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1 Introduction 

The respiratory system is responsible for gas exchange between the bloodstream and the 

air. It consists of airways, lungs, and respiratory muscles. In humans, air enters through 

the nose or the mouth and reaches the lung via the pharynx and the trachea. The trachea 

is a tube lined with ciliated cells that transport the mucus secreted by goblet cells towards 

the mouth. The role of the mucus is to trap big particles and microorganisms from the air, 

and to remove them by movement of the cilia. The trachea than divides in two main 

branches - the left and right bronchial tubes - that further divide in several bronchioles 

that become successively smaller until they reach the alveolar sacs with the alveoli. In a 

normal human, there are around 300 million alveoli and the total alveolar surface area is 

more than 140 m3 (Weibel 2009) A scheme of the respiratory system is shown in Figure 1. 

 

Figure 1 Schematic of the respiratory system showing the left lung. 
The bronchus branches from the trachea and subdivides into secondary and tertiary bronchi down to the alveoli 
enlarged on the right side of the picture. (Adapted from A.D.A.M. health encyclopedia). 
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The alveolar surface consists of two kinds of epithelial cells: Alveolar type I (ATI) cells and 

alveolar type II (ATII) cells. Figure 2 shows the structure of a lung alveolus in vivo. In (A) a 

histological picture of a mammalian alveolus is shown where ATI and ATII cells can be 

distinguished. In (B) a scheme of the alveolus where the gas exchange takes place is 

depicted. 

 

Figure 2 Structure of the alveolus in vivo. 
(A) In the histological preparation the alveolar type II (ATII) cells with their cubical shape and the thin and elongated 
type I (ATI) cells are shown. Furthermore, there are also two macrophages in the top left corner of the picture. (B) A 
schematic of the alveolus is shown. The thin but very large alveolar type I cell is covering the major part of the 
alveolar surface. It is in contact with the endothelial cells that are lining the blood vessel. ATI and endothelial cells 
form the alveolar epithelial barrier, across this barrier the gases are exchanged between blood and alveolus. In the 
corners of the alveolus are the ATII cells. The dots inside the ATII cells represent the surfactant containing lamellar 
bodies (LBs). The drawing shows also white blood cells that can be found in lung alveoli. (Adapted from 
http://www.histology.leeds.ac.ukrespiratory/respiratory). 

As described by Dobbs and collaborators (Dobbs et al. 2010) ATI cells constitute only 10% 

of the cells in the lung but they cover approximately 95%-98% of the surface of the entire 

lung and are mainly responsible for the gas exchange of the lung (Ward and Nicholas 

1984). Recently (Dobbs et al. 2010) they have been shown to play other important roles 

in lung electrolyte homeostasis, by transporting ions and regulating their concentration. 

Moreover ATI are also involved in injury response and development.  

Although ATII cells cover only the 2% of the internal lung surface, their absolute number 

is higher than the number of ATI cells and they are considered the biologically most active 

cells in the lung. They are also the most studied lung cell type. ATII cells have many 

important functions: They are involved in wound healing and they are progenitor cells for 

ATI cells (Uhal 1997). Furthermore, they are involved in the immune response 
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(Fehrenbach 2001). However, the most prominent function ATII cells is producing and 

secreting lung surfactant (Rooney 2001; Dietl and Haller 2005). 

Pulmonary surfactant reduces surface tension in the alveoli to avoid atelectasis. As 

summarized by Rooney and collaborators (Rooney et al. 1994) it is a complex mixture, 

consisting of approximately 80% phospholipids (mainly DPPC = dipalmitoyl-

phosphatidylcholine that mainly accounts for the surface activity of lung), 8% of neutral 

lipids (cholesterol and free fatty acids), and 12% proteins. Half of these proteins are 

contaminant proteins from plasma or lung tissue, whereas 4 proteins are surfactant 

proteins (SP): SP-A, SP-B, SP-C, and SP-D. Two of these proteins, SP-A and SP-D, are large 

glycoproteins (MW= 30,000-40,000 kD) and play a role in the immune defense of the lung 

(Rooney et al. 1994). Furthermore, SP-A is also important in regulating how the surfactant 

is organized once released in the hypophase and in controlling its function (Crouch and 

Wright 2001). The other two SPs, SP-B and SP-C, are small peptides (MW= 5,000-18,000 

kD) and extremely hydrophobic. SP-B and SP-C can be found in the surfactant-containing 

secretory vesicles - lamellar bodies (LBs), whereas SP-A and SP-D are not in the LBs. SP-B 

and SP-C play a role in the absorption of the surfactant and its spreading at the air liquid 

interface on the surface of the alveolus (Weaver and Conkright 2001). 

Synthesis of lung surfactant involves several cellular organelles (Ochs 2010): The 

endoplasmic reticulum, the Golgi apparatus, multivesicular bodies (MVB), and composite 

bodies (CB). Most of the surfactant components are stored in specific organelles, the LBs 

that have an onion-like (lamellar) structure that gave them their name. 

Figure 3 shows the different steps in the biosynthesis of lung surfactant. First the small 

MVB than the following step of the pathway shows up in the CB where it is possible to see 

the lamellae inside of the vesicle and the remaining small vesicle on the external side of 

the organelle (Ochs, 2010). Finally, the surfactant ready to be secreted is packed in the 

mature LB, where surfactant phospholipids are arranged in concentric layers. The 

surfactant is highly enriched in dipalmitoylposhatiylcholine, the phospholipid that is most 

active for reducing the surface tension. The vesicles have a diameter of about 1-2 µm and 

are among the largest secretory vesicles that can be found in any cell type. Beside the 

phospholipids and the surfactant proteins SP-B and SP-C, LBs contain soluble lysosomal 

enzymes and proteins. They have an acidic interior, with a pH around 5.5 and a high 
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concentration of Ca2+. The two latter factors may facilitate the packaging of the lamellae 

in the mature LB. 

 

Figure 3 Electron micrograph of a human ATII cell. 
In this micrograph, the different steps of the biosynthesis of surfactant are shown. The small multi vesicular bodies 
(MVB), the composite bodies (CB) are visible and finally the surfactant is stored in the mature lamellar body (LB). 
(From Ochs 2010). 

Regulated exocytosis of LB in the lumen of the alveolus can be facilitated by chemical or 

physical stimulation. Mechanisms regulating and stimulating surfactant secretion in ATII 

cells have been widely studied in the past years and several authors have summarized the 

data concerning agonists, second messengers and other factors involved (Dietl and Haller 

2005; Mason and Crystal 1998; Rooney 2001).  

Figure 4 schematically shows mechanisms involved in LB secretion. Three major 

mechanisms can be distinguished depending on the pathway involved. 

The first one depends on activation of β-adrenergic receptors by β-agonists followed by 

activation of adenylate-cyclase and leads to production of cAMP (Cyclic adenosine 

monophosphate) and activation of PKA (Gobran and Rooney 1997). 

The second one depends on the activation of PKC (Sano et al. 1985). This could be directly 

achieved by TPA (12-O-tetra-decanoyl-phorbol-13-acetate) and permeable DAGs or 

indirectly when molecules like ATP and UDP bind to P2Y2 that leads to an activation of 

PLC-β3 and to the generation of DAG and IP3. 
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The third one involves the increase of the cytoplasmic Ca2+ concentration ([Ca2+]c) (Haller 

et al. 1999). This elevation can be accomplished by different mechanisms that can be 

direct or indirect. An indirect one is the production and subsequent increase in 

concentration of IP3 (e.g. caused by ATP) that leads to a release of Ca2+ from the 

intracellular stores (Ca2+
sto). Increase in [Ca2+]c can be obtained also with the application of 

ionophores like ionomycin that promote the entry of Ca2+ (Ca2+
ent) from the extracellular 

space. An important physiological stimulus that also leads to increase in [Ca2+]c in ATII 

cells is mechanical stress, which will be discussed in detail in 1.1. 

 

Figure 4 Signal transduction pathways mediating surfactant secretion in ATII cells.  
Abbreviations: AC, adenylate cyclase; CaCM-PK, calcium - calmodulin-dependent protein kinase; DAG, diacylglycerol; 
IP3, inositol trisphosphate; PA, phosphatidic acid; PKA, protein kinase A cAMP-dependent protein kinase.; PKC, 
protein kinase C; PLC, phospholipase C; PLD, phospholipase D; TPA, 12-O-tetra-decanoyl-phorbol-13-acetate; β2 β2-
adrenergic receptor; G, g proteins. (Adapted from Rooney 2001). 
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1.1 Effects of mechanical stimulation on the lung 

To perform the gas exchange, the lung needs to be inflated and deflated several times per 

minute. The total lung volume (total lung capacity) can be divided in several subdivisions: 

Vital capacity (VC), which is the volume change between maximal expiration and maximal 

inspiration, and residual volume (RV). The volume of air inhaled and exhaled in a normal 

respiratory cycle is called tidal volume (TV). Due to continuous inspiration and expiration, 

the entire lung and its different cell types are continuously mechanically stimulated 

during the entire life. Especially cells of the alveolus including ATII cells are subjected to 

mechanical extension (stretch) and compression and are able to sense and respond to 

this kind of stress (Dietl et al. 2010).  

The fact that mechanical stimulation affects alveolar cells is important for lung 

development and function, for gene pattern expression, and, since ventilation-induced 

lung injury (VILI) is a well-known and discussed problem for emergency room patients, 

also for clinicians (The acute respiratory distress syndrome network 2000). 

 

Figure 5 Lung volumes during a respiratory cycle and maximal inspiration and expiration.  
Abbreviations: TLC, total lung capacity; VC, vital capacity; RV, residual volume; TV, tidal volume; ERV, expiratory 
reserve volume; IRV, inspiratory reserve volume. (Adapted from Dietl and Deetien 2005). 
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1.1.1 Lung injury and ATII cell damage caused by mechanical extension 

Acute respiratory distress syndrome (ARDS) and acute lung injury are pathologies with 

high morbidity often present in patients in the critical care units. Patients with these 

pathologies often need to be mechanically ventilated, which can result in VILI. Several 

studies in the last years have been performed to analyze the different mechanisms 

involved in mechanically induced lung injury. The studies available cover effects on the 

entire organ as well as on the cellular level.  

The studies with the strongest focus on clinical effects compared different ventilation 

protocols (Frank and Matthay 2003; The acute respiratory distress syndrome network 

2000). These works show that is possible to reduce mortality of the patients by applying 

reduced ventilation volumes and positive end expiratory pressure (PEEP) although an 

optimized ventilation procedure or a pharmacological treatment has not yet been found 

(Amato et al. 1998; The acute respiratory distress syndrome network 2000). Several 

mechanisms are thought to be involved in VILI. They reach from local inflammation that 

can lead to cell injury (death) and destruction of the epithelial endothelial barrier leading 

to decreased clearance of airspace fluid leading to pulmonary edema. This in turn can 

lead to a further mechanical stimulation of the lung that can result in a worsening of the 

injury (Frank and Matthay 2003). Ranieri and coworkers (Ranieri et al. 1999) have shown 

that patients with ARDS have a high level of proinflammatory cytokines in both, the 

bronchoalveolar lavage and in the plasma. Other clinical studies (Meduri et al. 1995b; 

Meduri et al. 1995a) have shown a correlation between high level of cytokines and high 

risk of mortality in patients with ARDS. Alveolar macrophages have been identified as the 

cellular source of inflammatory cytokines (Dunn and Swiergiel 1998; Pugin et al. 1991; 

Pugin et al. 1998). 

 

From a histopathological point of view, the disruption of the alveolar-capillary barrier is 

considered an important factor in the pathogenesis of VILI. Clinical studies as well as 

experimental studies have shown that high tidal volumes from mechanical ventilation can 

lead to disruption of the epithelial-endothelial barrier (Dreyfuss et al. 1988; West et al. 

1991). The loss of the barrier is one of the main causes for pulmonary edema and 
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furthermore it has been shown that this loss results in an increase of cytokines in the 

plasma, which in turn might exacerbate the pathological condition. 

Besides clinical studies, the potentially harmful effects of mechanical stress on lung cells 

have also been studied on excised lungs and with isolated alveolar cells. Several studies 

have been performed with isolated alveolar cells seeded on elastic membranes that 

allowed stretching the cultured cells. Matthay and coworkers (Matthay et al. 2002) 

summarized the findings of in vivo and in vitro mechanisms of lung injury focusing on how 

different mechanisms could “cooperate” to worsen lung injury and the beneficial effects 

of lung protective ventilation protocols. 

Tschumperlin and Margulies (Tschumperlin and Margulies 1998) measured the 

correlation between increase in volume and epithelial basal membrane surface increase. 

They could show that inflating a rat lung to the total lung capacity corresponds 

approximately to 40% increase of the surface of the basal membrane. Using these 

measurements, Tschumperlin and Margulies (Tschumperlin and Margulies 1998) applied 

equibiaxial stretch to cultured epithelial cells to simulate an extension the lung 

experienced at the total lung volume. In this work they applied cyclic and static stretch to 

cells cultivated for 1 day (to maintain the phenotype of ATII cells) and after 5 days (to 

achieve ATI-like cells after differentiation of ATII cells). They examined the effects of these 

treatments on cell damage and showed that one-day-old cells are more sensitive to 

stretch than 5-days-old cells. Moreover, cyclic stretch protocols produced a higher 

number of dead cells and they could show that there is a direct correlation between 

stretch amplitude and cell death. In this study, also different protocols for an in vitro 

alveolar deformation (Tschumperlin et al. 2000) were tested showing that cyclic stretch is 

more harmful than static stretch. The majority of ATII cells exposed to cyclic stretch were 

dying within 5 min and an increase in cycle frequency increased cell death. 

 

Other studies focused on the effects of mechanical stimulation on the integrity of the 

alveolar barrier (Boitano et al. 2004; Cavanaugh et al. 2001; Cavanaugh and Margulies, 

2002). Cavanaugh and coworkers have shown that a 37% increase of cell surface area 

(CSA) results in a decreased staining intensity of the peripheral occludin band, in a 

diminished degree of cell-cell attachment and in reduction of the total cell content of 
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occludin. They suggested that high stretch amplitudes lead to a decrease in ATP content, 

perturbation of the actin cytoskeleton and impairment of tight junctions and loss of cell-

cell attachment that may result in loss of the alveolar barrier that could lead to edema in 

vivo. 

Vlahakis and coworkers (Vlahakis et al. 2001) using an equibiaxial cell stretch system, 

similar to the one used by Tschumperlin to stimulate ATII cells in vitro, have shown that 

stretch induces what they called Deformation Induced Lipid Trafficking (DILT). ATII cells 

stimulated equibiaxially showed an increase of surface area resulting from a vesicular 

transport from the cytoplasm to the membrane. Vlahakis and coworkers have also shown 

that DILT mechanism is a cytoprotective mechanism against stretch and is important for 

“site directed” (cit.) wound repair. This finding can be correlated with the increase of 

membrane surface that happens during LB secretion (Mair et al. 1999). ATII that secrete 

LB are increasing surface area of the membrane than can protect from over-distention 

caused by stretch.  

1.1.2 Physiological effects of stretch on the lung and ATII cells 

Mechanical stimulation could have a plethora of different effects on ATII cells (Edwards 

2001) and all the aspect of these different responses have been studied by many different 

groups. Several studies have investigated “long term” effects of mechanical stimulation 

on gene expression. Yerrapureddy and coworkers (Yerrapureddy et al. 2010) have 

investigated the effects of different stretch protocols on gene expression of primary 

alveolar cells. They were able to show that stretch duration and stretch magnitude affect 

protein expression levels. Another study by Correa Meyer et al (Correa-Meyer et al. 2002) 

could demonstrate that ERK1/2 is activated by cyclic stretch. ERK1/2 is activated by G-

proteins and EGFR. This activation is independent from Na+, Ca2+
ent and the activating 

pathway does not depend on Grb-SOS, Ras, and Raf-1. 

 

Besides these long term effects, lung distension and increase in lung volume has been 

shown to be a major stimulation for surfactant secretion. In fact, many studies reported 

that exercise, and therefore enhanced breathing can induce surfactant exocytosis 

(Nicholas et al. 1982). Furthermore, Massaro and Massaro (Massaro and Massaro 1983) 
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have shown that ventilation induces a decrease in the number of LB in ATII cells of 

ventilated rats compared to unventilated rats confirming the importance of lung 

distension in the exocytotic process of lung surfactant. Nicholas and Barr (Nicholas and 

Barr 1983) have shown that increase in tidal volume (increase in lung area) rather than 

frequency is the most important stimulus for LB secretion. 

Later studies moved the focus from the effects of stretch on the entire lung to a cellular 

level. Several studies have highlighted the role of transient rise in [Ca2+]c for the release of 

LB. Dobbs and coworkers in 1986 (Dobbs et al. 1986b) have shown that the role of Ca2+ as 

second messenger in ATII cells correlated with the regulation of surfactant exocytosis. In a 

pioneer study in 1990, Wirtz and Dobbs (Wirtz and Dobbs 1990) have shown a correlation 

between stretch and rise of [Ca2+]c followed by secretion of lung surfactant. They have 

shown that a single mechanical stretch leads to a transient increase in [Ca2+]c, which lasts 

for less than 60 s and is followed by increased surfactant secretion, which lasts for 15 to 

30 min. The authors could also show that increase in [Ca2+]c is dose dependent. ATII cells 

in this study started to respond at an increase in CSA by 11%. When the CSA was increase 

by 17% the increase in [Ca2+]c was also bigger.  

Haller and coworkers (Haller et al. 1999) showed a direct correlation between LBs fusions 

and increase in [Ca2+]c and they have determined that a [Ca2+]c of ca. 300 nM is needed to 

elicit LB fusion in ATII cells. Frick and coworkers (Frick et al. 2004) pinpointed the 

importance of intracellular stores and extracellular calcium in the stretch induced [Ca2+]c 

response of ATII cells. 

It is still an open question, which channel is responsible for mechanically induced increase 

of [Ca2+]c in ATII cells. L-type channels were the only channels that could be excluded 

since they are not functionally present in ATII cells (Frick et al. 2001). In fetal lungs, it has 

been shown that Gd3+-sensitive stretch-activated ion channels (Liu et al. 1994) play a role, 

but this does not seem to apply in cultured adult rat cells, since Gd3+ is not able to block 

stretch activated [Ca2+]c increase (Frick et al. 2004; Haller et al. 1999). 

Besides direct activation of ATII cell by mechanical stimulation, several studies point at an 

indirect activation. In the study of Ashino and coworkers (Ashino et al. 2000) it could be 

shown that Ca2+ can pass from ATI to other cells via gap junctions suggesting that the real 

stretch sensor in the lung alveolus is the neighboring ATI cell and the [Ca2+]c increase in 
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ATII cells is originally derived from ATI cells. Another way of cell-cell communication has 

been demonstrated by Patel and coworkers (Patel et al. 2005), who have shown that ATII 

cells can be indirectly activated by ATP release from ATI cells upon mechanical 

stimulation.  

A possible model supported by these studies (Ashino et al. 2000; Patel et al. 2005) is 

shown in Figure 6, where stretched ATI cells are secreting ATP and/or are communicating 

with ATII via gap-junctions and thereby activating them. ATII cells stimulated by the ATP 

or via a messenger diffusing through the gap junction might lead to release LBs. 

 

Figure 6 Indirect activation of ATII cells by communication with ATI cells. 
ATI cells secrete ATP after mechanical stimulation in the extracellular space where it can bind to purinergic receptors 
on ATII cells leading to LB release. The stretch-induced rise of [Ca

2+
]c in ATI cells might also reach ATII cells via 

communicating through gap junction, which might as well result in LB release. Abbreviations: ATP, Adenosine-5’-
triphosphate; ATI, Alveolar type I cell; ATII, Alveolar Type II cell; LB, lamellar body. 

1.2 General mechanisms of mechanotransduction at a cellular level 

Mechanotransduction is the mechanism by which the cell senses, processes and then 

translates mechanical stimuli into a cellular response. The mechanical stimulation can 

lead to different responses ranging from sound perception in the hair cells of the inner 

hear to changes in gene expression (Yerrapureddy et al. 2010). Furthermore, physical 

forces have been shown to regulate cell proliferation and differentiation in several 

mammalian cell types. Mechanical stimulation can also have an effect on structure and 

shape of tissues or organs (a typical example are bones) (Davies 1997; Davies et al. 1997; 
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Ingber 1997a). So far, a unique response mechanism to mechanical stimulation has not 

yet been found, and it is likely that many overlapping and cross-talking signaling pathways 

account for the different responses. The different mechanisms could vary, depending on 

the particular type of stimuli applied. The response to a mechanical stimulus also depends 

on the type of the cell and its functions. Specialized mechanosensitive cells, like hair cells, 

have a peculiar mechanism and structures that couple the mechanical stimulus to the cell 

response that are not present in other cell types where mechanosensation is not a 

primary function. In other cell types, like in bones, a slow response to a long lasting 

mechanical stimulus is more important. The cell function can be regulated or specific 

genes can be activated. Figure 7 summarizes some of the different components that can 

account for the mechanosensing process in a cell.  

 

Figure 7 Components relevant for cellular mechano-transduction. 
The model shows various components that could be activated or utilized by physical forces. Stretch activated ion 
channels (a) that can sense and respond to the physical environment by various mechanisms. The glycocalyx in 
endothelial cells (b) can sense the fluid shear stress. The cell-cell adhesion complex (c) and integrins (d) in FA complex 
can respond to mechanical stimulation and can be linked by cytoskeletal filaments (d) to ECM proteins (e). Cross-
linking proteins (f) can be linked to stretch activated kinases. In addition, the nucleus (g) is supposed to sense 
mechanical stress. Finally, receptors in the cell surface that can bind to extracellular ligands might become available 
for ligands when the cell- cell contact is lost. Abbreviations: ECM, extracellular matrix. (Adapted from Jaalouk and 
Lammerding 2009). 

A model that describes the interaction of different components responsible for the 



1 Introduction 
________________________________________________________________________________ 

13 
 

transmission of the mechanical force is the tensionally integrated (tensegrity) system of 

mechanochemical control proposed by Ingber and coworkers in several publications 

(Ingber et al. 1981; Ingber 1997b; Ingber 2003a; Ingber 2003b). The idea of such a model 

has derived from architecture. Tensegrity is in fact a form of tensile architecture that uses 

compression/resistant elements connected by tensile elements. This combination yields 

strength and resilience beyond the sum of the single elements. In living cells, the 

microtubules can act as compression resistant elements while actin fibers act as tensile 

elements pulling on the extracellular matrix (ECM) via adhesion points (integrins and focal 

adhesion). According to the model cells are hard wired in such a way that they can 

respond immediately to mechanical stimulations transmitted by proteins that connect the 

ECM with the cytoskeleton (like integrins) or to other cells like cadherins.  

1.2.1 Mechanically-induced signaling cascades 

As depicted in the Figure 7 many cell components can participate in the cell's response to 

mechanical stretch. Here we will focus on cell adhesion structures like focal adhesion (FA) 

and the actin cytoskeleton. 

Integrins are trans-membrane glycoproteins that bind to the ECM and are a pivotal 

element of FAs and other cell adhesion structures. They connect the cell with the ECM 

and transduce the signal from the ECM to the cell. They have been shown to be involved 

in sensing a broad range of mechanical stimuli, like cell stretching, shear stress or osmotic 

swelling of cells (Katsumi et al. 2004). Figure 8 shows a model of integrin activation as 

suggested by Schwartz and DeSimone (Schwartz and DeSimone 2008). The presented 

model suggests that the application of different mechanical stimuli, like shear stress, 

stretch, osmotic forces or hydrostatic pressure, leads to a stronger attachment of the 

integrins to the ECM. This is followed by the activation of different pathways including 

activation of protein kinases (e.g. Erk, JNK, or FAK). 

In several cell types, externally applied strain has been shown to implicate integrins or 

integrin dependent pathways even if a mechanism of signal transduction on the level of 

integrins has not yet been found (Katsumi et al. 2004). In vascular smooth muscle, strain 

induces a collagen specific activation of p30 MAPK that can eventually lead to cell 

apoptosis (Wernig et al. 2003). In cardiac myocytes, strain induces integrin-activated, Src-
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dependent activation of focal adhesion kinase (FAK), which activates p38 MAPK and ERK. 

In endothelial cells (Yano et al. 1996) and fibroblasts (Sai et al. 1999), strain also induces 

Src-dependent activation of FAK and paxillin that effects the alignment and the 

organization of the cytoskeleton. In fibroblasts, stretch induces also activation of p130cas. 

 

Figure 8 Model that describes how different mechanical stimuli mediated by integrins 
Different types of mechanical stimulation lead to an activation of integrins resulting in increased binding to the ECM 
and to the activation of several signaling pathways. Abbreviations: Erk, extracellular-signal-regulated kinases; JNK, c-
Jun N-terminal kinases; FAK, Focal Adhesion Kinase. (Adapted from Schwartz and DeSimone 2008a). 

As mentioned above FAs are large protein complexes that harbor integrins and link 

integrins with other proteins and cytoskeletal elements. Activation of integrins leads to 

formation and growth of the FAs complex and recruitment of FA components e.g. zyxin 

and vinculin. Many FA proteins have been shown to take part in the response to 

mechanical stimuli. Some of these proteins like vinculin and talin mediate the binding of 

actin filaments to the intracellular tail of integrins. Several studies have highlighted the 

interplay between FA and the actin cytoskeleton. Geiger and coworkers (Geiger et al. 

2009) have shown that the FA protein zyxin is involved in the stretch induced 

polymerization of the actin filaments and Colombelli and coworkers (Colombelli et al. 

2009) have shown that zyxin is recruited along actin bundles and FAs by mechanical 

forces. 

Figure 9 shows a simplified representation of the complex interaction between matrix 

and integrins, proteins of the FA that are important for mechanotransduction and how 



1 Introduction 
________________________________________________________________________________ 

15 
 

actin filaments are linked to the entire complex. 

 

Figure 9 Sketch of FA showing the proteins that are involved in cell-ECM contact and in the mechanically induced 
signal transduction. 
Some of the proteins important for mechanotransduction are shown. Abbreviations: ECM, extracellular membrane; 
FA, focal adhesion; FAK, Focal Adhesion Kinase. (Adapted from The Manual of Cellular and Molecular Function, 
MCMF). 

1.2.2 Stretch-Activated ion channels 

Virtually all cells can respond to stretch, from highly specialized cells like hair cells in the 

inner ear, to epithelial cells in the skin or in the lung, or endothelial cells that are 

subjected to shear stress. The ability of some ion channels to respond to stretch was also 

shown in excised membranes of Xenopus oocites.  

Stretch-activated ion channels or mechano sensitive channels (MSCs) are neither 

members of a common channel family nor share a specific genotype. Instead, they are 

grouped by their phenotype. 

1.2.2.1 Activation mechanisms for MSCs 

A unique activation mechanism for MSCs has not been identified yet. Since there are 
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many putative mechanosensitive channels that differ in the various cell types, it is likely 

that the different activation mechanisms depend not only on the channel involved but 

also on cell type and the particular function of the cell (Christensen and Corey 2007; 

Lumpkin and Caterina 2007). Several mechanisms for the gating of MSC have been 

proposed and can be grouped in three big families as represented in Figure 10.  

The stretch activated ion channel model (Figure 10A) is a gating model that does not 

require cytoskeletal elements or other accessory proteins. The channel's interaction with 

the lipid bilayer is sufficient to translate altered membrane tension (or changes in the 

curvature) to the channel. This model has been confirmed and well characterized in 

prokaryotes (Martinac 2004) and two different kinds of mechano-activated channels were 

found: MscL (Large), MscS (Small). Channels belonging to these families are not specific 

for certain ions, they are mainly involved in osmoregulation, and they respond to 

excessive turgor caused by hypotonic conditions. Bacteria lacking both these channels do 

not survive osmotic stress (Booth and Louis 1999; Levina et al. 1999). The expression of 

one of these two is sufficient to protect the bacteria from osmotic lysis. The mechanism 

described above was also found in eukaryotic cells. One example is TRPC1, a channel that 

belongs to TRP channel family (Maroto et al. 2005).  

A different model has been suggested for specialized mechanosensory cell types like hair 

cells (Figure 10B). In this model it has been proposed that the channel is not directly 

activated by the tension of the lipid bilayer but that the channel is tethered to a 

cytoskeletal element or to a component of the ECM, which is deformed by physical 

forces. Then this force is transduced to the ion channel. In hair cells, the 

mechanosensitive channels are localized near the tip of the stereocilia and gated by an 

elastic element, which is stretched during stereocilia deflection. This mediates the fast 

gating of the channel during mechanical stimulation (Grillet et al. 2009). 

In the third suggested model (Figure 10C), the channel works in association with a stretch 

sensitive protein that is the actual sensor of the tension. This stretch activated protein 

could directly sense changes in membrane tension or it could be tethered to the ECM or 

to the cytoskeleton. The stretch sensor is then activating the ion channel via a direct 

interaction or indirectly via a signaling pathway (in the simplest version a direct 

phosphorylation of the channel or via second messengers). An example is the TRPV4 
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channel that is sensitive to osmotic changes. It has been shown that swelling lead to 

phosphorylation of TRPV4 by a Src family kinase (Alessandri-Haber et al. 2005). However, 

the pathway that leads to channel activation remains unclear. 

 

Figure 10 Gating models of MSC 
(A) Stretch activated ion channel. (B) Tethered model where the channel is tethered to the cytoskeleton and / or to 
proteins of ECM. (C) Indirect gated model were a mechano-sensitive protein is tethered to the cytoskeleton and / or 
to proteins of the ECM and is translating the signal to the ion channel. Abbreviations: ECM, extracellular matrix; MSC, 
mechano sensitive channel. (Adapted from Lumpkin et al. Nature 2007). 

 

1.3 The transient receptor potential channel family 

Besides other channel families, like degenerin/ENaC channels (Gillespie and Walker 2001; 

Hamill and Martinac 2001), or more recently KCNK (Chalfie 2009), one family of ion 
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channels has been discussed extensively to be involved in mechanotransduction: The 

transient receptor potential (TRP) family (Venkatachalam and Montell 2007).  

Figure 11 shows a summary of the 2 groups and the respective subfamilies of the TRP 

channels. The Table (Figure 11C) shows the different channels isoforms belonging to the 

different families in different organisms: 2 invertebrates, worms and flies, and 2 

mammals, mice and humans. 

The ion channels belonging to the TRP family have varying degrees of sequence homology 

and they are all selective for cations. Each channel consists of 4 subunits that are not 

necessarily of the same subtype. Each subunit of TRP consists of 6 transmembrane-

spanning segments that are linked by 2 cytosolic loops. A unique feature of TRP channels 

is that a single TRP channel can be activated by different mechanisms like mechanical 

stimulation or heat stimulation. TRPV1 for instance can respond to stimuli ranging from 

heat to protoinflammatory agents to exocytosis (Venkatachalam and Montell 2007). 

Despite these similarities, the different subtypes of TRP channels vary regarding their ions 

selectivity, their activation mechanisms, or their specificity for different pharmacological 

compounds (Clapham 2005). 

The TRP superfamily is divided in two big groups. These groups are themselves divided in 

7 subfamilies based on sequence and topology. Group 1 consists of 5 subfamilies: The 

transient receptor (canonical) or TRPC family, the transient receptor (vanilloid) or TRPV, 

the transient receptor (melastatin) or TRPM family, the transient receptor (ankyrin) or 

TRPA family, and the homolog of the Drosophila NOMPC channel or TRPN (not present in 

mammals). Group 2 consists of 2 subfamilies: the transient receptor (policystin) or TRPP 

family and the transient receptor (mucolipin) or TRPML family.  

The first TRP channel identified as mechano sensor was the C. elegans OSM-9 that 

belongs to the TRPV subfamily (Colbert et al. 1997). Other examples of mechanosensitive 

channels belonging to this superfamily and present in mammals are TRPC1, TRPV2, 

TRPV4, TRPP, TRPML3 (Venkatachalam and Montell 2007). 
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Figure 11 The different members of the TRP superfamily. 
(A) The 5 subfamilies of group 1 and schematics of channels structure for each subfamily. (B) The 2 subfamilies of 
group 2. (C). Distribution of TRP channel isoforms in worms, flies, mice and humans. Abbreviations: TRP, transient 
receptor potential; TRPC transient receptor potential canonical; TRPV transient receptor potential vanilloid; TRPM 
transient receptor potential melastatin; TRPA transient receptor potential ankyrin; TRPN transient receptor potential 
NOMPC (no mechanoreceptor potential C); TRPP transient receptor potential policystin; TRPML transient receptor 
potential mucolipin. (Adapted from Venkatachalam and Montell 2007). 
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1.3.1 The transient receptor potential vanilloid subfamily 

The TRPV channel subfamily consists of 6 members that are usually divided in 2 groups: 

TRPV1 - TRPV4 and TRPV5, TRPV6. TRPV1 (or vanilloid receptor 1) was the first member of 

the TRPV subfamily that was isolated and is best understood. It was cloned from sensory 

neurons of rat in 1997 by Caterina and coworkers (Caterina et al. 1997) using an 

expression cloning strategy. They identified TRPV1 as a capsaicin sensitive channel 

involved in pain sensation in sensory neurons. Later the other 5 TRPV channels were 

identified (Flockerzi 2007). The two TRPV subgroups show lower sequence homology 

when compared to TRPV1. This ranges from 50% for TRPV2 to 40% for TRPV4, whereas 

TRPV5 and 6 share only 30% homology with TRPV1 (Caterina et al. 1997; Clapham et al. 

2005). 

TRPV channels are expressed in a wide variety of species reaching from the worm C. 

elegans and the fly Drosophila to mammals. Furthermore, these channels can be found in 

many different tissues like brain (TRPV1-3), endothelial cells (TRPV2, TRPV4) and placenta 

(TRPV5-6). 

A simplified model of the TRPV family is shown in Figure 12, TRPV channels have 6 

transmembrane domains, S1-S4 are thought to be involved in a weak sensitivity to 

voltage and S5-S6 are probably involved in the selectivity and the gating of the channel.  

 

Figure 12 Model of a TRPV channel.  
The 4 transmembrane domains (S1-S4) are involved in a weak voltage sensing. The two transmembrane domains (S5-
S6) in the center of the pore are involved in the selectivity of the channel. Ion selectivity is low for all TRPV except for 
TRPV5 and TRPV6, which are selective for Ca

2+
. Also, the 3 (or 4) Ankyrin repeats at the C-terminus are shown. 

Abbreviations: AnkR, ankyrin repeats; TRPV, transient receptor potential vanilloid; Na
+
: sodium; Ca

2+
 Calcium; S1-S6 

transmembrane domains 1-6. (Adapted from Clapham 2003). 
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The mechanisms how TRPV channels are activated by the plethora of different stimuli 

(including mechanotransduction, hypotonicity and heat) are not clearly understood yet. 

TRPV 1-4, as the other members of the TRP family, seem to have multiple modes of 

activation, which is not the case for TRPV 5-6 (O'Neil and Heller 2005). The best-

characterized channel of the TRPV family regarding mechanosensation is TRPV4. Studies 

done on this channel showed that it was activated during cell swelling but was not 

sensitive to hyposmolarity per se but responded to the cell swelling itself (Nilius et al. 

2001). Hence, the mechanical stimulation (the membrane stretch) alone activates the 

channel. 

Other studies showed that TRPV4 could be activated by shear stress, another type of 

mechanical stimulation, but only above a temperature of 37° C. The mechanical activation 

of the channel was not observed at room temperature, which highlights the multi-modal 

activation of TRPV4 (Gao et al. 2003).  

TRPV4 has been found also in the inner ear hair cells. It shares the conductance 

properties and the preference for divalent cations with the putative mechanosensitive 

channel described in inner ear hair cells. However, the activation of this 

mechanosensitive channel seems to be much faster than the one of TRPV4. 

A clear activation mechanism of TRPV channels in response to mechanical stretch has not 

been identified yet. It is not even known if these channels are the primary sensors that 

can directly sense the mechanical stimulus or if they are activated indirectly after 

mechanical stimulation of a yet unidentified stretch sensor.  

1.3.1.1 Pharmacology of TRPV channels 

As compared to other ion channels, the pharmacology of TRPV channels is controversial 

and based on the use of highly unspecific blockers (like Gd3+, Ruthenium red or 2APB) 

mainly because of the lack of pharmacological compounds with high specificity. The 

situation is further complicated by the fact, that different TRP channel subunits can form 

heteromers that might further mask their pharmacological properties. For example, 

TRPV2 subunits can heteromerize with TRPV1 (Liapi 2005; Rutter 2005). 

Several reviews have summarized the TRPV pharmacology and are shown in Table 1. 



1 Introduction 
________________________________________________________________________________ 

22 
 

Table 1 Known activators and inhibitors of TRPV channels. 
A common blocker for all the TRPV channels is Ruthenium red. Abbreviations: TRP, transient receptor potential; V1-
V6, vanilloid 1-6; T, temperature; ° C, degrees Celsius; V-dep, Voltage dependent; H

+
, Hydrogen; PLC, phospholipase c; 

2-AG, 2-arachidonylglycerol; HETE, Hydroxy-Eicosa Tetraenoic Acid; HPETE, hydroperoxyeicosatetraenoic acid; OEA, 
oleoylethanolamide; 2-APB, 2-Aminoethoxydiphenyl borate; DPBA, Diphenylboronic anhydride; RuRed, Ruthenium 
red; La

3+
, Lanthanum; SKF96365, 1-[2-(4-Methoxyphenyl)-2-[3-(4-methoxyphenyl)propoxy]ethyl-1H-imidazole 

hydrochloride; PMA, Phorbol 12-Myristate 13-Acetate; Gd
3+

, gadolinium; PIP2, Phosphatidylinositol 4,5-
bisphosphate; [Ca

2+
]c , intracellular Calcium concentration; Cd

2+
, Cadmium; Mg

2+
, Magnesium; Cu

2+
, Copper; Pb

2+
, 

Lead. (Adapted from Clapham 2007, O'Neil and Heller 2005). 

TRP  Activators Inhibitors 

V1 
T>ca.43° C, V-dependent, H+, activation potentiated by PLC 
pathways, anandamide, 2-AG, HETE, HPETE, capsaicin, olvanil, 
resiniferatoxin, arvanil, piperine, OEA, 2-APB, DPBA, camphor 

capsazepine, RuRed, 
acylpolyamines, camphor 
desensitizes  

V2 T>ca.53° C, Neuropeptide head activator, DPBA, 2-APB RuRed, La3+, SKF96365 

V3 
T>ca.30° C, 2-APB, DPBA, carvacrol, thymol, eugenol, 
cinnemaldehyde, camphor, vanillin, ethyl vanillin, menthol,  

RuRed, La3+ 

V4 
Anandamide, 4α-phorbol 12,13 didecanoate, PMA 
arachidonic acid, 5’6’-epoxyeicosatrienoic acids, 
bisandrographalide 

RuRed, Gd3+, La3+ 

V5 Constitutively active, PIP2 

[Ca2+]c, econazole, RuRed, 
Cd2+>>Gd3+>La3+, Mg2+, 
Cu2+, Pb2+ 

V6 Constitutively active 
Cd2+>>Gd3+>La, Mg, [Ca2+]c, 
RuRed 

 

1.3.1.2 TRPV2 

The TRPV2 channel shares 50% of the sequence with TRPV1 but in contrast to TRPV1, it is 

insensitive to capsaicin. TRPV2 has been reported to be sensitive to temperatures above 

52° C and induce noxious response (Caterina et al. 1999; O'Neil and Heller 2005). Later 

Muraki and coworkers (Muraki et al. 2003) have shown that TRPV2 in aortic myocytes is 

sensitive to cell swelling, pointing at a role of this channel in mechanosensation. 

Furthermore, TRPV2 has recently been shown to be involved in stretch sensing in 

developing sensory and motor neurons (Shibasaki et al. 2010). The mechanisms of 

mechanical activation of TRPV2 are not yet clear and it is not clear whether this channel is 

responding directly or indirectly to mechanical stress. 

TRPV2 has been reported to be present in lung (Caterina et al. 1999; O'Neil and Heller 

2005). Recent screening for expression levels of channels belonging to the TRVC and TRPV 

subfamily performed in our lab with RT-PCR (results shown in Figure 13) highlighted the 
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high expression levels of TRPV2 in cultivated ATII cells (Fois et al. in preparation). This 

finding might indicate its involvement in stretch induced [Ca2+]c increase in ATII cells. 

 

Figure 13 Expression levels of TRPV and TRPC channels in cultured ATII cells. 
The expression levels of were screened with RT-PCR. The bar graph shows the expression level of each channel 
relative to the housekeeping gene HMBS. The highest expression levels were detected for TRPV2. Abbreviations: 
HMBS, hydroxymethylbilane synthase; TRP, transient receptor potential; V1-V6: transient receptor potential vanilloid 
1 to 6; C1-C7: Transient receptor potential canonical 1 to 7. 



1 Introduction 
________________________________________________________________________________ 

24 
 

1.4 Aims of the study 

The general aim of this work was to study the responses of ATII cells to mechanical 

stimulation in terms of LB fusions and in particular, changes in cytoplasmatic Ca2+ 

concentration. Moreover we wanted to dissect the pathway responsible for the force-

sensing response in this cell type. 

 

As a prerequisite for studying cellular responses we had to overcome the methodological 

problems of live cell imaging at high temporal resolution during cell stretch. Therefore, 

the design of new stretch devices and their validation was mandatory. We had to do this 

by comparing the data obtained with data from literature describing the roles of Ca2+ 

entry from the extracellular space and release from intracellular stores in the stretch 

activated response of ATII.  

 

In main part of this work, we planned to scrutinize Ca2+ entry and store release using the 

newly designed stretch device and in particular to focus on Ca2+ entry. As stretch-induced 

Ca2+ entry is supposed to play an essential role in the stretch-induced Ca2+ response, we 

defined the identification of the mechano-sensitive channel in ATII cells a major goal of 

the study. TRP channels family and in particular TRPV2 are abundantly expressed. Hence 

we centered our attention on this channel family as a potential mechano-sensitive 

channel in ATII cells:. 

The actin cytoskeleton, integrins and focal adhesion proteins are well known to be 

involved in the translation of a mechanical signal. Therefore the last aim of the study was 

to investigate the role of these elements in transducing the mechanical signal in ATII cells. 
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2 Material and Methods 

2.1 Technical description of the devices 

2.1.1 Elastic growth support 

For all the stretch devices a thin transparent silastic membrane (polydimethylsiloxane 

membrane, 0.005", NVR, G/G, 40D; thickness: 127 µm; Specialty Manufacturing, Saginaw, 

MI 48603-3440 USA) has been used to culture the cells. Before culturing the cells the 

membrane was sterilized and then coated with fibronectin, the specific procedures used 

in the different experimental set-ups are explained below (see paragraph 2.2.2). 

2.1.2 Equibiaxial stretcher 

The equibiaxial stretch device was purchased from AdvancedLab Singer& Frick OEG 

(Innsbruck, Austria). Frick and coworkers (Frick et al. 2004) have previously described and 

validated this system. The principle of this device is similar to other previously described 

methods (Stroetz et al. 2001; Tschumperlin and Margulies 1998). It consists of two parts: 

The lower part consist of two rings separated by an indention groove, the upper part 

consist of two cylinders that can independently move in the z-axis. The cylinders are 

aligned with the optical path of an inverted microscope (Zeiss Axiovert 100). The elastic 

grow-support can be mounted between the two parts. To build the growth support a 

piece (approximately 12 cm x 12 cm) of thin transparent silastic membrane (see above) 

was clamped between two metal rings (from AdvancedLab) with an internal diameter of 9 

cm. After sterilization and coating of the membrane cells were seeded (detailed 

procedure explained in 2.2.2), and after cultivation of cells for two days the membrane 

was mounted on the stretch device (Figure 14A). The outer cylinder of the upper part 

(clamping ring) clamps the membrane in the right position and inner one (piston), can 

move into the groove as depicted in Figure 14B. In this way, the membrane was pulled 

down by the piston and stretched. Hence the cells attached to the membrane were 



2 Material and Methods 
________________________________________________________________________________ 

26 
 

stretched. 

The lowering of the piston into the indention groove can be done manually or controlled 

by a computer (software: Cell stretcher 2.0). The software allows to fine tune stretch 

parameters like rate (percent increase per second) and amplitude and to apply static as 

well as cyclic stretch protocols. 

 

Figure 14 Cross section of the equibiaxial stretcher. 
(A) The unstretched membrane mounted on the stretch device. Cross sections of the metal ring clamping the 
membrane, the clamping ring and of the piston are shown. (B) The piston is lowered and the membrane is stretched. 
(Adapted from Felder et al. 2008). 

The movement of the cylinder causes not only the stretch of the membrane but also a 

shift in the focal plane, thus the response of the cells can be recorded before and after 

stimulation but not during the stretch with a satisfying temporal resolution. 

2.1.3 Uniaxial manual stretcher and SC-device 

The manual stretch device has also been purchased at AdvancedLab Singer& Frick OEG 

(Innsbruck, Austria). The device consists of two blocks sliding in opposite directions on a 

linear motion guide. The two blocks are connected by a metal band guided around a 

pulley and tethered by a spring; one of the two blocks is connected to a manhandled ball 

screw as shown in Figure 15. Rotating the ball screw moves the first block, the second 

block is moved in the opposite direction by the same amount due to the connection via 

the metal band and the pulley; the spring provides the necessary force to counteract the 

force of the ball screw and the metal band.  

The elastic chamber (carrying the cells) used with this device was the same used for the 

SC-device and is described in detail below (Figure 18). A sketch of the manual stretcher is 
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shown in Figure 15. When the two sliding blocks were moving along the motion guide, the 

membrane was stretched and therefore the stretch was applied to the cells seeded on 

the membrane. This device was mounted on a Zeiss Axiovert 100 for live cell imaging. 

 

Figure 15 Sketch of the manual stretcher. 
A silastic membrane is clamped to the two sliding blocks. When the ball screw rotates the blocks move on the linear 
guide and the membrane clamped to them can be stretched or compressed. 

The SC-device, as shown in Figure 16, is an advanced version of the manual stretcher and 

has been developed by Innerbichler GmbH (Kundl, Austria) in collaboration with our 

department. It was described in detail by Gerstmair and coworkers (Gerstmair et al. 

2009). 

The design of this device was based on the same principle shown above (Figure 15) 

except that here a motor is used to rotate the ball screw to precisely define stretch 

amplitude and stretch rate. The motor is controlled by a computer and custom-made 

software that allows to apply any kind of stretch protocol. 

In addition, the SC-device was designed to overcome the most time limiting step in image 

acquisition during stretch experiments: The region of interest is laterally displaced if it is 

not in the geometrical center of the membrane (Figure 17). 
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Figure 16 Sketch of the SC-device. 
Two metal blocks of the elastic chamber (shown in detail in Figure 18) are clamped to the sliding blocks that are 
moved by the stretcher motor (in red). The stretcher plate (in light grey) can slide on the compensation plate (in dark 
grey). The movement of the stretcher plate (orange arrows) is actuated by the compensation motor (represented in 
blue-red) and compensates the lateral displacement of the specimen during stretch. 

To solve this problem, a component that allows compensation of this lateral displacement 

was integrated in the SC-device. When the lateral displacement compensation is 

activated on the software, the region of interest is kept in the field of view of the 

objective allowing a continuous image acquisition during stretch. 

 

Figure 17 Lateral displacement of the object during stretch without motion compensation. 
Ink stains on a silastic membrane on an unstretched membrane and upon stretch as seen with 20x objective. The ink-
stains were approximately 2.9 mm distant from the center of the membrane. When the membrane was stretched, 
the region of interest was moved out of the field of view already at 6% stretch. The white arrow indicates the 
displacement (Adapted from Gerstmair et al. 2009). 

The SC-device can be divided in two parts: A top part, the stretch component, and a 

bottom part, the compensation component. The stretch component, which is mounted 
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on the stretcher plate, follows the same principles as the manual stretcher but in this 

case, the rotation of the ball screw is performed by a computer-controlled motor. The 

compensation component is a plate, on which the stretcher plate can slide along the 

same axis as the stretch axis. A second computer-controlled motor is used to move the 

component and to counter act the lateral displacement of the region of interest. The two 

motors (both: model 3056K 024B, Faulhaber, Schönaich, Germany) are both connected to 

a motion control unit (MCBL 2805, Faulhaber), which is controlled by a computer using a 

custom written software. Based on the position of the area of interest on the membrane 

and on the stretch rate and amplitude the software is moving the two parts of the device 

synchronously, thereby keeping the region of interest in the field of view of the 

microscope objective. To use the compensation software it is essential to calibrate the 

device and to align the center of the membrane with the optical path of the microscope 

prior to imaging.  

For this purpose, a metal calibration piece with a defined length and with a small hole 

drilled exactly in the center was mounted on the SC-device. Afterwards the device with 

the calibration piece was mounted on the microscope (Zeiss Cell Observer) and fixed with 

three screws on the motorized stage (Prior, ProScan II) of the microscope. Microscope 

and stage were both controlled by Metamorph software. Now the hole in the center of 

the calibration piece was aligned with the optical path of the microscope by moving the 

microscope stage. The SC-device was then removed from the microscope and the set-up 

was ready for performing experiments. Any movement of the specimen parallel to the 

stretch axis had now to be done with the software of the SC-device by moving the 

stretcher plate. This was necessary to ensure that the software always received 

information about the actual position of the region of interest in order to counteract its 

lateral displacement during stretch. Besides compensation of the lateral displacement of 

the object, the software also allows to apply any desired stretch protocol either static or 

cyclic. The software controls also allow adjusting the distance between the two sliding 

blocks in order to mount membranes of different length. 

For the SC-device, the same elastic chamber was used as in the manual stretcher. It 

comprised 12 different parts and is presented in Figure 18. 
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Figure 18 Scheme of the elastic chamber used with the manual stretcher and with the SC-device 
(A) The different components used to build the elastic chamber are shown. (B) Mounting scheme of the elastic 
chamber. The membrane is bent and shaped on the bottom block with the help of the top block that is screwed onto 
the bottom block to create the chamber. To make the chamber leak proof a thin layer of glue is applied between the 
membrane and the top block. 

The elastic chamber was built as follows: First, the prestrain holders were positioned on 

the plate rail. Then the bottom parts of the clamping blocks were hooked onto the 

prestrain holders. The prestrain holders were fixed with a locking screw so that the length 

of the clamped silicone membrane would be 2 cm. A piece of silastic membrane (2 cm x 

11 cm) was positioned on top of the bottom clamping-block. This block has a concave 

shape as shown in Figure 18A. With the top block, the membrane was pressed onto the 

bottom block. Once the membrane was covering the bottom block without wrinkles, the 

top part was lifted again and a thin layer of glue was applied on the top block to avoid 

later leakage of the medium. Then the two blocks were screwed together and we waited 

for 20 min to allow the glue to dry. Once the silicon glue was dry, the screws that fix the 

prestrain holder to the plate rail were unscrewed and a prestrain was applied to the 

elastic membrane. Typically, an elongation of 20% was applied. The elastic chamber was 

than tested for leakage, adding 2 ml of distilled water for 1 h. If the elastic chamber was 

leak-proof, it was wrapped in aluminum and autoclaved. 
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2.1.4 Microspatula for local stimulation of cells 

As described by Fois and collaborators (Fois et al., manuscript in preparation) in this 

experimental set up the mechanical stimulation of the cells was achieved by using a 

custom designed micro-spatula with the tip width of 40 µm. The micro-spatula was 

mounted on a micromanipulator MM3A-LS (Kleindiek Nanotechnik GmbH, Germany). A 

scheme of the device is shown in the Figure 19. 

 

Figure 19 Operating of micromanipulator used with the microspatula. 
(A) A scheme of the micromanipulator holding the microspatula. A controller (not shown in the picture) moves the 
micromanipulator in the three directions shown by the red arrows. (B) A photograph of the system mounted on the 
microscope. The tip of the microspatula is submersed in the medium contained by the glass bottom dish.  

Three independent piezo elements moved the micro-spatula, with submicrometric 
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precision, along two rotating axes and one linear axis as shown in the cartoon in Figure 

19A. The setup mounted on a Zeiss Axiovert 200 is shown in Figure 19B. 

For moving the micromanipulator, a joystick was used that sent the commands to a 

controller (NanoControl from Kleindiek Nanotechnik GmbH, Germany). This controller 

allows to fine tune the amplitude of the movements of the micromanipulator. Figure 20 

shows a sketch of the microspatula and a group of cells to illustrate the working principle. 

 

Figure 20 Sketch showing the mechanical stimulation of the cells with the microspatula.  
A microspatula (40 µm tip width) was lowered in close vicinity of a group of cells until the membrane was touched. 
The stimulation was applied by further lowering the microspatula on the silastic membrane and indenting it. When 
the pressure was applied the membrane was pulled down and backward resulting in a unidirectional stretch. A bright 
field picture of the microspatula in vicinity of a group of ATII cells is shown in Figure 24A. 

Prior to the experiment, a small piece of elastic membrane (5 mm x 5 mm) was placed in 

the well of a glass bottom dish (MatTek Corporation, Ashland, MA, USA) and cells were 

cultured on this membrane (for details refer to 2.2.2). Cells were stretched by lowering 

the micro-spatula and hence slightly indenting the membrane. In this way a small portion 

of the membrane was pulled down and backward resulting in a unidirectional stretch. 

This stretch method did not move the cells out of the field of view and allowed us to 

measure cell´s response during the actual stimulation. The time resolution was only 

determined by the temporal resolution of the Photonics Cascade II 512 CCD camera 

(ca.30 ms). To evaluate the stretch amplitude that the membrane and thus the cells 

experience, microscopic fluorescent beads (Molecular Probes, Karlsruhe, Germany) were 

seeded on top of the small piece of silastic membrane. Then, we measured the increase in 
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distance between pairs of different beads caused by the lowering the micro-spatula. From 

this distance, we could calculate the stretch amplitudes at different distances from the 

micro-spatula. To simplify the presentation of the gradually decreasing stretch fields we 

divided the stretch field in 3 zones (as shown in figure 29) and show average values for 

each zone. 

2.2 Isolation of ATII cells and cultivation on silastic membranes 

All experimental protocols were approved by the Regierungspraesidium Tuebingen / 

Baden-Wurttemberg / Germany (TVN 833) prior to conducting the experiments. 

2.2.1 Cell isolation 

ATII cells were isolated from Sprague–Dawley rats (male, 180-200 g) according to the 

method by Dobbs (Dobbs et al. 1986a) with modifications (Haller et al. 1998). Rats were 

anesthetized (ketamine 10% and xylazil 2%), and injected with heparin (400 IU/kg). Lungs 

were perfused, removed, washed, and incubated twice with elastase and trypsin at 37° C 

for 15 min, immersed in DNase containing solution and sliced into bits of approximately 1 

mm3. Enzyme reaction was stopped by incubation with FCS (37° C, 2 min). The tissue was 

then filtered 3 times through gauze and nylon meshes (mesh width: 150, 20, and 10 μm) 

and the final filtrate was centrifuged for 8 min at 130 × g. After suspending in DMEM, the 

cells were put on IgG coated plastic dishes and incubated at 37° C for 15 min. Non-

adherent cells were centrifuged for 8 min at 130 g, suspended in DMEM with 10% FCS 

and 1% Penicillin/Streptomycin (10,000 units/ml Penicillin, 10 mg/ml Streptomycin). After 

the isolation, ATII cells were seeded on the silastic membrane (see next paragraph for 

detailed description) and left in the incubator for 2 days at 37° C with 5% CO2 after which 

the majority of cells showed the typical morphology of cultivated ATII cells. For TRPV2 

silencing with siRNA, cells were not directly seeded on the growth support but instead 

they were first put in suspension flasks for 1 day before the electroporation procedure 

(the detailed protocol is described in 2.6). 
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2.2.2 Treatment of silastic membranes and seeding of cells on the 

membranes 

Depending on the device used, the sterilization and seeding procedure of the membranes 

differed according to the different systems used (see above). 

For the experiments with the equibiaxial stretching device, the silastic membrane, 

clamped between two metal rings, was autoclaved, than 1 ml of fibronectin (5 μg/ml in 

PBS) was placed in the center of the ring and incubated at 4° C overnight. Before seeding 

the cells, the solution with fibronectin was removed and membrane was rinsed twice with 

PBS. Then 500 µl of cell suspension (0.5x106 -1x106 cells/ml) were placed in the central 

part of the membrane were the fibronectin was applied before. The membrane was left 

at room temperature for 10 min to give the cells enough time to attach to the membrane. 

Finally, 15 ml of DMEM medium were added and the membrane was transferred to a 

conventional cell culture incubator with 5% CO2 and 37° C and cultured for 2 days. 

Membranes for the experiments with the uniaxial stretchers were prepared in a similar 

way: The elastic chamber for manual device or the SC-device was assembled as described 

above in Figure 18 and autoclaved. Then the membrane was coated with 750 µl of 

fibronectin (5 μg/ml in PBS) and incubated at 4° C overnight. Prior to seeding of ATII cells 

membrane was rinsed twice with PBS. Then 300 µl of cell suspension were placed in the 

center of the membrane for 10 min then 1 ml of DMEM medium was added and the 

membranes were transferred to the cell culture incubator and cultured for 2 days.  

As mentioned above (2.1.4) for the experiments with the micro-spatula, the cells were 

seeded on a small piece of silastic membrane placed in the center part of a glass bottom 

dish where the dish forms a circular well. Prior to seeding, the dishes with the membrane 

were sterilized with UV irradiation (10 min at 100 mJ/cm2), than the well with the 

membrane, was filled with 250 µl of fibronectin (5 μg/ml in PBS buffer) and left at 4° C 

overnight. Shortly before seeding the cells, the dish was rinsed twice with PBS and 50 µl 

of cell suspension were added on top of the membrane. After 10 min, the dish was filled 

with 3 ml of DMEM medium and cultured for 2 days. 
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2.3 Labeling procedures with fluorescent dyes 

2.3.1 Measuring cell damage with nuclear dyes 

Stretch-induced cell injuries were determined by measuring the uptake of the cell-

impermeant fluorescent dye ethidium homodimer-1 (EthD-1, Molecular Probes), that 

labels DNA. The dye was added to reach a final concentration of 4 µM in the bath solution 

(see Table 3 for composition). EthD-1 shows only weak fluorescence in the bath solution 

but is highly fluorescent when it binds to DNA in the nucleus, when the cell membrane 

has been damaged. The dye was added to the bath solution 5 min before starting the 

image acquisition to allow the staining of cells that had already a damaged cell membrane 

without stretch. To obtain the total number of cells, ATII cells were lysated at the end of 

the experiment exchanging the bath solution with distilled water containing the same 

concentration of EthD-1. The exposure to a hypoosmotic solution led to cells swelling and 

ultimately to membrane rupture and cell death. 

2.3.2 Detection of LB fusion 

LB exocytosis was detected using two different fluorescent dyes (both from Molecular 

probes, Karlsruhe, Germany): Lysotracker green (LTG) and FM 1-43 (N-(3-

triethylammoniumpropyl)-4-(4-(dibutylamino) styryl) pyridinium dibromide) following the 

protocol used by Haller and coworkers (Haller et al. 1998). 

 

LTG is a membrane permeable weakly basic amine, which accumulates in lysosomes. The 

mechanism by which it is retained in these organelles is not clear but probably it is 

protonated in acidic vesicle and thus retained inside the vesicle. 

The dye remains in the vesicle until the LB fuses with the plasma membrane as shown in 

the insert in the left panel of Figure 21. As soon as the fusion pore opens, the dye is 

released from the vesicle. The dye diffuses from the LB in the bath solution, and the 

vesicle is not fluorescent anymore (see sketch in the insert of right panel in Figure 21). 

This sudden drop in fluorescence of a vesicle can hence be correlated to LBs fusion. The 

fluorescent images in Figure 21 show the same cells before stretch on the left and after 
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stretch (and relaxation) on the right side of the picture.  

For the experiments, ATII cells were loaded by adding 2 µM LTG to the medium and 

incubated for 20 min in the cell culture incubator at 37° C. After this step, cells were 

rinsed twice with bath solution and used for the stretch experiments on the microscope. 

 

Figure 21 Detection of LB exocytosis with LTG 
ATII cells were loaded with LTG and stretched with the manual stretcher at 20% amplitude. Cells are shown before 
(left panel) and after fusion (right panel) of LB with the plasma membrane. The white arrows point at a group of LBs 
fused after stimulation. The two insert show a sketch of a LB loaded with LTG (green dots) before fusion. The dye is 
retained inside the vesicle resulting in fluorescently labeled LBs. In the post fusion phase, the LB is secreted in the 
extracellular space and the dye can leak out from the vesicle through the fusion pore. Hence the fluorescence of the 
vesicle drops few milliseconds after the fusion event. Abbreviations: LB, Lamellar Body; LTG, Lysotracker green. 

FM 1-43 is a lipophilic styryl dye that is non-toxic to cells and virtually non-fluorescent in 

water. It is classically used to stain lipidic membranes, but at the concentration chosen for 

our experiments, it is barely visible in the cell membrane. Since LBs contain a high 

concentration of lipids, the fluorescence signal of a LB stained with FM 1-43 is much 

stronger than the cellular membrane itself and can therefore easily be visualized. 

As shown by the insert in the left panel of Figure 22 the unfused LB is not stained by the 

dye, but once a LB fuses with the plasma membrane, the dye can enter through the pore 

and it stains the lipidic content of the vesicle, as shown in the insert in the right panel of 

Figure 22. 

The fluorescence images in Figure 22 shows the staining of LB before (left panel) and after 

(right panel) fusion with the plasma membrane. The LBs are not visible before fusion, but 

as soon as the fusion pore opens, the dye can diffuse into the vesicle and become 

detectable by fluorescence microscopy. The white arrows point to two different LBs that 

fused with the plasma membrane upon stretch. 
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In our experiments, the medium was removed from the cells and then cells were rinsed 

twice with bath solution. FM 1-43 (final concentration in bath solution: 2 µM) was added 

to the bath solution before observing the cells to the microscope. 

 

Figure 22 Detection of LB exocytosis with FM 1-43 
ATII cells were stretched with the manual stretcher at 20% amplitude in presence of FM 1-43, . Cells are shown 
before (left panel) and after fusion (right panel) of LBs with the plasma membrane. The white arrows point at a group 
of LBs fused after stimulation. The LBs visible in the first frame on the left are pre-fused vesicles. After stimulation 
two additional LBs are secreted and stained with FM 1-43. The two inserts show a sketch of a LB before (left panel) 
and after fusion (right panel) with the plasma membrane. The dye does not stain the LB in the pre-fusion phase. Once 
the fusion pore opens, the dye can permeate into the LB and stain the densely packed lipids of the LB. The result is a 
strong red signal indicating a fused vesicle. Abbreviations: ATII, Alveolar type II cells; FM 1-43, N-(3-
triethylammoniumpropyl)-4-(4-(dibutylamino) styryl) pyridinium dibromide; LB, Lamellar Body. 

2.3.3 Ca2+ measurements 

In order to measure changes in [Ca2+]c, cells were loaded with Ca2+ sensitive dyes. The two 

dyes chosen for this purpose were Fura-2 and fluo-4 (both from Molecular Probes, 

Karlsruhe, Germany). The unmodified versions of both these dye molecules are charged 

so that they cannot permeate the cell membrane. To allow cell permeation the dye is 

bound via an ester bond to acetoxymethyl (AM) group. This AM ester is an uncharged 

molecule that can permeate the membrane. Once the ester is inside the cell, unspecific 

esterases cleave the lipophilic group, thereby making the molecule charged again, and 

preventing the diffusion of the dyes from the cytoplasm. 

 

Fura-2 is a ratiometric Ca2+ sensitive dye developed by Tsien and coworkers (Tsien et al. 

1985). Upon binding to Ca2+ ions, Fura-2 undergoes a shift in maximum excitation 

wavelength from 380 nm of the Ca2+-free Fura-2 to 340 nm of the Ca2+-bound dye. 
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Changes of [Ca2+]c are measured using the ratio between the emissions at 510 nm 

achieved at 340/380 nm excitation. This ratiometric measurement has several 

advantages: It reduces the effects of uneven dye loading, it compensates possible leakage 

of the dye from the cell and effects due to photobleaching. Also a different thickness of 

cells is compensated. Cells were stained prior to the experiments with Fura-2 (final 

concentration: 4 µM in medium) and left in the incubator at 37° C/5% CO2. After 20 min 

incubation, cells were rinsed twice with bath solution and used for the measurements on 

the microscope. 

 

Fluo-4 is a Ca2+ sensitive dye excited in the visible light range with a maximum excitation 

wavelength of 488 nm. Upon fluo-4 binding to Ca2+ ions, there is no spectral shift like in 

Fura-2, but the dye undergoes a fluorescence increase that can be up to 100 times bigger 

than in Ca2+-free conditions. Prior to imaging, the cells were stained with fluo-4 by 

incubating the dye at 37° C/5% CO2 for 20 min. The final concentration of the dye in the 

medium was 3 µM. 

2.4 Mechanical stimulation of the cells on the microscope  

All the experiments described in this section were performed at room temperature and in 

bath solution (for composition see Table 3).  

2.4.1 Stimulation with the equibiaxial stretcher 

To perform the experiments the equibiaxial stretching device was mounted on an 

Axiovert 100 microscope (Zeiss) with a 5x objective. This microscope was equipped with a 

Cool Snap EZ CCD camera (Photometrics) and with Metamorph software. A Visichrome 

high-speed polychromator system from Visitron (Visitron system GmbH) was used to 

excite the EthD-1 dye. The ring with the membrane was clamped onto the device and an 

image of the unstretched cells in bright field and in fluorescence (excitation 520 nm, 

emission 620 nm) was acquired. Then the piston was lowered by the software to stretch 

the membrane at a rate of 1%/s. The CSA was increased by 10%, 20% or 30% and the 

stretch was held during the entire experiment. At each of the stretch amplitudes, the 
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image acquisition was started immediately after the end of the mechanical stimulation 

and images were recorded at a rate of 1 frame/min for 5 min. When the experiment was 

terminated, the cells were lysed to label the nuclei of all cells with EthD-1 in order to 

determine the total number of cells. 

2.4.2 Stimulation with the manual uniaxial stretcher 

With this stretcher, the LB fusion of ATII cells as a response to stretch was measured. 

Elastic chambers with ATII cells were loaded with LTG and mounted on the stretcher or 

were mounted in presence of FM 1-43 in the bath solution. The device was fixed with 

screws on the stage of a Zeiss Axiovert 100 microscope, equipped with a monochromator 

and a CCD camera (same as above) controlled by Metamorph software. Cells were 

observed through a Zeiss 40x LD Ph2 Plan NEOFLUAR objective and both of the dyes were 

excited at 480 nm; the fluorescence emission was measured at 510 nm for LTG or at 570 

nm for FM 1-43. Stretch was applied to the cells according to the following protocol: 2 

min recording of the unstretched cells, then cells were stretched by 20% of the original 

length. The stretch was held for 10 min during which images were continuously recorded. 

The time between the two steps was in average 3 min needed mainly to relocate the cells 

of interest that had moved out of the field of view caused by stretch. This displacement 

hindered recordings during the stretch or immediately after it thereby considerably 

reducing the temporal resolution of the experiments. 

2.4.3 Stimulation with the SC-device 

The SC-device with the compensation software allows measurements with a higher time 

resolution. With this software-controlled device and its mechanism that compensates 

lateral displacement of the cells during stretch, we could record the stretch induced 

changes of [Ca2+]c within 3 to 10 s after stimulation. 

For these measurements, Fura-2 was used. The dye was excited by a Visichrome high-

speed polychromator system at 340 and 380 nm (emission for both was measured at 510 

nm with a Cool Snap EZ CCD camera) at a rate of 2.5 fps (frames per second). The 

objective used for these experiments was a Zeiss 40x fluar oil immersion. 
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The protocol shown in Figure 23 was applied to monitor the Ca2+ response of ATII cells to 

uniaxial stretch. 

 

Figure 23 Protocol used to stimulate cells with the SC-device. 
After 5 s at 0%, cells were stretched up to 25% within 1 s. The stretch was held for the entire experiment that lasted 4 
min. During stretch, and 3-10 s after the stretch had ended the images were out of focus due to changes in the focal 
plane (indicated by blue line in stretch protocol). Abbreviations: s, seconds; min, minutes. 

Cells loaded with Fura-2 were stimulated with a very fast stretch (25% in 1 s). Ratiometric 

images of Fura-2 were recorded continuously before, during, and after stimulation. Due 

to changes in focal plane and the need to refocus, a window of 3-10 s was not available 

for analysis.  

2.4.4 Local stimulation of ATII cells with the micro-spatula 

To measure changes of Ca2+
c in mechanically stimulated ATII cells with high temporal 

resolution we stimulated the cells with the microspatula. The glass bottom dishes, with 

ATII cells loaded with fluo-4 (for details: 2.3.3), were positioned on a Zeiss Axiovert 200 

inverted microscope. The images were acquired with a 20x plan neofluar Zeiss objective 

and with a Photonics Cascade II 512 CCD camera using MetaMorph software. The dye was 

excited using an EGFP filter cube (excitation 470 nm/20, emission 525 nm/25). The 

acquisition rate was 33 fps, leading to a time resolution of 35 ms. 

As described before stimulation of ATII cells was achieved by lowering a micro-spatula in 

the silastic membrane. Figure 24A shows the micro-spatula in vicinity of a group of ATII 

cells. The red dotted line indicates a 40 µm perimeter from the tip of the micro-spatula. 

Only cells, which “touched” this line, were used for analysis. In average the distance from 

the cell edge to the micro-spatula was 25 µm (SD= 3.43), and did not differ considerably 

in any of the experiments. The maximal stretch amplitude that these cells received did 

not exceed 16%. The stimulation protocol is shown in Figure 24B. ATII cells were 
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stimulated in three distinct steps, but only the fluo-4 signal between the first and the 

second stimulation was used for analysis of the Ca2+ signal. The second and the third step 

were used to determine injured cells. A fluorescence image was acquired 4 min after the 

last step and cells that had lost fluo-4 fluorescence were considered damaged and were 

excluded from analysis. Due to a disrupted membrane, the dye had diffused out of the 

cell and hence those cells had lost their fluorescence. 

 

Figure 24 Stretch of ATII cells with the micro-spatula. 
(A) An example of the micro-spatula close to a group of ATII cells. The dotted line is 40 µm distant from the tip of the 
micro-spatula and defines perimeter within the cells were used for analysis. (B) Stretch protocol used to stimulate 
the cells. On top of the image the 3 steps in which the micro-spatula is stretching the membrane are shown. On the 
bottom part of the image, a representative trace is shown. The green area represents the stimulation step and the 
part of the trace used for analysis. The red area represents two additional steps of stimulation that were used to 
determine damaged ATII cells. Abbreviations: ATII, alveolar type II cells; s, seconds. 

To exclude the possibility that changes in fluorescence of Ca2+ sensitive dyes were caused 

by a redistribution of the fluorescent dye during the stretch, we performed stretch 

experiments with a dye that is Ca2+-insensitive (Cell Tracker Green, Molecular Probes). 

These control experiments were performed with both, the micro-spatula and the SC-

device.  

In order to determine in how far the Ca entry depends on the presence of the stretch 

stimulus, we applied a brief stimulation of ca. 200 ms to ATII cells loaded with fluo-4 (for 

details: 2.3.3), where the intracellular Ca2+ was buffered with EGTA (5 µM EGTA-AM in the 

medium; for details: 2.3.3). The stretch amplitude was the same as the first one used in 

the previous protocol. 



2 Material and Methods 
________________________________________________________________________________ 

42 
 

2.5 Solutions and pharmacological compounds 

All the compounds that were used in the experiments where the Ca2+ response to 

mechanical stretch were determined and their concentrations are listed in the following 

Table 2. 

Table 2 Compounds tested to characterize ATII cell response to mechanical stretch.  
Abbreviations: GdCl2, Gadolinium Chloride; LaCl3, Lanthanum Chloride; RGD-Peptide, Glycine-Arginine-Glycine-
Aspartic Acid-Asparagine–Proline; SKF-96365, 1-[2-(4-Methoxyphenyl)-2-[3-(4-methoxyphenyl) propoxy]ethyl-1H-
imidazole hydrochloride. 

Chemicals Final concentration Company 

Apyrase 50 Units/ml Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

EGTA-AM 5 µM Molecular Probes, Karlsruhe, Germany 

GdCl3  50 μM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Glycyrrhetinic acid 20 µM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

LaCl3 100 μM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

RGD-peptide 0.2 mg/ml BIOMOL international, Loerrach, Germany 

Ruthenium red  30 μM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Ryanodine 100 μM Calbiochem, LaJolla, USA 

SKF-96365 30 μM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Suramin 100 µM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Thapsigargin 100 nM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Wortmannin 1 μM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

 

Table 3 Composition of the regular bath solutions and the Ca
2+

-free bath solution. 
Abbreviations: NaCl, Sodium Chloride; KCl, Potassium Chloride; MgCl2, Magnesium chloride; CaCl2, Calcium Chloride; 
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid); EGTA, ethylene glycol tetra acetic acid 

Chemicals 
Bath 
solution 
[conc.] 

Ca2+ free bath 
solution [conc.] 

Company 

NaCl 140 mM 140 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

KCl 4.5 mM 4.5 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

MgCl2 1 mM 1 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

CaCl2 2 mM  Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Glucose 5 mM 5 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

HEPES 10 mM 10 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

EGTA  10 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

 pH= 7.4 pH= 7.4  

 

The incubation time for Apyrase and Suramin was 5 min at RT in bath solution, for 



2 Material and Methods 
________________________________________________________________________________ 

43 
 

Glycyrrhetinic acid the incubation time was 45 min at 37° C in medium in the incubator. 

All the other compounds were incubated for 20 min at RT in bath solution. 

Table 3 shows the compositions of the bath solutions used during live cell imaging on the 

microscope. All the chemicals were bought from Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany. 

2.6 Silencing of TRPV2 in ATII cells 

In order to silence the expression of TRPV2 channel in ATII cells we used a small 

interfering RNA (siRNA) approach. To silence rat TRPV2 (Gene ID: 29465, from Entrez 

Gene) a mix of 3 different siRNA duplexes was purchased from Invitrogen (Paisley, GB). 

The 3 primers were Stealth RNAi™ siRNA with oligo ID from the company as follows: 

RSS309378, RSS309380, and RSS355081. As control Stealth RNAi™ siRNA Negative 

Controls (Invitrogen, Paisley, GB), were used. 

The transfection efficiency with siRNA was estimated using indocarbocyanine (Cy3)-

labeled GAPDH siRNA (Ambion). The relative number of cells was determined by 

fluorescence microscopy. 

As already briefly described in 2.2.1, ATII cells isolated from rat lung were not directly 

seeded on the substrate. Instead, the cell suspension was cultivated in suspension flasks, 

where the cells could not attach to the surface. In this way, it was possible to avoid the 

further stress derived by the use of trypsin, that is needed to detach cells from the 

substrate for electroporation. The ATII cells were incubated overnight at 37° C with 5% 

CO2. Then they were removed from the incubator, counted and 3-3.5 *106 cells were 

transferred to a 50 ml falcon tube (volume of cell suspension between 3-6 ml) and 

centrifuged at 900 rpm for 10 min. After centrifugation, the medium was removed and 

the pellet was resuspended in 100 µl basic NucleofectorTM solution (primary mammalian 

epithelial cell protocol; Lonza Cologne AG, Germany). The sample was mixed with 10 nM 

of each oligo, left at room temperature for 5 min, and then transferred to an 

electroporation cuvette (Lonza Cologne AG, Germany). Then the cells were 

electroporated using the X-001 program of the Amaxa NucleofectorTM II device. After 

transfection 500 µl of pre-warmed (37° C) DMEM with 10% FCS and 1% 
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Penicillin/Streptomycin were added to the cuvette and the cell suspension was 

immediately transferred to an Eppendorf tube (Eppendorf, Hamburg, Germany). The 

transfected cells were left at room temperature for 5 min and then 150 µl of cell 

suspension were transferred to each elastic membrane in glass bottom dishes. For 

western blots 600 µl of cell suspension were seeded in each well of a six well plate. The 

membranes in the glass bottom dishes had been treated as explained above (2.2.2) prior 

to seeding. 

2.7  Detection of TRPV2 with Western Blots 

2.7.1 Lysis of ATII cells  

In order to analyze TRPV2 channel expression levels after transfection with siRNA the 

transfected ATII cells and the controls were compared. As controls were used: Untreated 

cells, cells that were only electroporated (without siRNA), and cells that were transfected 

with non-targeting siRNA. The cells transfected with TRPV2 siRNA and all the controls 

were treated as described in 2.6, but not seeded and cultured on the silastic membrane 

but in a 6-well dish for 24 h. For cell lysis, the 6-well plate was removed from the 

incubator and placed on ice, where it was kept during the whole lysis and protein 

collection procedures. Each well was washed 3 times with 2 ml of ice cold PBS. At each 

washing step all PBS was carefully retrieved. After the third washing step, 100 µl of Lysis 

Buffer (composition is shown in Table 4) was added and left on the cells for 30 min. 

The cells were then scraped off with a cell scraper and cells and lysate were collected in 

an Eppendorf Tube. Each tube was then sonicated with a sonication probe for 20 s. After 

sonication, cells were immediately placed on ice again. The sonicated protein extract was 

then centrifuged at 15000 rpm for 10 min at a temperature of 4° C and the supernatant 

was collected and transferred in an Eppendorf tube. If the supernatant was not used 

immediately, it was rapidly frozen in liquid nitrogen and stored at -80° C. 
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Table 4 Composition of Lysis Buffer. 
Abbreviations: NaCl, Sodium Chloride; EGTA, ethylene glycol tetraacetic acid; MgCl2. Magnesium Chloride; 
Trizma(Base), 2-Amino-2-(hydroxymethyl)-1,3-propanediol; Igepal CA-630, Octylphenoxy Poly (ethyleneoxy) ethanol, 
branched; PMSF, phenylmethylsulfonyl fluoride; TLCK, Na-Tosyl-Lys-chloromethylketone; TPCK, Tosyl phenylalanyl 
chloromethyl ketone. 

Chemicals Final concentration Company 

NaCl 50 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

EGTA 2 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

MgCl2 10 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Trizma (base) 50 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Glycerol 10% Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Igepal CA-630 1% Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Leupeptin 0.010 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Antipain-HCl 0.010 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

PMSF 1 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

TLCK 0.058 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

TPCK 0.061 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

2.7.2 Western Blotting 

The frozen cell lysates (see above) were mixed with the sample buffer (described in Table 

5). This buffer contains SDS, which is an anionic detergent that denatures secondary and 

non–disulfide–linked tertiary structures; furthermore, it binds to the denaturated 

proteins, and gives them a uniform negative charge along their length. All the samples (15 

µg of protein each) were then heated at 95° C for 3 min in the presence of a reducing 

agent 2-mercaptoethanol (beta–Mercaptoethanol/BME), which further denatures the 

proteins by reducing disulfide linkages. Then the samples were centrifuged for few 

seconds before being loaded on the SDS-page gel. 

The SDS-page gels were casted one day before the actual electrophoresis run. The best 

resolution of the TRPV2 protein (MW around 98 kD) was achieved using a 7.5% “Resolving 

gel” (recipe in Table 6) of 0.75 mm thickness. The gels were made as follows: The solution 

for the “Resolving gel” gel was prepared, degassed, and put into the gel caster, and then 

it was left to polymerize for 60 min. Once the resolution gel was polymerized, the “Stack 

gel” solution (recipe in Table 6) was poured on top of it. Before polymerization, a comb 

was put on top of it to create the wells where the samples will be loaded. Up to 15 µl of 

each sample were loaded into each well of the gel. The gels were then placed in the 

http://en.wikipedia.org/wiki/2-Mercaptoethanol
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device for electrophoresis and a voltage of 150 V was applied for 60-65 min. 

When the electrophoresis was complete, the proteins were transferred onto 

Nitrocellulose membrane. The protein transfer was done using the iBlot® Dry blotting 

system. A voltage of 23 V was applied for 8 min, and then the nitrocellulose membrane 

was temporarily stained with Poinceu-S for 3 min and then destained with ddiH2O. The 

membrane was then blocked with 100 ml of blocking buffer and placed in an orbital 

shaker for 30 min at room temperature. 

After blocking the membrane with 5% skim milk Tris NaCl-Tween-20 solution for 1 h, the 

membrane was incubated with 2 µg/ml of the primary antibody anti-TRPV2 (see  

Table 9) overnight at 4° C. The following day the membrane was quickly rinsed 4 times in 

TBS (Tris buffered saline) buffer, and then it was washed 4 times with the same buffer for 

5 min each time at room temperature in an orbital shaker. 

The membrane was subsequently incubated with 31 ng/ml of the secondary antibody 

(Goat Anti-Rabbit IgG (H+L); see Table 9) for 45 min at room temperature under gentle 

rocking in the orbital shaker. Then the membrane was washed again 4 times with TBST 

(recipe in Table 7) buffer for 5 min at room temperature in the orbital shaker. Then the 

membrane was washed with TBS (composition in Table 8) buffer for 5 min. 

The excess of buffer was carefully removed and the membrane was incubated in 

Immobilion Western mix for 5 min. The membrane was finally exposed to film (exposure 

time 5-30 sec) and then developed. The film was scanned with a Microtek ScanMaker 

i800 scanner and imported in Adobe Photoshop CS4 (Adobe Systems Incorporated, San 

Jose, California, USA) for further analysis. 

Table 5 Composition of Sample Buffer. 
Abbreviations: Tris, tris (hydroxymethyl)aminomethane; HCl, Hydrochloric acid; SDS, Sodium dodecyl sulfate. 

Chemicals 
Final 
concentration 

Company 

Tris-HCl (pH 6.8) 31.2 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

SDS 17.33 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Bromophenol Blue 0.005% Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Glycerol 12.5% Sigma-Aldrich Chemie GmbH, Steinheim, Germany 
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Table 6 Composition of Stack and Resolving gel. 
Abbreviations: Tris, tris (hydroxymethyl) aminomethane; HCl, Hydrochloric acid; SDS, Sodium dodecyl sulfate; APS, 
ammonium persulfate; TEMED, Tetramethylethylenediamine. 

Chemicals 
Stack 
Gel (%) 

Resolving 
Gel (%) 

Company 

30% Acrylamide/bis 13.2 25 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

0.5 M Tris-HCl (pH 6.8) 25.2 -- 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

1.5 M Tris-HCl (pH 8.8) -- 25 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

10% SDS 1 1 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

TEMED 0.1 0.05 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

10% APS 0.5 0.5 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

 
Table 7 Composition of TBST Wash Buffer. 
Abbreviations: NaCl, Sodium Chloride; Tris, tris (hydroxymethyl) aminomethane; HCl, Hydrochloric acid; Tween-20, 
Polysorbate 20. 

Chemicals Final concentration Company 

NaCl 0.9% Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Tris-HCl (pH 7.4) 50 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Tween-20 0.1% Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

 
Table 8 Composition of TBS buffer. 
Abbreviations: NaCl, Sodium Chloride; Tris, tris (hydroxymethyl) aminomethane; HCl, Hydrochloric acid. 

Chemicals Final concentration Company 
 

NaCl 0.9% Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Tris-HCl (pH 7.4) 50 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

 
Table 9 Antibodies used in the Western Blots. 
Abbreviations: IgG, Immunoglobulin G; TRPV2, transient receptor potential vanilloid type 2. 

Antibody Company 

Rabbit Anti-Vanilloid Receptor like protein (anti TRPV2) Calbiochem, LaJolla, USA 

HRP conjugated Goat anti-rabbit IgG (H+L) 
Jackson Immunoresearch 
Laboratories, Suffolk, UK  
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2.8 Fluorescence labeling of focal adhesions, adherens junctions, 

TRPV2 channels and actin cytoskeleton 

For these experiments, ATII cells were seeded on Lab-Tek 2-well chamber slides (Nunc 

GmbH & Co. KG, Langenselbold, Germany) and fixed two days after cell isolation from the 

rat. All the staining steps were performed at room temperature. After the staining, the 

samples were moved to a Zeiss Axiovert 200 microscope for image acquisition.  

2.8.1 Immuno labeling of TRPV2, vinculin and β-catenin 

In order to double-label TRPV2 and Vinculin (present in FAs), the ATII cells were isolated 

and cultivated as already mentioned. Two days after seeding the cells were taken from 

the incubator, the medium was removed and cells were rinsed twice with PBS. Then cells 

were fixed with 4% PFA (Paraformaldehyde; Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany) for 10 min. The PFA was removed and 3 washing steps of 10 min each with PBS 

were performed. ATII cells were then permeabilized with 0.1% Triton® X-100 for 2 min. 

After permeabilization they were washed twice with PBS for 10 min. Then a blocking step 

with 2% BSA in PBS for 1 h followed. Cells were rinsed and incubated in pre-made 

antibody-Zenon solution (preparation explained below) overnight. The next morning cells 

were washed three times with PBS for 10 min each and the cells were observed on the 

microscope. 

 

Preparation of antibody-Zenon solution: 

The double labeling with antibody-Zenon was done by preparing the two solutions for the 

immunostaining, one for each protein of interest (e.g. TRPV2 and Vinculin), mixing them, 

and using it to label the cells. The first solution (solution A) for staining TRPV2 channel 

was prepared as follows: 10 µl TRPV2 antibody were diluted in 10 µl PBS, the solution was 

gently mixed and 5 µl Reagent A from Zenon Rabbit 488 were added, gently mixed, and 

incubated for 5 min. Then 5 µl Reagent B from Zenon Rabbit 488 were added, gently 

mixed and incubated for 5 min. Solution B, for staining the FA protein vinculin or the 

adherens junction protein β-catenin, was prepared as follows: 0.1 µl vinculin antibody or 

1 µl β-catenin antibody were diluted in 10 µl PBS, and gently mixed. Then 5 µl Reagent A 
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from Zenon Mouse 568 were added to the solution, gently mixed, incubated for 5 min. 

After the incubation 5 µl of Reagent B from Zenon Mouse 568 were diluted in the mix, 

and incubated for 5 min. Finally, solution A and solution B were mixed, diluted in 500 µl 

PBS and added to the cells. 

2.8.2  Labeling of actin cytoskeleton 

Actin cytoskeleton was stained using the toxin phalloidin conjugated with Alexa Fluor® 

fluorophore that specifically binds to f-actin. The fluorescent-labeled phalloidin (stock 

concentration of 200 units/ml) was diluted 1:200 in PBS, incubated for 10 min with the 

cells, and then washed away with PBS. 

The compounds used for the staining are shown in the following Table 10. 

Table 10 Antibodies and compounds used to stain FA proteins, proteins of adherence junctions and actin. 
Abbreviations: IgG, Immunoglobulin G. 

Antibody / kits/ chemicals Company 

TRPV2, mouse monoclonal antibody Calbiochem, LaJolla, USA 

β-catenin, mouse monoclonal antibody Abcam plc, Cambridge UK 

Vinculin, mouse monoclonal antibody Abcam plc, Cambridge UK 

Phalloidin Invitrogen, Paisley, GB 

Zenon Alexa fluor 568 Mouse IgG Labeling Kit  Invitrogen, Paisley, GB 

Zenon Alexa fluor 488 Rabbit IgG Labeling Kit  Invitrogen, Paisley, GB 

 

2.9 Coimmunoprecipitation of TRPV2 with FAs proteins. 

To examine physical interaction of FA proteins and adherence junction proteins with 

TRPV2 we performed immunoprecipitation experiments. As baits for TRPV2 we used zyxin 

(in FAs but not in adherence junctions), vinculin (in adherence junctions and FAs), and β-

catenin (in adherence junctions). 

The antibodies for Vinculin and β-catenin were the same used in the Western blot 

experiments; the antibody for zyxin was purchased from SYSY (Goettingen, Germany). 

Coimmunoprecipitation was performed using µMACSTM Protein G coated micro beads 
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and µColumns (Myltenyi Biotec, Bergisch Gladbach, Germany). Magnetic labeling and 

immune-purification were executed following the manufacturers suggestions with some 

modifications. 

ATII cells were isolated from the rat following the procedure described above (2.2.1), and 

cultivated for two days in the incubator. ATII cells were then submitted to the same lysis 

procedure described in 2.7.1. 

The procedure for co-immunoprecipitation was the same for all the baits used: To 300 µl 

of cell lysate, a specific amount of antibody was added (the respective quantities of 

antibodies used are listed in Table 11) then we added 50 µl of the protein G micro beads 

and this complex was incubated on ice for 30 min. 

During the incubation, we proceeded with preparation of the columns. The µMAC 

columns were placed in the magnetic field of the µMAC separator and a disposable 

Eppendorf tube was placed under the µMAC column. The column was rinsed once with 

200 µl of lysis buffer. After the 30 min of incubation with the beads, the cell lysate was 

put on the column. The non-bound fraction was collected for further analysis. 

Each column was rinsed 4 times with 200 µl of lysis buffer, and then once with 100 µl of 

low salt wash buffer. At each step, the buffer was allowed to pass through the column. 

The eluate of the first and second washes and the last washes were collected for analysis. 

Before the final elutions steps 20 µl of pre-heated (95° C) SDS gel loading buffer were 

applied onto the column matrix, and incubated for 5 min at room temperature. Then 50 

µl of preheated (95° C) SDS gel loading buffer were loaded onto the column matrix and let 

pass through the column. The eluted buffer was collected in new tubes and analyzed with 

SDS-page and western blot using the same procedures described above in 2.7.2. 

In the following tables the composition of the low salt wash buffer and of the 1x SDS gel 

loading buffer used in this procedure are shown. The lysis buffer that was used in the 

washing steps is the same used for cell lysis in 2.7.1 and described in Table 4.  
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Table 11 Concentration of the antibodies used in coimmunoprecipitation experiments 

Bait Stock Concentration Volume added to cell lysate Final amount in 300 µl 

Vinculin 10 mg/ml 1.0 µl 10 µg 

β-catenin 1.0 mg/ml 2.5 µl 2.5 µg 

Zyxin 1.0 mg/ml 2.0 µl  2.0 µg 

 

Table 12 Composition of SDS gel loading buffer. 
Abbreviations: Tris, 2-Amino-2-hydroxymethyl-propane-1,3-diol; HCl, Hydrochloric acid; DTT, Dithiothreitol; SDS: 
Sodium dodecyl sulfate. 

Chemicals Final concentration Company 

Tris-HCl (pH 6.8) 50 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

DTT 50 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

SDS 1% Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Bromophenol Blue 0.005% Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Glycerol 10% Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

 

Table 13 Composition of Low-Salt Wash Buffer. 
Abbreviations: Trizma (Base), 2-Amino-2-(hydroxymethyl)-1,3-propanediol; HCl, Hydrochloric acid; PMSF: 
phenylmethylsulfonyl fluoride; TLCK: Na-Tosyl-Lys-chloromethylketone; TPCK: Tosyl phenylalanyl chloromethyl 
ketone; ddiHsO: double distilled water. 

Chemicals Final concentration Company 

Trizma (base) 20 mM 
Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Leupeptin 0.01 mM 
Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Antipain-HCl 0.01 mM 
Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

PMSF 1 mM 
Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

TLCK 0.058 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

TPCK 0.061 mM Sigma-Aldrich Chemie GmbH, Steinheim, Germany 
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2.10  Data analysis 

2.10.1 Image analysis 

The images and the image sequences (stacks) acquired with MetaMorph were analyzed 

using the free image analysis software ImageJ (Abramoff et al. 2004). All calculations with 

the extracted image data described below were performed in Microsoft Excel. 

Analysis of dead cells 

The effects of stretch on cell injury were determined in the following way: We counted 

the number of stained nuclei 1, 2, 3, 4, and 5 min after the stretch and subtracted the 

number of cells already stained before stretch. The total number of uninjured cells was 

determined as follow: We counted all EthD-1 labeled cells after cell lysis and we 

subtracted the number of cells already stained before stretch. Then we calculated the 

relative number of damaged cells at each time point relative to the total number of cells 

and the result was expressed as percentage. 

Analysis of LB fusion 

Stretch-induced LBs fusions were measured with the fluorescent dyes LTG and FM 1-43. 

As described in 2.3.2 a fast loss of LTG fluorescent signal or an increase of FM 1-43 of a 

vesicle was considered a LB fusion. We counted how many cells showed at least one 

fusion. Such cells were referred to as responders. The percentage of responders for each 

experiment, was calculated dividing the number of responders by the total number of 

cells in the image and expressed as percentage.  

Analysis of [Ca2+]c increase 

For Fura-2 measurements (used for the measurements with the SC-device), two image 

stacks had been acquired during the stretch experiment: One at 340 nm excitation and 

one at 380 nm. A ROI (region of interest) was drawn around each cell of interest and 

around an area without cells for the background subtraction. The same ROIs were used 

for both stacks. The average grey values of the ROIs of each frame of the time series were 

transferred to a Microsoft Excel worksheet (Microsoft, Redmond, USA). The ratio (R) for 
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each frame was calculated using the following formula where F340 and F380 are the grey 

values measured at each wavelength and Bkg340 and Bkg380 are the corresponding 

background values: 

 

Cells were considered responders when the maximum increase in Fura-2 ratio after 

mechanical stimulation was higher than 1.2 arbitrary units (a.u.). For cells that had 

responded within the gap where image acquisition was not possible (see Figure 30, Cell C) 

and for cells where the peak of the Ca2+ signal appeared after the gap (see Figure 30, Cell 

A) the Fura-2 ratio value 10 s after the stimulation was used. 

 

To determine the fluo-4 fluorescence intensity of a cell (Fcell) in the experiments with a 

micro-spatula a ROI was drawn around each cells of interest and around an area without 

cells for determining the background. The average gray value in each ROI of a cell (Fraw) 

was determined for each frame of the time series. These data were transferred to a 

Microsoft Excel sheet and the background (FBkg) was subtracted from each frame and of 

each ROI. The formula used for each cell in each frame was: 

 

To compensate for different absolute values of the fluo-4 fluorescence in different cells 

we calculated a normalized value for the fluo-4 fluorescence (FN): We divided each Fcell of 

the image sequence by the mean fluorescence value of the first 100 frames before stretch 

(Fbaseline). This was done for each cell individually. The formula used for the normalization 

was the following: 

 

To determine if a cell was showing a homogenous or a localized increase of fluo-4 

fluorescence, 1 frame before and 3 frames after stretch (corresponding to 105 ms) were 
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analyzed. The fluorescence increase of the whole cell (Ft) was compared with the 

fluorescence in a small circular area of 100 µm2 (Fl) that was drawn around a localized 

increase. Then, an increase pattern factor (IPF) was determined in the following way: 

 

If the IPF was higher than 1.2 the [Ca2+]c increase was considered localized whereas cell 

with an IPF below 1.2 were considered to display a homogenous increase in [Ca2+]c. 

2.10.2 Statistical analysis 

For statistical analysis, the processed data obtained with Microsoft Excel were exported 

to the statistical analysis software Graphpad Prism 5 (GraphPad Software Inc., La Jolla, 

CA, USA). Mean, standard deviation (SD) and standard error of the mean (SEM) were 

determined in this program. Moreover, it was used to test the data for normal 

distribution (Kolmogorov-Smirnov test). P-values were determined either with Mann-

Whitney U-test (when the data were not normally distributed) or with the Student’s t-test 

(when the data were normally distributed). The statistical significance compared to 

control was indicated by “*” (p-value < 0.05), “**” (p-value < 0.01) and “***” (p-value < 

0.001) symbols. 



3 Results 
________________________________________________________________________________ 

55 
 

3 Results 

The aim of this study was to study the various responses of ATII cells to mechanical 

stimulation (mechanically induced [Ca2+]c increase and LB-fusion) and to a lesser extent 

the effect of mechanical stretch on cell damage. As commercially available stretch devices 

did not fulfill our requirements, we had to develop and characterize various stretch 

devices. Depending on the scientific question we wanted to address, we decided to use or 

develop different experimental setups and choose the one that suited best for the 

particular question addressed. In the first part of the results section, these stretch devices 

are characterized and the most important parameters are presented. 

3.1 Characterization of the stretch devices 

3.1.1 Equibiaxial stretcher 

The equibiaxial stretch device was characterized in detail by Frick and colleagues (Frick et 

al. 2004). They showed that the extension of the elastic membrane imposed on the 

membrane by this device was uniform (equibiaxial) in all the directions. To determine if 

the stretch of the elastic membrane led to the same increase in CSA we measured the 

CSA before and after each of the stimulations. The ATII cells were seeded on the 

membrane and left in the incubator for two days, then moved to the microscope (see 

3.2). Bright-field pictures of the cells were acquired before and after stimulation. The 

results, listed in Table 14, show that the increase in ATII CSA after stretch corresponds 

approximately to the increase of membrane area. 

  

Data are derived from individual experiments, which means that the cells were stretched 

only once with a single step. Most importantly, these data clearly show that cells do not 

detach from the membrane. However, there is a slight discrepancy at a nominal stretch of 

20%. Here the attachment area of the cell after stretch is slightly less (14.6%). 
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Table 14 Increase of CSA at different nominal stretch amplitudes 
The increase in CSA at different magnitudes of nominal stretch shows that the cells do not detach from the 
membrane, but are stretched to approximately the same degree as the membrane. Abbreviations: CSA, cell surface 
area. 

Nominal stretch Increase of CSA N 

0% 0.0% 38 

10% 10.2% 189 

20% 14.6% 356 

30% 27.7% 121 

3.1.2 Manual stretcher 

The deformation of the elastic silicone membrane was measured by comparing the actual 

stretch with the nominal value of stretch imposed and by determining how much the 

membrane was compressed during stretch. This was done by marking the membrane 

with ink and measuring the distance between the ink stains on the membrane. The 

membrane was stretched up to 60% in steps of 5% and the increase in distance between 

two ink stains on the membrane was measured. This procedure was repeated 3 times at 3 

different positions on the membrane (0 mm, 1 mm, and 3 mm distant from the center of 

the membrane). The stretch magnitude was the same in all positions so that regardless 

where the cells were located (at the center or close to the clamps) they always received 

the same amount of stretch. The actual stretch differed slightly from the nominal stretch. 

The maximum discrepancy was observed at 60% nominal increase in length where the 

actual increase of membrane length was 48%. 

Table 15 Increase of cell length at different nominal stretch amplitudes 
The increase of cell length at different magnitudes of nominal stretch shows that the cells do not detach, but are 
stretched to approximately the same degree as the membrane. 

Nominal stretch Increase of cell length N 

0% 0% 17 

10% 8.5% 15 

20% 17.1% 11 

25% 20.9% 24 

30% 25.0% 10 

 

The measurement of the actual increase in cell length compared to the nominal stretch is 

shown in Table 15. As in the equibiaxial stretch device, we can show that the CSA 
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increased approximately the same amount than the nominal increase of the membrane. 

 

When the elastic chamber was stretched it experienced a compression perpendicular to 

the stretch axis, therefore also the cells were slightly compressed during stretch. This 

compression varied depending on the position. The cells experienced most compression 

in the center of the membrane whereas the compression close to the clamps was almost 

zero. Figure 25 shows the compression of the elastic membrane by showing the 

displacement of measurement points along three lines parallel to the stretch at different 

stretch amplitudes and on different positions on the membrane. The three lines are 5 mm 

apart from each other.  

 

Figure 25 Deformation of the elastic membrane with manual stretcher at different stretch magnitudes. 
The green dots are in the central axis of the membrane. The red and blue marks are positioned along two parallel 
axes 5 mm distant from the central axis. Along the central axis, there is no displacement of points perpendicular to 
the strain axis, whereas point along on the other two axes the membrane are displaced perpendicular to the stretch 
axis. This demonstrates the compression of the membrane perpendicular to the stretch axis. 

3.1.3 SC-device 

The SC-device was characterized by Gerstmair and coworkers (Gerstmair et al. 2009) and 

a brief description is provided in the material and methods section (2.1.3 and 2.4.3). As 

with the equibiaxial stretcher, we also wanted to demonstrate here that cells do not 

detach from the membrane during stretch and experience the same amount of stretch 

than the membrane. 
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Figure 26 shows two ATII cells seeded on a silastic membrane before and after a stretch 

of 20%. This example shows that the cells did not detach when the membrane was 

stretched and that the cell was stretched by 20%. We did not systematically measure the 

CSA at different nominal stretch amplitudes because the membrane holder was identical 

to one used with the manual stretcher where this task has already been performed. 

 

Figure 26 Example of ATII cells before and after stretch with the SC-device. 
The panel on the left shows ATII cells before stretch. The right panel shows the same cells stretched by 20% (nominal 
stretch). The black line (solid in the left panel and dashed in the right panel) outlines the CSA of the cells before 
stretch. The red line in the right panel outlines the same cells after stretch. Abbreviations: ATII, alveolar type II. 

3.1.4 Micro-spatula stimulation 

As mentioned in the material and methods section the deformation of the elastic 

membrane with the micro-spatula was evaluated by measuring the displacement of 

fluorescent beads at several distances from the tip of the micro-spatula. In these 

experiments, the micro-spatula was lowered in one discrete step (setting 5 on the 

controller). 

Figure 27 A shows a schematic representation of the deformation of the membrane when 

stretch is applied by the micro-spatula. The membrane is not only deformed in the XY 

plane but the indentation of the membrane also slightly displaces the membrane in the Z 

direction. In contrast to the other stretch devices (see above), the membrane is only 

locally stretched. This results in an inhomogeneous stretch of the membrane, with the 

magnitude of the stretch depending on the distance to the micro-spatula. As described in 

the material and methods section (paragraph 2.4.4) only the responses of cells with their 

cell edge between 20-40 µm distant from the tip of the micro-spatula were analyzed. As 

shown in Figure 27 the cells experienced a maximum stretch magnitude of not more than 

ca. 16%. Due to the inhomogeneous deformation, not the entire cell was stretched with 
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the same magnitude but the stretch magnitude decreased with the increased distance 

from the tip of the micro-spatula. 

Figure 27 B shows a bar graph where the mean stretch ± SD at different distances from 

the micro-spatula is plotted. 

 

 

Figure 27 Deformation of the membrane with the microspatula. 
(A) The representation of the stretch field imposed by the micro-spatula on the silastic membrane is simplified, since 
the stretch magnitude changes continuously and not discrete steps as shown here. The differently colored areas 
represent the length increase calculated by subtracting the displacement at the most far away distance from the 
micro-spatula (e.g. 50 µm) to the displacement at the closest distance from the micro-spatula (e.g. 30 µm) at each 
selected range. In the drawing, the micro-spatula is shown in blue at center top and membrane areas with different 
distances from the tip in yellow (10-30 µm from the tip); in green (30-50 µm) and in blue (50-70 µm). The left half of 
the scheme shows the horizontal displacement that the cells experience whereas the right half of the picture shows 
the displacement that the cells experience in the z-axis. (B) Horizontal stretch (average ± SD) shown in a histogram. 
The red bar represents the average stretch that cells experienced at 30-50 µm distance. (C) Two ATII cells before and 
after stretch. The cell membrane is highlighted by the solid lines. The dashed lines on the left panel show the outline 
of the cell before stretch. Abbreviation: ATII, alveolar type II. 

The red bar represents the stretch that the major part of the cell experienced. The values 

were obtained by determining the displacement of fluorescent beads after stretch at 

defined distances from the micro-spatula. For example, the displacement of the beads at 

30 µm distance from the membrane was measured and subtracted from the 

displacement of the beads at 10 µm from the micro-spatula. The calculated value 

represented the increase in length of this specific portion of the membrane and therefore 

the stretch magnitude. Figure 27 shows a simplified representation of the stretch field 
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imposed by the micro-spatula to the membrane since the stretch field is continuous and 

not discrete as represented. 

Figure 27C shows an example of two cells before and after stretch. The CSA of the cells 

are highlighted by the black and red line. 

3.2 Stretch induced cell injury 

3.2.1 Comparison between equibiaxial stretch and uniaxial stretch 

As mentioned in the Materials and Methods section (2.3.1) we evaluated stretch induced 

cell damage in ATII cells by measuring the uptake of the fluorescent nuclear marker EthD-

1. Figure 28 shows the stretch induced injury of ATII cells caused by equibiaxial stretch. 

The data from three different experiments are shown.  

 

Figure 28 Stretch-induced cell injury caused by equibiaxial stretch. 
The increased CSA was permanently held for each of the stretch amplitudes during the 5 min of the experiment and 
the number of EthD-1 positive cells was measured every minute. The number of injured cells increases with the 
increase in CSA and with duration of stretch. In one experiment, cells stretched at 30% did not show further increase 
in cell damage leading to loss of statistical significance. Data are presented as mean + SD. The “*” symbol indicates 
statistical significance compared to control. Abbreviations: CSA, cell surface area; EthD-1, ethidium homodimer 1. 
(Adapted from Felder et al. 2008). 

The number of cells that showed nuclear staining was determined by the stretch 

amplitude and by the duration of the stretch. The lowest stretch amplitude that caused 

cell damage was above 10% increase in CSA. The number of damaged cells increased 



3 Results 
________________________________________________________________________________ 

61 
 

clearly at 20% and 30% increase of the CSA. The maximal number of injured cells was 

measured at 30% stretch applied for 5 min (avg= 23.76% of injured cells). 

We were not able to induce membrane rupture in cells that were stretched unidirectional 

with the SC-device at the same stretch amplitudes (10%, 20% and 30%) and strain rate 

(1%/s) that were used with the equibiaxial strain device. 

In the experiments where the ATII cells were stimulated with the micro-spatula 

approximately 10% of the stretched cells showed a clear loss of fluo-4 fluorescence after 

applying a triple stimulation (see 2.4.4 for details). Apparently, the plasma membrane of 

these cells was damaged by the stimulation and these cells were excluded from analysis 

of the stretch induced [Ca2+]c increase. 

3.3 Stretch induced LB fusions 

3.3.1 Effect of a single stretch on surfactant exocytosis 

As described in material and methods the LB fusions were determined either by staining 

the cells with LTG or by adding FM 1-43 to the bath solution. Than the membranes were 

mounted on the microscope, the image acquisition was started and after 2 min at 0%, 

cells were stretched by 20% in one-step using the manual stretcher. Then the number of 

responders before and after stretch was compared. 

 

Figure 29 Percentage of ATII cells showing LB fusions within 2 min before stretch and after applying 20% stretch. 
Data are shown as mean ± SEM. The “*” symbol indicates statistical significance compared to control. 

Figure 29 shows the data from these experiments (number of isolations= niso= 10, number 

of cells= ncells= 267). Within the 2 minutes where no stretch was applied, the mean of 

responders was 1.69% ± 1.17 whereas the average number of responders with the same 
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time span at 20% was of 10.13% ± 2.51. 

It is important to mention that during stretch there was a time gap due to shift in position 

and the average time needed to re-align the cells of interest with the field of view of the 

microscope was of 3.22 min ±1.31. 

3.4 Mechanically induced increase of [Ca2+]c 

3.4.1 Role of cell communication in inducing an indirect response to the 

mechanical stimulus 

ATII cells loaded with the Ca2+ sensitive dye Fura-2 cells were stretched up to 25% 

increase in length in 1 s with the SC-device. When analyzing the Ca2+ traces we could 

clearly see that many cells were responding rapidly to the stimulus whereas others 

showed their maximum Ca2+ signal up to after 60 s after stimulation. Apparently, these 

cells were not directly responding to the stimulus but responded indirectly, activated by 

second messengers (e.g. ATP) or via gap junctions. An example of such a cell is shown in 

Figure 30 (red trace).  

 

Figure 30 Examples of Fura-2 ratio traces from 3 stretched cells of the same membrane. 
The values are normalized to the values before the stretch. The pause after stimulation (between dotted lines) 
indicates the time needed to refocus (in this case: 7.2 s). Cell A and cell B show their peak Ca

2+
 response after the end 

of the gap. Cell C is has apparently responded within the gap but might still be an indirect responder as the time 
point of the response can not be determined. Abbreviations: s, seconds. 

Unfortunately, there was a delay between the end of the stretch and the beginning of the 
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image acquisition of 3-10 s due to technical limitations of the device. This was the time 

needed to compensate both the movement in the direction perpendicular to the stretch 

axis and the shift in focus. Hence, we were not able to determine the time point of 

response when the cell had responded within the gap by analyzing the Ca2+ traces. 

Therefore, we could not classify the cells that responded with in the gap as direct or 

indirect responders by analyzing their response time. To eliminate indirect responders, 

we applied Glycyrrhetinic acid to block cell-cell communication via gap junction as well as 

Suramin and Apyrase to block purinergic communication between cells caused by stretch-

induced ATP release. 

When analyzing only the cells that showed their maximum Ca2+ signal later than 10 s after 

the stimulation (duration of the longest gap in all experiments) we saw that application of 

these compounds (niso= 6; ncells= 76) significantly reduced the number of responders (see 

2.10.1 for definition) as compared to controls (niso= 22; ncells= 318, Figure 31). 

 

Figure 31 Relative number of cells responding later than 10 s after stimulation in controls and in cells treated with 
ATP-GJ-blockers.  
The stimulation was 25% stretch in 1 s. The histogram shows the percentage of ATII cells responding to stretch. Due 
to the late response these cells are all indirect responders and their number is drastically reduced after the 
application of the blockers. Data are shown as mean ± SEM. The “*” symbol indicates statistical significance 
compared to control. Abbreviations: ATII, alveolar type II cells; ATP-GJ blockers, combination of Suramin, Apyrase 
and Glycyrrhetinic acid. 

This clearly proved the effectiveness of our treatment to eliminate indirect responders 

and we could expect that also the indirect responders within the 10 s interval were 

blocked. Indeed also, the number of responders within the 10 s interval of cells where the 

communication was impaired was lower (39.70%) as compared to 53.44% in control 

conditions (Figure 32). However, the percentage of responders was not reduced in a 

statistically significant manner. 
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Figure 32 Relative number of cells responding within 10 s after stimulation in controls and in cells treated with ATP-
GJ-blockers. 
The stimulation was of 25% stretch in 1 s. The histogram shows the percentage of ATII cells responding to stretch 
within 10 s after stimulation in controls and in cells treated with ATP-GJ blockers. In control conditions there are 
more responders (53.44% in control vs. 39.70% in treated cells) but the difference is not significant. Data are shown 
as mean ± SEM. Abbreviations: ATII, alveolar type II cells; ATP-GJ blockers, combination Suramin-Apyrase-
Glycyrrhetinic acid. 

Figure 33 shows the mean values of the [Ca2+]c increases 10 s after stimulation. In cells 

treated with ATP (Suramin, Apyrase) and GJ (Glycyrrhetinic acid), the increase of [Ca2+]c is 

significantly reduced. This underlines the importance of the cell-cell communication in the 

strength of the mechanical response of ATII cells. 

 

Figure 33 Stretch-induced increase of [Ca
2+

]c in controls and in cells treated with ATP-GJ-blockers. 
Cells were stretched by 25% in length in 1 s. Since the time between stimulation and the first frames in focus varies 
between the experiments, the average of peak height was determined 10 s after stretch for all cells. Cells that 
showed the maximum Ca

2+
 concentration later were excluded from this analysis. At the chosen time point, the 

increase in [Ca
2+

]c is stronger in untreated cells compared to cells treated with ATP and GJ blockers. Data are shown 
as mean ± SEM. The “**” (p-value < 0.01) symbol indicates statistical significance compared to control. 
Abbreviations: ATII, alveolar type II cells; ATP GJ blockers, combination Suramin, Apyrase and Glycyrrhetinic acid. 

When the ATII cells were stimulated with the micro-spatula, it was possible to distinguish 

between direct and indirect responders without the use of pharmacological compounds 

due to the high time resolution of image acquisition of this system.  

As shown in Figure 34 the [Ca2+]c increase of an indirect responder appears clearly after 

the response of the direct responders and the increase is slow and sigmoidal. 
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Figure 34 Examples of direct and indirect responders after stimulation with the micro-spatula. 
The 6 panels on top of the figure show ATII cells loaded with fluo-4, before and after stimulation with the micro-
spatula. The green arrow points at the direct responder, the red arrow points at the indirect responder and the white 
arrow at a non-responder. In the first shown frame after stretch (105 ms), only the fluorescence intensity of the 
direct responder is increased. In the next frame (525 ms) it is possible to see the fluorescence increase in the indirect 
responder. The graph shows the traces of the 3 cells, in green the direct responder, in red the indirect responder and 
in black the non-responder. Abbreviations: ms, milliseconds. 

3.4.2 Ca2+ent from extracellular space and Ca2+sto from internal stores  

Previous studies have shown that the increase in [Ca2+]c that follows a mechanical 

stimulation is due to both Ca2+
ent and Ca2+

sto (Frick et al. 2004). As most of our results were 

achieved with the microspatula, we had to verify that this considerably different 

experimental set produces the same results as the study of Frick at al. We decided to 

repeat some of the experiments of Frick and collaborators (Frick et al. 2004) where the 

role of Ca2+
ent and Ca2+

sto was investigated and to add some additional experiments that 

put a closer focus on Ca2+
sto. 

Ca2+ was removed from the bath solution to verify the role of the Ca2+
ent in the stretch-

induced response (nisol= 3, ncell= 22). Intracellular stores were depleted with thapsigargin 

(nisol=4, ncell=22), and we used Wortmannin (nisol= 3, ncell= 24) to block the IP3 pathway and 

thereby the IP3 receptor (IP3R) of the intracellular stores. Furthermore, we applied 

Ryanodine (nisol= 3, ncell= 21) to block the Ca2+ store release via the Ryanodine receptor 

(RyR). We also applied Caffeine (nisol= 5, ncell= 60) a known activator of RyR which led to a 

slight increase in the Ca2+ increase (p=0.08). As shown in Figure 35 these experiments 
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demonstrate that both sources of Ca2+, the extracellular medium and the intracellular 

stores are important for stretch induced [Ca2+]c increase. Therefore, our results are in full 

agreement with the results of Frick and coworkers. 

 

Figure 35 Effects of removing Ca
2+

 from the medium and depleting Ca
2+

 from internal stores on the stretch-induced 
response of ATII cells.  
The bar graph shows the fold increase of the stretch induced calcium signal of controls and after removing Ca

2+
 from 

the bath solution or after treatment with various substances that affect Ca
2+

 store release. These experiments shows 
that both extracellular Ca

2+
 and the internal stores are important to elicit a Ca

2+
 signal upon stretch stimulation since 

a complete removal of Ca
2+

 from the extracellular bath solution or the depletion of Ca
2+

 from intracellular stores 
(thapsigargin) both reduced the cell response significantly. In addition, Ryanodine and Wortmannin were able to 
reduce ATII cell response to stretch underscoring the importance of these two Ca

2+
 channels. Data are shown as 

mean ± SEM. The “*” (p-value < 0.05), “**” (p-value < 0.01) and “***” (p-value < 0.001) symbols indicate statistical 
significance compared to control except indicated otherwise. Abbreviations: Ca

2+
 free, Calcium free bath solution. 

Removing Ca2+ from the extracellular bath solution or depleting Ca2+ from the intracellular 

stores (thapsigargin) reduced the stretch-induced cell response dramatically. Moreover, 

also ryanodine and wortmannin significantly reduced the Ca2+ signal. Scrutinizing the 

response of ATII cells in Ca2+-free bath solution and after treatment with thapsigargin (see 

Figure 36) confirm the significant difference between both treatments that has already 

been demonstrated in Figure 35. Only blocking Ca2+
ent by removing Ca2+ from the bath 

solution is abolishing the Ca2+ signal entirely. In cells treated with thapsigargin, it was still 

possible to detect an increase in [Ca2+]c after the mechanical stimulation. 

The fluo-4 signal along the green dotted line in the upper panels of Figure 36 (a-a’ for cells 

treated with thapsigargin, and b-b’ for cells in Ca2+ free bath solution) is shown for a 

period of ca. 1000 ms in the lower panel. 
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Figure 36 Scrutinizing the stretch-induced Ca
2+

 response of ATII cells in Ca
2+

 free bath solution and treated with 
thapsigargin with a line scan. 
The top of the panel shows two groups of cells treated with thapsigargin (top left panel) or in Ca

2+
-free bath (top 

right panel) before stretch. The increase of the fluo-4 signal was measured along a line (a-a’ for thapsigargin and b-b’ 
for Ca

2+
 free bath solution) and the time course of the change in fluo-4 fluorescence along this line is shown in the 

lower panel. After stretch, it is still possible to notice changes in fluorescence intensity in the thapsigargin treated 
cells, whereas no increase of the fluo-4 fluorescence can be detected in the cells in Ca

2+
 free bath. The white dotted 

line represents the cell border. Abbreviations: ATII, alveolar type II cells; ms, milliseconds. 
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3.4.3 Identification of the mechanosensitive channel in the plasma 

membrane 

3.4.3.1 Experiments with pharmacological compounds 

Since RT-PCR data from our lab (Fois et al. manuscript in preparation; see 0, Figure 13) 

have shown that various TRP channels are expressed in ATII cells, we focused on this 

channel type and applied several pharmacological compounds to investigate their effect 

on the stretch-induced increase of [Ca2+]c. As TRPV2 showed the highest expression level, 

we focused in particular on this channel type of the TRPV subfamily. The experiments 

were performed with two different stretch devices using either Fura-2 or fluo-4 to detect 

the stretch-induced change in [Ca2+]c. 

The results achieved with the SC-device are shown in Figure 37 and the results obtained 

with the micro-spatula stimulation are shown in Figure 38. Due to the time gap between 

stimulation and acquisition with the SC-device we performed only few experiments with 

this device and instead used the microspatula for most of the experiments. 

 

The outcome of the pharmacological experiments showed that Ruthenium red treatment 

reduced the stretch-induced [Ca2+]c increase with both stretch devices (SC-device: niso= 2, 

ncell= 31; micro-spatula: nisol= 8, ncell= 40). This is consistent with TRPV channels being 

involved in the mechanotransduction. However, another blocker of TRP channels SKF 

96365 (SC-device: niso= 2, ncell= 35; micro-spatula: nisol= 7, ncell= 30) caused a significant 

reduction only when the SC-device was used whereas stretching with the microspatula 

did not show a significant effect. The other compounds, Gd3+ (nisol= 7, ncell= 36), La3+ (SC-

device niso= 2, ncell= 27; micro-spatula nisol= 7, ncell= 61), both unspecific blockers of Ca2+ 

channels, and 2-APB (nisol= 4, ncell= 26), blocker of TRPC but activator of TRPV channels do 

not show any significant difference from control and were only used with the 

microspatula. 
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Figure 37 Effect of pharmacological compounds on the stretch-induced [Ca
2+

]c increase in ATII cells stimulated with 
the SC-device. 
ATII cells were stretched by 25% in 1 s. All compounds used are known blockers of TRPV channels. Treatment with 
Lanthanum did not show significant changes compared to control in the height of the Ca

2+
 peak after stimulation. 

Ruthenium red and SKF 96365 were able to reduce the stretch-induced response significantly. Data are shown as 
mean ± SEM. The “**” (p-value < 0.01) symbol indicates statistical significance compared to control. Abbreviations: 
ATII, alveolar type II cells; RuRed, Ruthenium red; SKF 96365, 1-[2-(4-Methoxyphenyl)-2-[3-(4-methoxyphenyl) 
propoxy] ethyl-1H-imidazole hydrochloride. 

 

 

Figure 38 Effect of pharmacological compounds on the stretch-induced [Ca
2+

]c increase in ATII cells stimulated with 
the microspatula. 
Only Ruthenium red showed a significant effect on the stretch-induced [Ca

2+
]c increase. The other compounds to 

block the stretch-induced increase of [Ca
2+

]c had no significant effect. Data are shown as mean ± SEM. The “***” (p-
value < 0.001) symbol indicates statistical significance compared to control. Abbreviations: RuRed, Ruthenium red; 
SKF-96365, 1-[2-(4-Methoxyphenyl)-2-[3-(4-methoxyphenyl) propoxy]ethyl-1H-imidazole hydrochloride; 2APB, 2-
Aminoethoxydiphenyl borate. 

3.4.3.2 siRNA experiments 

As shown in the previous chapter, the pharmacological approach did not yield conclusive 

results (see discussion for possible explanations) and we decided to use siRNA techniques 
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to silence the expression of TRPV2, the most likely candidate as mechanosensor among 

the TRP channels in ATII cells. ATII cells were transfected with a mix of siRNA for TRPV2 in 

order to silence the expression this cation channel. The transfection efficiency, as 

mentioned in the material and methods section (paragraph 2.6), was evaluated by 

counting the cells that were showing fluorescence signal 24h after transfection with 

fluorescent GAPDH siRNA. 58% of the transfected cells were positive for the fluorescent 

siRNA. Interestingly, most of the fluorescence signal was accumulated in the LBs after one 

day. 

Figure 39 shows that silencing of TRPV2 (niso= 5, ncells= 52) resulted in a significant 

reduction of the stretch-induced fluo-4 signal, which clearly demonstrates that TRPV2 

plays an important role in the mechanically induced [Ca2+]c increase. 

 

Figure 39 Effects of silencing TRPV2 on the stretch-induced [Ca
2+

]c increase. 
When TRPV2 was silenced, the stretch-induced increase of fluo-4 fluorescence was significantly reduced as compared 
to controls. Data are shown as mean ± SEM. The “**” (p-value < 0.01) symbol indicates statistical significance 
compared to control. Abbreviations: TRPV2, Transient Receptor Potential Vanilloid type 2; siRNA, small interfering 
ribonucleic acid. 

In the experiments in Figure 40, we stretched ATII cells in Ca2+ free bath solution and 10 s 

after the stretch stimulation we exchanged the Ca2+free solution with normal bath 

solution. The data of these experiments provided additional proof about the role of 

TRPV2 channel in the stretch response in ATII cells since only stretched ATII controls (niso= 

9, ncells= 31) led to a strong increase in the [Ca2+]c after exchange of the bath solution. In 

contrast, unstretched controls (niso= 9, ncells= 146) and all cells transfected with TRPV2 

siRNA (stretched, niso= 3, ncells= 22 and unstretched, niso= 3, ncells= 82) showed only a weak 

increase of [Ca2+]c. 
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Figure 40 Fluo-4 traces in Ca
2+

 add-back experiments. 
ATII cells were stimulated with the micro-spatula in Ca

2+
 free bath solution at 0 s. 10 s after the stretch stimulus, the 

Ca
2+

 free bath solution was exchanged with normal bath solution (containing Ca
2+

). Stretched control cells (black 
trace) increase their [Ca

2+
]c dramatically stronger compared to unstretched controls and stretched or unstretched 

cells transfected with TRPV2 siRNA. Data are shown as averages. 

Furthermore, we observed that the exchange bath exchange had to start within an 

interval of not more than ca.10 s after stretch. Apparently, the channel was still open in 

this time span and allowed the Ca2+ to enter the stretched controls. If this time interval 

was exceeded it was not possible to observe any increase in [Ca2+]c. 

 

The silencing of TRPV2 channel was evaluated by Western Blotting as shown in Figure 41. 

 

Figure 41 Effects of silencing TRPV2 on the TRPV2 protein expression level. 
The image shows the western blots of untreated cells and of cells transfected with either non-targeting siRNA or 
siRNA that targets TRPV2. β-actin was used as a loading control. The signal of the TRPV2 protein is reduced in the 
siRNA transfected cells compared to non-transfected cells or to ATII cells transfected with non-targeting siRNA. 
Abbreviations: ATII, alveolar type II cells; TRPV2, Transient receptor vanilloid type 2; siRNA, small interfering 
ribonucleic acid. 
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The expression of TRPV2 was clearly reduced compared to control as well as compared to 

cells that were transfected with non-targeting siRNA, which was used as a control. Figure 

41 shows the bands of the TRPV2 protein and of β-actin as a loading control from a 

representative gel.  

3.4.4 Effects of pharmacological compounds and silencing TRPV2 on the 

spatio-temporal pattern of [Ca2+]c increase 

The Ca2+ response of ATII cells to the stimulation with the micro-spatula is very fast (see 

3.6.1) and usually comprises the entire cell. We analyzed the spatio-temporal pattern of 

fluo-4 fluorescence increase before and after the stimulation (see 2.10.1) and compared 

controls with different treatments. In Figure 42 the image sequences of two 

representative cells under control conditions (A) or treated with Gd3+ (B) are shown. 

 

Figure 42 Examples of homogeneous and localized [Ca
2+

]c increase. 
Fluo-4 loaded cells were stimulated with the micro-spatula immediately after the first frame. 35 ms after stimulation 
cells show increase in fluo-4 fluorescence. (A) Control cells. The increase is homogenous all over the cell (white 
arrow). (B) Cells treated with Gd

3+
. The increase starts from a discrete area in the cells highlighted by the white 

arrow. More than 30% of cells treated with Gd
3+

 show a localized increase in fluo-4 fluorescence intensity. 
Abbreviations: ms, millisecond. 

The white arrow in Figure 42A (35 ms after stimulation), points at a cell that shows a 

typical increase of Ca2+ after stimulation. The signal increases homogeneously in the 

entire cell, whereas in the image sequence B the fluorescence increase starts at a specific 

point (white arrow in B) and then spreads all over the entire cell. 

The abundance of this localized increase after treatment with different pharmaceutical 

compounds and after silencing TRPV2 was quantified (see material and methods) and is 

presented in Figure 43. 
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Figure 43 Effects of pharmacological compounds and silencing TRPV2 on the spatio-temporal pattern of the stretch-
induced [Ca

2+
]c increase. 

Most of the compounds used do not have an effect on the pattern of the fluorescence increase. Important to 
highlight are Gd

3+
 and whenTRPV2 is silenced where the abundance of the localized increases, and Ryanodine that 

shows the smallest effect of all substances used. Data are shown as mean + SD. The “*” (p-value < 0.05), “**” (p-
value < 0.01) and “***” (p-value < 0.001) symbols indicate statistical significance compared to control. Abbreviations: 
Ry+Gd

3+
, combination of ryanodine and Gadolinium; Wort+Gd

3+
, combination of wortmannin and Gadolinium; 

TRPV2, Transient Receptor Potential Vanilloid type 2; siRNA, small interfering ribonucleic acid. 

Most of the compounds did not change the number of cells with a localized increase 

compared to control. The most prominent effects were observed after the application of 

Gd3+ and TRPV2 siRNA, which strongly and significantly increases the number of cells 

showing localized increase of fluo4 fluorescence after mechanical stimulation. No effects 

were observed when Ryanodine was in the bath.  

To test whether or not the localized increase was caused by Ca2+
sto we combined blockers 

for internal stores channels with Gd3+. 

The combination of Gd3+ with Wortmannin, which as mentioned before is a blocker of the 

IP3 pathway, and therefore is indirectly blocking the IP3R on the store membrane, did not 

change the distribution of the localized increases. Instead, when Gd3+ was combined with 

Ryanodine, a blocker of RyR, a dramatic decrease in the number of localized increases 

was observed, this observation points to a localized increase caused by a release of Ca2+ 

from the intracellular stores mediated by the RyR. 
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3.5 Role of the cytoskeleton for the stretch induced [Ca2+]c increase 

Assuming that the cytoskeleton is involved in the force transmission to the putative 

stretch sensitive TRPV2 channel, several experiments were performed to investigate the 

role of FAs and the actin cytoskeleton in the stretch-induced response in ATII cells and the 

interaction of these structures with TRPV2. 

3.5.1 Sensing and translation of the stretch stimulus 

FAs and their transmembrane component integrin are one of the main components that 

anchor the cell to the growth substrate and are connected to actin filaments. We applied 

compounds to impair the integrin interaction with the ECM (RGD-peptide) and 

compounds to impair the actin cytoskeleton (Latrunculin-B and BTS) that is likely to be 

involved in the translation of the stretch stimulus to mechanosensitive channels. 

RGD peptide is a small peptide consisting of 6 amino acids (Glycine – Arginine – Glycine - 

Aspartic Acid - Asparagine – Proline). The RGD motive (Arginine – Glycine - Aspartic acid) 

is present in the ECM proteins like fibronectin and provides a binding site for integrins. 

Hence, this oligo-peptide competes for the binding site of integrins. Treating ATII cells 

with RGD motive-containing peptide (niso= 3, ncell= 14) significantly reduced the stretch 

induced [Ca2+]c increase. The concentration we used was enough to impair the integrin-

ECM binding but did not lead to a detachment of ATII cells from the silastic membrane 

upon stimulation. In none of the experiments, the cells lost contact to the silastic 

membrane. 

Latrunculin B (niso= 7, ncell= 48) binds actin monomers and prevents them from 

polymerizing. In the cell, this effect results in disruption of the actin filaments of the 

cytoskeleton. BTS (niso= 5, ncell= 33) is a specific inhibitor of myosin ATPase and affects 

actin-myosin interaction. 

All the 3 compounds, RGD, Latrunculin-B, and BTS, significantly reduced the stretch-

induced increase in [Ca2+]c and the results are shown in Figure 44. 

http://en.wikipedia.org/wiki/Actin
http://en.wikipedia.org/wiki/Polymerize
http://en.wikipedia.org/wiki/Cytoskeleton
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Figure 44 Effects of compounds that affect the actin cytoskeleton and the interaction of the cell with the ECM on the 
stretch-induced [Ca

2+
]c increase. 

Application of RGD peptide resulted in a significantly reduced increase of [Ca
2+

]c upon stretch demonstrating the 
importance of integrins. Also Latrunculin B and the myosin II blocker BTS were able to significantly reduce stretch-
induced Ca

2+
 response of ATII cells. The “*” (p-value < 0.05), and “***” (p-value < 0.001) symbols indicate statistical 

significance compared to control. Data are shown as mean ± SEM. Abbreviations: RGD, Glycine- Arginine- Glycine- 
Aspartic Acid - Asparagine –Proline peptide; BTS, N-benzyl-p-toluene sulphonamide. 

3.5.2 Interaction of TRPV2 channel with FAs 

Since siRNA experiments demonstrated a role of TRPV2 channel for the stretch-induced 

[Ca2+]c increase and the roles of actin cytoskeleton and FAs were pointed out by the 

experiments shown in the previous chapter, we tested if TRPV2 and FAs are spatially 

correlated. Figure 45 shows ATII cells that were fixed with PFA and immunostained with 

antibodies for the FA protein vinculin and TRPV2. The double labeling shows that the 

channel and FA are in close vicinity, sometimes they even co-localize. However, even in 

these cases the overlap of the two stainings is imperfect as demonstrated by the intensity 

profiles measured between the white arrows in the lower middle panel in Figure 45. 

Besides its localization in the vicinity to FAs, TRPV2 was also found at cell-cell border, 

where it appeared close to the vinculin staining of adherence junctions as is shown in 

Figure 46. 
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Figure 45 Immunostaining of vinculin in FAs and TRPV2. 
Immunostainings of TRPV2 often showed a location at the cell edge, close to the FAs. The line profiles along the 
white dashed lines (left lower panel) demonstrate that the co-localization is not perfect. Abbreviations: TRPV2, 
transient receptor potential vanilloid type 2. 

 

 

Figure 46 Immunostaining of vinculin in adherens junctions and TRPV2 
TRPV2 localization at the adherence junction shown by its close vicinity to vinculin. Also here the co-localization is 
not perfect as shown in the line profile, drawn between the two white arrows in the lower left panel. Abbreviations: 
TRPV2, transient receptor potential vanilloid type 2. 
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To prove that there is an interaction between FAs and TRPV2, coimmunoprecipitation 

experiments of TRPV2 with vinculin (present in FAs and adherence junctions), and zyxin 

(present in FAs) were performed. The results are shown in Figure 47. 

 

Figure 47 Coimmunoprecipitation of TRPV2 with vinculin and zyxin.  
Coimmunoprecipitation with vinculin (found in FAs and adherens junctions) and zyxin (found in FAs) suggests an 
interaction of both proteins with TRPV2. Abbreviations: TRPV2, transient receptor potential vanilloid type 2. 

3.5.3 Structure of the actin cytoskeleton and stretch induced Ca2+ 

response 

After it had been demonstrated, that actin plays a crucial role for the stretch-induced Ca2+ 

response we were interested if the actin skeleton forms special structures that might be 

required for force translation. Indeed, we observed peculiar star-shaped actin assemblies 

in ATII cells. To investigate if these structures play a role for the stretch-induced Ca2+ 

response ATII cells were stretched cells with the SC-device and the responding cells were 

determined (see 2.10.1 in material and method section). Afterwards the cells were fixed 

with PFA and permeabilized with TritonX to label the actin cytoskeleton with phalloidin. 

After fixation, the structure of the actin cytoskeleton was compared between cell that 

had responded to the stretch and cells that had not responded. 

Figure 48 shows two cells with different actin cytoskeleton phenotypes. Cell A has a very 

well developed star-shaped bundle of actin fibers in the center of the cell. Cell B, instead 

has a fainter staining of the cytoskeleton and did not have as well-developed bundles as 

cell A. When the presence of these structures was put in correlation with Fura-2 

measurements, we found that cell A was able to respond to the mechanical stimulation 

whereas cell B was not. 
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Figure 48 Example of an ATII cell showing the star shaped bundle of actin and one without. 
On the left panel, a DIC image of ATII cells on the silastic membrane is shown. The right panel shows the same group 
of cells with a phalloidin staining that labels actin. The arrow highlights the star shaped bundle of actin filaments in 
cell A. 

We quantified the presence of the star-shaped actin bundles in cells that responded to 

stretch stimulus and the non-responders. In 39.2% of the ATII cells that were able to 

respond to the stretch with a [Ca2+]c increase, we found a star-shaped actin cytoskeleton 

(phenotypes as the one observed in cell A). In contrast, in non-responders this structure 

was observed in only 6.14% of the cells. The results are shown in Figure 49. 

 

Figure 49 Relative number of cells with star-shaped actin bundles in responders and non-responders. 
The bar graph shows the percentage of cells that had a star-shaped actin bundle and compares cells that responded 
to the stretch with a [Ca

2+
]c increase and non-responders. Almost 40% of ATII cells that were able to respond to the 

stretch stimulus had a star-shaped actin bundle. Only 5% of the non-responding cell had a star-shaped action bundle. 
The difference between the two groups is statistically significant. Mean ± SEM are shown. The “**” (p-value < 0.01) 
symbol indicates statistical significance compared to control. Abbreviations: ATII, alveolar type II cells. 

B 

A 

B 



3 Results 
________________________________________________________________________________ 

79 
 

3.6 Temporal aspects of the stretch-induced channel gating  

3.6.1 Relation between stimulus and the overall [Ca2+]c increase 

ATII cells were stimulated with the micro-spatula to measure the response to mechanical 

stimulation with high temporal resolution. As described in detail in the previous section 

ATII cells seeded on silastic membranes were loaded with the Ca2+ sensitive dye fluo-4 

and subsequently stretched. The experimental set-up with the micro spatula allowed fast 

recordings during the experiments. An example trace of normalized fluo-4 fluorescence is 

shown in Figure 50. 

 

Figure 50 Typical trace of fluo-4 fluorescence of an ATII cell stimulated with the micro-spatula. 
The arrow points to the time-point where the stretch stimulus was applied. Once the stimulus is applied the Ca2+ 
rises to a plateau value and remains there regardless of the presence of the stimulus. Abbreviations: ATII, alveolar 
type II cells; s, seconds. 

With this experimental set up, we were able to measure changes in the fluorescence 

intensity during the mechanical stimulation; moreover, we could determine the delay 

between the stimulus and the onset of Ca2+ signal. The bar graph in Figure 51 shows data 

represented as relative number of responding cells with the Ca2+ onset in the 4 first 

frames after stimulation. On the right-hand side of Figure 51 one frame before and 3 

frames after stimulation are shown. Already at frame 0 (after 35ms), it is possible to see 

an increase in the fluo-4 intensity signal. More than 80% of the cells responded within the 

first frame after stimulus and none of them later than 105 ms after stimulation. 
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Figure 51 Delay of the Ca
2+

 signal onset after mechanical stimulation.  
The bar graph on the left shows the relative number of cells that responded within the first 4 frames after 
stimulation. 80% of the responding cells show a [Ca

2+
]c increase in the first frame after stimulation (frame 0). The 

remaining 20% of cells show the onset within the following 2 frames, 70, or 105 ms after stretch stimulus. On the 
right-hand side a representative cell is shown before and 3 frames after stretch. At 35 ms, it is already possible to see 
the increase in the fluorescence signal intensity. Abbreviations: Ca

2+
, Calcium; ms, milliseconds. 

3.6.2 Temporal correlation between Ca2+ent and stretch stimulus 

Buffering the intracellular Ca2+ with intracellular EGTA (5 µM EGTA-AM in the medium; 

see 2.5 for details) allowed to investigate not only the opening but also of the closing of 

the mechanosensitive channels. Under normal conditions, the closing of the channel 

cannot be detected, even if the stimulus is terminated, as Ca2+
sto has already been 

triggered and maintains a high calcium signal. The cells were stretched and the stretch 

stimulus was immediately released as shown in the sketch on the bottom of Figure 52. 

The stimulus lasted ca. 200 ms and was sufficient to elicit a small increase in the [Ca2+]c.  

Figure 53 shows traces from the images shown in the Figure 52. It demonstrates again, 

that brief stimulation of ATII cells resulted in a transient increase of the [Ca2+]c and that it 

recovered to basal levels immediately after the release of the stimulation.  

As control, we loaded cells with Cell tracker green, a Ca2+ insensitive dye, and stimulated 

them in the same manner as in the other experiments. This allowed us to exclude that 

changes in stretch-induced fluorescence were due to artifacts caused by rearrangements 

of the dye in the cell instead of real changes in [Ca2+]c. The black line in Figure 53 shows 

that in cells loaded with cell tracker green did not show any changes in the fluorescence 

intensity when mechanically stimulated.  
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Figure 52 Ca
2+

 responses of ATII cells to a brief mechanical stimulation with the micro-spatula. 
Cells on the left panel were briefly stimulated with the micro-spatula (on the left side of the figure) with a ca. 200 ms 
stretch stimulus. Intracellular Ca

2+
 was buffered with EGTA. The increase of the fluo-4 signal was measured along two 

lines (a-a’ and b-b’) and the time course of the changes in fluo-4 fluorescence along these lines is shown in the right 
panel. The time point and duration of the stretch stimulus is indicated on the bottom of this panel Time/intensity 
analysis was performed along a1, b1 and b2 lines, the traces are shown in Figure 53. Abbreviations: ATII, alveolar type 
II cells; ca, circa; ms, milliseconds. 

 

Figure 53 Fluorescence intensity values from cells shown in Figure 52  
The time/intensity analysis was performed at the positions indicated by the lines shown Figure 52 and labels with a1, 
b1 and b2. The time point and duration of the stretch stimulus is indicated on the bottom of this panel. Abbreviations: 
a.u. arbitrary units; ms, milliseconds.  
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4 Discussion 

In the last decade, the interest in mechanotransduction or more general in 

mechanobiology has considerably increased. The mechanical forces acting on cells affect 

many cellular functions such as cell adhesion on the substrate, cell migration, or cell 

differentiation. External forces can interact with the cells and contribute to embryonic 

development and disease such as thrombosis and cancer (Shattil et al. 2010). 

Furthermore, the interplay between cells and the ECM affects the assembly of the ECM.  

The aim of this work was to study the responses of ATII cells to mechanical stimulation in 

terms of LBs fusions and changes in [Ca2+]c and to dissect the mechanisms responsible for 

the force-sensing response in this particular cell type. Ca2+ measurements at high 

temporal resolution in cells subjected to stretch presented several methodological 

challenges and required the development of suitable devices, which will be discussed in 

the first chapter of the discussion. 

4.1 Methodological aspects of mechanical stimulation 

Before analyzing technical issues related to measurements on mechanically stimulated 

cells, it is important to briefly describe the differences of ATII cells in vivo and in-vitro 

after isolation of the cells from the lung. In their “natural” environment, the alveolus, ATII 

cells are in close contact with other cell types, the big flat ATI cells; they have a cubical 

shape and are located in the corners of the alveolus. Furthermore, in the lung alveolus 

the apical side of these cells faces an air liquid interface that facilitates gas exchange, and 

that also applies surface tension forces to the alveolar cells together with the expansion-

contraction of the lung. This air liquid interface is only few hundred nanometers distant 

from the apical cell membrane (Bastacky et al. 1995). When ATII cells are isolated from 

the lung and seeded on the growth support, they are moved to a completely different 

environment. First, they are almost the only cell type present, with the exception of few 

fibroblasts, macrophages, and rarely ATI cells (Dobbs et al. 1986a; Patel et al. 2005). 

Second, after seeding ATII cells start to transdifferentiate, they flatten and start to lose 
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LBs. After typically 4-5 days, ATII cells assume the phenotype of ATI-like cells (Patel et al. 

2005). Moreover, except few rare exceptions (e.g. cells cultivated on Gelfoam® sponge), 

they are cultivated on a flat bi-dimensional surface (usually a Petri dish or for mechanical 

stimulation an elastic membrane) and they are covered with some millimeters of 

medium, so that the cell membrane is far away from the air liquid interface. Taken these 

facts together, it is almost impossible to achieve a cell culture system resembling the in 

vivo situation. Considering the completely different shape that ATII cells have in culture 

compared to their one in vivo in the lung, it is in particular important to keep in mind that 

the mechanical stress that ATII cell experience in vivo is considerably different as 

compared to in vivo - regardless which stretch device is used. 

 

Measurements of mechanically induced responses of ATII cells bring along several 

technical challenges, concerning mainly the measurement of Ca2+ dynamics under live cell 

imaging conditions at high temporal resolution. The main problems are the shift in focus 

and the lateral shift in position of the samples during mechanical stimulation. These 

problems had to be faced when developing several stretching methods to stimulate cells 

and monitor their various responses. 

Figure 54 gives an overview of the various types of stretch devices used to subject cells to 

mechanical stimulation. The presented systems differ mainly in the way stretch is applied 

to the cells. Some systems apply a radial stretch actuated either by pushing up the silastic 

membrane where the cells were seeded, with positive pressure provided by a piston 

(Figure 54A, Wirtz and Dobbs 1990), or dragging it down with negative pressure provided 

by a vacuum pump pictured in Figure 54B (Hasaneen et al. 2005). A peculiar system is 

presented in Figure 54C where a uniaxial stretch was applied to cells cultivated on a 3D 

substrate, Gelfoam® sponge, (Liu et al. 1999a). Other systems apply shear stress (defined 

as frictional force per unit of surface area in the direction of flow exerted at the fluid-solid 

interface, Figure 54D) through different means (Frame and Sarelius 1995; Moore et al. 

1994; Waters 1996). In other experimental set ups the cells were seeded on a stiff 

substrate and locally stimulated by directly touching the cell membrane. In the simplest 

set up, cells were stimulated with a glass pipette or with tip of an atomic force 

microscope cantilever (Frey et al. 2009; Sanderson and Dirksen 1986) (Figure 54E). 



4 Discussion 
________________________________________________________________________________ 

84 
 

Another interesting system used to stimulate mechanically the cells, consists of “twisting” 

magnetized ligand-coated microbeads, attached to surface cell receptors (e.g. integrins). 

With a weak magnetic field, the result is controlled shear stress stimulation (Figure 54F, 

Mijailovich et al. 2002; Wang et al. 1993).  

When cells are seeded on silastic membranes they can be subjected to a flat equibiaxial 

stretch as described in paragraph 2.1.2 and in Figure 54G (Felder et al. 2008; Frick et al. 

2004) or to uniaxial stretch as already presented in paragraph 2.1.3 and in Figure 54H. 

Uniaxial stretch can be achieved by pressing a microspatula on the silastic membrane 

where the cells were seeded, as described in detail in paragraph 2.1.4 and schematized in 

Figure 54I. 

In our study, we used the experimental systems shown in Figure 54G, H and I. The 

different systems were chosen depending on the question addressed.  

The equibiaxial stretch system has the advantage that it is stimulating a large amount of 

cells at the same time equally in all direction, as it is supposed to happen in the lung. Prior 

to image acquisition on the microscope, it is possible to adjust the position of the 

membrane to select the cells of interest. It careful clamping of the membrane is 

mandatory. Otherwise, it might result in an uneven stretch of the membrane or in 

extreme cases rupturing of the membrane during stretch can occur. It is not possible to 

acquire pictures during stretch with the equibiaxial stretcher since cells move out of 

focus. This limits the time resolution that can be achieved with this system. Also the area 

of interest can move out of the field of view during stimulation. Another disadvantage is 

the difficulty to apply cyclic stretch or compression to the cells. 

To overcome the problems connected with the equibiaxial device, our lab developed a 

uniaxial stretch device (SC-device), which allowed us to image and record life cells before 

and after stimulation. The properties of this device were described in detail by Gerstmair 

and coworkers (Gerstmair et al. 2009) and it was shown that it is possible to apply 

different experimental protocols, either static or cyclic. It allows performing very fast 

cyclic stretch protocols, and more importantly, it is possible to follow the cells during the 

application of stretch, if the stimulation is not too fast (maximum 1% per second) thanks 

to the lateral compensation that eliminates the problem of displacement along the 

stretch axis. The time resolution of image acquisition during fast stretch protocols with 
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this device is limited by the time needed to refocus and realign the cells along the y-axis 

(perpendicular to the stretch axes). The latter depends on the position of the group of 

ATII cells on the membrane. The further away from the center of the membrane the 

longer it takes to realign the cells with the field of view of the camera. As mentioned in 

2.4.3, the time needed to refocus was between 3 to 10 s when we performed Fura-2 

measurement on cells stimulated with the SC-Device. This decreased the time resolution 

of the measurements considerably. 

The stretch technique shown in Figure 54I and described in detail in 2.1.4 in the material 

and method section was developed to allow measurements of stretch induced Ca2+ 

changes at the fastest possible image acquisition rate. Here ATII cells were seeded on 

silastic membrane and were stretched by applying local pressure with a microspatula on 

the membrane, which is deformed and stretched. Thus, cells that were close to the tip of 

the micro-spatula (and of course attached to the membrane) were also stretched. With 

this experimental set up, we were able to make measurements with high temporal 

resolution since the changes in focus during stimulation and the lateral displacement of 

the cells after stretch are negligible. Hence, it is possible to stimulate and measure ATII 

cell reaction without any temporal delay and to record the response with a time 

definition of 35 ms. The acquisition speed is limited only by the exposure time and the 

readout time of the camera. A limitation of this experimental system is the limited 

number of cells that are stimulated at the same time. However, the un-stimulated cells 

that were recorded in the same image sequence than the stretched cells provide an 

internal control that we used for instance in the Ca2+ add-on experiments. The stretch 

field created by the micro-spatula on the silastic membrane is inhomogeneous, since the 

stretch amplitude is a function of the distance of the cells from the micro-spatula. The 

closer to the micro-spatula the cells are, the higher is the resulting deformation and the 

side of the cells that is closer to the tip of the micro-spatula experiences higher stretch 

amplitude than the opposite side of the cell. To make the experiments as homogeneous 

as possible a constant distance from the micro-spatula was chosen (mean distance was 26 

µm from the cell border) and only cells with their border within a range of 40 to 20 µm 

were selected for analysis (for details please refer to 2.4.4).  
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Figure 54 Overview of different devices to mechanically stimulate cells. 
Different stretch devices providing various kinds of mechanical stimulation. (A) Cells cultivated on a silastic 
membrane are pushed upward continuously or with several pulses. (B) The elastic substrate on which the cells are 
cultivated is pulled down by vacuum suction. (C) Cells were cultivated on a 3D substrate (Gelfoam sponge). One side 
of the sponge was glued to a dish the other side to a metal rod. A magnetic field created by a computer controlled 
solenoid (in red) act on the metal rod to stretch the cells cultivated on the Gelfoam sponge. (D) A fluid streams on top 
of cells cultivated on a stiff substrate creates shear stress. (E) An AFM tip or a glass pipette poking on cell membrane 
creates local distortion. (F) “Twisting” magnetized ligand-coated microbeads, attached to surface cell receptors (e.g. 
integrins), with a weak magnetic field (perpendicular to the direction of the magnetic field of the beads) stimulate 
the cells with a controlled shear stress. (G) Equibiaxial stretch produced by the lowering of a ring shaped cylinder. (H) 
Uniaxial stretch fields produced by pulling the sides of a piece of silastic membrane on top of which cells are 
cultivated. (I) Unidirectional stretch achieved by pressing a microspatula on the silastic membrane where the cells 
were seeded. (Adapted from Liu et al. 1999b). 

4.2 Stretch-induced ATII injury 

ATII cells, as already mentioned several times in the text, are able to sense, and 

physiologically respond to mechanical stimulation. If the stress applied to these cells is 

too strong, it leads to cell damage. The membrane is a very fragile structure of few 

nanometers thickness and it is not very elastic. It can tolerate tensions of only few mN/m 

(Tan et al. 2011). The loss of membrane integrity, if not promptly repaired, will lead to cell 
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death since cells will not be able to keep their homeostasis and will eventually die. To 

detect membrane damage we used a membrane impermeable dye (EthD-1) that can 

diffuse into the cells and binds to DNA, when the cell membrane is not intact anymore. 

This method allows an indirect detection of membrane failure through measurement of 

EthD-1 stained nuclei. 

In our experiments, we subjected ATII cells to a CSA increase of 10%, 20%, and 30% that 

were, according to Tschumperlin and Margulies (Tschumperlin and Margulies 1998), 

comparable to lung inflation of ca.60%, ca.80% and ca.95% respectively. The effects of 

persistent strain after 5 min accounted for 7.9% damaged ATII cells at 10% stretch. Higher 

amounts of stretch showed clearly elevated injury rates with a maximum of 23.8% at a 

stretch of 30% cell area increase.  

Our results appear to be higher compared with the data obtained by Tschumperlin and 

Margulies (Tschumperlin and Margulies 1998; 16% injury at 25% stretch after one stretch 

cycle of 4s with 1-day-old ATII cells). However, in our study, cells were subjected to a 

longer stretch duration at a slightly higher stretch amplitude, which might explain the 

discrepancy. 

The diffusion of EthD-1 through a damaged membrane is a completely passive process 

not regulated by the cell. The uptake of the dye measured after mechanical stimulation, 

reflects the number of cells with damaged membrane. This number comprises dead cells 

and cells that were not fatally injured but were able to recover from the membrane 

damage. With this method, it is not possible to discriminate between these two kinds of 

injuries and we were aware that this could lead to an overestimation of the number of 

dead cell. There is evidence, reported by Vlahakis and coworkers (Vlahakis et al. 2001; 

Vlahakis and Hubmayr 2000), that mechanical stimulation induces an increase of lipid 

trafficking between cytosol and the membrane. This means that if the damage is not too 

severe and the injured cell can reseal the holes in the membrane applying patches of 

membrane and recover from the damage, even if it is labeled by the nuclear dye.  

Interestingly, it was observed by Felder and coworkers (Felder et al. 2008) that 

injured/dead ATII cells still showed an intact cytokeratin (CK) cytoskeleton similar to 

unstretched control. Other studies (Fu et al. 1992; Tschumperlin and Margulies 1998) 

have highlighted that disruption of the epithelium does not happen in vicinity of cell-cell 
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junctions and suggested that conservation of junctional integrity could be preserved 

despite a loss of viability of the cells. The persistence of a well developed CK cytoskeleton 

in dead/injured cells might help to stabilize the fragile lung epithelium in vivo by 

maintaining the structural shape of the epithelium and possibly give a trail for the 

outgrowth of the new epithelial cells that will fill the gap left by the dead cells. Finally, the 

persistence of CK cytoskeleton could be of help also for neighboring injured endothelial 

cells, providing a physical barrier to leakage of erythrocytes from the bloodstream to the 

alveolar lumen. 

When ATII cells were submitted to uniaxial stretch at the same stretch rate used for the 

equibiaxial stretch (1%/s) we were not able to induce membrane damage. Data from our 

lab (Kiss, unpublished data) suggest that the stretch rate might play an important role 

regarding cell damage in ATII cells rather than stretch amplitude. This is confirmed by the 

comparably high cell mortality at low stretch magnitudes when stretching the cells with 

micro-spatula, where cells experience a fast stretch stimulation. Our data also show that 

equibiaxial stretch appears to be more harmful than uniaxial stretch, which could be due 

to the fact that cells experience a compression in the direction perpendicular to the 

stretch axis. Therefore, the net increase in CSA is smaller as compared to equibiaxial 

stretch. 

4.3 Stretch-induced LB fusions 

ATII cells respond to mechanical stimulation with a rise in [Ca2+]c and release of 

surfactant, as shown by previous works (Frick et al. 2004; Wirtz and Dobbs 1990) where 

the cells were stimulated with an equibiaxial stretch device. We wanted to test if the 

unidirectional stimulation was also a reliable method to stimulate mechanically ATII cells 

in culture. 

ATII cells were stimulated with the manual stretch device described in paragraph 2.1.3. 

Cells were stimulated with the manual stretcher up to an increase in length of 20%. As 

mentioned in the result section (3.3.1) in around 10% of the cells LB secretion was 

induced by the stretch stimulus. This value is in the same range as reported by Wirtz and 

Dobbs (Wirtz and Dobbs 1990) and by Frick and coworkers (Frick et al. 2004). These 
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results indicate that results obtained with a uniaxial device are to some extent 

comparable to equibiaxial system.  

The results in these experiments also showed us that there is a very high variability 

between different experiments. The number of LB fusions was very low in most of the 

experiments, which made the interpretation, and analysis of data problematic. Therefore, 

we decided to focus on the mechanically induced [Ca2+]c increase, which produced 

reliable and reproducible results. 

4.4  Mechanically induced increase of intracellular [Ca2+]c 

As mentioned in the previous paragraph the stretch-induced LBs fusion rate was low and 

highly variable between different experiments. To achieve data that were more reliable 

we decided to study the other immediate effect of mechanical stimulation on ATII cells: 

The changes in intracellular Ca2+. Although we could still observe considerable variability 

within the different cell isolations, the higher number of cells that are responding to 

mechanical stimulation with a [Ca2+]c increase  allowed to perform consistent statistics.  

4.4.1 Indirect response to mechanical stimulation 

As already mentioned, we were interested in the pathways responsible for the direct 

force-sensing response in ATII cells in contrast to indirect responses that depend on cell-

cell communication (Ashino et al. 2000) or on second messengers, like ATP, released upon 

stretch (Patel et al. 2005). Here ATII cells are not directly activated by the mechanical 

stimulus. To eliminate these indirect responses, we had to design experiments that 

allowed us to discriminate between direct and indirect responders. 

In the experiments with the SC-device, it was not possible to analyze the complete 

dynamic range of the Ca2+ response due to the gap in recorded image sequence when 

stretching the cells. As described in 2.4.3 we were not able to discriminate between direct 

and indirect responders when cells had responded within the acquisition gap. To 

eliminate indirect responders we applied Glycyrrhetinic acid, to block cell-cell 

communication via gap junction, Suramin and Apyrase to block purinergic communication 

between cells caused by stretch-induced ATP release. Indeed the number of cells that 
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responded later than 10s (necessarily indirect responders) was significantly reduced 

(Figure 31), which proved the effectiveness of the pharmacological treatment. As 

presented in 3.4.1 (Figure 32) the number of responders within the gap was also reduced, 

but not in a statistically relevant manner, probably because the higher number of direct 

responders in this group of cells.  

Despite the successful elimination of indirect responders, we were facing a 

methodological problem. In order to investigate directly stretch induced [Ca2+]c increase 

(Ca2+
ent or Ca2+

sto) and to identify possible channels responsible for this increase we would 

have to use additional pharmacological compounds together with the ones used for 

eliminating indirect responders. The complicated pharmacology resulting from the 

simultaneous use of at least 4 different pharmacological compounds might have led to 

artifacts and we would not have been able to exclude that the results were by 

interference of all the compounds needed in the experiments.  

Another argument against the SC-device was the problem that the time between the last 

frame in focus before stretch and the first after stretch was highly variable and depended 

on various variables, the most important of which was the actual position on the 

membrane relative to the optical axis of the microscope. When the group of cells of 

interest was on the very center of the membrane, the time needed for focus adjustment 

and the precision of the motion compensation helped to achieve a short gap (the shortest 

duration of the gap was of 3 s). However, when the group of cells of interest was not in 

the center and therefore severely displaced in the y direction, the time needed to realign 

the cells with the field of view was much longer. 

This variability of the time gap forced us to analyze the intensity of the Ca2+ response at 

the same time point after stretch in all the cells. The peak height of the Ca2+ signal (the 

most reliable parameter) usually occurred in the gap and was not available for analysis.  

We concluded that using the SC-device did not allow us to discriminate reliably between 

direct and indirect responders without the use of Suramin, Apyrase, and Glycyrrhetinic 

acid and that the gap between stimulation and recording of the Ca2+ signal is a serious 

limitation for our experiments.  

 

The experiments with the SC-device also showed us that the onset of the Ca2+ must be 
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very fast as even in the experiments with the shortest gap (with the minimum duration of 

3 s) the plateau of the signal was already reached. Therefore, a system was required that 

allowed measurement at higher temporal resolution and a short interval between 

stimulation and detection. We decided to stimulate the cells using the micro-spatula. 

Although it produces a non-homogeneous stretch field, this system allowed us recordings 

at a frame rate of 28 fps and with no temporal delay after the stimulation. The only limit 

to the acquisition speed is the transfer rate of the data from the camera chip to the 

computer. At such high acquisition rate, it is possible to discriminate between primary 

and indirect responders without the use of Suramin, Apyrase and Glycyrrhetinic acid (see 

Figure 34). The communication between cells via second messengers shown by Patel and 

coworkers (Patel et al. 2005) and by Ashino and coworkers (Ashino et al. 2000) requires 

time for the diffusion of the molecules, this time is certainly longer than the very short 

time we were able to measure between the stimulation and the onset of [Ca2+]c increase. 

In most of the stimulated cells the peak of the Ca2+ signal occurred within the observation 

time. 

4.4.2 Role of calcium stores and extracellular Ca2+ 

Frick and coworkers (Frick et al. 2004) have already speculated on the roles of the Ca2+
ent 

and Ca2+
sto in the stretch induced Ca2+ rise that follows stretch. However, the method they 

used to stimulate ATII cells (equibiaxial stretch system) was substantially different from 

the stimulation with the micro-spatula we used in our experiments. Hence, we had to 

reproduce their data with our stretching method. 

The model proposed in the study by Frick and coworkers (Frick et al. 2004) suggested that 

the stretch-induced Ca2+
ent was necessary to start the ATII response and that the Ca2+ 

stores were responsible for the bulk of Ca2+ rise; maybe through a Ca2+ induced Ca2+
sto. 

Their findings were confirmed also in our experiments, since we were able to abolish the 

stretch induced [Ca2+]c response when the extracellular bath was completed depleted 

from Ca2+ or when we blocked the stores by application of thapsigargin. Furthermore, 

when two of the channels responsible of Ca2+
sto, the RyR, and the IP3R, were blocked with 

pharmacological compounds we were able to reduce the stretch induced [Ca2+]c 

response, although not in the same strong manner of thapsigargin. 
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When we stretched the cells in Ca2+ free bath, we were able to abolish the Ca2+ signal 

completely. This was not the case when we blocked the intracellular stores with 

thapsigargin (Figure 35). In the latter case, the height of Ca2+ peak after stretch was 

significantly reduced not only compared to control but also compared to Ca2+-free bath, 

and a further detailed analysis of the fluorescence signal, as shown in Figure 36, revealed 

a minute increase in fluorescence intensity after stimulation, which can only be due to 

Ca2+
ent. 

Wirtz and Dobbs (Wirtz and Dobbs 1990) proposed that the stretch-induced [Ca2+]c 

changes were caused by Ca2+
sto but they did not discuss the triggering of this mechanism. 

In their study, they were still able to measure Ca2+ response in Ca2+ and Mg2+ free 

condition, but in their case cells were stretched in a medium were the EGTA buffer was 

less concentrated compared to ours, therefore some Ca2+ ions were still able to enter the 

cytoplasm and trigger the Ca2+
sto. Furthermore, for technical reasons they were not able 

to make recordings before 8-10s after stimulation, and to distinguish between the fast 

Ca2+
ent and Ca2+

sto that follows. 

In 2004 Frick and coworkers (Frick et al. 2004), extended the speculations of Wirtz and 

coworkers. They found the presence of two different mechanisms involved in the Ca2+ rise 

that followed stretch: the Ca2+
ent and the Ca2+

sto. They suggested that the mechanism was 

a SOCE (Store Operated Calcium Entry) activated by an influx through a Lanthanide 

insensitive channel. With the high time resolution, up to 15 times faster than the one 

reached in the study by Frick and coworkers (Frick et al. 2004), we were not only able to 

obtain data consistent with the one obtained with other systems, but also to discriminate 

between the roles of Ca2+
ent and the Ca2+

sto. In addition, we were also able to show that 

both RyR and IP3R are involved in the Ca2+
sto. 

We propose that the primary trigger for the massive stretch-induced Ca2+ response in ATII 

cells is a Ca2+ influx through channels in the plasma membrane. 
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4.4.3 Identification of the mechanosensitive channel on the plasma 

membrane. 

As mentioned before our experiments indicated that that the mechanosensitive channel 

of ATII cells is in the plasma membrane. The machinery that leads to opening the channel 

can involve many different cellular structures, like integrins, FAs, the cytoskeleton and 

others. The ion channels can be opened directly or indirectly by mechanical stimulations. 

In our study, we first focused on the identification of the channels responsible for 

increase in [Ca2+]c. We focused on the TRP channel family because many channels 

belonging to this family had been shown to be mechanosensitive channels. RT-PCR 

experiments, done in our lab, have shown that channels from the TRPV and TRPC family 

are indeed expressed in ATII cells. Those data show that TRPV2 channel is the most highly 

expressed in the ATII cells.  

Hence, we used pharmacological compounds active as antagonists of TRP, and in 

particular of TRPV and TRPV2 channels. First, we tested 3 different pharmacological 

compounds reported to be blockers of TRP channels (La3+, SKF96365 and Ruthenium red), 

on ATII cells and stimulated with the SC-device. Ruthenium red and SKF96365 were able 

to reduce significantly the number of responders even if the big gap between stimulation 

and recording did not allow a precise comparison between different cells and different 

experiments, as mentioned before. Furthermore, without the simultaneous use of 

Apyrase, Suramin, and Glycyrrhetinic acid, the indirect responders were still included in 

the analysis. Therefore, the data analysis shows both responder types: the direct 

responders, stimulated by stretch, and the indirect responders, stimulated e.g. by the 

stretch-induced release of ATP that might not be affected by the presence of the 

pharmacological compounds targeting mechanosensitive channels. 

 

For the reasons mentioned above, we used the micro-spatula to further investigate the 

stretch-induced [Ca2+]c increase. We applied the same compounds as with the SC-device 

and in addition Gd3+, classically reported to be a blocker of stretch activated ion channels 

(Yang and Sachs 1989) and 2APB, an agonist of different channels belonging to TRP 

channels. 
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The results obtained with the microspatula, where the indirect responders could easily be 

eliminated by excluding the cells with a delayed onset of the Ca2+ signal, confirmed the 

findings obtained with the SC-device. The only difference compared to the SC-device was 

observed in cells treated with SKF96365, which had a significant effect on cells stimulated 

with the SC-device but no effect in cells stimulated with the microspatula. However, in 

the first case, the number of experiments was quite low and together with the high 

variability between the experiments, this might explain this difference. In addition these 

experiments included indirect responders that we could not identify and exclude from the 

analysis (please refer to 3.4.1). In cells treated with Ruthenium red, we were able to 

reduce the stretch response using both devices. This point at TRPV channels that 

(Clapham, 2007) have been shown to be blocked by Ruthenium red in literature. We 

neglected possible effects of Ruthenium red on channel present in the intracellular stores, 

like the RyR, as Ruthenium red has multiple positive charges that make it make highly 

membrane impermeable. Membrane permeabilization or other methods are necessary to 

allow the compound to pass through the plasma membrane.  

The clear reduction of the Ca2+ signal by Ruthenium red is in full agreement with the high 

expression level of TRPV2 and its potential role as a mechanosensitive channel. However, 

the effect of other pharmacological compounds brought along quite puzzling results since 

also the other compounds are reported to be blockers of TRP and TRPV channels like 

Lanthanum or SKF96365 that should have blocked the Ca2+ response. Nevertheless, it is 

important to consider that the pharmacology of TRP channels is quite controversial as 

reported by several reviews (Clapham et al. 2005; Ramsey et al. 2006; Vriens et al. 2009) 

and that at present day there are no reliable specific pharmacological tools for these 

channels available. Many different factors are supposed to alter the specificity of 

pharmacological compounds for channels of this subfamily, i.e. subunits of different 

channels can combine to build up a functional TRP channel. Also interaction with other 

proteins can alter the activation-inactivation state of a TRP channel as reported in the 

TRIP (mammalian Transient receptor potential channel-Interacting Protein) database 

(Wang et al. 2010). As we showed in the result section (3.5.2), the TRPV2 channel in ATII 

cells interacts with FAs and this could impair the sensitivity of the channel for some 

pharmacological compounds 



4 Discussion 
________________________________________________________________________________ 

95 
 

To overcome the problems connected with the lack of reliable pharmacological tools we 

used siRNA techniques to silence the expression of TRPV2 channel, which was (as 

mentioned before) the TRPV channel with the highest expression in ATII cells. Moreover, 

the clear reduction of the stretch induced Ca2+ response after treatment with Ruthenium 

red was pointing at a channel of the TRPV family. 

This technique has been previously used by other groups in rat lung cells  and on rat lung 

fetal cells (Bates et al. 2008; Wang et al. 2010). Even though these groups studied 

different proteins, they were able to silence the expression of their protein of interest on 

primary epithelial lung cells, and we used the same transfection technique in our 

experiments. 

As mentioned in the results section (3.4.3.2) around 60% of ATII cells were positive for the 

fluorescently labeled siRNA after electroporation, which was used to determine the 

transfection efficiency for the siRNA. This was enough to reduce the expression of the 

target protein and the diminished expression of TRPV2 channel, which was confirmed by 

western blotting. 

ATII cells stretched after transfection with TRPV2 siRNA showed a statistically significant 

reduction of the stretch induced [Ca2+]c. This result together with the Ruthenium red 

results shows that TRPV2 is involved in the stretch response in ATII cells. As mentioned in 

the introduction (0) this channel has already been found to be mechano-sensitive (Muraki 

et al. 2003; Shibasaki et al. 2010) but this is the first time that its mechanically induced 

activation is shown in lung epithelial cells. 

As shown in Figure 39 the silencing of TRPV2 only partially blocked the stretch-induced 

Ca2+ response in ATI cells. This could be explained by two main facts: First, as mentioned 

above not all the ATII cells were positively transfected with the siRNA and, despite the 

high transfection efficiency, we still have to expect that in 40% of the stimulated cells the 

TRPV2 had not been silenced. Unfortunately since the TRPV2 siRNA oligos were not 

fluorescently labeled it was not possible to stimulate only transfected ATII cells, but ATII 

cells were randomly chosen. Moreover, we did not know if and how many TRPV2 

channels remained functionally expressed even in cells that were successfully transfected. 

Second, this channel is unlikely to be the only channel responsible for the stretch induced 

Ca2+
ent but more than one channels might be involved in the Ca2+ response. 
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Besides measuring the reduction of the stretch activated Ca2+ signal directly after 

stimulation we also determined the fluo-4 signal when cells were stretched in Ca2+-free 

bath and exchanging the bath solution subsequently with a normal, Ca2+-containing bath 

solution (see Figure 40). Stretch-induced Ca2+ responses were observed in stimulated 

control cells and only if the time between stretch stimulus and exchange of bath solution 

did not exceed 10 s. These data demonstrate that the stretch response machinery is 

active even in absence of Ca2+ and that the channel that allows the permeation is kept 

open, although only for a limited amount of time. Furthermore, since ATII cells 

transfected with TRPV2 siRNA showed a drastically reduced Ca2+ signal as compared to 

control cells, our previous findings are confirmed, that this channel is indeed involved in 

mechanosensation in this cell type. Finally these experiments also demonstrate again the 

importance of Ca2+
ent over Ca2+

sto in initiating the response since as soon [Ca2+] in the bath 

increases the ions can permeate through the open channel and Ca2+
sto is triggered. 

4.4.4 Channel gating responds rapidly to the mechanical stimulus 

The response mechanism, at the stage of the initial, stretch-induced Ca2+
ent, depends on 

the activation of the mechanosensitive channel either by a direct mechanical gating of the 

channel (maybe mediated by other proteins like FAs or actin cytoskeleton) or involves a 

signaling cascade and a second messenger. The fact that more than 80% of the cells 

responded to stretch within 35 ms from the stimulation (see Figure 51) supports the 

model of a direct activation of the Ca2+ entry that is independent from second 

messengers.  

The hypothesis of direct activation is further supported by experiments where we briefly 

stimulated ATII cells and where intracellular Ca2+ was buffered with EGTA. Under those 

conditions only Ca2+ ions permeating through the MSCs (Ca2+
ent) could bind to fluo-4 

(Naraghi and Neher 1997; Neher 1998), meaning that the transient increase we measured 

(Figure 53) is only due to Ca2+
ent. The traces (Figure 53) show that opening and closing of 

the channel(s) is directly correlated with the onset and release of stretch respectively. 

These experiments confirmed that a fast and directly stretch-dependent mechanism 

accounts for the channel gating of the MSCs in ATII cells. Furthermore, the experiments 

confirmed that only Ca2+
ent, but not the release from stores is directly sensitive to 
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mechanical stimulation. 

4.4.5 Effects of various treatments on the spatio-temporal pattern of the 

stretch induced Ca2+ signal 

The mechanically induced increase of [Ca2+]c. in ATII cells was usually homogeneous all 

over the entire cell. When ATII cells were stimulated in presence of Gd3+
, we did not 

observe changes in the overall increase of [Ca2+]c but the analysis of the spatio-temporal 

pattern of the [Ca2+]c increase after stimulation revealed changes in the pattern of the 

response. A significant higher number of cells showed a localized increase of [Ca2+]c rather 

than a homogeneous increase as observed in control conditions (Figure 42). The pattern 

of the [Ca2+]c increase changed also significantly upon application of Ruthenium red and in 

particular after silencing TRPV2. 

As the fluorescence intensity of these “hot spots” was much stronger than Ca2+
ent alone 

we claimed that this increase in [Ca2+]c is due to Ca2+
sto. We think that Gd3+, Ruthenium 

red and TRPV2 siRNA reveal the presence of these hot spots because they are normally 

outshined by the contribution of many different MSCs.  

In the attempt to characterize the source of Ca2+
sto in the localized increase, we treated 

the cells with two blockers of store release, Wortmannin (IP3R) and Ryanodine (RyR). 

Then we combined Gd3+ with Wortmannin and Gd3+ with Ryanodine. Interestingly only 

wortmannin led to an increase of localized [Ca2+]c increase, whereas ryanodine had no 

effect. Wortmannin and Gd3+ combined did not show any changes, compared to Gd3+ 

alone whereas Ryanodine and Gd3+ together led to a significant decrease of the number 

of point-like Ca2+ elevations. Based on these results, we speculated that the release from 

stores happens via both IP3R and RyR but the localized increases in Ca2+ depend on the 

latter. RyR has been reported to form micro domains in cell types other than muscles 

(Akita and Kuba 2000; DeCrescenzo et al. 2004; Narita et al. 2000), and RyR has been 

found by other studies to be present in lungs (Ledbetter et al. 1994; Wild et al. 2000). The 

model we propose to explain this phenomenon (shown in Figure 55) predicts the 

presence of clusters of channels or even specialized cellular sub domains where the 

Ca2+
ent pathway and the Ca2+

sto pathway are in close vicinity. 

Together with unpublished observation by Zheng (unpublished data) that reveal 
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correlation between FA-pattern and localized [Ca2+]c increase might open a new line of 

studies focusing on the relation between cell ECM interaction, mechanical sensing and 

Ca2+
sto in ATII cells. 

 

Figure 55 Model to explain the localized increase. 
(A)In control conditions several MSCs are activated and the initial Ca

2+
ent is followed by Ca

2+
sto from both RyR and 

IP3R. (B) When cells are treated with Gd
3+

 or TRPV2 siRNA it is possible to visualize the Ca
2+

 release via cellular micro-
domains, where the Ca

2+
ent pathway and the Ca

2+
sto pathway are in close vicinity. Under normal conditions, the 

localized increase is outshined by the massive increase of the [Ca
2+

]c. Abbreviations: ECM, extracellular matrix; MSC, 
mechanosensitive channel, TRPV2, Transient receptor potential vanilloid type 2, Ca

2+
, Calcium ion; siRNA, small 

interfering ribonucleic acid. 
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4.5 The role of the cytoskeleton for force transmission to the 

mechanosensitive channel 

The cytoskeleton plays several roles in cells. The most prominent and well-known 

function of the cytoskeleton is related to structure. One of the current models used to 

describe cell structure describes the cytoskeleton as structures with tensegrity (tensional 

integrity) architecture (Ingber 1997b). In this model, the structures are described as 

combinations of compression elements, represented by the microtubules, and tensional 

elements, represented by the actin cytoskeleton, and the IF. According to this model, the 

cytoskeleton can translate external forces to distinct sites of the cell or from cell to cell 

and, furthermore, transduce them from the cytoskeleton to the ECM. 

As mentioned before the cytoskeleton might play a role also when cells are dead, 

probably to keep the integrity of the epithelium during the wound healing process. Of 

course, the functions of the cytoskeleton go far beyond the mere structural role shown, 

but extend to functions that are more “active” in living cells. 

 

In our study, we observed a peculiar assembly of the actin cytoskeleton in cells 

responding to mechanical load (3.5.3). In around 39% of the responders, prominent 

bundles of actin fibers were observed usually originating from one or occasionally two 

discrete areas and reach out towards the cell border resembling a star. Since the actin, 

cytoskeleton has been shown to be involved in mechanosensation by tuning cell 

responses to external forces it is tempting to assume that the star shaped actin fiber 

bundles play a role in the transduction of the mechanical signal. Indeed, interfering with 

the actin/myosin cytoskeleton, while stimulating cells with the micro-spatula, resulted in 

an almost complete blockage of stretch induced response, providing another hint that the 

actin/myosin system might play an important role in mechanosensation in ATII cells. 

The mechanical anchor points of the cells to ECM, especially FAs are considered crucial 

for translation of mechanical forces (Geiger et al. 09; Katsumi et al. 04). Integrins are 

transmembrane heterodimeric proteins that bind to the ECM on the extracellular side 

and on the intracellular side on adaptor proteins, which in turn connect integrins to the 

cytoskeleton. When the ECM is deformed, the integrins transmit this deformation (e.g. 
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strain) to the cytoskeleton and forces generated by the cytoskeleton forces are 

transmitted to the integrins and through the membrane to the ECM (Bershadsky et al. 

2003; Geiger and Bershadsky 2001). 

The immunolabelings of FAs, adherence junction, and TRPV2 channels have shown that 

the ion channel is in close vicinity to FAs at the cell border and that it is present at the 

cell-cell contacts. TRPV2 co-precipitates with FA proteins providing another hint that they 

might play an important role in the increase in [Ca2+]c after stretch (see Figure 45 and 

Figure 46). The interaction between TRPV2 channel and the actin cytoskeleton could be 

facilitated by the 6 ankyrin repeat domains of TRPV2 (Jin et al. 2006; Orr et al. 2006). 

 

Figure 56 Model of the signal transduction pathway for the stretch induced Ca
2+

ent. 
In our model we propose that the mechanical stimulus is received by integrins that translate the force to the 
mechanosensitive channel (TRPV2) via the actin cytoskeleton. The model is supported by the inability of the cell to 
respond to stretch when the integrin binding to fibronectin is reduced or when the acto-myosin cytoskeleton is 
impaired. Furthermore the effect of Ruthenium red and the siRNA experiments strongly suggest that one of the MSC 
involved in the stretch response in ATII cells is TRPV2. Abbreviations: ATII: alveolar type II; ECM, extracellular matrix; 
MSC, mechanosensitive channel, TRPV2, Transient receptor potential vanilloid type 2; [Ca

2+
]c, intracellular Calcium 

concentration. 

RGD peptide is a cell-adhesion sequence first discovered in fibronectin (Pierschbacher and 

Ruoslahti 1984). The RGD sequence is recognized by integrins as adhesive sites in the 

ECM. When the peptide is bound to the surface of the growth substrate it promotes cell 
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adhesion (Pierschbacher et al. 1994), instead when is added to the growth medium the 

adhesion is inhibited (Ruoslahti, 1996). The effect of this peptide on the stretch-induced 

[Ca2+]c increase in ATII cells further emphasizes the importance of FAs, since in the cells 

treated with RGD the Ca2+ response was significantly reduced. The cell attachment was 

not affected. 

 

We speculate that the response of ATII cells follows the model shown in Figure 56. The 

integrins receive the stretch of the stretched silastic membrane (ECM) and transduce the 

stimulus to the actin cytoskeleton via the FAs proteins. The Ca2+ response relies on the 

interplay between the actin cytoskeleton with MSCs (TRPV2). The very fast Ca2+ response 

to the mechanical stimulus and the fact that the channel gating directly depends on the 

presence of the stimulus points at a direct interaction between all the components 

involved in the Ca2+ entry, which includes actin cytoskeleton and integrins . 
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5 Summary 

The aim of this work was to study the responses of Alveolar type II (ATII) cells to 

mechanical stimulation. We focused on LB fusions but in particular on changes in 

cytoplasmic Ca2+ concentration ([Ca2+]c) and the mechanism responsible for sensing the 

mechanical stimulus. As mainly live cell microscopy techniques were used, suitable 

techniques had to be developed that allowed to combine cell stretching and simultaneous 

microscopic observation with high temporal resolution.  

The first part of this work was focused on the design and validation of these new stretch 

devices. The two devices that were used for most of the experiments were a computer 

controlled unidirectional stretch-compression device (SC-device) and a system with a 

micro-spatula for local stimulation of ATII cells. With both devices, we were able to 

reproduce results from previous studies, a necessary prerequisite for the experiments. 

With the SC-device and in particular with the micro-spatula we were able to achieve 

image acquisition rates that allowed the analysis of the [Ca2+]c at a temporal resolution of 

30-35 ms and without any delay after the stretch.  

The main focus of the second part of the work was on the fast [Ca2+]c increase as a 

response of ATII cells to mechanical stimulation. After we had confirmed that Ca2+ entry 

from the extracellular space is needed to start the stretch-induced Ca2+ response of ATII 

cells we concentrated on the characterization of the mechano-sensitive channel in the 

plasma membrane. Among different molecular candidates, we focused on the TRP 

channel family and in particular on the most abundantly expressed channel within the 

TRPV family: TRPV2. Indeed, some pharmacological evidence but especially the fact that 

silencing of this particular channel with siRNA technique led to a significant reduction of 

the stretch-induced [Ca2+]c increase identified TRPV2 as a mechanosensitive channel in 

ATII cells. Then we focused on the dynamics of the stretch induced Ca2+ influx, which is 

poorly understood in this cell type. We found that mechanical gating of mechano 

sensitive channels in ATII cells is strictly dependent on the presence of stretch stimulus, 

pointing at a direct gating mechanism. TRPV2 is localized in close vicinity to FA as shown 

by co-immuno-labeling and immunoprecipitation experiments suggesting molecular 
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interaction of TRPV2 with FA proteins. Indeed, we can show that integrins, FA proteins, 

and the actin cytoskeleton play a crucial role in transducing the mechanical signal and 

possibly activate the mechano-sensitive channels. 

For the first time our study provides molecular information on the mechanically induced 

Ca2+ response in ATII cells. This information may be used as a basis in the search for drugs 

preventing mechanically induced lung diseases. 
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