated by the effect of Triton." J Mol Biol 329(4): 793-9. 

Hein, Z., N. M. Hooper, et al. (2009). "Association of a GPI-anchored protein with 
detergent-resistant membranes facilitates its trafficking through the early 
secretory pathway." Exp Cell Res 315(2): 348-56. 

Higashijima, T., K. Wakamatsu, et al. (1983). "Conformational change of mastoparan 
from wasp venom on binding with phospholipid membrane." FEBS Lett 152(2): 
227-30. 

Hirao, M., N. Sato, et al. (1996). "Regulation mechanism of ERM (ezrin/radixin/moesin) 
protein/plasma membrane association: possible involvement of 
phosphatidylinositol turnover and Rho-dependent signaling pathway." J Cell Biol 
135(1): 37-51. 

Holowka, D. and B. Baird (1983). "Structural studies on the membrane-bound 
immunoglobulin E-receptor complex. 1. Characterization of large plasma 
membrane vesicles from rat basophilic leukemia cells and insertion of 
amphipathic fluorescent probes." Biochemistry 22(14): 3466-74. 

Holowka, D., E. D. Sheets, et al. (2000). "Interactions between Fc(epsilon)RI and lipid 
raft components are regulated by the actin cytoskeleton." J Cell Sci 113 ( Pt 6): 
1009-19. 

Horejsi, V. (2003). "The roles of membrane microdomains (rafts) in T cell activation." 
Immunol Rev 191: 148-64. 

Hori, Y., M. Demura, et al. (2001). "Interaction of mastoparan with membranes studied 
by 1H-NMR spectroscopy in detergent micelles and by solid-state 2H-NMR and 
15N-NMR spectroscopy in oriented lipid bilayers." Eur J Biochem 268(2): 302-9. 

Huang, J. and G. W. Feigenson (1999). "A microscopic interaction model of maximum 
solubility of cholesterol in lipid bilayers." Biophys J 76(4): 2142-57. 

Huppa, J. B., M. Gleimer, et al. (2003). "Continuous T cell receptor signaling required 
for synapse maintenance and full effector potential." Nat Immunol 4(8): 749-55. 

Ikonen, E., M. Tagaya, et al. (1995). "Different requirements for NSF, SNAP, and Rab 
proteins in apical and basolateral transport in MDCK cells." Cell 81(4): 571-80. 

Ilangumaran, S., S. Arni, et al. (1999). "Microdomain-dependent regulation of Lck and 
Fyn protein-tyrosine kinases in T lymphocyte plasma membranes." Mol Biol Cell 
10(4): 891-905. 

Ipsen, J. H., O. G. Mouritsen, et al. (1989). "Theory of thermal anomalies in the specific 
heat of lipid bilayers containing cholesterol." Biophys J 56(4): 661-7. 

Irving, B. A., A. C. Chan, et al. (1993). "Functional characterization of a signal 
transducing motif present in the T cell antigen receptor zeta chain." J Exp Med 
177(4): 1093-103. 

Janes, P. W., S. C. Ley, et al. (1999). "Aggregation of lipid rafts accompanies signaling 
via the T cell antigen receptor." J Cell Biol 147(2): 447-61. 



 48 

Janes, P. W., S. C. Ley, et al. (1999). "Aggregation of lipid rafts accompanies signaling 
via the T cell antigen receptor." J Cell Biol 147(2): 447-61. 

Janes, P. W., S. C. Ley, et al. (2000). "The role of lipid rafts in T cell antigen receptor 
(TCR) signalling." Semin Immunol 12(1): 23-34. 

Jin, L., A. C. Millard, et al. (2005). "Cholesterol-enriched lipid domains can be visualized 
by di-4-ANEPPDHQ with linear and nonlinear optics." Biophys J 89(1): L04-6. 

Jin, L., A. C. Millard, et al. (2006). "Characterization and application of a new optical 
probe for membrane lipid domains." Biophys J 90(7): 2563-75. 

Johnson, C. M., G. R. Chichili, et al. (2008). "Compartmentalization of 
phosphatidylinositol 4,5-bisphosphate signaling evidenced using targeted 
phosphatases." J Biol Chem 283(44): 29920-8. 

Johnson, S. A., B. M. Stinson, et al. (2010). "Temperature-dependent phase behavior and 
protein partitioning in giant plasma membrane vesicles." Biochim Biophys Acta 
1798(7): 1427-35. 

Kabouridis, P. S. (2006). "Lipid rafts in T cell receptor signalling." Mol Membr Biol 
23(1): 49-57. 

Kabouridis, P. S., J. Janzen, et al. (2000). "Cholesterol depletion disrupts lipid rafts and 
modulates the activity of multiple signaling pathways in T lymphocytes." Eur J 
Immunol 30(3): 954-63. 

Kahya, N., D. A. Brown, et al. (2005). "Raft partitioning and dynamic behavior of human 
placental alkaline phosphatase in giant unilamellar vesicles." Biochemistry 
44(20): 7479-89. 

Karacsonyi, C., T. Bedke, et al. (2005). "MHC II molecules and invariant chain reside in 
membranes distinct from conventional lipid rafts." J Leukoc Biol 78(5): 1097-
105. 

Katsu, T., M. Kuroko, et al. (1990). "Interaction of wasp venom mastoparan with 
biomembranes." Biochim Biophys Acta 1027(2): 185-90. 

Keller, P. and K. Simons (1998). "Cholesterol is required for surface transport of 
influenza virus hemagglutinin." J Cell Biol 140(6): 1357-67. 

Kenworthy, A. K. (2008). "Have we become overly reliant on lipid rafts? Talking Point 
on the involvement of lipid rafts in T-cell activation." EMBO Rep 9(6): 531-5. 

Kindzelskii, A. L., R. G. Sitrin, et al. (2004). "Cutting edge: optical 
microspectrophotometry supports the existence of gel phase lipid rafts at the 
lamellipodium of neutrophils: apparent role in calcium signaling." J Immunol 
172(8): 4681-5. 

Kolter, T., T. M. Magin, et al. (2000). "Biomolecule function: no reliable prediction from 
cell culture." Traffic 1(10): 803-4. 

Korlach, J., P. Schwille, et al. (1999). "Characterization of lipid bilayer phases by 
confocal microscopy and fluorescence correlation spectroscopy." Proc Natl Acad 
Sci U S A 96(15): 8461-6. 

Korty, P. E., C. Brando, et al. (1991). "CD59 functions as a signal-transducing molecule 
for human T cell activation." J Immunol 146(12): 4092-8. 

Korzeniowski, M., K. Kwiatkowska, et al. (2003). "Insights into the association of 
FcgammaRII and TCR with detergent-resistant membrane domains: isolation of 
the domains in detergent-free density gradients facilitates membrane fragment 
reconstitution." Biochemistry 42(18): 5358-67. 



 49 

Kusumi, A., I. Koyama-Honda, et al. (2004). "Molecular dynamics and interactions for 
creation of stimulation-induced stabilized rafts from small unstable steady-state 
rafts." Traffic 5(4): 213-30. 

Kusumi, A. and Y. Sako (1996). "Cell surface organization by the membrane skeleton." 
Curr Opin Cell Biol 8(4): 566-74. 

Kwik, J., S. Boyle, et al. (2003). "Membrane cholesterol, lateral mobility, and the 
phosphatidylinositol 4,5-bisphosphate-dependent organization of cell actin." Proc 
Natl Acad Sci U S A 100(24): 13964-9. 

Lagerholm, B. C., G. E. Weinreb, et al. (2005). "Detecting microdomains in intact cell 
membranes." Annu Rev Phys Chem 56: 309-36. 

Lai, E. C. (2003). "Lipid rafts make for slippery platforms." J Cell Biol 162(3): 365-70. 
Lange, Y., J. Ye, et al. (2004). "How cholesterol homeostasis is regulated by plasma 

membrane cholesterol in excess of phospholipids." Proc Natl Acad Sci U S A 
101(32): 11664-7. 

Lasic, D. D. (1988). "The mechanism of vesicle formation." Biochem J 256(1): 1-11. 
Lee, K. H., A. D. Holdorf, et al. (2002). "T cell receptor signaling precedes 

immunological synapse formation." Science 295(5559): 1539-42. 
Levental, I., F. J. Byfield, et al. (2009). "Cholesterol-dependent phase separation in cell-

derived giant plasma-membrane vesicles." Biochem J 424(2): 163-7. 
Levental, I., M. Grzybek, et al. (2011). "Raft domains of variable properties and 

compositions in plasma membrane vesicles." Proc Natl Acad Sci U S A 108(28): 
11411-6. 

Lichtenberg, D., F. M. Goni, et al. (2005). "Detergent-resistant membranes should not be 
identified with membrane rafts." Trends Biochem Sci 30(8): 430-6. 

Lillemeier, B. F., J. R. Pfeiffer, et al. (2006). "Plasma membrane-associated proteins are 
clustered into islands attached to the cytoskeleton." Proc Natl Acad Sci U S A 
103(50): 18992-7. 

Lingwood, D. and K. Simons (2010). "Lipid rafts as a membrane-organizing principle." 
Science 327(5961): 46-50. 

Lisanti, M. P., M. Sargiacomo, et al. (1988). "Polarized apical distribution of glycosyl-
phosphatidylinositol-anchored proteins in a renal epithelial cell line." Proc Natl 
Acad Sci U S A 85(24): 9557-61. 

Lisanti, M. P., P. E. Scherer, et al. (1994). "Characterization of caveolin-rich membrane 
domains isolated from an endothelial-rich source: implications for human 
disease." J Cell Biol 126(1): 111-26. 

London, E. and D. A. Brown (2000). "Insolubility of lipids in triton X-100: physical 
origin and relationship to sphingolipid/cholesterol membrane domains (rafts)." 
Biochim Biophys Acta 1508(1-2): 182-95. 

Lundberg, P., M. Magzoub, et al. (2002). "Cell membrane translocation of the N-terminal 
(1-28) part of the prion protein." Biochem Biophys Res Commun 299(1): 85-90. 

Luzzati, V. and F. Husson (1962). "The structure of the liquid-crystalline phasis of lipid-
water systems." J Cell Biol 12: 207-19. 

Madore, N., K. L. Smith, et al. (1999). "Functionally different GPI proteins are organized 
in different domains on the neuronal surface." Embo J 18(24): 6917-26. 

Magee, A. I., J. Adler, et al. (2005). "Cold-induced coalescence of T-cell plasma 
membrane microdomains activates signalling pathways." J Cell Sci 118. 



 50 

Magee, A. I., J. Adler, et al. (2005). "Cold-induced coalescence of T-cell plasma 
membrane microdomains activates signalling pathways." J Cell Sci 118(Pt 14): 
3141-51. 

Magee, A. I. and I. Parmryd (2003). "Detergent-resistant membranes and the protein 
composition of lipid rafts." Genome Biol 4(11): 234. 

Magzoub, M., K. Oglecka, et al. (2005). "Membrane perturbation effects of peptides 
derived from the N-termini of unprocessed prion proteins." Biochim Biophys 
Acta 1716(2): 126-36. 

Mahammad, S. and I. Parmryd (2008). "Cholesterol homeostasis in T cells. Methyl-beta-
cyclodextrin treatment results in equal loss of cholesterol from Triton X-100 
soluble and insoluble fractions." Biochim Biophys Acta 1778(5): 1251-8. 

Matter, K. and I. Mellman (1994). "Mechanisms of cell polarity: sorting and transport in 
epithelial cells." Curr Opin Cell Biol 6(4): 545-54. 

Maxfield, F. R. and M. Mondal (2006). "Sterol and lipid trafficking in mammalian cells." 
Biochem Soc Trans 34(Pt 3): 335-9. 

Mayor, S. and F. R. Maxfield (1995). "Insolubility and redistribution of GPI-anchored 
proteins at the cell surface after detergent treatment." Mol Biol Cell 6(7): 929-44. 

McKinley, M. P., A. Taraboulos, et al. (1991). "Ultrastructural localization of scrapie 
prion proteins in cytoplasmic vesicles of infected cultured cells." Lab Invest 
65(6): 622-30. 

McLaughlin, S., J. Wang, et al. (2002). "PIP(2) and proteins: interactions, organization, 
and information flow." Annu Rev Biophys Biomol Struct 31: 151-75. 

Miao, L., M. Nielsen, et al. (2002). "From lanosterol to cholesterol: structural evolution 
and differential effects on lipid bilayers." Biophys J 82(3): 1429-44. 

Monks, C. R., B. A. Freiberg, et al. (1998). "Three-dimensional segregation of 
supramolecular activation clusters in T cells." Nature 395(6697): 82-6. 

Mukherjee, S., X. Zha, et al. (1998). "Cholesterol distribution in living cells: fluorescence 
imaging using dehydroergosterol as a fluorescent cholesterol analog." Biophys J 
75(4): 1915-25. 

Munro, S. (2003). "Lipid rafts: elusive or illusive?" Cell 115(4): 377-88. 
Nakajima, T., T. Yasuhara, et al. (1985). "Wasp venom peptides; wasp kinins, new 

cytotrophic peptide families and their physico-chemical properties." Peptides 6 
Suppl 3: 425-30. 

Nebl, T., K. N. Pestonjamasp, et al. (2002). "Proteomic analysis of a detergent-resistant 
membrane skeleton from neutrophil plasma membranes." J Biol Chem 277(45): 
43399-409. 

Nichols, B. (2005). "Cell biology: without a raft." Nature 436(7051): 638-9. 
Nunziante, M., S. Gilch, et al. (2003). "Essential role of the prion protein N terminus in 

subcellular trafficking and half-life of cellular prion protein." J Biol Chem 278(6): 
3726-34. 

Obaid, A. L., L. M. Loew, et al. (2004). "Novel naphthylstyryl-pyridium potentiometric 
dyes offer advantages for neural network analysis." J Neurosci Methods 134(2): 
179-90. 

Oesch, B., D. Westaway, et al. (1985). "A cellular gene encodes scrapie PrP 27-30 
protein." Cell 40(4): 735-46. 



 51 

Ohvo, H. and J. P. Slotte (1996). "Cyclodextrin-mediated removal of sterols from 
monolayers: effects of sterol structure and phospholipids on desorption rate." 
Biochemistry 35(24): 8018-24. 

Oliferenko, S., K. Paiha, et al. (1999). "Analysis of CD44-containing lipid rafts: 
Recruitment of annexin II and stabilization by the actin cytoskeleton." J Cell Biol 
146(4): 843-54. 

Owen, D. M., P. M. Lanigan, et al. (2006). "Fluorescence lifetime imaging provides 
enhanced contrast when imaging the phase-sensitive dye di-4-ANEPPDHQ in 
model membranes and live cells." Biophys J 90(11): L80-2. 

Owen, D. M., S. Oddos, et al. (2010). "High plasma membrane lipid order imaged at the 
immunological synapse periphery in live T cells." Mol Membr Biol 27(4-6): 178-
89. 

Parasassi, T., F. Conti, et al. (1986). "Time-resolved fluorescence emission spectra of 
Laurdan in phospholipid vesicles by multifrequency phase and modulation 
fluorometry." Cell Mol Biol 32(1): 103-8. 

Parasassi, T., G. De Stasio, et al. (1991). "Quantitation of lipid phases in phospholipid 
vesicles by the generalized polarization of Laurdan fluorescence." Biophys J 
60(1): 179-89. 

Parasassi, T., E. Gratton, et al. (1997). "Two-photon fluorescence microscopy of laurdan 
generalized polarization domains in model and natural membranes." Biophys J 
72(6): 2413-29. 

Parmryd, I., J. Adler, et al. (2003). "Imaging metabolism of phosphatidylinositol 4,5-
bisphosphate in T-cell GM1-enriched domains containing Ras proteins." Exp Cell 
Res 285(1): 27-38. 

Parton, R. G. (1996). "Caveolae and caveolins." Curr Opin Cell Biol 8(4): 542-8. 
Pike, L. J. and L. Casey (1996). "Localization and turnover of phosphatidylinositol 4,5-

bisphosphate in caveolin-enriched membrane domains." J Biol Chem 271(43): 
26453-6. 

Pike, L. J. and J. M. Miller (1998). "Cholesterol depletion delocalizes 
phosphatidylinositol bisphosphate and inhibits hormone-stimulated 
phosphatidylinositol turnover." J Biol Chem 273(35): 22298-304. 

Pizzo, P. and A. Viola (2004). "Lipid rafts in lymphocyte activation." Microbes Infect 
6(7): 686-92. 

Plowman, S. J., C. Muncke, et al. (2005). "H-ras, K-ras, and inner plasma membrane raft 
proteins operate in nanoclusters with differential dependence on the actin 
cytoskeleton." Proc Natl Acad Sci U S A 102(43): 15500-5. 

Pralle, A., P. Keller, et al. (2000). "Sphingolipid-cholesterol rafts diffuse as small entities 
in the plasma membrane of mammalian cells." J Cell Biol 148(5): 997-1008. 

Prior, I. A., C. Muncke, et al. (2003). "Direct visualization of Ras proteins in spatially 
distinct cell surface microdomains." J Cell Biol 160(2): 165-70. 

Proszynski, T. J., R. Klemm, et al. (2006). "Plasma membrane polarization during mating 
in yeast cells." J Cell Biol 173(6): 861-6. 

Prusiner, S. B. (1982). "Novel proteinaceous infectious particles cause scrapie." Science 
216(4542): 136-44. 

Rajendran, L. and K. Simons (2005). "Lipid rafts and membrane dynamics." J Cell Sci 
118(Pt 6): 1099-102. 



 52 

Raucher, D., T. Stauffer, et al. (2000). "Phosphatidylinositol 4,5-bisphosphate functions 
as a second messenger that regulates cytoskeleton-plasma membrane adhesion." 
Cell 100(2): 221-8. 

Rawicz, W., K. C. Olbrich, et al. (2000). "Effect of chain length and unsaturation on 
elasticity of lipid bilayers." Biophys J 79(1): 328-39. 

Razzaq, T. M., P. Ozegbe, et al. (2004). "Regulation of T-cell receptor signalling by 
membrane microdomains." Immunology 113(4): 413-26. 

Rentero, C., T. Zech, et al. (2008). "Functional implications of plasma membrane 
condensation for T cell activation." PLoS ONE 3(5): e2262. 

Resh, M. D. (1994). "Myristylation and palmitylation of Src family members: the fats of 
the matter." Cell 76(3): 411-3. 

Rodgers, W., B. Crise, et al. (1994). "Signals determining protein tyrosine kinase and 
glycosyl-phosphatidylinositol-anchored protein targeting to a glycolipid-enriched 
membrane fraction." Mol Cell Biol 14(8): 5384-91. 

Rodgers, W. and J. K. Rose (1996). "Exclusion of CD45 inhibits activity of p56lck 
associated with glycolipid-enriched membrane domains." J Cell Biol 135(6 Pt 1): 
1515-23. 

Rodgers, W. and J. Zavzavadjian (2001). "Glycolipid-enriched membrane domains are 
assembled into membrane patches by associating with the actin cytoskeleton." 
Exp Cell Res 267(2): 173-83. 

Rodriguez-Boulan, E. and W. J. Nelson (1989). "Morphogenesis of the polarized 
epithelial cell phenotype." Science 245(4919): 718-25. 

Roper, K., D. Corbeil, et al. (2000). "Retention of prominin in microvilli reveals distinct 
cholesterol-based lipid micro-domains in the apical plasma membrane." Nat Cell 
Biol 2(9): 582-92. 

Rothberg, K. G., Y. S. Ying, et al. (1990). "Cholesterol controls the clustering of the 
glycophospholipid-anchored membrane receptor for 5-methyltetrahydrofolate." J 
Cell Biol 111(6 Pt 2): 2931-8. 

Rouquette-Jazdanian, A. K., C. Pelassy, et al. (2006). "Revaluation of the role of 
cholesterol in stabilizing rafts implicated in T cell receptor signaling." Cell Signal 
18(1): 105-22. 

Rouquette-Jazdanian, A. K., C. Pelassy, et al. (2007). "Full CD3/TCR activation through 
cholesterol-depleted lipid rafts." Cell Signal 19(7): 1404-18. 

Rozelle, A. L., L. M. Machesky, et al. (2000). "Phosphatidylinositol 4,5-bisphosphate 
induces actin-based movement of raft-enriched vesicles through WASP-Arp2/3." 
Curr Biol 10(6): 311-20. 

Saint-Ruf, C., M. Panigada, et al. (2000). "Different initiation of pre-TCR and 
gammadeltaTCR signalling." Nature 406(6795): 524-7. 

Sanchez, S. A., M. A. Tricerri, et al. (2010). "Lipid packing determines protein-
membrane interactions: challenges for apolipoprotein A-I and high density 
lipoproteins." Biochim Biophys Acta 1798(7): 1399-408. 

Sankaram, M. B. and T. E. Thompson (1990). "Interaction of cholesterol with various 
glycerophospholipids and sphingomyelin." Biochemistry 29(47): 10670-5. 

Scheiffele, P., J. Peranen, et al. (1995). "N-glycans as apical sorting signals in epithelial 
cells." Nature 378(6552): 96-8. 



 53 

Schroeder, R., E. London, et al. (1994). "Interactions between saturated acyl chains 
confer detergent resistance on lipids and glycosylphosphatidylinositol (GPI)-
anchored proteins: GPI-anchored proteins in liposomes and cells show similar 
behavior." Proc Natl Acad Sci U S A 91(25): 12130-4. 

Schroeder, R. J., S. N. Ahmed, et al. (1998). "Cholesterol and sphingolipid enhance the 
Triton X-100 insolubility of glycosylphosphatidylinositol-anchored proteins by 
promoting the formation of detergent-insoluble ordered membrane domains." J 
Biol Chem 273(2): 1150-7. 

Schuck, S., M. Honsho, et al. (2003). "Resistance of cell membranes to different 
detergents." Proc Natl Acad Sci U S A 100(10): 5795-800. 

Schutz, G. J., G. Kada, et al. (2000). "Properties of lipid microdomains in a muscle cell 
membrane visualized by single molecule microscopy." Embo J 19(5): 892-901. 

Scott, R. E. (1976). "Plasma membrane vesiculation: a new technique for isolation of 
plasma membranes." Science 194(4266): 743-5. 

Scott, R. E., R. G. Perkins, et al. (1979). "Plasma membrane vesiculation in 3T3 and 
SV3T3 cells. I. Morphological and biochemical characterization." J Cell Sci 35: 
229-43. 

Sechi, A. S., J. Buer, et al. (2002). "Changes in actin dynamics at the T-cell/APC 
interface: implications for T-cell anergy?" Immunol Rev 189: 98-110. 

Sharma, P., R. Varma, et al. (2004). "Nanoscale organization of multiple GPI-anchored 
proteins in living cell membranes." Cell 116(4): 577-89. 

Sheetz, M. P., J. E. Sable, et al. (2006). "Continuous membrane-cytoskeleton adhesion 
requires continuous accommodation to lipid and cytoskeleton dynamics." Annu 
Rev Biophys Biomol Struct 35: 417-34. 

Shenoy-Scaria, A. M., J. Kwong, et al. (1992). "Signal transduction through decay-
accelerating factor. Interaction of glycosyl-phosphatidylinositol anchor and 
protein tyrosine kinases p56lck and p59fyn 1." J Immunol 149(11): 3535-41. 

Shenoy-Scaria, A. M., J. Kwong, et al. (1992). "Signal transduction through decay-
accelerating factor. Interaction of glycosyl-phosphatidylinositol anchor and 
protein tyrosine kinases p56lck and p59fyn 1." J Immunol 149(11): 3535-41. 

Shimshick, E. J. and H. M. McConnell (1973). "Lateral phase separations in binary 
mixtures of cholesterol and phospholipids." Biochem Biophys Res Commun 
53(2): 446-51. 

Shores, E. W., T. Tran, et al. (1997). "Role of the multiple T cell receptor (TCR)-zeta 
chain signaling motifs in selection of the T cell repertoire." J Exp Med 185(5): 
893-900. 

Simons, K. and S. D. Fuller (1985). "Cell surface polarity in epithelia." Annu Rev Cell 
Biol 1: 243-88. 

Simons, K. and M. J. Gerl (2010). "Revitalizing membrane rafts: new tools and insights." 
Nat Rev Mol Cell Biol 11(10): 688-99. 

Simons, K. and E. Ikonen (1997). "Functional rafts in cell membranes." Nature 
387(6633): 569-72. 

Simons, K. and D. Toomre (2000). "Lipid rafts and signal transduction." Nat Rev Mol 
Cell Biol 1(1): 31-9. 

Simons, K. and G. van Meer (1988). "Lipid sorting in epithelial cells." Biochemistry 
27(17): 6197-202. 



 54 

Singer, S. J. and G. L. Nicolson (1972). "The fluid mosaic model of the structure of cell 
membranes." Science 175(23): 720-31. 

Spector, I., N. R. Shochet, et al. (1983). "Latrunculins: novel marine toxins that disrupt 
microfilament organization in cultured cells." Science 219(4584): 493-5. 

Stossel, T. P., J. Condeelis, et al. (2001). "Filamins as integrators of cell mechanics and 
signalling." Nat Rev Mol Cell Biol 2(2): 138-45. 

Subczynski, W. K. and A. Wisniewska (2000). "Physical properties of lipid bilayer 
membranes: relevance to membrane biological functions." Acta Biochim Pol 
47(3): 613-25. 

Sugii, S., P. C. Reid, et al. (2003). "Biotinylated theta-toxin derivative as a probe to 
examine intracellular cholesterol-rich domains in normal and Niemann-Pick type 
C1 cells." J Lipid Res 44(5): 1033-41. 

Sunyach, C., A. Jen, et al. (2003). "The mechanism of internalization of 
glycosylphosphatidylinositol-anchored prion protein." EMBO J 22(14): 3591-601. 

Surma, M. A., C. Klose, et al. (2011). "Generic sorting of raft lipids into secretory 
vesicles in yeast." Traffic 12(9): 1139-47. 

Symons, M., J. M. Derry, et al. (1996). "Wiskott-Aldrich syndrome protein, a novel 
effector for the GTPase CDC42Hs, is implicated in actin polymerization." Cell 
84(5): 723-34. 

Szabo, G. (1974). "Dual mechanism for the action of cholesterol on membrane 
permeability." Nature 252(5478): 47-9. 

Szoka, F., Jr. and D. Papahadjopoulos (1980). "Comparative properties and methods of 
preparation of lipid vesicles (liposomes)." Annu Rev Biophys Bioeng 9: 467-508. 

Takenawa, T. and S. Suetsugu (2007). "The WASP-WAVE protein network: connecting 
the membrane to the cytoskeleton." Nat Rev Mol Cell Biol 8(1): 37-48. 

Tamm, L. K. and H. M. McConnell (1985). "Supported phospholipid bilayers." Biophys J 
47(1): 105-13. 

Tavano, R., R. L. Contento, et al. (2006). "CD28 interaction with filamin-A controls lipid 
raft accumulation at the T-cell immunological synapse." Nat Cell Biol 8(11): 
1270-6. 

Thompson, T. E. and T. W. Tillack (1985). "Organization of glycosphingolipids in 
bilayers and plasma membranes of mammalian cells." Annu Rev Biophys 
Biophys Chem 14: 361-86. 

Tinevez, J. Y., U. Schulze, et al. (2009). "Role of cortical tension in bleb growth." Proc 
Natl Acad Sci U S A 106(44): 18581-6. 

Tomasevic, N., Z. Jia, et al. (2007). "Differential regulation of WASP and N-WASP by 
Cdc42, Rac1, Nck, and PI(4,5)P2." Biochemistry 46(11): 3494-502. 

Tran, D., J. L. Carpentier, et al. (1987). "Ligands internalized through coated or 
noncoated invaginations follow a common intracellular pathway." Proc Natl Acad 
Sci U S A 84(22): 7957-61. 

Trimble, W. S., D. M. Cowan, et al. (1988). "VAMP-1: a synaptic vesicle-associated 
integral membrane protein." Proc Natl Acad Sci U S A 85(12): 4538-42. 

Valensin, S., S. R. Paccani, et al. (2002). "F-actin dynamics control segregation of the 
TCR signaling cascade to clustered lipid rafts." Eur J Immunol 32(2): 435-46. 



 55 

Walmsley, A. R., F. Zeng, et al. (2003). "The N-terminal region of the prion protein 
ectodomain contains a lipid raft targeting determinant." J Biol Chem 278(39): 
37241-8. 

van Meer, G. (1989). "Lipid traffic in animal cells." Annu Rev Cell Biol 5: 247-75. 
van Meer, G., B. Gumbiner, et al. (1986). "The tight junction does not allow lipid 

molecules to diffuse from one epithelial cell to the next." Nature 322(6080): 639-
41. 

van Meer, G., E. H. Stelzer, et al. (1987). "Sorting of sphingolipids in epithelial (Madin-
Darby canine kidney) cells." J Cell Biol 105(4): 1623-35. 

Wang, T. Y., R. Leventis, et al. (2005). "Artificially lipid-anchored proteins can elicit 
clustering-induced intracellular signaling events in Jurkat T-lymphocytes 
independent of lipid raft association." J Biol Chem 280(24): 22839-46. 

Wang, Y., G. Jing, et al. (2009). "Spectral characterization of the voltage-sensitive dye 
di-4-ANEPPDHQ applied to probing live primary and immortalized neurons." 
Opt Express 17(2): 984-90. 

Varki, A. (1993). "Biological roles of oligosaccharides: all of the theories are correct." 
Glycobiology 3(2): 97-130. 

Varma, R. and S. Mayor (1998). "GPI-anchored proteins are organized in submicron 
domains at the cell surface." Nature 394(6695): 798-801. 

Veatch, S. L., P. Cicuta, et al. (2008). "Critical fluctuations in plasma membrane 
vesicles." ACS Chem Biol 3(5): 287-93. 

Veatch, S. L. and S. L. Keller (2003). "Separation of liquid phases in giant vesicles of 
ternary mixtures of phospholipids and cholesterol." Biophys J 85(5): 3074-83. 

Wilson, B. S., S. L. Steinberg, et al. (2004). "Markers for detergent-resistant lipid rafts 
occupy distinct and dynamic domains in native membranes." Mol Biol Cell 15(6): 
2580-92. 

Winder, S. J. and K. R. Ayscough (2005). "Actin-binding proteins." J Cell Sci 118(Pt 4): 
651-4. 

Vist, M. R. and J. H. Davis (1990). "Phase equilibria of 
cholesterol/dipalmitoylphosphatidylcholine mixtures: 2H nuclear magnetic 
resonance and differential scanning calorimetry." Biochemistry 29(2): 451-64. 

Vold, R. R., R. S. Prosser, et al. (1997). "Isotropic solutions of phospholipid bicelles: a 
new membrane mimetic for high-resolution NMR studies of polypeptides." J 
Biomol NMR 9(3): 329-35. 

von Haller, P. D., S. Donohoe, et al. (2001). "Mass spectrometric characterization of 
proteins extracted from Jurkat T cell detergent-resistant membrane domains." 
Proteomics 1(8): 1010-21. 

von Tscharner, V. and H. M. McConnell (1981). "Physical properties of lipid monolayers 
on alkylated planar glass surfaces." Biophys J 36(2): 421-7. 

Xavier, R., T. Brennan, et al. (1998). "Membrane compartmentation is required for 
efficient T cell activation." Immunity 8(6): 723-32. 

Yang, L. J., C. B. Zeller, et al. (1996). "Gangliosides are neuronal ligands for myelin-
associated glycoprotein." Proc Natl Acad Sci U S A 93(2): 814-8. 

Yu, J., D. A. Fischman, et al. (1973). "Selective solubilization of proteins and 
phospholipids from red blood cell membranes by nonionic detergents." J 
Supramol Struct 1(3): 233-48. 



 56 

Zacharias, D. A., J. D. Violin, et al. (2002). "Partitioning of lipid-modified monomeric 
GFPs into membrane microdomains of live cells." Science 296(5569): 913-6. 

Zeng, J. and P. L. Chong (1995). "Effect of ethanol-induced lipid interdigitation on the 
membrane solubility of Prodan, Acdan, and Laurdan." Biophys J 68(2): 567-73. 

Zhang, W., R. P. Trible, et al. (1998). "LAT palmitoylation: its essential role in 
membrane microdomain targeting and tyrosine phosphorylation during T cell 
activation." Immunity 9(2): 239-46. 

 
 


