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1. Introduction 

1.1 Alveolus and lung function  

The unique anatomy and exceptionally large surface of the mammalian lung is 

appropriate for efficient respiratory process and also helps in maintenance of 

homeostasis. The surface of lung is made up of epithelial cells which remain constantly 

exposed to the external environment. This poses certain possible risks: (i) Alveolar 

collapse due to surface tension at the air-liquid interphase during exhalation, a condition 

called atelectasis. This unique problem has been ingeniously solved by nature by 

reducing the surface tension of the air-liquid interphase as alveolar type II (ATII) cells 

secrete surfactant, a thin layer of which, coats the alveolar walls and facilitates 

unhindered breathing. (ii) The relatively moist surface of the lung epithelia has the 

tendency to harbor not only airborne pathogens such as bacteria, mycoplasma and 

viruses but also other unwanted particulate matter such as dust particles, pollutants etc. 

Nevertheless, epithelial cells have developed mechanisms to deal with such problems. 

Mucociliary clearance in the airways and the surveillance of the alveolar space by 

granulocytes are the primary active mechanisms to keep the lung epithelia free of 

pathogens and other undesirable elements, failure of which results in damage to 

epithelial surface and is the major cause of many pathological conditions of the lung 

(Mizgerd, 2008). 

Anatomically, the mammalian lung can be divided into two major units, the 

conducting part and the respiratory part. The trachea, the bronchi, the bronchioles, and 

the terminal bronchioles comprise the conducting part; whereas the respiratory 

bronchioles, the alveolar ducts, and the alveoli make up the respiratory part of the lung. 

Alveoli are the smallest and the fundamental gas exchanging unit of the respiratory 

system. Hundreds of millions of alveoli in the distal airways greatly increase the surface 

for efficient gas exchange. Epithelial layer of the alveoli consists of alveolar type I (ATI) 

and alveolar type II (ATII) cells, supported by basal lamina and lined by arteries, vein 

and endothelial tissues (Fig. 1-1). Alveolar lumen is also populated by various cells of 

immune system such as alveolar macrophages and neutrophils which execute different 

immunological functions as well as clearance of surfactant (Fig. 1-1).  
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1.1.1 AT II cells: integral component of alveolar physiology 

ATII cells are a multifaceted cell type, serving several functions in the alveolus such 

as surfactant secretion and catabolism (Andreeva et al., 2007; Dietl and Haller, 2005; 

Ikegami, 2006); maintenance of proper fluid balance; imparting barrier properties to the 

alveolar epithelium (Ware and Matthay, 2005) and many other functions which are 

crucial for the physiology of the alveolus (Herzog et al., 2008; Fehrenbach, 2001) (Fig. 

1-1 and 1-2).  

ATII cells produce surfactant, a mixture of lipids and lipophilic proteins- surfactant 

proteins B and C and store them in acidic vesicles called as lamellar bodies (LBs) (Fig. 

1-2). The surfactant reduces the surface tension of the liquid layer on the alveolar lining 

so that the alveolus does not collapse while exhaling air. Secretion of surfactant 

containing LBs from inside of the cell to the air-liquid interphase is a complex and tightly 

regulated process which is controlled by intracellular calcium concentration ([Ca2+]c) 

(Dietl and Haller, 2005), protein kinase C (Sano et al., 1985), cytoskeletal elements 

such as actin (Singh et al., 2004; Miklavc et al., 2009) and other factors (Andreeva et 

al., 2007; Dietl and Haller, 2005).  

Alveolar function takes place at the interphase of air and liquid. Thus, making the 

maintenance of proper fluid on the alveolar surface one of the most important and 

challenging tasks. Alveolar epithelial cells are endowed with a multitude of ion channels 

such as Epithelial sodium channel (ENaC) and Cystic fibrosis transmembrane regulator 

(CFTR) (Dobbs et al., 2010), which help in maintaining the proper fluid balance in the 

alveoli (Fig. 1-1).  

ATII cells have also been shown to be involved in clearance of surfactant and other 

debris from the alveolar surface (Ruckert et al., 2003; Rider et al., 1992). Surfactant 

proteins A and D, also known as collectins, which are found in the lung are believed to 

play important role in lung defense against a wide spectrum of pathogens (Vaandrager 

and van Golde, 2000; Wright, 2005).  Since ATII cells have been shown to express 

receptor for SP-A (Gupta et al., 2006), it is possible that ATII cells also play an active 

and important role in the collectin mediated defense against pathogens. Upon exposure 

to immunogens, ATII cells secrete interleukins, which can attract alveolar macrophages 

to the site of response and help in getting rid of the immunogenic material, bacteria or 

some other pathogen. 
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surfactant exocytosis by ATII cells (Andreeva et al., 2007; Dietl et al., 2001; Dietl and 

Haller, 2005), endocytosis of plasma membrane components and extracellular 

structures (Miklavc et al., 2010), macrophage activation (Ohmer-Schrock et al., 1995; 

Hamanaka et al., 2010) and last but not the least, ionic homeostasis of almost all cell 

types (Bucheimer and Linden, 2004; Mariani et al., 1991). Mechanical stretch and ATP-

induced Ca2+ signaling pathways are probably the most physiologically relevant and 

well studied mechanisms in lung epithelial cells. ATP in epithelial cells acts both as 

energy currency and as a signaling molecule (Lazarowski and Boucher, 2009; Mishra et 

al., 2011; Seminario-Vidal et al., 2009). Mechanical stretch in the lung is encountered 

by airway epithelial cells in the form of shear stress and by alveolar epithelial cells in the 

form of stretching of alveolus during breathing in physiological conditions and 

sometimes as an unwanted outcome of clinical procedures, which may result in 

ventilator induced lung injury (VILI). Mechanical stretch activates a complex signaling 

response which always precedes intracellular Ca2+ increase (Muraki et al., 2003; 

Shibasaki et al., 2010). 

1.2.1 Ca2+ signaling and Mechanosensation by ATII cells 

It has been believed that breathing augments surfactant secretion from the alveolar 

cells. This belief was confirmed (Wirtz and Dobbs, 1990) when it was shown that a 

single stretch of ATII cells cultured on elastic membranes results in intracellular [Ca2+]c 

rise and surfactant secretion. Later, it was shown that Ca2+ influx is essential for 

exocytosis of LBs (Frick et al., 2004). Other findings confirmed these results and went 

further to characterize the exact amount of Ca2+ needed to cause exocytosis of LBs 

(Haller et al., 1999). Apart from mechanical stretch (Wirtz and Dobbs, 1990; Frick et al., 

2004) ATP-induced purinergic signaling also causes secretion of surfactant containing 

LBs followed by [Ca2+]c rise (Dietl et al., 2010; Frick et al., 2001a). However, the 

situation seems to be more complex in the lung, and surfactant secretion is controlled 

more dynamically by the interplay of several processes and possibly by other cell types 

of the alveolus. For example, one likely in vivo scenario could be that lung distension 

activates Ca2+ increase or ATP release which can result in local secretion of surfactant. 

Since Ca2+ (Woodruff et al., 1999) and ATP (Isakson et al., 2001), both have the ability 

and the tendency to be propagated as waves through gap junctions as well as 

paracellularly from cell to cell, this stimulation can result in surfactant secretion from 

cells situated far away from the source of initial stimulation. This notion has been 
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confirmed for both Ca2+ (Ashino et al., 2000) and ATP (Mishra et al., 2011), where it 

was shown that Ca2+ can spread via gap junctions and paracellular action of ATP can 

affect surfactant secretion. Both the studies further emphasized the importance and 

indirect influence of ATI cells in the process of surfactant secretion by ATII cells.      

Nevertheless, despite these seminal studies, questions still remain about the nature 

of mechanosensation in ATII cells, for instance which mechano-gated channels are 

involved and how is the mechanosensation integrated into a signal in these cells. 

Members of transient receptor protein (TRP) family of cation channels can possibly 

have a role in stretch-induced Ca2+ signaling in ATII cells as several proteins of this 

family have been implicated to be involved in mechanotransduction in several cell types 

(Montell, 2005), such as sensory neurons (Kwan et al., 2009; Shibasaki et al., 2010), 

skin (Bandell et al., 2007),  cardiomyocytes (Ito et al., 2008), smooth muscles (Ito et al., 

2008), and epithelial cells (Numata et al., 2007). In the lung, TRP channels have been 

implicated in mechanical injury to alveolar barrier (Alvarez et al., 2006), shear induced 

barrier permeability (Sidhaye et al., 2008) VILI (Hamanaka et al., 2010) and hydrostatic 

lung edema (Yin et al., 2008).  

TRP channel family is a widely distributed family of ion channels, found from yeast 

to humans (Ramsey et al., 2006). TRP channel family comprises of 28 channels 

belonging to various subclasses such as the canonical TRP channels (TRPC), vallinoid 

family of TRP channels (TRPV), melastatin TRP channels (TRPM), polysystin TRP 

channels (TRPP), mucolipin TRP channel (TRPML) and TRP channel with ankyrin 

repeats (TRPA). Except 5 and TRPV6, all other TRP channels are fairly non-specific 

cation channels with most channels members conducting Ca2+ and Na+ with almost 

similar selectivity (Clapham, 2007). In humans, they have a wide distribution among all 

tissues including lungs and are found to be important for various sensations such as 

temperature (Patapoutian et al., 2003), taste (Venkatachalam and Montell, 2007; 

Damann et al., 2008) and olfaction (Damann et al., 2008).  

1.2.2 Store operated Ca2+ entry 

In the 1980s, Jim Putney proposed the possibility of a novel Ca2+ entry pathway 

(Putney, Jr., 1986). He suggested that a strong Ca2+  influx will be initiated upon 

depletion of intracellular Ca2+ stores such as endoplasmic reticulum (ER) and referred to 

it as capacitative calcium entry (CCE) or store operated Ca2+ (SOC) entry (Putney, Jr., 

1986; Putney, 2009). However, it took one decade to experimentally confirm this 
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hypothesis that indeed depletion of intracellular Ca2+ stores leads to a Ca2+ influx into 

the cells. Hoth and Penner showed that when internal Ca2+ stores are depleted using 

thapsigargin in the absence of extracellular Ca2+, a strong influx of Ca2+ was observed 

when Ca2+ was added back to the extracellular solution (Hoth and Penner, 1993). 

Surprisingly, it took another decade to identify the proteins which are involved in the 

execution of this complex Ca2+ entry process. Initially there was confusion that TRP 

channels are the mediators of SOC entry (Clapham, 2002; Putney, 2009) and some 

TRP members were shown to be the SOC channels (Kim et al., 2009b; Yuan et al., 

2009; Kim et al., 2009a; Philipp et al., 2000; Liu et al., 2000a) but this issue was 

resolved unambiguously with the finding that STIM1 (Roos et al., 2005) and Orai1 

(Feske et al., 2006; Prakriya et al., 2006; Vig et al., 2006) are essential to mediate SOC 

entry (Fig. 1-3).   

STIM1 (Stromal interacting molecule 1) is an ER localized Ca2+ sensor protein with 

an N-terminal EF hand domain (Roos et al., 2005). Under normal Ca2+ concentrations in 

the ER, STIM1 remains on the intracellularly diffused locations on the ER, but as soon 

as ER Ca2+ concentration decreases, STIM1 translocates to the plasma membrane-

endoplasmic reticulum junctions (PM-ER) where it co-assembles with Orai1 to form 

functional SOC channels  to replenish ER Ca2+ store (Clapham, 2009; Lewis, 2007). 

Orai1 channels are tetrameric subunits that conduct Ca2+ entry via SOC channels (Vig 

et al., 2006). Using sequence similarity to the founding member of the family, Orai1 or 

CRACM1  two other similar proteins, Orai2 and 3, have been discovered which form 

functional Ca2+ channels in different cell types. The STIM1- Orai1 mediated SOC entry 

can be reliably blocked by low micromolar concentrations of lanthanides such as La3+ 

and Gd3+ (Putney, 2009). However, so far lanthanides remain the only reliable blockers 

of SOC entry and it has not been possible to pharmacologically distinguish the 

contribution of different STIM or Orai subunits to SOC entry (Putney, 2009).  

An important question at present is how the SOC pathway is regulated and what 

are the different players which modulate the activity of SOC channel components. 

Recent studies show that SOC entry is a highly regulated process during important 

cellular events, as demonstrated by the findings that phosphorylation of STIM1 during 

mitosis (Smyth et al., 2009) and caveolin mediated endocytosis of Orai1 during meiosis 

causes suppression of SOC entry (Yu et al., 2010). 

SOC entry is an important Ca2+ entry mechanism in non- excitable cells such as 

cells of the immune system (Chang et al., 2006; Srikanth et al., 2010), blood cells 
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(Braun et al., 2009), endothelial cells (Abdullaev et al., 2008), myocytes (Baryshnikov et 

al., 2009) and several types of epithelial cells (Zhang et al., 2006; Rao et al., 2006; Chiu 

et al., 2008). In ATII cells, previous data suggests that SOC entry may play a role in 

ATP-induced surfactant secretion (Dietl and Haller, 2005; Frick et al., 2001a). However, 

important questions still remain unanswered about the SOC entry in alveolar epithelial 

cells and a thorough investigation is needed. The most important ones are- what is the 

molecular architecture of SOC entry in alveolar epithelial cells; and which cellular and 

physiological processes are influenced by SOC entry (We addressed some of these 

questions in detail, see chapter 6). 

 

 

 

Fig. 1-3  A schematic diagram showing the process of store operated Ca2+ entry through Orai1 and 
STIM1 mediated SOC channels. Orai1 is a channel in the plasma membrane where as STIM1 is a Ca2+ 
sensor on the ER. STIM1 senses the depletion of the ER through the N-terminus located EF hand domains 
and starts to oligomerize and translocate to the plasma membrane-ER junctions (PM-ER). STIM1 interacts 
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with Orai1 through a CRAC activating domain (CAD) leading to influx of Ca2+ and refilling of ER Ca2+ 
stores. The assembly of Orai1-STIM1 is very dynamic in nature and both proteins dissociate as soon as ER 
stores are refilled (Image taken from Clapham, 2009). 

 

1.3 Endocytosis and Ca2+ signaling  

Endocytosis is a process by which cells internalize extracellular substances 

including receptors and components of the plasma membrane (Fig 1-4).  

 

 

Fig. 1-4 Endocytosis plays a central role in several cellular processes. Depicted here are some 
important processes which are modulated by endocytosis along with the type of endocytosis and the 
important regulatory proteins. (Image taken from Miaczynska and Stenmark 2008).  

 

 Endocytic processes can be grouped primarily into two main categories: clathrin 

mediated endocytosis (CME) and clathrin independent endocytosis. CME has 
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traditionally been considered to be the major pathway involved in endocytosis of 

receptors on the plasma membrane, although recent studies show that it represents just 

one part of the complicated endocytic matrix (Scita and Di Fiore, 2010).  

 

 

Fig. 1-5 Clathrin mediated endocytosis. Different stages of clathrin coat formation seen with transmission 
electron microscopy in chick fibroblast (a), giant axon (b), nerve terminal of Drosophila melanogaster (c). 
Scale bar represents 200 nm. in (a) and 100 nm in (b). (Image taken from Higgins and McMahon, 2002). 

 

The hallmark of CME is coat assembly and membrane invagination followed by 

"pinching off" of the vesicle from the plasma membrane into the cell interior (Fig. 1-5).  

The internalized vesicles are then sorted inside the cell for their final destination 

(Higgins and McMahon, 2002). Unlike CME, clathrin independent endocytosis is less 

well understood (Nabi and Le, 2003) and is described by the dependency on lipid 

rafts/cholesterol, caveolae and other relatively unclear components. Broadly, non-

clathrin mediated endocytosis can be subdivided into following classes (Miaczynska 

and Stenmark, 2008; Doherty and McMahon, 2009): Lipid rafts/cholesterol dependent 

endocytosis, caveolae mediated endocytosis, Caveolin-1 and Flotillin dependent 

endocytosis and Clathrin and Caveolae independent endocytosis.  

An important aspect of alveolar function is the maintenance of an optimum layer of 

surfactant on the alveolar surface. This is achieved by a fine balance between 

regulation of surfactant exocytosis (Dietl et al., 2010) and endocytic retrieval of the 
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secreted surfactant (Ruckert et al., 2003; Rider et al., 1992; Ikegami, 2006). Hence, 

endocytosis has dual function in the alveolus: 

i) maintenance of an optimum surfactant layer on the epithelial surface,  

ii) retrieval and recycling of surfactant components for re-use in LB biogenesis 

(Stevens et al., 2001). 

Recent studies have indeed shown that endocytosis is involved in the re-uptake of 

surfactant in a clathrin-independent manner (Jain et al., 2005; Ruckert et al., 2003). It 

has also been suggested that after endocytosis, lipids and proteins are sorted differently 

in endosomal organelles and the major fraction of endocytosed SP-A is re-secreted 

(Wissel et al., 2000; Wissel et al., 2001) whereas only a small fraction of endocytosed 

lipids are re-secreted directly (Wissel et al., 2000). Similar mechanisms have previously 

been documented for other exocrine cells where it has been shown that retrieved 

plasma membrane constitutes an essential component of the exocytotic granule pool 

(Patzak and Winkler, 1986). 

Apart from its vital role in surfactant recycling, endocytosis has also been shown to 

be involved in the regulation of plasma membrane channels and receptors such as SP-

A (Jain et al., 2005), ENaC (Eaton et al., 2010) and CFTR (Cholon et al., 2010). More 

recently, it was shown that nanoparticle uptake is mediated by as yet undefined 

endocytotic processes (Yacobi et al., 2010). Ironically, many pathogens including 

several viruses and bacteria also enter the cell either by hijacking or subverting the 

endocytic machinery (Hansen et al., 2005; Conner and Schmid, 2003; Mercer et al., 

2010).  

It has been suggested that membrane trafficking mechanisms can play important 

role in protection against lung injuries. Hubmayr and colleagues have shown that in 

clinical settings, repair of ventilator induced lung injuries (VILI) is mediated by 

exocytosis of intracellular vesicles to the site of injury (Vlahakis and Hubmayr, 2005). 

Whereas, another study suggested that Ca2+ influx-dependent rapid endocytosis is 

essential for repair of the mechanically damaged epithelial cells (Idone et al., 2008).  

Recent studies indicate that Ca2+ signaling can play important role in regulating 

trafficking in the epithelial cells (Komarova and Malik, 2010; Martina et al., 2009; 

Lelouvier and Puertollano, 2011; Lariccia et al., 2011). It is believed that Ca2+ has a role 

in maintaining the optimum cell surface area by regulating compensatory endocytosis, 

which involves Ca2+ influx-dependent membrane retrieval after exocytosis (Vogel et al., 

1999). Similarly, Ca2+ dependent membrane repair is an integral component of cellular 
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repair process after mechanical injuries (Eddleman et al., 1997; Idone et al., 2008; 

McNeil et al., 2003). These studies clearly show that endocytosis and other trafficking 

mechanism can have an important role in the proper functioning of the lung. It however 

remains to be understood, how endocytosis is regulated by Ca2+ and what are the 

common endocytic pathways in different physiological and pathological conditions in the 

lung epithelial cells (We addressed some of these questions in detail, see chapters 3, 4 

and 5). 

1.4 Ca2+ signaling in infections and diseases of the lung 

Calcium plays a key role in preserving the barrier properties of the epithelia and it is 

known that Ca2+ depletion reversibly affects the integrity of the epithelium (Nigam et al., 

1992). Ca2+ is not only essential for barrier properties of healthy epithelia (Wan et al., 

2000; Liu et al., 2000b) but also helps to mediate the recovery of wounded epithelium 

(Milara et al., 2010). Many of the lung pathogens cause the disruption of epithelial 

barrier (Matthay, 1994; Hippenstiel et al., 2006; Evans et al., 2010). One of the most 

common infections of the lung is pneumonia, which is caused by Streptococcus 

pyogenes, Streptococcus pneumoniae and other pathogens (Al-Kaabi et al., 2006). 

Streptococcus pyogenes infections can result in mild to severe pneumonia depending 

upon the status of the host and can be particularly dangerous for high risk groups such 

as elderly people, immunocompromised patients, and in surgical and nosocomial 

settings (Al-Kaabi et al., 2006).  

Activation of lung epithelial cells is an important milestone in the progression of the 

pneumonia and the type of epithelial response determines the extent of damage or 

resistance to the infection (Hippenstiel et al., 2006). It has been further suggested that 

epithelial cells can act as sensors of bacterial infections (Hippenstiel et al., 2006). 

Additional studies have indeed shown that epithelial cells can detect the presence of 

bacterial pore-forming toxin such as cholestrol dependent cytolysins (CDCs) in low 

nanomolar concentrations (Ratner et al., 2006). CDCs act by binding to the cholestrol 

rich regions in the plasma membrane and at higher concentrations form oligomers 

which form a conducting pore that can ultimately lead to the lysis of the cell (Palmer, 

2001; Marriott et al., 2008). However, except for severe lung infections, toxin levels do 

not reach lytic concentrations, and most of the observed effects are because of non- 

lytic doses of the toxin exposure.  
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Streptolysin O (SLO) is a CDC from Streptococcus pyogenes, which is crucial for 

the pathogenicity of the bacteria and contributes to the progression of the infection 

(Palmer, 2001). Ca2+ has been shown to play important role in the cellular response to 

bacterial toxins. It has been shown recently for SLO that intracellular Ca2+ regulates a 

switch which decides the fate of the cell upon SLO-induced cell damage (Babiychuk et 

al., 2009), another study showed that Ca2+ dependent endocytosis is essential for cell 

repair in the cells exposed to SLO (Idone et al., 2008). Despite the apparently important 

role of Ca2+ in CDC mediated cellular outcomes, the mechanism of CDC-induced Ca2+ 

signaling remains unclear and controversial.  

Lung epithelial cells form the most obvious target of bacterial toxins such as SLO, 

still there is no study which provides an unequivocal evidence and definite mechanism 

of action of SLO in lung epithelial cells. What is the significance of Ca2+ signaling during 

the early stage of SLO exposure, to what extent the Ca2+ signaling mechanisms are 

involved in the host response and what are the possible outcomes of exposure of lung 

epithelial cells to the non-lytic doses of SLO are not known (We addressed some of 

these questions in detail, see chapter 6).  
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2.  Aims of the study 

Alveolar epithelial type II (ATII) cells are essential for the proper functioning of the 

lung. Being the prominent cell type and building block of the alveolus, ATII cells perform 

several functions which are important for alveolar physiology such as surfactant 

exocytosis, maintenance of alveolar fluid balance and epithelial barrier properties. It has 

been known that calcium signaling plays an important role in many of the functions 

performed by ATII cells, however, the underlying mechanisms are still not clearly 

understood. Therefore, the aim of this thesis was to characterize the complex Ca2+ 

signaling pathways in ATII cells and to investigate cellular processes which are 

regulated by specific Ca2+ signaling pathways, with the objective that this will lead to a 

better understanding of Ca2+ signaling in alveolar physiology.  We addressed these 

questions using advanced imaging and cell biological methods in different primary 

cultivated and cell culture based in vitro cell models from rats and humans.  

 

The aims of the thesis were: 

 

1. To study pharmacological and mechanistic aspects of different Ca2+ signaling 

mechanisms. Identification and determination of different pathways and key players.  

 

2. To investigate the downstream pathways which are regulated by Ca2+ signaling 

mechanisms. 

 

3. To study different Ca2+ mediated endocytosis processes in alveolar epithelial 

cells and comparison of patho-physiological Ca2+ signaling mechanisms and their 

outcomes in alveolar epithelial cells.  
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3.1 Abstract 

Calcium as a second messenger influences many cellular and physiological 

processes. In lung, alveolar type II (ATII) cells sense mechanical stress and respond by 

Ca2+ dependent release of surfactant, which is essential for respiratory function. 

Nevertheless, Ca2+ signaling mechanisms in these cells - in particular Ca2+ entry 

pathways are still poorly understood. Herein, we investigated pharmacological 

properties of non-voltage-gated Ca2+ channel modulators in ATII and NCI-H441 cells 

and demonstrate that 2-Aminoethoxydiphenyl-borinate (2-APB) and capsazepine (CPZ) 

activate Ca2+ entry with pharmacologically distinguishable components. Surprisingly, 2-

APB and CPZ activated clathrin dependent endocytosis in ATII and NCI-H441 cells, 

which was dependent on Ca2+ entry. The internalized material accumulated in non-

acidic granules distinct from surfactant containing lamellar bodies (LB). LB exocytosis 

was not observed under these conditions. Our study demonstrates that 2-APB/CPZ 

induces Ca2+ entry which unlike ATP- or stretch-induced Ca2+ entry in ATII cells does 

not activate exocytosis but an opposing endocytotic mechanism. 

3.2 Introduction 

Calcium signaling in distal airway epithelial cells is associated with cellular 

response to mechanical stress or purinergic agonists such as ATP (Frick et al., 2001a; 

Frick et al., 2004; Sidhaye et al., 2008). In alveolar type II (ATII) cells tensile strain 

causes the release of surfactant via elevation of the cytoplasmic Ca2+ concentration 

([Ca2+]c) (Frick et al., 2004). Both, the duration and the intensity of [Ca2+]c  determines 

the probability of surfactant storing vesicles (lamellar bodies, LB) to fuse with the 

plasma membrane and to release surfactant via exocytosis (Frick et al., 2001a).  

The mechanically induced Ca2+ signaling in ATII cells is considered to depend 

on the one hand on Ca2+ release from intra-cellular stores but also on Ca2+ entry via 

mechano-sensitive cation channels or, at least partly, also on store operated Ca2+ 

(SOC) entry pathways (Frick et al., 2004). The latter may also play an important role for 

sustained cellular response to ATP. Ca2+ conducting ion channels of the transient 

receptor potential (TRP) channel superfamily as well as SOC channels might be 

possible candidates to mediate this complex Ca2+ signaling in ATII cells. Ion channels of 

the transient receptor potential (TRP) family are commonly discussed as mechanically 
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activated ion channels (Ramsey et al., 2006). Furthermore, TRP channels of the 

vanilloid receptor subfamily were demonstrated to mediate mechanically induced Ca2+ 

entry in airway epithelial cells (Sidhaye et al., 2006). SOC entry may play a role under 

various types of stimulation including mechanical stress (Frick et al., 2004).  

SOC channels consist of the regulatory subunits STIM1 and STIM2 (Oh-Hora et 

al., 2008)  and their interacting pore forming protein partners Orai1, -2 and -3 (Vig et al., 

2006; Soboloff et al., 2006; Oh-Hora et al., 2008; Mercer et al., 2006). They form either 

homomeric or heteromeric protein complexes with distinct biophysical and 

pharmacological properties (Lis et al., 2007). However, TRP subunits are also 

considered to be involved in SOC entry. Members of canonical TRP channels, TRPC 

channels are suggested to be part of SOC channels or at least are involved in 

regulating SOC dependent Ca2+ entry (Liu et al., 2000a; Philipp et al., 2000; Singh et 

al., 2002; Zhu et al., 1996). The contribution of TRP channels as part of the SOC 

machinery became even more evident when the formation of ternary complexes of 

TRPC1, Orai1 and STIM1 was shown to be relevant for SOC channel function (Ong et 

al., 2007).  

Even though the release of surfactant is absolutely essential for lung function 

and its regulatory mechanisms are of certain clinical and patho-physiological interest, 

the characterization of Ca2+ entry pathways which regulate surfactant secretion and 

other Ca2+ regulated processes in these cells are sparse and poorly understood. 

Therefore, the pharmacological and functional characterisation of Ca2+ signaling 

pathways in ATII cells is of great interest. To aim at the identification of possible Ca2+ 

conducting ion channels which mediate Ca2+ signaling in ATII cells, we investigated 

Ca2+ signaling pathways in primary cultivated ATII and NCI-H441 cells, models for distal 

airway epithelial cells (Ramminger et al., 2004; O'Brodovich et al., 2008). In these cells 

2-APB as well as the TRP-V1 inhibitor capsazepine (CPZ) induced a complex Ca2+ 

influx pathway that could be inhibited by known blockers of TRP/SOC channels. This 

Ca2+entry induces massive clathrin mediated endocytosis, which is contrary to 

elevations of [Ca2+]c by a multitude of other stimuli that cause LB exocytosis (Frick et al., 

2001a; Frick et al., 2004; Haller et al., 1999).  
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3.3 Materials and Methods 

3.3.1 Materials 

RPMI 1640 medium (PAN Biotech GmbH), fetal bovine serum (Perbio, Bonn 

Germany), sodium pyruvate (PAA cell culture company, Colbe, Germany), penicillin 

(100 units/ml) and streptomycin (100 μg/ml) (Invitrogen, Karlsruhe, Germany), Brilliant 

Black (BB) (MP Biomedicals, Heidelberg, Germany), Mg2+ and Ca2+ free phosphate 

buffered saline (PBS) (Biochrome, Berlin Germany), N-(3-triethylammoniumpropyl) -4-

(4- (dibutylamino)styryl) pyridinium dibromide (FM1-43), Lysotracker red (LTR), Fura-2-

AM ester (Fura-2) and Fluo-4- AM ester (Fluo-4) were from Invitrogen Molecular Probes 

(Karlsruhe, Germany). Other chemicals were purchased from Sigma Aldrich (Munich, 

Germany).  

3.3.2 Solutions and reagents 

Bath solution (BS) contained, in mM, 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 5 

glucose, and 10 HEPES (pH 7.4 at 25°C). Calcium free BS was prepared by omitting 

the calcium and adding 10 mM EGTA. Brilliant Black was added to Bath solution at a 

concentration of 2 mg/ml to block background fluorescence (Wemhoner et al., 2006). 

Unless otherwise mentioned all the blockers were incubated for 20 to 30 min at 37°C 

and remained in the solution during the whole duration of experiment.  

3.3.3 Cell culture of NCI-H441 cells 

H441 cells were obtained from American Type Culture Collection, (Manassas, 

VA) and grown in RPMI 1640 medium supplemented with 10% fetal bovine serum, 

sodium pyruvate, penicillin (100 units/ml) and streptomycin (100 μg/ml). Cells were 

seeded in 25-cm2 flasks and incubated in a humidified atmosphere of 5% CO2 at 37°C 

until they reached 90% confluence and cells were passaged every week. Cells were 

trypsinized and seeded at a density of 104 cells/well on 96-well tissue culture plates and 

grown for 2-3 days before using them for experiments. The medium was changed every 

other day.  
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3.3.4 Isolation and cultivation of ATII cells 

Alveolar type II (ATII) cells were isolated from male sprague dawley rats as 

described (Dobbs et al., 1986). Briefly, rats of 180 to 200 g weight were anesthetized, 

anticoagulised and lungs were cleared by perfusion. After lavage, lungs were instilled 

twice with wash solution containing elastase (30 U/ml) and trypsin (2 mg/ml) at 37°C. 

Lungs were minced in the presence of DNase and fetal calf serum (FCS) and cell 

suspension was sequentially filtered through cotton gauze and nylon meshes. Cells 

were centrifuged and resuspended in DMEM. Macrophages were removed by panning 

cell suspension to IgG coated Petri dishes at 37°C. The unattached cells were removed, 

pelletized by centrifugation and resuspended in DMEM with 10% FCS, 100 units/ ml 

penicillin, 100 μg/ml streptomycin, and 24 mM NaHCO3 (growth medium). Cells were 

used after 2 days in culture.  

3.3.5 Fluo-4 measurement in H441 cells 

H441 cells were incubated with 3 μM Fluo-4 for 30 min at 37°C in a humidified 

atmosphere of 5% CO2. After replacing the medium with brilliant black containing bath 

solution, cells were placed into a Tecan Infinite 200 microplate reader (Tecan AG, 

Switzerland) and kinetic cycle was started with excitation and emission at 490 nm and 

525 nm respectively. Cells were stimulated after fluorescence reached a steady state. 

Compounds were added as 2 fold concentrated solutions in bath solution with brilliant 

black directly onto the cells and kinetic cycle was continued for another 20 minutes. 

Data acquisition was done with Tecan i-control software version 1.1.9.0 and analyzed 

using Microsoft Excel. Relative fluorescence units (RFU) were calculated as 

fluorescence intensities normalized to fluorescence intensity measured at the last time 

point before compound application. Peak RFU implies to the maximal measured RFU 

after compound application. Steady state RFU was calculated as mean RFU over the 

last five time points after compound application, when fluorescence intensities reached 

steady state. All the measurements were performed in triplicates. 

3.3.6 Fura-2 measurements in ATII cells 

ATII cells cultured on ibidi μ-Dishes (35 mm, low) for 2 days were loaded with 3 

μM Fura-2-AM ester for 15- 20 min at 37°C for intracellular Ca2+ measurements on a 
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Zeiss Cell observer equipped with a cool snap EZ CCD camera. Images were acquired 

with Fluar 40x/1.3 oil objective (Zeiss, Gottingen Germany), using Metamorph image 

acquisition software package version 7.5.5.0 (Visitron Systems GmbH, Pucheim 

Germany). Cells were excited at 340 and 380 nm using a monocromator (Visitron 

Systems GmbH) and images were acquired every 2 seconds for a total duration of 10 

minutes. Ratiometric analysis was performed using newest version of ImageJ software 

(version 1.42l, National Institute of Health, USA, http://rsb.info.nih.gov/ij). 

3.3.7 FM1-43 uptake by H441 cells 

Semi-confluent H441 cells cultured on ibidi μ-Dishes (35 mm, low) were imaged 

for 3 μM FM1-43 uptake on a Zeiss Cell observer equipped with a cool snap EZ CCD 

camera. Images were acquired using LD Plan-NEOFLUAR 40x/0.6 Ph2 Korr objective, 

FM1-43 filter and Metamorph software. Cells were incubated with FM1-43 and 2-APB & 

CPZ containing bath solution using an in-house built perfusion chamber for 30 min and 

images were acquired every 20 s before and after washout of FM1-43. Images were 

analysed offline using newest version of ImageJ software. In addition to microscopical 

investigation, FM1-43 uptake was quantified using Tecan Infinite 200 microplate reader. 

H441 cells were incubated with the FM1-43 in the presence or absence of compounds 

for 25-30 min at 37°C. After replacing the medium with brilliant black containing bath 

solution, the cells were placed into Tecan Infinite 200 microplate reader. FM1-43 

internalised by the cells, was fluorometrically quantified by exciting the cells at 480 nm 

and collecting fluorescence at 590 nm. 

3.3.8 FM1-43 uptake by ATII cells  

ATII cells cultivated in 8 well μ-slides were washed with BS and were pre-

incubated prior to the experiments in BS at room temperature (21°C to 23°C, RT) with 

FM1-43 and mounted afterwards on the microscope. Representative groups of cells 

were selected and imaging was carried out on a Zeiss Cell observer equipped with a LD 

Plan-NEOFLUAR 40x/0.6 Ph2 Korr objective and an EZ CCD-camera (Excitation 450 - 

490 nm, dichroic filter 495 nm and emission 500 - 550 nm). Metamorph software 

package version 7.5.5.0 (Visitron Systems GmbH) was used for x/y/z-positioning and 

data acquisition. For cell stimulation 2-APB, CPZ or 2-APB/CPZ were added directly to 

the cells. Perinuclear fluorescence intensities were measured after background 
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subtraction using ImagJ software and were normalised to the intensity measured at the 

first time point after compound application in order to calculate relative fluorescence 

intensities (RFU). 

3.3.9 Semi-thin slices of ATII cells 

ATII cells were cultivated for 2 days on glass cover slips and were washed twice 

with BS. Cells were incubated with or without 2-APB/CPZ for 20 min at RT in BS. 

Afterwards, cells were fixated using PBS containing 2.5% glutaraldehyde and 1% 

sucrose followed by 1 hour incubation in PBS containing 2% OsO4 followed by 

dehydration of cells by bathing in a stepwise increased alcohol concentration and Epon 

embedding of cells. Semi-thin sections of 500 nm thickness were obtained using an 

ultramicrotome (Leica, Bensheim Germany). Sections were mounted on glass slides 

and microscopically investigated.  

3.3.10 Statistic analysis 

Data are presented as Mean ± SEM. Statistical significance was determined 

with unpaired two tailed students t-test and statistical significance was assigned when P 

≤ 0.05 and indicated with ** P ≤ 0.05. 

3.4 Results 

3.4.1 2-APB and CPZ induced Ca2+ entry 

We tested initially the effect of TRP and SOC channel inhibitors (Fig. 3-1 A, B) 

and activators (Fig. 3-1 C, D) on cytoplasmic Ca2+ concentration [Ca2+]c). Although CPZ 

is commonly considered as a TRPV1 channel blocker (Bevan et al., 1992) it elevated 

[Ca2+]c. A similar effect was observed for 2-aminoethoxy-di-phenyl-borinate (2-APB). 

For both compounds the [Ca2+]c increasing effect was concentration dependent (Fig. 3-

2). A decrease in [Ca2+]c  was observed after application of capsaicin, an activator of 

TRPV1 channels and 4PDD, an activator of TRPV4 channels (Fig. 3-1). This 

observation can not be explained by a direct interaction of these compounds with their 

target channel but might reflect unspecific side effects in these cells. 2-APB induced a 

biphasic response with similar threshold concentrations for both phases (Fig. 3-2A, B).  
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The fact that [Ca2+]c elevation was completely abolished by extra-cellular Ca2+ 

depletion indicates that 2-APB/CPZ activated a Ca2+ entry path way. Consistent with the 

lack of L-type Ca2+ channels (Frick et al., 2001b), nifedipine and verapmil had no effect 

on the induced [Ca2+]c increase (data not shown). The Ca2+ influx induced by 2-APB 

does not differ in its pharmacological properties from the influx induced by CPZ (Fig. 3-

4). Both influx pathways remained unaffected by La3+ and SB366791 but were 

completely abolished by SKF96365. 

 

 

Fig. 3-1 Effect of modulators of Ca2+ entry pathways in H441 cells. Changes in [Ca2+]c were measured 
using Fluo-4 in a plate reader assay. Fluorescence intensities are given as relative fluorescence units 
(RFU). A) Time course of [Ca2+]c changes induced by 50 M SKF96365, 50 M SB366791, 50 M 
Capsazepine (CPZ) and 300 M La3+. B) Bar diagram represents steady state RFU observed after 
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application of compounds shown in A. (all values given as mean ± SEM, N = 12) C) Time course of [Ca2+]c 
changes induced by 100 M 2-aminoethoxydiphenylborinate (2-APB), 0.5 M Capsaicin (Cps) and 0.5 M 
4-phorbol 12,13-didecanoate (4PDD). D) Bar diagram represents steady state RFU observed after 
application of compounds given in C (all values given as mean ± SEM , N = 9). Asterisk denotes statistical 
significance vs. control. 

 

 

 

Fig. 3-2 2-APB and CPZ increase [Ca2+]c in a concentration dependent manner in H441 cells. [Ca2+]c 
was measured using Fluo-4 in a plate reader assay. Fluorescence values are given as relative fluorescence 
units (RFU). A) Time course of [Ca2+]c after application of 2-APB at given concentrations. For clarity 1 M 
and 3 M 2-APB are omitted as they do not show any effects. B) RFU is plotted against 2-APB 
concentrations. Open circles = maximum RFU measured as highest RFU, open triangles = steady state 
RFU measured as mean RFU over the last five time points of each experiment. Both steady state and peak 
RFU increase at concentrations above 3 M. C) Time course of [Ca2+]c after application of CPZ at given 
concentrations. For clarity, error bars are given only for control cells and cells stimulated at the highest 
tested CPZ concentration also 0.15 and 0.5 M are omitted since CPZ did not show any effect at these 
concentrations. D) RFU is plotted against the CPZ concentration. (For all experiments values are given as 
mean ± SEM, N = 6) 

 

Contrary to 2-APB, CPZ induced a delayed and monophasic [Ca2+]c increase (Fig. 

3-2C, D).  When 2-APB and CPZ were applied simultaneously to the bath solution a 
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Fig. 3-4 Pharmacological properties of Ca2+ influx induced by CPZ and 2-APB in H441 cells. [Ca2+]c 
were measured using Fluo-4. Fluorescence intensities are given as relative fluorescence units (RFU). Time 
course of [Ca2+]c. A) Capsazepine stimulation (control = control cells, CPZ = cells stimulated by 50 M CPZ, 
CPZ+compound name = cells stimulated by CPZ in the presence of 5 M SB366791, 100 M SKF96365 or 
300 M La3+) C) 2-APB stimulation (control = control cells, 2-APB = cells stimulated by 50 M 2-APB, 2-
APB + compound name = cells stimulated by 2-APB in the presence of 5 M SB366791, 100 M 
SKF96365, 300 M La3+). B and D) Bar charts represent steady state RFU for experiments summarised in 
A and C respectively. Asterisks denote statistical significance versus control. 
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Fig. 3-5 Pharmacological properties of 2-APB/CPZ induced Ca2+ influx. A) Time course of [Ca2+]c in 2-
APB/CPZ stimulated cells in the presence of SKF96365 at assigned concentrations. B) Peak RFU 
measured as maximum RFU and C) steady state RFU from experiments summarised in A. D) Time course 
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In ATII cells 2-APB/CPZ stimulated a [Ca2+]c increase, which differed at least in 

its time course from the [Ca2+]c elevation in H441 cells. However, the observation that 

SB366791 and La3+ abolished [Ca2+]c increase only partially, whereas it was completely 

blocked by SKF96365 is common for both cell types and gives evidence for two 

different mechanisms for [Ca2+]c also in ATII cells.  

The incubation of ATII and H441 cells with 2-APB/CPZ facilitated clathrin 

dependent endocytosis of FM1- 43 via [Ca2+]c elevation. Even if ATII cells differ in their 

Ca2+ response to 2-APB/CPZ treatment from H441 cells, the Ca2+ mediated endocytosis 

is a common mechanism observed for both cell types. However, the fluorescence 

pattern of internalized FM1-43 appears more granulated in ATII cells than it was 

observed in H441 cells. Furthermore, in ATII cells internalized FM1-43 localized to non 

acidic organelles. Organelle acidification is an essential step for an appropriate sorting 

and trafficking of internalized material and occurs even at the stage of the early 

endosome (Bayer et al., 1998). Therefore, the observed accumulation of FM1-43 in 

non-acidic organelles might be explained by an insufficient processing of internalized 

material at a stage preceding entry into late endosome. This would also explain the 

observed vacuole formation, since an extraordinarily increased accumulation of material 

inside an organelle would also result in an increased organelle size. When cells were 

stimulated by 2-APB/CPZ, the FM1-43 fluorescence was observed peri-nuclearly and 

remained there even after FM1-43 removal from the bath solution (Fig. 3-7D). In order 

to investigate FM1-43 uptake mechanisms in 2-APB/CPZ stimulated H441 cells, we 

quantified FM1- 43 uptake using a plate reader assay. The results are summarized in 

Fig. 3-7 E and show that the pharmacological profile of FM1-43 uptake strongly 

correlates to the changes in [Ca2+]c described above. This together with the observation 

that Ca2+ depletion from the bath solution as well as preloading of cells with the Ca2+ 

chelator BAPTA-AM inhibited FM1-43 uptake  indicates that the this uptake of FM1-43 

is mediated via 2-APB/CPZ induced [Ca2+]c elevation. In order to test for uptake 

mechanism, H441 cells were incubated with several blockers of endocytosis prior to 2-

APB/CPZ stimulation. Exposure of cells to 4°C and treatment by phenylarsine oxide 

(PAO), a blocker of clathrin-dependent endocytosis (Visser et al., 2004; Takano et al., 

2004; Hertel et al., 1985) abolished FM1-43 uptake. In contrast, blockers of clathrin-

independent endocytosis, such as indomethacine and filipin (Smart et al., 1995; 

Schnitzer et al., 1994; Rothberg et al., 1990) had no effect on 2-APB/CPZ induced FM1-
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43 uptake. Similar phenomenon was also observed for ATII cells upon stimulation with 

2-APB/CPZ (Fig. 3-8). 

To investigate the intracellular distribution of FM1-43, ATII cell were stimulated 

in presence of FM1-43, followed by FM1-43 washout and labelling of LB by acidotrophic 

dye lysotracker red (LTR). In these experiments (Fig. 3-8A - D) internalized FM1-43 

accumulated juxtanuclearly to granules distinct from LBs. When LBs fuse with the 

plasma membrane, FM1- 43 entry into the LB lumen via the exocytotic fusion pore 

causes a bright localized LB staining, according to the lipid-induced quantum yield of 

FM1-43 (Haller et al., 2001). We used this approach to quantify FM1-43 uptake in ATII 

cells without depleting FM1-43 from the bath solution under microscopic observation, 

since this allowed us to identify LB fusion and to quantify FM1-43 uptake via 

endocytosis at the same time. The stimulation of ATII cells by 2-APB/CPZ did not 

induce surfactant exocytosis, since surfactant exocytosis was observed in 4.4 % of 

control cells (N = 182) and in 4.1% of 2-APB/CPZ stimulated cells (N = 49). The 

pharmacological properties of FM1- 43 uptake in ATII cells resemble the properties of 

the 2-APB/CPZ induced Ca2+ entry (Fig. 3-8 E) as it was observed for H441 cells. FM1-

43 uptake in ATII cells was also blocked completely by PAO. Thus we show that 2-

APB/CPZ stimulation induces clathrin dependent endocytosis in both cell types via 

[Ca2+]c elevation. 
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Fig. 3-7 FM1-43 uptake in H441 cells induced by 2-APB/CPZ. Cells were incubated with the ambiphilic 
membrane dye FM1-43 and stimulated afterwards for 25 min by 2-APB/CPZ. FM1-43 internalised by cells 
upon 2-APB/CPZ stimulation remained fluorescent inside the cells, whereas non internalised FM1-43 dye 
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remained in the plasma membrane was removed from cells after wash out (Scale bar 20 m). A and B) Un-
stimulated control cells after FM1-43 loading and after washout respectively. C and D) 2-APB/CPZ 
stimulated cells after FM1-43 loading and after wash out respectively. E) FM1-43 uptake was quantified by 
plate reader assay. H441 cells were cultivated in 96 well plates. Internalised FM1-43 was quantified as 
arbitrary fluorescence units (FU) and values are represented in the bar diagram as mean FU ±  SEM 
(Control = non-stimulated control cells, 2-APB/CPZ = cells stimulated by 2-APB/CPZ (100 M / 50 M 
respectively), 2-APB = cells stimulated by 100 M 2-APB, CPZ = cells stimulated by 50 M CPZ, 
AC+BAPTA = cells stimulated by 2-APB/CPZ after preloading with the Ca2+ chelator BAPTA-AM, AC+Ca2+ 
free = cells stimulated by 2-APB/CPZ in the absence of extra-cellular Ca2+, AC+Thapsi = cells stimulated by 
2-APB/CPZ in the presence of Thapisgargin, AC+SKF = cells stimulated by 2-APB/CPZ in the presence of 
100 M SKF96365, AC+SB = cells stimulated by 2-APB/CPZ in the presence of 50 M SB366791, 
AC+PAO = cells stimulated by 2-APB/CPZ in the presence of 10 M PAO, AC 4°C = cells stimulated by 2-
APB/CPZ at 4°C, AC+filipin = cells stimulated by 2-APB/CPZ in the presence of 5 M filipin, 
AC+indomethacin = cells stimulated by 2-APB/CPZ in the presence of 150 M indomethacin). Asterisk 
denotes statistical significance vs 2-APB/CPZ. 

 

Exposure of cells to 4°C and treatment by phenylarsine oxide (PAO), a blocker 

of clathrin-dependent endocytosis (Visser et al., 2004; Takano et al., 2004; Hertel et al., 

1985) abolished FM1-43 uptake. In contrast, blockers of clathrin-independent 

endocytosis, such as indomethacine and filipin (Smart et al., 1995; Schnitzer et al., 

1994; Rothberg et al., 1990) had no effect on 2-APB/CPZ induced FM1-43 uptake. 

Similar phenomenon was also observed for ATII cells upon stimulation with 2-APB/CPZ 

(Fig. 3-8). To investigate the intracellular distribution of FM1-43, ATII cells were 

stimulated in presence of FM1-43, followed by FM1-43 washout and labelling of LB by 

acidotrophic dye lysotracker red (LTR). In these experiments (Fig. 3-8A - D) internalized 

FM1-43 accumulated juxtanuclearly to granules distinct from LBs. When LBs fuse with 

the plasma membrane, FM1- 43 entry into the LB lumen via the exocytotic fusion pore 

causes a bright localized LB staining, according to the lipid-induced quantum yield of 

FM1-43 (Haller et al., 2001). We used this approach to quantify FM1-43 uptake in ATII 

cells without depleting FM1-43 from the bath solution under microscopic observation, 

since this allowed us to identify LB fusion and to quantify FM1-43 uptake via 

endocytosis at the same time. The stimulation of ATII cells by 2-APB/CPZ did not 

induce surfactant exocytosis, since surfactant exocytosis was observed in 4.4 % of 

control cells (N = 182) and in 4.1% of 2-APB/CPZ stimulated cells (N = 49). The 

pharmacological properties of FM1- 43 uptake in ATII cells resemble the properties of 

the 2-APB/CPZ induced Ca2+ entry (Fig. 3-8E) as it was observed for H441 cells. FM1-

43 uptake in ATII cells was also blocked completely by PAO. Thus we show that 2-

APB/CPZ stimulation induces clathrin dependent endocytosis in both cell types via 

[Ca2+]c elevation.  



Calcium signaling in alveolar epithelial cells 

 

 32

 

Fig. 3-8 FM1-43 uptake in ATII cells induced by 2-APB/CPZ. ATII cells were incubated in bath solution 
containing FM1-43 for 25 min. A, B) Control cells remained untreated (Scale bar 20 m). C, D) Cells were 
stimulated by application of 100 M 2-APB+50 M CPZ (2-APB/CPZ). Phase contrast images (A, C) and 
epifluorescence images (B, D) of living cells were taken after FM1-43 (FM, green fluorescence channel) 
washout and LB labelling by lysotracker red (LTR, red fluorescence channel). Small insets at the right 
represents grey scale images for both fluorescence channels. E) Quantification of FM1-43 uptake. ATII 
cells were cultivated on an 8-well  -Slide, incubated in bath solution containing FM1-43 and mounted on a 
microscope. Representative groups of cells were selected and imaged. Perinuclear fluorescence intensities 
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were measured from grey scale images. Relative fluorescence units (RFU) were calculated as values 
normalised to the first value directly after compound application. Bar diagram represents mean RFU ± SEM 
after 25 min incubation. Control = control cells, 2-APB/CPZ = cells stimulated by 100 M 2-APB/50 M 
CPZ, 2-APB = cells in the presence of 100 M 2-APB, CPZ = cells in the presence of 50 M CPZ, AC+SKF 
= cells stimulated by 2-APB/CPZ in the presence of 100 M SKF96365, AC+PAO = cells stimulated by 2-
APB/CPZ in the presence of 10 M PAO. Asterisks denote statistical significance versus 2-APB/CPZ 
stimulated cells. 

 

3.4.3 2-APB/CPZ induced vacuole formation in ATII cells 

Since internalized FM1-43 appeared to be localized at granular structures in 

ATII cells (Fig. 3-8 D), we investigated if 2-APB/CPZ stimulation induces also changes 

in intracellular compartments (Fig. 3-9). In semi-thin slices of fixated control cells, ATII 

cells typically exhibit vacuoles which are organized concentrically around the nucleus 

and which contain some dense material. These vacuoles correspond to lamellar bodies, 

which are the typical surfactant storing vesicles in ATII cells (Fig. 3-9A, B). ATII cells 

stimulated by 2-APB/CPZ for 20 min exhibited a dramatically increased number of 

vacuoles (Fig. 3-9C), which was not observed in PAO treated cells (Fig. 3-9D) giving 

evidence that the vacuole formation is associated with clathrin mediated endocytosis. In 

contrast to control cells, 2-APB/CPZ treated ATII cells exhibit two different types of 

vacuoles. One type of vacuoles, which is similar to control cells, and contains an optical 

dense material inside their lumen and a second type, which is lacking such material and 

can be assumed as formed upon 2-APB/CPZ stimulation.  
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Fig. 3-9 Vacuole formation in 2-APB/CPZ stimulated ATII cells. Bright field images of semi-thin 
sections. A) con 0 min = unstimulated cells fixated directly after washing with   bath solution B) con 20 min 
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= unstimulated cells fixated after incubation in bath solution for 20 min C) 2-APB/CPZ = cells fixated after 
20 min of stimulation by 100 M 2-APB/50 M CPZ D) 2-APB/CPZ+PAO = cells fixated after 20 min of 
stimulation by 2-APB/CPZ in the presence of 10 M PAO. E) Bar diagram represents mean number of  
vacuoles per cell ± SEM. Con 0 min = non-stimulated cells directly after washing; con  20 min = non-
stimulated cells after 20 min incubation in bath solution; 2-APB/CPZ = cells stimulated for 20 min by 2-
APB/CPZ; AC+PAO = cells stimulated for 20 min in the presence of 10 M PAO. Arrows indicate, LB = 
lamellar bodies, V = vacuoles, in control and 2-APB/CPZ treated cells. Asterisks denote statistical 
significance versus control. 

 

3.5 Discussion 

Calcium entry in ATII cells is an essential component of both agonist (Frick et 

al., 2001a) and strain induced (Frick et al., 2004) surfactant exocytosis. Even though 

the importance of Ca2+ signalling in ATII cells for surfactant exocytosis and respiratory 

function is widely accepted, Ca2+ signaling pathways are still poorly understood in these 

cells.  

While aiming to elucidate Ca2+ entry pathways in distal airway epithelial cells we 

made the surprising finding that the two investigated [Ca2+]c modulators 2-APB and CPZ 

not only stimulate Ca2+ entry in ATII and NCIH441 cells but also induce substantial 

clathrin dependent endocytosis. So far, [Ca2+]c elevation in ATII cells was predominantly 

discussed as a modulator for surfactant exocytosis (Frick et al., 2001a; Frick et al., 

2004). Herein we demonstrate that the 2-APB/CPZ activated increase in [Ca2+]c causes 

clathrin dependent endocytosis instead of LB exocytosis.  

2-APB is a commonly used compound for investigating Ca2+ signaling pathways 

in different cell types. It was recently described as a membrane permeable compound, 

which inhibits Ca2+ release from intra-cellular stores via inhibition of Ins(1,4,5)P3 

receptors (Maruyama et al., 1997). In a later study it became evident, that 2-APB blocks 

Ca2+ entry via a direct interaction with store operated Ca2+ (SOC) channels (Broad et 

al., 2001; Prakriya and Lewis, 2001). On the other hand, 2-APB was shown to act as a 

partial activator on store operated Ca2+ entry (Braun et al., 2003; Prakriya and Lewis, 

2001). This heterogeneity in mode of action for 2-APB on SOC mediated Ca2+ influx 

pathways has been shown to depend on the molecular diversity of SOC channels. 

These channels consist of the regulatory subunits STIM1 and STIM2 (Oh-Hora et al., 

2008) and their interacting pore forming protein partners Orai1, -2 and -3 (Soboloff et 

al., 2006; Oh-Hora et al., 2008; Mercer et al., 2006; Feske et al., 2006). They form 
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either homomeric or heteromeric protein complexes with distinct biophysical and 

pharmacological properties (Lis et al., 2007). STIM1/Orai1 and STIM1/Orai2 mediated 

currents are potentiated by 2-APB at concentrations below 20 μM but are completely 

blocked by 50 μM 2-APB. STIM1/Orai3 currents are in turn activated even at 2-APB 

concentrations above 50 μM (DeHaven et al., 2008). Beside an activator of SOC 

channels 2-APB is also reported to activate TRPV1, -V2 and -V3 channels (Hu et al., 

2004). We also demonstrated that capsazepine (CPZ), a synthetic TRPV1 inhibitor 

(Bevan et al., 1992), also elevated [Ca2+]c via Ca2+ entry. Taking into account, that the 

interaction of TRP channel and ORAI/STIM subunits could also be involved in SOC 

channels formation (Ong et al., 2007), someone would expect a diverse family of 

possibly 2-APB and maybe also CPZ modulated Ca2+ entry pathways. Those 

possibilities could explain the observed elevation in [Ca2+]c demonstrated in our study. 

However, SOC (Flemming et al., 2003; Jiang et al., 2006) as well as TRP (Clapham et 

al., 2005) channels are sensitive to La3+ and SKF96365. Our observation that 

SKF96365 but not La3+ blocked both 2-APB/CPZ activated Ca2+ influx pathways makes 

it unlikely that a single classical SOC or TRP channel would be involved in this process. 

Furthermore, we also found that 2-APB alone and 2- APB/CPZ blocked thapsigargin 

induced Ca2+ entry (data not shown). This indicates that 2-APB/CPZ blocks SOC rather 

than activating it. When 2-APB and CPZ were applied together to H441 cells, a biphasic 

[Ca2+]c increase was observed. The two different phases can be subdivided into a 

transient and a sustained component. Both components have different pharmacological 

properties. SB366791 is reported as a highly selective and potent inhibitor of TRPV1 

channels (Gunthorpe et al., 2004). Therefore our observation that the transient Ca2+ 

influx pathway is sensitive to SB366791 could suggest that it might be mediated via 

TRPV1 channels. However, the transient Ca2+ signal was activated in the presence of 

50 μM CPZ, a concentration approximately 100 fold higher than the IC50 value reported 

for the CPZ blockage of human TRPV1 channels (Gavva et al., 2005). Thus, a 

contribution of TRPV1 channels in mediating the transient [Ca2+]c elevation is very 

unlikely.  

The pharmacological properties of the transient phase of Ca2+ influx resemble 

those properties already described for several SOC channels (Flemming et al., 2003). 

Experiments in which the extra-cellular Ca2+ was depleted 2-APB/CPZ did not activate 

any Ca2+ release from intra-cellular stores. Also the fact that 2-APB/CPZ blocked 
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thapsigargin induced SOC entry clearly contradicts the possibility that the sustained 

component of [Ca2+]c increase could be mediated via SOC channels. 

Endocytosis in ATII cells was shown to be involved in recycling of lamellar body 

associated proteins but also in surfactant uptake from extra-cellular space (Wissel et al., 

2001; Ruckert et al., 2003). Especially, the surfactant uptake is predominantly 

dependent on clathrin mediated endocytosis in ATII cells. However, Ca2+ signaling in 

ATII cells was until now implicated in regulation of LB fusion and exocytosis of 

surfactant (Frick et al., 2001a) but not endocytosis in ATII cells. Nevertheless, there are 

several lines of evidence that Ca2+ could modulate endocytosis in epithelial cell types. 

Ca2+ has been shown to mediate the formation of protein complexes, which initiates 

clathrin accumulation at the side of internalization in different cell types (Musch et al., 

2007; Chen et al., 2003). Furthermore, changes in [Ca2+]c in epitheloid cells were 

recently demonstrated to modulate the protein composition of plasma membrane via 

regulated endocytosis. As a mechanism for regulatory volume decrease, aquaporins 

are internalized upon hypotonic stimulation of renal cells (Tamma et al., 2007). A similar 

mechanism was also described for lung epithelial cells, in which hypotonicity (Sidhaye 

et al., 2006) as well as shear stress (Sidhaye et al., 2008) resulted in an internalization 

of aquaporin 5. In these studies, the internalization appeared to be associated to [Ca2+]c 

increase. Besides aquaporin internalization, TRPV5 and TRPV6 surface expression is 

also regulated via [Ca2+]c (van de Graaf et al., 2006; van de Graaf et al., 2008). 

Particularly for TRPV5 channels it was shown that endocytosis depends on clathrin (van 

de Graaf et al., 2008). The obvious dual role of [Ca2+]c in ATII cells to regulate 

endocytosis as well as exocytosis might be explained by Minimum model of vesicle 

processing as proposed by (Frick et al., 2001a). This model takes into account the 

duration as well as the intensity of the Ca2+ signal and argues that, for slow secretory 

cell as ATII cells both factors are equally im portant for a successful exocytotic event to 

take place. Furthermore, another finding determined that surfactant exocytosis in these 

cells can be initiated above a certain threshold of intracellular free Ca2+ (Haller et al., 

1999). Thus, we believe that 2-APB/CPZ stimulation resulted in [Ca2+]c elevation above 

the threshold necessary for inducing endocytosis in these cells but the stimulation was 

still too modest to cause any detectable exocytosis in ATII cells. The association of 2-

APB/CPZ induced Ca2+ influx and induction of clathrin dependent endocytosis was 

clearly demonstrated in our study. However, based on our results, this so far 
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unappreciated effect of 2-APB/CPZ action still remains to be elucidated with regard to 

binding sites and molecular mechanisms involved. We also demonstrated for the first 

time that in ATII cells elevation in [Ca2+]c not only triggers exocytosis but also an 

opposing endocytotic mechanism. The observed pharmacological properties of 2-

APB/CPZ activated [Ca2+]c increase fits only partially to known properties of TRP and 

SOC channels. The fact that these compounds are able to initiate a complex Ca2+ influx 

mechanism, which regulates endocytotic pathway, places them into focus of interest as 

a new pharmacological tool to investigate clathrin dependent endocytosis.  
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4.1 Abstract 

Scanning probe techniques enable direct imaging of morphological changes 

associated with cellular processes in live specimen. Here, fixed and living alveolar type 

II (ATII) cells were investigated by atomic force micrscopy (AFM), and the topographical 

data were correlated with results obtained by scanning electron microscopy (SEM) and 

confocal microscopy (CM). We show that low-force contact mode AFM of fixed cells 

provides complementary results to SEM and CM. Both AFM and SEM images reveal 

fine structures at the surface of fixed cells, which indicate microvilli protrusions. When 

ATII cells were treated with Ca2+ channel modulators known to induce massive 

endocytosis, changes of the cell surface topography became evident by the depletion of 

microvilli. Low force contact mode AFM imaging of fixed ATII cells revealed a significant 

reduction of surface roughness for 2-aminoethoxydiphenyl-borate and capsazepine (2-

APB/CPZ) treated cells compared to untreated control cells (Rc of 99.7 ± 6.8 nm vs. Rc 

of 71.9 ± 4.6 nm), which was confirmed via SEM studies. Confocal microscopy of 

microvilli marker protein Ezrin revealed a cytoplasmic localization of Ezrin in 2-

APB/CPZ treated cells, whereas a submembraneous Ezrin localization was observed in 

control cells. Furthermore, AFM investigations of living ATII cells using dynamic mode 

imaging revealed an apparent decrease in cell height of 17 % during stimulation 

experiments. We conclude that a dynamic re-organization of the microvillous cell 

surface occurs in ATII cells under conditions of stimulated endocytosis. 

4.2 Introduction 

4.2.1 AT II cells and lung function.  

The alveolar epithelial cell layer consists of ATI and ATII cells. ATII cells play an 

important role in alveolar fluid clearance involving active Na+ transport, and are 

therefore endowed with a large number of microvilli, which are also involved in the 

immune response to certain inhaled particles and pathogens by releasing chemokines 

(Orr et al., 2007). Pulmonary surfactant (PS) plays an essential role in normal lung 

function, and is released by ATII cells via exocytosis of lamellar bodies, surfactant-

containing vesicles, and recycled from the extracellular space via endocytosis (Xu et al., 

2009). PS allows the alveoli to expand during inspiration, and prevents their collapse 

during exhalation. Surfactant is constantly recycled between the alveolar lumen and the 
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ATII cell, which involves a balanced action between exocytosis and endocytosis (Dietl 

and Haller, 2005; Wright and Clements, 1987). In the ATII cell, both processes cause 

considerable plasma membrane trafficking to and from a highly organized surface 

containing microvilli and specific proteins such as ion channels involved in 

transepithelial fluid and electrolyte transport (Hummler and Planes, 2010; Ochs, 2010; 

Wright and Clements, 1987). However, little is known to date about dynamic 

topographical alterations in microvillous surfaces of epithelial cells under these 

conditions. This is of interest, as microvilli are thought to be a very important component 

of the fluid absorbing surface. 

It was reported that clathrin mediated cholera toxin B uptake is accompanied by 

shortening of microvilli in intestinal brush border cells (Hansen et al., 2005; Wright and 

Clements, 1987). We recently demonstrated that pharmacological treatment of lung 

epithelial cells with Ca2+ channel modulators 2-aminoethyl-diphenyl-borinate (2-APB) 

and capsazepin (CPZ) induces elevation of cytoplasmic Ca2+ concentrations, which was 

accompanied by clathrin dependent endocytosis (Usmani et al., 2010). To address the 

question, if 2-APB/CPZ application has any impact on exposure of microvilli at ATII cell 

surfaces, we investigated whether microvillus reorganization takes place in these cells 

comparing different analytical imaging tools with regard to their potential and precision 

in resolving these events. It is shown that this treatment also causes dramatic 

alterations in global cell surface morphology. 

4.2.2 Atomic force microscopy.  

AFM has been used in a multitude of studies on biological entities such as cells 

and cell assemblies. The opportunity to obtain high resolution images under 

physiological conditions (Radmacher et al., 1992), to provide information on the cell 

surface morphology, and to observe dynamic biological processes in real time with 

simple specimen preparation (Le et al., 1994) renders AFM a powerful tool for biological 

research. The detection of the structural and morphological complexity of cells is 

important for the investigation of in situ processes, interaction mechanisms, and cell 

behavior, as well as for enhancing the understanding of structure/function relationships 

(Muller and Dufrene, 2008). For example, AFM was used for in situ imaging providing 

insight into the physiological mechanism of alzheimers disease (Yip and McLaurin, 

2001), diabetes (Goldsbury et al., 1999) and cancer (Pietrasanta et al., 1994). Although 
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AFM may achieve atomic resolution at hard surfaces, its application at soft samples 

such as biological tissues remains challenging. While obtaining topographic surface 

properties with sub-nanometer resolution of biological tissues is in principle possible 

(Horber and Miles, 2003), it remains difficult to attain such resolution with living cells 

due to tip-induced deformation, and interactions between the tip and the cell surface 

related to residues at the cell membranes of certain cell types (Deng et al., 2010). High-

resolution imaging of the plasma membrane of cells containing lipids and proteins, 

which are involved in cell adhesion, ion channel conductance, and cell signaling, is not 

well developed. In addition, the plasma membrane of many cell types is covered by a 

glycocalyx, which are branched sugar residues, thus making AFM imaging difficult due 

to mechanic interactions between the tip and the biological sample. Further studies 

have shown that contact mode AFM imaging may cause cell damage (Henderson et al., 

1992) due to disruptive effects at the cell surface via the cantilever (You and Yu, 1999). 

To date, structures of the plasma membrane such as microvilli on ATII cells have not 

been imaged using AFM. In contrast, microvilli in living Madin-Darby canine kidney 

(MDCK) cells have been resolved by applying low force contact mode imaging (Le et 

al., 1998), the lamellopodium of migrating epithelial cells was observed in vivo  

(Oberleithner et al., 1994), and nuclear pores of MDCK cells (Oberleithner et al., 1994) 

could be resolved by AFM. In addition, AFM was used to monitor microvilli depletion at 

fixed Madin-Darby canine kidney (MDCK) cells (Poole et al., 2004) to further inspect 

flexible actin-based structures at the surface of melanoma cells (Poole and Muller, 

2005), and to identify microvilli as predominant surface features on lymphocytes 

(Majstoravich et al., 2004). 

Till date no mechanistic study of endocytosis in response to stimulation which 

involves microvilli internalization has been reported in ATII cells; hence, the aim of the 

present study was to perform in situ AFM imaging on live and fixed ATII cells, in 

response to 2-APB/CPZ treatment and to compare the results with those obtained by 

SEM. Due to the complex pretreatment of the cells prior to imaging with SEM or CM, in 

situ experiments were conducted with AFM in buffered solution. By operating in low 

force contact mode AFM, morphology changes between fixed untreated and treated 

ATII cells were investigated. While AFM imaging of microvilli at the surface of living ATII 

cells is challenging, it proves a valuable tool for obtaining time-resolved information on 

dynamic cellular processes. 
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4.3 Materials and Methods  

4.3.1 Isolation and cultivation of ATII cells 

ATII cells were isolated from male sprague dawley rats of 180 to 200 g weight, 

as described previously (Dobbs et al., 1986). See chapter 3 for detailed method.  

4.3.2 Cell stimulation and SEM/AFM imaging 

After two days in culture, the ATII cells were washed twice with BS. The cells 

were then incubated with or without 2-APB/CPZ (final concentration 2-APB: 100 μM, 

CPZ: 50 μM) in BS at RT. Before imaging with AFM or critical point drying for SEM 

imaging, control as well as stimulated cells were fixed after 0 min, 5 min, and 10 min 

stimulation time using PBS containing 2.5% glutaraldehyde and 1% sucrose. For AFM 

imaging, the cells were used after fixation in solution. For SEM imaging, the ATII cells 

were dehydrated by washing with sequential increased alcohol concentrations. 

Afterwards, they were critical point dried with CO2, and then coated with ~3 nm 

platinum by electron beam evaporation in a BAF 300 (Bal-Tech, Principality of 

Liechtenstein). For SEM imaging of these cell samples, a Hitachi S-5200 scanning 

electron microscope (Hitachi High Technologies America) was used. 

For in situ AFM experiments with living cells, the 2-APB/CPZ treatment was 

performed using a flow-through AFM liquid cell, and the treatment was administered 

during continuous AFM imaging. The chemicals were injected into the flow cell system 

after collecting an image of the untreated cells. 

4.3.3 Immunolocalization of Ezrin (Villin-2) with CM 

Immunolocalization of Ezrin (Villin-2) was performed on isolated ATII cells 

cultivated on 18-well μ-slides (ibidi, Germany) for 2 days. 2-APB/CPZ treated or vehicle-

treated control cells were incubated in a humidified incubator for the durations 

mentioned above. Subsequently, the cells were washed with medium without fetal calf 

serum (FCS), and fixed with 4% paraformaldehyde for 4 min. After several washing 

steps with Ca2+/Mg2+ free PBS (Biochrom AG, Berlin, Germany), Streptolysin O (SLO) 

buffer (in mM: 25 Hepes-KOH, pH 7.4, 115 potassium acetate, 2.5 MgCl2), and 1 mM 
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Dithiothreitol supplemented SLO-buffer (DTT, Plusone® Pharmacia Biotech, Uppsala, 

Sweden) the cells were permeabilized by 1 U/ml Streptolysin O in SLO-buffer with 1 

mM DTT for 30 min at 37°C. Again after several washings with PBS, the unspecific 

binding sites were blocked with 7% FCS in PBS for 1 h. After another washing with 

PBS, the cells were incubated with pre-diluted (following manufacturer's instructions) 

Pierce Anti-Villin 2 mouse monoclonal antibody, (Thermo Fisher Scientific, Hamburg, 

Germany) for 2 h at room temperature. Unbound antibody was removed by washing 

with PBS, and the cells were incubated with Alexa Fluor 488 labelled goat anti-mouse 

secondary antibody, dilution factor 1:1000 (IgG, Invitrogen, Karlsruhe, Germany) for 1 h 

at room temperature. Finally, the cells were washed with PBS, and incubated at 4°C 

overnight in PBS. 

A multi-beam confocal microscope equipped with a VT-Infinity-2D confocal 

scanner (Visitron Systems Puchheim, Germany) attached to a Zeiss Meta LSM 

microscope with a 488 nm excitation laser combined with a 500-530 nm emission filter 

was used to image ATII cells. Images were acquired with a planapochromate 63X oil 

immersion objective and a Photometrics Cascade II 512 camera (Photometrics, 

Tuscon, USA) using the MetaMorph software package (Visitron Systems GmbH, 

Pucheim, Germany). Additional offline image analysis was performed using the ImageJ 

software (National Institute of Health, USA, http://rsb.info.nih.gov/ij).  

4.3.4 Cell imaging with AFM 

AFM imaging of fixed and living cells was performed with an AFM system Model 

5500 (Agilent Technologies, Chandler, AZ, USA). The AFM was located in a vibration 

isolation chamber (Agilent Technologies, Chandler, AZ) to reduce the effect of 

environmental vibration and noise. The images were obtained using a large scanner 

(max. 90 μm scan range) with scan rates of 0.3 - 0.7 Hz at a definition of 512 x 512 

pixels. The cell plates were mounted onto the Agilent 5500 stage equipped with a flow-

through liquid cell. The AFM was operated in low force contact mode and dynamic 

(AAC) mode. V-shaped silicone nitride cantilevers with nominal spring constants 

ranging from 0.06 - 0.12 N/m (manufacturer’s specifications, Veeco, Woodbury, NY) 

were used in all contact mode AFM experiments and dynamic mode measurements in 

solution. Images in low force contact mode were obtained by decreasing the force 

setpoint manually at the lowest possible value while scanning, such that the tip remains 
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in contact with the cell surface and no cell damage occurs. The cells were kept in BS 

throughout the experiments at room temperature.  

4.3.5 SEM image analysis 

The SEM micrographs were analysed by using the ImageJ software package. 

After the conversion into 8 bit grey scale images and binarising, the mean pixel number 

per microvillus was identified. The number of microvilli, Nmicrovilli /10m2 was calculated 

by Eq. 4-1 with AreaROI = Area of the ROI/cells in m2, microvilliN = Average number of 

pixels in microvilli,  i = grey values, and Ni = pixel number:  

=255
2

microvilli
=0

10N /10μm = ( × )
255ROI

i

i
imicrovilli

i N
Area N           Eq.  4-1 

 

4.3.6 AFM image analysis 

Image analysis of fixed cell images was performed using the Pico image 1.6 

software package (Agilent Technologies) in order to determine the roughness 

parameter Rc that corresponds to the ISO 4287 standards taking peak heights and 

valley depths into consideration. First, the Sobel edge detection filter was applied on the 

topography images in order to emphasize high frequencies, and to reveal 

edges/contours. After line correction, the spectral representation of the image was 

created by a fast Fourier transformation (FFT). The obtained spectral image was filtered 

excluding high wavelength and including low wavelength contributions, which 

corresponds to high frequencies that are representing microvilli. Profile extractions were 

performed (4 profiles per cell) using the filtered images, the Rc-parameter was 

calculated using Eq. 1-2 with m = sampling length, and Zti = total height of the profile 

elements between two zero crossings: Eq. (4-2) 

 

m

i
i=1

1Rc = Ztm                   Eq.  4-2 
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4-2a, zoomed area Fig. 4-2b). Microvilli are enlargements of the plasma membrane that 

predominantly consist of actin, and appear as cylindric structures with a width between 

approx. 0.5 - 1 μm, and a length of approx. 1.5 – 3 μm. 

In control conditions, the relative amount of microvilli at the surface of ATII cells 

was 38.4 ± 4.5 Nmicrovilli/10 μm2 (N = 25 cells from two independent isolations). It has to 

be noted that the distribution of microvilli at the surface of ATII cells is not uniform 

across a population of cells. Some cells are not covered with microvilli at all or are 

characterized by a lower density of these structures (marked with a cross (X) in (Fig. 4-

2a). The treatment with 2-APB and CPZ leads to clathrin-dependent endocytosis 

(Usmani et al., 2010), which is accompanied by detectable changes of the cell surface 

morphology. SEM images were collected at critical point dried and coated cells (see 

experimental section) after a time-dependent treatment study with 2-APB and CPZ. 

After a treatment period of 5 minutes with 2-APB and CPZ, the number of microvilli was 

dramatically reduced (7.5 ± 1.5 Nmicrovilli/10 μm2, N = 19 cells from two independent 

isolations), as shown in Fig. 4-2c, although some cells remain unaffected (marked with 

(<) in Fig. 4-2c). The same effect was also observed after 10 minutes of stimulation 

(Fig. 4-2d). As endocytosis is a time-dependent process, after 20 minutes SEM 

micrographs of ATII cells are again revealing microvilli at the surface (data not shown). 

Fig. 4-3 represents the amount of microvilli at the surface of control and stimulated cells 

per 10 μm2 cell area. 

4.4.2 Confocal imaging of ATII cells 

Confocal imaging of immunostained Ezrin was performed to gain insight on the 

distribution of microvilli, as Ezrin is concentrated in actin containing structures of 

membrane ruffles, and in the microvilli of epithelial cells (Berryman et al., 1993). In 

untreated control ATII cells, a sharp Ezrin fluorescence was observed primarily at the 

cell periphery (Fig. 4-4a), which is largely in agreement with the data of microvilli 

observed by SEM. Stimulation of cells with 2-APB/CPZ for 5 minutes leads to a diffused 

cytoplasmic fluorescence pattern indicative of a rapid redistribution of Ezrin by 

trafficking into the cytoplasm (Fig. 4-4b). Even at longer stimulation periods (10 min) the 

cytoplasmic fluorescence could be observed, and at the same time the peripheral 

fluorescence has apparently recovered (Fig. 4-4c).  
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β = 85 nm), thereby indicating that microvilli disappear after stimulation, as previously 

observed during SEM and CM studies.  

A total amount of 44 cells was investigated (22 control and 22 stimulated ATII 

cell samples from 6 independent isolations) by low force contact mode AFM imaging. 

The mean Rc parameter of the control cells is 99.7 ± 6.8 nm, while the mean Rc 

parameter of stimulated cells is 71.9 ± 4.6 nm (Fig. 4-6). By applying the Student`s t-

test we could obtain a t-value of 3.382 with a significance of p = 0.002. Hence, 

evaluating the AFM data, further evidence was generated that the treatment of AT II 

cells with 2-APB/CPZ leads to microvilli depletion at the surface of stimulated ATII cells. 

Hence, studies using three independent analytical methods indicate that a depletion of 

microvilli occurs after 2-APB/CPZ treatment. The SEM study revealed a significantly (p 

< 0.05) higher number of microvilli at control ATII cells (38.4 ± 4.5 Nmicrovilli/10 μm2, N = 

25 from two independent isolations) compared to stimulated ATII cells (2-APB/CPZ for 5 

minutes: 7.5 ± 1.5 Nmicrovilli/10 μm2, N = 19 from two independent isolations; 2-APB/CPZ 

for 10 minutes: 7.0 ± 1.4 Nmicrovilli/10 μm2, N = 21 from 2 independent isolations). CM 

images indicated a corresponding internalization of microvilli marker protein Ezrin as 

response to the 2-APB/CPZ treatment. Finally, a higher roughness value of control (Rc 

= 99.7 ± 6.8 nm, N = 22 from six independent isolations) was obtained compared to 

stimulated (Rc = 71.9 ± 4.6 nm, N = 22 from six independent isolations) cells during 

AFM studies at fixed ATII cells. Even if the heterogeneity of primary cell samples such 

as ATII cells proves more challenging, as a screening method AFM may provide unique 

information on the surface morphology complementary to other microscopic techniques. 
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4.4.4 AFM imaging of live ATII cells 

Low-force contact mode AFM images at living ATII cells provide reduced 

structural surface information compared to fixed specimen (Tsilimbaris et al., 2000). The 

topography image reveals the cell nucleus (N), and small elevations in the micrometer 

range evident around the cell nucleus (Fig. 4-7). These small features may not be 

unambiguously identified, however, are suspected to be related either to artifacts from 

tip-sample interactions, or may result from cell features underneath the cell membrane 

such as lamellar bodies. Similar protrusions in ATII cells were already reported earlier 

(Dietl P. et al., 2001; Dietl et al., 2004), and appear indicative for lamellar bodies.  

The limited resolution in low-force contact mode does not facilitate visualizing 

structural features such as microvilli at living ATII cells. Irregular surface features 

including plasma membrane invaginations resulting from e.g., fusion pores (Schneider 

et al., 1997; Dietl et al., 2004; Dietl P. et al., 2001), or the glycocalyx, sugar residues at 

the surface of most epithelial cells,  glycocalyx limit the achievable resolution during 

AFM imaging of fine structures (Lee et al., 1993; Le et al., 1998). 

However, it is known that features apparent during AFM imaging at soft samples 

such as live ATII cells are primarily dominated by sub-plasma membrane structures 

such as the cytoskeleton, the nucleus, or lamellar bodies (Braet et al., 1998). While 

AFM imaging at low forces minimizes the impact at the sample surface, the mechanical 

interaction may still lead to the obscuration of small details such as microvilli located at 

the surface of ATII cells, which are nonetheless essential to cell surface studies. 

Consequently, dynamic mode AFM imaging at ATII cells was performed in order 

to minimize the lateral shear forces at the cell surface (Fig. 4-8). If the cantilever is 

externally excited to vibrate near its resonant frequency, the tip has only intermittent 

contact with the sample surface. Although the lateral forces between the tip and the 

sample are significantly reduced compared to operating in contact mode leading to 

higher resolution AFM images, individual microvilli remain unresolved. However, sub-

cellular organelles - most probably lamellar bodys, which are containing surfactant 

vesicles - are now evident as circular protrusions marked with an arrow () around the 

cell nucleus (N) in the dynamic mode AFM images shown in Fig. 4-8  (Azeloglu et al., 

2008).  
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membrane by cross-linking the proteins rendering the surface less prone to deformation 

by the tip, thereby revealing small protrusions such as e.g., microvilli. However, the 

increased rigidity and stiffness of the cell membrane leads to the disappearance of sub-

membranous structures (Braet et al., 1998). 

4.4.5 Time-resolved AFM imaging during in situ studies at live ATII cells 

Time-dependent studies of particular cellular events such as endocytosis on 

ATII cells are sparse in literature, and thus, little is known on the accompanying 

structural changes associated with the cell surface. 

Here, we present the investigation of time-resolved cell morphological changes 

in response to the treatment with Ca2+ modulators by AFM. This treatment with 2-

APB/CPZ results in a strong stimulus for endocytosis in ATII cells. The lack of resolution 

of endocytic pits is not surprising considering some of the limitations of AFM imaging at 

living cells. As endocytotic events are time dependent, imaging is obtained in low force 

contact mode rather than in dynamic mode allowing faster scan rates. The cantilever 

loading force was reduced to few piconewtons (Shen et al., 2007) in order to avoid cell 

damage. Before treating with 2-APB/CPZ, the cell reveals a well-formed bow (Fig. 4-9a, 

b). 2-APB/CPZ was applied during imaging after collecting an image of ATII cells 

(imaging direction top to down), which is evident as distortion in the image (Fig. 4-9a, b) 

due to fluctuation of the liquid. The stimulation leads to a change of the cell shape 

evident by the plasma membrane flattening at the side of the cell core, which results in 

a more pronounced emergence of the sub-membranous structures after approx. 5 

minutes. This change of the plasma membrane for living ATII cells after 2-APB/CPZ 

stimulation correlates with the SEM findings (Fig. 4-2d), where invaginations of the 

plasma membrane occurred at stimulated cells after 10 minutes. Interestingly, the 

relative cell height decreases upon stimulation.  

When continuously imaging the cells, cell area changed from (α) approx. 38 μm2 

to approx. 31 μm2 after treatment, which was determined using profile extractions (Fig. 

4-10). The relative change of cell height of all investigated cells (N = 6) was ~17% 

compared to untreated control ATII cells (inset in Fig. 4-10). These changes in cell 

height may be associated with alterations in salt and water transport, as investigated in 

detail by Oberleithner (Oberleithner, 2007). It may be hypothesized that a re-structuring 
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5.1 Abstract 

Alveolar type II (ATII) cells produce surfactant and release it into the alveolar 

space via exocytosis of lamellar bodies (LBs). On the other hand, various forms of 

endocytosis take place, enabling the recycling of surfactant as well as of integral 

membrane proteins to the LB. Here we investigated the trafficking of protein and lipid 

components of plasma membrane between the plasma and limiting LB membrane by 

over-expressing lysosomal associated membrane protein 3 fused to green fluorescence 

protein (LAMP-3-GFP) and farnesylated DsRed (DsRed-Farn). LAMP-3-GFP was 

homogenously distributed over the entire limiting LB membrane, whereas DsRed-Farn 

predominantly accumulated at the plasma membrane. However, in a minor LB fraction, 

DsRed-Farn was also found in discrete domains at its limiting membrane. Upon 

stimulation of ATII cells with secretagogues, the area of DsRed-Farn domains on LB 

surfaces increased 2 to 4 fold within 20 minutes of stimulation. This increase remained 

unaffected by phenylarsine oxide, an inhibitor of clathrin-dependent endocytosis, but 

was almost abolished by filipin and indomethacin, blockers of clathrin-independent 

endocytosis. It was also blocked by bafilomycin A1, wortmannin and LY294002, 

inhibitors of intra-cellular vesicular transport. We conclude that secretagogues facilitate 

the transport of plasma membrane components to LBs via a clathrin-independent 

vesicular transport pathway. 

5.2 Introduction 

The retrieval and recycling of plasma membrane is believed to be an essential 

step during   biogenesis of exocytotic granules in exocrine cells (Patzak and Winkler, 

1986). In ATII cells, exocytosis of lamellar bodies (LBs) accounts for the secretion of 

surfactant phosholipids and the lipophilic surfactant proteins B and C into the alveolar 

lumen. The surfactant lines the alveolar space as a thin surfactant film and reduces 

surface tension and hence enables inhalation of an appropriate air volume and prevents 

alveolar collapse. Besides the surfactant release, ATII cells also play a major role in 

clearance of lipids and surfactant from the alveolar space (Rider et al., 1992). They 

were shown to incorporate extracellular lipids and surfactant associated proteins 

predominantly via clathrin-dependent pathways (Stevens et al., 2001). More recent 

studies showed that clathrin-independent endocytotic pathways might also be involved 
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in the re-uptake of surfactant (Jain et al., 2005; Ruckert et al., 2003). After endocytosis 

of surfactant from the alveolar space, lipids and proteins are transported differently. 

Surfactant protein A (SP-A), for example, recycles via early and recycling endosomal 

organelles and the major fraction of endocytosed SP-A is re-secreted (Wissel et al., 

2000; Wissel et al., 2001). On the other hand only a minor fraction of endocytosed lipids 

are re-secreted directly (Wissel et al., 2000). The lipids are destined primarily to LBs 

(Ruckert et al., 2003), and therefore surfactant uptake by ATII cells is not only involved 

in surfactant clearance from the alveolar space, but is also part of surfactant recycling. 

This recycling pathway covers only surfactant components, which are released by 

exocytosis from ATII cells. Recycling not only involves secretory products, but also 

integral proteins of the limiting LB membrane: For example, surfactant secretagogues 

stimulate the transfer of the lipid transporter ABCA3 from the LB membrane to the cell 

surface and vice versa (Ban et al., 2007; Bates et al., 2000). This recycling pathway is 

clathrin-independent and is therefore different from the one, which was described for 

surfactant recycling from extracellular space (Jain et al., 2005; Ruckert et al., 2003; 

Stevens et al., 2001). The recycling of lipidic membrane components between the 

plasma and LB membrane, respectively, is yet unexplored. We used Ds-Red fusion 

protein with putative motif for farnesylation (DsRed-Farn). Since protein farnesylation is 

accompanied by the incorporation of protein to the inner leaflet of the plasma 

membrane (Magee and Hanley, 1988; Fujiyama and Tamanoi, 1986) the over-

expressed fusion protein is a specific marker of the inner plasma membrane leaflet. We 

show here that DsRed-Farn is internalized upon secretagogue stimulation of ATII cells 

via clathrin-independent endocytosis. In addition, we demonstrate that incorporated 

plasma membrane is not internalized into the LB lumen but becomes part of the limiting 

LB membrane and forms distinct domains. 

5.3 Materials and Methods 

5.3.1 Generation of recombinant adenoviruses 

Lamp-3 cDNA from rat were obtained from the resource centre and primary data 

base (RZPD, Berlin, Germany, clone IRBPp993D126D2). Vectors pDsRed-Monomer-F 

and pEGFP1-N1 were obtained from Clontech (Saint-Germaine-en-Laye, France). 

Vectors pDONR221 and pAd/CMV/V5-DEST were purchased from Invitrogen 

(Karlsruhe, Germany). cDNA encoding DsRed-Farn were amplified from the vector 
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pDsRed-Monomer-F using the primers DsRed-Farn-F2 (GGG GAC AAG TTT GTA CAA 

AAA AGC AGG CTT CGT CAG ATC CGC TAG CGC TAC CGG) and DsRed-Farn-R2 

(GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC AGC TTG AGC TCG AGA TCT 

GGA TCC) using standard PCR methods. After isolation of PCR products, amplified 

cDNA were introduced into pDONR221 by in-vitro recombination using BP-clonase II 

enzyme mix (Invitrogen, Karlsruhe, Germany) and cloned in E. coli OmniMaxTM2-T1R 

(Invitrogen, Karlsruhe, Germany). Thereafter, DsRed-Farn cDNA was transferred into 

adenoviral expression vector pAd/CMV/V5-DEST by in-vitro recombination using LR-

clonase II enzyme mix (Invitrogen, Karlsruhe, Germany) and recombination products 

were cloned in E. coli OmniMaxTM2-T1R (Invitrogen, Karlsruhe, Germany). Multiple 

cloning site (MCS) and coding region of EGFP were amplified from plasmid pEGFP-N1 

using primers MCSgfp-F1 (GGG ACA AGT TTG TAC AAA AAA GCA GGC TAT GCT 

GCT AGC GCT ACC GGA CTC AG) and MCSgfp-R1 (GGG GAC CAC TTT GTA CAA 

GAA AGC TGG GTA TTT ACT TGT ACA GCT CGT CC) by standard PCR techniques. 

PCR products were introduced into pDONR221 by in-vitro recombination using BP-

clonase II enzyme mix (Invitrogen, Karlsruhe, Germany) and cloned in E. coli 

OmniMaxTM2-T1R (Invitrogen, Karlsruhe, Germany). Lamp-3 cDNA were amplified by 

standard PCR protocols using primers lamp-3-R3 (GGC GAC CGG TGG ATC GAT 

TCT CTG GTA TGC AGA TGA CTG ACG C) and lamp-3-F3 (GGA CTC AGA TCT 

CGA GAT GCC TGG GCA GAC CTC TGC AGT AG CTG). PCR products and 

recombinant plasmid   pDONR221 containing MCS and EGFPN1 were cleaved by 

restriction endo nucleases XhoI and BamHI (Fermentas, St. Leon-Rot, Germany) and 

recombined thereafter using T4-Ligase (Fermentas, St. Leon-Rot, Germany). Ligation 

products were cloned into E. coli XL1-blue (Stratagene, Waldbronn, Germany). cDNA 

encoding lamp-3-GFP fusion protein was integrated into adenoviral expression Vector 

pAd/ CMV/V5-DEST by in-vitro recombination using LR-clonase II enzyme mix 

(Invitrogen, Karlsruhe, Germany) and recombination products were cloned in E. coli 

OmniMaxTM2-T1R (Invitrogen, Karlsruhe, Germany). Recombinant adenoviral 

expression vectors were isolated from E. coli cells using QIAGEN plasmid midi kit 

(Qiagen, Hilden, Germany). Plasmids were linearised using restriction endo nucleases 

PacI (New England Biolabs, Frankfurt, Germany). Linearised plasmids were transfected 

into 293A cells (Invitrogen, Karlsruhe, Germany) using Lipofectamine 2000 (Invitrogen, 

Karlsruhe, Germany) without further purification directly after heat inactivation of PacI.  

Transfected cells were cultivated for 5 to 8 days and virus particles were isolated using 
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ViraBind Adenovirus purification kit (Cell Biolabs, Heidelberg, Germany) according to 

manufacturer’s protocol. Virus particles were eluted in elution buffer (Cell Biolabs, 

Heidelberg, Germany), and stored in elution buffer containing 10% glycerol in aliquots 

at -80°C.  

5.3.2 Isolation and cultivation of ATII cells  

See chapter 3 for detailed method. 

5.3.3 Endocytosis assay  

For time lapse experiments, ATII cells were washed twice with control solution 

(c-sol in M: 140 NaCl, 5 KCl, 10 HEPES, 1 MgCl2, 2 CaCl2, pH 7.4) and were mounted 

onto confocal microscope (described below). Experiments were performed at room 

temperature (21°C - 24°C). Images of unstimulated cells were taken at the beginning of 

each experiment. Afterwards cells were either stimulated by ATP (final concentration 

100 μM, Sigma-Aldrich, Steinheim, Germany) or phorbol-12-myristat-13-acetate (PMA, 

final concentration 0.1 μM, Sigma- Aldrich, Steinheim, Germany) together with 

ionomycin (final concentration 5 μM, Sigma-Aldrich, Steinheim, Germany) or by PMA 

(0.1 μM) together with ionomycin (5 μM) and ATP (100 μM). Control cells were treated 

in a similar way, but remained unstimulated. Images were obtained 5 min, 10 min, 20 

min and 30 min after application of drugs. For testing blockers of endocytosis, cells 

were pre-incubated 20 min in a humidified incubator at 37°C and 5% CO2 in growth 

medium either with 10 μM filipin, 300 μM indomethacine, 0.1 μM bafilomycin A1, 1 μM 

wortmannin, 70 μM LY294002 or 2 μM phenyl arsine oxide (PAO). Thereafter, cells 

were stimulated for 30 min by adding ATP (100 μM) to the growth medium and washed 

twice with control solution directly before investigation.  

5.3.4 Immunostaining of EEA1  

To combine DsRed-Farn labelling with early endosomal associated protein 

EEA1 immunostaining, isolated AT II cells were cultivated on 18-well μ-slide (ibidi, 

Germany) and transfected with DsRed-Farn. Depending upon the experimental setup 

cells remained untreated, or were pre-incupated at 37°C and 5% CO2 in a humidified 

incubator with 1 μM wortmannin in growth medium for 30 min. Afterwards, cells were 
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stimulated with 100 μM ATP in growth medium and were incubated in a humidified 

incubator. Control cells remained unstimulated. For EEA1 immunostaining the cells 

were washed with growth medium without FCS, then fixed in phosphate buffered saline 

(PBS; Biochrom AG, Berlin, Germany) containing 4% paraformaldehyde for 4 min and 

washed repeatedly with PBS, SLO-buffer (25 mM Hepes-KOH, pH 7.4, 115 mM 

potassium acetate, 2.5 mM MgCl2) and SLO-buffer including 1mM Dithiothreitol (DTT, 

Plusone® Pharmacia Biotech, Uppsala, Sweden). For permeabilisation, cells were 

incubated 1 U/ml streptolysin in SLO-buffer with 1 mM DTT for 30 min at 37°C. After 

several washings with PBS the unspecific binding sites were blocked with 7% FCS in 

PBS for 1 h, followed by PBS washing.   Afterwards, cells were incubated with 1:200 

diluted rabbit anti-Early Endosomal Antigen 1 (N-terminal) primary antibody (Sigma-

Aldrich, Steinheim, Germany) for 2 h at room temperature. Unbound antibody was 

washed away with PBS and cells were incubated with secondary antibody (Alexa Fluor 

488 goat anti-rabbit IgG, Invitrogen, Karlsruhe, Germany) for 1 h at room temperature. 

Finally, cells were washed with PBS and incubated at 4°C over night in PBS.  

5.3.5 Confocal Microscopy  

A multi-beam confocal microscope (Visitron Systems Puchheim, Germany) was 

used to image ATII cells. This system included a Zeiss Meta LSM microscope with a 

488 nm excitation laser combined with a 500-530 nm emission filter for detecting LAMP-

3-GFP and Alexa 488 fluorescence labelled secondary antibody against α-EEA1 and a 

543 nm excitation laser combined with a LP 560 nm emission filter for detecting DsRed-

Farn. The setup also consisted of a Photometrics® Cascade II 512 camera 

(Photometrics, Tuscon, USA) and a planapochromate 100x oil immersion objective. A 

vtInfinity-2D confocal scanner (Visitron Systems GmbH) was used in combination with 

MetaMorph software (Visitron Systems GmbH, Pucheim, Germany).  

5.3.6 Image analysis  

Z-section reconstruction of images was done by MetaMorph Software. For 

image analysis the latest version of ImageJ (National Institute of Health, USA, http:// 

rsb.info.nih.gov/ij) was used. The analysis was carried out as described previously 

(Bertrand et al., 2006). Briefly, images were converted into 8 bit grey scale images. A 

region of interest (ROI) was manually drawn around the perimeter of clustered LBs. 
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Background was estimated for each image individually as mean grey intensity over a 

representative area and was subtracted afterwards. Intensity gradients were highlighted 

by filtering the image with a Laplacian operator. The new gradient image was smoothed 

in order to filter out any noise speckling using a 3 x 3 mean filter and a binary image 

was generated by adjusting the threshold to prominent fluorescent particles. This 

procedure was carried out for each fluorescence channel separately. Areas of 

overlapping green and red fluorescence were estimated after combining the binarised 

images for green and red fluorescence channel by the Boolean AND-function. The 

resulting pixels from this operation which are located inside the ROI represent areas on 

LB’s surface of overlapping green and red fluorescence. Since the number of LBs per 

cell as well as the size of LBs vary, the red and green fluorescent area at the LB 

perimeter were normalised to the green fluorescent area at LB’s outline according to the 

following equation RPA = N(red+green)/N(green) with RPA as the relative pixel area, N(red+green) 

as pixel number of red and green fluorescence and N(green) as number of pixels with 

green fluorescence.  

5.4 Results 

5.4.1 Heterologous over-expression of LAMP-3-GFP and DsRed-Farn  

ATII cells over-expressing fusion protein DsRed- Farn showed an accumulation 

of red fluorescence signal at the plasma membrane, whereas LAMP-3-GFP 

overexpression resulted in a green fluorescence signal localised to the limiting 

membrane of LBs (Fig. 5-1). This staining pattern is consistent with the known targeted 

protein localization to LB and plasma membrane, respectively (Miklavc et al., 2009). 

Both membrane compartments could be distinguished by their different fluorescent 

signals. However, in most cells a minor fraction of LBs exhibited both fluorescence 

fusion proteins at their limiting membrane. In these LBs the red fluorescence signal 

appears to localize at discrete areas at LB’s surface rather than being equally 

distributed over the entire LB’s membrane (Fig. 5-1D).  
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5.4.2 Secretagogues increase the amount of LBs labelled with DsRed-

Farn  

In order to test, if the accumulation of DsRed-Farn to LB’s membrane is due to a 

regulated internalization of the red fluorescent fusion protein, we performed time lapse 

experiments using multi-beam confocal microscopy. In these experiments, ATII cells 

over expressing both LAMP-3-GFP and DsRed-Farn were stimulated with the 

secretagogues ATP or PMA + ionomycin or ATP + ionomycin + PMA.  

 

 

Fig. 5-1 LAMP-3-GFP and DsRed-Farn over-expression in ATII cells. A) Merged image of a 
representative ATII cell overexpressing LAMP-3-GFP (green fluorescence) and DsRed-Farn (red 
fluorescence). DsRed-Farn predominantly localizes at the plasma membrane, whereas LAMP-3-
GFP accumulates at the limiting membrane of LBs. Arrowheads indicate LBs, which express 
DsRed-Farn and LAMP-3-GFP at their surfaces. B, C) Images of green and red fluorescence 
channel respectively. D) Magnified view of LBs depicted by arrowheads in A to C. 

There was no significant increase of red fluorescence in control cells (Fig. 5-2A), 

whereas stimulation with secretagouges resulted in an increase of red fluorescence on 

the surface of LBs (example for ATP stimulation is given in Fig. 5-2B). Stimulation with 

ATP + ionomycin + PMA resulted in the fastest and strongest increase, consistent with 
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the observation that this secretagogue is the most potent stimulation for LB exocytosis 

(Frick et al., 2001a).  

 

 

Fig. 5-2 Representative time lapse experiments of single ATII cells expressing DsRed-Farn and 
LAMP-3-GFP. Merged images are shown together with the images for each  fluorescence channel (small 
insets: green = LAMP-3-GFP, red = DsRed-Farn). Binarised images for both red and green fluorescence 
channels were merged and shown as RGB images on the right hand side. A) Control cells (C = control 
solution at the beginning of the experiment, time points = time after adding additional control solution to the 
extracellular solution) B) Cells stimulated simultaneously with ATP (C = control solution at the beginning of 
the experiment, time points = time after adding ATP to the extracellular solution). Arrowheads highlight 
representative regions of increasing red fluorescence on LB's surface. 
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Fig. 5-3 Bar diagram represents relative pixel 
areas versus time from time lapse 
experiments. Relative pixel areas were 
measured as described in image analysis. Data 
are given as mean values ± SD. A) Control B) 
ATP C) ionomycin and PMA, D) ATP, ionomycin 
and PMA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The accumulation of DsRed-Farn at the LB surface was measured in 

representative z-sections as pixels of overlapping red and green fluorescence at the 

limiting membrane of LBs and quantified as relative pixel area, RPA (Fig. 5-3). RPA was 
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found to be 0.10 ± 0.05 (N = 9) in control cells at the beginning of experiment and did 

not change significantly even after 30 min (0.11 ± 0.07, N = 9). However, when cells 

were stimulated with secretagogues, RPA increased steadily over time and reached a 

steady state after 10 min to 20 min of stimulation. ATP led to an RPA increase from 

0.07 ± 0.05 before ATP application to 0.21 ± 0.02 after 30 min of ATP stimulation (N = 

9). RPA increased from 0.11 ± 0.1 to 0.31 ± 0.1, N = 6 after 30 min stimulation with 

ionomycin + PMA and from 0.16 ± 0.07 to 0.43 ± 0.1, N = 7 after 30 min exposure to 

ATP + ionomycin + PMA. In the investigated cell populations, RPA did not differ at time 

point 0 (before secretagogue application) when compared with each other or to control 

cells. After 30 min of stimulation, the difference in RPA was found to be highly 

significant when the investigated populations of stimulated cells were compared to 

control cells (students’t-test: 1.6 exp-4 for ATP vs. control, 0.017 for PMA + ionomycin 

vs. control and 5.1 exp-5 for ATP + ionomycin + PMA vs. control). These results 

indicate that secretagogue stimulation leads to DsRed-Farn accumulation on   LBs. 

5.4.3 Pathways of DsRed-Farn uptake by LBs 

The translocation of the transporter ABCA3 from the cell surface to LBs was 

recently shown to depend on clathrin-independent endocytosis (Bates et al., 2000) and 

suggests that the uptake of the fluorescent fusion protein DsRed-Farn by LBs follows a 

similar mechanism. Since ATP is physiologically the most relevant secretory stimulus, 

we investigated the effect of blockers of endocytosis on DsRed- Farn uptake upon ATP 

stimulation. Cells were incubated in the presence of ATP with several blockers of 

clathrindependent as well as -independent endocytosis (Fig. 5-4), and the DsRed-Farn 

uptake was quantified by determination of the RPA (Fig. 5-5) as described above. RPA 

was 0.16 ± 0.1 (N = 73) under control conditions and 0.31 ± 0.11 (N = 69) after 30 min 

of ATP stimulation. In order to test, if clathrin-dependent endocytotic pathways are 

involved in DsRed-Farn uptake by LBs, ATII cells were stimulated in the presence of 2 

μM phenylarsine oxide (PAO), an inhibitor of clathrin-dependent endocytosis (Visser et 

al., 2004; Takano et al., 2004; Hertel et al., 1985). In these cells RPA was 0.34 ± 0.14 

(N = 54), which was not different from the RPA observed in ATP stimulated cells. 

In contrast to PAO, filipin and indomethacin, both blockers of clathrin-

independent endocytosis (Rothberg et al., 1990; Schnitzer et al., 1994), abolished ATP 

induced uptake of DsRed-Farn by LBs almost completely (RPA 0.1 ± 0.09, N = 24 for 
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filipin and 0.16 ± 0.1, N = 18 for indomethacin). Thus the uptake of DsRed-Farn 

depends on clathrin-independent endocytosis. Compounds, which impair intracellular 

trafficking, were also effective in inhibiting the accumulation of DsRed-Farn on LB’s 

surface. The treatment of cells with bafilomycin A1, an inhibitor of the vacuolar H+-

ATPase (Harada et al., 1997), abolished ATP induced DsRed-Farn uptake (RPA : 0.12 

± 0.06, N = 20). Also wortmannin and LY294002, both inhibitors of type III 

phosphatidylinositol 3-kinase (Brown et al., 1995; Harada et al., 1997; Johnson et al., 

2006; Reaves et al., 1996), blocked DsRed-Farn translocation to LB´s surface (RPA 

0.16 ± 0.1, N = 35 for wortmannin and 0.17 ± 0.1, N = 42 for LY294002). These results 

give evidence that the translocation of DsRed-Farn from the plasma membrane to LB 

depends on vesicular transport processes.  

5.4.4 Uptake of DsRed-Farn into endosomal compartments  

In order to elucidate the fate of endocytosed DsRed- Farn, we performed 

immunocytochemical experiments in DsRed-Farn over-expressing ATII cells. In these 

experiments, we labelled early endosomal compartments using an antibody against the 

early endosomal associated protein EEA1 (Mu et al., 1995). In non-stimulated ATII cells 

EEA1 staining resulted in a diffuse fluorescence pattern in the cytoplasm (Fig. 5-6A). 

The stimulation with ATP for 30 min caused an increase in number and size of EEA1 

positive vesicular structures compared to control cells (Fig. 5- 6B). ATP stimulation also 

caused a localization of DsRed- Farn to some EEA1 positive granules (Fig. 5-6B), 

which was never observed in control cells. The ATP induced localisation of DsRed-Farn 

to EEA1 positive granules was significantly diminished by pre-treatment of cells with 

wortmannin (Fig. 5-6D).  
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Fig. 5-4 Effect of blockers of endocytosis on ATP-induced DsRed-Farn uptake. For  representative 
experiments merged images are shown together with the images for each single fluorescence channel 
(small insets: green = LAMP-3-GFP, red = DsRed-Farn). Binarised images for both red and green 
fluorescence channels were merged and shown as RGB images on the right hand side. Control = 
unstimulated control cells, ATP = cells after ATP stimulation for 30 min, ATP PAO = cells treated with 
phenyl arsine oxide for 20 min prior to ATP stimulation in the presence of PAO, ATP filipin = cells treated 
with filipin 20 min prior to ATP stimulation in the presence of filipin, ATP indo = cells treated with 
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indomethacin 20 min prior to ATP stimulation in the presence of indomethacin, ATP bfa A1 = cells treated 
with bafilomycin A1 20 min prior to ATP stimulation in the presence of Bafilomycin A1, ATP wort = cells 
treated with wortmannin 20 min prior to ATP stimumlation in the presence of wortmannin, ATP LY = cells 
treated with LY294002 20 min prior to ATP stimulation in the presence of LY294002. 

 

 

Fig. 5-5 Bar diagram represents relative pixel area RPA from experiments shown in Fig. 5-4. Data 
points are given as mean ± SD. 

 

5.5 Discussion  

Surfactant recycling from alveolar space is a well studied mechanism and was 

recently shown to depend on clathrin-dependent endocytosis (Jain et al., 2005; Ruckert 

et al., 2003; Stevens et al., 2001). Internalized surfactant protein A is predominantly 

transported back to the plasma membrane for resecretion, whereas lipids translocate to 

LBs (Ruckert et al., 2003; Wissel et al., 1996; Wissel et al., 2000). In a recent study it 

was shown that proteins localized at the limiting LB membrane appear at the plasma 

membrane and are internalized afterwards, which was interpreted as a recycling of the 

limiting LB membrane after exocytosis (Bates et al., 2000). However, it is unclear if the 

translocation of proteins between the plasma membrane and the LB membrane is a 

selective process that involves specific proteins exclusively, or if plasma membrane 

components are translocated in a less organized way, including lipid-anchored 
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components as well. To address this question we transiently over expressed LAMP-3 

as a green fluorescent fusion protein (LAMP-3-GFP) in combination with a red 

fluorescent protein extended by a peptide motif for protein farnesylation (DsRed-Farn). 

The over-expressed LAMP- 3-GFP was distributed over the entire limiting membrane of 

LBs as previously shown (Miklavc et al., 2009). LAMP-3 is also described as CD63 and 

was shown to accumulate at inner membranes of late or multi-vesicular endosomes but 

also to secretory organelles like Weibel-Palate bodies (Kobayashi et al., 2000) and 

secretory lysosomes (Griffiths, 1996). In ATII cells LAMP-3/CD63 was shown to co-

localize with the LB membrane marker ABCA3 (Matsumura et al., 2006). Therefore, the 

observed LAMP-3-GFP localization to the LB membrane is in good agreementwith 

previous studies and can be used as a marker for the limiting membrane of LBs in living 

alveolar type II cells. The over-expression of DsRed-Farn was used to label the inner 

leaflet of the plasma membrane of the cell. Farnesylation of proteins occurs as a 

posttranslational protein modification (Fujiyama and Tamanoi, 1990; Fujiyama et al., 

1991). As a result of this modification, the protein is anchored to the inner leaflet of the 

plasma membrane, whereas the unmodified precursors remain in the cytoplasm and 

were not associated with any membrane (Fujiyama and Tamanoi, 1986; Magee and 

Hanley, 1988). Thus, DsRed-Farn fusion proteins specifically label the inner leaflet of 

the plasma membrane.  

Our experiments revealed that in DsRed-Farn overexpressing cells, a minor 

fraction of LBs showed a distinct area of red fluorescence on their limiting membrane, 

indicating the association of DsRed-Farn to the LB surface. Since it has been shown 

that protein farnesylation is accompanied by the coupling of the protein to the inner 

leaflet of the plasma membrane (Magee and Hanley, 1988; Fujiyama and Tamanoi, 

1986; Fujiyama and Tamanoi, 1990; Fujiyama et al., 1991), the capping of LBs by 

DsRed-Farn must be preceded by its translocation together with plasma membrane 

components. One might argue that the increase of relative pixel area (RPA) reported 

here could also be due to the fact that LAMP-3-GFP positive LBs are secreted in 

response to secretagogue stimulation, preceeding an increased uptake of DsRed-Farn 

by LBs, since this would also decrease the number of green fluorescent pixels to which 

the area of overlapping fluorescence was normalized. However, this possibility can be 

ruled out because stimulated LB exocytosis occurs only in a minor fraction of cells 

(Wemhoner et al., 2006), in contrast to the reliable capping of LBs with DsRed-Farn. 
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We were unable to detect significant amounts of LAMP-3 fluorescence at the plasma 

membrane after stimulation with secretagogues, indicating that this loss of green 

fluorescence from the LB membrane will only account for a minor over estimation of 

DsRed- Farn transport rate in stimulated ATII cells.  

 

 

 

Fig. 5-6 Immunostaining of EEA1 in DsRed-Farn expressing ATII cells. Green fluorescence indicates 
the distribution of early endosomal antigen 1 (EEA1), red fluorescence corresponds to DsRed-Farn. A) 
Unstimulated control cells, B) ATII cells after 30 min ATP stimulation (arrow heads highlight granules at 
which DsRed-Farn and EEA1 colocalize), C) Wortmannin treated unstimulated cells, D) Wortmannin 
treated cells after 30 min ATP stimulation. 

In order to test the effect of blockers of endocytosis on DsRed-Farn uptake in a 

standardized way, we measured RPA after 30 min of ATP stimulation, because this 

resulted in an approximately twofold increase of RPA. Phenyl arsine oxide (PAO) was 

shown to block clathrindependent endocytosis by cross-linking clathrin subunits (Visser 

et al., 2004; Takano et al., 2004; Hertel et al., 1985). In our experiments PAO was 

ineffective to block DsRed-Farn accumulation on LB surfaces, suggesting that ATP 

stimulated DsRed-Farn translocation is not clathrin-mediated. In contrast to PAO, filipin 

and indomethacin both effectively blocked ATP-induced DsRed-Farn capping of LBs. 

Filipin is reported to disrupt cholesterol rich   membrane domains, which are essential 
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for the caveolae formation (Rothberg et al., 1990; Schnitzer et al., 1994). Indomethacin 

in turn is known to block the release of caveolae from the plasma membrane (Smart et 

al., 1995). However, several reports stated that caveolin- 1 is not expressed in ATII cells 

(Dahlin et al., 2004; Stevens et al., 2001). Since caveolin-1 is essential for caveolae 

dependent endocytosis (Drab et al., 2001), caveolin-1 dependent mechanism of 

endocytosis can be presumed to be absent in ATII cells (Stevens et al., 2001). 

Therefore, it is unlikely that indomethacin acted by inhibition of this pathway. However, 

clathrin and caveolin independent endocytosis, which depends on cholesterol, has been 

reported as well (Nabi and Le, 2003). These endocytotic pathways are sensitive to 

indomethacin (Llorente et al., 2000). Filipin also inhibits these cholesterol dependent 

pathways, most likely via cholesterol sequestration (Nabi and Le, 2003). Thus it 

appears that LB capping by DsRed-Farn depends on plasma membrane uptake via 

clathrin and caveolae independent endocytosis. A similar uptake mechanism was 

recently described for ABCA3 recycling (Bates et al., 2000). Interestingly, the induced 

membrane trafficking resulted in the accumulation of DsRed-Farn to discrete areas at 

LB surface and not in its random distribution over the entire limiting LB membrane. This 

implicates domain formation at LB surface of internalized plasma membrane 

components.  

Endocytosed cargo is targeted to the early endosome, where it is designated for 

recycling to the plasma membrane and separated from others which have to be 

processed via endosomal/lysosmal pathways. Endocytosed surfactant protein A is 

separated from lipidic surfactant components before entering early endosome (Wissel 

et al., 2001) and sent for resecretion back to the plasma membrane, whereas the lipidic 

surfactant content is further processed via endosmal/lysosomal pathways. Bafilomycin 

A1 was shown to prevent acidification of endosomal compartments by blocking vacuolar 

proton ATPases (Harada et al., 1997). The vacuolar acidification in early endosomal 

organelles is considered essential for protein sorting (Presley et al., 1997). By 

preventing early endosomal acidification, bafilomycin A1 prevents not only early 

endosomal sorting but also blocks the transport of endocytosed compounds to late 

endosomal organelles, whereas the uptake of particles into cells remains unaffected 

(Bayer et al., 1998). Here we report that bafilomycin A1 blocks the DsRed-Farn capping 

of LB. This result implies that the translocation of DsRed-Farn to LB surface depends 

on uptake and an appropriate processing in early endosomal compartments. We also 
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demonstrate here that wortmannin and LY294002 both block the translocation of 

DsRed-Farn to LBs and we show that ATP induces the accumulation of EEA1 to 

DsRed-Farn positive vesicular compartments. This is in contrast to internalized ABCA3 

proteins, which were reported not to colocalize with EEA1 positive early endosome 

(Wissel et al., 2001). Thus, the internalized DsRed-Farn is processed seperately from 

ABCA3 proteins, which were recently discussed as a marker for LB membrane turnover 

(Bates et al., 2000; Schaller-Bals et al., 2000), which gives evidence that plasma 

membrane is transported differently from LB membrane components. The EEA1 

accumulation was abolished by wortmannin. Type III phosphatidylinositol 3-kinase 

inhibitors like wortmannin and LY294002 were shown to impair the accurate transport 

and processing of internalized material at different points along the 

endosomal/lysosomal transport route (Reaves et al., 1996; Mills et al., 1998; Johnson et 

al., 2006; Brown et al., 1995). Wortmannin was recently shown to prevent homotypic 

fusion of early endosome (Jones et al., 1998) and to cause the dissociation of EEA1 

from early endosomal vacuoles (Mills et al., 1998; Simonsen et al., 1998). Thus the 

observed blocking of DsRed-Farn transport from the plasma membrane to LBs by 

wortmannin and LY294002 can be explained by impaired processing at the early 

endosome. This hypothesis is supported not only by the fact that the homotypic fusion 

is the first wortmannin-sensitive step after internalization along the 

endosomal/lysosomal pathway but also by the observation that wortmannin prevents 

the aggregation of EEA1, which was shown in the immunocytochemical experiments.  

The turnover of ABCA3   proteins in ATII cells was described to be preceded by 

surfactant exocytosis (Bates et al., 2000; Schaller-Bals et al., 2000).  However, the 

internalized ABCA3 transporters recycle back to existing LBs via endosomal organelles 

(Schaller-Bals et al., 2000) but bypasses the early endosome (Wissel et al., 2001). In 

the present study, we demonstrate that DsRed-Farn is also internalized upon 

secretagogue stimulation into ATII cells and our results support its transport via the 

early endosome, which is in contrast to the previously reported transport route of 

ABCA3 proteins (Wissel et al., 2001). Furthermore, contrary to recycled ABCA3 

proteins and internalized ambiphilic fluophores, DsRed-Farn is not incorporated into the 

lumen of LBs but co-localizes with LAMP-3-GFP, forming discrete domains at the 

limiting membrane of LBs. Lipidic material, which enters ATII cells, was shown to be 

transported towards LBs via a non-degradative route, which utilizes late endosome 
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related organelles [(Wissel et al., 1996). Furthermore, after secretagouge stimulation of 

ATII cells, ABCA3 proteins did not localize to lysosomal organelles after internalisation, 

but appears in LBs shortly after stimulation (Schaller-Bals et al., 2000). Thus a transport 

route to LBs, which is independent from classical lysosomal compartments exists in 

ATII cells and it is most likely, that the observed transport of DsRed-Farn described 

herein follows the same route, at least down stream from the early endosome. Since 

DsRed-Farn specifically labels the inner plasma membrane leaflet by a lipid anchor, this 

strongly suggests that DsRed-Farn is transported together with plasma membrane 

portions to be incorporated into the limiting membrane of LBs. We conclude that plasma 

membrane domains, which have been internalized can be transported differently from 

ABCA3 and converge at the limiting membrane of LBs. Why they form discrete “caps” 

and are not homogenously distributed within this membrane remains to be elucidated.  
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6.1 Abstract 

Streptolysin O (SLO) is a cholesterol dependent cytolysin (CDC) from pneumonia 

causing lung pathogen Streptococcus pyogenes. Like other cytolysins, SLO induces 

diverse types of Ca2+ signaling in host cells which play a key role in membrane repair 

and cell fate determination. However, the mechanisms behind SLO-induced Ca2+ 

signaling remain poorly understood. Here, we show that in NCI-H441 cells wild type 

SLO as well as non-pore forming mutant SLO-N402 induces long-lasting intracellular 

Ca2+ oscillations via depleting intracellular stores and activation of store dependent Ca2+ 

entry (SOC). Activation of SOC entry by SLO was confirmed in Ca2+ add-back 

experiments, pharmacological properties of Ca2+ oscillations and finally by silencing of 

STIM1 and Orai1 expression.  

In primary cultivated alveolar type II (ATII) cells SLO activated SOC channels as 

well but with a short-lived oscillatory Ca2+ response. Comparison of STIM1 and Orai1 

expression revealed a reverse stoichiometry of transcript levels in H441 and ATII cells. 

Overexpression of STIM1 and Orai1 proteins in ATII cells changed the short-lived 

oscillatory response into a long-lived one. Thus we conclude, that SLO mediated Ca2+ 

signaling involves Ca2+ release from intracellular stores and STIM1 / Orai1 dependent 

SOC entry. The phenotype of Ca2+ signaling depends on STIM1 / Orai1 expression 

levels. Our findings suggest a new role for SOC associated proteins in CDC-induced 

lung infection and pneumonia. 

6.2 Introduction 

Streptococcus pneumoniae and Streptococcus pyogenes are the most common 

pathogens which cause life threatening pneumonia associated with fluid accumulation 

in pleural cavity (Al-Kaabi et al., 2006). Pneumolysin has been identified as a major 

virulence factor of S. pneumoniae (Rubins and Janoff, 1998). A functionally and 

structurally related exotoxin (Walev et al., 2002) is also produced by S. pyogenes. 

These toxins belong to a group of bacterial cytolysins, which are described as 

cholesterol-dependent cytolysins (CDC) (Palmer, 2001). They bind to cholesterol rich 

regions, form pores in the plasma membrane (PM) upon oligomerisation and induce cell 

lysis (Palmer, 2001). Their cell damaging effect contributes to breakdown of epithelial 

barrier function in the lung. This crucial milestone in disease progression results not 

only in effusion problems and acute respiratory distress syndrome but also in 
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streptococcal invasion of the organism. In addition to their lytic function, CDCs exhibit 

pro-inflammatory effects on epithelial cells at sublytic concentrations (Ratner et al., 

2006; Ratner et al., 2005) and induce attraction of macrophages and neutrophils to the 

site of infection. 

Cells are able to resist and repair a limited number of membrane disruptions. The 

repair of mechanically damaged membranes depends on fusion of exocytotic 

organelles. The insertion of additional membrane patches at the site of membrane 

disruption plugs perforation (McNeil, 2002). More complex mechanisms are believed to 

be involved in membrane repair after CDC induced membrane damage. It has been 

reported that cells, which are damaged by the perforins, remove membrane pores by a 

mechanism described as membrane shedding (Pilzer and Fishelson, 2005; Cocucci et 

al., 2009). A similar mechanism seems to be involved in membrane repair after 

cytolysin attack (Babiychuk et al., 2009; Walev et al., 2002). Besides membrane 

shedding, additional mechanisms to eliminate toxin pores have been reported, such as 

toxin internalisation via endocytosis and exocytotic mechanisms (Husmann et al., 2009; 

Idone et al., 2008). 

The observation that resealing of mechanically disrupted membranes depends on 

Ca2+ mediated exocytosis, suggests a key role for Ca2+ in PM repair (McNeil, 2002; 

Vlahakis and Hubmayr, 2005). A role for Ca2+ has also been suggested in membrane 

repair after SLO induced damage, despite possible differences in repair mechanisms 

(Walev et al., 2002; Pilzer and Fishelson, 2005; Idone et al., 2008; Husmann et al., 

2009; Cocucci et al., 2009; Babiychuk et al., 2009). The course of [Ca2+]c
 elevation is 

supposed to determine cellular fate. If [Ca2+]c exceeds a critical threshold, cells undergo 

irreversible damage, whereas an oscillatory change in [Ca2+]c is accompanied by 

membrane repair mechanisms. Only cells in which [Ca2+]c does not exceed a certain 

threshold resist SLO induced cell death/damage (Babiychuk et al., 2009). 

So far, mechanisms, which regulate [Ca2+]c during CDC attack remain unexplained. 

It has been demonstrated that the pore forming exotoxin from E.coli, α-hemolysin, 

induces [Ca2+]c oscillations in renal epithelial cells. These oscillations were sensitive to 

L-type Ca2+ channel blockers and drugs interfering with phospholipase C (PLC) 

signaling (Uhlen et al., 2000). Although a minimal generic model lacking a CDC pore 

was generated from these data (Oxhamre et al., 2005), a later study contradicted this 

model and proposed Ca2+ entry via the toxin pore as a primary source of toxin-induced 

[Ca2+]c oscillations (Koschinski et al., 2006). However, the observation that listeriolysin 
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O induces Ca2+ signaling via multiple store dependent mechanisms (Gekara et al., 

2007) demonstrates the importance of intracellular Ca2+ stores not only as a Ca2+ 

sequester but also as a Ca2+ source for CDC induced Ca2+ signals. 

Here, we investigated Ca2+ signaling in distal airway epithelial cells upon exposure 

to SLO. We demonstrate that SLO induces [Ca2+]c oscillations (SICO) at sublytic 

concentrations via activation of store operated Ca2+ (SOC) entry. Results from siRNA 

mediated silencing and over-expression experiments confirm that SLO induced SOC 

entry is mediated by STIM1 and Orai1 dependent mechanism. Moreover, we show that 

it is the relative ratio of STIM1 and Orai1 that drives SICO. To the best of our 

knowledge this is the first description of SOC entry activation by CDCs in cells which 

are direct targets of bacterial toxins. Our study suggests that activation of SOC pathway 

is an intrinsic feature of the host response to bacterial infections in the lung. 

6.3 Materials and Methods 

6.3.1 Reagents 

All chemicals were purchased from Sigma- Aldrich (Munich, Germany) unless 

mentioned otherwise. Cell tracker green-AM ester, EGTA-AM ester, ER-tracker Red-AM 

ester, Fura-2-AM ester, Hoechst 33342, were from Invitrogen (Karlsruhe, Germany),  

ML-9 and NSC23766 from Tocris Bioscience (Missouri, USA), Nifedipine from 

Calbiochem (Darmstadt, Germany), H89 from Biaffin GmbH (Kassel, Germany). 

6.3.2 Drug treatment 

All compounds were prepared in DMSO unless stated otherwise. Cells were pre-

treated with drugs for 20 min unless mentioned otherwise. For loading cells with 

BAPTA-AM and EGTA-AM esters, cells were pre-incubated with 25 µM BAPTA-AM 

ester and 25 µM  EGTA-AM ester for 20 min followed by 25 min incubation in fresh 

media before starting the experiment. Streptolysion O (SLO,  from Streptococcus 

pyogenes, Sigma-Aldrich) was reconstituted in water and activated by freshly prepared 

5 mM DTT for two hours. Aliquots of 1 mg/ml were stored at -20 °C.  

6.3.3 Isolation of primary ATII cells and culture of H441 cells 

See chapter 3 for detailed method.  
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6.3.4 Cell culture of HEK293 cells 

HEK293 cells (ATCC) were grown in enriched DMEM supplemented with 10% fetal 

bovine serum, L-Glutamine, 1% sodium pyruvate, penicillin (100 U/ml) and streptomycin 

(100 μg/ml). Cells were seeded in 25-cm2 flasks and incubated in a humidified 

atmosphere of 10% CO2 at 37°C until they reached 80- 90% confluence and cells were 

passaged 2-3 times a week. 

6.3.5 Ratiometric Ca2+ measurement using Fura-2 

See chapter 3 for detailed method. For all Ca2+ measurements, only cells which still 

had the fura-2 fluorescence at the end of the experiment were considered for further 

analysis. For performing analysis, an ROI was drawn around the periphery of the cell 

and was used for subsequent analysis. 

For Fura-2 ratiometric measurement, background was subtracted using ROI, each 

cells was assigned an ROI and intensities at 340 nm and 380 nm were determined 

using ImageJ.  Ratio of these intensities, FRatio = F340/F380, provided the information 

about Ca2+ change over time.  

6.3.6 Ca2+ add-back assay 

Fura-2 loaded cells were used to measure SOC entry (Park et al., 2009). 

Cells were rinsed with Ca2+ free BS and place on the microscope and the fura-2 

measurements were started as described earlier (Usmani et al., 2010). Depending 

upon the experiment, intracellular Ca2+ store depletion was performed or not 

with (TG/SLO) and store release was monitored by increase in [Ca2+]c. When 

the[Ca2+]c level reached baseline, cells were again washed with Ca2+ free BS to 

remove any (TG/SLO) and after 3-4 min Ca2+ free BS was replaced with 2 mM 

Ca2+ BS, rise in [Ca2+]c was monitored and considered as SOC entry, further 

quantification and analysis was done offline. To test the specificity of SLO-induced 

SOC entry and compare it with TG-induced SOC entry, we treated cells with certain 

pharmacological agents which have been mentioned in the literature to block SOC 

entry. Treatment of blockers was performed after store depletion and differences in 

peak intensity of SOC entry were quantified and analyzed for significance. For 
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analysis we took F340/380 at 400 sec. after Ca2+ add-back in all conditions for 

comparison and statistical evaluations, and plotted as F340/380 = 2 mM Ca2+ 

F340/380 - 0 mM Ca2+ F340/380.  

6.3.7 Cell damage assay 

Assay of SLO-induced cell damage was performed microscopically in the presence 

(2 mM Ca2+ BS) or absence (Ca2+ free BS) of extra-cellular calcium. Cells were 

incubated in medium containing Hoechst 33342 to a final concentration of 10 μg/ml for 

10 min in a humidified atmosphere of 5% CO2 at 37°C. After washing cells to remove 

unbound Hoechst 33342 dye, cells were placed in respective bath solution containing 

50 μg/ml propidium iodide (PI) and treated with different concentrations of SLO. Time 

course of SLO induced cell damage was monitored on a microscope and cells co-

stained with both Hoechst and PI were marked as irreversibly damaged. In some 

experiments cell tracker green (5 μM final concentration, 30 min) was used to stain live 

cells followed by SLO treatment in presence of PI to monitor cell damage.  

6.3.8 ER staining 

Cells were incubated with ER-tracker Red-AM-ester for (1 μM final concentration, 

10 min.), cells were washed and mounted on Zeiss Cell observer equipped with a cool 

snap EZ CCD camera. Images were acquired with Fluar 40x / 1.3 oil objective (Zeiss, 

Göttingen Germany), using Metamorph software package version 7.5.5.0 (Visitron 

Systems GmbH, Pucheim Germany). Time course experiments were performed and 

images taken every minute for 10 minutes after SLO or mock treatment.  

6.3.9 Time-lapse fluorescence imaging of STIM1 and Orai1 

Adenovirus mediated over-expression of STIM1 and Orai1-fusion proteins was 

performed to visualize the dynamic assembly of STIM1 and Orai1 upon stimulation. For 

time lapse fluorescence microscopy an Axiovert Observer Z1 microscope (Zeiss) was 

used equipped with the monochrome camera MRm, a 63x Objective, the ApoTome 

imaging system for structured illumination, AxioVision software and filter sets for 

detection of STIM1-YFP (Zeiss filter set 46 with excitation filter 500/20/dichroic/emission 

filter 535/30) and Orai1-mCherry (Zeiss filter set 43HE with excitaiton filter 

550/25/dichroic/emission filter 605/70). Cells were grown on 3.5 cm ibidi dishes and 
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were transduced by adenoviruses 18- 20 hours prior to the experiments for over-

expressing STIM1-YFP and Orai1-mCherry fusion proteins. Immediately before 

experiments the media was replaced by Ca2+ free bath solution and cells were mounted 

onto the microscope. Images were taken every 2 minutes starting directly before 

application of 200 ng/ml SLO or mock treatment. For Image acquisition and analysis 

AxioVision software was used.  

6.3.10 siRNA Knockdown of STIM1 and Orai1 

To perform knockdown of STIM1 and Orai1 genes, we used StealthTM  siRNA 

technology (Invitrogen). H441 or HEK293 cells were transfected with siRNA oligos with 

Metfactane SI transfection reagent using manufacturer's instructions. Briefly, on an ibidi 

μ-Dishes (35 mm, low), lipoplex complex was prepared by pipeting 30 µl of 1X 

METAFECTENE® SI buffer followed by 1.5 µl of METAFECTENE® SI and 30 pmol of 

siRNA oligos and incubated for 15- 20 min at RT. To this mixture 200 µl of cell 

suspension was added and incubated at 37oC for 8-10 hours after which the medium 

was replaced. Transfection efficiency was generally 80-90 %, judged indirectly by co-

transfection with Alexa Fluor® 555-labeled, double-stranded RNA (Block-iT – Red). After 

3 days post-transfection cells were used for experiments. RT-PCR and western analysis 

was used to estimate the extent of knockdown. For single cell imaging experiments, 

only cells labeled with Block-iT–Red were used.  

Sequences of siRNAs used in the study (invitrogen):  

STIM1-HSS110309 

CAGGCCGGAAGAAGUUUCCUCUCAA 

Orai1-HSS131371 

GCAACGUGCACAAUCUCAACUCGGU 

6.3.11 qRT-PCR 

Total RNA was extracted from cells using RNeasy mini kit (Qiagen, Hilden, 

Germany) and cDNA synthesis was performed using Superscript vilo cDNA synthesis 

kit (Invitrogen) according to manufacturer' protocols. PCR reaction was performed using 

Express SYBR greenER kit (Invitrogen) with quantitect validated primer assay (Qiagen) 

according to manufacturer' protocols. Primers used for the genes: 

HMBS Rat, QT00179123 
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STIM1 Rat, QT01569575 

Orai1 Rat, QT01814400 

STIM1 Human, QT00083538 

HMBS Human, QT00014462 

Orai1 Human, QT01870043 

6.3.12  Western blot analysis 

Control and siRNA tranfected H441 cells were harvested by scraping in NuPAGE 

sample buffer, Western breeze kit (Invitrogen). Cells were sonicated followed by 

centrifugation (13000 g for 2 min). Samples were treated with reducing buffer and heat 

denatured (70 °C/10 min) followed by separation of equal amount of sample on 4–12% 

NuPAGE polyacrylamide Bistris gel (Invitrogen) and transferred onto PVDF membrane 

using iBlot dry blotting system (Invitrogen). Membranes were blocked using blocking 

solution for 30 min, washed,  incubated for 1 hr at room temperature with Mouse anti-

STIM1 (1:500) (BD Biosciences), Rabbit anti- Orai1 (1:500) (Sigma-Aldrich), Mouse 

anti-GAPDH (1:1000) (AbD Serotec), pre-diluted Pierce Anti-Villin-2 mouse monoclonal 

antibody (Thermo Fisher Scientific, Hamburg, Germany) and bands were visualized by 

secondary antibody solution (Invitrogen). ImageJ software was used to perform 

densitometric analysis. 

6.3.13 Statistical analysis and data presentation 

Offline image analysis including brightness/contrast correction was performed with 

ImageJ software. Data are presented as Mean ±SD and represent at least three or 

more independent experiments. Ntotal cells represent total number of cells tested for a 

particular condition. Igor Pro 5.04 (WaveMetrics Inc., Portland, OR, USA) was used for 

data analysis, curve fitting and graphs. Unpaired two tailed students t-test was used to 

determine statistical significance, (*) indicates P < 0.05. 

6.4 Results 

6.4.1 Streptolysin O induces oscillatory Ca2+ response 

To assess the lytic activity of SLO, we exposed H441 cells, a Human 

adenocarcinoma derived lung epithelial cell line to SLO at different concentrations. As 
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previously reported (Hirst et al., 2002; Mosser and Rest, 2006; Palmer, 2001; Sierig et 

al., 2003) we observed concentration dependent lytic activity, with lysis occuring at SLO 

concentraions of 300 ng/ml and above. However, the proportion of damaged cells was 

dramatically increased in the absence of extracellular Ca2+ (Fig. 6-1A-B). 

At sublytic concentration, SLO predominantly induced an oscillatory [Ca2+]c 

response (SICO), which stopped almost instantaneously after SLO was removed from 

extracellular solution demonstrating the reversibility of SLO-induced Ca2+ signaling (Fig. 

6-1C). The observation that SLO induced Ca2+ elevation in EGTA-AM preloaded cells 

but not in BAPTA-AM loaded cells (Fig. 6-1D) points toward a Ca2+ influx mechanism 

(Di et al., 2009; Neher, 1998). An obvious explanation for this observation would be the 

formation of SLO pores. Surprisingly, the non-pore forming mutant SLO-N402 (Harris et 

al., 1998; Walev et al., 2002) also induced oscillatory [Ca2+]c elevations (Fig. 6-1E). This 

finding implies that SLO-induced Ca2+ signaling does not depend on pores formed by 

SLO.  

 

 

Fig. 6-1 Effect of SLO exposure on H441 cells. A) Cell damage in cells exposed to 1 µg/ml SLO vs. 
control cells. Number on the top left of the image give time in minutes. Damaged cells were identified by 
propidium iodide staining (red fluorescence). Cells were counterstained using cell tracker green (green 
fluorescence). Scale bar 20 µm. B) Concentration dependence of SLO induced cell damage. Damaged 
cells were quantified as percentage of PI positive cells. Experiments were performed in the presence of 2 
mM extra-cellular Ca2+ (2 mM Ca2+) and in the absence of extra-cellular Ca2+ (0 mM Ca2+). C) Reversibility 
of SICO. Three representative Fura-2 measurements (n = 73 cells). Black bar above traces indicate time 
interval in which 200 ng/ml SLO was present in the bath solution. D) Representative Fura-2 measurement 
of cells preloaded with EGTA-AM ester (EGTA-AM, n =  50 cells) and BAPTA-AM ester (BAPTA-AM, n =  
50 cells). E) Representative Fura-2 measurement of cells exposed to the non-pore forming mutant SLO-
N402 (n =  133 cells). 
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6.4.2 SICO depends on SOC entry 

When 2 mM Ca2+ was present in the bath solution (BS), at sublytic concentration, 

SLO activated SICO in 93.6 % of cells with 15.6 ±10.2 peaks per cell. SICO lasted 

throughout the experimental duration (Fig. 6-2A, E, F and Appendix Fig. 4, 5).  

Fig. 6-2 Pharmacological properties of SICO in H441 cells. [Ca2+]c measurements in cells exposed to 
200 ng/ml SLO. Representative single cell measurements are given, cells in the presence of  2 mM Ca2+ 
bath solution (BS) (A), absence of Ca2+ BS (B), 2 mM Ca2+ and 50 µM ML-9 (C) and  2 mM Ca2+ and 50 µM 
2-APB (D). E) Quantification of cells responding to 200 ng/ml SLO in the presence of 2 mM (n = 429 cells) 
and 0 mM Ca2+ (n = 163 cells), 50 µM 2-APB (2-APB, n = 104 cells), 100 µM La3+ (La3+, n = 68 cells),  4 µM 
U73122 (U73122, n = 96 cells), 50 µM Wortmannin 20 min pre-incubation (Wort 20 min, n = 61 cells) and 
3.5 h pre-incubation (Wort 3.5 h, n = 50 cells), 1 µM Thapsigargin (TG, n = 161 cells) and 50 µM ML-9 (ML-
9, n = 126 cells). F) Quantification of [Ca2+]c peaks in cells shown in (E), given as number of peaks per 
responding cell (mean ±SD), asterisk denotes statistically significant difference with respect to cells treated 
with 200 ng/ml SLO in the presence of 2 mM Ca2+ BS (student's t-test, p < 0.05). 

 

In Ca2+ free BS, SLO induced short lived [Ca2+]c oscillations in 84.5 % of cells with 

3.5 ±1.7 peaks per responding cell (Fig. 6-2B, E). Blockers of IP3 pathway U73122 (Jin 

et al., 1994), 2-APB (Maruyama et al., 1997) and long term treatment of cells with 

wortmanin (Powis et al., 1994) inhibited SICO (Fig. 6-2D-F), which is in line with 

previous studies (Gekara et al., 2007; Oxhamre et al., 2005; Uhlen et al., 2000). 

Thapsigargin also abolished SICO (Fig. 6-2E, F). Thus, these results give evidence that 

SLO induces Ca2+ release from intracellular stores probably involving IP3 dependent 

pathways. 
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Fig. 6-3 SLO activates STIM1/Orai1 dependent SOC entry in H441 cells. A) Representative Ca2+ add-
back experiment. [Ca2+]c was measured using fura-2. Exchanges of bath solutions are indicated as vertical 
lines. Numbers above give extra-cellular [Ca2+]c in mM. SLO indicates time interval during which cells were 
exposed to 200 ng/ml SLO. B) Increase in [Ca2+]c after Ca2+ add-back was quantified as difference in fura-2 
ratio measured before Ca2+ add-back and 400 sec after Ca2+ was added back to the bath solution. C) 
Representative ratiometric fura-2 measurement of [Ca2+]c in cells transfected with Orai1 siRNA(Orai1 -/-), 
STIM1 siRNA (STIM1 -/-) and with scrambled siRNA (scr) as control. D) Orai-1 expression levels were 
quantified relative to HMBS expression using real time RT-PCR in cells transfected with Orai1 siRNA (Orai1 
-/-), tranfected with scrambled siRNA (scr) and non-transfected cells (control). E) STIM1 expression levels 
were quantified relative to HMBS expression by real time RT-PCR in cells transfected with STIM1 siRNA 
(STIM1 -/-), tranfected with scrambled siRNA (scr) and non-transfected cells (control). F) Immuno detection 
of proteins in western blot experiments. GAPDH and villin-2 were used as loading controls. Whole cell 
lysates were obtained from non-treated control cells (Con), cells transfected with scrambled siRNA (scr) 
and cells transfected with siRNAs to silence STIM1 and Orai1 expression (STIM1 -/- and Orai1 -/-). 

 

SICO in H441 cells did not solely depend on store release but also on Ca2+ influx. 

First of all, ML9, which blocks SOC entry (Smyth et al., 2008), resulted in short lived 

Ca2+ oscillations upon SLO exposure, even in the presence of 2 mM Ca 2+ in BS (Fig. 6-

2C, E, F, 90.1 % of cells with 6.7 ±1.6 [Ca2+]c peaks per cell). Thus, ML-9 seems not to 

inhibit SLO-induced store release, but Ca2+ influx, which is necessary for maintaining 

SICO. Also lanthanides blocked SLO induced Ca2+ signaling almost completely (Fig. 6-

2E, F and Appendix Table 1).  

Since the pharmacological properties of SICO resemble those known for SOC 

entry, we employed Ca2+ add-back experiments to test whether SLO activates SOC 

entry (Park et al., 2009). In Ca2+ free BS, SLO-induced a transient [Ca2+]c elevation 

evidently via Ca2+ release from intracellular stores. When [Ca2+]c reached basal levels, 
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SLO was washed out to ensure, that no Ca2+ conducting SLO pore remained in the PM. 

In order to identify activation of SOC pathway, Ca2+ was added to BS. In SLO treated 

cells Ca2+ add-back initiated a significant [Ca2+]c increase (Fig. 6-3A, B), which was 

measured as ∆F340/380= F2mM Ca- Fwo Ca (with F2mM Ca = fura-2 ratio after Ca2+ add-back 

and Fwo Ca = fura-2 ratio before Ca2+ add-back). Evidently, SLO activates SOC entry. 

This hypothesis was confirmed by the fact that knockdown of STIM1 and Orai1 

expression (Fig. 6-3D-F) abolished SICO and resulted in short lived [Ca2+]c oscillations 

in 40 % (STIM1-/-) and 20 % of cells (Orai1-/-) in the presence of 2 mM Ca2+ BS. 

Alternative CDC activated pathways like L-type Ca2+ channels (Uhlen et al., 2000), 

purinergic signaling (Geyti et al., 2008; Skals et al., 2009) and activation of GTPase 

(Iliev et al., 2007) were not applicable to SICO (Table A1) as well as possible 

contamination of SLO with lipopolysaccharides was ruled out (Appendix Fig. 1). 

6.4.3 SLO induces SOC entry in primary lung epithelial cells 

To test whether SLO-induced activation of SOC entry applies also to distal lung 

epithelia, we investigated its effect on primary cultivated ATII cells (Fig. 6-4). In the 

presence of 2 mM Ca2+ BS, SLO-induced short lived Ca2+ oscillations in 77.5 % of cells. 

In contrast to H441 cells, far less oscillations were observed in ATII cells in 2 mM Ca2+ 

BS (2.4 ±1.6 peaks per cells vs. 15.6 ±10.2 peaks per cell for H441 cells). In 0 mM Ca2+ 

BS, number of responding cells was same, 76.9 % (Fig. 6-4B). However, number of 

peaks per cell was slightly but significantly reduced (2.4 ±1.6 versus 1.8 ±0.9 peaks per 

responding cell for 2 and 0 mM Ca2+ BS, respectively, t-test p = 0.03). 

In Ca2+ add-back experiments SLO induced [Ca2+]c increase after Ca2+ was 

added to BS (Fig. 6-4C) to a similar extent as thapsigargin, which is commonly used to 

activate SOC entry. The pharmacological properties of the SLO-induced Ca2+ increase 

resembled those of SOC entry (Fig. 6-4D). Thus, SLO activates SOC entry in primary 

lung epithelial cells. 
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Fig. 6-4 SLO activates SOC entry in primary cultivated rat ATII cells. Representative [Ca2+]c 
measurements in cells exposed to 200 ng/ml SLO in 2 mM Ca2+ containing bath solution BS (2 Ca2+) , n = 
429 cells (A) and 200 ng/ml SLO in 0 mM Ca2+ BS (0 Ca2+), n = 183 cells (B). C) Representative Ca2+ add-
back experiment (n = 142 cells for control and n = 183 cells for SLO). Exchanges of BS are indicated as 
vertical lines. Numbers above give [Ca2+] of BS in mM. SLO represents the time interval during which cells 
were exposed to 200 ng/ml SLO. D) Pharmcological properties of [Ca2+]c increase observed in Ca2+ add-
back experiments (C). [Ca2+]c increase was quantified as differences in fura-2 ratio measured before and 
400 sec after Ca2+ add-back. Control = non-treated cells (n = 142 cells), TG = cells treated with 1 µM 
thapsigargin (n = 67 cells), SLO = cells exposed to 200 ng/ml SLO (n = 183 cells), SLO + Gd (n = 83 cells), 
SLO + La (n = 45 cells), SLO + 2-APB (n = 40 cells) and SLO + ML-9 (n = 58 cells) = cells exposed to SLO 
in the presence of 100 µM Gd3+, 100 µM La3+, 50 µM 2-APB and 50 µM ML-9. 

6.4.4 SLO induces translocation of STIM1/Orai1 to ER-PM junctions 

Activation of SOC channels depend on translocation of STIM1 subunits towards 

ER-PM junctions, where they activate SOC entry by interaction with Orai1 subunits 

(Stathopulos et al., 2008). When STIM1-YFP and Orai1-mCherry were co-expressed 

either in H441 (Fig. 6-5A) or ATII cells (Fig. 6-5C), Orai1 was localised at the PM 

whereas STIM1 showed an intracellular distribution  in non-stimulated cells. 

Exposure to SLO, changed intracellular STIM1-YFP within 2 minutes and STIM1-

Orai1 co-localization was observed in discrete domains at the PM (Fig. 6-5B, D). This 

observation also strongly supports the hypothesis that SLO induces SOC entry. 

6.4.5 STIM1 and Orai1 expression pattern is important for SICO 

We investigated the expression patterns for STIM1 and Orai1 in cell lines (H441 

and HEK293 cells) and primary ATII cells. STIM1 was 5.0 ±1.8 and 1.9 ±0.3 fold higher 

expressed than Orai1 in H441 and HEK293 cells, respectively, whereas in ATII cells 

STIM1 expression level was only 0.6 ±0.2 fold compared to Orai1 (Fig. 6-6A). To test 

whether STIM1/Orai1 expression levels had an impact on SICO, we over-expressed 

these proteins in ATII cells. SICO was observed in 43 % of STIM1 expressing cells and 

in 88% of STIM1/Orai1 expressing cells, whereas Orai1 over-expression resulted in 23 

% cells showing SICO (Fig. 6-6B-E). 
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Fig. 6-5 Time-lapse fluorescence imaging of STIM1-YFP and Orai1-mCherry expressing cells 
exposed to SLO. Number on the top left of the image give time in minutes after 200ng/ml SLO. Scale bar 
10 µm. Line through the cell indicates the ROI used for calculating plot profile of STIM1 (Green) and ORAI1 
(Red) by measuring relative fluorescence area (RFU), shown below the respective cells. SLO treated H441 
Cells at 0 (A) and 6 min (B). SLO treated ATII Cells at 0 (C) and 6 min (D). 

 

6.5 Discussion 

We demonstrated that SLO induces [Ca2+]c oscillations via depletion of intracellular 

Ca2+ stores and SOC entry when applied at sub-lytic concentrations to lung epithelial 

cells. This signaling mechanism strongly depends on STIM1 and Orai1 and not on SLO 

pore.  
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Fig. 6-6 Ca2+ measurement in STIM1 and Orai1 over-expressing ATII cells. A) Expression of STIM1 vs. 
Orai1 mRNA transcripts in H441, HEK293 and ATII cells. B) Representative fura-2 measurements of 
Control, (C) STIM1, (D) Orai1 and (E) STIM1 + Orai1 over-expressing cells treated with 200 ng/ml SLO. F) 
Bar diagram gives percentage of ATII cells showing SICO in Control (n = 27 cells), STIM1 (n = 35 cells), 
Orai1 (n = 27 cells) and STIM1 + Orai1 (n = 23 cells) over-expressing cells. 

 

CDCs are major virulent factors of Streptococcus pyogenes and Streptococcus 

pneumoniae. These cytolysins induce complex intracellular Ca2+ signaling (Babiychuk et 

al., 2009; Gekara et al., 2007; Krause et al., 1998; Uhlen et al., 2000) which is 

hypothesised to determine cell fate (Babiychuk et al., 2009; Idone et al., 2008). 

Nevertheless, the underlying molecular mechanisms are poorly understood. For α-

hemolysin and listeriolysin O it is beliveved that Ca2+ signaling is orchestrated by Ca2+ 

release from intracellular stores (Gekara et al., 2007; Oxhamre et al., 2005; Uhlen et al., 

2000). However, this is somewhat controversial, as another study discussed Ca2+ influx 

solely via toxin pores and argued that intracellular stores play a secondary role as Ca2+ 

sequesters (Koschinski et al., 2006).  Our observation in H441 cells that the non-pore 

forming mutant SLO-N402 induced SICO similar to wild type SLO demonstrated that 

SLO pore is not necessary for SICO at sublytic concentrations.  
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We observed short lived [Ca2+]c oscillations, in the absence of extracellular Ca2+ 

indicating Ca2+ release from the intracellular stores. This was further supported by the 

observed thapsigargin sensitivity of SICO. Thus, SLO mobilises Ca2+ from intracellular 

stores.  

Based on our results, SLO-induced store release possibly depends on PLC-IP3 

pathway, since it was sensitive to wortmannin, U73122 and 2-APB blockers of PI3-

Kinase (Powis et al., 1994), phospholipase C (Gekara et al., 2007; Oxhamre et al., 

2005; Uhlen et al., 2000) and IP3 receptors (Maruyama et al., 1997), respectively. A 

damaging effect or direct interaction with ER, as reported for listeriolysin O (Gekara et 

al., 2007) can be ruled out for SLO (Fig S4). 

Intracellular Ca2+ release represents one component of SICO. The fact that 

preloading of cells by EGTA-AM did not abolish SLO induced Ca2+ increase as well as 

the observation that SICO depends on extracellular Ca2+ gives evidence for Ca2+ influx.  

This dual dependency of SICO on Ca2+ release form stores and Ca2+ influx 

points towards capacitative or store operated Ca2+ signaling. Such a mechanism would 

explain the pharmacological properties of SICO and is well supported by Ca2+ add-back 

experiments. However one can argue that SLO pore formation can contribute to Ca2+ 

entry upon Ca2+ add-back. We have shown that SLO-induced Ca2+ signaling stopped 

almost instantaneously upon washout. Thus the SLO washout, which precedes Ca2+ 

add-back, is sufficient to remove SLO almost completely as it was reported for α-

hemolysin (Koschinski et al., 2006). Furthermore, SLO-induced co-assembly of STIM1 

and Orai1 at the PM. Finally, silencing of STIM1 and Orai1 also abolished SICO. All 

these evidences support the hypothesis that SLO induces SOC entry.  

Similar to H441 cells, SICO were also observed in human embryonic kidney 

cells (HEK293) (Appendix Fig. 3). This implies that SICO is a principle cellular response 

to SLO. Surprisingly, this assumption does not apply to primary cultivated ATII cells, in 

which SLO induces only short-lived [Ca2+]c oscillations. 

This raises the question whether SLO activates SOC entry in ATII cells as it does in 

the tested cell lines. To our surprise, SLO induced [Ca2+]c elevation in Ca2+ add-back 

experiments in ATII cells and showed pharmacological properties typical for 

thapsigargin induced SOC entry (Putney, 2009).  

Also, the observation that over-expression of Orai1-mCherry and STIM1-YFP 

fusion proteins resulted in punctated co-localization of STIM1 and Orai1 at the PM upon 
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SLO exposure points towards SOC channel formation. We also tried to knockdown 

STIM1 and Orai1 in primary ATII cells, using siRNA approach but we could not get an 

efficient knockdown for the following reasons: i) in culture ATII cells starts to 

dedifferentiate immediately, therefore they are maintained in culture for 2 days only, ii) 

transfection methods enhance the dedifferentiation and iii) transfection efficiency was 

very low compared to other cell types. Nevertheless, our results show that despite the 

apparent differences in [Ca2+]c oscillations between the tested cell lines and ATII cells, 

SLO was still able to activate SOC channels in ATII cells. How can this obvious 

discrepancy be explained? It has been recently shown that STIM1 regulates SOC entry-

induced Ca2+ oscillations (Bird et al., 2009).  Furthermore, Parekh suggested that the 

stoichiometry of STIM1/Orai1 subunits is essential to cluster micro-domains from which 

Ca2+ can enter the cell, resulting in Ca2+ oscillations (Parekh, 2010). Our study revealed 

a remarkable difference in STIM1/Orai1 stoichiometry between cell lines and primary 

cultivated ATII cells. This raises the idea that this difference could explain the observed 

anomaly in cellular [Ca2+]c oscillations patterns between these cell types. This notion 

was further strengthened by the fact that altering the stoichiometry of STIM1 and Orai1 

by over-expression resulted in an increased number of long-lived [Ca2+]c oscillations in 

ATII cells.  

Beside SOC entry, other possible pathways of Ca2+ signaling were reported for 

lung alveolar cells. Especially, purinergic stimulation is of certain interest in exposure of 

host cells to SLO, since hemolysin was reported to utilize purinergic pathways to 

enhance its cell damaging potency (Skals et al., 2009). However, based on the 

observation that inhibitors of purinergic signaling showed no effect on SICO, we can 

rule out such a mechanism for SLO.  

 [Ca2+]c oscillations induced by CDCs were reported for many cellular systems 

and different cytolysins (Babiychuk et al., 2009; Gekara et al., 2007; Koschinski et al., 

2006; Oxhamre et al., 2005; Uhlen et al., 2000). Here, we demonstrated that SLO as an 

archetype of this toxin family is able to induce [Ca2+]c oscillations in lung epithelial cells. 

Based on our data it is evident that store release and SOC entry, but not Ca2+ entry via 

toxin pores, are the major components of SLO induced Ca2+ signaling at non-lytic toxin 

concentrations. It was recently hypothesized that [Ca2+]c operates a switch which 

determines cellular fate when cells are exposed to SLO (Babiychuk et al., 2009). At the 

SLO concentrations used in this study we did not observe any cell damage and Ca2+ 

influx through SLO pores does not contribute significantly to Ca2+ signaling. At lytic toxin 
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concentrations, the formation of toxin pores as Ca2+ entry pathway becomes the major 

and limiting component for [Ca2+]c elevation. Under these circumstances SOC entry 

may become irrelevant for cell fate determination. However, the identified SLO-induced 

SOC entry reported herein might be relevant in early stages of streptococcal infection in 

which the local exotoxin concentration does not reach cell damaging levels. CDCs were 

reported to induce pro-inflammatory response in different cell types  including lung 

epithelial cells (Uhlen et al., 2000; Ratner et al., 2006; Ratner et al., 2005). These 

effects were accounted as early response mechanisms of epithelial cells against 

pathogen invasion. SOC entry was found to drive gene expression and cFos induction 

(Chang et al., 2006; Di et al., 2009). Therefore, SOC activation by SLO can be a part of 

an early response mechanism of the host’s defence against invasive pathogens 

(Appendix Fig. 6, 7). Such a defence mechanism would be relevant especially in lung 

epithelial cells which are exposed with their extremely large surface area to the 

environment. An effective mechanism for sensing and defending pathogens would help 

to effectively avoid damage of lung epithelia and would ensure its appropriate barrier 

function.  
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7. Summarizing Discussion 

Ca2+ signaling plays a central role in physiological functioning of the lung, however, 

the basic underlying mechanisms are still not well understood. The goal of the present 

study was to investigate the Ca2+ signaling mechanisms in alveolar epithelial cells. For 

this purpose we selected two different models of alveolar epithelial cells, primary 

cultivated alveolar type II cells from rat and NCI-H441 cells, a human adenocarcinoma 

cell line of alveolar origin.  

We characterized the calcium signaling pathways in these two different cell models 

and compared their pharmacological and mechanistic aspects.  

For characterization of Ca2+ signaling pathways, we used different Ca2+ channels 

modulators and analyzed their Ca2+ response on these cells. We found that of all the 

compounds tested, 2- Aminoethoxydiphenyl-borinate (2-APB) and capsazepine (CPZ) 

induced intracellular calcium ([Ca2+]c) increase in a concentration dependent manner. 

The [Ca2+]c increase was sensitive to depletion of extracellular Ca2+ from the bath and 

the blockers of Ca2+ entry pathway such as La3+, SKF96365, SB366791. Surprisingly, 

when applied together, 2-APB/CPZ elevated [Ca2+]c in a biphasic manner, initial peak 

followed by a steady state with similar pharmacological sensitivities. Next, we looked at 

the cell biological and physiological aspects downstream to the Ca2+ signaling in these 

cells and found that activation of specific Ca2+ influx pathway by 2-APB/CPZ results in a 

massive endocytosis of plasma membrane as quantified by FM1-43 internalization and 

increase in intracellular vacuoles (Usmani et al., 2010). To further characterize the 

endocytotic mechanisms, we used pharmacological modulators and blocked all the 

major endocytosis pathways and found that the Ca2+ influx dependent endocytosis is a 

clathrin mediated process.  

We further characterized this endocytic pathway using confocal imaging, atomic 

force microscopy and electron microscopy and observed that 2-APB/CPZ mediated 

Ca2+ influx leads to rapid, reversible and synchronized internalization of microvilli from 

ATII cell surface. We were further able to show that this event takes place with the re-

organization of cytoskeletal elements (Hecht et al., 2010). 

Contrary to this, we observed that activation of purinergic pathway results in 

another endocytic process which is independent of clathrin and caveolin -dependent 

mechanisms (Albrecht et al., 2010). This finding suggested that activation of specific 
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Ca2+ entry pathways result in specific outcomes. Purinergic stimulation by ATP 

increases [Ca2+]c in ATII cells (Frick et al., 2001a). We observed that ATP and other 

secretagogues activated endocytosis of membrane from PM to LBs, independent of LB 

exocytosis (Albrecht et al., 2010). 

Bacterial infections such as pneumonia are caused by pathogens which also 

secrete toxins, for example, Streptococcus pyogenes, a lung pathogen secretes 

streptolysin O (SLO), a cholesterol dependent cytolysin (CDC) which contributes to the 

pathogenicity of the bacterium. In this study, we challenged alveolar cells with 

streptolysin O and studied the early cellular response in terms of effects on Ca2+ 

signaling, gene activation and pro-inflammatory response. We observed that SLO 

induced a complex Ca2+ response in these cells which was found to be dependent on 

both, intracellular Ca2+ stores, as well as Ca2+ entry. We further observed that SLO 

activated sustained Ca2+ oscillations in H441 cells, whereas in ATII cells, SLO induces 

only brief and short-lived Ca2+ oscillations which are markedly different from the ones 

observed for H441 cells. It was shown in H441 cells using siRNA knockdown that 

STIM1 and Orai1 are important proteins involved in SLO-activated Ca2+ oscillations. To 

further confirm the role of STIM1 and Orai1 in this process we used fluorescently 

tagged STIM1 and Orai1 proteins and found that upon SLO exposure these proteins co-

localized on the membrane and formed punctated structures. Interestingly, SLO 

activated a store operated Ca2+ entry in both cells which was measured using Ca2+ add-

back experiments. This can be explained by the fact that SLO was able to deplete store 

from both cell types in the absence of extracellular Ca2+. The striking differences in Ca2+ 

oscillations between H441 cells and primary cultivated ATII cells can possibly be 

explained on the basis of differences in the expression pattern of STIM1 and Orai1 

proteins in primary cultivated ATII cells from that of H441 cells. Our data suggests that 

most likely, differences in expression patterns of STIM1 and Orai1, play important role 

in driving the SLO-induced Ca2+ oscillations. Our findings for SLO are markedly different 

from previous observations for other CDCs. The existing models which are currently 

discussed to explain CDCs induced Ca2+ oscillations are 1) L type calcium channel 

(LTCC) dependent Ca2+ entry and 2) pore on its own model (Fig. 7-1). These models fail 

to explain the observed Ca2+ oscillations in the absence of extracellular Ca2+. 
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Fig. 7-1 Schematic diagram showing current models of CDC-induced Ca2+ signaling. A) Indirect Ca2+ 
mobilization model: CDCs induce IP3 dependent Ca2+ store release and activation of L-type Ca2+ channels. 
B) Pore on its own model: CDCs form Ca2+ pores on their own. Ca2+ is pumped into ER and out of the cell 
by Ca2+ pumps.  

   

However, our study demonstrated that SLO activates SOC entry and SLO-induced 

Ca2+ signaling is independent of pore formation by the toxin. Furthermore, the fact that 

our findings implicate STIM1 and Orai1 dependent store operated Ca2+ entry as a major 

pathway in SLO-induced Ca2+ signaling implies that the current models need to be 

revised for CDC- induced Ca2+ signaling as shown in (see Fig. and 7-1 and 7-2) as 

these models do not apply to SLO-induced Ca2+ in alveolar epithelial cells. 

In contrast to the pharmacological activation of Ca2+ signaling by 2-APB/CPZ or 

ATP, SLO-induced Ca2+ signaling activated a pro-inflammatory response which was 

measured by increased expression in pro-inflammatory genes such as c-fos, IL-8 and 

COX-2 etc. Most importantly, there was a direct relation between SLO-induced Ca2+ 

oscillation and activation of pro-inflammatory response.  
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Fig. 7-2 SLO-induced Ca2+ signaling in alveolar epithelial cells. SLO induces intracellular Ca2+ store 
depletion possibly via IP3 pathway which leads to STIM1 and Orai1 dependent SOC entry. 
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8. Summary 

The Lung is an important organ of the body which performs the function of gas 

exchange and maintenance of homeostasis. To do this function lungs are endowed with 

an extremely large surface which is exposed to the environment and is prone to 

environmental influences as well as pathogen.  

Alveoli are the smallest and the most important part of respiratory system, the 

alveolar epithelium is composed of alveolar epithelial type I and type II (ATII) cells. ATII 

cells, account for about 95% of the alveolar cell population and perform many of the 

essential functions in the alveolus such as surfactant exocytosis and maintenance of a 

thin layer of surfactant on alveolar epithelial surface by endocytosis. Ca2+ signaling 

plays a crucial role in ATII cell functioning. Therefore, the aim of this work was to 

characterize the complex Ca2+ signaling mechanisms in ATII cells and to investigate 

cellular processes which are regulated by specific Ca2+ signaling pathways.  

In this study, we showed that the Ca2+ channel modulators 2- 

Aminoethoxydiphenyl-borinate and capsazepine, activated a Ca2+ signaling pathway 

which, in turn activated clathrin -dependent endocytosis. Further experiments showed 

that the endocytosis mediated a reversible and synchronized internalization of microvilli 

from the cell surface. This process was associated with the restructuring of cytoskeletal 

components.  

ATP activates purinergic receptors resulting in an increased intracellular calcium 

([Ca2+]c) that activates release of surfactant from ATII cells. Unlike the Ca2+ signaling 

triggered by 2-APB and capsazepine, purinergic stimulation with ATP activated an 

endocytic process which was independent of both clathrin and caveolin pathways.  

In addition to the pharmacological activation of intracellular Ca2+ signaling, we also 

showed that the exotoxin from Streptococcus pyogenes, streptolysin O (SLO), can 

trigger a complex Ca2+ signaling. SLO is a toxin which forms pores in the cell 

membranes of target cells by oligomerization. Previously, it was assumed that the 

formation of toxin pores results in a strong Ca2+ influx into the cell and ultimately causes 

cell damage. Our results challenge the existing notion, and show that SLO-induced 

signaling can take place independently of toxin pore; and that intracellular Ca2+ stores 

play an essential role in SLO-activated Ca2+ signaling. In this study, we showed for the 

first time that intracellular Ca2+ stores play an important role in SLO-activated Ca2+ 
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signaling and activate STIM1 and Orai1 proteins mediated store operated Ca2+ (SOC) 

entry. We also showed that SOC entry forms the basis of early host response to SLO 

and results in inflammatory reaction in the epithelial cells.  

Among other important observations, this work showed that physiological and 

patho-physiological outcomes can be distinguished on the basis of underlying Ca2+ 

signaling. Our results show that physiologically Ca2+ signaling plays an important role in 

regulating endocytic processes in alveolar epithelial cells through different pathways. 

On the other hand, bacterial toxin streptolysin O, which at the concentrations used in 

our study represents an early stage of a streptococcal infection, induced a Ca2+ 

signaling pathway which resulted in pro-inflammatory response. 
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9. Zusammenfassung 

Die Lunge ist eines der wichtigsten Organe eines Organismus, da sie dessen 

Gasaustausch mit der Atmosphäre ermöglicht und so die Zusammensetzung des 

inneren Milieus  aufrechterhält. Um diese Aufgebe zu erfüllen, präsentiert die Lunge 

ihre extrem große Oberfläche der Umwelt und somit auch schädigenden 

Umwelteinflüssen und Pathogenen. 

Diese Oberfläche wird durch Epithelzellen gebildet, die die Atemwege und die 

Alveolen auskleiden. Diese Zellen besitzen Mechanismen, um auf Umwelteinflüsse 

adäquat  Zu reagieren. Diese zelluläre Reaktionen werden häufig durch eine komplexe 

Modulation der intrazellulären Ca2+-Konzentration gesteuert. Daher war es Ziel dieser 

Arbeit, die komplexen Ca2+ Signalwege in alveolaren Typ II (ATII) Zellen der Lunge zu 

charakterisieren und zu untersuchen, welche zellulären Prozesse durch das jeweilige 

Ca2+-Signal reguliert werden. 

In dieser Arbeit konnte gezeigt werden, dass die Ca2+ Kanalmodultoren 

Capsazepin und 2-APB ein Ca2+-Signal in epithelzellen der Lunge auslösen und so eine 

Clathrin abhängige Endozytose aktivieren. Gleichzeitig werden zelluläre 

Oberflächenstrukturen, die so genannte Microvilli, internalisiert. Dieser Prozess war an 

die Umstrukturierung zytoskelettärer Bestandteile gekoppelt. 

Mit Hilfe von ATP kann in den ATII Zellen über purinerge Rezeptoren ein Ca2+ 

Signal ausgelöst werden, das zwei Zellfunktionen in den  ATII Zellen aktiviert. Zum 

einen die Ausschüttung (Exozytose) von Oberflächen aktiven Substanzen, dem so 

genannten Surfactant, zum anderen die Internalisierung von Bestandteilen der 

Plasmamembran. Anders als im Fall des Ca2+ Signals, welches durch Capsazepin und 

2-APB ausgelöst wird, ist die Internalisierung nach purinerger Stimulation unabhängig 

von Clathrin aber auch von Caveolin. 

Neben der pharmakologischen Aktivierung intrazellulärer Ca2+ Signale konnten wir 

zeigen, dass das Exotoxin aus Streptococcus pyogenes, Streptolysin O (SLO), 

ebenfalls ein komplexes Ca2+ Signal auslösen kann. SLO ist ein Toxin, dass durch 

Oligomerisierung Poren in Zellmembranen bildet. Bisher wurde vermutet, dass die 

Bildung der Toxinporen zu einem starken Ca2+ Einstrom in die Zelle führt, die so 

letztendlich geschädigt wird. In dieser Arbeit konnte gezeigt werden, dass das SLO 

ktivierte Ca2+ Signal von den zellullären Proteinen STIM1 und Orai1 abhängt. Diese 



Calcium signaling in alveolar epithelial cells 

 

 102

Proteine vermitteln einen Ca2+ Einstrom, der über die Entleerung intrazellulärer Ca2+ 

Speicher kontrolliert wird. Dieses Ca2+ führt zu einer Entzündungsreaktion in den 

Epithelzellen. 
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Appendix 

 

Supplementary results from chapter 6.  

 

 

 

Appendix Fig. 1 Effect of lipopolsaccaride (LPS) on ATII Cells. Ratiometric fura-2 measurements of 
[Ca2+]c in cells exposed to 1 or 3 µM LPS in the presence or absence of  2 mM Ca2+ containing bath 
solution. n = 41 cells for mock treatment, n = 41 for 1 µM LPS  (2 Ca2+),  n = 41 for 1 µM LPS  in (2 Ca2+),  
n = 33 for 3 µM LPS  in (2 Ca2+),  n = 42 for 1 µM LPS  in (0 Ca2+), n = 42 for 3 µM LPS  in (0 Ca2+). 1 µM 
Ionomycin was used a positive control. 
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Appendix Fig. 2 Effect of SLO on ER integrity. Time-lapse fluorescence imaging of H441 cells stained 
with ER tracker-red dye. Number on the top left of the image give time in minutes after 200ng/ml SLO or 
mock treatment (control). Scale bar 20 µm. A) Mock treated H441 cells (Control), (B) fluorescence (AFU) 
plotted as over time for experiment in (A). C) SLO treated H441 cells (SLO), (D) fluorescence (AFU) plotted 
as over time for experiment in (A). 

  

1.5

1.0

0.5

R
F

U

6004002000
time [sec]

1.5

1.0

0.5
R

F
U

6004002000
time [sec]

0 10

0 10

A) B)

C) D)

Control

SLO

1.5

1.0

0.5

R
F

U

6004002000
time [sec]

1.5

1.0

0.5
R

F
U

6004002000
time [sec]

0 10

0 10

A) B)

C) D)

Control

SLO



Calcium signaling in alveolar epithelial cells 

 

 125

 

 

Appendix Fig. 3 Effect of SLO on HEK293 cells. Representative ratiometric fura-2 measurements of 
[Ca2+]c in cells exposed to 100 ng/ml SLO (n = 86 cells for control and n = 523 cells for SLO) in bath 
solution containing 2 mM Ca2+ (A) and 0 mM Ca2+ bath solution (n = 92 cells for control and n = 182 cells 
for SLO) (B). C) Representative Ca2+ add-back experiments (n = 97 cells for control and n = 180 cells for 
SLO). [Ca2+]c was measured using fura-2. Exchanges of bath solutions are indicated as vertical lines. 
Numbers above give extra-cellular [Ca2+] in mM. SLO indicates time interval during which cells were 
exposed to 100 ng/ml SLO. D) Increase in [Ca2+]c after Ca2+ add-back was quantified as difference in fura-2 
ratio measured before Ca2+ add-back and 400 sec after Ca2+ was added back to the bath solution. E) 
Representative ratiometric fura-2 measurement of [Ca2+]c in cells transfected with orai1 siRNA (orai1-/-, n = 
110 cells), stim1 siRNA (stim1-/-, n = 127 cells) and with non-targeting siRNA (NT-siRNA, n =  149 cells) as 
control. 
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Appendix Fig. 4 Time distribution analysis of SLO activated [Ca2+]c peaks. A) H441 cells: Time 
distribution of [Ca2+]c peaks for SLO treated H441 cells in the presence of 2 mM and 0 mM Ca2+, 50 µM ML-
9 and 50 µM 2-APB. Number of [Ca2+]c peaks were counted for an 100 sec time intervals, normalized to the 
number of cells responding to SLO and plotted against the time interval. Data points are given as mean 
values, lines through data points were calculated as best fit according to single boltzmann equation for 0 
mM Ca2+, ML-9 and 2-APB and according to double boltzmann equation for 2mM Ca2+ (fit parameters are 
given in the text). The distribution of  [Ca2+]c peak corresponds best to a bimodal distribution according to 
Npeak/Ncell=A*exp(-((x-a0)/wa)^2)+B*exp(-((x-b0)/wb)^2) where A = 2 ±0.8 and B = 1.2 ±0.2 represents 
maxima of distributions, wa = 129.8 s ±54.3 s and wb = 433.9 ±247 s are width of gaussian distributions 
and a0 = 278 ±21.3 s and b0 = 677.9 ±247 s as time points at which distributions peak. This bimodal 
distribution of peak frequency indicates that the [Ca2+]c oscillation consist at least of two distinguishable 
components. In this case a uni-modal peak distribution was observed according to gaussian equation 
Npeak/Ncell=A*exp(-((x-a0)/wa)^2) with A = 2.6 ±0.0 s as distribution maximum, a0 = 269.1 ±0.1 s as time 
point at which distribution peaks and wa = 86.5 ±0.2 s as width of gaussian distribution. Again, the peak 
distribution resembles a gaussian distribution with A = 2.8 ±0.4 s, a0 = 238.9 ±10.4 s and wa = 102.9 ±18.2 
s, which resembles the time course of Ca2+ signaling in the absence of extra-cellular Ca2+. 

B) ATII: Time distribution [Ca2+]c peaks as number of peaks per 25 sec time interval normalized to number 
of responding ATII cells. Lines correspond to best fit through data points calculated according to single 
Boltzmann equation. Note that, in comparison to H441 cells, extra-cellular Ca2+ does not affect time course 
or [Ca2+]c peak distribution SLO treated ATII cells. In both cases the distribution resembles a uni-modal 
gaussian distribution with A = 0.6 ±0.04, a0 = 102.0 ±3.4 s and wa = 55.2 ±4.6 s (in the presence of 2 mM 
extra celluar Ca2+) and A = 0.4 ±0.04, a0 = 65.8 ±6.1 s and wa = 67.0 ±9.7 s (in the presence  of 0 mM 
extra-cellular Ca2+). 
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Appendix Fig. 5 [Ca2+]c oscillations in H441 cells. Ratiometric fura-2 measurements of [Ca2+]c  in cells 
exposed to 200 ng/ml SLO in the presence of  2 mM extra-cellular Ca2+. A) Ratio images at different time 
points from Supplementary movie S1. Scale bar represents 20 µm. Numbers on the bottom left give the 
time in seconds after SLO application. B) Ca2+ response in individual cells marked in (A). 
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Appendix Fig. 6 Effect of SLO on c-fos expression in H441 cells. c-fos expression was quantified with 
respect to HBMS gene. A) H441 cells exposed were exposed to 200 ng/ml SLO for 20 min then after 
removing SLO, medium was replaced and cells were incubated for the given duration before collecting cell 
for cell lysis and RNA isolation. B) c-fos expression  in H441 cells when exposed to 200ng/ml SLO for 20 
min in the presence or absence of La3+, Gd3+, BAPTA-AM and EGTA-AM which was followed by an 
incubation of 30 min. in fresh medium before collecting cell for lysis and RNA isolation.  
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Appendix Fig. 7 SLO induced expression of pro-inflammatory genes in H441 cells. H441 cells 
exposed were exposed to 200ng/ml SLO for 20 min then after removing SLO, medium was replaced and 
cells were further incubated for  30 min for detecting c-fos (A), 120 min for detecting Chemokine receptor 
3(CXCR3) (B), 120 min for detecting Cyclooxygenase (COX-2) (C) and 180 min for detecting IL-8 genes 
(D). Gene expression was quantified with respect to housekeeping gene HBMS. 
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